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ABSTRACT 

Headache disorders are common and debilitating neurological conditions. While 

treatments can alleviate pain, our understanding of the mechanisms triggering 

attacks is incomplete. Evidence suggests that metabolic dysfunction may play a role 

in headache development and susceptibility, with fasting being a suspected migraine 

trigger, highlighting the importance of glucose metabolism. Identifying these energy-

related mechanisms could lead to targeted interventions. Elevated intracranial 

pressure (ICP) can also cause headaches that are migraine-like, as seen in 

idiopathic intracranial hypertension (IIH), which additionally features metabolic 

disturbances. Although migraine treatments have exhibited some efficacy for raised 

ICP headaches, there is a lack of targeted therapies for IIH-related headaches, and 

the underlying mechanisms are poorly understood. 

Cortical spreading depression (CSD) is a pivotal mechanism involved in migraine and 

has been established as energetically demanding. This thesis explored the metabolic 

consequences of CSD by analysing calcium signalling, mitochondrial activity, and 

metabolite profiles in an ex vivo acute brain slice model. This thesis also investigated 

the influence of ICP on headache mechanisms including CSD using a rodent model 

of raised ICP. Additionally, it examined the impact of reducing ICP with glucagon-like 

peptide-1 (GLP-1) receptor agonism and blocking calcitonin gene-related peptide 

(CGRP), a key factor in migraine. 

Brain slices showed astrocytic calcium movement and markers of increased aerobic 

and anaerobic glycolysis in response to CSD. When challenged with glucose 

deprivation, mitochondrial activity was downregulated, potentially indicating 



 3 

exhaustion. Interestingly, there was evidence of metabolic adaptability in glucose 

absence, suggesting the utilization alternative energetic pathways and substrates 

under metabolically stressful conditions. These findings enhance the understanding 

of the role of metabolism in CSD but also unveil altered energetic pathways, thereby 

identifying potential targets for therapeutic interventions. 

The rodent model of raised ICP identified altered pain behaviour (indicative of 

changes in trigeminal sensitivity), disrupted cortical blood flow (CBF) and CSD 

responses. GLP-1 receptor agonism reduced ICP which was associated with 

prevention of pain behaviours and demonstrated restored cortical and CBF CSD 

responses. CGRP receptor antagonism ameliorated cranial pain behaviour, 

indicating a role for CGRP in driving pain responses in elevated ICP. Reduction of 

ICP through GLP-1R agonism and nociception attenuation via CGRP antagonism 

could represent potential therapeutic approaches. This pre-clinical evidence 

highlights the efficacy of therapeutics in managing headache behaviours and 

pathways, essential for guiding future clinical trials given the lack of targeted 

therapies for elevated ICP. 
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1.1 Headache 

Headache disorders are classified as primary if idiopathic or secondary if resulting 

from another cause or condition.1 Despite having a significant morbidity 

internationally,2 headache disorders do not receive sufficient social or clinical 

attention.3 Moreover, the mechanisms underlying pathology and risk factors of 

headache are not fully understood, leading to limited targeted therapeutics.  

 

1.1.1 Epidemiology of headache disorders  

Headache disorders are ranked the second most prevalent disease worldwide,4 with 

migraine in particular affecting 1 billion people.5 The estimated global prevalence of 

headache disorders is 52.0% and it is approximated that on any given day, 15.8% of 

the world’s population experience headache.2 Migraine in particular is more common 

in females (3:1) with a prevalence of 18.9% in women versus 9.8% in men,6 and is 

the most disabling condition in young women worldwide.7  

Not only is migraine highly prevalent, but the costs associated are high as the burden 

of migraine peaks at 35-39 years of age;5 typically, the most productive career years. 

This is estimated to cost €93 billion in Europe8 and $13 billion in the United States 

per annum,9 due to healthcare fees and lost productivity. For instance, an individual 

suffering from migraines in the UK will miss an average of 11.4 workdays each year, 

contributing to an annual loss of approximately 86 million workdays.8 
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In addition to economical loss, migraine significantly reduces quality of life,10 and is 

often comorbid with stress, anxiety and depression.11 Migraine is the leading cause 

of disability amongst neurological disorders,12 but does not receive equivalent 

funding to other neurological disorders such as Parkinson’s disease.13 Despite the 

recent advances in migraine therapeutics, disability measures have not improved 

between 1990 and 2016,14 inferring that improvements in therapeutics have not 

enabled a decrease in disability. Therefore, headache disorders remain an important 

target of therapeutic development and research.  

 

1.1.2 Migraine pathophysiology 

Although migraine likely stem from the interplay of various neuronal structures and 

pathways, two mechanisms are commonly proposed as underpinning migraine 

development and pain. These pathways involve heightened sensitivity of the 

trigeminal system, and modified brain excitability and neurovascular dynamics.15  

 

1.1.2.1  Trigeminal sensitization  

Sensitization of the trigeminovascular system is a pivotal mechanism in headache 

nociception. This system consists of 1st order trigeminal nerves originating from the 

trigeminal ganglion and upper cervical dorsal roots, which innervate cerebral blood 

vessels and dura mater. Signals are then transmitted to 2nd order trigeminal nerves in 

the trigeminal nucleus caudalis (TNC) and project to 3rd order neurons in the 

thalamus. Neurons in the sensory cortex then transmit nociceptive information 
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(Figure 1).16 The thalamus has bidirectional connections with several regions 

including the somatosensory cortex and amygdala. These networks integrate 

nociceptive inputs with cognition, emotion, and autonomic responses forming the 

complex “pain matrix”.17 

 

 

Figure 1. Organisation of the trigeminal nerves involved in headache 

perception including central and peripheral sensitization.  

Dural stimulation (lightning bolt) activates 1st order trigeminal nerves leading to 

peripheral sensitisation, which is responsible for throbbing pain. This is facilitated by 

nociceptive peptide release including CGRP. Peripheral input is received by 2nd order 

trigeminal nerves in the TNC and project to 3rd order neurons in the thalamus. This 

process underlies central sensitization and results in allodynia. CGRP; calcitonin 

gene-related peptide, TNC; trigeminal nucleus caudalis. Figure created with 

BioRender.  
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Heightened sensitivity and increased responsiveness to stimuli in peripheral nerve 

trigeminals underlies peripheral sensitisation.18 In experimental animal models, dural 

stimulation causes release of nociceptive peptides such as calcitonin gene-related 

peptide (CGRP) and substance P (Figure 1) from trigeminal nerves.19 This results in 

lowered activation thresholds increasing sensitivity to mechanical stimuli,20 and is 

hypothesised to underlie the throbbing pain of headache. Second order neurons in 

the TNC receive repetitive peripheral input, and  sensitisation is thought to underlie 

cephalic allodynia.19 21 In response to stimulation, central trigeminovascular neurons 

develop hypersensitivity in the periorbital skin.22 Prolonged activation of 2nd and 3rd 

order neurons is hypothesised to drive the transition from episodic to chronic 

migraine.23 Understanding the factors which initiate sensitization are important to 

prevent headache attacks and chronification of migraine. 

 

1.1.2.2  Calcitonin gene-related peptide 

Trigeminal afferents express a variety of receptors targeted by nociceptive and 

vasoactive agents, whose activation promotes allodynia, hyperalgesia, and induces 

headache attacks.24 A significant molecule released by trigeminal afferents is CGRP, 

a 37-amino acid peptide, which has recently become a target for effective migraine 

therapeutics.25 26 

CGRP receptors are within the B subclass of G protein-coupled receptors (GPCR) 

composed of a receptor activity-modifying protein 1, calcitonin receptor-like receptor 

and receptor component protein.27 The binding of agonists to the CGRP receptor 

induces a conformational change and interaction with various G proteins to facilitate 

diverse signalling pathways. This includes activating adenylate cyclase driven by Gαs 
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proteins, increasing cAMP levels and activating protein kinase A.28 Gαq/11 signalling 

additionally activates phospholipase C,29 mitogen-activated protein kinase activation, 

nitric oxide (NO) production,30 and a range of transcriptional events.31 

CGRP exists in two forms: an α-isoform found in primary spinal afferents from 

sensory ganglia and a β-isoform predominantly located in the enteric nervous 

system.32 α-CGRP pathways underlie cAMP-mediated vasodilation in cerebral and 

meningeal arteries, contributing to migraine pathophysiology. Additionally, α-CGRP 

acts within the TNC to facilitate nociceptive signal transmission.33 Abundant evidence 

underscores the role of CGRP in migraine nociceptive signalling, including increased 

plasma CGRP during migraine attacks,34 the capacity of CGRP administration to 

trigger attacks in individuals with migraine without aura,35 and trials showcasing the 

efficacy of CGRP-attenuating agents in alleviating migraine pain.26  

 

1.1.2.3  Cortical spreading depression 

Evidence also suggests that changes in cerebral cortex hyperexcitability and cortical 

blood flow (CBF) play a role in headache generation and migraine pathophysiology.36 

37 Hyperresponsiveness of the cortex may underlie associated symptoms of 

migraine, with changes in excitability of the visual cortex associated with photophobia 

and of the auditory cortex corresponding to phonophobia.38 Moreover, some 

hereditary forms of migraine (familial hemiplegic migraine (FHM)), are characterised 

by mutations in the Na+/K+ pump,39 or voltage gated Ca2+,40 or Na+ channels,41 

resulting in a lowered threshold for neuronal activation.42 

A predominant mechanism of aura in migraine is cortical spreading depression 

(CSD): a wave of depolarization propagating slowly (2 to 5mm/min) across the 
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cortical surface, leading to release in neuropeptides and alterations in CBF.43-45 

Significant changes in ion levels occur during spreading depolarization, involving 

elevated extracellular K+ concentrations, intracellular influxes of Na+ and Cl-, and the 

release of glutamate (Figure 2), all of which contribute to the propagation of 

depolarization.46 47 Following these extensive shifts in ion distributions, and tissue 

excitability, a phase of inhibited electrical and synaptic activity follows, referred to as 

neuronal silencing. This phenomenon has been recorded in humans43 and can 

similarly be experimentally induced in animals. 

 

 

Figure 2. Changes in membrane potential, ion and neurotransmitter 

concentrations which occur during CSD, leading to an increase in ATP 

demand. 
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Triggers of CSD are poorly understood but initiate depolarisation driven by changes 

in membrane potential, K+ Na+ concentrations and glutamate release. This 

propagates the spread of depolarization across the cortex and causes an increase in 

ATP demand to restore ionic gradients. (Adapted from 48) ATP; adenosine 

triphosphate, CSD; cortical spreading depression, K+; potassium, mv; millivolts, Na+; 

sodium. Figure created with BioRender. 

 

Functional imaging studies have associated this neurophysiological event with 

migraine with aura, a subtype which features visual, sensory, or central nervous 

system symptoms preceding headache attack.1 49 CSD has also been recorded in 

traumatic brain injury (TBI), stroke and subarachnoid haemorrhage.49-51 Although the 

exact implications of CSD in headache pain are yet to be revealed, mechanistic 

insights from animal studies suggest that CSD can activate meningeal nociceptors, 

stimulate CGRP release,52 and induce pain and anxiety behaviour in rats.53 Hence 

suggesting that CSD may also contribute towards headache generation and pain.54 

CSD serves as an important translational model as evidenced by the impact of 

CGRP-blocking drugs on reducing the intensity of CSD or increasing thresholds in 

some experimental animal models.52 53  

 

1.1.3 Secondary headache disorders  

Several secondary headache conditions exhibit headache symptoms resembling 

those of migraines. These conditions include post-traumatic headache55 and 

headache associated with idiopathic intracranial hypertension (IIH).56 IIH headaches 

are driven by elevated intracranial pressure (ICP)1, and some studies have indicated 

that reducing this pressure can alleviate headache.57 Despite the normalization of 
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ICP, many individuals continue to experience persistent post-IIH headache that 

closely mimic migraines.58  

The importance of CGRP has also began to emerge in secondary headache 

disorders, wherein infusion in post-traumatic headache patients induced headache 

attacks.59 Moreover, CGRP therapeutics have also exhibited efficacy in both post-

traumatic headache60 and IIH patients,58 61 indicating that this molecule may also play 

a role in secondary headache pathophysiology. The exploration of the biological 

underpinnings for shared characteristics between migraine and post traumatic 

headache suggest shared biological foundations.62 

 

1.1.4  Animal models of headache 

Progress in the knowledge and treatment of headache hinges upon translational 

animal models. Nevertheless, replicating the complex nature of human headache 

disorders in their entirety has proven to be challenging. The subjective nature of 

headache pain and reliance on verbal scoring of pain makes it difficult to assess in 

animals. Moreover, since little is known about the genetic component of migraine it is 

challenging to create transgenic animals, and a lack of well-established biomarkers 

further complicates these models.   

 

1.1.4.1  Headache symptoms and pain models 

The modelling of headache pain is frequently accomplished by sensitizing elements 

of the trigeminovascular system. This is achieved via techniques such as electrically 

stimulating trigeminal ganglia, applying inflammatory substances to the meninges, 

administering nociceptive peptides such as CGRP, or allogenic substances such as 
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nitric oxide donor nitroglycerin (NTG) (Figure 3).22 63-65 Although this allows 

investigation of nociceptive structure activation, these models are often invasive and 

separating headache-specific pain from pain associated with experimental 

procedures may be difficult to achieve.66 

While such models explore nociception in the context of headache, a significant 

constraint lies in the challenge of assessing pain sensation in animals (Figure 3). 

Electrophysiological techniques can be employed to evaluate changes in trigeminal 

activity and involve recording from the dorsal horn of the spinal cord where the 

trigeminal nucleus is located. Immunohistochemistry is also frequently utilised to 

quantify activation of nociceptive structures in response to stimulation. For instance, 

c-fos is a proto-oncogene used as an indirect marker of neuronal activity. Hence 

immunoreactivity for c-fos can map neuronal activity in trigeminovascular structures 

and thereby elucidate activation of headache pathways. 67 68  
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Figure 3. Animal models and headache measurements. 

Typical stimulation methods and routes of administration in addition to commonly 

used readouts of headache pathophysiology. CGRP; calcitonin gene related peptide, 

CSD; cortical spreading depression. Figure created with BioRender. 

 

Behavioural cues can also be employed in animal models to evaluate the efficacy of 

potential pharmacological agents (Figure 3). Approaches include measuring 

spontaneous pain behaviour such as freezing, grooming, decreased locomotion, 

head shaking, and rearing as indicators of headache pain.69 Testing withdrawal 

thresholds from heat stimulation elucidates to changes in thermal sensitivity.70 

Moreover, monitoring the behaviour of animals in light/dark boxes can be used to 

investigate photophobia.70 Finally, measuring changes in mechanical thresholds of 

hind paw and periorbital areas can reveal shifts in sensitivity in extracephalic and 

cephalic cutaneous domains.71 These changes mirror allodynia, perception of pain in 

response to normally innocuous stimuli, encountered by individuals with migraine.57 72 
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Animal models of headache can provide a readouts of multiple facets of headache 

disorders including changes in electrophysiological, biochemical and behavioural 

signals.  

 

1.1.4.2  Cortical spreading depression models 

Both in vivo and in vitro models of CSD are used to investigate changes in neuronal 

excitability. CSD can be induced in both awake and anesthetised animals using 

electrical, mechanical, or thermal stimulation, topical administration of inflammatory 

substances or concentrated solutions of KCl to the cortex.54 73 These stimuli induce 

action potential firing in cortical neurons and initiate depolarization across the brain. 

The ability to modulate CSD threshold in these paradigms provides a valuable 

experimental readout to determine the efficacy of drugs or evaluate tissue 

susceptibility.74 Therapeutic attenuation of CSD, in some instances has a track 

record for translation into headache therapeutics75 and is consequently a 

translationally relevant model. Interestingly, tonabersat, a gap junction inhibitor, 

which effectively inhibits CSD. has demonstrated mixed results both as an acute and 

prophylactic treatment.76  

Despite the utility of these models, in vivo investigation of CSD has multiple 

drawbacks. Often these models require craniotomy and cortical exposure to allow 

delivery of agents or stimuli, which introduce confounding effects such as non-

specific tissue damage. Moreover, the use of anaesthetic has been shown to alter 

CSD characteristics.77 However, in vitro systems, such as acute brain slices, 

eliminate these factors while still mirroring numerous aspects of in vivo biological 

conditions.  
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Acute brain slices have emerged as invaluable models for comprehending cortical 

function, as they maintain the structural and functional characteristics of in vivo 

neural networks.78 79 These platforms grant easier manipulation of tissue conditions, 

the ability to adjust susceptibility, and the validation of drug targets that might 

otherwise be impeded by the blood-brain barrier.80 Slice models have played a 

pivotal role in examining the function of CGRP and precisely identifying its 

receptors,52 in addition to investigating the mechanisms of  TBI,81 82 and stroke.83 84 

Modelling CSD in acute brain slices in the context of headache may help uncover 

molecular and metabolic pathways which contribute towards headache susceptibility. 

 

1.1.5 Metabolism in headache 

An imbalance between energy supply and demand in the brain has been 

hypothesized as a potential factor in the development and susceptibility of 

migraine.85-87 Numerous studies have additionally indicated a primary malfunction of 

mitochondria as a contributing factor.88 Various clinical trials have evaluated the 

effectiveness of nutraceuticals. For example, riboflavin, and coenzyme Q10, 

precursors and co-factors of the mitochondrial respiratory chain, respectively, have 

both exhibited the ability to reduce migraine attack frequency and severity, 

suggesting supplementing mitochondrial function is therapeutic.89-92 However, often 

nutraceutical trials are small 89 with limited generalizability, lack appropriate placebo-

control groups,90 91 and have resulted in conflicting outcomes.93 94 Therefore the use 

of supplementation or nutraceuticals for headache intervention has been hindered by 

the challenge of pinpointing dysfunctional metabolic pathways and targets. 
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Figure 4. Hypothesised alterations in metabolic flux which may contribute to 

migraine pathophysiology.  

The activity of numerous metabolic pathways is altered in migraine patients. Colour 

of arrows indicates upregulation (red) or downregulation (blue). Glucose 

hypometabolism has been exhibited in migraine in addition to upregulated lactate 

production. Reduced NADH oxidation and increased levels of ADP have additionally 

been recorded.  α-KG: alpha-ketoglutarate, ADP; adenosine diphosphate, ATP; 

adenosine triphosphate, CoQ; coenzyme q, Cyt c; cytochrome c, FAD; flavin adenine 

dinucleotide, GLUT; glucose transporter, H+; hydrogen, NAD; nicotinamide adenine 

dinucleotide, TCA; tricarboxylic acid cycle. Figure created with BioRender. 
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1.1.5.1  Glucose metabolism 

Glucose is the brain's primary energy source, and its metabolism is shared between 

neurons and astrocytes. Although neurons can facilitate both glycolytic and oxidative 

metabolism, they switch to glycolysis for rapid ATP production during increased 

energy demands.95 Astrocytes are thought to have a metabolically supportive role 

and the astrocyte-neuron lactate shuttle (ANLS) theory suggests that although 

neurons primarily produce lactate from pyruvate, astrocytes convert pyruvate to 

facilitate oxidative phosphorylation. Neuronal lactate can be transported to 

astrocytes, converted back into pyruvate, and used for oxidative phosphorylation to 

produce ATP during increased energetic demand.96 

Fasting is thought to be a strong headache precipitator,97 and the triggering of 

migraine  by fasting or skipping meals may relate to premonitory symptoms.97 98 A 

study found that 58% of patients experiencing frequent migraines or tension-type 

headaches reported headaches linked to food deprivation.99 The metabolism of 

glucose is of particular interest, as impaired insulin sensitivity and high fasting insulin 

has been observed in patients with migraine.100 101 18F-Fluorodeoxyglucose PET (18F-

FDG PET) studies in episodic migraine have exhibited glucose hypometabolism in 

temporal102 and fronto-temporal103 regions involved in pain processing compared to 

controls.104 Hypometabolism was also associated with disease duration,102 104 

suggesting that repeated migraine attacks and activation of nociceptive regions may 

lead to abnormalities in glucose metabolism (Figure 4). Moreover, treatment with 

trigeminal nerve stimulation not only decreased migraine attack frequency, but 

additionally improved hypometabolism, suggesting that improving glucose 

metabolism may be prophylactic in migraine.103  
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In rodent studies, inducing hypoglycaemia via food deprivation or insulin 

administration demonstrated a decrease in CSD thresholds and increased CSD 

duration.105 106 Spontaneous depolarisation events, have also been recorded in 

hypoglycaemic rats.107 Conversely, hyperglycaemia increased CSD thresholds and 

decreased their frequency, thereby providing a protective effect.105 These studies 

propose that glucose and glycolysis is imperative to maintaining adequate normal 

cortical excitability and increased CSD thresholds.  

 

1.1.5.2  Lactate metabolism 

Anaerobic glycolysis occurs in the absence of sufficient oxygen, resulting in lactate 

production which is often utilised as a pathological marker of hypoxia. Proton 

magnetic resonance spectroscopy (1H-MRS) studies have highlighted elevated 

lactate in brains of FHM108 and migraine with aura patients during interictal 

periods.109 110 Moreover, upregulated lactate has been measured interictally in the 

serum and plasma of migraine patients (Figure 4).111-113 Excess lactate in headache 

sufferers may indicate mitochondrial dysfunction and further support the hypothesis 

of aberrant glycolysis. 

Results of animal studies also suggest that lactate excess may be related to 

headache and CSD. During CSD in rats, 1H-MRS measurements indicate a 2.8 fold 

increase in lactate.114 Since CSD is highly oxygen-demanding, neuronal tissue may 

switch to the preferential use of anaerobic processes to produce ATP.115 Moreover, 

studies have demonstrated that lactate is produced in excess by astrocytes and used 

as an energy substrate by neurons during recovery periods following CSD.116 

Although healthy neuronal tissue demonstrates plasticity to changes in energetic flux, 
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anaerobic respiration is less efficient at ATP production than aerobic. Therefore, 

permanent switches to anaerobic methods may contribute to pathology of migraine 

chronification. 

 

1.1.5.3  Mitochondrial function and oxidative phosphorylation 

Neurons rely primarily on oxidative phosphorylation for energy, a process hosted by 

mitochondria. 31Phosphorus MRS (31P-MRS) studies in migraine have consistently 

highlighted mitochondrial dysfunction. These studies exhibit increased ADP, the 

precursor to ATP,88 117 118 and decreased reduced available free energy,86 119 120 

which are consistent with findings of mitochondrial cytopathies.121 122 The peripheral 

blood transcriptome of migraine patients has also revealed alterations in oxidative 

phosphorylation-linked pathways.113 These studies suggest an imbalance between 

energy demand and production which may underlie inability to maintain ionic milieu, 

thereby reducing threshold for CSD or migraine attack.  

Preclinical models have demonstrated an initial surge in NADH oxidation and ATP 

production, followed by an extended period of reduced oxidation during CSD.115 123 124 

Recurring CSD events have resulted in changes in the oxidative capacity of neural 

tissue, suggesting enduring metabolic shifts.123 CSD also leads to reduced 

mitochondrial membrane potential and thus diminished ATP synthase activity.125 

Biochemical investigations have highlighted fragmented structure and modified 

biogenesis of mitochondria in trigeminal ganglion neurons following repetitive dural 

sensitization in rats.126  

Evidence of mitochondrial alterations have additionally been identified in secondary 

headache disorders such as IIH. Lactate:pyruvate ratio was altered in the CSF and 
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serum of IIH patients, which is a marker characteristic of oxidative phosphorylation 

disorders and pyruvate dehydrogenase deficiency.127 128 This ratio has additionally 

been identified in TBI,129 subarachnoid hemorrhage,130 and hydrocephalus,131 

suggesting that this may be characteristic of elevated ICP.  

Differentiating between migraine-specific metabolic changes and the effects of 

chronic disease on mitochondrial dysfunction, however, is difficult. Oxidative damage 

is a key pathogenic pathway involved in numerous neurodegenerative disorders, 

including Alzheimer’s and Huntington's.132 133 In parallel with migraine, obesity and 

type 2 diabetes, lowered rates of oxidative phosphorylation and excessive reactive 

oxygen species production have been reported.134 Additionally, reduced glucose 

metabolism and excess lactate production are markers not only in migraine,103 111-113 

but also in Huntington's.135 136 Diminished oxidative phosphorylation has been 

recorded in the basal ganglia of Huntington's patients, suggesting that brain 

excitotoxicity may lead to mitochondrial dysfunction.137 Collectively, these studies 

suggest functional deficiencies in mitochondria shared across migraine, secondary 

headache and other chronic disorders which may be potential avenues for 

therapeutic intervention. 

 

1.1.6 Current therapeutics for migraine 

Recent decades have led to the development of migraine therapeutics which offer 

improved specificity to headache pain and migraine symptoms compared to non-

steroidal anti-inflammatory drugs. Noteworthy classes of medications include acute 

therapies 5-HT1B/1D receptor agonists (triptans) and CGRP drugs which are used as 

preventative treatments including receptor antagonists (gepants) and antibodies.   
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1.1.6.1  5-HT1B/1D receptor agonists  

Triptans are serotonin 5-HT1B/1D receptor agonists which have multiple modes of 

actions to treat migraine. Vascular studies have demonstrated that triptans were able 

to vasoconstrict abnormally dilated vessels which were associated with migraine.138 

Triptans are additionally believed to have central activity, since they can inhibit 

neurotransmitter release from trigeminal nerves139 and reduce trigeminal nerve 

activation,140 thus preventing nociceptive transmission. In addition to aborting 

headache pain, triptans have demonstrated efficacy in treating migraine related 

symptom such as photophobia and nausea.141  

Triptans are not, however, effective for all patients. Only 30-40% experience freedom 

from pain at 2 hours,142 and in a third of patients who don’t respond, headache 

reoccurs within 24 hours.143 Due to their vasoconstrictive properties, triptans also 

have contraindications in those with cardiovascular diseases.144 Since migraine is a 

risk factor for development these disorders, this prevents a large proportion of 

patients from using these drugs.145 146  

 

1.1.6.2  CGRP receptor antagonists and antibodies  

The emergence of CGRP therapies has brought about a ground-breaking shift in the 

management of migraines. These medications circumvent vasoactive effects147 and 

represent the first class of drugs designed to target the trigeminal system.148 CGRP 

therapies can be classified into two main categories: antagonists, known as gepants, 

which act at the CGRP receptor,148 and monoclonal antibodies (mAbs) that can either 

target CGRP molecules directly or the canonical CGRP receptor. 
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Gepants, block the binding of CGRP to its receptor, preventing cAMP production and 

vasodilation.149 Clinical trials have found that olcegepant for example, can induce 

freedom from pain and sustain response for over 24 hours in migraine patients.150 

Moreover intravenous olcegepant was also able to improve related migraine 

symptoms such as photophobia and nausea.150 Preclinical models have additionally 

demonstrated the efficacy of gepants to target several aspects of migraine 

pathophysiology. Studies demonstrate the ability to prevent hyperalgesia and 

trigeminal sensitization,151 152 as well as inhibit release of pro-inflammatory cytokines, 

thereby preventing downstream neuroinflammation.152 Only a small percentage of  

gepants cross the blood-brain barrier,153 which has led to debate regarding the most 

efficacious location of action for migraine drugs. 

MAbs are additionally used as preventative treatments for episodic154 and chronic 

migraine.155 MAbs are much larger than gepants and are believed to have limited 

access across the blood brain barrier.153 Antibodies targeting CGRP itself result in 

reduced free ligand, and the percent of binding has been correlated with clinical 

efficacy.156 Erenumab, is currently the only CGRP mAb which targets the receptor 

and was the first medication approved in the United States to prevent migraines.154  

Combining gepants and mAbs may provide a multi-faceted approach to attenuating 

CGRP signalling and thereby preventing trigeminal nociception. 

 

1.2 Idiopathic Intracranial Hypertension 

IIH is a neurological disorder characterized by raised ICP with unknown etiology.157 

Patients suffer a risk of visual loss due to compression of the optic nerve, however 

headache is the principal driver of IIH morbidity and is present in up to 95% of 
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patients.158 IIH is considered a secondary headache disorder, however, the 

mechanisms underlying headache due to raised ICP remain unknown, and therefore 

targeted therapies are lacking.  

 

1.2.1 Epidemiology 

The prevalence of IIH is approximately 2.2 cases per 100,000 in the general 

population.159 However, among women who are obese, this prevalence rises 

significantly to 21.4 cases per 100,000.159 Despite being previously considered a rare 

condition, IIH is closely intertwined with obesity rates and is rising in parallel with the 

global obesity epidemic.160 161 Notably, in the United Kingdom, the incidence of IIH 

has increased by 118% from 2002 to 2016, rising from 3.53 to 7.69 cases per 

100,000 within the female population.162 This surge is accompanied by a 442% 

increase in hospital admissions, including emergency visits and inpatient stays.162 

This upward trajectory poses a growing concern for public health, given that IIH 

inflicts a significant economic burden on healthcare systems. In England, the annual 

hospital costs escalated from £9.2 million to £49.9 million between 2002 and 2014, 

with projections anticipating costs to increase to £462 million by 2030.162 Hospital 

admissions have also increased in the United States, with costs surpassing $444 

million including loss of work-related income.163 Recurring hospital admissions may 

be indicative of the social disadvantages linked with IIH, 164 shedding light on the 

historical inefficacy of treatment approaches for this condition. 
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1.2.2 Pathophysiology 

The exact mechanisms driving IIH remain elusive; nevertheless, several proposed 

pathways contribute to increased ICP. These encompass modifications in cerebral 

spinal fluid (CSF) dynamics, such as hypersecretion or drainage obstruction, as well 

as the involvement of obesity and androgens,165 166 in addition to dysfunctional 

metabolism.167 

 

1.2.2.1 Disturbances in CSF dynamics 

While IIH is believed to be a multifaceted disorder, altered CSF dynamics serves as a 

pivotal converging pathway. The choroid plexus is the centre of CSF production and 

secretion. This structure is composed of specialized epithelial cells with Na+/K+ 

ATPase ion pumps which establish osmotic gradients and oversee CSF 

movement.168 CSF plays a pivotal role in clearing proteins and metabolites from 

within the central nervous system, via the glymphatic system. The underlying causes 

of IIH are thought to revolve around either increased CSF section or the impairment 

of CSF drainage pathways.169 Evidence to support this hypothesis include reduction 

in CSF protein levels,170 and delayed uptake of radio-labelled tracer into the CSF, 

implicating compromised drainage in intracranial hypertension patients.171 Moreover, 

diversion of CSF via lumbar puncture or surgery can be therapeutic for both 

headache and vision in patients with IIH,172 implicating the role of excess CSF.  

 

1.2.2.2 Androgen excess 

The principal risk factors associated with IIH; female sex, obesity, and reproductive 

age,173 point to a possible involvement of sex hormones in the pathophysiology of 
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IIH. Given the epidemiological profile, it is unsurprising that the prevalence of 

polycystic ovary syndrome (PCOS) is notably high in IIH, with rates ranging from 

8.7% to 57%.174-176 Interestingly, in comparison with women with PCOS or obesity 

alone, IIH patients exhibit higher levels of testosterone in the CSF and serum.166 

Heightened levels of androgens correlate with earlier onset in women.177 Additionally 

there are instances of IIH developing in female-to-male transgender patients 

undergoing testosterone therapy,178 with symptoms resolving upon discontinuation of 

testosterone.178-180 In vivo studies of choroid plexus cells demonstrated that 

testosterone enhanced Na+/K+ ATPase activity, a surrogate for CSF secretion.181 

Moreover, the discovery of androgen receptors on the human choroid plexus166 

provides evidence for the involvement of androgen excess in heightened CSF 

secretion.182 

Further exploration of endocrine patterns in IIH patients holds potential for shedding 

light on the connection between IIH and obesity, considering that adipose tissue may 

have an endocrine role in pathology.182 Adipose tissue is a source of neuroendocrine 

and inflammatory molecules, which have shown differential regulation in IIH.183 The 

functional consequences of these variations are yet to be fully understood. 

 

1.2.2.3 Metabolic dysfunction 

It is well established that IIH occurs almost exclusively (>90%) in women with obesity 

and weight gain and truncal adiposity are established risk factors for IIH 

development.183-185 Recent metabolic studies have supported the notion that IIH is no 

longer considered an exclusively central nervous system disease, with mounting 

evidence suggesting systemic metabolic perturbations.166 183 186 
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Individuals with IIH exhibit heightened insulin resistance in the context of 

hyperleptinemia and excessive secretion of leptin from adipocytes.183 Additionally, 

the omental and subcutaneous adipose tissues of IIH patients display a distinctive 

lipogenic profile which is genetically and metabolically primed to store more 

calories.183 Individuals diagnosed with IIH also experience a twofold increase in the 

risk of cardiovascular disease in comparison to those with obesity.164 NMR 

spectroscopy has additionally identified a metabolic profile in the CSF, serum and 

urine of IIH participants, which is indicative of global metabolic dysregulation.167 This 

profile featured a perturbed lactate:pyruvate ratio, alterations in the hyperosmolar 

metabolite urea which may influence CSF dynamics and headache, and elevated 

CSF acetate, which was associated with headache morbidity.167 

Therapeutic interventions in IIH have been shown to improve metabolism.167 187 

Additionally, drugs which recover metabolic function are beneficial in IIH. Blocking 

the cortisol generating enzyme 11β hydroxysteroid dehydrogenase type 1 

demonstrated the ability to reduce ICP in IIH.188 Improving perturbations in 

metabolism in IIH may provide a novel therapeutic target for lowering ICP and 

alleviating related symptoms.  

 

1.2.3 Headache pathophysiology 

While raised ICP in IIH poses a significant risk of permanent visual impairment, 

headaches constitute the predominant feature and significantly reduces the quality of 

life for those affected.189-191 Raised ICP headaches often fulfil migraine criteria,192 

and patients report related symptoms including photophobia, phonophobia, nausea 

and allodynia.190 193 Similarly to migraine, post traumatic headache, which also 
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features raised ICP, can be triggered by CGRP infusion.194 Moreover, clinical studies 

have showcased the efficacy of CGRP antibodies in alleviating headaches in IIH.58 61  

Despite sharing many characteristics with migraine headaches, the precise 

mechanisms underlying IIH-related headaches remain elusive. Increasingly, off-label 

migraine treatments are used to manage headache in IIH, although formal evidence 

of effectiveness is lacking.172 Excessive use of common analgesics, opiates, and 

non-steroidal anti-inflammatory drugs is prevalent in IIH, potentially leading to 

medication-overuse headaches.195 Moreover, headache is evidently refractory in IIH, 

with twice as many women prescribed opiates compared to migraineurs, and a 

greater number of headache preventatives were prescribed.195 Understanding the 

pathophysiology of raised ICP headaches helps unveil the therapeutic targets for 

drug development and thereby avoid medication overuse headache.  

 

1.2.4 Animal models  

1.2.4.1 IIH-specific animal models 

Modelling IIH has so far proven difficult. This is mostly because the cause of raised 

ICP is idiopathic and the aetiology is likely to involve a complex interplay of androgen 

excess, perturbed metabolism, weight gain and dysfunction CSF dynamics. 

Consequently, there is currently no perfect IIH model, and instead, researchers have 

recapitulated IIH drivers in animals to better understand their pathology.  

Weight gain and androgen excess are risk factors for the development of IIH, 166 183-

185 therefore some studies have employed high fat diets and testosterone exposure 

to recreate this aspect of IIH. Consistently in these investigations, high fat fed 

animals have exhibited increased ICP (55-65%),196-198 whilst exposing female 
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animals to testosterone excess led to a similar increase in ICP (55%).197 These 

models reciprocate some of the aetiology of IIH and are capable of inducing changes 

in ICP independent of tissue damage or infection, therefore producing a more 

‘idiopathic’ model. However not all obese women have raised ICP, and observed 

changes in ICP in obese animals may not represent the severity of ICP elevations 

demonstrated in patients. Moreover, although these models do demonstrate some 

changes in the retinal nerve fibre layer, papilledema, a hallmark of IIH is yet to be 

detected in obese animal models.196 

There are limited in vitro models which allow for the investigation of raised ICP and 

IIH. Choroid plexus cell cultures have provided important insight into the mechanistic 

drivers of CSF in IIH and have demonstrated their usefulness as tools for therapeutic 

testing.199 However investigating changes in ICP, requires a multifaceted interplay of 

CSF and vascular dynamics within an enclosed volume, which necessitates the use 

of animal models. 

 

1.2.4.2 Raised ICP animal models 

Other in vivo models are less specific to IIH and more broadly model raised ICP. 

These include methods which increase CSF volume within the ventricles and skull or 

prevent the drainage of CSF.  

Hydrostatic fluid reservoirs can be used to introduce liquid into the ventricles by 

increasing the height of the reservoir and therefore utilising gravity to increase the 

speed and volume of infusion.200 201 A cannula is implanted in the cisterna magna or 

lateral ventricles of rodents, often in conjunction with a ICP recording probe, 

facilitating both the introduction of raised pressure and its immediate recording. This 

system allows the manipulation of the severity of ICP in real time by altering the 



 50 

reservoir height, in addition to rapid return to baseline allowing assessment of prior, 

during and after ICP fluctuations. However, such methods can only be used to 

investigate relatively acute increases in pressure, since long term maintenance of the 

reservoir in a freely moving awake animal is difficult.  

Hydrocephalus is a neurological disorder which also features dysfunctional CSF 

dynamics and raised ICP. Experimental modelling of hydrocephalus in vivo provides 

a robust, model of moderately increased ICP.199 202 This can be achieved by injecting 

a suspension of kaolin clay into the cisterna magna and depositing in the fourth 

ventricle.203 204 This suspension often spreads into the subarachnoid space and leads 

to obstruction of CSF pathways and ventricular enlargement.205-207 This model is 

advantageous as hydrocephalus typically develops quickly following kaolin injection 

(>24 hours),208 209 meaning the effects of raised ICP can be investigated imminently. 

In comparison to fluid reservoirs this is also a moderately less invasive procedure, as 

kaolin injection can be performed percutaneously depending on species and age.  

Although this allows for the investigation of the direct consequences of raised ICP, 

this method induces an inflammatory response and structural changes to the brain 

(ventricle dilation)202 which are not observed in IIH, thereby reducing the translational 

value of the model.  

 

1.2.5 Therapeutics for IIH 

A Cochrane review on IIH management concluded that there was an absence of 

evidence to recommend or reject the efficacy of treatments currently available for 

IIH.210 A targeted therapy for headache due to raised ICP does not exist. Currently 
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there are three main categories for treatment of IIH: weight loss, surgical 

interventions, and pharmaceutical agents.  

 

1.2.5.1 Therapeutic weight loss for IIH 

Weight loss is therapeutic in IIH,211 212 and is recommended to all typical IIH patients 

within the consensus guidelines.172 Weight loss has proven to decrease ICP, reduce 

papilledema and alleviate headache.211 212 In addition to improvement in clinical 

symptoms, weight loss also results in metabolic changes in IIH patients, signifying 

that this is a disease modifying intervention.167  

A loss of between 3-24% of body weight is required to accomplish disease 

remission,211 213 which is unlikely to be achieved without bariatric surgery. 

Furthermore, a recent study revealed that bariatric surgery was superior at lowering 

ICP compared to community weight loss interventions.212 Bariatric surgery patients 

also exhibited a sustained reduction in ICP and improvement in quality of life after 2 

years.212 A direct association was identified between the change in weight and 

reduction in ICP in those following bariatric surgery.214 Maintaining this level of weight 

loss however is difficult, and regain is associated with disease relapse.215 Therefore, 

combining weight loss with pharmacological attenuation of CSF dynamics may 

provide an effective method at achieving remission. 

 

1.2.5.2 CSF surgical interventions 

Preserving vision is a priority for management of IIH, and in those who present with 

rapid loss of visual function surgical intervention may be required.172 216 The aim of 

surgical methods is to remove CSF and thereby pressure on the optic nerve. These 
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interventions include diversion of CSF via ventriculoperitoneal or lumboperitoneal 

shunt, optic nerve sheath fenestration and frequent lumbar punctures.217  However, 

determining the most effective method is difficult since there is a lack of trials 

evaluating each surgical intervention for IIH. Moreover, there is limited long-term 

efficacy and safety informing clinical practise of CSF diversion surgery and a third of 

patients require multiple revision surgeries.218 This further highlights the need for 

effective therapeutics to lower ICP, which avoid multiple highly invasive surgeries.  

 

1.2.5.3 Pharmacological targeting the choroid plexus  

The choroid plexus is composed of epithelial cells which form the blood-CSD barrier, 

movement of ions across the epithelium creates an osmotic gradient driving 

movement of water. The activity of the Na+/K+ ATPase pump is closely associated 

with the secretion of CSD in the choroid plexus, in addition to the transport of HCO3- 

and regulation via the Na+/H+ exchangers.219 Glucagon-like peptide 1 (GLP-1) 

receptors are additionally found on the choroid plexus and agonism leads to 

conversion of ATP to cAMP via adenylate cyclase which has downstream effects on 

CSF pathways (Figure 5). Reducing CSF production by targeting transporters on the 

apical surface of the choroid plexus is a common goal for pharmacological IIH 

treatments such as carbonic anhydrase inhibitors acetazolamide220 and topiramate 

(Figure 5).221   
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Figure 5. Mode of action of CSF altering drugs which target receptors on the 

choroid plexus epithelium.  

Na+/K+ ATPase and Na+/H+ exchangers are transporters involved in CSF secretion 

which can be altered with agonism of the GLP-1 receptor via pKA. Acetazolamide 

and topiramate target carbonic anhydrase and production of HCO3
- which is pivotal in 

CSF secretion (Adapted from 222). ATP; adenosine triphosphate, cAMP; Cyclic 

adenosine monophosphate, CO2; carbon dioxide, CSF; cerebrospinal fluid, GLP-1R; 

glucagon-like peptide 1 receptor, H+; hydrogen, HCO3-; bicarbonate, K+; potassium, 

Na+; sodium, pKA; protein kinase A. Figure created with BioRender. 

 

1.2.5.3.1 Carbonic anhydrase inhibitors 

Acetazolamide is commonly the first line treatment for IIH.220 It is a carbonic 

anhydrase inhibitor and although its action on CSF dynamics is not fully clear, it is 

able to prevent HCO3-  production and reduce Na+/K+ ATPase activity (Figure 5).223 

Acetazolamide is however used off-label for IIH, and has only demonstrated a small 

improvement in visual field outcomes in patients with mild visual loss.224 Moreover, 
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acetazolamide is not well tolerated, with previous trials reporting high discontinuation 

rates in IIH patients due to adverse effects such as tingling sensation, metallic taste 

and vomiting and diarrhoea.225 226  

Topiramate is also a carbonic anhydrase inhibitor and offers the added advantage of 

promoting weight loss potentially via appetite suppression and altering energy 

utilization.227 There have been reports of topiramate alleviating symptoms in IIH,228 229 

with more significant effects on ICP compared to acetazolamide.230 In spite of these 

promising outcomes, topiramate is associated with undesirable side effects, including 

low mood, which is prevalent in IIH patients at baseline, cognitive side effects, 

nausea and anorexia.231   

 

1.2.5.3.2 Glucagon like peptide 1 

The GLP-1 receptor is a member of the class B GPCR family, similar to CGRP 

receptors. Upon activation of the receptor, there is a cascade of downstream 

signalling pathways mediated by G proteins. Agonist-activation of GLP-1 receptors 

increases levels of cAMP through activation of adenylate cyclase via Gαs 

signalling,232 and initiates the phospholipase C pathway via Gαq signalling.233 

Downstream signalling can lead to alterations in membrane potential and induction of 

transcriptional changes depending on their location within the body.  

GLP-1 receptor mRNA is expressed in a range of organs including the lung, 

stomach, adipose tissue, heart, kidneys, ovary and brain.234 GLP-1 signalling is 

responsible for 70% of meal-stimulated insulin secretion.235 Upon binding to 

receptors on pancreatic β-cells, GLP-1 initiates transcription of insulin likely thought 
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to be mediated by the family of CREB kinases.236 GLP-1 receptor agonists (GLP-

1RA) are existing therapies for diabetes.237 238  

There is also widespread expression of GLP-1 receptor in the central nervous system 

where it governs various processes including regulation of gastric emptying, hepatic 

glucose production heart rate and blood pressure and specific neuroendocrine and 

behavioural responses to stress.239 GLP-1 receptors are in high in the hypothalamus, 

central nucleus of the amygdala, anterodorsal thalamic nucleus,240 which relates to 

its role in regulation of food intake and energy metabolism.241 242 This function has 

been utilised in new licensed therapies for obesity, since GLP-1 agonists can lead to 

satiety.243 244  

Receptors have additionally been located at the choroid plexus and increases in 

cAMP contribute towards inhibition of Na+/H+ exchangers, preventing Na+ re-

absorption from the blood, and Na+/K+ ATPase, diminishing Na+ excretion into 

ventricles (Figure 5).222 Together these reductions in Na+ movement prevents the 

secretion of CSF.199 Trials in animal models of raised ICP demonstrated the ability of 

GLP-1RA, exenatide, to reduce ICP with effects sustained for up to 2 weeks.199 This 

reduction in ICP was greater than in comparison to other drugs commonly used in 

IIH.245 Translation to clinical studies has also revealed the ability of exenatide to 

significantly lower ICP in IIH patients 24 hours, 2 weeks and 12 weeks following 

treatment.246 GLP-1-R agonism has also exhibited therapeutic effects on headache, 

reducing monthly headache days in patients with IIH,192 246 suggesting its suitability 

as a headache therapeutic in raised pressure.  
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1.3 Hypothesis and aims 

Two related hypotheses were explored in this project. The first considered the 

therapeutic potential of understanding the metabolic disturbances following 

headache-related disruptions in neuronal function. The second explored the idea of 

shared mechanisms between ICP-related headache and migraine and the 

therapeutic potential of lowering ICP or blocking CGRP. 

 

Hypothesis I:  

There is a wealth of evidence to suggest that metabolic perturbations are involved in 

the pathophysiology of headache. Better understanding of the factors which increase 

the susceptibility to headache attack would provide novel therapeutic targets and in 

the context of altered metabolism may prove the benefits of using nutraceuticals. 

CSD is an energetically demanding event, therefore it is hypothesized that a plethora 

of metabolic changes will be detectable during and following a CSD event that may 

help explain the susceptibility of migraine patients to attack. To test this hypothesis 

the project explored the following aims: 

• To establish and validate a in vitro brain slice CSD model, amenable to 

metabolic readouts at precise time-points during and after CSD.  

• To use the CSD-based slice model to probe mitochondrial and metabolic 

function during CSD. 

• Subject the brain slice model to glucose deprivation to investigate the role of 

glucose metabolism on the metabolic response to CSD.  

 

Hypothesis II: 
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Considering the phenotype of raised ICP headache, and the evidence showing they 

can be both provoked, and alleviated with CGRP agents suggests, it was 

hypothesized a shared pathophysiology exists between raised ICP headache and 

migraine. To explore this hypothesis this project also aimed to: 

• Establish a model of raised ICP that would facilitate both electrophysiological 

and behavioural measurements of headache. 

• Investigate the effects of raised ICP on cortical activity and neurovascular 

responses to evoked CSD in addition to pain behaviours, which are models of 

migraine pathophysiology.  

• Explore the effects of GLP-1R agonism on ICP and the consequences on 

cortical activity, neurovascular responses, and pain behaviours. 

• Examine the results of blocking CGRP on ICP, CSD parameters and pain 

behaviours in the setting of raised ICP.  
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CHAPTER 2 MATERIALS AND 

METHODS 
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2.1 Animal Husbandry 

Animals were used for experiments at two different licensed establishments. Ex vivo 

mouse work was conducted at the Biomedical Services Unit at the University of 

Birmingham, and in vivo rat work at the Hodgkin Biological Services at King’s College 

London. All procedures complied with the UK Animals (Scientific Procedures) Act 

1986 and in agreement with the ARRIVE guidelines under PPLs PP9890223 (King’s 

College London) and PP1816482 (University of Birmingham). 

 

2.1.1  Ex vivo experimental mice  

Thy1-ChR2-YFP mice (B6.Cg-Tg(Thy1-COP4/EYFP)18Gfng/J Jackson 

Laboratories), were used for the majority of ex vivo experiments. The transgene 

features channelrhodopsin (ChR2) a light activated cation-selective ion channel 

fused to a yellow fluorescent protein (YFP) (Figure 6).247 Mouse antigen thymus 1 

(Thy1) drives protein expression in random subsets of neurons, resulting in ChR2-

YFP in neurons of the brainstem, cerebellum, hippocampus, cortex and olfactory 

bulb.247 Although this provides a non-invasive model to investigate CSD, by initiating 

action potential firing in cortical neurons with focal photostimulation,248 it was not 

optimised in this thesis.  

Male homozygous Thy1-ChR2-YFP animals were obtained from Jackson 

Laboratories and bred in-house with wild type (WT) females. To identify the genotype 

of animals, 2-10mg of ear tissue was taken with an ear punch sterilized with 70% 
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ethanol and stored in a 1ml Eppendorf tube. Ear tissue was sent to Transnetyx for 

automated genotyping using protocols from Jackson Laboratories.  

Mice were housed in sex and litter matched groups in standard IVC cages in a 

climate-controlled room, kept on a 12:12 light/dark cycle and fed with standard rodent 

chow (EURodent Diet 14%, Labdiet). All animal handling and procedures were 

performed according to the guidelines specified by the UK Home Office and 

approved by the University of Birmingham’s University Animal Welfare and Ethical 

Review Body (PP1816482). 

 

 

Figure 6. The Thy1-ChR2-YFP transgene construct.  

ChR2; Channelrhodopsin-2, Thy1; Thymus 1, YFP; Yellow fluorescent protein. 

EcoRI, Xbal, HindIII, Xhol, Pvul denote restriction enzyme sites. Figure created with 

BioRender. 

 

2.1.2  In vivo experiment rats  

Since androgens and gender have a role in IIH, male Sprague Dawley rats (Enivgo) 

were used for in vivo raised pressure model experiments.166 Rats were housed in 

litter matched same-sex groups in a climate-controlled room and kept on a 12:12 
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light/dark cycle with free access to food and water. All animal handling and 

procedures were performed according to the guidelines specified by the UK Home 

Office and approved by King’s College University Animal Welfare and Ethical Review 

Body (PP9890223).  

 

2.2 Ex vivo brain slice techniques 

Optimizing an ex vivo platform capable of modelling headache mechanisms would 

help uncover metabolic pathways that contribute to brain hyperexcitability and 

trigeminal activation. Therefore, an acute brain slice platform which modelled CSD 

and allowed probing of metabolic function was optimized. 

 

2.2.1  Acute brain slice preparation 

Acute brain slices were prepared from Thy1-ChR2-YFP mice (male and female aged 

10-27 weeks, both WT and heterozygous genotypes). Animals were euthanized by 

cervical dislocation and death confirmed by cessation of heartbeat. Animals were 

decapitated and the head sterilized with 70% ethanol. A sagittal midline incision was 

made through the fur, skin and skull, following which the brain was removed. The 

brain was placed in ice cold modified slicing artificial cerebrospinal fluid (SaCSF, 

Table 1) and the cerebellum removed to allow even coronal mounting onto a tissue 

specimen holder (Campden Instruments) using superglue (Gorilla Glue). Coronal 

slices were generated using a vibratome (Campden Instruments, 7000SMZ-2 

Vibratome) fitted with a ceramic blade which created slices of 350μm thickness using 

a vibration frequency of 80Hz, amplitude 1.25 frequency and a blade advance speed 
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of 0.20mm/s. The brain and subsequent slices were collected in the vibratome tissue 

bath in ice-cold SaCSF which was bubbled with 95% O2 and 5% CO2. 

Slices were immediately transferred using a cut pasture pipette to a submerged slice 

recovery chamber (tissue slice recovery chamber Model 7470, Campden 

Instruments) maintained at 35°C with an integrated gas bubbler supplying 95% O2 

and 5% CO2. Slices were kept on netted sub-chambers in artificial cerebrospinal fluid 

(aCSF, Table 1). This allowed recovery of tissues following slicing and maintained 

the viability of the slices until the end of experiments. Slices were allowed to recover 

for 1 hour before proceeding (summarized in Figure 7). 

 

Figure 7. Overview of the workflow of the acute brain slice model. 

After slicing with a vibratome the viability of slices was assessed by comparing those 

incubated in standard aCSF for 1 hour after slicing (positive control), to those 

exposed to 100% ethanol (negative viability control). aCSF; artificial cerebrospinal 

fluid, CO2; carbon dioxide, O2; oxygen, Thy1-ChR2-YFP; thymus-1, channel 

rhodopsin 2, yellow fluorescent protein transgenic animals. Figure created with 

BioRender. 
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2.2.1.1  Negative control slices 

To ascertain results of metabolic investigation were due to CSD changes and not a 

reflection of the declining viability of the tissue following slicing, negative control 

slices were also assayed. Brain slices were moved directly from the vibratome to ice 

cold 100% ethanol and kept on ice without oxygenation for >1 hour (Error! 

Reference source not found.). 

 

2.2.1.2  Acute brain slice solutions 

Table 1. Chemical components of aCSF solutions dissolved in 1L dH2O. 

CaCl2; calcium chloride, MgCl2; magnesium chloride, KCl; potassium chloride, 

NaHCO3; sodium bicarbonate, NaCl; sodium chloride, NaH2PO4; sodium phosphate 

monobasic. 

Solution Chemical compound (mM) 

aCSF NaHCO3 

(26) 

NaH2PO4 

(1.25) 

NaCl 

(125) 

KCl  

(3) 

CaCl2  

(0.002) 

Glucose 

(10) 

 

SaCSF NaHCO3 

(26) 

NaH2PO4 

(1.25) 

NaCl 

(125) 

KCl  

(3) 

CaCl2  

(0.002) 

Glucose 

(10) 

MgCl2 

(5) 

aCSF-glc NaHCO3 

(26) 

NaH2PO4 

(1.25) 

NaCl 

(125) 

KCl  

(3) 

CaCl2  

(0.002) 

  

 

2.2.2  CSD induction ex vivo 

Topical application of KCl to cortical surfaces is a commonly utilised method of 

inducing a CSD both ex and in vivo in animal models.73 249 250 Therefore CSD 
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induction was achieved by applying 1μL of KCl (2M) to the cortical region of acute 

forebrain slices. 

2.2.3  Fluorescent labelling 

2.2.3.1  Propidium iodide staining 

To determine the viability of tissues and confirm negative controls, a membrane 

impermeable stain Propidium Iodide (PI, Sigma Aldrich) was used to label membrane 

rupture and cell viability in brain slices. Vibratome slices of forebrain (350μm) were 

incubated in either aCSF or 100% ethanol for 1 hour (described in 2.2.1.1). Slices 

were fixed in 4% paraformaldehyde (PFA) for 30 minutes at room temperature (RT) 

before incubation in 5μg/ml PI (in PBS) for 30 minutes at RT. Slices were washed 

three times in PBS and mounted onto slides using Aqua-Poly mount (Polysciences). 

Slides were stored at 4°C overnight to set before imaging a Zeiss LSM780 Confocal 

Microscope equipped with a 10x 0.45NA Water Immersion C-ACHROMAT Lens. 

 

2.2.3.2  Caspase 3/7 labelling 

NucView 488 (NucView® 488 Caspase-3 Assay Kit for Live Cells, Biotium), a 

fluorescence label of caspase 3/7 activity, was used to compare the viability of brain 

slices. Following incubation in either aCSF or 100% ethanol for 1 hour as described 

in 2.2.1.1, slices were incubated in 5μg/ml of NucView® 488 Caspase-3 Substrate for 

30 minutes in oxygenated aCSF at 35°C. Slices were then washed three times with 

PBS and fixed in 4% PFA for 30 minutes. Following fixation, slices were mounted 

onto slides using Aqua-Poly mount (Polysciences, Inc.) and stored overnight at 4°C 
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to set. Subsequently, slices were imaged on a Zeiss LSM780 Confocal Microscope 

using a 10x 0.45NA, Water Immersed C-ACHROMAT Lens.  

 

2.2.3.2.1 Caspase 3/7 imaging analysis 

Z-stacks of 12 images were captured and analysed with ImageJ Fiji.251 A 2D 

projection of the stack was made by taking the maximum intensity of each pixel and 

subtracting the background using a rolling ball radius of 40 pixels. The background 

was made white, and the image converted to a binary mask. A median filter was 

applied to reduce noise with a radius of 3.5 pixels and a watershed segmentation to 

separate overlapping cells. Finally, the Analyse Particles function was used to detect 

cells between 35-350 pixels2 of 0-1.00 circularity. Data from two images per slice 

were averaged to give a single value for each slice. 

 

2.2.3.3  Calcium indicators  

The fluorescent calcium (Ca2+) indicator Fluo-4-AM (Invitrogen™) was used to 

measure intracellular Ca2+ flux during CSD events. Fluo-4-AM was reconstituted with 

Pluronic acid (Pluronic™ F-127 (20% Solution in DMSO) Invitrogen™)  to aid entry 

into cells. Slices were incubated in 2.5μM/ml Fluo-4-AM for 30 minutes in oxygenated 

(35°C, 95% O2 5% CO2) aCSF, and then washed in fresh warmed aCSF and 

transferred to a 35mm imaging dish (MatTek, P35GC-0-14-C) on a microscope 

stage.  
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2.2.3.3.1 Calcium imaging and analysis  

Slices were imaged using an inverted microscope (Zeiss Axiovert200) equipped with 

a differential spinning disk module (Andor Technology, DSD Revolution) and a 10x 

0.25NA dry objective. Fluo-4-AM signals were imaged with excitation at 488nm and 

emission at 520nm and images captured with a monochrome CCD camera (Andor 

Technologies, Clara).  

During experiments a time series of images were captured at 2Hz. Following a 

baseline of 200 frames, 1μL KCl (2M) was added at the cortical edge and imaging 

was repeated for 400 frames. ImageJ Fiji  was used to analyse Nuview488 signals.251 

10 regions of interest (ROI) were manually selected approximately 200µm from the 

slice edge. The fluorescent intensity of all 10 ROI was averaged at each frame. The 

first 5 frames of both control and CSD recordings were averaged to calculate a 

baseline fluorescence (F0), and F/F0 was calculated to represent change in 

fluorescence over time.  

 

2.2.3.4  Mitochondrial potential dyes  

Rhodamine-123 (RH-123, Sigma) is a cell permeant fluorescent dye that is 

sequestered into active mitochondria. Brain slices were incubated in 1µM RH-123 in 

aCSF (35°C, 95% O2 5% CO2) for 15 minutes then washed three times in fresh 

aCSF. A single baseline image was taken, following which 1μL KCl (2M) was added 

to cortical edges. Changes in fluorescence were recorded in slices using a Zeiss 
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LSM780 Confocal Microscope using a 10x 0.45NA, Water Immersed C-ACHROMAT 

Lens. A stack of 230 images were captured with one frame every 3.87s.  

 

2.2.3.4.1 Mitochondrial potential imaging and analysis   

ImageJ Fiji was used to analyse image stacks.251 10 ROI were manually selected 

approximately 200µm from the area of stimulation. The fluorescent intensity of all 10 

ROI was averaged at each frame. The mean of the first 3 frames was calculated to 

provide a baseline fluorescence (F0). F/F0 to represent change in fluorescence over 

time compared to baseline.  

 

2.2.4  Respirometry 

2.2.4.1  High resolution respirometry – Oroboros 

The Oroboros Oxygraph-2K (O2k) oxygen system (OROBOROS Instruments, 

Innsbruck) was used to assess the mitochondrial activity of intact brain slices by 

measuring oxygen consumption rates in closed respirometry chambers. The O2k 

measures the rate of oxidative phosphorylation in tissues, in which oxygen is 

required as the final electron acceptor. By incubating slices with various 

combinations of respiratory substrates and mitochondrial complex inhibitors, 

respiratory states can be experimentally induced and interrogated. 

Initially, chambers were oxygenated to 380-400 nmol/ml O2 via injection of 3μL 

200μM H2O2. Following a minimum of 1-hour recovery in the tissue slice recovery 

chamber, brain slices were weighed to normalise O2 flux. Slices were then 

transferred to a calibrated Oroboros respirometer chamber containing 2.5ml of aCSF 

with 280 units/ml catalase warmed to approximately 37°C. Tissues were allowed to 
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equilibrate for 10 minutes without the presence of substrates and baseline respiration 

was measured.  

 

2.2.4.1.1 Oroboros SUIT protocol 

Once baseline oxygen flux had stabilised, a substrate-uncoupler-inhibition titrate 

(SUIT) protocol was used, in which a series of substrates were added in succession 

to investigate respiratory control (Table 2, Figure 8). Substrates were added using a 

Hamilton syringe (Hamilton Company) in the following order: 0.05mM malate, 0.2mM 

octanoyl-carnitine, 5mM ADP, 2.05mM malate, 10mM glutamate, 10mM succinate, 

0.25µM FCCP, 0.5µM rotenone and finally 2.5µM antimycin A.  

H2O2 was added to both chambers when oxygen concentrations decreased to lower 

than atmospheric levels (approx. 180μM), to prevent tissues experiencing hypoxia. 

Oxygen consumption and flux rates were normalised to tissue weight and calculated 

using DatLab 7.4 (Oroboros Instruments) by averaging the stable response of slices 

following addition of substrates.  

 

 

Figure 8. Example trace of a Oroboros measurement using a SUIT protocol.  
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The blue line indicates absolute O2 concentration (μM) while the red line represents 

O2 flux (pmol O2/s-1/mg-1). A – malate, B – octanoyl carnitine, C – ADP, D – 

glutamate, E- cytochrome C, F – succinate, G- FCCP, H - rotenone, I – antimycin A. 

CI OXPHOS; complex I oxidative phosphorylation, CII OXPHOS; complex II oxidative 

phosphorylation, CI + II OXPHOS; complex I and II oxidative phosphorylation, ETS; 

electron transfer state, FAO LEAK; fatty acid oxidation leak, FAO OXPHOS; fatty acid 

oxidative flux ROX; residual, non-mitochondrial respiration. 

 

Table 2. Substrates and their site of action used in the SUIT protocol.  

Listed in the order of which they were added and the pathways they are involved. 

ADP; adenosine diphosphate, ATP; adenosine triphosphate, FCCP; carbonyl 

cyanide-p-trifluoromethoxyphenylhydrazone, NAD+; nicotinamide adenine 

dinucleotide. CI OXPHOS; complex I oxidative phosphorylation, CII OXPHOS; 

complex II oxidative phosphorylation, CI + II OXPHOS; complex I and II oxidative 

phosphorylation, ETS; electron transfer state, FAO LEAK; fatty acid oxidation leak, 

FAO OXPHOS; fatty acid oxidative flux ROX; residual, non-mitochondrial respiration. 

Substrate Site of action Pathway Measures 

Malate Complex I Donates electron for 

NAD+ via malate 

dehydrogenase in 

complex I. 

FAO LEAK 

Proton leakage from 

fatty acid β-oxidation 

Octanoyl 

Carnitine 

Electron-

Transferring 

Flavoprotein  

Fatty acid conjugate. 

ADP Complex V, 

adenine 

nucleotide 

translocase 

Final product of oxidative 

phosphorylation 

pathways. 

FAO OXPHOS 

Maximal oxidative 

phosphorylation 

capacity 

Glutamate Complex I Donates electron for NAD 

+ and complex I. 

CI OXPHOS 

Complex I specific 

respiration  
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Succinate Complex II Substrate to complex II 

succinate 

dehydrogenase. 

(CI+II OXPHOS) 

CI + II OXPHOS 

Total OXPHOS capacity 

from complex I and II 

Cytochrome 

C 

Mitochondrial 

membrane 

Assesses the intactness of the outer mitochondrial 

membrane and therefore its integrity. 

FCCP  Uncoupler of 

mitochondrial oxidative 

phosphorylation, 

maximum capacity of the 

ETS. (ETS) 

ETS 

Electron transfer state  

Rotenone Complex I Inhibitor of complex I, 

inhibits mitochondrial 

ATP production.  

CII ETS 

Contribution of electron 

flow from complex II  

Antimycin A Complex III Inhibitor of complex II, 

inhibits mitochondrial 

ATP production. (CII 

ETS) 

ROX 

Residual, non-

mitochondrial 

respiration 

 

2.2.4.2  High throughput respirometry – Seahorse XF 

The Seahorse Extracellular Flux (XF) analyser (Agilent Technologies) is a high-

throughput method for interrogating mitochondrial respiration and glycolysis by 

measuring oxygen consumption rate (OCR), extracellular acidification rate (ECAR) 

and proton efflux rate (PER). Data extraction was performed by a metabolic 

technician. 
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2.2.4.2.1 Tissue preparation 

Brain slices of 200μm thickness were created using a vibratome as described in 

2.2.1.  Before transferring to submerged slice recovery chamber (tissue slice 

recovery chamber Model 7470, Campden Instruments), 2mm round discs were cut 

from the slices using a biopsy punch (Integra™ Miltex™ Standard Biopsy Punch 

2mm) to fit in the 24 well XFe24 Islet Capture Microplate (Agilent Technologies). 

Tissue was then transferred to the slice recovery chamber and incubated for 1 hour 

in seahorse modified aCSF (20mM NaCl, 3.5mM KCl, 1.3mM CaCl2, 1mM MgCl2 

hexahydrate, 0.4mM KH2PO4, and 5mM HEPES with 10mM glucose, 35°C, 95% O2 

5% CO2). 500μL of pre-warmed seahorse modified aCSF was added to each well in 

the microplate.  

Brain discs were transferred using a paintbrush and secured in the well by placing 

capture screens (small circular nets, Agilent Technologies) in the wells. Within the 

well plate, 13 slices, assigned to the experimental group, were exposed to 1µl KCl 

(2M), while 7 control slices were treated with aCSF instead of KCl. In addition, 4 wells 

were used to measure background rates of OCR and ECAR and contained no slices. 

 

2.2.4.2.2 Assay protocol 

Compounds to be injected into the well (Table 3) were loaded into the ports prior to 

loading the microplate into the XF analyser. A modified XF Glycolytic Rate Assay was 

run in which substrates were added in the sequence detailed in Table 3. The assay is 

composed of cycles which comprise of a mixing period (3 minutes), a wait period (2 

minutes) and a measure period (3 minutes). During measurements 7μL of the well 

volume is sampled to measure oxygen and pH giving rise to OCR and ECAR.  
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2.2.4.2.3 OCR, ECAR and GlycoPER analysis  

The Agilent Seahorse XF Glycolytic Rate Assay report generator was used to 

automatically calculate parameters from assay data. Glycolysis is not the only 

process contributing to ECAR in the media, and can in part be driven by 

mitochondrial-derived CO2.252 Therefore glycoPER was calculated to decipher the 

contribution of glycolytic activity from ECAR and OCR measurements. To achieve 

this, a measured buffer factor of 0.1 mpH/pmol H+ was applied to initially transform 

ECAR to PER. Additionally, sources of acidification not associated with glycolysis 

were corrected for by the following formula pmol H+/min/well = 1* (H+ total – 

0.60*OCRmito) – where;  1 = average lactate:H+, 0.60 = average H+:O2 and OCRmito is 

basal mitochondrial respiration to reflect lactate efflux rate. Percentage OCR and 

PER were calculated by normalising results to the mean baseline rates.  

 

Table 3. Compounds in the induced XF Glycolytic Rate Assay, pathways which 

are measured, the concentration and cycles of measurement.  

aCSF; artificial cerebrospinal fluid, CSD; cortical spreading depression, KCl; 

potassium chloride.   

 Compound 

None KCl (aCSF control) Rotenone + Antimycin A 

Measurement Basal 

respiration 

Impact of CSD Non-mitochondrial 

respiration 

Concentration - 500μM 50μM 

Cycles 4 6 8 
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Figure 9. The metabolic processes which can be interrogated using the 

induced glycolytic assay kit.  

A - Proton efflux measurements encompasses both glycolytic and mitochondrial-

derived acidification. By inhibiting mitochondrial function with rotenone and antimycin 

A (R/A), it is possible to decipher glycoPER by subtracting mitochondrial acidification 

from the total PER. B – OCR allows the probing of mitochondrial oxidative respiration 

at baseline and in response to KCl. R/A allows the investigation of non-mitochondrial 

oxygen consumption. glycoPER; glycolysis driven proton efflux rate, OCR; oxygen 

consumption rate, PER; proton efflux rate. Figure created with BioRender.  
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2.3 In vivo techniques 

2.3.1  Cisterna magna injection 

Injection of kaolin to the cisterna magna was used to prevent CSF movement leading 

to obstructive hydrocephalus and thereby increasing ICP.204 Animals were 

anaesthetised with isoflurane gas in an induction chamber (5% in 0.1% O2 0.3% air 

mix) and maintained in a mask at 2% isoflurane and placed on a heating pad 

(Harvard Biosciences). The posterior of the animal’s head was shaved and cleaned 

with an alcohol wipe. The neck was flexed over a padded cardboard tube to 

maximise foramen magnum exposure (Figure 10). The skin was pulled taut over the 

foramen magnum and the rhomboid atlanto-occipital membrane above the cisterna 

magna was marked with a permanent marker. A 0.5ml 30-gauge insulin needle was 

used to inject 250mg/ml kaolin suspension or equal volume 0.9% saline into the 

cisterna magna percutaneously.  

Animals were then injected subcutaneously with 5mg/kg carprofen (Rimadyl, Zoetis) 

and 1ml/100g 0.9% saline to prevent dehydration, then placed in a heated recovery 

chamber for 30 minutes. Following the day of surgery, animals were weighed and 

monitored daily, and 5mg/kg carprofen and 1ml/100g 0.9% saline was administered 

subcutaneously as needed.  
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Figure 10. Methodology for injection into the cisterna magna.  

A - Rats were positioned in a flexible nose cone and angled at 45° to allow the neck 

to be flexed and expose the anti-occipital membrane. Arrow indicates area and angle 

of needle insertion. B - Anatomical representation of the angle and region of 

injection. 

 

2.3.1.1  Animal surgical preparation 

Rats were prepared for surgery and anesthetized prior to ICP and CSD assessments 

as follows. Rats were anaesthetised with isoflurane gas in an induction chamber (5% 

in 0.1% O2 0.3% air mix) and maintained in a mask at 2% isoflurane. The left femoral 

vein was cannulated to maintain anaesthesia with intravenous propofol (PropoFlo 

Plus, Abbott, 30 – 50mg/kg/hr) with a polythene cannula (external diameter, 0.96mm, 

Portex Ltd.). Anaesthetic depth was confirmed by lack of the withdrawal response 

from pinching the hind paw. Rats were then tracheotomized to allow ventilation of the 

animal with oxygen-enriched air and monitoring of the tidal CO2 which was 

maintained at 3-3.5% through a connected ventilator (Harvard Apparatus, small 

animal ventilator) and end-tidal CO2 monitor (Kent Scientific). A rectal probe 
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connected to a heating pad was used to monitor body temperature and maintain it at 

36.5-37ºC (Harvard apparatus).  

 

2.3.1.2  Intracranial pressure measurements 

A solid state ICP catheter was inserted into the epidural space to directly measure 

ICP in the rat. 30 minutes prior to use, a 2 French (2F) rat pressure catheter (Millar) 

was left to soak in room temperature saline to prevent variations when recording in 

vivo. The catheter was connected to a single-channel bridge amplifier with a catheter 

interface cable (AEC-10D, AD Instruments). Data was acquired using a Powerlab 

4SP (AD Instruments) and recorded and analysed using LabChart software 

(LabChart 7 v7.3.8, AD Instruments).  

First the ICP catheter was kept still and ‘zero-ed’ in the LabChart software. The 

catheter was then calibrated using a pressure gauge kit (AD Instruments), requiring 

the recording of two pressures of known values, within the expected range of data. 

The catheter was enclosed in tubing with a pressure gauge and a syringe to allow the 

increase of pressure by pushing air into the tubing. Whilst recording in the LabChart 

software r the pressure was increased briefly to 5mmHg then 50mmHg. The software 

was used to convert the voltage units originally outputted by the bridge amp recorded 

at 5 and 50mmHg to their corresponding to units of pressure.    

Following preparation, the head of the animal was fixed in a stereotactic frame (Kopf 

Instruments) and a medial incision was made expose the skull. A small hole was 

drilled into the parietal bone of the skull, taking care to ensure the dura remained 

intact. The catheter was slowly introduced into the epidural space and secured with 

bone wax (Ethicon) to create a sealed volume. The jugular vein of the animal was 

compressed to confirm that the catheter was inserted correctly and accurately 
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measuring ICP. The recording was allowed to settle until a consistent signal was 

obtained and the mean and SD of a 5 minute recording was calculated from the 

Labchart software. ICP values were rounded to the nearest whole number due to the 

inability to calibrate the software to decimal places using the pressure gauge. 

 

2.3.2 In vivo CSD assessment 

2.3.2.1  Electrode preparation  

Prior to electrophysiology experiments, micropipettes were created from single barrel 

borosilicate glass capillaries (World Precision Instruments) using a horizontal pipette 

puller (P-97 Flaming/Brown type micropipette puller, Sutter Instruments). The tip of 

the glass micropipette was checked using a light microscope to ensure that it was 

intact, and that the diameter of the opening was between 5-10μm.  

The glass micropipette was filled with 3M NaCl, ensuring there were no bubbles and 

connected to a micropipette holder (MEH1S20, World Precision Instruments) also 

filled with 3M NaCl. A silver/silver chloride (Ag/AgCl) pellet half-cell (World Precision 

Instruments) was soldered to a small length of wire connected to a pin (NL976 

NL102G Headstage Accessory Kit, Digitimer) allowing connection to the head stage 

(NL102G DC Pre Amplifier Headstage, Digitimer). The micropipette holder was 

connected to the Ag/AgCl half-cell via crocodile clips and the tips of both were 

inserted in a beaker filled with 3M NaCl to equalise for approximately 45 minutes 

prior to recordings. 
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2.3.2.2  Surgical procedure 

Following preparation, the head of the animal was fixed in a stereotactic frame (Kopf 

Instruments). To assess CSD, a medial incision was made to expose the skull and 

neck muscles and a hemi-cranial window was drilled into the left or right parietal 

bone using a saline-cooled drill. The parietal bone was removed to create a cranial 

window, with care taken to keep the dura mater intact. The micropipette was secured 

on a micromanipulator (Kopf Instruments) and placed 800μm below the cortical 

surface with the use of the fine adjustment manipulator to record cortical steady state 

potential (direct current (DC) shift, Figure 11). The Ag/AgCl pellet electrode was 

placed subcutaneously in contact with the neck muscle and connected to a high-

impedance head stage. The signal was fed through a DC preamplifier (gain x 1000, 

NL102G DC Pre Amplifier, Digitimer), filtered (NL125/6 Band Pass Filter, Digitimer), 

and then passed through a second stage amplifier (NL106 AC/DC Amplifier, 

Digitimer), through an analogue-to-digital converter (Power 1401plus, Cambridge 

Electronic Design Limited) and displayed on a personal computer where it was 

processed and stored (Spike5 v8.04, Cambridge Electronic Design Limited).  

CBF was additionally monitored via laser Doppler (Moor Instruments). The laser 

Doppler probe was placed on the cortical surface in parallel with the microelectrode 

with a micromanipulator (Kopf Instruments). A cranial window was also made using a 

saline-cooled drill posterior to the recording window to allow placement of a cotton 

ball soaked with KCl (1M) (Figure 11). 
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Figure 11. Placement of CBF and DC recording electrodes during CSD 

measurements. 

CBF and DC was recorded at the cortical surface of rodents in response to KCl 

stimulation. Ag; silver, AgCl; silver chloride, DC; direct current, KCl; potassium 

chloride. Figure created with BioRender. 

 

2.3.2.3  CSD induction and recording 

After surgical preparation, the cortex was left to rest for approximately 30 minutes 

after any potential activity induced by the electrode placements. During this period 

baseline activity was recorded. A cotton pellet soaked in 1M KCl was placed on the 

cortical surface in the cortical window posterior to the recording electrodes and the 

shift in DC currents and CBF were recorded. 5μL of 1M KCl was added to the pellet 

every 15 minutes for 1 hour.   
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At the end of recordings, rats were euthanised with an overdose of intraperitoneal 

pentobarbitone sodium 200mg/ml 0.1ml/100g bodyweight (Pentoject Animalcare Ltd). 

They were then transcardially perfused with 1ml/g bodyweight of 0.01M heparinised 

(1:10) PBS, followed by 1ml/g bodyweight of 4% PFA in 0.01M PBS using a 

peristaltic pump (Watson Marlow). Brains were dissected and post-fixed in PFA for 1 

week. 

 

2.3.2.4  CSD data analysis 

The DC and CBF changes were quantified in CSD recordings using Spike2 software  

(v8.04, Cambridge Electronic Design Limited) (Figure 12). The depolarisation latency 

describes the duration, in seconds, between KCl application and the beginning of the 

first depolarisation (as indicated by a sharp negative change in the DC signal). The 

depolarisation duration was defined as the time in seconds between the beginning of 

the negative DC signal change and when the signal reaches the most negative apex. 

The repolarisation duration describes the time in seconds between the most negative 

apex DC signal and when the signal returns to baseline DC.  The % change in CBF 

is calculated using the formula: (highest CBF response during the CSD – the 

baseline CBF)/baseline CBF x 100. The number of CBF peaks coupled to 

depolarisation events were also counted and displayed as whole numbers. 
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Figure 12. Quantification of cortical and CBF changes during CSD.  

Depolarisation latency described the duration between stimulation and initiation of 

the first depolarisation. Depolarisation duration was defined as the time between the 

depolarisation initiation and the negative apex of the signal. Repolarisation duration 

was the time between the most negative DC signal and  returns to baseline. % CBF 

change was calculated via (highest CBF response during the CSD – the baseline 

CBF)/baseline CBF x 100, AU; arbitrary units, CBF; cortical blood flow, DC; direct 

current.  

 

2.3.3 Mechanical threshold behavioural studies 

Measuring both periorbital and hind paw mechanical threshold is a commonly utilized 

method in preclinical migraine models to assess hyperalgesia,253 254 and can indicate 

changes in trigeminal sensory processing.72 255 To determine changes in mechanical 

thresholds the Up-and-Down method which uses calibrated von Frey filaments to 

determine the threshold at which animals respond 50% of occasions (50% 

mechanical withdrawal threshold).256 The Up-and-Down method was originally 

formulated by Dixon to determine the median lethal dose (LD50).256 A modified 
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method was then applied to rodents by Chaplan et al. as a quantitative allodynia 

assessment technique.257  

The following formula was used to calculate mechanical thresholds:  

50% g threshold = (10[𝑋f +𝑘𝜕])/1000 

In which: Xf = value (in log units) of the final von Frey hair used 

k = tabular value for the pattern of responses (Appendix Table 1) 

∂ = the average interval (in log units) between stimuli (0.354).  

 

 

2.3.3.1  Pretesting habituation 

The behavioural testing room was maintained between 30-50 lux and ~21°C and 

testing was conducted at the same time (within-1 hour) each day to avoid circadian 

variation. Rats were habituated to the von Frey apparatus on 2 occasions prior to and 

baseline assessments and additionally prior to each assessment by placing them in 

the apparatus (a clear Perspex box on a raised wire platform, Figure 13A) without 

testing for 1 hour. Rats were always placed in the same box during each habituation 

and testing event. After 1-hour rats were returned to their home cages. 
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Figure 13. Von Frey mechanical threshold testing apparatus and methodology. 

A – Perspex enclosure and raised wire platform in which animals were habituated 

and tested within. Rats were always placed in the same box. B – Demonstration of 

periorbital testing, C – Hind paw testing using von Frey filaments.  

 

2.3.3.2  von Frey mechanical threshold testing 

Prior to testing, rats were habituated to the testing apparatus for 1-hour. Periorbital 

sensitivity was tested using von Frey graded filaments of the following pressures: 0.4, 

0.60, 1.0, 2.0, 4.0, 6.0, 8.0g. A filament was applied perpendicular to the periorbital 

region ensuring the filament would bend with the aim to elicit a positive response 

(Figure 13B). Positive responses included: sharp movement of the head away from 

the filament, bowing or burrowing of the head or grooming the head repeatedly with 
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paws. Absence of behaviours were recorded as a negative response. Von Frey 

testing was performed using the Up-Down method.257 Animals were tested with the 

first filament (always 1g) if the animal did not respond, the next higher filament was 

used. Conversely if the animal did respond the next lower filament was tested. This 

was performed a further 4 times following the first positive response or until the 

minimum (0.16g) or maximum (8g) weight filament was tested.  

Hind paw testing was conducted similarly to periorbital testing; however, filaments 

were instead applied to the plantar surface of the hind paw (Figure 13C). The left 

hind paw was assessed in all rats. Positive responses included: immediately moving 

the paw, grooming or licking the paw.  

Baseline measurements were repeated twice with a minimum of 3 days between 

assessments and an average taken of the two measurements. Day 7 measurements 

were 7 days after cisterna magna injection and conducted twice within the 

assessment and an average calculated. 

 

2.3.4 Drugs 

2.3.4.1  GLP-1 receptor agonist  

GLP-1 receptor agonist (GLP-1RA) exenatide (Byetta, AstraZeneca) was used to 

investigate the impact of lowering ICP in animals. 1 day after cisterna magna 

injection, all animals were given analgesia subcutaneously (5mg/kg carprofen). 

Animals were then injected daily for 6 days with 20μg/kg exenatide or equal volume 

saline subcutaneously, a dosage previously used in our group.199 On the final day, 

exenatide was administered 1 hour before end-point experiments. 
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2.3.4.2  CGRP antagonist 

CGRP antagonist olcegepant (BIBN4096BS, Sigma) was used to explore the impact 

of blocking the CGRP receptor in animals with raised ICP. One day after cisterna 

magna injection, all animals were given analgesia subcutaneously (5mg/kg 

carprofen). Animals were then injected daily for 6 days with 1mg/kg olcegepant 

(0.02% DMSO) or equal volume 0.02% DMSO intraperitoneally, a dosage which is 

commonly utilised in other studies.151 258 On the final day, olcegepant was 

administered 1 hour before end-point experiments. 

 

2.3.5 Histochemistry methods 

2.3.5.1  Ventricle dilation measurements 

Whole brains were collected from rats following CSD assessments after transcardial 

perfusion and a portion of the brain approximately 1-3cm anterior to bregma (Figure 

14A) was isolated and placed into PFA. Following post-fixation for 1 week, brains 

was washed with PBS and sliced using a stainless-steel large rat brain matrix with 

1mm wide coronal divisions and a single edge razor blade. Coronal slices were 

imaged using a flatbed scanner (Epson Perfection V7000 Photo). Images were 

analysed using ImageJ Fiji.251 The ventricle:brain ratio was calculated using the 

formula (A+B/C) in which A and B denote the widths of the lateral ventricles and C 

denotes the width of the entire brain slice across the ventricles (Figure 14B).  
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Figure 14. Method of measuring ventricle enlargement in rat brains.  

A - Area of the brain approximately 1-3cm anterior to bregma which was sliced to 

quantify ventricle dilation. B - Coronal brain slice from a raised ICP animal in which 

ventricle:brain ratio is calculated by A+B/C.  

 

2.4 Analytical techniques used for ex vivo and in vivo 

experiments. 

2.4.1 Protein analysis 

2.4.1.1  Protein extraction and quantification 

Ice cold radioimmunoprecipitation assay (RIPA) extraction buffer supplemented with 

protease and phosphatase inhibitors (1 tablet per 10ml buffer, both ThermoFisher 

Scientific ) was added to tissue samples (16.67μL per mg of tissue). Samples were 

manually homogenized using a TissueLyser II (QIAGEN) at 30 cycles per second for 

2 minutes. Homogenized samples were then freeze-thawed twice at -80C to ensure 

thorough lysis, vortexed for 10 seconds and centrifuged at 13,000 x g at 4°C for 10 

minutes to pellet debris. The supernatant was stored at -80°C until further use. 
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Protein was quantified in samples using the bicinchoninic acid assay (Pierce™ BCA 

Protein Assay Kit, ThermoFisher Scientific). This relies on the reduction of copper by 

proteins in an alkaline solution, leading to a colorimetric result which is correlated to 

the concentration of protein in a sample.  

Samples were tested in 25μL triplicates, 200μL of the BCA working reagent was 

added to each well, and thoroughly mixed on a plate shaker for 30 seconds. The 

plate was incubated at 37°C for 30 minutes following which the absorbance was 

measured at 562 nm on a plate reader (Molecular Devices SpectraMax). To calculate 

sample protein content the average absorbance of the blank standard replicates was 

subtracted from sample and standard measurements. A standard curve constructed 

from serial dilutions of bovine serum albumin was generated, facilitating the 

determination of the protein concentration for each unknown sample. 

 

2.4.1.2  CGRP quantification 

To determine changes in α-CGRP, an enzyme-linked immunoassay (ELISA) (S-1167 

BMA-Biomedicals) was used. Due to their high protein content, trigeminal ganglion 

samples were diluted 1:5 for the assay. Samples were tested in 50μL duplicates and 

25μL of antiserum was added into each well and incubated at RT for 1 hour. 25μL 

biotinylated tracer was added to each well and incubated for a following 2 hours. The 

plate was washed with ELISA buffer five times and subsequently 100μL of 

streptavidin-horse radish protein was added to all wells and incubated for 1 hour. The 

plate was washed again with ELISA buffer then incubated with 100μL of 3,3′,5,5′-

Tetramethylbenzidine (TMB) chromogenic solution for 30 minutes. The colorimetric 

reaction was terminated by adding 100μL hydrogen chloride and absorbance was 

read at 450nm. To calculate α-CGRP concentrations, the average absorbance of the 
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blank standard replicates was subtracted from sample and standard measurements. 

A standard curve was generated, facilitating the determination of the protein 

concentration for each unknown sample. 

 

2.4.2 Metabolomics 

2.4.2.1  Metabolite extraction  

Tissues samples were pulverised using a cooled pestle and mortar and weighed in 

pre-cooled sample tubes in a calibrated microbalance (Accuris Instruments Analytical 

Series W3100-210, Dublin, Ireland). High-performance liquid chromatography 

(HPLC) grade methanol, 500µl at -20C, was added to pulverised tissue to quench 

metabolism followed by 200µl 2.5µg/ml glutaric acid in dH2O as an internal standard. 

A 5mm steel bead (QIAGEN) was added, and samples were placed into a cassette 

cooled to -20°C and homogenised using a TissueLyser II (QIAGEN) at 30 cycles per 

second for 2 minutes. Samples were centrifuged and the supernatant moved to a 

13x100mm glass tube, the remaining tissue pellet was dried overnight and weighed 

for results normalisation.  

Protein contaminants were precipitated by adding 1.4ml 2:1 acetone:isopropanol 

solution at -20°C, vortexing for 10s then agitating for 10 minutes on an orbital shaker 

at 750rpm (ThermoFisher Scientific). Samples were centrifuged at 3220 x g for 5 

minutes to pellet protein. Supernatant was transferred to a fresh glass tube and the 

protein pellet was left to dry overnight. HPLC grade water 1ml with 500µl chloroform 

at -20°C was added to the supernatant to aid separation of non-polar metabolites. 

Samples were agitated as before then centrifuged at 4000rpm for 5 minutes. The 

fractions separated with the polar aqueous layer on the top and the non-polar at the 
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bottom, separated by a thin protein interface. The polar fraction was transferred to a 

new tube, 2ml for NMR and 200μL for gas chromatography mass spectrometry 

(GCMS), then evaporated to dryness using a SpeedVac (ThermoFisher Scientific) at 

30ºC for 4-5 hours and stored at -80ºC until further analysis.  

 

2.4.2.2  Nuclear magnetic resonance spectroscopy 

2.4.2.2.1 Pellet resuspension 

NMR spectroscopy was utilized as an untargeted method to detect and quantify 

metabolites in samples. Dried sample pellets were resuspended in 60μL of 100mM 

sodium phosphate buffer (1L dH2O (mM): Na2HPO4 (57.8), NaH2PO4 (42.2), D4-

TMSP (0.5mM) pH 7.0) then briefly vortexed and sonicated for 5 minutes. 

Resuspended samples of 50μL were pipetted into champagne vials and a Gilson 

liquid handling robotic system (Cortecnet) transferred 35μL into 1.7mm NMR tubes. 

NMR tubes were then loaded into Bruker Neo 800 MHz NMR spectrometer, 

equipped with a 1.7mm z-PFG TCI Cryoprobe. A NOESY1d pulse sequence was 

used to achieve water suppression. Automatic tuning and matching were used, and 

samples were shimmed to a TMSP linewidth of <1Hz. In total 128 transients with 

16384 complex data points (1.31s FID acquisition time) were recorded for each 

sample, with a total of 16 steady-state scans per sample. The interscan relaxation 

delay was set to 4 seconds and the spectral width of 12500Hz (15.63ppm). Data 

acquired was in the form of 1H-NMR spectra. 
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2.4.2.2.2  Nuclear magnetic resonance data analysis  

1H-NMR spectra were analysed using MetaboLabPy (version 0.6.35, Ludwig 2020). 

The D4-TMSP internal standard signal was set at 0.0ppm followed by manual phase 

correction and batch baseline correction using a spline baseline. The area under 

each peak of interest was integrated and compared to the TMSP peak to calculate 

the mM concentration. Dried tissue weight was used for normalisation. 

 

2.4.2.3  Gas chromatography mass spectrometry  

2.4.2.3.1 Chemical derivatisation 

Chemical derivatisation and data acquisition was conducted by a metabolomic 

technician. Samples were treated with 40μL of methoxamine in pyridine (2%) for 1 

hour at 60°C and 50μL of N-tertbutyldimethylsilyl-N-methyltrifluoroacetamide with 1% 

(w/v) tertbutyldimethyl-chlorosilane. This was then incubated for another hour at 60°C 

in closed tubes before being transferred to a chromatography vial with a glass insert 

(ThermoFisher Scientific) for GC-MS analysis. 

 

2.4.2.3.2 Data acquisition and analysis 

Derivatised samples were analysed using an Agilent 8890 GC and 5977B MSD 

(Agilent Technologies) after 1μL of sample was injected in splitless mode with helium 

carrier gas at a rate of 1.0mL min−1. Initially GC oven temperature was set at 100°C 

for 1 minute, then increased to 170°C at a rate of 10°C min−1, followed by an 

increase to 200°C at a rate of 5°C min−1 before finally reaching 320°C at a rate of 

10°C min−1 with a 5 minute hold. Metabolites were then detected in scan mode with 
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the subsequent total ion count of each metabolite being normalised to the internal 

standard D6-Glutaric acid. This data was then normalised according to sample type. 

 

2.5 Statistical analysis 

All statistical analysis was performed using Graphpad Prism (GraphPad Software, 

Version 8). The normality of data was assessed using the Shapiro-Wilk test. Data 

which were normally distributed were analysed using parametric tests (t tests, 

Pearson’s correlation coefficient) and reported as mean and standard deviation (SD). 

Non-normally distributed data were analysed using non-parametric tests (Mann-

Whitney test, Spearman rank correlation test) and reported as median (range). 

Graphs were also created using Graphpad Prism (GraphPad Software, Version 8). 

Normally distributed data were displayed as bar charts displaying mean ± standard 

error of the mean (SEM). Non-normally distributed data were displayed as box and 

whisker plots, representing the median ± maximum and minimum values (whiskers). 

 

2.5.1 Sample size calculations  

Power calculations were utilised to determine sample sizes using STPLAN software 

(MD Anderson  Cancer Center, University of Texas).  Sample sizes were calculated 

using α = 0.05 and power = 0.80, and effect sizes which reflected previous pilot data 

and published studies. 

For mechanical withdrawal thresholds, assessment was based on published 

studies,253 in which an adequately powered behavioural study requires at least n = 8 

rats per group. For electrophysiology, an adequately powered study requires n = 10-
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12 per group.259 Previous use of the raised ICP model and investigation of GLP-1RA 

within the group,199 demonstrated a powered study requires n = 6-9 animals per 

group. 
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CHAPTER 3 EXPLORING 

METABOLISM IN A BRAIN 

SLICE MODEL OF CORTICAL 
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3.1 Introduction  

The pathophysiology of migraine involves altered brain excitability, sensitization of 

the trigeminal system, and neurovascular changes, yet the precise mechanisms 

underlying headache generation remain elusive.15 The high prevalence of migraine in 

both mitochondrial (lifetime prevalence of 61%)260 and metabolic disorders (1-year 

prevalence of 11.9% in men and 22.5% in women)261 also suggests mitochondrial 

alterations may be a characteristic of migraine.262 The ability of fasting to precipitate 

migraine attack also implicates the role of glucose metabolism in headache 

pathology.263 264 Altering the glycaemic state of animal models has led to alterations 

in CSD susceptibility.  

CSD is a highly energy-intensive event and induces a distinct pattern of changes in 

CBF which also contribute towards unbalanced energy production.265 Rapid oxygen 

consumption occurs in response to heightened energy demands, often leading to 

localized hypoxia in regions of high activity.115 This, combined with underlying 

mitochondrial dysfunction, results in reduced oxidative ATP production impeding 

recovery from CSD and prolonging depolarization.115 116 Supplementation with 

vitamins or antioxidants which grossly target brain metabolism have been trialled, 

however the results have been variable and seem to depend on patient’s individual 

deficiencies.93 94 Pinpointing exactly which pathways are implicated has hampered 

the success of nutraceutical targeting and requires in vivo investigation.  

To experimentally induce CSD in vivo, mechanical or thermal stimulation, 

administration of inflammatory substances, or KCl to cortex is employed.54 73 

However, these methods often require a craniotomy and cortical exposure, 
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introducing the confounding effects of tissue damage and anaesthesia, which can 

alter CSD characteristics.77 Ex vivo brain slice platforms offer a solution by removing 

these confounding effects while largely preserving the in vivo biology. Thus, they 

enable in-depth investigation of pathophysiology at the cell and molecular level within 

relevant neuronal circuits. Furthermore, this provides a context where drugs, that 

would typically be impeded by the blood-brain barrier, may be applied with a 

temporal and spatial precision which would be unachievable in vivo.78 79    

Acute brain slices have proven to be valuable models for cortical function, retaining 

the structural and functional characteristics of neuronal networks.78 79 They have also 

been employed to model pathophysiological events associated with TBI and 

stroke.81-84 Extending their application to modelling CSD in the context of headaches 

could provide insights into metabolic dysfunction potentially underlying brain 

hyperexcitability and trigeminal activation. Such models could facilitate the 

exploration of therapeutic targets and validation of pathogenic pathways involved in 

headaches.  

 

3.1.1 Aims 

Accumulating evidence has suggested that metabolic disturbances play a role in 

headache pathology and susceptibility, however supplement trials in migraine have 

exhibited varying success.93 94 Exploring metabolism in an ex vivo 3-dimensional 

tissue model of headache may identify and validate potential therapeutic targets, 

such as nutraceutical interventions. Therefore, this chapter aimed to: 

1. Establish and validate an acute brain slice model capable of CSD induction 

and metabolic investigation within relevant neural circuits. 
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2. Probe metabolic consequences associated with headache-related events by 

investigating the metabolite profiles, mitochondrial activity and calcium influx in 

brain slices following CSD induction. 

3. Explore the metabolic pathways which contribute toward pathology of fasting 

headache, by challenging the slice model with glucose deprivation.  

 

3.2 Methods 

3.2.1 Animal husbandry 

This chapter utilised the optogenetic mouse strain Thy1-ChR-YFP. As discussed in 

2.1.1 these mice express a ChR2 gene fused with the YFP coding sequence under 

the control of the Thy1 promoter. The transgene is expressed in a range of neuronal 

cell types including layer 5 cortical neurons. This optogenetic line offers clear 

advantages for the study of CSD since temporal and spatial activation of ChR2 can 

be controlled precisely.248 However, for practical reasons, the ChR2 system was not 

optimised in this chapter and CSD induction relied on conventional approaches 

involving KCl application. Since expression of CHR2-YFP transgenes are not 

expected to influence performance of the KCl stimulations, both WT and 

heterozygous Thy1-ChR2-YFP mice aged 9-20 weeks, and of both sexes, were used 

in this chapter.  

Mice were group housed in sex and litter matched groups in standard IVC cages in a 

climate-controlled room, kept on a 12:12 light/dark cycle and fed with standard rodent 

chow (EURodent Diet 14%, Labdiet).  
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3.2.2 Brain slice preparation 

Acute brain slices were prepared from animals as described in 2.2.1. Briefly, animals 

were culled via cervical dislocation, decapitated, and the brain rapidly removed and 

placed into oxygenated cooled SaCSF. 350μm coronal slices were prepared using a 

vibratome whilst perfused with 95% O2 5% CO2 SaCSF on ice. 

 

3.2.2.1  Incubation conditions of slices  

To evaluate the viability of the model, slices incubated with standard aCSF ( 

containing 10mM glucose; positive controls) were compared to slices incubated in 

100% ethanol (negative controls) as described in 2.2.1.1 (Table 4). To examine the 

role of glucose on the metabolic consequences of CSD, slices maintained with 

standard levels of glucose (+glc, 10 mM) were compared with slices deprived of 

glucose (-glc, 0mM) (Table 4). After slice preparation, tissues were immediately 

incubated for 1 hour in aCSF with 10mM glucose, before incubation for an additional 

hour in either the glc+ or glc- conditions (Table 4). Both -/+glc conditions were 

incubated at 35°C and perfused with 95% O2 5% CO2. A workflow of -/+ glc 

experiments is outlined in Figure 15. 
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Table 4. Incubation media of different slice conditions.  

Each incubation was performed for 1 hour. 

Condition 1st Incubation  2nd Incubation  

Positive control aCSF +10mM glucose -  

Negative control 100% ethanol 

-O2/CO2 

-37oC 

+Glc aCSF +10mM glucose aCSF +10mM glucose 

-Glc aCSF +10mM glucose aCSF + 0mM glucose 

 

 

Figure 15. Workflow of experiments assessing the impact of glucose on 

metabolic readouts following CSD. 
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aCSF; artificial cerebrospinal fluid, Ca2+; calcium, CSD; cortical spreading 

depression, GCMS; gas chromatography mass spectroscopy, KCl; potassium 

chloride, NMR; nuclear magnetic resonance spectroscopy. Note, for clarity, viability 

control groups (+/- ethanol) are not shown. Figure created with BioRender. 

 

3.2.2.2  CSD induction in brain slices 

CSD was induced in slices using topical application of KCl. A droplet of 1μL of 2M 

KCl was added to the cortical area of slices to stimulate depolarization. 

 

3.2.3 Fluorescent labelling in slices 

3.2.3.1  Propidium iodide staining 

To assess the viability of slices, PI, a cell impermeable stain was used in to label 

positive and negative control slices. Following incubation in their respective 

conditions (aCSF or 100% ethanol), slices were fixed in 4% PFA for 30 minutes at 

RT. Fixed slices were then incubated for 30 minutes in 5μg/ml PI as described in 

2.2.3.1.  

 

3.2.3.2  Caspase 3/7 labelling 

NucView 488 fluorescently labels activity of caspase 3/7 and was used to compare 

apoptotic activity in positive and negative control slices. Following recovery in their 

respective conditions (aCSF or 100% ethanol), slices were incubated in 5μg/ml of 

Nucview488 caspase-3 substrate for 30 minutes then fixed in 4% PFA for 30 minutes 

at RT. Slices were mounted and a z-stack of 12 images captured and analysed as 

described in 2.2.3.2.1. 



 100 

 

3.2.3.3  Calcium indicators  

Fluorescent Ca2+ indicators were used to indicate movement of Ca2+ following CSD 

stimulation using Fluo-4-AM. Slices were incubated in 2.5µM/ml Fluo-4-AM for 30 

minutes in aCSF as described in 2.2.3.3. Slices were then transferred to an imaging 

dish on a microscope stage and a baseline recording of 200 frames was captured at 

2Hz.  Imaging was repeated following addition of 1μL KCl (2M) to the cortical edge of 

the slice for 400 frames. Images were captured and F/F0 was calculated to represent 

change in fluorescence over time in comparison to baseline as described in 2.2.3.3.1. 

 

3.2.3.4  Mitochondrial potential dyes  

To assess changes in mitochondrial potential during CSD slices were incubated in 

RH-123 as described in 2.2.3.4. A single baseline image was taken prior to KCl 

addition, following which 1μL 2M KCl was added to the cortical edges. Slices were 

imaged and F/F0 was calculated as detailed in 2.2.3.4.1. 

 

3.2.4 Respirometry methods in brain slices 

3.2.4.1  High resolution respirometry 

Oroboros oxygraphy chambers were prepared as specified in 2.2.4.1. After 

incubation in their respective conditions brain slices were weighed transferred to a 

calibrated Oroboros chamber and allowed to equilibrate prior to the addition of 

substrates as discussed in 2.2.4.1. A SUIT protocol was then initiated in which a 

series of substrates were added in succession to investigate respiratory control 
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(Table 2., Figure 8). Oxygen consumption and flux rates were normalised to tissue 

weight and calculated using DatLab 7.4 by averaging the stable response of slices 

following addition of substrates.  

 

3.2.4.2  High throughput respirometry 

The Seahorse XF analyser was used to measure OCR and ECAR from brain slice 

tissue. Brain slices were prepared as described in 0 from one animal, and a total of n 

= 20 brain slices were assayed in parallel.  Slices were incubated in a Seahorse 

XF24 Cell Culture microplate and secured in the well with a capture screen with 

seahorse-modified aCSF at 37°C. The microplate was then loaded onto the XF 

analyser. During the assay each compound from the mitochondrial stress kit was 

subsequently released from its cartridge following a specified programme as 

described in 2.2.4.2.2 (Table 3). 

 

3.2.5 Metabolomics 

Following Ca2+ imaging to confirm CSD, brain slices were snap frozen in liquid 

nitrogen and stored in -80C until required for analysis. Slices were pulverised as 

described in 2.4.2.1 and typically, approximately 30-40mg of tissue were weighed out 

for metabolomic analysis.  In some instances, it was necessary to combine multiple 

brain slices from the same animal to achieve this minimum weight. The absolute 

concentration of metabolites was measured in samples using GCMS using the 

parameters listed in 2.4.2.3.  
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3.2.6 Statistical analysis 

The normality of data was assessed using the Shapiro-Wilk test. Positive NucView 

stained cells, metabolite concentrations and respiratory flux as assessed by high 

resolution (Oroboros) and high throughput (Seahorse) were compared between 

conditions using unpaired two-tailed t test. To compare changes in fluorescent Ca2+ 

and mitochondrial activity, the area under the curve (AUC) was calculated and 

compared between conditions using unpaired two tailed t test. Results were 

considered statistically significant when P values were * P<0.05, ** P<0.01, *** 

P<0.001, and **** P<0.0001. 

 

3.3 Results 

3.3.1 Assessing the viability of the brain slice model 

3.3.1.1  Markers of cell death 

Slices incubated in 100% ethanol were utilised as negative controls to confirm the 

viability of experimental brain slices and verify that results did not reflect tissue death. 

Both negative and positive controls exhibited a high percentage of relatively dim PI 

labelling distributed evenly throughout the slice (Figure 16A). In negative controls 

clusters of intensely stained cells were observed at the cortical edges, and in some 

deeper cortical layers. In contrast intensely PI positive cells were not observed in 

positive controls.  

To assess apoptotic activity in slices NucView 488 was utilised to visualise caspase-3 

activity. The negative controls demonstrated abundant positively labelled cells, in 

contrast to positive controls, which showed a sparse distribution of labelled cells 



 103 

(Figure 16A). Quantification demonstrated a significantly higher number of positive 

cells in negative control slices compared to positive (100% ethanol mean (SD) = 

1150 cells (188) n = 8 slices, aCSF = 410 cells (234) n = 10 slices, P<0.0001, Figure 

16B). 

 

Figure 16. Assessing the viability of negative and positive viability controls. 

A - Immunofluorescent labels of cell viability. Left panels 100% ethanol, right aCSF 

incubated, top PI staining, bottom NucView488 labelling. B – Quantification of 

Nucview488 labelled cells. Data presented as mean ± SEM 100% ethanol n = 7 

slices, aCSF n = 10 slices. aCSF; artificial cerebrospinal fluid. Significance 

determined by unpaired t test **** P<0.0001 

 

3.3.1.2  Baseline respiratory function  

High resolution respirometry-based measurements of mitochondrial function were 

used to probe the metabolic health of the brain slice model. Positive control slices 

had a mean (SD) basal respiratory flux of 13.73pmol O2/s-1/mg-1 (4.87) and exhibited 

minimal changes in respiratory flux when assessing FAO LEAK and OXPHOS 
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(Figure 17). Glutamate administration resulted in an increase in CI OXPHOS 

respiratory flux (mean (SD) = 13.71pmol O2/s-1/mg-1 (3.11)). However, the most 

significant increase in respiratory flux resulted from succinate addition, which 

instigated CI and CII OXPHOS (mean (SD) = 27.53pmol O2/s-1/mg-1 (7.73)). Peak 

respiratory flux was achieved when assessing the ETS (mean (SD) = 30.03pmol 

O2/s-1/mg-1 (5.26)). 

In comparison to positive controls, negative slices demonstrated a significantly lower 

respiratory flux throughout the SUIT protocol, signifying reduced mitochondrial 

respiratory capacity. Moreover, negative controls failed to respond to the addition of 

any substrates throughout the protocol. (Figure 17B, Table 5). 
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Figure 17. Respiratory flux was significantly higher in positive control slices.  

A - Example trace of respiratory flux from a positive control slice (blue trace; oxygen 

concentration within the chamber (µM), red trace; respiratory flux of the slice (pmol 

O2/s-1/mg-1) A – malate, B – octanoyl carnitine, C – ADP, D – glutamate, E- 

cytochrome c F – succinate, G- FCCP, H - rotenone, I – antimycin. B – Comparison 

of respiratory flux in negative and positive control slices. CI OXPHOS; complex I 

oxidative phosphorylation, CII OXPHOS; complex II oxidative phosphorylation, CI + II 

OXPHOS; complex I and II oxidative phosphorylation, ETS; electron transfer state, 

FAO LEAK; fatty acid oxidation leak, FAO OXPHOS; fatty acid oxidative flux ROX; 
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residual, non-mitochondrial respiration. Data presented as mean ± SEM 100% 

negative controls n = 6 slices, positive controls n = 6 slices. Significance determined 

by paired t test * P<.05, ** P<.01, *** P<.001, **** P<.0001.  

 

Table 5. Mitochondrial state respiratory flux in negative and positive controls.  

CI OXPHOS; complex I oxidative phosphorylation, CII OXPHOS; complex II oxidative 

phosphorylation, CI + II OXPHOS; complex I and II oxidative phosphorylation, ETS; 

electron transfer state, FAO LEAK; fatty acid oxidation leak, FAO OXPHOS; fatty acid 

oxidative flux ROX; residual, non-mitochondrial respiration. Negative controls n = 6 

slices, positive controls n = 6 slices. Significance determined by paired t test. 

Respiratory State O2 flux per mass (pmol O2/s-1/mg-1) 

Mean (SD) 

P 

Negative controls Positive controls  

FAO LEAK 2.20 (1.38) 12.74 (5.67) 0.0036 

FAO OXPHOS 2.06 (0.95) 13.57 (6.07) 0.0034 

CI OXPHOS 1.43 (0.59) 13.71 (3.11) 0.0001 

CI + II OXPHOS 1.04 (0.47) 27.53 (4.73) <0.0001 

ETS 0.99 (0.43) 30.03 (5.26) <0.0001 

CII ETS 1.03 (0.43) 13.91 (4.03) 0.0006 

ROX 0.80 (0.41) 2.94 (1.55) 0.019 

 

3.3.2 The effect of KCl stimulation on metabolic function 

Whilst Oroboros provides insight into oxidative respiration from the mitochondria, the 

OCR and ECAR were recorded in slices from a wild type animal to calculate changes 

in both glycolysis and mitochondrial respiration during CSD. OCR and ECAR were 

measured following the addition of KCl (500 µM; n = 13 slices) or aCSF (n = 7 slices) 

as a control.  
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Baseline OCR was similar between control and KCl slices (Figure 18C). Stimulation 

with KCl led to a decrease in OCR, with rates significantly lower than control slices 

((control = 221.40% (48.21), KCl = 175.60% (42.49), P = 0.0414, Figure 18A, C). 

Non-mitochondrial OCR was significantly lower in control slices than those stimulated 

with KCl ((control = 56.48 (9.79), KCl = 81.41 (26.21), P = 0.0276, Figure 18D). 

Using the OCR and ECAR it was possible to calculate PER which is attributed to 

glycolysis (glycoPER). Baseline glycoPER was slightly lower in control slices 

compared to those which would be stimulated with KCl (control = 60.36pmol H+/min, 

KCl = 108.03pmol H+/min, Figure 18F).  KCl injection led to a significantly increased 

glycoPER (258.82pmol H+/min), whereas aCSF addition led to reduction in 

glycoPER (1.11pmol H+/min, Figure 18G). glycoPER following rotenone and 

antimycin A addition to inhibit mitochondria indicates compensatory glycolysis. This 

was higher in control slices compared to those stimulated with KCl (control = 

537.60pmol H+/min, KCl = 248.20pmol H+/min, Figure 18H). 
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Figure 18. OCR, ECAR and glycoPER in brain slices following CSD induction. 
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A – Average OCR and B- ECAR from slices stimulated with KCl and control slices 

treated with aCSF alone. C-D – quantification of OCR at C - baseline, D - following 

KCl/aCSF stimulation and E - after the addition of rotenone and antimycin A to block 

mitochondrial function. F-G - glycoPER calculated from slices at F – baseline,  G - 

following stimulation, H - and after the addition of rotenone and antimycin A. Data 

represent mean ± SEM, significance is determined by unpaired t test * P<0.05. 

 

3.3.3 The impact of glucose deprivation on responses to CSD  

3.3.3.1  KCl stimulation increases Ca2+ fluorescence 

Fluorescent Ca2+ was measured in brain slices in response to KCl stimulation in 

slices both in the presence (+glc) and absence (-glc) of glucose. Prior to KCl addition, 

there was minimal Ca2+ movement with almost no change in fluorescence (Figure 

19A and B). Following the addition of KCl, fluorescence significantly increased in +/- 

glc slices (mean AUC (SD) +glc control = 2.26 (10.87), KCl = 11.40 (18.04) P<0.0001 

n = 8 mice; -glc control =4.81 (10.08), KCl = 11.10 (8.80) P<0.0001 n = 7 mice). Ca2+ 

fluorescence continued to increase over the 200 second recordings, plateauing at 

t150 seconds after KCl addition (-glc n = 11, +glc n = 11 mice, Figure 19C). Change 

in F/F0 was faster in –glc slices than +glc (F/F0 =1.10 in –glc =24s n =11 mice, +glc 

= 37.5s n = 11 mice Figure 19C) and continued to increase to a higher maximum 

F/F0 than +glc (maximum F/F0 +glc =1.20, -glc = 1.28, Figure 19D). All animals used 

to investigate the impact of glucose on Ca2+ activity were transgenic. However, there 

were no differences in the activity of Ca2+ in the absence of glucose between 

genotypes (AUC mean (SE) wild type = 275.9 (0.77), transgenic = 276.7 (0.97), 

Appendix Figure 1). 



 110 

 

Figure 19. KCl induced changes in Ca2+ movement in the presence and 

absence of glucose.  

A - Fluo-4AM F/F0 in +glc slices following KCl versus controls (n = 7 mice) B - F/F0 

in -glc slices following KCl versus controls (n = 8 mice). C - F/F0 following KCl in +glc 

(n = 11 mice) and -glc (n = 11 mice). D - Maximum F/F0 in -/+ glc slices. CSD; 

cortical spreading depression, Glc; glucose. Data presented as mean ± SEM. 

Significance determined by unpaired t test  *** P<0.001. 
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3.3.3.2  KCl increases RH123 fluoresce in presence of glucose 

RH-123 was used to assess the spatial response of mitochondrial activity in brain 

slices following CSD, both in the presence and absence of glucose. In +glc slices, 

KCl stimulation led to a significant increase in RH123 fluorescence (mean AUC (SD) 

control = 0.16 (0.38), KCl = 1.12 (1.56), n = 5 mice, P<0.0001 Figure 20A). In -glc 

slices however, there was no changes in RH123 fluorescence following KCl (control 

= 0.05 (0.19), KCl = 0.06 (0.41), n = 5 mice,  Figure 20B). Change in RH123 

fluorescence is significantly higher in +glc than -glc following KCl (+glc = 13.00 

(17.36) n = 9 mice, -glc = 0.34 (4.13) n = 8 mice p <0.0001, Figure 20C). Both 

transgenic (TG) and WT animals were used for these investigations. The impact of 

genotype on mitochondrial activity was explored and there were no significant 

differences in responses between wild type and transgenic slices in the presence of 

glucose (AUC mean (SE) wild type = 24.26 (0.41), transgenic = 24.69 (0.45), 

Appendix Figure 1). Additionally, there were no significant differences in responses 

between wild type and transgenic slices in the absence of glucose (AUC mean (SE) 

wild type = 12.23 (0.10), transgenic = 12.34 (0.08), Appendix Figure 1). 
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Figure 20. KCl induced changes in RH123 fluorescence in the presence of 

glucose.  

A -  F/F0 in control (pre-stimulation) and after KCl in +glc slices (n = 5 mice) B - F/F0 

in control (pre-stimulation) and after KCl in -glc slices (n = 5 mice) C - F/F0 in +glc (n 

= 9 mice) and -glc (n = 8 mice) slices after KCl. CSD; cortical spreading depression, 

Glc; glucose, RH123; rhodamine 123. Data presented as mean ± SEM. Significance 

determined by unpaired t test  **** P<0.0001.  
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3.3.3.3  Metabolites were altered following CSD in the presence and 

absence of glucose 

Metabolites were quantified in brain slices following induction of CSD in both the 

absence and presence of glucose. In +glc slices, a number of metabolites were 

significantly altered following CSD. Notably, lactate was found to be increased (mean 

(SD) control = 148.52 (52.71) n = 10 slices, CSD = 457.16 (221.13) n =13 slices, P = 

0.0006, Figure 21E), in addition to malate (control = 8.01 (1.53), CSD = 11.89 (3.90), 

P = 0.0099, Figure 21F) and pyruvate (control = 3.09 (0.93), CSD = 3.98 (0.91), P = 

0.0315, Figure 21H). Several metabolites demonstrated a trend towards significance 

increase following CSD (Table 6). 

The metabolic profile of slices following a CSD differed depending on the presence of 

glucose. Notably alanine, glutamate, lactate and malate were significantly lower in -

glc compared to +glc slices after CSD (Table 6, Figure 22A,D,E,F). Aspartate, proline 

and succinate were found to be significantly higher in -glc slices compared to +glc 

slices following CSD (Table 6, Figure 22B,G,I). 

Metabolites were measured in slices from both wild type and transgenic animals in 

both the presence and absence of glucose. The metabolites were compared between 

genotypes following CSD (Appendix Table 2) citrate in the presence of glucose was 

the only metabolite which demonstrated a higher concentration in transgenic animals 

(wild type mean (SD) = 2.50 (0.48) n = 4, transgenic = 7.25 (1.05) n = 9, P = 0.014). 
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Table 6. Metabolites quantified in control and CSD, +glc and -glc slices.  

CSD; cortical spreading depression, Glc; glucose, SD; standard deviation. 

Significance determined by unpaired t test, * P<0.05, ** P<0.01, *** P<0.001, **** 

P<0.0001 

Metabolite Concentration 

Mean (SD) 

p Concentration 

Mean (SD) 

p 

+Glc Control  

n = 10 

+Glc CSD 

n = 13 

-Glc CSD 

n = 13 

Alanine 12.55 (5.41) 19.22 (10.17) 0.0749 6.83 (3.30) 0.0003 *** 

Aspartate 186.46 (59.66) 205.40 

(88.22) 

0.5664 285.35 

(103.69) 

0.0448 * 

Citrate 3.58 (1.24) 5.79 (3.47) 0.0693 5.99 (3.92) 0.894 

Fumarate 4.83 (1.41) 5.48 (1.75) 0.3528 5.03 (1.54) 0.4978 

Glutamate 372.87 

(131.48) 

511.72 

(234.31) 

0.1085 213.74 (78.99) 0.0002 *** 

Glycine 37.50 (20.57) 47.42 (24.14) 0.3176 32.88 (8.60) 0.0531 

Isoleucine 0.85 (0.26) 1.12 (0.44) 0.107 0.83 (0.19) 0.0418 * 

Lactate 148.52 (52.71) 457.16 

(221.13) 

0.0006 

*** 

98.34 (67.02) <0.0001 

**** 

Leucine 0.91 (0.35) 1.39 (0.86) 0.1106 0.92 (0.33) 0.0789 

Malate 8.01 (1.53) 11.89 (3.90) 0.0099 ** 9.06 (2.32) 0.050 * 

Pyruvate 3.09 (0.93) 3.98 (0.91) 0.0315 * 3.81 (1.39) 0.7116 

Succinate 11.83 (4.30) 16.17 (7.00) 0.0997 38.96 (14.12) <0.0001 

**** 
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Figure 21. Metabolite quantification in brain slices following CSD stimulation. 

AU; arbitrary units, CSD; cortical spreading depression. Data presented as mean ± 

SEM. Significance determined by unpaired t test * P<0.05, ** P<0.01, *** P<0.001.  
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Figure 22. Metabolite quantification in brain slices following CSD stimulation in 

the presence and absence of glucose.  

AU; arbitrary units, Glc; glucose. Data presented as mean ± SEM. Significance 

determined by unpaired t test * P<0.05, ** P<0.01, *** P<0.001. **** P<0.0001. 

 

3.4 Discussion 

This chapter established a viable, acute brain slice platform capable of providing 

readouts of CSD induced changes in metabolism.  Moreover, investigating the impact 
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of glucose on responses to CSD has demonstrated differential metabolic responses, 

perhaps to mitigate the absence of a major energetic substrate. These changes 

suggest that brain slices exhibit metabolic plasticity in response to stimulation, to 

utilise alternative pathways to generate ATP and rescue ionic gradients.  

 

3.4.1 Slices in the model exhibited low apoptotic activity 

Acute slices demonstrated reduced apoptotic activity in comparison to negative 

control (100% ethanol) slices, proving their suitability as a model for metabolic 

investigation. Creation of the acute brain slices involves unavoidable exposure of the 

tissue to hypoxia while the brain is isolated and prepared for slicing. Moreover, the 

slicing procedure necessarily involves a degree of physical injury. Therefore, it was 

important to assess the viability of slices following the slicing procedure. Negative 

control slices exposed to hypoxia and incubated in ethanol without oxygenation 

demonstrated significant caspase-3 activity. Evaluation of caspase-3 activity has also 

demonstrated increases indicative of apoptosis in cerebral organoids exposed to 

increasing ethanol concentrations,266 demonstrating the validity of this assessment. 

In comparison, positive control slices exhibited sparse caspase-3 activity, which may 

be due to the initial trauma caused during slicing. Previous investigation of acute 

brain slices has demonstrated spontaneous activity of neurons up to 3 hours after 

creation,267 268 thereby determining the viability of slices during this period. 

We also evaluated the rupture of cell membranes via the PI assay, since this method 

is a well-established readout of cell death.269 Considering tissues had undergone 

significant mechanical trauma following slicing, it is unsurprising positively PI stained 

neurons were abundant throughout both positive and negative controls. This is a 
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similarly found by other groups utilising acute brain slices, which show positive PI 

staining in tissue deemed viable to assay.269 Nevertheless, some differences in PI 

staining were evident between 100% ethanol and aCSF treatments, with ethanol 

treated slices showing clusters of intensely PI positive cells that were not observed in 

the aCSF group. 350μm is a typical thickness for acute brain slices investigations, in 

part because it allows retention of a reasonable volume of viable cells and circuits 

above and below the cut surfaces, which are the primary sites of mechanical trauma. 

Observations of CSD events in this study, and those of others 270, indicate 

preservation of viable neural circuits despite anatomical damage arising from the 

slicing procedure. Interestingly, in this study, NucView488 may have been more 

suitable for assessing the health and viability of acute brain slices, since other 

studies have revealed that PI mediated disparities are not demonstrated until after 6 

hours following slicing.268  

A future investigation of the changes in apoptotic activity over time following slices 

may provide the ideal window of investigation in this model. An alternative solution to 

combat apoptotic activity due to the trauma of slicing is the use of organotypic brain 

slice cultures, particularly from younger animals. Acute adult mouse slices were 

chosen for the present studies in an attempt to develop a model closer to adult 

headache while avoiding potential limitations associated with culture artefacts.  

However, the use of organotypic cultures brings advantages since they tend to 

demonstrate higher plasticity and greater resistance to mechanical trauma. Slice 

cultures are typically obtained from young post-natal pups, and are maintained at a 

liquid medium / air interface on a porous membrane interface that sustains the slices 

for many weeks.271 Importantly slice cultures continue to exhibit robust spontaneous 

network activity over a number of weeks to months272 highlighting a greater viability 
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and functionality in comparison to acute slice models, and their suitability for future 

studies of CSD-related events. 

 

3.4.2 Characterizing mitochondrial activity in slices at baseline 

Utilizing high-resolution respirometry, the findings indicate that under normal 

conditions, acute brain slices primarily depend on oxidative phosphorylation rather 

than fatty acid oxidation. This is evident from the observed increase in respiratory flux 

when transitioning to CI and CII OXPHOS states. There are no existing studies which 

have assayed whole intact forebrain slices using high resolution respirometry. 

Comparable procedures have been applied to whole mouse brain samples and 

homogenized distinct brain regions, revealing a consistent pattern of responses and 

peak oxygen flux rates during complex I and II oxidative phosphorylation.273 274  

Other studies using homogenate samples have higher fluxes at approximately 100-

110pmol O2/mg-1/s-1 during electron transfer state evaluation, whereas brain slices in 

this study achieved a mean 30.03pmol O2/mg-1/s-1. Discrepancies in respiratory flux 

amplitude may be due to variation in tissue preparation. Intact brain slices maintain 

tissue architecture and interactions between organelles, while homogenization of 

tissue disrupts this architecture and permeabilizes the plasma membrane of cells. 

Permeabilization and isolation of mitochondria may aid the delivery of substrates to 

the mitochondria. However, this method may not be suitable for future investigation 

of the consequences of CSD, since it prevents the immediate assessment of neural 

circuit function following stimulation. In support of this, assays using non-

permeabilised hippocampal slices exhibit oxygen flux rates which are more 

comparable to the brain slice values in this study.275 ETS stimulated values in 
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hippocampal slices were on average 11pmol O2/mg-1/s-1 and although lower than 

whole brain slices, the selection of brain region may underlie discrepancies.275   

Comparing the respirometry responses of positive and negative control slices 

provides further evidence of the disparity in viability of the controls. Negative slices 

exhibited significantly depleted mitochondrial activity and failed to respond to the 

addition of substrates in the SUIT protocol, indicating a diminished activity across all 

mitochondrial complexes and respiratory states. Cerebral organoids exposed to 

ethanol also exhibited mitochondrial dysfunction as evidenced by decreased 

mitochondrial respiratory flux, similarly to the effects in 100% ethanol slices in this 

thesis.266  Interestingly, organoid consumption rates were not depressed to the levels 

seen in the ethanol slices in this thesis, a discrepancy that may be due to the 

combination of a lower temperature, and exposure to hypoxia in the present study. 

This model thereby provides a useful tool for future investigation of metabolic and 

ionic pathways involved in CSD. 

 

3.4.3 Glycolysis is upregulated in response to KCl  

Measuring OCR and glycoPER allowed the monitoring of oxidative respiration and 

glycolysis in brain slices in response to KCl. The findings revealed that in response to 

KCl stimulation, slices upregulate glycolytic activity and reduce mitochondrial 

respiration. This shift favouring glycolysis over oxidative phosphorylation could be an 

adaptive response to rapidly produce ATP in response to depolarization. Previous 

studies of the metabolic effects of CSD have demonstrated an early breakdown of 

glycogen in response to increased energy demand,116 supporting the finding that 

glycolysis plays an important role in supporting the energy demands of cortical tissue 
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during the initial period following CSD. It was also observed that KCl addition 

reduced mitochondrial oxidative respiration (OCR), below that of baseline. This may 

be due to the preference of glycolysis during this energetically demanding period. 

Inhibiting mitochondrial activity to a higher level of OCR in KCl stimulated slices 

compared to controls. This was unexpected but may indicate non-specific oxygen 

consumption driven by reactive oxygen species (ROS) or nitric oxide production. 

ROS has been found to be consistently upregulated by CSD,276 277 and nitric oxide 

has multiple roles in migraine pathophysiology including cranial blood flow and 

nociceptive processing.278 This highlights a metabolic response to CSD which may 

contribute towards headache pathophysiology.  

Previous studies have also suggested that this process of non-mitochondrial OCR is 

utilized to recycle NADH for glycolysis.279 This supports the finding of glycolysis in 

response to CSD but indicates slices are limited by the supply of energetic substrates 

to sustain adequate ATP production via glycolysis.  

aCSF addition to control slices diminished glycoPER, to below that of baseline 

activity. The reasons for this are unknown however OCR is increased, indicating high 

mitochondrial activity, potentially suggesting a preference of metabolic processes. 

This is also supported by the finding that inhibition of mitochondrial respiration with 

rotenone and antimycin A led to increased glycoPER in control slices. This 

measurement of glycoPER represents compensatory glycolysis and is likely higher 

as there is more of a mitochondrial ATP supply to compensate for.   

Although only the effects of a single injection of KCl were investigated, this sustained 

an increased concentration of K+ in the media for the remainder of the recording. 

This may have resulted a sustained depolarisation with conduction block and may 

relate to the finding of lower glycolytic activity in KCl slices compared to controls 
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towards the end of the recording. Repeated CSD events and the resulting prolonged 

depletion in glycolytic activity may contribute towards headache pathophysiology and 

suggests a therapeutic target. It should be noted that this method was only 

performed on slices from one animal. Although the methodology allows the 

simultaneous recording from multiple slices in separate wells, the results only 

represent the metabolic response of one animal. 

 

3.4.4 Ca2+ movement increases in response to KCl stimulation 

Focal application of KCl to the cortical edges of brain slices resulted in a significant 

increase in Ca2+ fluorescence in cortical regions. These changes in Ca2+ demonstrate 

temporal and spatial characteristics similar to the spread of depolarization recorded 

by intrinsic optical signals and electrophysiology.280 Other brain slice models also 

utilising fluorescent Ca2+ indicators, illustrated that CSD was associated with wave-

like movements of increased intracellular Ca2+ thar preceded the onset of changes in 

intrinsic optical signals.281 Moreover, in vivo models utilising genetically encoded 

fluorescent Ca2+ plasmids exhibited associations between electrically recorded CSD 

events and increases in Ca2+ fluorescence, which both moved in waves across the 

cortical surface of the brain.282  

Waves of Ca2+ flux are predominantly facilitated by astrocytes during depolarisation 

spreading.281 Hence, the analysis of Ca2+ fluctuations offer a proxy for measuring the 

propagation of depolarization within neurons and, possibly provides further insights 

into the astrocytic response during CSD. Interestingly, voltage gated Ca2+ channels 

are present in the dura mater, trigeminal ganglion and TNC in which Ca2+ signalling is 

thought to regulate CGRP release.283 Although CGRP was not measured in these 
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slices, Ca2+ signalling may provide a map of CGRP release and may contribute 

towards the relationship between CSD and headache nociception. 

The role of Ca2+ signalling during CSD remains unclear but could potentially elicit a 

neuroprotective response. Previous studies have shown that increased cytoplasmic 

Ca2+ levels prior to oxygen-glucose deprivation can prevent neuronal death in 

hippocampal neurons. 284  This phenomenon might explain the heightened intensity 

of signals in slices deprived of glucose, as Ca2+ signals peaked faster and higher 

compared to those with glucose. Previous investigation demonstrated that glucose 

deprivation led to oxidative stress and mitochondrial dysfunction in neurons but not 

astrocytes. As results demonstrate the facilitation of Ca2+ movements in astrocytes 

this may support the resilience of astrocytes to glucose deprivation.285 Moreover, cell 

models have demonstrated an upregulation of Ca2+ signalling during glucose 

deprivation, activating the PI3K/Akt survival signalling pathway.286 This provides 

further evidence for the protective role of Ca2+ in response to CSD.  

Elevated Ca2+ levels may however induce neuronal injury if levels persistently remain 

elevated after CSD.287 While longitudinal measurements were not taken to observe 

changes during CSD recovery, previous studies on oxygen and glucose deprivation 

have demonstrated prolonged increases in Ca2+ levels, suggesting possible 

membrane damage. Aberrant Ca2+ accumulation may therefore contribute to 

neuronal damage and increase susceptibility to CSD. 
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3.4.5 Mitochondrial activity following CSD is dependent on glucose 

availability 

Mitochondrial activity was upregulated in response to KCl stimulation in the presence 

of glucose, indicating that CSD induces an increase in energetic demand. However, 

in the absence of glucose, there was no change in mitochondrial activity, highlighting 

an inability to respond to heightened energetic demands and potentially suggesting 

mitochondrial exhaustion.  

It is somewhat surprising that even in the absence of glucose, mitochondrial activity 

is not upregulated, considering these pathways rely on other substrates such as fatty 

acid oxidation and glutamate. It's possible that oxidative respiration was being utilized 

to maintain the baseline activity of brain slices but may not have been sufficient to 

support a dramatic increase in energetic demand following CSD. In a NTG mouse 

model of migraine, low-glucose resulted in decreased levels of ATP production, 

which were accompanied by an increased production of ROS.288 Although the 

production of ROS was not measured, alanine, a metabolite involved in 

antioxidation289 290 was significantly lower in -glc slices following CSD. Reduced 

mitochondrial activity in the absence of glucose may be indicative of upregulated 

ROS which may exacerbate nociception in conditions of fasting headache.278 This 

may also indicate that slices in the absence of glucose are unable to counteract 

increasing levels of ROS as a result of depolarisation. 
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3.4.6 Differential metabolism is upregulated in the absence of 

glucose 

We measured changes in metabolites following CSD in brain slices in the presence 

of glucose and found increases in pyruvate, lactate and malate. Pyruvate is a product 

of glycolysis which correlates with findings of increased glycolytic activity in response 

to KCl-mediated depolarisation. An increase in lactate, an anaerobic product of 

glycolysis, was also discovered. This is a common finding both in vivo in rodent 

models291 and human tissues,292 in which glucose is rapidly utilized and lactate 

increases in response to stimulation. In vivo, CSD is often accompanied by 

neurovascular changes which may struggle to provide adequate oxygen to highly 

metabolic active tissue, leading to hypoxia.115 123 This failure to meet oxygen 

demands may result in anaerobic respiration, as demonstrated by the observation of 

increased pyruvate and lactate. Moreover, in conditions of metabolic stress, neuronal 

tissue may resort to lactate as an alternative energy substrate.116  

In the absence of glucose, several metabolites were altered. Alanine, a metabolite 

involved in antioxidation289 290 was lower following CSD, further supporting the 

hypothesis that ROS production may be upregulated in the absence of glucose. 

Lactate was also found to be reduced compared to slices with glucose, this is likely 

because the starting substrate of anaerobic respiration is not available. Moreover, 

previous investigation of the effects of low glucose have exhibited NADH/NAD+ 

redox imbalance leading to reduced lactate dehydrogenase activity.293  

Interestingly a lower concentration of glutamate was also identified in glucose 

deprived slices. Previous investigation in brain slices found that inhibiting pyruvate 

uptake drives neurons to switch to glutamate as a fuel for the TCA cycle.294 This not 
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only supplies substrates for oxidative phosphorylation, but since neurons are 

believed to take up and utilize glutamate, may prevent the accumulation of glutamate 

consequently exocytotic injury.294  

Succinate was found to be significantly higher in slices without glucose. Evidence 

has demonstrated that succinate is sensitive to tissue hypoxia, and is often a signal 

of ischemia.295 For example, oxygen-glucose deprivation led to accumulation of 

succinate in neural cells.296 Succinate accumulation is additionally thought to be  

responsible for mitochondrial ROS production during reperfusion,297 and may 

contribute towards ROS production during CSD. Although not significant in slices 

with glucose, there is a slight increase in succinate following CSD. In conditions of 

glucose deprivation, oxygen consumption may be higher in an increased attempt to 

support alternative metabolic pathway, therefore leading to hypoxia. Oxygen supply 

in tissue slices was not monitored during and after a CSD, changes in metabolic 

markers were observed which suggest an upregulation of ROS and hypoxia. 

 

3.4.7 Limitations and future directions 

The work in this chapter does have some limitations which should be considered.  

Both wild type and transgenic animals were used in these experiments, however 

there were no significant differences identified in the metabolic results between 

genotypes. Although Ca2+ movement was utilised as a surrogate of CSD in brain 

slices, this project did not utilise a method of electrophysiological measurement of 

CSD in response to KCl stimulation. Therefore, it was not possible to correlate the 

metabolic findings with the exact electrophysiological responses. Future experiments 

aim to record CSD events temporally and spatially in brain slices with the use of 
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multi-electrode assays. This would allow the exploration of the cellular impact of 

metabolic deficiency and assessment of the benefits of nutraceuticals on CSD 

characteristics. This model would additionally lend itself to investigating the impacts 

of secondary headache disorders on CSD. In the context of IIH, obtaining brain slices 

from animals with raised ICP or alternatively exposed to risk factors such as obesity 

and testosterone excess would be valuable to investigate the impact of these 

mechanisms on CSD. 

The extracellular Ca2+ concentrations employed in aCSF within this thesis were 

notably lower than the levels typically used in other studies. Established brain slice 

models commonly utilize Ca2+ concentrations ranging from 1.2 to 2mM. 

Nevertheless, the results obtained in this thesis support the validity of the 

experiments conducted. Even with reduced Ca2+ levels, KCl was still effective in 

influencing changes in intracellular Ca2+ flux, as recorded with Fluo4AM. Additionally, 

the metabolic effects observed following KCl stimulation indicate the induction of 

cellular signalling events, despite the lower Ca2+ concentration. 

In rats, the intracellular Ca2+ concentration is estimated to be 36-57nM, and it is 

reasonable to assume similar levels in mice. Under these conditions, an extracellular 

Ca2+ concentration of 2µm (as used in our experiments) would have provided a 

reasonable chemical driving force to facilitate Ca2+ influx via L-type voltage-operated 

Ca2+ channels. In conclusion, it is justifiable to believe that the Ca2+ concentration 

employed in this study was adequate to support CSD, and the observed Ca2+ signals 

can be attributed to depolarization-induced Ca2+ influx. 

Although brain slices models are valuable tools for investigating CSD, they lack CBF 

which is a central component of the characteristic response to CSD. Brain slices 

were incubated with oxygen to prevent tissue hypoxia however the results of these 
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investigations must take into consideration this facet of the physiological response is 

lacking. Moreover, the impact of complete glucose deprivation was chosen as a 

model of metabolic stress, which may not be fully translational to fasting headache. 

However, this was chosen to investigate a proof of concept, and demonstrated via 

Ca2+ imaging that there is still a physiological response to CSD. Future investigations 

of a dose-dependent response to decreasing glucose concentrations may more fully 

recapitulate the triggers in patients.   

This study employed both male and female animals to create acute brain slices. 

Recent evidence has highlighted sex-related differences in CSD, particularly 

demonstrating increased susceptibility in females.298 299 Although the methods did not 

allow us to investigate this, there were no overt differences found in metabolic 

responses between slices from sexes. However this model would allow further in 

depth exploration of the role of sex and hormones on the role of metabolism and 

CSD, since oestrogen is thought to contribute towards modulation of 

electrophysiological responses.298  
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Figure 23. Summary of metabolic results in brain slices in the presence and 

deprivation of glucose.  

In the presence of glucose; glycolysis and markers of anaerobic glycolysis were 

upregulated in response to CSD. Although there were markers of increased 

mitochondrial activity, seahorse analysis demonstrated a higher rate of glycolysis 

versus oxidative phosphorylation. In the absence of glucose; markers of glycolysis 

are reduced and there was no change in mitochondrial activity in response to KCl 

stimulation. Green text alludes to metabolic pathways, red arrows indicate 

upregulation or downregulation as indicated by results.  ATP; adenosine 

triphosphate, Ca2+; calcium, CSD; cortical spreading depression, CoQ; coenzyme 

q10, Cyt c; cytochrome c, FAD+; flavin adenine dinucleotide, KCl; potassium 

chloride, NAD+; nicotinamide adenine dinucleotide, TCA; tricarboxylic acid. Figure 

created with BioRender. 
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4.1 Introduction 

Raised ICP is a feature of several conditions driving headache including IIH,300 

TBI,301 stroke,302 hydrocephalus303 and subarachnoid haemorrhage. Headache is the 

principal driver of morbidity in IIH,57 and is highly refractory compared to migraine.195 

Current ICP lowering therapies exhibit poor efficacy304 and tolerability,305 

underscoring the need for targeted headache therapeutics in IIH. However, 

developments are hindered by lack of knowledge of the mechanisms driving raised 

ICP headache. Raised ICP headaches are often migraine-like.192 Allodynia has been 

observed in both migraine and in IIH, 57 72 and mechanical thresholds are noted to be 

abnormal in animal models of pain behaviour.71 

The impact of raised ICP on headache pathways in animal models has not been 

extensively explored. Previous evidence of raised ICP in diet induced obesity models 

resulted in cephalic cutaneous allodynia and increased expression of α-CGRP in 

trigeminal ganglion.196 Allodynia was however correlated with abdominal fat, making 

it difficult to decipher the role of raised ICP independently. Employing hydrocephalus 

models to study the influence of elevated ICP on headache would minimise the 

impact of secondary factors such as obesity. 

 

4.1.1 Aims 

The gap in knowledge regarding the role of raised ICP on headache mechanisms 

hinders the development of targeted therapeutics. Therefore, the aim of this chapter 

was to: 
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1. Validate and optimise a model of raised ICP using intracisternal injection of 

kaolin. 

2. Investigate the influence of raised ICP on mechanical pain threshold 

behaviour. 

3. Explore the impact of raised ICP on cortical excitability and CBF by recording 

evoked CSD responses.  

 

4.2 Methods 

4.2.1 Animal husbandry 

Male Sprague Dawley rats (Enivgo) (n=64) aged 11-22 weeks weighing 228g-460g 

were used. Rats were housed in sex and litter matched groups in a climate-controlled 

room and kept on a 12:12 light/dark cycle with free access to food and water. All 

animal handling and procedures were performed according to the guidelines 

described in 2.1.2.  

 

4.2.2 Cisterna magna injection 

Injection of kaolin to the cisterna magna was used to impede CSF movement and 

thereby increase ICP.204 Animals were anesthetized with isoflurane gas in an 

induction chamber and injected with saline (control) or kaolin (raised ICP) in the 

cisterna magna of animals as described in 2.3.1.  

5mg/kg carprofen and 1ml/100g 0.9% saline was administered as needed in the days 

following injection. During behavioural studies, animals were injected with carprofen 
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on day 1 and day 4 following injection. For CSD studies, animals were given 

carprofen as necessary with a 48-hour wash out before the day of assessment.  

 

4.2.3 Confirming raised ICP  

The ICP was measured in the epidural space of the skull of animals for up to 30 

minutes as detailed in 2.3.1.2. Following ICP measurements, some animals were 

used for CSD studies. In these animals, a cortical window was drilled in the parietal 

bone of the opposite hemisphere to avoid any effects of the ICP catheter placement 

on cortical responses. 

 

4.2.4 Measuring CSD responses 

CSD responses were recorded 7 days after cisterna magna injection. Animals were 

anesthetized with isoflurane gas and intravenous administration of anaesthesia was 

conducted as described in 2.3.1.1. Animals were also tracheostomized and 

mechanically ventilated as described in 2.3.1.1.  Animals were secured in a 

stereotaxic frame and 2 cortical windows were created in the parietal bone of the 

skull as detailed in 2.3.2.3. A cotton pellet soaked in KCl was placed on the cortical 

surface of the brain and 5μL of KCl was added to the pellet every 15 minutes over 1 

hour in accordance with other CSD studies.259 DC and CBF responses to KCl 

stimulation were recorded using Spike2 software and analysed as described in 

2.3.2.4.  
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4.2.5 Mechanical pain threshold testing 

Mechanical pain thresholds were assessed at baseline (pre-injection) and 7 days 

after intracisternal injection (Figure 24). All animals were habituated to the testing 

room as described in 2.3.3.1. von Frey filaments were applied to the periorbital and 

hind paw regions to measure mechanical thresholds using the Up-Down method,257 

as detailed in 2.3.3.2. ICP was measured in animals following mechanical threshold 

testing as described in 2.3.1.2. 

 

4.2.6 Tissue collection 

At the end of experiments, animals were culled with an overdose of pentobarbital 

(Euthatal 0.1ml/kg). In pilot studies of kaolin volume optimisation and CSD 

investigations, animals  were transcardially perfused with PFA, and the brain 

collected and fixed as described in 2.3.2.3. In animals used for mechanical pain 

threshold testing a coronal section of the brain central to bregma was cut and post-

fixed in PFA for 1 week on an orbital shaker. The remaining brain tissue and 

trigeminal ganglia were snap frozen in liquid nitrogen for further at -80°C until further 

analysis. 
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Figure 24. Timeline of raised ICP model and mechanical threshold testing.  

Timeline of behavioural experiments which assessed mechanical pain thresholds of 

animals with raised ICP (kaolin) versus controls (saline). Animals were habituated 

prior to baseline testing which was conducted prior to intracisternal injection and 7 

days after injection. Figure created with BioRender. 

 

4.2.7 Confirming hydrocephalus induction 

To confirm hydrocephalus induction, fixed brain samples were sliced, and ventricle 

dilation was quantified in all animals as described in 2.3.5.1. 

 

4.2.8 CGRP quantification in trigeminal ganglion 

Protein was extracted and quantified from snap frozen trigeminal ganglion as 

described in 2.4.1.1. α-CGRP was quantified using an ELISA as described in 2.4.1.2. 

and expressed as normalized protein content. 
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4.2.9 Metabolite quantification 

Snap frozen whole brain samples were pulverized, and the metabolites were 

extracted as described in 2.4.2.1. The absolute concentration of metabolites was 

measured in samples using NMR as detailed in 2.4.2.2. Metabolite content was 

normalised to the dry weight of each sample. 

 

4.2.10 Statistical analysis  

The normality of data was assessed using the Shapiro-Wilk test. Data which were 

normally distributed were analysed using parametric tests (t tests, Pearson’s 

correlation coefficient) and reported as mean and standard deviation (SD). Non-

normally distributed data were analysed using non-parametric tests (Mann-Whitney 

test, Spearman rank correlation test) and reported as median and range. Results 

were considered statistically significant when p values were * P<0.05, ** P<0.01, *** 

P<0.001, and **** P<0.0001.  

 

4.3 Results 

4.3.1.1  Confirming optimal kaolin volume for hydrocephalus 

induction 

Pilot studies aimed to establish the optimal volume of a 250mg/ml kaolin suspension 

for creating a moderately increased ICP model within 7 days. Three volumes were 

tested: 40μL, 70μL, and 80μL and the ventricle:brain ratio was measured to confirm 

the development of hydrocephalus. Each kaolin volume resulted in moderate 

ventricle dilation (Figure 25A). However, only 40μL resulted in was significantly 
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higher ventricle:brain ratio than saline-injected controls (mean (SD) ratio saline = 

0.01 (0.07), n = 6, 40μL kaolin = 0.14 (0.07), n = 9, p=0.008; Table 7). Moreover, 

there were no significant differences observed between different volumes of kaolin 

(Table 7, Figure 25B). 

 

Table 7. Ventricle:brain ratio of animals injected with 40μL, 70μL or 80μL kaolin 

suspensions compared to 40μL saline.  

SD; standard deviation. Significance determined by unpaired t-test comparing results 

to 40μL saline.  

Vol (μL) Substance n Ventricle:brain ratio 

Mean (SD) 

p vs 40μL saline 

40 Saline 6 0.01 (0.07) 0.008 

 Kaolin 9 0.14 (0.07) 

70 Kaolin 2 0.11 (0.03) 0.095 

80 Kaolin 3 0.22 (0.14) 0.071 

 

4.3.1.2  Adverse effects of increasing kaolin volumes 

Animals injected with 70μL and 80μL kaolin volumes experienced significant weight 

loss over the 6-day recovery (Figure 25C). Moreover, animals exhibited severe side 

effects, including ataxia, inability to groom, and severe piloerection. In contrast, 

animals injected with 40μL of kaolin also lost weight compared to saline-injected 

animals, but this weight loss began to stabilize by day 3 post-injection. Moreover, 

animals injected with 40μL of kaolin displayed milder side effects, primarily mild 

ataxia, and piloerection. Subsequently 40μL kaolin was injected to create a model of 

raised ICP due to its capacity to induce significant hydrocephalus with minimal 

adverse effects.  
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Figure 25. Optimisation of kaolin volume to create a model of raised ICP.   

A - Coronal brain regions of animals injected with 40μL saline, 40μL, 70μL and 80μL 

of kaolin. B – Quantification of ventricle:brain ratio. C – Mean weight change of 

animals injected with 40μL saline versus 40μL, 70μL and 80μL of kaolin over 6 days 

post injection. 

 

4.3.2  Ventricle dilation in the raised ICP model 

Ventricle dilation was used to confirm successful induction of the hydrocephalus 

model. Ventricle:brain ratio was significantly higher in raised ICP animals compared 
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to controls (median (range) raised ICP = 0.17 (0.21) n = 24, control = 0.04 (0.10) n = 

21, p <0.0001, Figure 26A and B). 

 

 

Figure 26. Kaolin injection induced ventricle dilation and raised ICP.  

A – Coronal slices from control (top) and raised ICP animals (bottom). B – The 

ventricle:brain ratio was significantly higher in animals with raised ICP versus 

controls. C – ICP was significantly higher in the raised ICP model compared to 

controls. ICP; intracranial pressure, mmHg; millimetres of mercury. Data presented 

as median ± range. Significance determined by Mann Whitney U test  *** P<0.001 , 

**** P<0.0001.  

 

4.3.3  Confirmation of raised ICP in the model 

To confirm the model featured increased ICP, epidural pressure was measured in 

control animals versus raised ICP animals. ICP was significantly higher in raised ICP 

animals compared to controls (median (range) raised ICP =16mmHg (9) n = 6, 

controls = 6mmHg (2) n = 8, P<0.001, Figure 26C). There was no association 

between the ventricle:brain ratio and ICP in either control or raised ICP animals.  
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4.3.4 Cortical responses to stimulation were altered in raised ICP 

Cortical excitability is altered in migraine. Measuring evoked CSD responses in 

animals exposed to raised ICP can indicate alterations in neuronal function and 

excitability. In control animals, cortical stimulation induced a rapid decline in the DC 

signal which was coupled with an increase in CBF characteristic of CSD (% CBF 

change mean (SD) = 217.65% (37.70), n = 8, Figure 27A and F). Repolarisation of 

the signal was coupled with CBF and DC signals which returned quickly to baseline 

(repolarisation duration median (range) = 86.96s (140.05), n = 9, Figure 27A and D). 

During the 1-hour recording, controls exhibited mean (SD) 12 (3) CBF peaks which 

were coupled to depolarisation events.   

Cortical responses to stimulation were drastically altered in animals with raised ICP 

(Figure 27B). Depolarisation duration was significantly increased (median (range) 

raised ICP = 108.81s (222.12) n = 11, controls = 37.54s (108.38) n = 9, P = 0.038, 

Figure 27C). Repolarisation duration was markedly increased in raised ICP animals, 

(median (range) raised ICP = 1824.26s (3499.54) n = 12, control = 86.96s (140.05) n 

= 9, p <0.0001, Figure 27D). There was also a significantly lower change in CBF 

during depolarisation (mean (SD) raised ICP = 85.55% (30.84) n = 9, control = 

217.64% (37.70) n = 8, P<0.0001, Figure 27F) During the 1-hour recording, raised 

ICP exhibited a lower number of CBF peaks compared to normal ICP (mean (SD) 

raised ICP = 5 (2) n = 8, controls = 12 (3) n = 8, p=0.005, Figure 27G). Cortical 

responses in animals with raised ICP were markedly altered, exhibiting a delayed 

hyperpolarization following initial depolarisation and  a loss of neurovascular 

coupling. 
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Figure 27. Direct cortical responses were altered in raised ICP animals 

compared to controls.  

CSD responses in control A - and raised ICP animals. B - Arrows indicate addition of 

5μL KCl.  C – Depolarisation duration was higher in raised ICP animals. D – 

Repolarisation duration increased in raised ICP. E – Depolarisation latency was 

similar between controls and raised ICP. F - % change in CBF was lower in raised 

ICP. G – Number of CBF peaks was lower in raised ICP animals. AU; arbitrary units, 

CBF; cortical blood flow, DC; direct current, ICP; intracranial pressure, KCl; 

potassium chloride, s; seconds. Data in bar charts presented as mean ± SEM, box 

and whisker represent median ± range. Significance determined by unpaired t test or 

Mann Whitney U test   * P<0.05, ** P<0.01, **** P<0.0001. 

 

4.3.5 Raised ICP animals exhibited altered periorbital and hind paw 

mechanical thresholds 

Testing mechanical thresholds in hind paw and periorbital regions elucidates to 

changes in extracephalic and cephalic cutaneous sensitivity. Control and raised ICP 

animals exhibit similar baseline mechanical thresholds (mean (SD) hind paw; control 

= 6.51g (1.44) n = 10, raised ICP = 5.78g (1.66) n = 12 P = 0.289, periorbital control 

= 5.71g (2.81) n = 10, raised ICP = 6.13g (2.07) n = 12, P = 0.687). Hind paw 

thresholds did not differ in controls between baseline and day 7 assessments 

(baseline = 6.51g (1.44), day 7 = 5.16g (1.40), n = 10 P = 0.106, Figure 28A). In 

animals with raised ICP however, mechanical thresholds were significantly reduced 

at day 7 (baseline = 5.78g (1.66), day 7 = 3.34g (2.22), n = 12 p <0.001, Figure 28A).  

Periorbital thresholds also did not differ in controls between baseline and day 7 

assessments (baseline = 5.71g (2.81), day 7 = 6.43g (1.88), n = 10, Figure 28B). 

Periorbital thresholds were reduced at day 7 compared in raised ICP animals 

(baseline = 6.13g (2.07), day 7 = 2.35g (1.91), n = 12 p <0.001, Figure 28B). These 
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studies demonstrate that animals exhibit changes in cephalic and extracephalic 

sensitivity following 7 days exposure to raised ICP.  

 

 

Figure 28. Raised ICP led to reduced hind paw and periorbital mechanical 

thresholds.  

A – Hind paw and B – periorbital mechanical thresholds at baseline (dark blue) and 

day 7 (light blue) in controls and raised ICP. g; grams, ICP; intracranial pressure. 

Data presented as mean ± SEM. Significance determined by paired t test * = P<0.05. 

 

4.3.6 CGRP expression in raised ICP  

CGRP was quantified in trigeminal ganglion to determine if there were altered levels 

of CGRP signalling in nociceptive structures. However, there were no significant 

differences in between controls and raised ICP (median (range) controls = 

0.003pg/ml (0.002) n = 8, raised ICP = 0.003 pg/ml (0.002) n = 10, Figure 29A). 
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Figure 29. CGRP and metabolic profile of animals with normal and raised ICP.  

A –CGRP protein in the trigeminal ganglion of control and raised ICP animals. 

Quantification of metabolites; B – ADP, C – ATP, D – NAD, E – NADP in normal 

versus raised ICP animals. ADP; adenosine diphosphate, ATP; adenosine 

triphosphate, CGRP; calcitonin gene-related peptide, ICP; intracranial pressure, 

NAD; nicotinamide adenine dinucleotide, NADP; nicotinamide adenine dinucleotide 

phosphate. Data in bar charts presented as mean ± SEM, box and whisker represent 

median ± range. Significance determined by unpaired t test or Mann Whitney U test   

* P<0.05. 

 

4.3.7 Metabolic changes following raised ICP 

Metabolic perturbations have been reported in IIH; therefore, metabolites were 

measured in brain tissue from control animals (n = 8) compared to raised ICP (n = 
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10). Metabolites which demonstrated either a significant or trend towards change 

include ADP, which exhibited a trend towards decrease in raised ICP animals 

(median (range) raised ICP = 0.004 mM/mg (0.013), controls = 0.008mM/mg (0.017), 

P = 0.083, Figure 29B). ATP also demonstrated a trend towards decrease in raised 

ICP (median (range) controls = 0.021 (0.024), raised ICP = 0.018 (0.021), P = 0.173, 

Figure 29C). NAD was significantly lower in animals with raised ICP (mean (SD) 

raised ICP = 0.004 (0.002), controls = 0.007 (0.002), P = 0.033, Figure 29D). NADP 

however was significantly increased in animals with raised ICP (mean (SD) raised 

ICP = 0.010 (0.006), controls = 0.003 (0.003) P = 0.012, Figure 29E). 

Table 8. Metabolite measurements in control and raised ICP animals.  

ADP; adenosine diphosphate, ATP; adenosine triphosphate, ICP; intracranial 

pressure, NAD; nicotinamide adenine dinucleotide, NADP; nicotinamide adenine 

dinucleotide phosphate. * denotes non-parametric data which is displayed as median 

(range). Significance determined by unpaired t test or Mann Whitney U test. 

Metabolite Concentration mM/mg p  

Controls Raised ICP 

ADP * 0.008 (0.017) 0.004 (0.013) 0.083 

Acetate 0.037 (0.014) 0.029 (0.013) 0.204 

ATP * 0.021 (0.024) 0.018 (0.021) 0.173 

Creatine 0.101 (0.036) 0.083 (0.037) 0.309 

Fumarate 0.002 (0.001) 0.002 (0.001) 0.653 

Glutamate 0.138 (0.018) 0.131 (0.015) 0.421 

Lactate 1.448 (0.486) 1.334 (0.676) 0.694 

NAD 0.007 (0.002) 0.004 (0.002) 0.033 

NADP 0.003 (0.003) 0.010 (0.006) 0.012 

Phosphocreatine 0.935 (0.284) 0.737 (0.344) 0.210 
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Pyruvate 0.160 (0.049) 0.132 (0.060) 0.305 

 

4.4 Discussion 

The mechanisms contributing to headache in raised ICP have previously remained 

elusive. This work optimised and validated an animal model of raised ICP, in addition 

to demonstrating that raised ICP features altered pain behaviour (mechanical 

thresholds), disrupted cortical responses to evoked CSD and neurovascular 

uncoupling. Despite the risk factor of weight gain in IIH, this does not apply to all 

raised ICP disorders, highlighting the need for a model of moderately elevated ICP 

which minimises secondary factors.  

 

4.4.1 Optimizing a model of hydrocephalus 

The characterization of headache mechanisms in a model of raised ICP has not 

previously been accomplished. This chapter aimed to induce obstructive 

hydrocephalus in adult rats by injecting kaolin into the cisterna magna, with the goal 

of creating a model that accurately simulates raised ICP. 

Previous research of modelling raised ICP to investigate the characteristics of IIH has 

utilized kaolin volumes ranging from 80 to 90μL.199 306 Although the use of 80μL of 

kaolin in pilot experiments led to ventricle dilation, this volume also resulted in 

significant adverse effects, including substantial weight loss and severe symptoms 

such as ataxia and inability to groom. This not only renders the model unsustainable 

but also fails to accurately represent the physiology of moderate increases in ICP 

seen in IIH.57  



 147 

Similarly, injecting 70μL of kaolin produced similar adverse effects, making this 

volume unsuitable for these purposes. It is worth noting that previous studies have 

not extensively discussed the effects of injecting larger volumes (80μL to 90μL) of 

kaolin on mortality or adverse outcomes.199 306 Moreover, the measurements in these 

earlier studies were only conducted for up to 7 days, suggesting that animals injected 

with larger kaolin volumes may not be viable for experiments extending beyond this 

timeframe. 

Injection of kaolin into the cisterna magna is a commonly employed method in young 

animals (3 weeks old) for the purpose of modelling hydrocephalus.203 205 307 308 

Reported mortality rates in these models are relatively low, ranging from 5% to 

12.5%, and hydrocephalic animals have been successfully maintained for up to 4 

weeks following injection.203 205 307 308 In contrast, when working with adult animals, 

prior studies have employed 30-50μL of kaolin to induce hydrocephalus.309-312 

Ventricle enlargement becomes apparent at 2 weeks post-injection with 30μL of 

kaolin,309 312 and between 2-7 days for animals injected with 50μL.310 311 To create a 

model that exhibited ventricle dilation after 7 days with low mortality in adult animals 

40μL volume was trailed.  

While the injection of 40μL of kaolin minimized the severity of weight loss in animals, 

it's important to note that all kaolin-injected animals experienced weight reduction 

and a delay in regaining weight. This outcome aligns with other kaolin studies, which 

have consistently shown a failure to gain weight compared to control groups.313 

Animals injected with 40μL of kaolin exhibited significant ventricle dilation compared 

to saline controls. Additionally, there were no discernible differences in the ventricle-

to-brain ratio between the 40μL group and those injected with larger volumes. 

Consequently, it was determined that 40μL effectively restricted CSF flow without 
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causing severe weight loss or moderate ataxia and was equally effective at inducing 

hydrocephalus in this model. 306 

 

4.4.2 ICP was raised in the model of hydrocephalus 

40μL of kaolin also resulted in a significant increase in ICP after 7 days and aligns 

with ICP elevations observed in patients with IIH.57 This is in agreement with other 

studies of kaolin models of hydrocephalus that also record increased ICP after 5-7 

days.199 208 209 Control saline-injected animals exhibited ICP values ranging from 3.12 

to 6.96 mmHg, which aligns with previously reported epidural ICP measurements in 

adult rats.314 315 

Previous studies utilizing 90μL of kaolin reported a significant increase in ICP just 1 

day after injection, which then normalized by the 7th day.306 It was hypothesized that 

this reduction in ICP at 1 week might be attributed to an adaptive response to 

ventricle dilation, potentially involving changes in aquaporin-4 distribution.306 It is 

plausible in the model used in this thesis; a lower volume of kaolin facilitated a more 

gradual increase in ICP thereby preventing an adaptative response and resulting in 

sustained elevated ICP after 1-week. In support of this, studies of mice injected with 

10μL of kaolin showed a gradual increase in ICP over 5 days,209 and other small 

animal models using smaller volumes (30μL) have also demonstrated ICP increases 

after 7 days.208 Although daily ICP monitoring were not feasible in this study, 

analysing pressure changes by using implanted ICP monitors would allow insights 

into the development and adaptation of pressure in this model.  
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In conclusion, the injection of 40μL of kaolin into the cisterna magna led to the 

development of hydrocephalus, as confirmed by ventricle dilation and elevated ICP 

observed 7 days after injection. 

 

4.4.3 Raised intracranial pressure altered CSD responses 

Evoked CSD responses in raised ICP animals show significant alterations, including 

neurovascular uncoupling and a failure of neuronal hyperpolarization following 

depolarization. It was originally hypothesised that elevated ICP may increase tissue 

susceptibility to hyperexcitability and therefore incidence of CSD events. In TBI rat 

models employing fluid percussion injury, raised ICP was found to be associated with 

an increase in CSD cycles.316 This effect was sustained for up to 4.5 hours following 

injury, which may elucidate to the acute effects of ICP on cortical function. The 

drastically prolonged depolarised period demonstrated in this study may be the result 

of more chronic exposure to raised ICP, since responses were measured following 7 

days of exposure. Future investigation of the acute effects of raised ICP on CSD 

responses may indicate a threshold of ICP which leads to altered responses. 

Migraine aura is not a prominent characteristic of raised ICP headaches or IIH.192 

This observation might elucidate the lack of a higher occurrence of CSD events in 

animals with increased ICP.  

Our data implies that in raised ICP, cortical tissue is unable to hyperpolarise following 

stimulation, which may indicate that raised ICP alters the ability to restore ionic 

gradients. The metabolic profile of IIH patients features altered lactate:pyruvate 

ratios,167 characteristic of mitochondrial dysfunction and pathological mitochondria 

have been identified in astrocytes and neurons of IIH patients.317 Inability to support 
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the highly energetically demanding ionic homeostasis following stimulation may 

explain the significant delay in hyperpolarisation exhibited in this study. In support of 

this, alterations in NAD+ and NADH metabolites in animals with raised ICP were 

identified, further supporting mitochondrial and energetic failure as a contributing 

factor to altered cortical responses. Previous characterisation of kaolin models have 

demonstrated restricted CSF flow into the cranial subarachnoid space,209 and 

reduced lymphatic clearance,310 which has also been demonstrated in IIH patients.318 

Prevention of waste clearance could additionally contribute towards the inability of 

cortical tissue to recover from depolarisation events.  

In animals with elevated ICP, CBF responses to CSD were altered, showing an 

atypical lack of increase in blood flow.319 This suggests neurovascular uncoupling, 

potentially indicating a hypoxic response in cortical tissue due to heightened 

energetic demands. Under normal, healthy conditions, cerebral autoregulation 

mechanisms work to maintain sufficient CBF. While studies specifically exploring 

cerebral perfusion in IIH are limited, research involving ICP manipulation has shown 

a decrease in CBF at higher pressure levels.320 Furthermore, animal models of TBI 

have revealed a negative correlation between ICP and CBF, 316 321 implying a 

possible connection between ICP and neurovascular responses. At elevated ICP and 

cerebral perfusion pressure, blood vessels may become fully constricted or dilated, 

impairing local vascular responses to neural activity.322  

In animals with raised ICP, there might be a loss of CBF autoregulation due to 

mechanical compression of vasculature, resulting in an inability to support 

cerebrovascular responses to cortical stimulation.323 This combination of energetic 

insufficiency and neurovascular uncoupling in the context of elevated ICP may hinder 

the ability of cortical tissue to recover adequately from stimulation. 



 151 

 

4.4.4 Raised ICP led to changes in pain behaviour  

Animals with raised ICP exhibit increased trigeminal sensitivity as demonstrated by 

reductions in mechanical pain thresholds in both cephalic and extra-cephalic regions. 

Cutaneous allodynia is present in over 50% of the migraine population and is 

associated with migraine symptoms.324 Allodynia has also been reported in IIH 

patients and reduction in ICP after 12 months was found to be associated with 

improved markers of allodynia.57  

The direct effects of ICP on trigeminal afferents have not been extensively explored, 

however raised ICP has been recorded in 47.4% of patients with trigeminal 

neuralgia,325 and several case reports have diagnosed IIH in patients with trigeminal 

neuralgia,326 327 suggesting a causative role of ICP in trigeminal-mediated pain. TBI 

animal models also exhibit both reduced periorbital and hind paw mechanical 

thresholds, however ICP was not measured in these studies.328 329 The extent of ICP 

elevations in this chapter could potentially affect trigeminal pathways within the 

trigeminocervical complex, leading to sensitization of both ascending and descending 

pain pathways. Elevated ICP and ventricular dilation might also activate trigeminal 

afferents innervating the cranial meninges through vascular stretching.  

 

4.4.5 Limitations and future directions 

The current data has certain limitations. Androgens and gender have a major role in 

the pathophysiology of IIH,166 and migraine.330 In relation to these methods in 

particular, recent studies have highlighted differences in CSD responses between 
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male and female rats.298 To minimize the impact of female gender on investigations 

and better understand the direct relationship between ICP and headache 

mechanisms, a male rat model was used. While this choice may limit the translational 

applicability of the findings to IIH, it makes these results more broadly relevant to 

secondary headache disorders characterized by raised ICP, which may not be 

influenced by gender. Future research examining the influence of gender and 

androgens in this raised ICP model could provide insights into how these risk factors 

exacerbate headaches. Hormonal fluctuations also occur in female rats, following a 

four-phase oestrus cycle. Conducting experiments in each of these phases would 

explore the effects of hormones and gender on headache pathways in the context of 

raised ICP. 

It is important to note that an obstructive hydrocephalus model was employed, which 

is not exclusively representative of IIH. This is a significant consideration since the 

cause of raised ICP in IIH is idiopathic. Nonetheless, a dedicated model for IIH does 

not currently exist. IIH is characterized by disturbed metabolism, androgen excess, 

and female gender as prominent features. Future investigations into the impact of 

these factors on the raised ICP model could provide a more comprehensive 

understanding of the pathogenic mechanisms of headache in IIH. Additionally, 

exposing this raised ICP model to androgen excess via slow-release implanted 

pellets or a high-fat diet may reveal the effects of these risk factors on headache 

mechanisms, particularly within the context of IIH. 

In conclusion, the findings from this chapter shed light on the previously unknown 

mechanisms underlying headaches raised ICP. An animal model unveiled 

heightened trigeminovascular sensitivity, disrupted cortical responses to stimulation, 

and impaired neurovascular coupling as key features of raised ICP. 
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CHAPTER 5 EXAMINING THE 

EFFECTS OF PHARMALOGICAL 

INTERVENTIONS IN AN IN VIVO 

MODEL OF RAISED 

INTRACRANIAL PRESSURE 
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5.1 Introduction 

Currently, there are no targeted therapies for headaches related to elevated ICP.  A 

2015 Cochrane review concluded that there is insufficient evidence to support the 

recommendation of current drugs for IIH.331 Amiloride, furosemide, spironolactone, 

and topiramate are frequently used off-label for ICP reduction. Nonetheless, prior 

trials have indicated that these medications had only a minimal impact on ICP, with 

no noticeable distinctions among them.332 Moreover, these agents are often 

associated with adverse side effects, such as worsening cognition impairment,333 334 

anorexia, and fatigue, leading to low tolerability.335 Consequently, there is an unmet 

need for therapeutics that can result in a clinically meaningful reduction in ICP 

without causing side effects. 

Although some IIH studies have presented an relationship between ICP and 

headache morbidity,57 this association is not consistent across all studies, as some 

have shown no improvement in headache symptoms when reducing ICP.190 The 

relationship between pressure and headache is therefore complex and it remains 

unclear whether reducing ICP would be therapeutic for headaches.   

New clinical studies have revealed that the GLP-1-RA exenatide was able to lower 

ICP in IIH patients.246 GLP-1-RA administration has also demonstrated the ability to 

reduce the number of monthly headache days in IIH patients,192 246 suggesting its 

potential as a therapeutic for headaches associated with elevated pressure. Open-

label studies have highlighted the efficacy of CGRP antibodies in treating headache 

in IIH patients.58 60 Erenumab reduced the frequency headache in patients with 

recurrent papilledema, a marker of raised ICP, indicating that attenuating CGRP 
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signalling was effective in the presence of elevated ICP.61 The role of CGRP 

signalling in raised ICP however, has not previously been explored. Investigating the 

effects of lowering ICP or attenuating CGRP pathways specifically on headache 

mechanisms may provide a basis for their use as therapeutics for raised ICP 

headache. 

 

5.1.1 Aims 

In the previous chapter, raised ICP resulted in altered mechanical pain thresholds, 

disrupted cortical activity and loss of CBF coupling in response to evoked CSD. 

Therefore, this chapter progressed to explore therapeutic manipulation of this 

relationship and aimed to: 

1. Investigate the effects of reducing ICP with GLP-1RA exenatide on mechanical 

pain thresholds, cortical and neurovascular responses to evoked CSD. 

2. Examine the consequences of blocking CGRP with CGRP-receptor antagonist 

(CGRP receptor antagonist) olcegepant on mechanical pain thresholds, 

cortical and neurovascular responses to stimulation in the setting of raised 

ICP. 

 

5.2 Methods 

5.2.1 Animals used for drug experiments 

Male Sprague Dawley rats (Enivgo) (n=76) aged 10-17 weeks weighing 226g-404g 

were used. Rats were housed in sex and litter matched groups in a climate-controlled 

room and kept on a 12:12 light/dark cycle with free access to food and water. All 
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animal handling and procedures were performed according to the guidelines 

described in 2.1.2. 

 

5.2.2 Cisterna Magna Injection 

All animals used in this chapter had intracisternal injection of kaolin to model raised 

ICP. Animals were anesthetized with isoflurane gas in an induction chamber and 

injected in the cisterna magna with kaolin as described in 2.3.1.  

 

5.2.3 Pharmacological agents 

GLP-1RA exenatide (Byetta, AstraZeneca UK Limited) was used to investigate the 

impact of lowering ICP in animals. 1 day after cisterna magna injection, all animals 

were given analgesia (5mg/kg carprofen). On days 2-6 animals were injected daily 

with 20ug/kg GLP-1RA or equal volume saline subcutaneously (Figure 30, Table 9). 

On day 7 animals were injected with the final dose of exenatide or vehicle 1 hour 

prior to CSD or mechanical threshold assessment.  

CGRP receptor antagonist olcegepant (BIBN4096BS, Sigma) was used to explore 

the impact of blocking CGRP in animals with raised ICP. 1 day after cisterna magna 

injection, all animals were given analgesia (5mg/kg carprofen). On days 2-6 animals 

were injected daily with 1mg/kg olcegepant (0.02% DMSO) or equal volume 0.02% 

DMSO intraperitoneally (Figure 30, Table 9). On day 7 animals were injected with the 

final dose of olcegepant or vehicle 1 hour prior to CSD or mechanical threshold 

assessment.  
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In both exenatide and olcegepant trials, animals used for behavioural studies were 

given analgesia (5mg/kg carprofen) on day 1 and day 4 following injection to reduce 

the impact of analgesia on assessments. 

 

Table 9. Purpose, concentration, and dosage of drugs. 

CGRP-R; calcitonin gene related peptide receptor, CSF; cerebrospinal fluid, GLP-

1RA; glucagon like peptide-1 receptor. 

Drug Purpose Conc Dosage Delivery Ref 

GLP-1RA: 

Exenatide 

Reduce CSF 

secretion 

20ug/kg Daily Subcutaneous 199 

CGRP receptor 

antagonist: 

olcegepant 

Block CGRP 

signalling 

1mg/kg Daily Intraperitoneal 151 

258 

 

 

Figure 30. Timeline of behavioural mechanical threshold testing in animals 

injected with drug or vehicle.  

Following habituation and baseline testing all animals were injected intracisternally 

with kaolin, animals were administered daily with vehicle or drug and the day 7 

measurement was conducted 1 hour after the final administration. 
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5.2.4 Measuring ICP following drug treatment  

ICP was measured in the epidural space of the skull in all animals following vehicle 

or drug administration. On day 7 animals were anesthetized with isoflurane gas in an 

induction chamber and epidural ICP was measured as detailed in 2.3.1.2.  

In CSD cohorts, ICP was measured 1 hour following drug or vehicle administration 

and prior to initiating CSD induction. Following ICP measurements, a cortical window 

was drilled in the parietal bone of the opposite hemisphere to avoid any effects of the 

ICP catheter placement on CSD responses. 

 

5.2.5 Measuring CSD responses after pharmacological intervention 

To investigate the effects of reducing ICP and blocking CGRP on cortical activity, 

CSD responses were recorded in raised ICP animals of GLP-1RA or olcegepant 

treated animals versus vehicle.  

Animals were anesthetized with isoflurane gas and the femoral vein was cannulated 

to allow intravenous administration of anaesthesia described in 2.3.1.1. Animals were 

also tracheostomized and mechanically ventilated as described in 2.3.1.1. 

Animals were secured in a stereotaxic frame and 2 cortical windows were created in 

the parietal bone of the skull as detailed in 2.3.2.3. CSD was induced using 1M KCl 

and the resulting steady state potential (DC) and cBF changes were measured as 

per  2.3.2.3. A cotton pellet soaked in KCl was placed on the cortical surface of the 

brain and 5μL of KCl was added to the pellet every 15 minutes over 1 hour. DC and 

cBF responses to KCl stimulation were recorded using Spike2 software and analysed 

as described in 2.3.2.4. 
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5.2.6 Assessing the impact of pharmacological agents on 

mechanical thresholds 

Mechanical thresholds were assessed at baseline (pre-kaolin injection) and after 

kaolin injection and 6 days of injection of drug or vehicle (Figure 30). All animals were 

habituated to the testing room and conditions on two occasions prior to baseline 

testing as described in 2.3.3.1. von Frey filaments were applied to the periorbital and 

hind paw regions (Figure 13B) to measure mechanical thresholds as detailed in 

2.3.3.2. Two baseline measurements were conducted with a minimum of 3 days 

between measurements. Mechanical thresholds were repeated on day 7 1 hour after 

final administration of drug or vehicle (Figure 30).  

 

5.2.7 CGRP quantification in trigeminal ganglion 

Following mechanical threshold testing, the trigeminal ganglion was collected from 

animals and snap frozen in liquid nitrogen. Protein was extracted and quantified from 

ganglion as described in 2.4.1.1. CGRP was quantified in trigeminal ganglion using 

an ELISA as described in 2.4.1.2. and expressed as normalized protein content using 

the quantity of total protein within each sample.  

 

5.2.8 Statistical analysis  

The normality of data was assessed using the Shapiro-Wilk test. Data which were 

normally distributed were analysed using parametric tests (t tests, Pearson’s 

correlation coefficient) and reported as mean and standard deviation (SD). Non-
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normally distributed data were analysed using non-parametric tests (Mann-Whitney 

test, Spearman rank correlation test) and reported as median and range. Results 

were considered statistically significant when p values were * P<0.05, ** P<0.01, *** 

P<0.001, and **** P<0.0001.  

 

5.3 Results 

5.3.1 The effects of reducing ICP with GLP-1 receptor agonist 

5.3.1.1  GLP-1R agonism reduced ICP  

Using a model of a raised ICP the impact of GLP-1RA exenatide on ICP and 

headache was investigated. Daily GLP-1RA administration resulted in a significantly 

lower ICP compared to those with vehicle (mean (SD) GLP-1RA = 9.74mmHg (6.09) 

n = 19, vehicle = 18.27mmHg (6.67) n = 16, P = 0.004, Figure 31A). GLP-1RA 

lowered ICP within a range of normal ICP values, as measurements was not 

significantly different between raised ICP animals treated with GLP-1RA and controls 

(Figure 31B). Vehicle ICP were not significantly different to raised ICP model animals 

not injected with vehicle (Figure 31B). GLP-1RA treatment did not reduce 

ventricle:brain ratio, as there was no difference to vehicle injected animals (mean 

(SD) vehicle = 0.13 (0.05) n = 11, GLP-1RA = 0.14 (0.05), n = 13). There were no 

differences between percentage weight change in animals treated with GLP-1RA 

versus vehicle (Figure 31C). 
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Figure 31. GLP-1RA exenatide reduced ICP in the raised ICP model.  

A – ICP was lower in animals injected daily with GLP-1RA compared to vehicle. B – 

ICP in animals injected with GLP-1RA was not significantly different to controls. C – 

Mean percentage weight change different between animals injected with vehicle or 

GLP-1RA. GLP-1RA; glucagon like peptide-1 receptor agonist, ICP; intracranial 

pressure. Data in presented as mean ± SEM. Significance determined by unpaired t 

test  * P<0.05, ** P<0.01, **** P<0.0001. 
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5.3.1.2  GLP-1R agonism prevented reductions in mechanical 

thresholds 

We investigated the impact of reducing ICP on mechanical pain thresholds. Hind paw 

thresholds were significantly reduced at day 7 in vehicle treated animals (mean (SD) 
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baseline = 7.15g (0.95), day 7 = 2.99g (1.97), n = 12, P<0.0001, 

 

Figure 32A). However, there were no differences in hind paw thresholds in animals 

treated with GLP-1RA between baseline and day 7 (baseline = 6.36g (1.92), day 7 = 
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6.86g (1.22), n = 11, 
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Figure 32A). There was also a significant negative correlation in GLP-1RA animals 

between ICP and hind paw thresholds (r = -0.795, p=0.004, 

 

Figure 32C).  No associations were found between vehicle treated ICP and 

mechanical thresholds 
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(

 

Figure 32D). 
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Periorbital thresholds were reduced at day 7 in animals treated with vehicle 

(baseline= 7.02g (1.78), day 7 = 4.95g (2.84), n = 12 P<0.01, 

 

Figure 32B). GLP-1RA treated animals, however, did not exhibit changes in 

periorbital thresholds between baseline and day 7 (baseline = 6.98g (1.11), day 7 = 
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5.69g (2.17), n = 11, 

 

Figure 32B).  Both animals treated with vehicle and GLP-1RA demonstrate a 

negative association between ICP and periorbital mechanical thresholds at day 7 
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(GLP-1RA r = -0.722 P = 0.018 
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Figure 32E, vehicle r = -0.602 P = 0.050 

 

Figure 32F).  
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Figure 32. GLP-1RA rescued changes in hind paw and periorbital mechanical 

thresholds and were associated with ICP.  

A- Hind paw and B – Periorbital mechanical thresholds were reduced at day 7 in 

vehicle but not GLP-1RA. C - Association between hind paw thresholds and ICP in 

vehicle D – and GLP-1RA animals. E – Periorbital thresholds were associated with 
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ICP in both animals with vehicle and F - GLP-1RA. GLP-1RA; glucagon-like peptide 

1 receptor agonist ICP; intracranial pressure, mmHg; millimetres of mercury. Data in 

bar charts presented as mean ± SEM, box and whisker represent median ± range. 

Significance determined by unpaired t test or Mann Whitney U test * P<0.05 ** 

P<0.01. 

 

5.3.1.3  GLP-1R agonism improved evoked CSD cortical and 

neurovascular responses 

Evoked CSD responses were measured in raised ICP animals treated with vehicle or 

GLP-1RA to explore the impact of reducing ICP. In raised ICP animals treated with 

vehicle, cortical responses were similar to those demonstrated by raised ICP (Figure 

33A). Repolarisation duration was significantly delayed (median (range) = 800.85s 

(1988.67) n = 6, Figure 33D) and CBF change was low (mean (SD) = 70.62% (47.75) 

n = 6 Figure 33F).  

GLP-1RA treatment improved cortical function and neurovascular coupling following 

stimulation (Figure 33B). Depolarisation duration was significantly reduced (mean 

(SD) GLP-1RA = 56.57s (25.10) n = 7, vehicle = 115.98s (58.80) n = 6, P = 0.033 

Figure 33C). Repolarisation duration was also markedly decreased (median (range) 

GLP-1RA = 177.55s (562.88) n = 7, vehicle = 800.85s (1988.67) n = 6, P = 0.002, 

Figure 33D). Percentage change in CBF responses were improved with GLP-1RA 

treatment although did not reach significance (mean (SD) GLP-1RA = 138.50% 

(116.80), n = 7, vehicle = 70.62% (47.75), n = 6, P = 0.212, Figure 33F). The number 

of CBF peaks was significantly higher in animals treated with GLP-1RA versus 

vehicle (mean (SD) GLP-1RA = 11 (4), vehicle = 3 (2) n = 5, n = 6, P = 0.0021, 

Figure 33G). 
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Figure 33. GLP-1RA restored cortical responses to stimulation.  

Representative steady state potential (DC) and CBF response to KCl stimulation in 

raised ICP animals with A - vehicle and B - GLP-1RA. Arrows indicate addition of 

5μL KCl to the cotton pellet every 15 minutes. C – Depolarisation duration was 

reduced in GLP-1RA animals. D – Repolarisation duration showed a trend towards 

reduction in GLP-1RA animals. E – Depolarisation latency was similar between 

animals injected with vehicle and GLP-1RA. F - % change in CBF, G – Number of 

CBF peaks in the hour recording is higher in GLP-1RA animals. AU; arbitrary units, 

CBF; cortical blood flow, KCl; potassium chloride, ICP; intracranial pressure, GLP-

1RA; glucagon like peptide-1 receptor agonist. Data in bar charts presented as mean 

± SEM, box and whisker represent median ± range. Significance determined by 

unpaired t test or Mann Whitney U test   * P<0.05, ** P<0.01. 

 

5.3.2 The effects of attenuating CGRP in raised ICP 

5.3.2.1  CGRP receptor antagonism did not reduce ICP  

Daily administration of CGRP receptor antagonist olcegepant allowed the 

investigation of the impact of blocking CGRP in the setting of raised ICP. ICP was 

similar between vehicle and olcegepant treated animals (mean (SD) olcegepant = 

20.84mmHg (7.35) n = 18, vehicle = 20.47mmHg (6.37) n = 15,  Figure 34A). Change 

in weight over 7 days was not significantly different between vehicle or olcegepant 

animals (Figure 34B).  
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Figure 34. Olcegepant did not influence ICP in raised ICP animals.  

A – ICP is similar between animals treated with vehicle and olcegepant. B - 

Percentage weight change over 7 days is similar between vehicle and olcegepant. 

ICP; intracranial pressure. Data in presented as mean ± SEM.  

 

5.3.2.2  CGRP receptor antagonism rescued periorbital sensitivity in 

raised ICP 

Mechanical pain thresholds were measured at baseline and 7 days following vehicle 

or olcegepant administration in raised ICP animals. Vehicle injected animals 

exhibited a significant decrease in hind paw thresholds at day 7 compared to 

baseline (baseline mean (SD) = 5.31g (1.68), day 7 = 2.83g (1.23), n = 10 P<0.01, 

Figure 35A). Hind paw thresholds were also reduced in animals treated with 

olcegepant at day 7 (baseline = 5.96g (1.12), day 7 = 2.49g (1.30), n =10 P<0.0001, 

Figure 35A).  

Periorbital thresholds were decreased in vehicle treated animals at day 7 versus 

baseline (baseline = 6.83g (1.00), day 7 = 3.29g (2.39), n = 9 P = 0.003, Figure 35B). 

However, in animals treated with olcegepant, there were no significant differences 
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between mechanical thresholds at baseline and day 7 (baseline = 7.69g (0.71), day 7 

= 6.35g (2.32), n = 10, Figure 35B).  

 

 

Figure 35. Olcegepant rescued changes in periorbital mechanical thresholds.  

A – Hind paw and B – Periorbital mechanical thresholds at day 7 compared to 

baseline in animals treated with vehicle and olcegepant. g; grams, ICP; intracranial 

pressure. Data in presented as mean ± SEM. Significance determined by paired t test 

** P<0.01, *** P<0.001. 

 

5.3.2.3  CGRP receptor antagonism did not influence evoked CSD 

responses cortical responses to stimulation 

Evoked CSD responses were measured in animals with raised ICP following 

olcegepant treatment to determine the effects on cortical excitability in the setting of 

raised ICP. Cortical responses were similar between animals treated with vehicle or 

olcegepant (Figure 36A, B). Depolarisation duration and latency were also not 

significantly different between groups (Figure 36C, E). Both exhibited a lag in 
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hyperpolarisation (vehicle mean (SD) = 1503.19s (1132.18) n = 5, olcegepant = 

1561.23s (1206.01) n = 9, Figure 36D) olcegepant did not impact CBF (vehicle mean 

(SD) = 69.02% (72.68) n = 5, olcegepant = 73.06% (42.66) n = 9, Figure 36F). The 

number of CBF peaks were also not different between vehicle and olcegepant 

animals (vehicle mean (SD) = 3 (2) n = 5, olcegepant = 4 (2), n = 10, Figure 36G).  

 



 179 

 



 180 

Figure 36. Cortical responses were not altered by olcegepant.  

Representative steady state potential (DC) and CBF response to KCl stimulation in A 

- vehicle and B – olcegepant treated animals. Arrows indicate addition of 5μL KCl.  C 

– Depolarisation duration D – Repolarisation duration E – Depolarisation latency F - 

% change in CBF and G – number of CBF peaks within the hour recording was 

similar between raised ICP animals exposed to vehicle or olcegepant. AU; arbitrary 

units, CBF; cortical blood flow, KCl; potassium chloride, ICP; intracranial pressure. 

Data in presented as mean ± SEM.  

 

5.3.2.4  CGRP in the trigeminal ganglion was not altered by 

pharmacological treatment  

CGRP protein was measured in the trigeminal ganglion of animals with raised ICP 

treated with GLP-1RA, olcegepant or vehicle to investigate if CGRP is more 

abundant in nociceptive structures. There were no significant differences in animals 

treated with vehicle or exenatide, or animals treated with vehicle or olcegepant 

(Table 10). 

Table 10. CGRP concentration in the trigeminal ganglion of controls and raised 

ICP treated with vehicle versus GLP-1RA and olcegepant.  

* denotes non-parametric data which are presented as median (range). Significance 

was determined by unpaired t test or Mann Whitney u test.  

ICP Drug Normalized trigeminal 

ganglion CGRP  

Mean (SD) pg/ml  

n P 

Normal *  0.0033 (0.0085) 12 0.0931 

 Raised * 0.0031 (0.0020) 10 

Raised Vehicle 0.0034 (0.0012) 12 0.3363 

Exenatide 0.00297 (0.0008) 12 

Vehicle 0.0052 (0.0023) 10  
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Olcegepant 

0.0053 (0.0019) 9 

0.946 

 

 

5.4 Discussion 

5.4.1 GLP-1 receptor agonism reduced ICP 

Targeted therapeutics for headache in IIH and other conditions of raised ICP are 

lacking. To determine the effects of reducing ICP on pain behaviour and CSD 

responses, animals were treated with GLP-1RA exenatide. GLP1-RA significantly 

reduced ICP in the raised pressure model, similarly to previous studies 

demonstrating its efficacy in both kaolin injected animals199 and IIH patients.246 ICP in 

GLP-1RA treated animals returned to levels similar to those of control animals, 

exhibiting the reversal of the effects of CSF blockage with kaolin. This emphasises 

the therapeutic potential of GLP-1RA for the use in patients with conditions of raised 

ICP and highlights that increases in ICP were reversible in this model. 

GLP-1R agonism in choroid plexus cells resulted in reduction of Na+/K+ specific 

ATPase activity, thereby reducing CSF secretion.199 Similar ventricle dilation was 

observed between raised ICP animals  treated with vehicle and GLP-1RA, indicating 

that drug treatment is not able to reverse this effect but may act on lowering ICP via 

CSF secretion. It is unlikely that GLP-1R agonism would have been able to eliminate 

blockage caused by kaolin at the injection site. Since GLP-1RA administration 

commenced one day after kaolin injection, the dilatory effects of hydrocephalus were 

likely to have occurred within this period prior to drug administration. Exenatide is a 

fast acting formulation of a GLP-1RA, with a half-life of 2.4 hours, which may have 

led to a rapid effect on raised ICP animals.336 Since animals used were adults, the 
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plasticity of neuronal tissue is reduced, thereby the reversibility of this dilation may be 

prevented. Measurement of CSF secretion using tracers in the CSF perfused and 

collected from the cisterna magna would be interesting to better understand the 

mechanistic role of GLP-1RA in this model.  

GLP-1RA has a role in appetite and satiety and has recently been licensed for the 

treatment of obesity due to their ability to reduce appetite and drive weight loss.337 338 

In IIH, weight loss was similar between placebo and GLP-1RA arms, indicating that 

the reduction in ICP was independent of changes in weight.246 This study also 

highlighted that weight change was similar between animals treated with vehicle and 

GLP-1RA suggesting changes in ICP were independent of changes in weight.  

 

5.4.2 Reducing ICP improved cortical function and cerebrovascular 

responses 

Reduction of ICP with GLP-1RA was accompanied by improved neuronal activity and 

cerebrovascular during evoked CSD. In addition to its effects on ICP, a large 

proportion of GLP-1R in the brain are found in cortical regions.339 Exendin-4 was also 

able to reduce cortical cell death, preserve dopaminergic neurons and improve 

functional behaviour in an animal model of Parkinson’s disease.340 GLP-1R agonism 

may potentially protect against cell death induced by pathological ICP, thereby 

improving the neural CSD responses as indicated in the current study. These results 

demonstrate the metabolic and neurovascular benefits of exenatide as a potential 

therapeutic for raised ICP headache.  

In ex vivo brain slice models, GLP-1R agonism with exendin-4 was able to exert a 

dilatory effect on cortical arterioles reversing constrictions induced by ischaemic 
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stroke.341 In vivo exendin-4 also improved brain tissue PO2 providing a protective 

effect against the hypoxic damage of ischaemia.341 This data in this chapter suggest 

that GLP-1RA exenatide may have a similar effect, reversing the neurovascular 

uncoupling induced by raised ICP. By reducing ICP to control values, it is possible 

that autoregulation can facilitate CBF increases to respond to neuronal activity 

following stimulation. However, ventricles remained dilated in animals treated with 

GLP-1RA suggesting there may remain compression between dural layers and the 

skull.  

The ability to increase CBF in response to stimulation may prevent hypoxia, thereby 

allowing the cortical tissue to respond adequately to increased energetic demand. 

Regulation of glial responses may also contribute towards recovered neurovascular 

function. In previous studies GLP-1RA liraglutide was able to inhibit microglial 

activation, prevent brain oedema and blood-brain-barrier breakdown and reduce 

brain injury in an animal model of subarachnoid haemorrhage.342 The prevention of 

inflammatory responses may aid in rescuing of neuronal function and 

cerebrovascular changes in response to evoked CSD as demonstrated in this thesis.  

 

5.4.3 Reducing ICP prevented pain behaviour associated with 

trigeminal sensitivity 

Reducing ICP with GLP-1RA prevented reductions in cephalic and extra-cephalic 

mechanical sensitivity. There was also an association between ICP and periorbital 

and hind paw thresholds in animals treated with exenatide. Alleviating ICP via weight 

loss or surgical shunt has beneficial effects on improving headache outcomes in 

IIH.191 212 343 An association between reduction in ICP and improvement in markers of 
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allodynia has also been identified in IIH patients,57 highlighting the translational 

relevance of these results. In IIH patients, GLP-1RA liraglutide reduced monthly 

headache days, however ICP was not measured and therefore it was not possible to 

attribute changes in ICP.344 GLP-1R have been identified at the trigeminal nucleus 

and therefore may directly play a role in nociception.345 346 Liraglutide has also 

exhibited the ability to attenuate trigeminal allodynia in a nitroglycerin-induced 

chronic migraine model.347 Upregulation of interleukin-10 in the TNC was able to 

supress central sensitization, indicating that GLP-1RA may potentially prevent 

trigeminal sensitization by also downregulating inflammation.346  

Evidence of GLP-1R expression adjacent to afferent renal nerve fibres 

immunoreactive to CGRP has suggested cross talk between these molecules.348 

Both GLP-1 and CGRP have roles in lipid metabolism,349 350 therefore suggesting a 

role of GLP-1 in CGRP mediated pathways. In addition to its role in lowering ICP, 

GLP-1 may act by modulating CGRP,351 thereby exerting antinociceptive effects. The 

direct effects of GLP-1R agonism on CGRP pathways have not been explored, 

however this poses a dual action of GLP-1RA on headache pathways and may 

contribute to the preventative effects on pain behaviour. 

 

5.4.4 Attenuating CGRP signalling did not influence CSD responses  

In this model of raised ICP, olcegepant did not influence ICP. This is an important 

finding since the relationship between CGRP signal attenuation and ICP has not 

previously been investigated. 

CGRP-R antagonism did not recover the prolonged depolarised state or improve 

neurovascular uncoupling in animals with raised ICP. Previous studies have 
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exhibited similar findings.53 352 Although olcegepant was able to block CSD induced 

trigeminal sensitivity in other migraine models, it was not able to modify CSD 

responses.352 Moreover, use of CGRP-RA MK-8825 also did not attenuate DC shifts 

changes or accompanied hemodynamic response.53 Since the crossing of CGRP-RA 

across the blood-brain barrier is still thought to be poor,353 it is possible that it is 

unable to prevent neuronal changes caused by raised ICP, unlike GLP-1RA which 

readily crosses the blood-brain barrier. 354 355 However, in animal models with blood-

brain-barrier damage, CGRP monoclonal antibodies persistently failed to abolish 

CSD initiation, suggesting CSD mechanisms may not be entirely CGRP-

dependant.356  

In addition, there has been no previous evidence of olcegepant demonstrating any 

impact on the hemodynamic in migraine patients following infusion of migraine 

inducing agent glyceryl trinitrate.357 In vivo, investigation of the effects of CGRP 

infusion found that olcegepant was not able to prevent vasodilatory effects.358 

Moreover in animal models of ischemic stroke, CGRP-R antagonism reduced 

reperfusion success and doubled infarct volume, supporting its inability to improve 

neurovascular function in conditions of poor perfusion.359 These studies support 

findings that olcegepant did not improve neurovascular uncoupling found in raised 

ICP responses to CSD.  

 

5.4.5 CGRP-R antagonism rescued cranial nociception in the setting 

of raised ICP 

CGRP receptor antagonism prevented cranial nociception in the model of raised ICP. 

Numerous in vivo studies have confirmed the efficacy of olcegepant at attenuating 
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changes in periorbital sensitivity.151 360-362 CGRP-RA act on peripheral trigeminal 

sensory afferents involved in nociceptive signalling in migraine, suggesting that these 

pathways may also contribute towards cranial nociception in raised ICP.   

There were no beneficial effects of olcegepant on hind paw sensitivity which has 

been demonstrated by some other groups.151 361 Most studies of the effect of CGRP-

RA on trigeminal sensitivity have been conducted in migraine models. In this model 

of raised ICP, the effects on peripheral sensitization may be mediated by non-CGRP 

dependant pathways, preventing the beneficial effects of olcegepant. However, there 

is still debate regarding whether the activity of spinal trigeminal neurons is governed 

by CGRP receptor activation.363 364 Animal studies have identified that inhibition of 

CGRP receptors with olcegepant in the trigeminal ganglion did not impact the 

neuronal activity in peripheral regions governed by spinal trigeminal neurons.363 364 

Our results may be due to the ability of CGRP-RA to block receptors on trigeminal 

sensory afferents but not dorsal root ganglion.363 364 

Other clinical studies have highlighted the ability of CGRP targeting with mAbs to 

alleviate headache in conditions of raised ICP including IIH and post traumatic 

headache.58 60 This is in line with the effectiveness of CGRP therapeutics to treat 

migraine, but not currently peripheral chronic pain disorders, which aligns with the 

data which demonstrates olcegepant is not able to alleviate peripheral sensitivity. 

Evidently additional studies are needed to clarify the role of CGRP inhibition in raised 

ICP models. 
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5.4.6 Limitations and future directions 

There are some limitations which are applicable to this work. Due to the invasiveness 

of ICP measurements, it was not possible to measure ICP before and after drug 

treatment. This would have provided change measurements in ICP, and additionally 

confirm that kaolin injection resulted in raised ICP before drug initiation. However, 

comparisons instead were made between animals injected with vehicle versus drug, 

allowing the evaluation the effect of therapeutic agents.  

We also only used male rats for these investigations. This is important to consider 

when interpreting results, since female sex has been found to alter pain promotion of 

CGRP and response to CGRP-RA in mice.66 Although sex different responses 

between GLP-1RA treatment have not been accessed future evaluation of the impact 

of these drugs in both male and female animals would explore this.   

The work in this chapter demonstrated the therapeutic effects of GLP-1R agonism on 

pain behaviours, suggesting reducing ICP may improve nociception. Reducing ICP 

also improved cortical function in response to stimulation and rescued coupling to 

CBF activity, proposing an improvement on physiological function. The experiments 

in this chapter also signify that CGRP antagonism is beneficial in managing cranial 

nociception in raised ICP. These results provide pre-clinical evidence of the efficacy 

of therapeutics for the management of headache behaviours and pathways which will 

help inform clinical trials, since targeted therapies are lacking in raised ICP.  
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Figure 37. Summary of the effects of raised ICP and pharmacological 

manipulation on headache mechanisms. 

Raised ICP rodents exhibit disrupted CSD and CBF responses in addition to altered 

mechanical pain thresholds. Reducing ICP with GLP-1RA rescued CSD responses 

and prevented changes in mechanical pain thresholds. In the setting of raised ICP, 

CGRP-R antagonism prevented changes in cranial pain thresholds but did not impact 

CSD responses. CGRP; calcitonin gene related peptide, CSD; cortical spreading 

depression, GLP-1R; glucagon like peptide 1 receptor, ICP; intracranial pressure. 
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CHAPTER 6 DISCUSSION 
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6.1 Key findings 

To summarise key metabolic findings, studies demonstrated that KCl stimulation led 

to a wave-like movement of Ca2+ across acute brain slices, characteristic of the 

astrocytic response during CSD.281 In response to CSD, there was a shift towards 

glycolysis, which is replicated by other studies of the characterised metabolic 

response to CSD.116 Although a local increase in mitochondrial activity using 

fluorescent labels was exhibited in response to stimulation, globally, this rate was 

lower than glycolytic activity. Increased lactate was also recorded, a marker of 

anaerobic respiration following CSD, emphasizing the increased oxygen demand of 

neuronal tissue in response to depolarization.115 123 Characterizing the metabolic 

response to spreading depolarization under ‘healthy’ conditions establishes a 

foundational reference point for identifying changes in disease states. These findings 

offer numerous targets for therapeutic development and serve as a baseline against 

which disease-state responses can be compared to. 

Secondly, glucose deprivation drastically altered the metabolic responses to CSD in 

brain slices, which may have indicated the upregulation of compensatory metabolic 

mechanisms. For instance, this data revealed that KCl stimulation still resulted in 

increased Ca2+ signalling, which may represent a typical astrocytic CSD response 

that is not impacted by glucose availability. However, since Ca2+ signalling was 

incrementally increased, this may also signify a neuroprotective response.284 There 

was a complete absence in the upregulation of mitochondrial activity in glucose 

deprived slices, which may indicate mitochondrial exhaustion. This finding, in addition 

to a reduced antioxidative metabolite alanine, suggests ROS may contribute towards 
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the depressed metabolic response to CSD.365 Reduced glutamate was also 

discovered following CSD in the absence of glucose potentially suggesting 

alternative substrate use under metabolic stress. Although together these results 

demonstrate that in the absence of energetic substrates, neuronal tissue 

demonstrates metabolic plasticity, mitochondrial exhaustion may contribute towards 

fatigue following migraine attack.  

This thesis additionally investigated the influence of elevated ICP on headache 

pathways. This work demonstrated the successful optimisation and utilization of an 

adult rodent model of raised ICP, previously this has not been utilised in the context 

of headache studies. This model illustrated that raised ICP led to altered pain 

behaviour; namely reductions in mechanical pain thresholds, suggesting changes in 

trigeminal sensitivity. Raised ICP also led to dramatically altered evoked CSD 

responses, featuring a prolonged depolarization period and loss of cerebrovascular 

responses.  

This model also replicated previous findings that GLP-1RA exenatide can reduce 

ICP.199 Interestingly it was determined that this had therapeutic effects on pain 

behaviours and was able to prevent changes in mechanical thresholds as a result of 

raised ICP. GLP-1R agonism was also able to inhibit the effects of raised ICP on 

cortical and cerebrovascular function so that CSD responses resembled that of 

control animals. These findings suggest that reducing ICP and via agonism of the 

GLP-1 pathways is beneficial at reducing markers of headache mechanisms.  

CGRP receptor antagonists are effective migraine therapeutics, however their use in 

raised ICP headache has not previously been investigated. Experiments in this 

research reveal that CGRP antagonism reduced cranial nociception, preventing 

changes in periorbital mechanical pain thresholds in the setting of raised ICP. In 
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agreement with previous studies CGRP antagonism did not influence CSD 

characteristics,352 nor did it impact ICP. Taken together these results suggest the 

utility of CGRP therapeutics for patients with raised ICP headache  to reduce cranial 

nociception.  

 

6.2 General discussion 

The research presented in this thesis has yielded important advancements, notably 

the development and validation of an ex vivo brain slice model. This model enabled 

metabolic analysis of the impact of CSD, a mechanism important to the 

pathophysiology of headaches. By unravelling the metabolic dynamics during CSD 

recovery, invaluable insights have been gained into upregulated metabolic pathways. 

Additionally, utilizing this model, the effects of fasting on energetic flux were 

explored, shedding light on metabolic alterations implicated in fasting-induced 

headaches. Future employment of this model would allow us to investigate the 

impact of raised ICP on headache mechanisms at a molecular and cellular level.  

The observed prevented glycolytic and mitochondrial pathways due to the absence of 

glucose hints at potential brain energy depletion during stimulation. This could offer a 

compelling explanation for why fasting individuals are more susceptible to 

headaches, suggesting a lack of upregulation in energy production pathways. 

Moreover, these findings indicate that supplementing the oxidative respiratory 

pathways to support depleted mitochondrial activity may improve CSD recovery or 

outcomes. These findings not only advance our comprehension of the metabolic role 

in CSD but also reveal disruptions in energetic pathways, pinpointing potential 

targets for therapeutic interventions. Given that IIH also involves metabolic 
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disturbances, these insights shed light on how altered metabolic profiles due to 

raised ICP might exacerbate challenges in headache mechanisms. 

Additionally, this research has provided valuable insights into headaches attributed to 

increased ICP a condition for which targeted therapies are currently lacking due to a 

limited understanding of its causes. By optimising an animal model to mimic 

moderate ICP, this work uncovered how elevated ICP influences mechanisms related 

to headache nociception and physiology. The observed alterations in cortical and 

CBF responses, in addition to altered pain behaviours characteristic of allodynia, 

represent the first preclinical investigation into headaches linked with raised ICP. 

These findings suggest a potential shared mechanism with migraine, offering a 

steppingstone towards understanding and addressing these challenging conditions. 

Furthermore, the study highlighted promising therapeutic directions. GLP-1R 

agonism with exenatide showed a positive impact in reducing evoked pain 

behaviours and improving cortical and CBF responses during CSD. This hints at the 

potential use of GLP-1R agonists in alleviating headache nociception due to 

increased ICP, while also positively affecting critical neurovascular functions. 

Similarly, the preventive effect of CGRP receptor antagonism on cranial nociception 

in the context of raised ICP suggests a plausible therapeutic approach involving 

CGRP therapeutics for managing raised ICP headaches.  

This research advances knowledge of how elevated pressure relates to headaches. 

By demonstrating the potential efficacy of certain therapeutics in addressing 

headache measures in raised ICP, this work holds promise for improved patient care 

and adds to the scientific knowledge, potentially guiding the development of targeted 

treatments. 
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6.3 Limitations and future investigations 

The experiments conducted in this thesis have yielded valuable mechanistic insights 

into the metabolic implications of CSD. However, it's important to acknowledge the 

limitations associated with using brain slices as a model for headache physiology. 

Changes in blood flow and neuroinflammatory responses, which are well-

documented in CSD,115 366 367 can influence the metabolism and functionality of cells 

within the slices. While brain slice results may not fully replicate the metabolic 

changes that occur in vivo, the testing conditions, which included oxygen-perfused 

aCSF, may have mitigated some of these effects. Future validation of the impact of 

CSD on metabolism in vivo is necessary to ensure that the findings remain 

unaffected by vascular changes. 

Emerging data has also revealed that CSD responses are different between male 

and female animals.298 Both sexes were used in the brain slice model, which may 

have led to different metabolic responses between animals.330 The differences in 

metabolic function between sexes has not been examined in the context of headache 

and CSD, however this would be a topic of interest for future investigation. 

It should also be acknowledged that investigation of the impact of raised ICP has 

been carried out exclusively in male animals. Since there are differences in CSD 

responses between different sexes,330 investigations in males only eliminated the 

need to analyse the effect of not only raised ICP but also sex, and menstrual cycle 

phase . This allowed us to directly investigate relationship between raised ICP and 

headache. As IIH mostly effects women, this model is less translational to the 

disorder, and may not take into consideration this aspect on headache 

pathophysiology. Moreover, this model more accurately represents obstructive 
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hydrocephalus rather than a truly idiopathic cause of raised ICP. Taken together this 

is more a broad model of raised ICP rather than specifically of IIH, which should be 

considered when interpreting results. Repeating investigations in female animals 

would help us understand the interaction of sex hormones on raised ICP headache 

and would be of future interest. 

Because of the selected methodology and the constraints of the animal licensing, it 

was only possible to obtain absolute ICP measurements in animals after 7 days. 

While comparisons were made of the effects of drugs on pressure using a control 

group, this necessitated relying on ventricle dilation measurements to confirm the 

model's success before administering the drugs. The utilization of telemetric or fully 

implantable ICP monitors would enable repeated sampling of ICP, thereby providing 

measurements of changes and allowing the use of animals as their own controls. 

As this thesis has demonstrated the utility of a rodent model of raised ICP which is 

able to facilitate headache measurements, this opens the possibility to numerous 

future drug studies. Although this has demonstrated the efficacy of GLP-1RA 

exenatide the reduce ICP and have benefits on headache measurements, it may give 

rise to the question of other existing GLP-1RA. Exenatide has a short half-life and is 

able accumulate to a therapeutic concentration much faster than other GLP-1RA 

formulations such as liraglutide.246 368 Assessing the effects of other GLP-1RA which 

are available for reducing ICP and associated headache markers may provide more 

options for IIH patients with drugs which may be more accessible.  
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6.4 Clinical translation 

Altered metabolism can contribute to various aspects of headache disorders, such as 

food cravings before headache onset,369 fasting as a trigger,1 and post-headache 

fatigue.15 Despite these associations, the understanding of metabolism's role in 

response to headache mechanisms has remained limited. Our data has shed light on 

pathways that undergo differential regulation in response to stimulation, offering 

potential targets for future therapeutic investigations. For instance, supplementing 

oxidative respiration in fasting headache may address the lack of mitochondrial 

response to CSD demonstrated in this research. These findings support the use of 

riboflavin91 92 and coenzyme Q1089 90 which supply these pathways and therefore 

may be beneficial for fasting headache.  

Unlike pharmaceuticals, supplements are cost-effective, non-prescription, readily 

available, and associated with fewer side effects. Nutraceuticals may serve as a 

means to bolster metabolic pathways, potentially mitigating headache susceptibility, 

expediting recovery, or preventing post-effects. This research has revealed the 

neural tissue's metabolic adaptability following CSD, including the utilization of 

alternative energy pathways and substrates. Furthermore, it suggests that anaerobic 

respiration may occur after a CSD, hinting at the possibility of enhancing tissue 

oxygenation to expedite recovery from headache mechanisms. This insight may also 

contribute to a better understanding of the heightened risk of ischemic stroke in 

individuals with migraine with aura. 370 

The pathophysiology of raised ICP headache remains unknown, however the data 

from this thesis contributes information to the knowledge of pathways which are 

involved in headache nociception. Moreover, these findings reveal that raised ICP 
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headache may share pathophysiology with migraine, since changes in mechanical 

pain thresholds and altered cortical excitability are also features of migraine.57 72 371 

These observations align with the reports from patients with elevated ICP who 

experience allodynia and describe their headaches as migraine-like.57 193 This 

suggests that patients with elevated ICP headaches may benefit from treatment 

approaches similar to those used for migraine patients. However, further 

investigation is warranted to gain a deeper understanding of the interplay between 

migraine and the mechanisms underlying elevated ICP headaches. 

There are currently no targeted treatments for headache attributed to raised ICP and 

limited evidence suggesting the efficacy of migraine therapeutics. Although CGRP 

therapeutics have been highly effective in migraine, without mechanistic 

understanding of the role of blocking CGRP there is limited data to recommend its 

use in IIH. This has limited the availability of these drugs to IIH patients. The data in 

this thesis supports the use of CGRP antagonist to treat cranial nociception in 

headache attributed to raised ICP. This is important since recent studies have 

demonstrated high opiate use in IIH patients,195 which suggests IIH patients are at 

risk of medication overuse headache. CGRP therapeutics may avoid this in IIH 

patients.  

In addition to emerging clinical studies,246 these results support the use of GLP-1RA 

in conditions of raised ICP. These results illustrate the therapeutic effects of 

exenatide on ICP, which were notably correlated to reduced pain-related behaviours. 

While previous trials in IIH patients have not consistently shown the benefits of 

reducing ICP on headache outcomes,190 the data from this thesis suggests that the 

specific reduction of ICP, particularly through GLP-1R agonism, can ameliorate pain 

behaviours associated with allodynia. Thus, GLP-1 receptor agonists may offer 
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therapeutic potential for patients with elevated ICP headache by simultaneously 

addressing ICP reduction and the associated symptoms, while also mitigating cranial 

nociception linked to headaches. 

Data from this thesis implies that combining GLP-1RA and olcegepant may provide a 

method of reducing ICP and headache nociception. CGRP receptor antagonism did 

not exhibit an ICP lowering effect, therefore ICP should be treated independently, 

and vision monitored to prevent worsening in the absence of headache.  

 

6.5 Conclusions 

This thesis has successfully established a platform for investigating metabolism 

within the context of CSD as a model of headache. These studies have 

comprehensively characterized the mitochondrial and glycolytic responses in neural 

tissue during CSD, enabling the identification of potential targets for nutraceutical 

development. Moreover, our findings suggest the involvement of glucose metabolism 

in CSD susceptibility and its associated energetic consequences. Additionally, this 

research has delved into the impact of elevated ICP on headache, while also 

highlighting the favourable outcomes associated with both lowering ICP through 

GLP-1R agonism and blocking CGRP via receptor antagonism. These insights hold 

significant promise for the translational aspect of the research, offering promising 

avenues for more effective headache management strategies for patients suffering 

from elevated ICP-related headaches. 
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7.1 NucView imaging parameters 

run("Z Project...", "start=3 projection=[Max Intensity]"); 

run("Subtract Background...", "rolling=40"); 

setOption("BlackBackground", false); 

run("Convert to Mask"); 

run("Median...", "radius=3.5"); 

run("Watershed"); 

run("Analyze Particles...", "size=35-350 circularity=0.0-1.00 summarize"); 

 

7.2 von Frey threshold calculations 

Appendix Table 1. Tabular value for k based on response pattern to calculate 50% 

mechanical withdrawal threshold using the up-down von Frey method. Originally 

modified from 372 and adapted in a model of neuropathy by 257. 
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Pattern Value for k Pattern Value for k Pattern Value for k Pattern Value for k 

OX -0.500 OOOXOOOO -0.547 XO 0.5 XXXOXXXX 0.547 

OOX -0.388 OOOOXOOOO -0.547 XXO 0.388 XXXXOXXXX 0.547 

OOOX -0.378 OXOOOX -1.250 XXXO 0.378 XOXXXO 1.25 

OOOOX -0.377 OOXOOOX -1.247 XXXXO 0.377 XXOXXXO 1.247 

OXO 0.842 OOOXOOOX -1.246 XOX -0.842 XXXOXXXO 1.246 

OOXO 0.890 OOOOXOOOX -1.246 XXOX -0.89 XXXXOXXXO 1.246 

OOOXO 0.894 OXOOXO 0.372 XXXOX -0.894 XOXXOX -0.372 

OOOOXO 0.894 OOXOOXO 0.380 XXXXOX -0.894 XXOXXOX -0.38 

OXX -0.178 OOOXOOXO 0.381 XOO 0.178 XXXOXXOX -0.381 

OOXX 0.000 OOOOXOOXO 0.381 XXOO 0 XXXXOXXOX -0.381 

OOOXX 0.026 OXOOXX -0.169 XXXOO -0.026 XOXXOO 0.169 

OOOOXX 0.028 OOXOOXX -0.144 XXXXOO -0.028 XXOXXOO 0.144 

OXOO 0.299 OOOXOOXX -0.142 XOXX -0.299 XXXOXXOO 0.142 

OOXOO 0.314 OOOOXOOXX -0.142 XXOXX -0.314 XXXXOXXOO 0.142 

OOOXOO 0.315 OXOXOO 0.022 XXXOXX -0.315 XOXOXX -0.022 

OOOOXOO 0.315 OOXOXOO 0.039 XXXXOXX -0.315 XXOXOXX -0.039 

OXOX -0.500 OOOXOXOO 0.040 XOXO 0.5 XXXOXOXX -0.04 

OOXOX -0.439 OOOOXOXOO 0.040 XXOXO 0.439 XXXXOXOXX -0.04 

OOOXOX -0.432 OXOXOX -0.500 XXXOXO 0.432 XOXOXO 0.5 

OOOOXOX -0.432 OOXOXOX -0.458 XXXXOXO 0.432 XXOXOXO 0.458 

OXXO 1.000 OOOXOXOX -0.453 XOOX -1 XXXOXOXO 0.453 

OOXXO 1.122 OOOOXOXOX -0.453 XXOOX -1.122 XXXXOXOXO 0.453 

OOOXXO 1.139 OXOXXO 1.169 XXXOOX -1.139 XOXOOX -1.169 

OOOOXXO 1.140 OOXOXXO 1.237 XXXXOOX -1.14 XXOXOOX -1.237 

OXXX 0.194 OOOXOXXO 1.247 XOOO -0.194 XXXOXOOX -1.247 

OOXXX 0.449 OOOOXOXXO 1.248 XXOOO -0.449 XXXXOXOOX -1.248 

OOOXXX 0.500 OXOXXX 0.611 XXXOOO -0.5 XOXOOO -0.611 

OOOOXXX 0.506 OOXOXXX 0.732 XXXXOOO -0.506 XXOXOOO -0.732 

OXOOO -0.157 OOOXOXXX 0.756 XOXXX 0.157 XXXOXOOO -0.756 

OOXOOO -0.154 OOOOXOXXX 0.758 XXOXXX 0.154 XXXXOXOOO -0.758 

OOOXOOO -0.154 OXXOOO -0.296 XXXOXXX 0.154 XOOXXX 0.296 

OOOOXOOO -0.154 OOXXOOO -0.266 XXXXOXXX 0.154 XXOOXXX 0.266 

OXOOX -0.878 OOOXXOOO -0.263 XOXXO 0.878 XXXOOXXX 0.263 

OOXOOX -0.861 OOOOXXOOO -0.263 XXOXXO 0.861 XXXXOOXXX 0.263 

OOOXOOX -0.860 OXXOOX -0.831 XXXOXXO 0.86 XOOXXO 0.831 

OOOOXOOX -0.860 OOXXOOX -0.763 XXXXOXXO 0.86 XXOOXXO 0.763 

OXOXO 0.701 OOOXXOOX -0.753 XOXOX -0.701 XXXOOXXO 0.753 

OOXOXO 0.737 OOOOXXOOX -0.752 XXOXOX -0.737 XXXXOOXXO 0.752 

OOOXOXO 0.741 OXXOXO 0.831 XXXOXOX -0.741 XOOXOX -0.831 

OOOOXOXO 0.741 OOXXOXO 0.935 XXXXOXOX -0.741 XXOOXOX -0.935 

OXOXX 0.084 OOOXXOXO 0.952 XOXOO -0.084 XXXOOXOX -0.952 

OOXOXX 0.169 OOOOXXOXO 0.954 XXOXOO -0.169 XXXXOOXOX -0.954 

OOOXOXX 0.181 OXXOXX 0.296 XXXOXOO -0.181 XOOXOO -0.296 

OOOOXOXX 0.182 OOXXOXX 0.463 XXXXOXOO -0.182 XXOOXOO -0.463 

OXXOO 0.305 OOOXXOXX 0.500 XOOXX -0.305 XXXOOXOO -0.5 

OOXXOO 0.372 OOOOXXOXX 0.504 XXOOXX -0.372 XXXXOOXOO -0.504 

OOOXXOO 0.380 OXXXOO 0.500 XXXOOXX -0.38 XOOOXX -0.5 

OOOOXXOO 0.381 OOXXXOO 0.648 XXXXOOXX -0.381 XXOOOXX -0.648 

OXXOX -0.305 OOOXXXOO 0.678 XOOXO 0.305 XXXOOOXX -0.678 

OOXXOX -0.169 OOOOXXXOO 0.681 XXOOXO 0.169 XXXXOOOXX -0.681 

OOOXXOX -0.144 OXXXOX -0.043 XXXOOXO 0.144 XOOOXO 0.043 

OOOOXXOX -0.142 OOXXXOX 0.187 XXXXOOXO 0.142 XXOOOXO -0.187 

OXXXO 1.288 OOOXXXOX 0.244 XOOOX -1.288 XXXOOOXO -0.244 

OOXXXO 1.500 OOOOXXXOX 0.252 XXOOOX -1.5 XXXXOOOXO -0.252 

OOOXXXO 1.544 OXXXXO 1.603 XXXOOOX -1.544 XOOOOX -1.603 

OOOOXXXO 1.549 OOXXXXO 1.917 XXXXOOOX -1.549 XXOOOOX -1.917  
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7.3 The effect of genotype on metabolite results 

 

Appendix Figure 1. Animal genotype did not influence changes in metabolic 

fluorescent measurements. There were no significant differences between changes 

in Ca2+ signalling between WT and TG animals in the presence -A or absence -B of 

glucose. There were no significant differences between changes in mitochondrial 

activity between WT and TG animals in the presence -A or absence -B of glucose. 

CSD; cortical spreading depression, Glc; glucose, SEM; standard error. TG; 

transgenic animal, WT; wild type animal. 
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Appendix Table 2. Metabolites compared between +glc and -glc slices from 

wild type and transgenic animals following CSD.  

CSD; cortical spreading depression, Glc; glucose, SD; standard deviation. TG; 

transgenic animal, WT; wild type animal. Significance determined by unpaired t test, * 

= P <0.05. 

Metabolite Concentration 

Mean (SD) 

P Concentration 

Mean (SD) 

P 

+Glc -Glc 

WT 

N = 4 

TG 

N = 9 

WT 

N = 2 

TG 

N = 11 

Alanine 22.05 (6.06) 17.97 

(3.23) 

0.527 6.02 (2.38) 6.98 (1.03) 0.723 

Aspartate 227.93 

(65.83) 

195.38 

(23.11) 

0.562 370.08 

(62.32) 

269.94 

(30.79) 

0.223 

Citrate 2.50 (0.48) 7.25 (1.05) 0.014 * 3.43 (1.56) 6.45 (1.22) 0.337 

Fumarate 4.97 (1.08) 5.70 (0.54) 0.508 5.84 (1.35) 4.88 (0.46) 0.446 

Glutamate 591.96 

(162.65) 

476.06 

(64.99) 

0.434 224.64 

(33.78) 

211.76 

(25.64) 

0.843 

Glycine 56.13 

(14.81) 

43.07 

(7.70) 

0.403 32.23 (6.57) 33.00 (2.70) 0.9123 

Isoleucine 1.29 (0.26) 2.04 (0.13) 0.378 0.79 (0.19) 0.84 (0.06) 0.721 

Lactate 551.08 

(142.68) 

415.42 

(63.63) 

0.328  77.08 

(17.53) 

102.21 

(21.79) 

0.646 

Leucine 1.56 (0.40) 1.32 (0.31) 0.661 0.86 (0.03) 0.93 (0.10) 0.773 

Malate 10.64 (2.31) 12.45 

(1.23) 

0.464 9.90 (1.92) 8.91 (0.71) 0.603 

Pyruvate 3.75 (0.45) 4.09 (0.32) 0.562 2.68 (0.02) 4.02 (0.43) 0.224 

Succinate 19.54 (4.67)

  

14.68 

(1.90) 

0.265 42.91 

(11.43) 

38.24 (4.36) 0.686 
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