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Abstract

Acute ischaemic stroke is a leading cause of adult disability and mortality globally. Meta-
analyses of preclinical studies indicate that hypothermia is the most potent neuroprotective
strategy for stroke. However, existing hypothermic therapies have so far been largely
unsuccessful in clinical trials, with compensatory thermogenesis being a contributing factor.
However, thermogenesis is suppressed in torpor, which is a regulated state of hypothermia and
hypometabolism occurring naturally in some mammals in response to actual or perceived food
shortage. Recent studies demonstrate that torpor can be pharmacologically-induced via
activation of central nervous system Aj-adenosine receptors (A1AR), even in animals incapable
of natural torpor. Consequently, there is growing promise of successfully-harnessing torpor’s
neuroprotective potential to develop novel therapies for acute stroke. However, relatively little
is understood about torpor’s impact on brain activity and its neuroprotective effects. Since these
aspects are likely pertinent to the successful translation of torpor into a neuroprotective therapy,
the overarching aim of this thesis is to investigate them. In Chapters 2 and 3, I observed that
both natural (fasting-induced) and pharmacological (cyclohexyladenosine-induced) torpor in
vivo in laboratory mice are characterised by reversible hypothermia and by slow-wave activity
(SWA) on EEG that resembles NREM sleep, indicating decreased net cortical neuronal firing
which may reflect decreased potential for an excitotoxic response to an ischaemic insult. In
Chapter 4, I observed that both 33 °C hypothermia and cyclohexyladenosine (CHA) increase
viability during oxygen glucose deprivation in in vitro SH-SYS5Y neuronal cultures, with
viability further increasing when 33 °C hypothermia and CHA are combined with one another.
Finally, in Chapter 5, I observed that, although physically-induced 33 °C hypothermia was
neuroprotective in a 2 h middle cerebral artery occlusion rat model of focal ischaemia, neither

CHA-induced 33 °C hypothermia nor CHA given at normothermia were protective. Together,
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these data provide further insight into the electrophysiological properties of torpor, as well as
CHA-induced torpor’s potential for translation into a neuroprotective therapy for acute

ischaemic stroke and the possible challenges of doing this.
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1 Introduction

1.1 Stroke

Stroke is a sudden neurological deficit resulting from the loss of cerebral blood flow. It is a
leading cause of morbidity and mortality globally, being the second leading cause of death after
ischaemic heart disease.! Over the past several decades, stroke incidence and mortality have
both fallen, but prevalence has remained stable at 2.5% due to improved survival. Increasing
prevalence of predisposing factors such as hypertension and diabetes and the increasing
average population age account for a projected mortality rate of 12 million globally by 2030.>
Therefore, a major priority of the wider medical research community is to develop and improve

strategies for prevention, acute treatment and chronic management of stroke.

Stroke is a heterogeneous disease, broadly classified into ischaemic and haemorrhagic types,
where vascular occlusion and rupture are the respective causes. The vast majority of strokes
are of the ischaemic type (~87%), which can be further subdivided by cause into thrombotic,
embolic and due to hypoperfusion.® The clinical presentation and sequelae vary greatly
depending upon the location of the occlusion, which determines which cerebral regions are
affected. Whereas hypoperfusion (e.g., due to cardiac arrest) usually leads to global ischaemia,
thrombosis or embolus (e.g., of cardiac origin) usually causes focal ischaemia. Focal ischaemia
resulting from middle cerebral artery (MCA) occlusion accounts for approximately 67% of all
ischaemic strokes, and classic symptoms and signs include: contralateral hemiparesis or
hemiplegia; hemisensory impairment; visual disorders such as contralateral homonymous

hemianopia; aphasia (resulting from a dominant hemisphere lesion); and perceptual deficits
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such as hemispatial neglect, anosognosia, and apraxia (resulting from a non-dominant
hemisphere lesion).® Recovery from such deficits depends on the severity of the original insult;
in many cases permanent disability results. The neuropsychiatric sequelae of stroke, such as

dementia and depression, are long-lasting and often as devastating as the neurological ones.*

1.1.1 Mechanisms of ischaemic cell death in stroke

Ischaemic cell death results from a cascade of events that begins with disruption of blood
supply to the brain. The cerebrovascular system is crucial to normal brain function: as with
other vascular systems, it delivers oxygen and nutrients and removes waste products. Under
normal physiological conditions, cerebral vascular tone is directly regulated by the metabolic
rate of brain cells. This so-called neurovascular coupling ensures that blood delivery matches
metabolic demand.’ When there is a primary decline in metabolic rate, there is a physiological
secondary decrease in cerebral blood flow (CBF) by a similar magnitude. However, CBF can
be severely and abruptly reduced due to pathological causes, such as vascular occlusion via
thrombosis or embolus. In such cases, both duration and magnitude of CBF reduction, as well
as presence of collateral blood supply, affect the survival rates of neurons and glia adjacent to
the occlusion. Vulnerability to ischaemia also depends upon other factors such as the type of
brain tissue in question (e.g., hippocampal CA1 neurons tolerate ischaemia worse than CA3

neurons).®

Decreased blood flow leads to decreased availability of oxygen, glucose and high-energy
metabolites such as adenosine trisphosphate (ATP) and phosphocreatine. Such metabolites are
required by neuronal transmembrane ion pumps (e.g., the Na-K-ATPase) for maintaining a

resting membrane potential of approximately —70 mV.” Thus, as a consequence of decreased
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metabolite supply, there is increased neuronal depolarisation and voltage-gated Ca** channel
activation, leading to influx of Ca** ions. ATP deprivation also triggers intracellular acidosis,
which further worsens ionic imbalance via activation of acid-sensing Na* and Ca®' ion
channels.® Elevated Ca*' drives excessive presynaptic release of excitatory amino acid
neurotransmitters — the main ones being glutamate and glutamate-like amino acids — and these
bind to ionotropic or metabotropic receptors. The former are ligand-gated cation channels,
subdivided by their selectivity over glutamate for N-methyl-D-aspartate (NMDA), a-amino-3-
hydroxy-5- methyl-4-isoxazoleproprionate (AMPA), and kainate (KA).” The latter are G-
protein coupled and under non-ischaemic conditions participate in the modulation of synaptic
transmission and neural plasticity, e.g., in learning and memory. However, under ischaemic
conditions, they contribute (firstly via activation of phospholipase C (PLC), protein kinase C
(PKC) and then inositol triphosphate (IP3)) to a wide range of pro-cell death downstream
effects. The result is a vicious circle leading to a further rise of intracellular calcium and

increase in cell death.’

Ischaemic stroke also triggers an inflammatory response in the brain characterised by the
release of pro-inflammatory cytokines, chemokines, damage-associated molecular patterns
(DAMPs), and activation of immune cells, which contribute to the recruitment of leukocytes
and amplification of tissue damage within the ischaemic region.!®!! Microglia, as the resident
immune cells of the central nervous system, respond swiftly to the ischaemic insult by
transitioning into an activated state and releasing pro-inflammatory cytokines, including
interleukin-1f (IL-1p), tumour necrosis factor-a (TNF-a), and interleukin-6 (IL-6), as well as
chemokines and other inflammatory mediators, thereby amplifying the inflammatory
response. 12 DAMPs, endogenous molecules released by stressed, injured, or dying cells, such

as high-mobility group box 1 (HMGB1), nucleic acids, and heat shock proteins, act as danger
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signals and activate pattern recognition receptors (PRRs) on microglia, astrocytes, and
infiltrating leukocytes.!*!* Activation of PRRs, including toll-like receptors (TLRs), triggers
intracellular signalling cascades that further enhance the inflammatory response and contribute
to tissue damage.!'>!® Furthermore, infiltrating leukocytes, such as neutrophils and monocytes,
are attracted to the site of ischaemic injury in response to chemotactic signals released by
activated microglia and resident astrocytes, contributing to the inflammatory cascade through
the release of pro-inflammatory cytokines, proteolytic enzymes, and reactive oxygen species. !’
The activation of PRRs on infiltrating leukocytes also amplifies the immune response and
exacerbates tissue damage.!® The sustained production of pro-inflammatory cytokines,
chemokines, DAMPs, and activation of PRRs promote the recruitment and activation of

additional immune cells, creating a positive feedback loop that perpetuates the inflammatory

response.

Disruption of the blood-brain barrier (BBB) plays an important role in stroke pathophysiology.
The BBB, a layer of endothelial cells typified by high selectivity of tight junctions and lack of
fenestrae, that regulates the movement of molecules and cells between the blood and brain
tissue, maintaining a tightly controlled microenvironment essential for proper neuronal
function.!” However, during ischaemia, the integrity of the BBB is compromised through
several interrelated mechanisms. While the aforementioned inflammatory responses activate
endothelial cells, onset of oxidative stress (which initiates within minutes of an ischaemic event)
starts to damage endothelial cells and tight junctions, as does the release of matrix
metalloproteinases, which degrade extracellular matrix components and tight junction proteins,
albeit over the timespan of hours.!” These processes collectively lead to increased BBB
permeability, further exacerbating the inflammatory response by facilitating the entry of

inflammatory cells, DAMPs, and additional inflammatory mediators into the brain,
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contributing to further tissue injury.!” Thus these processes transition from being the initial

cause of BBB disruption to being its consequences.

Reperfusion injury, occurring upon the restoration of blood flow after a period of ischaemia,
encompasses a complex series of events that exacerbate tissue damage and neuronal injury.
While reperfusion is necessary to salvage viable brain tissue, it also introduces its own set of
detrimental effects, including further oxidative stress, inflammation, and excessive calcium
release.'>!> One of the key mechanisms contributing to reperfusion injury is the generation of
reactive oxygen species (ROS) during the sudden reintroduction of oxygen to the ischaemic
tissue. The restoration of blood flow leads to the formation of ROS, such as superoxide anions,
hydroxyl radicals, and hydrogen peroxide, through various enzymatic and non-enzymatic
processes.'® ROS, in turn, cause oxidative damage to lipids, proteins, and DNA, leading to
further tissue injury and neuronal dysfunction.’’ For instance, ROS can initiate lipid
peroxidation, which results in the destruction of cellular membranes and compromises their
integrity and function.?! Protein oxidation and modification, another consequence of ROS
formation, lead to the dysfunction of enzymes and structural proteins critical for cellular
processes. DNA damage induced by ROS can result in mutations and disruptions in gene
expression, further contributing to cellular dysfunction and death.?> The reperfusion of
ischaemic tissue results in the further activation of the inflammatory pathways previously
mentioned. The sudden influx of oxygen and nutrients triggers the release of pro-inflammatory
cytokines, such as interleukin-1p (IL-1B), interleukin-6 (IL-6), and tumour necrosis factor-a
(TNF-a), from various immune cells, including microglia and infiltrating leukocytes. These
cytokines act as signalling molecules to recruit and activate additional immune cells,

amplifying the inflammatory response within the reperfused region.
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In summary, ischaemic cell death in stroke results from a complex cascade of interrelated
events. The initial disruption of blood supply triggers a series of pathophysiological processes
including energy depletion, ionic imbalance, excitotoxicity, oxidative stress, and inflammation.
These mechanisms are further complicated by BBB disruption and reperfusion injury. The
temporal dynamics of these processes are critical, with acute effects generally being
detrimental, while some later inflammatory responses may contribute to repair and
regeneration.”>** This intricate interplay of mechanisms underscores the challenges in
developing effective stroke treatments and highlights the importance of considering multiple
therapeutic targets and intervention timepoints. Understanding these mechanisms provides a
foundation for developing neuroprotective strategies and identifying potential windows for

therapeutic intervention in acute ischaemic stroke.

1.2 Neuroprotective therapies

1.2.1 The salvageable ischaemic penumbra: an opportunity to achieve

neuroprotection

Successful recanalisation therapy via drug (e.g., intravenous tissue-type plasminogen activator
(IV tPA))-mediated thrombolysis or mechanical thrombectomy leads to restoration of CBF and
reperfusion of the ischaemic tissue.?>?® This consequently results in restoration of energy
metabolite levels and normal ionic homeostasis. Within the volume of brain tissue affected by
ischaemia and reperfusion injury, a certain proportion of neurons and glia at the very centre
would have either already undergone or eventually will undergo irreversible cell death by the
time of therapeutic restoration of CBF. Surrounding this is a penumbral layer of cells that are

dying but are potentially rescuable, in the eventuality of CBF being restored. The ultimate goal
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of neuroprotective therapies is to maximise the volume of penumbral tissue surviving by

inhibiting and slowing down the processes resulting in cell death mentioned above.?’

The concept of the ischaemic penumbra is based on the observation that blood flow reduction
in the brain is not uniform and that there exists a transitional zone surrounding the core of the
ischaemic lesion. This penumbra is characterised by moderately compromised perfusion,
impaired (but not irreversible) cellular metabolism, and the potential for functional recovery if
timely intervention is provided.?® It is in this region that interventions targeting neuroprotection
can have a profound impact on clinical outcomes post-stroke. It should be noted, however, that
while the general concept of the penumbra focuses on a transitional zone, the reality may be
more complex: the penumbra might not be uniformly affected across its entirety and there may
be smaller areas or regions within this penumbra with varying degrees of compromised
perfusion and metabolic activity, i.e., mini-penumbras. It is unclear whether or not there are

any implications of this concept for targeted interventions.

The ischaemic penumbra is a dynamic entity that evolves over time following the onset of
ischaemia. Initially, the tissue within the penumbra experiences decreased oxygen and glucose
availability, leading to a state of energy failure and impaired ion homeostasis.?® However,
unlike the irreversibly damaged core, the penumbra still maintains some degree of residual
perfusion, albeit at reduced levels. This residual blood flow is critical for sustaining cellular
viability and offers a therapeutic window during which interventions can be implemented to

salvage the endangered tissue.*

In the ischaemic penumbra, there is a delicate balance between ongoing cell death processes

and the potential for recovery. The key challenge lies in identifying and targeting the molecular
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mechanisms that drive cellular injury within this region. Different molecular pathways and
processes have been implicated in the pathophysiology of the ischaemic penumbra, including
excitotoxicity, oxidative stress, inflammation, and apoptosis — which are described in the
previous section.”!* Understanding the interplay between these processes and their temporal

dynamics is crucial for the development of effective neuroprotective strategies.

In summary, the salvageable nature of the ischaemic penumbra provides opportunities for the
development of therapeutic interventions aimed at halting or reversing the progression of tissue
damage: neuroprotection. By targeting the underlying mechanisms of injury and promoting
cellular resilience, neuroprotective therapies hold the potential to enhance the recovery of brain
function and improve patient outcomes. However, as is described in the following section,
translating preclinical findings into successful clinical interventions has proven challenging,

and many neuroprotective therapies have failed to demonstrate efficacy in human trials.'?

1.2.2 Neuroprotective therapies have so far failed in their translation to the

clinic

Recanalisation of the occluded artery via thrombolysis with tissue plasminogen activator and/or
thrombectomy is the current gold standard of treatment for acute ischaemic stroke. However,
only a small proportion of patients can be treated via this route, due to specific contra-
indications and patchy availability of the infrastructure required for delivery of such a treatment.
As a result, the current therapeutic window is < 4.5 h after the ischaemic event.?'*? For several
decades, a parallel avenue of therapeutic development has been the development of
neuroprotective agents and strategies to slow down and prevent ischaemia-induced neuronal
injury in the ischaemic penumbra, with the goal of extending the therapeutic window in which

recanalisation can occur.?’
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The overriding theme so far has been the failure to translate preclinical successes to efficacious
clinical therapies. In some cases, there was purely lack of neuroprotective effect. In other cases,
systematic reviews have suggested poor quality of trial design (including lack of proper
randomisation, placebo controls and blinding), the lack of reproducibility of results and
heterogeneity, and inconsistency in factors such as the type and strain of animal model and the
precise endpoints used.**** In 1999, the original set of recommendations from the stroke
therapy academic industry roundtable (STAIR), an academia and industry joint collaborative
effort, was published.* These were intended to be followed in order to advance stroke research
in an evidence-based manner: randomisation and blinding of studies; demonstrating efficacy
in two or more laboratories, as well as in a second species; attention to sex differences; attention
to route of administration; and consideration of a clinically useful dose response and
therapeutic window. Partly spurred by the continued difficulty of translating neuroprotectants,
STAIR continued to document further recommendations for translating neuroprotective
therapies, culminating in a further STAIR report (2009) that recommended several steps
relating to the conduct of good science and laboratory practice. These included: elimination of
randomisation and assessment bias; reporting on exclusion and inclusion criteria; using full
power analyses; and disclosing potential conflicts of interest.* In the next paragraph, I mention

notable examples of neuroprotectants that have failed translation to the clinic.

Neuroprotective agents developed so far have singularly targeted specific modes of stroke
pathophysiology such as excitotoxicity and free radical generation. Early attempts to target the
excitotoxic cascade using NMDA antagonists yielded limited success due to factors such as
adverse clinical effects and limited understanding of the actual mechanism of action of the

t.36

neuroprotectant.”® For example, i.p. injection of MK-801, an NMDA receptor antagonist, in a
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Mongolian gerbil model of global cerebral ischaemia was shown to be neuroprotective.’’

However, this effect was shown to be a consequence of MK-801 triggering hypothermia, which
itself was well-known to be neuroprotective, rather than global antagonism of NMDA receptors.
Indeed, MK-801 given in gerbils whose core body temperature (Ty) was maintained at 37 °C
did not lead to neuroprotection.’® In another gerbil study, it was shown that NBQX, an
AMPA receptor antagonist, protected hippocampal CA1 neurons against ischaemia-induced
damage. However, this drug was found to have significant nephrotoxicity.** More recently,
NA-1 (or nerinetide), a peptide that disrupts the NMDAR-PSD95-nNOS complex and thus
dissociates NMDARs from downstream neurotoxic nitric oxide production, demonstrated
efficacy in a non-human primate model of ischaemic stroke. However, results of the phase 3
ESCAPE-NAL trial showed no benefit when combined with alteplase-mediated thrombolysis
and endovascular thrombectomy.*'*> More recently, the phase 3 ESCAPE-NEXT trial failed
to show a benefit of NA-1 (given an average of 4 to 5 hours after stroke onset) for stroke
patients undergoing endovascular therapy, but the smaller FRONTIER study (with the same
drug but given 1 hour from symptom onset in a pre-hospital setting) showed beneficial effects
on functional outcomes.**** As a further example, the nitrone free radical scavenger NXY-059
is another drug that both demonstrated preclinical neuroprotective efficacy and satisfied almost
all STAIR criteria for preclinical research quality, but then failed in a high-profile clinical
trial.*®

The mixed results from the NA-1 trials are significant as they highlight key challenges in
translating neuroprotective agents from preclinical models to clinical stroke treatment. Whilst
NA-1 showed promise in non-human primates, its efficacy was not replicated in large clinical
trials when combined with standard reperfusion therapies. Notably, the ESCAPE-NA1 trial

revealed a potential drug-drug interaction between NA-1 and alteplase, with better outcomes
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observed in patients who received NA-1 without alteplase. This unexpected finding
underscores the importance of considering potential pharmacological interactions in
combination therapies. The positive outcomes from the smaller FRONTIER trial, where NA-1
was administered earlier and pre-hospital without alteplase, further support this interaction
hypothesis and emphasise the critical role of treatment timing. These results demonstrate the
complexity of stroke pathophysiology and treatment, highlighting the need for careful
consideration of how neuroprotective agents are integrated into existing stroke care pathways

and the value of targeted trials to identify optimal treatment scenarios.

1.3 Therapeutic hypothermia

1.3.1 Therapeutic hypothermia acts upon a broad range of

pathophysiological mechanisms mediating ischaemia-induced injury

Hypothermia has been used as a therapy long before the advent of modern medicine.
Hippocrates described the use of snow and ice in reducing haemorrhage resulting from
traumatic injury and whole-body cooling was touted as a cure for tetanus around 300-400 BC.*
There has also been a steady stream of anecdotal evidence for hypothermia’s life-saving
properties, with remarkable stories of survivors of drowning and avalanches who underwent
accidental hypothermia.*’” However, it is only in recent times that hypothermia has been
systematically studied as a medical therapy. Studies in rodent stroke models have demonstrated
that varying degrees of hypothermia can limit the extent of neuronal injury.*® For decades,
hypothermia has been used as a neuroprotective and cardioprotective adjunct for cardiac arrest
and elective cardiothoracic and neurosurgery patients, as well as in neonatal hypoxaemia. It
has been widely believed that similar success can be achieved for therapeutic hypothermia in
49,50

acute stroke.
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Unlike most drugs with neuroprotective potential, hypothermia acts upon a broad range of
pathophysiological mechanisms mediating ischaemia-induced injury.*’*! It has effects on
cerebral metabolic rate (CMR), glutamate release and reuptake, free radical generation,
inflammation and the BBB. For example, hypothermia decreases the rate of ATP hydrolysis as
well as the cerebral metabolic rates of oxygen (CMRO2) and glucose (CMRglu). Per °C
decrease in Tp, CMRO2 falls by ~5%.%% Hypothermia inhibits processes driving the excitotoxic
cascade: it prevents both glutamate release and intracellular calcium build-up.’* Hypothermia
is anti-inflammatory: it suppresses granulocyte, leukocyte and ICAM-1 (an intercellular
adhesion molecule) accumulation. It also reduces iNOS, nitric oxide and peroxynitrite
mediated oxidative damage.’* However, protective effects generally only occur over the
duration of hypothermia; post-hypothermia there is a rebound in immune cell infiltration and
loss of neuroprotective effect.”> Intra-ischaemic hypothermia reduces the generation of
hydroxyl free radicals and activation of pro-apoptotic factor caspase-3 whilst increasing
expression of the anti-apoptotic factor bcl-2.°%"7 On the other hand, evidence that milder
hypothermia reduces necrosis is that cytochrome c release is reduced in the absence of pro-
apoptotic changes in bcl-2 expression or caspase activation.’® Finally, hypothermia likely
maintains BBB integrity: at 33 °C it reduces BBB leakage of the tracer horseradish peroxidase

in rats undergoing transient forebrain ischaemia.>

Via the aforementioned mechanisms, hypothermia could potentially act synergistically with
thrombolysis and thrombectomy to achieve better histological and neurological outcome, as
well as enlarge the window of opportunity for recanalisation. Ultimately, timely cooling may
preserve a greater proportion of the penumbra and may also decrease the inflammatory

response generated due to post-reperfusion oedema.*’
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1.3.2 Preclinical findings

Consistent with hypothermia’s purported broad action outlined above, successive meta-
analyses of preclinical hypothermia studies in focal ischaemic models have indicated that
hypothermia is strongly neuroprotective against both global and focal ischaemia. Indeed, they
suggest that, of all preclinical neuroprotective treatments for focal ischaemia, hypothermia is
the most potent.**%° Recent meta-analyses have focused on understanding how different factors
relating to application of therapeutic hypothermia (e.g., delay between ischaemia onset and
hypothermia initiation, target temperature, hypothermia duration, and regional versus whole-
body cooling etc.) affect various measures of outcome (e.g., infarct volume, cerebral oedema
volume, level of apoptosis and necrosis of neurons and glia, and neurobehavioural scores).
Even taking into account considerable heterogeneity of these factors between studies, there is
a significant and powerful treatment effect of hypothermia at all levels (mild, moderate and

severe).*

The relative effect of individual variables on outcome remains unclear, however, and there is
still no consensus from both preclinical and clinical studies on whether, for example, a target
temperature of 34 °C is more beneficial than 36 °C, or a treatment duration of 24 h is more
beneficial than 12 h. Whilst a general trend is that shallower target temperatures generally need
lengthier durations to achieve the same therapeutic effect, the very awareness of this has in
some cases generated bias in experimental design: shallower temperature has tended to be
paired with longer duration and vice versa, leading to a loss of independence between these
two factors.%! More recently, however, it has become clearer that longer delays to hypothermia
from ischaemia-onset lead to longer duration of hypothermia required to achieve equivalent

treatment effect. Furthermore, the latest clinical trial data from ESCAPE-NEXT and
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FRONTIER trials (mentioned in 1.2.1) showed that, for the same neuroprotectant, protection
is achieved at 1 h post-stroke but not at 3—4 h post-stroke; it is possible that the same is

applicable to hypothermia, though this remains to be determined.®!

1.3.3 Clinical trials

Despite preclinical success in achieving neuroprotection with hypothermia, progress in clinical
trials has been limited. In addition to problems common to the development of many
neuroprotective agents described above, there are several hypothermia-specific challenges that
affect efficacy and have not yet been fully addressed. Clinical trials so far have been
unsuccessful. For example, ICTuS-2, was a Phase 2 trial of intravascular cooling as a
hypothermic therapy for acute stroke, which ended prematurely primarily due to high
pneumonia-associated mortality: the use of sedatives and/or narcotics to suppress shivering
interferes with swallowing and increases risk of aspiration-related pneumonia.®>
Hypothermia is immunosuppressive, and — aside from requiring improved infection control

measures in the clinical setting — more work needs to be done to optimise hypothermia depth

and duration in order to achieve an adequate balance between too much and too little cooling.®*

Clinical use of hypothermia has also been limited by the homeostatic mechanisms that control
Tp. Humans, like all mammals, are endotherms and Ty is maintained at an equilibrium of
approximately 37 °C. This is done via a negative feedback system consisting of thermosensory
afferents and thermoeffector elements, which are coordinated by the CNS with the median
preoptic (MnPO) nucleus of the hypothalamus, dorsomedial hypothalamus (DMH), raphe
pallidus and paraventricular nucleus playing key roles.®>*® Thermosensory afferents are
specialised nerve endings that detect temperature changes both internally and externally, and

transmit signals to the CNS when temperature shifts occur. Thermoeffector elements are
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responsible for physiological responses like vasodilation, vasoconstriction, shivering, and
sweating, aimed at heat conservation or dissipation. Central control is primarily by the MnPO
nucleus of the hypothalamus, which processes input from thermosensory afferents to determine
the body's temperature status. For a basic but elegant illustration of current and previous
understandings of CNS thermoregulatory pathways, please refer to Figure 1 from Saper and
Machado, 2020.%° The raphe pallidus coordinates autonomic responses, while the
paraventricular nucleus integrates temperature signals with other factors (e.g., hydration levels,
metabolic demands, and circadian rhythms). The result is maintenance of Ty, within an optimal

range for normal physiology and function.®%

Therapeutic hypothermia via extrinsic cooling (e.g., application of ice packs or administration
of intravascular cold saline) displaces Ty downwards from its equilibrium, which ultimately
results in a sympathetic-driven thermogenic response in order to return Ty, to 37 °C. The
thermogenic response is more of a problem in humans than in smaller mammals like rodents
because humans have a much lower surface area:volume ratio through which to lose heat.”
Therefore, more cooling per unit volume of tissue is required to decrease in T}, by the same
magnitude per unit time. Thermogenesis is achieved via shivering (a stereotyped movement
caused by rapid alternating contraction and relaxation of antagonistic muscles mediated by
sympathetic nervous system efferents) and non-shivering generation of heat in brown adipose
cells (BAT) (which occurs via the conversion of the mitochondrial transmembrane proton
gradient into thermal energy by the transmembrane uncoupling protein (UCP1)). The shivering
component is also unpleasant for the patient and requires control by antimuscarinics and
narcotic opioid analgesics such as meperidine; this has the knock-on effect of respiratory

depression and exacerbates the risk of pneumonia. Specifically, reduced respiratory function

impairs the lungs’ ability to clear mucus and other secretions from the airways, creating an
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environment conducive to bacterial growth.> As a result of the above, a potentially more
effective way of achieving cooling would be to suppress thermogenesis and lower the body’s

theoretical “set-point” temperature.

1.4 Torpor

1.4.1 Torpor is physiologically-regulated and reversible hypothermia

Torpor is a regulated and reversible state of metabolic suppression used as a strategy by many
animals to conserve energy.’'”? It has evolved multiple times across the animal kingdom — not
only as derivations along individual phyletic lineages — but also independently across phyla
that had become well-separated.”*’> There are two types of torpor: fasting-induced torpor and
hibernation torpor. Hibernation is defined as prolonged torpor, lasting more than 24h.
Hibernation is either obligate or facultative. Obligate hibernation is driven by an endogenous
circannual rhythm. Facultative hibernation is induced by short days and subsequent gonadal
regression and encouraged by food and/or water restriction.’®’® In all cases, the torpid mammal
appears quiescent, has reduced mobility and has decreased responsiveness to sensory stimuli —
characteristics in common with sleep. Unlike sleep, the torpid mammal experiences
substantially greater decreases in metabolic, heart and breathing rates (sometimes down to just

1% of baseline values).”’

Arguably, the most recognisable feature of torpor is whole body hypothermia. The overarching
mechanism responsible is suppression of thermogenesis. Mammals and birds are endotherms:
most species maintain a core body temperature (Tp) of 3637 °C across a wide range of ambient
temperatures (Ta). This is achieved by actively regulating the balance between heat loss (e.g.,

via vasodilatation and piloerection) and thermogenesis. At the molecular level, thermogenesis
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occurs via respiration — an exothermic set of reactions of which heat and ATP are by-products
resulting from the conversion of oxygen and glucose to carbon dioxide and water.”® At the
whole organism level, as described in 1.3.3, thermogenesis in endotherms occurs through two
main mechanisms: shivering, which involves rapid antagonistic muscle contractions, and non-
shivering thermogenesis in BAT, where inner mitochondrial membrane uncoupling protein 1

(UCP1) converts the proton gradient derived from oxidative phosphorylation into heat.”

At the organism level, provided that Ty is above T, there is a net loss of heat to the environment
over a temperature gradient as per thermodynamic principles. Neuroanatomical studies suggest
that the lateral and median preoptic area of the anterior hypothalamus is thought to act as the
thermoregulatory “control centre”, which integrates information about Ty, and peripheral body
temperature from afferent sensory neurons located within both the hypothalamus itself and key
thermoregulatory tissues (e.g., abdominal viscera, skin and spinal cord).5> %3882 According to
whether the body is sensed to be too cool or too warm, different patterns of efferent signals are
relayed to effector systems that promote heat retention or heat loss respectively. Such responses
are broadly categorised as either physiological or behavioural. Physiological responses are
involuntary and mostly autonomic; examples include evaporative heat loss via sweating,
vasodilation/vasoconstriction, shivering and non-shivering or BAT thermogenesis.
Behavioural responses are voluntary, goal/reward-orientated and learnt by positive
reinforcement; examples include locomotor activity to either adopt postures that alter surface
area:volume ratio (e.g., curling up into a ball) or move into or out of direct sunlight.5%83
Suppression of thermogenesis during torpor is AjAR-dependent and leads to disruption of
physiological temperature homeostasis, akin to lowering the set-point temperature of a
thermostat. As a result, T}, is no longer actively maintained at any temperature set-point, and,

purely following thermodynamically principles, heat contained within the body is lost so that
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it equilibrates with the external environment. T}, thus tends towards Ta, with its rate of decrease

depending upon body surface area:volume ratio and T:T, gradient.”*8485

Associated with hypothermia are a wide range of physiological effects: decreased metabolic,
cardiac and respiratory rates; leucopaenia and thrombocytopaenia; suppression of
inflammatory and immune responses; hyperglycaemia and decreased carbohydrate
metabolism.** These are outside the scope of this thesis and will not be discussed in any further

detail here.

1.4.2 A; adenosine receptor signalling is sufficient and necessary for

lowered Ty during torpor

Results from studies by Drew and colleagues suggested that activation of CNS A; adenosine
receptors (A1AR) is both sufficient and necessary for torpor. In the Arctic ground squirrel
(AGS), activation of AjAR by the agonist N°-cyclohexyladenosine (CHA) administered via a
pre-implanted cannula led to lowered Ty, whereas antagonism of AjAR by theophylline during
entrance into torpor led to sustained reversal of hypothermia.®® These experiments employed
measures to minimise handling-induced arousal, including prior habituation of AGSs to
handling procedures. Consistent with these findings are those of previous studies in mice
(which naturally undergo fasting-induced torpor), in which i.p. administration of the
structurally similar AjAR agonists, N®-cyclopentyladenosine (CPA) and R-phenylisopropyl-
adenosine (R-PIA), led to profound hypothermia.®”%® More recently, it was found that
activation of CNS AjAR by CHA in the laboratory rat, a species naturally incapable of torpor,
also leads to suppression of thermogenesis and a drop in Tp.®* A subsequent study found that

deep hypothermia induced by CHA (down to a mean minimum Ty 0f 29.7 °C) reduced mortality
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in a rat model of global ischaemia.”® However, to date, the effect of CHA-induced hypothermia

on focal ischaemia has not been studied.

The precise neural circuitry behind CNS control of thermogenesis is complex and has not yet
been fully elucidated. However, as mentioned previously, hypothalamic nuclei, specifically
those in the MnPO, are likely to play a key role, as are other centres such as the raphe pallidus
and paraventricular nucleus.?”*!** Further discussion of how CNS controls thermoregulation
will not be discussed here as it lies outside the scope of this thesis. However, evidence suggests
that the neural mechanisms controlling thermoregulation are evolutionarily conserved between
mammals including rodents and humans.”* Crucially, this lends support to the hypothesis that,
as in all mammals studied so far, hypothermia can be pharmacologically induced in humans

via CNS A;AR-mediated suppression of thermogenesis.”> 7

1.4.3 Rationale behind thesis and key objectives

The discovery that normal thermoregulation can be subverted by pharmacological activation
of CNS AiAR has led to optimism that a more effective means of inducing therapeutic
hypothermia can be developed, which can potentially be deployed relatively early (e.g., pre-
hospitalisation). This may be particularly important in the context of acute ischaemic stroke,
since in most patients normal thermoregulation is largely intact, unlike in the cardiac arrest

% However, more work needs to be done to uncover the mechanisms and

scenario.
consequences of hypothermia induced by CNS AjAR activation. In particular, for successful

translation, there is firstly a need to study its effects on brain activity and determine if it would

indeed be protective against acute ischaemic stroke.
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Therefore, in this thesis, | study the effects of torpor on brain activity as measured by

electroencephalography (EEG), which is an established method of chronically recording

overall activity of the brain. This is done in both in models of natural torpor (fasting-induced

torpor in the laboratory mouse) and in pharmacological torpor (CHA-induced torpor), in order

for phenotypic comparisons to be made. Next, I evaluate the neuroprotective effects of A{AR

agonist-induced hypothermia in both in vitro and in vivo models of ischaemia. As explained

above, both impact on brain activity and neuroprotective efficacy of torpor are important

aspects to investigate if such a treatment were to be successfully translated to the clinic.

Therefore, to address these, I propose the following hypothesis-driven objectives:

1. Electrophysiology of fasting-induced torpor in mice (Ch. 2)

Hypothesis: Fasting-induced torpor in mice shares key electrophysiological
characteristics with hibernation, including entrance via NREM  sleep,
predominance of slow-wave activity (SWA) during the hypothermic state, and
suppression of REM sleep at low body temperatures.

Rationale: ~ While  hibernation  has  been  extensively  studied
electrophysiologically, less is known about fasting-induced torpor.
Understanding the similarities and differences could provide insights into the
underlying mechanisms and evolutionary relationships between these energy-
conserving states.

Expected results: Based on prior literature on hibernation, I expect to observe
that fasting-induced torpor is entered via NREM sleep, exhibits predominantly
slow-wave EEG activity that decreases in amplitude with declining body

temperature, and shows suppression of REM sleep during deep torpor.

2. Electrophysiology of cyclohexyladenosine-induced torpor in mice (Ch. 3)
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Hypothesis: Pharmacologically-induced torpor using the A1 adenosine receptor
agonist CHA produces a state electrophysiologically similar to natural fasting-
induced torpor.

Rationale: Understanding the electrophysiological properties of CHA-induced
torpor and comparing these with those of fasting-induced torpor could provide
insights into similarities and differences in terms of underlying mechanisms. It
would also indirectly provide insights into the potential impacts on brain
activity should a similar approach eventually be used in humans for inducing
therapeutic hypothermia (e.g., for acute stroke).

Expected results: I anticipate CHA-induced torpor will show similar EEG
characteristics to fasting-induced torpor, including SWA decreasing with body
temperature. However, 1 expect some differences in induction and arousal
dynamics due to its pharmacological nature. These findings would validate
CHA-induced torpor as a model for studying torpor mechanisms and support its

potential therapeutic applications.

3. Neuroprotective properties of hypothermia and cyclohexyladenosine in a neuronal

culture model of ischaemia (Ch. 4)

Hypothesis: Both hypothermia and CHA provide neuroprotection against
oxygen-glucose deprivation (OGD) in vitro, with potentially additive effects
when combined.

Rationale: Understanding the neuroprotective effects of hypothermia and CHA
individually and in combination could inform the development of treatments for
ischaemic conditions like acute stroke.

Expected results: I anticipate both hypothermia and CHA will improve neuronal

survival after OGD, with potentially greater protection when combined. I expect

33



CHA to show some neuroprotective effects at normothermia, suggesting
mechanisms independent of hypothermia. These findings would provide a
strong rationale for further investigation of combined hypothermia and CHA

treatment in more complex models of ischaemia.

4. Neuroprotective properties of cyclohexyladenosine-induced torpor in a rat model of

cerebral ischaemia (Ch. 5)

Hypothesis: CHA-induced torpor provides neuroprotection in a rat model of
focal cerebral ischaemia, comparable to the effects of physical hypothermia.

Rationale: If CHA-induced torpor proves neuroprotective in vivo, it could offer
a pharmacological alternative to physical cooling for treating ischaemic stroke.
Expected results: I anticipate CHA-induced torpor will reduce infarct volume
and improve functional outcomes compared to normothermia, with effects
similar to physical hypothermia. I expect some neuroprotection from CHA even
when body temperature is maintained, suggesting temperature-independent
mechanisms. These findings would support the potential of pharmacologically-

induced torpor-like states as a neuroprotective strategy for stroke.
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2 Electrophysiological properties of

natural torpor

2.1 Introduction

As discussed in Chapter 1, torpor is a regulated and reversible state of metabolic suppression
used as a strategy by many animals to conserve energy, having evolved multiple times across
the animal kingdom.”'~7® There are two types of torpor, fasting-induced torpor and hibernation
torpor. Hibernation is defined as prolonged torpor, lasting more than 24h. Hibernation is either
obligate or facultative. Obligate hibernation is driven by an endogenous circannual rhythm.
Facultative hibernation is induced by short days and subsequent gonadal regression and

encouraged by food and/or water restriction.”®®

Also discussed in Chapter 1 was that the most recognisable feature of torpor is whole body
hypothermia, caused by suppression of thermogenesis. Mammals and birds, as endotherms,
typically maintain a Ty, of 36-37 °C across a wide range of Ta. This is due to their ability to
maintain Ty homeostasis via active regulation of heat loss and thermogenesis (both shivering
and non-shivering types; described in more detail in 1.4.1).” The MnPO of the anterior
hypothalamus is thought to act as the CNS thermoregulatory “control centre”, which integrates
65-68,80-82

information about Ty and peripheral body temperature from afferent sensory neurons.

This leads to physiological and behavioural responses to maintain temperature homeostasis.
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80.83 During torpor, AjAR-dependent suppression of thermogenesis disrupts this homeostasis,

causing Ty to eventually equilibrate with T,’%8485

The effects of hypothermia — whether through physical cooling or through torpor — upon brain
activity have been the subject of a number of studies. Chronic cortical encephalography (EEG)
has been recorded during whole body physical cooling in rodents, monkeys and humans. The
general finding of these studies has been that the hypothermic EEG is predominantly
characterised by SWA, with EEG power decreasing with decreasing Tb.”> ! Studies in animals
undergoing hibernation (e.g., alpine and Arctic ground squirrels, marmots, hedgehogs and
dwarf lemurs) and seasonal-daily torpor (e.g., Djungarian hamsters, round-tailed ground

squirrels and grey mouse lemurs) have yielded similar findings. %%

The effects of hypothermia on states of vigilance have been investigated in a limited number
of studies. EEG can be used to distinguish between different states of vigilance: sleep and
wakefulness have characteristic patterns of brain activity, which arise from a dynamic interplay
among numerous cortical and subcortical sleep-wake controlling circuits. During wakefulness,
EEG activity is characterised by fast, low amplitude oscillations, dominated by theta-frequency
activity (4—7 Hz), whilst non-rapid eye movement (NREM) sleep is defined by the occurrence
of slow waves (typically 0.5-4 Hz), arising within thalamocortical networks.”>!'" The
amplitude of slow-waves during NREM sleep is an established marker of the homeostatic sleep
drive, which increases with prolonged wake and decreases with sleep.!!! Additionally, NREM
sleep exhibits other distinctive EEG features such as sleep spindles (brief 12—14 Hz oscillations
lasting 0.5-3 s) and K-complexes (large amplitude, biphasic waves lasting >0.5 s). By contrast,
rapid eye-movement (REM) sleep is typically characterised by lower amplitude, theta-

frequency oscillations, i.e. similar to the waking state.”> While these EEG characteristics are
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broadly similar across mammals, important species differences exist between rodents and
humans that must be considered for clinical translation.!'? Human sleep architecture is more
complex, comprising three distinct NREM stages (N1-N3) and REM sleep, whereas rodents
exhibit a simpler architecture with single NREM and REM states. Stage N1 represents
drowsiness and sleep onset in humans, characterised by slowing of alpha rhythm (8-12 Hz)
and appearance of vertex sharp waves. Stage N2 features distinctive sleep spindles and K-
complexes, whilst N3 (slow-wave sleep) is dominated by high-amplitude delta waves. This
progressive deepening of NREM sleep seen in humans is not observed in rodents, which
transition directly into a state most closely resembling N3. The temporal organisation of sleep
also differs substantially between species. Humans typically experience a single consolidated
7-9 hour sleep period comprising 4-5 cycles of NREM-REM sleep. In contrast, laboratory
mice exhibit polyphasic sleep patterns consisting of multiple shorter episodes throughout the
24-hour period, totalling approximately 12 hours of sleep.!!'* These shorter cycles may reflect
evolutionary adaptations to predation pressure, requiring more frequent periods of arousal.
These differences, summarised in Table 1, have implications for detection, recognition and

scoring of vigilance states between humans and mice.

Table 1: Comparison of vigilance state scoring criteria between humans and laboratory mice,

highlighting key differences relevant for clinical translation.

State Human Criteria Mouse Criteria Key difference

Wake High frequency (>13 High frequency (>7 Hz), Theta rhythm prominence in

Hz), high EMG tone, eye  high EMG, prominent rodents
movements theta (47 Hz)
NREM  Three stages (N1-N3),  Single state, high delta Simpler NREM architecture

progressive delta (0.5~  (0.5—4 Hz), spindles (12—  inrodents
4 Hz), spindles (12-14 14 Hz)
Hz)
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REM Mixed frequency EEG, Theta-dominated (4—7 Theta rhythm prominence in

muscle atonia, eye Hz), muscle atonia rodents

movements
Scoring 30 second epochs 4—10 second epochs Smaller temporal resolutions
Epochs allow more sensitive

detection of short-term
transitions in vigilance state

Beginning with Walker et al. in 1979, several studies have documented that torpor is entered
via normothermic NREM sleep. It was concluded, that “hibernation is continuous with and
homologous to sleep; more specifically, it is primarily an extension of the thermoregulatory
adjustments of slow wave sleep”.!'* In studies that recorded electromyography (EMG) during
torpor, upon entrance into torpor there is a marked reduction in EMG activity that accompanies
a suppression of shivering thermogenesis and the drop in Ty. The reverse occurs during
rewarming: there is a progressive increase in EMG activity that accompanies disinhibition of

shivering thermogenesis.!0%103:114-119

EEG obtained during pharmacologically-induced
hypothermia is similarly predominantly NREM-like SWA, the amplitude of which decreases
with Ty, whilst the EMG shows inhibition and disinhibition of shivering thermogenesis upon

entry into and emergence from torpor, respectively.’?!20

Notably, relatively fewer studies have recorded EEG and EMG in animals undergoing
hypothermic torpor triggered by fasting, e.g., the pocket mouse and the laboratory mouse,
rather than photoperiodic changes.!?®!?!122 That fasting-induced torpor is triggered by actual
and acute rather than seasonally-perceived lack of food is significant, not least because the
selection pressures that drove its evolution are likely to be quite different, i.e., fluctuations in
food availability that are decoupled from seasonal variations.’®!?* The other dimension that I

considered when choosing to study torpor in murine rodents such as mice and rats is their
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relevance to overarching aim of this thesis: to translate torpor, a naturally-occurring
phenomenon, into a neuroprotective treatment for acute stroke. Unlike for the Arctic ground
squirrel, models of both global and focal ischaemia have been established in both rats and mice.
For the studies described in Chapters 2 and 3, the mouse is chosen rather than the rat because
rats do not naturally undergo torpor whereas mice do, and this allows for a direct comparison

of natural (fasting-induced) torpor with pharmacologically (A1AR agonist) induced torpor.

Thus, in this study, [ perform chronic recordings of EEG, EMG and surface body temperature
(Tsurface) in laboratory mice undergoing torpor induced by food restriction. I hypothesise that
fasting-induced torpor shares key electrophysiological characteristics with hibernation,
including NREM sleep entry, SWA predominance during hypothermia, and REM sleep
suppression at low body temperatures. The primary aims are to characterise EEG morphology
throughout torpor and compare these patterns with non-torpid (euthermic) states. These
analyses aim to enhance our understanding of natural torpor, which is pertinent to its potential

translation into a neuroprotective therapy for acute stroke.
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2.2 Materials and methods

2.2.1 Animals and recording conditions

Adult, male C57BL/6 mice were used in this study (Charles River; n = 6; aged 12 weeks).
Throughout the experiment, mice were individually housed in custom-made clear Plexiglas
cages (20 x 30 x 35 cm) on a 12:12 h light-dark (12:12 LD) cycle for the duration of the
experiment (Figure la) inside sound-attenuated, ventilated recording chambers (Campden
Instruments, Loughborough, UK; two cages per chamber). Each chamber was illuminated at
approximately 200 lux by a warm white LED strip lamp during the light phase of the 12:12 LD
cycle. Room temperature and relative humidity were regulated at 20 + 1 °C and 60 + 10%,
respectively. Tsurface Was continually recorded from the hottest pixel detected by thermal
imaging cameras (Optris Xi 80 compact spot finder thermal imaging camera with 80° wide
angle lens, Optris GmbH, Berlin, Germany) mounted at the top of each cage (Figure 1a). Ad
libitum water was provided throughout the study. All procedures were performed in
compliance with the United Kingdom Animals (Scientific Procedures) Act of 1986, as well as
the University of Oxford Policy on the Use of Animals in Scientific Research (PPL
P828B64BC). All experiments had approval from the University of Oxford Animal Welfare

and Ethical Review Board.
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Figure 1. The experimental design and effects of food restriction on body weight and
surface body temperature. a, Left: photograph showing the recording chamber with two
Plexiglas cages for individually housed mice. Middle: a representative thermal image
of a mouse acquired with the thermal imaging camera. Right: schematic diagram
showing the position of EEG electrodes. b, Experimental design illustrating the timing
of feeding and fasting relative to the LD cycle. c, The time course of body weight across
the experiment. d, The time course of surface body temperature, shown separately for
the maximum, mean and minimum daily temperature values, irrespective of the time
of day or behavioural state. e, The relationship between body weight and mean daily
surface body temperature. The data points correspond to individual animals. Each
animal contributes three data points, corresponding to the days when body weight was
measured. The data for Day 5 of fasting are depicted as large dark blue circles. Mean

values, n = 6, SEM where relevant.
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2.2.2 Surgical procedure and experimental design

Animals underwent cranial surgery to implant custom-made EEG and EMG head-mounts as
described previously.!?*1?® Each head-mount consisted of three stainless steel screw EEG
electrodes (SelfTapping Bone Screws, length 4 mm, shaft diameter 0.85 mm; InterFocus Ltd,
Cambridge, UK) and two stainless steel EMG wires, all attached to an 8-pin surface mount
connector (8415-SM, Pinnacle Technology Inc, Kansas, USA). Surgical procedures were
carried out using aseptic technique under isoflurane anaesthesia (5% for induction; 1.5-2.5%
for maintenance). Animals were head-fixed during surgical procedures using a stereotaxic
frame (David Kopf Instruments, California, USA). Viscotears liquid gel (Alcon Laboratories
Limited, Hemel Hempstead, UK) was applied at regular intervals to protect the eyes. Two head-
mount screws were implanted epidurally over the frontal (M1 motor area, anteroposterior (AP)
+2 mm, mediolateral (ML) 2 mm) and occipital (V1 visual area, AP -3.5-4 mm, ML +2.5 mm)
cortical areas (Figure 1a). The third screw acted as a reference electrode and was implanted
over the cerebellum; additionally, an anchor screw was implanted contralaterally to the frontal
screw (with the tip within the cranium) to stabilise the head implant. Two stainless steel wires
were inserted either side of the nuchal muscle for recording EMG. All head-mount screws and
wires were stabilised using dental cement (Associated Dental Products Ltd, Swindon, UK).
Overall, this configuration gave two EEG derivations (frontal vs. cerebellum and occipital vs.
cerebellum) and one EMG derivation. All animals were given subcutaneous (s.c.) normal saline
and maintained on thermal support throughout surgery and for the subsequent 1-2 h.
Analgesics were administered pre- and post-operatively (meloxicam 1-2 mg/kg, s.c., Metacam,
Boehringer Ingelheim Ltd, Bracknell, UK). A 7-day recovery period was permitted prior to
cabling the animals for recording. Mice were habituated to the recording cable for 2 days

before recordings were used in analyses.?>?*
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2.2.3 Restricted feeding paradigm

A restricted feeding paradigm, partly based upon a previous protocol, was used.!?® Recordings
began at ZT9 (Zeitgeber time; ZTO = lights on, ZT12 = lights off). After obtaining two stable
baseline 24 h recordings with food provided ad libitum (defined from here as Days —1 and 0 of
fasting), food was removed at ZT9 and subsequently 1.5 g food was made available to the
animals only between ZT6-9 each day (Figure 1b). This paradigm was chosen because,
as demonstrated previously, it results in an occurrence of hypothermic bouts.'? Animals were
weighed at ZT6 on Days —1, 2 and 5. The experiment was terminated at the end of Day 5. On
Day 5 of fasting some of the animals were woken up if they were still in torpor at the time of

feeding, and therefore these data were not included in the analysis of sleep latency.

2.2.4 Signal processing

EEG data were acquired as described previously using the Multi-channel Neurophysiology
Recording System (TDT, Alachua FL, USA).'?° EEG and EMG data were sampled at 256.9
Hz (filtered between 0.1-100 Hz), amplified (PZ5 NeuroDigitizer pre-amplifier, TDT, Alachua
FL, USA) and stored on a local PC. Data were resampled offline at 256 Hz. Signal conversion
was performed using custom-written MATLAB (version 2019a; The MathWorks Inc, Natick,
Massachusetts, USA) scripts based upon previous studies'?>!2¢ and tailored to this study, and
the output was converted into European Data Format for offline analysis. For each 24 h
recording, EEG power spectra were calculated via Fast Fourier Transform (FFT) for 4 s epochs,
at a 0.25 Hz resolution (SleepSign Kissei Comtec, Nagano, Japan). All computer clocks were
calibrated to real time prior to recording, and subsequently all recordings of EEG and

temperature were precisely aligned prior to further analysis.
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2.2.5 Detection of hypothermic bouts

In this study, Tsurface Was recorded using thermal imaging cameras, and used for detecting the
occurrence of hypothermic bouts, defined by transient decreases of Tsurface (see below). I have
chosen thermal imaging cameras as a non-invasive tool to monitor body temperature. This is
an important refinement relevant for both animal welfare and the scientific aims of the study,
as this allowed us to avoid implanting an i.p. device to record core body temperature, in
addition to cranial EEG electrodes. The thermal imaging cameras were fit-for-purpose in
detecting relatively large changes in Tsurface such as those that occur during fasting-induced
torpor, as previously published,!?*!?7 but could also detect its minor fluctuations. I noted that
the absolute values of Tsurface Obtained in this study (Figure 1c) were variable between animals
and consistently lower than previously reported temperature values recorded in small rodents
from the brain or intraperitoneally placed thermistors. Although the values of Tsurface reported
here cannot be interpreted as a proxy of absolute core body or brain temperature, relative state-
dependent changes in Tsurface could be reliably detected and compared within an animal across
experimental days. Since Tsurface recordings are prone to artifacts, arising from changes in
piloerection, movement and changes in the visibility of the “hot-spot” to the cameras depending
on the animal’s position (Figure 1a), I smoothed the data as described below with the aim to
minimise artefactual temperature fluctuations, and to improve detection of physiological

temperature changes.

Transient superficial decreases in Tsurface Occurred in all 6 animals at baseline, and were
generally within 1-2 °C below the median temperature during baseline. These drops in Tsurface
typically corresponded to prolonged bouts of sleep, when the core body temperature is
decreased and Tsuface 1S expected to be even lower and likely influenced by

piloerection. 13128129 Occasionally, deeper incursions of Tsurface Occurred at baseline, but they
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were never as deep as during days with fasting. All changes in Tsurface, including relatively
minor dips during baseline were considered as putative hypothermia bouts, which were

subsequently analysed based on the magnitude of temperature decrease.

As fasting progressed, the bouts of hypothermia became progressively deeper and longer, and
unequivocal torpor bouts occurred in all animals on Day 5 of fasting. Due to camera software
malfunction, no Tsurface data was recorded for Day 1. Hypothermic bouts were detected using
custom-made MATLAB scripts based on Tsurface data averaged in 1 min bins and smoothed
with a 20 min moving average, which removed artefacts occurring as a result of movement.
During days of fasting, hypothermic bouts were defined as time periods during which Tsurface
was more than 3 SD below the median temperature value, and which ended when Tsurface
reached at least the level of 1 SD below the mean Tsurface recorded on baseline days. Upon
inspection, it was revealed that such periods sometimes consisted of “sub-bouts” that were
demarcated by noticeable increases in Tsurface, While remaining well below normothermic levels.
These “sub-bouts” were not considered as interruptions of hypothermic bouts. Substantial
variability was observed across hypothermic bouts with respect to minimal Tsurface achieved.
For some specific analyses, I identified epochs of “deep hypothermia” on the days of food
restriction, where Tsuface Was decreased by more than 4 °C relative to the median Tsurface

calculated at baseline.

2.2.6 Scoring of vigilance states

Scoring of vigilance states was performed offline by visual inspection of consecutive 4 s epochs
(SleepSign, Kissei Comtec, Nagano, Japan). Frontal and occipital EEG derivations and EMG
were displayed simultaneously to facilitate scoring. Vigilance states were classified as wake

(high frequency, low-amplitude irregular EEG pattern dominated by theta-activity, 4-7 Hz),
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non-rapid eye movement sleep (NREM; EEG dominated by high amplitude, low frequency
waves), orrapid eye movement sleep (REM; EEG is dominated by theta-activity, most
prominent in the occipital derivation, with a low level of EMG activity). Epochs where EEG
signals were contaminated by artefacts due to movement were excluded from spectral analyses
(7.1 +3.2% of'total recording time). The onset of individual NREM sleep episodes was defined
by the first occurrence of slow waves in at least one EEG channel, along with the absence of
EMG activity. Vigilance states annotation was performed across all days, including the time
periods when Tsurface Was low (see Results). As EEG amplitude decreased in association with a
drop in Tsurface, it Was not used as a key criterion for vigilance state annotation and the scoring
was based on frequency content and the overall pattern of EEG activity, in addition to the

presence or absence of EMG activity.

2.2.7 Statistics

Statistical analyses were performed using MATLAB (The MathWorks Inc, Natick,
Massachusetts, USA). Since EEG spectral power values are not normally distributed, data were
log-transformed prior to statistical comparison.'*® Data are presented as mean values with
standard error of the mean (SEM). To assess the effect of fasting across days, one-way repeated
measures ANOVA was used. Pair-wise comparisons were calculated based on parametric

(paired Student’s T) tests.
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2.3 Results

2.3.1 Body weight and temperature

Body weight and Tsurface Were recorded throughout the experiment (Figure 1¢). As restricted
feeding progressed, a decrease in mean body weight was observed. Over 5 days of restricted
feeding, mean body weight fell from 28.3 + 1.17 g during baseline to 24.1 £ 0.94 g on Day 5
(p<0.001; F(2, 10) =233.99, p =4.01 e-09, repeated measures ANOVA; Figure 1c). Over the
same time period, daily Tsurface Values also decreases: maximum Tiuface decreased slightly from
32.6 £ 0.24 °C to 31.4 + 0.075 °C (p = 0.005; F(5, 25) = 12.5, p = 3.94 e-06), mean Tsurface
dropped from 31.6 + 0.27 °C to 27.2 + 0.47 °C (p = 0.001; F(5, 25) = 17.7, p = 1.66 e-07),
whilst minimum Tsurface dropped substantially from 30.1+0.36 °C to 21.5+£0.61 °C (p <0.001;
F(5,25)=25.9, p = 3.84 ¢-09) (Figure 1d). Overall, there was a positive correlation between

body weight and mean daily Tsuface (Figure 1e).

2.3.2 Characteristics of hypothermic bouts

From Tisuace data, hypothermic bouts, e.g., any decreases of peripheral temperature by > 0.5 °C
relative to median baseline value, were detected on all days (see Methods). As mentioned in
the Methods section, relatively superficial periods of hypothermia (decreases of up to ~ 2.5 °C)
were detected in some animals during baseline, which is likely to have occurred during NREM
sleep, especially when bedding material obscured vision of the thermal cameras. As fasting
progressed, there was a general trend of hypothermic bouts becoming progressively deeper
(Figure 2a). Calculating the incidence of hypothermic bouts across consecutive days revealed

that the number of bouts per 24 h did not change and averaged 3.8 £ 0.91 on Day —1 and 4.7 £
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0.61 on Day 5 (F(5, 25) = 1.2, n.s.; Figure 2b). There was an increase in the number of bouts
on Day 2, before a subsequent decrease, possibly reflecting a progressive consolidation of the
hypothermic bouts across the fasting days (p = 0.001; F(5, 25) = 21.4). Consistent with this
notion, a marked increase in mean duration of hypothermic bouts was evident, starting from
121 £ 12 min on Day —1 and reaching 213 + 37 min on Day 5 (p = 0.020; F(5, 25)=5.1,p =
0.002; Figure 2c). The minimum temperature values attained during hypothermic bouts also
decreased progressively from 30.2 £ 0.31 °C on Day —1 to 25.0 + 0.52 °C (p = 0.001; F(5, 25)
=149, p = 8.01 e-07) on Day 5 (Figure 2d). This was reflected in a shift towards a more
frequent occurrence of hypothermic bouts with lower values of Tsuface during days of fasting
as compared with baseline days when food ad libitum was provided (p = 0.006; Figure 2e).
Next, the cumulative daily hypothermia index was calculated,'*!% which is the integral of the
decrease in Tsurface relative to median baseline Tsurface for each hypothermia bout. This analysis
revealed a progressive increase of hypothermia index across days (F(5, 25) = 5.7, p = 0.010;

Figure 2f).
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Figure 2. The characteristics of hypothermia bouts. a, Representative examples of
hypothermia bouts in one individual animal (with each line representing a 24 h day)
showing that hypothermic bouts became deeper as fasting progressed from Day 2 to
Day 5. b,c,d, The time course of the number and duration of hypothermia bouts and the
minimum surface body temperature attained during hypothermia bouts. Note that as
restricted feeding progressed, hypothermia bouts increased in duration, became more
frequent and deeper. e, Distribution of hypothermia bouts during baseline and fasted
days. f, The time course of daily cumulative hypothermia index (equal to the integral
of the decrease in Tsurmace relative to median baseline Tgurmce for each hypothermia bout;
represented by the inset showing shaded area between curve and straight line) across
the experiment. Note that as restricted feeding progressed, the hypothermia index

increased. n = 6, mean values, SEM.
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Figure 3. The timing of torpor bouts and corresponding changes in the EEG. a,
Representative EEG power density spectra colour-coded on a logarithmic scale
(uwV?/0.25 Hz) during baseline day and during the last day of fasting in one individual
mouse. Note the substantial reduction in EEG power during hypothermia. b,
Representative EEG and EMG traces taken from wakefulness, NREM sleep and REM
sleep during euthermic conditions (surface body temperature > 36 °C) and during

hypothermia (< 24 °C). EEG and EMG traces labelled as: Fro (frontal EEG); Occ
(occipital EEG); EMG.

2.3.3 The relationship between hypothermia and vigilance states during

fasting

Visual inspection of EEG spectra revealed that EEG power was generally depressed across all
frequencies during hypothermic bouts, especially when Tsuee Was reduced (Figure 3a).

However, the typical EEG and EMG signatures of wakefulness, NREM sleep and REM sleep
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were apparent, which allowed vigilance state annotation throughout the recording period

(Figure 3b).

As fasting progressed, the amount of wakefulness as expressed as a percentage of 24 h
increased initially from 50.2 + 2.4% to 59.7 £ 2.3% (p = 0.002) on Day 3, but then decreased
on Day 5 to 51.3 £4.7% (p = 0.180, F(6, 30) = 2.5, p = 0.042; Figure 4a, top). At the same
time, the daily amount of NREM sleep (including epochs during both normothermia and
hypothermia) showed first a suppression but then returned to values similar to baseline (fed ad
lib: 41.6 £ 1.8%, Day 5: 47.1 £ 4.7%, p = 0.290; F(6, 30) = 4.9, p = 0.001; Figure 4a middle).
However, the amount of REM sleep decreased markedly from 8.1 + 0.5% at baseline to 1.6 £
0.2% (p <0.001) on Day 5 (F(6, 30) = 35.6, p = 2.42 e-12; Figure 4a, bottom). These changes
were evident from individual hypnograms (three days from a representative individual mouse

shown on Figure 4b).

Focusing specifically on the proportion of each vigilance state within hypothermic bouts on
Day 5 and during matching time periods on Day —1, revealed lower amounts of wake (31.2 £
3.8% versus 45.6 + 2.1%; p = 0.012) and REM sleep (0.96 + 0.36% versus 8.2 + 0.5%; p <
0.001), while the amount of NREM sleep was increased (61.8 + 3.4% versus 42.5 £ 1.5%; p =
0.002). The decrease in Tsurface Was strongly associated with the amount of REM sleep, which
was proportionally decreased, while NREM sleep increased as a function of hypothermia

deepening (Figure 4c). The Tsurface and the amount of wakefulness were only weakly related.

Next, it was asked whether fasting-induced torpor affects subsequent sleep. To enable direct
comparisons with baseline it was important to ensure that body temperature reaches

normothermia after emergence from torpor. However, this was not the case. When the time
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courses of Tsurface across baseline day and during the last two days of fasting were calculated,
when torpor bouts were especially prominent, it was apparent that the animals remain
persistently hypothermic around feeding time (Figure 4d). Specifically, the mean Tsurface Was
below corresponding baseline values during the last hour before feeding on both days Day 4
and 5 (p = 0.003 and 0.009 respectively), and even during the first hour after the animals were
provided with food and aroused (p = 0.016 and 0.019 for Day 4 and 5 respectively).
Immediately before and post-feeding at ZT6, mice were generally observed to be awake,
possibly because they developed food anticipation and also because they spent time feeding
after food was provided. This was reflected in a reduced amount of NREM sleep before and
immediately after food was provided (Figure 4e). This period of wakefulness is likely to
include the rewarming phase of torpor, during which mice are known to shiver. Finally, the
time at which mice entered the first period of sleep lasting 1 minute or longer was identified,
and the duration between the start of feeding and the start of post-torpor sleep was calculated.
This revealed that mice did not go to sleep immediately after feeding, and instead stayed awake
on average for 49.5 £ 9.0 min. A large inter-individual variability in sleep latency was noted

(range: 14.7-72.7 min) (Figure 4f).
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Figure 4. The effects of fasting and hypothermia on vigilance states. a, The time course

of daily amounts of EEG/EMG defined wakefulness, NREM sleep and REM sleep.
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Note a progressive increase in the amount of NREM sleep and decrease in REM sleep
during fasting. b, The time course of EEG slow-wave activity (0.5-4Hz, SWA) during
the 24 h period shown for baseline day (fed ad /ib) and two days of food restriction
(Day 3 and Day 5 of fasting) in an individual mouse. Mean SWA is plotted in 1-min
epochs and is color-coded according to the vigilance state (waking: green, NREM sleep:
blue, REM sleep: pink). The grey line at the top corresponds to surface body
temperature. Note the drop in SWA when body temperature is low. ¢, The relationship
between the amount of waking, NREM and REM sleep and peripheral body
temperature. Note that when the temperature declines by more than approximately 5 °C,
REM sleep virtually disappears. d,e Time course of Tsumce (d) and NREM sleep (e)
during baseline day (fed ad /ib) and during the last two days of fasting. Vertical red
line indicates the approximate time when the animals were provided with food. f, Time
from feeding to first episode of sleep across fasting days. Purple box indicates median

and interquartile range; black circles indicate outliers. Mean values, n=6, SEM.

2.3.4 EEG spectral analysis during wake and sleep: effects of hypothermia

Next, | investigated the effects of fasting and hypothermia on EEG spectral power. I addressed
whether the decrease in spectral power I observed earlier (Figure 3c) was state specific and
whether it was primarily associated with Tsurface Or resulted from changes in sleep intensity
associated with fasting. I calculated EEG power spectra separately for epochs, scored as waking,
NREM sleep and REM sleep during baseline when the animals were fed ad libitum, during
epochs of deep hypothermia when the animals were fasted, and also during those epochs on
fasting days when Tsurface Was similar to baseline. I observed that EEG power generally showed
a decrease during hypothermia on days when the animals were food restricted, but it was
virtually identical between normothermia epochs on fasted days and during baseline (Figure
5a). The reduction in EEG power during hypothermia was especially pronounced during
NREM sleep, which is consistent with previous findings in Djungarian hamsters (Figure 5b).'3!

The decrease in EEG power during waking was also observed during hypothermia as compared

with both baseline and normothermia in the frontal derivation and compared to normothermia
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only in the occipital EEG (Figure 5a). The decrease in EEG power during REM sleep was
somewhat more pronounced than during waking, but caution is warranted with interpreting this
result as the total amount of REM sleep was drastically decreased when Tsurface Was low.
However, during those epochs of REM sleep that occurred during hypothermia, a marked left-
ward shift of the theta peak was present, consistent with the observation made previously in
Djungarian hamsters.!*? To further address whether the changes in the EEG observed were
related to temperature changes rather than fasting, I clustered all waking, NREM and REM-
scored epochs as a function of progressively decreasing Tsurface, and calculated corresponding
total spectral EEG power in the frequency range between 0.5-30 Hz (Figure 5b). I observed
generally higher values of total EEG power during NREM sleep at normothermia, but in all
three vigilance states EEG power decreased markedly as a function of Tsurace decrease (Figure

5b).
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Figure 5. The effects of fasting and hypothermia on EEG power spectra. a, EEG power
spectra during waking, NREM sleep and REM sleep during baseline (fed ad /ib) and
shown separately for euthermic (ET) and hypothermic (HT) episodes during fasting.
Note that EEG power generally declines during hypothermia on fasted days but is
virtually indistinguishable from spectra of the EEG recorded during the same days at
euthermia. EEG power spectra during REM sleep highlight a marked slowing of theta
peak frequency. Horizontal lines below the curves depict frequency bins where EEG
power was different between days (p < 0.05; paired t-test on log-transformed values).
b, The relationship between total EEG power during waking, NREM and REM sleep
and surface body temperature. Note a strong negative relationship between surface

body temperature and EEG power in all vigilance states. n = 6, mean values, SEM.
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2.3.5 Hypothermic bouts are initiated from normothermic NREM sleep

For the following analyses, all episodes of decreased Tsurface lasting at least 2 h that occurred
during baseline and fasting conditions were identified (denoted by ‘fed ad lib’ and ‘fasting’
respectively). These included minor decreases in Tsurface 0f less than 2 °C that were predominant
during baseline conditions, and have been well-documented in earlier studies.!?®!3313* The
visual inspection of individual hypnograms suggested that bouts of hypothermia during fasting
days do not start from wakefulness or REM sleep, but rather commence during or just before
NREM sleep with high SWA (Figure 4b, 6a). Notably, during the initial NREM sleep at the
beginning of hypothermic bouts, the EEG signals were indistinguishable between those on
fasting days (that predominantly progressed into deep hypothermia) or those on baseline days
(associated with only a minor decrease in Tsurface) (Figure 6b). In these two groups, the
corresponding amount of sleep were calculated and compared (Figure 6¢). In both cases, the
onset of hypothermia was associated with a marked increase in the proportion of NREM sleep,
which was especially pronounced at the onset of the (deeper) hypothermic bouts that occurred
on fasting days (Figure 6d). Furthermore, a greater amount of NREM-like state was seen as
Tsurface decreased further. At the same time, EEG SWA started with high values in both cases,
and showed a similar decreasing trend during the following 60 min period (Figure 6e). Thus,
these data suggest that the occurrence of bouts of hypothermia is closely linked to the

occurrence of deep NREM sleep characterised by high SWA.
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Figure 6. The relationship between surface body temperature, sleep and SWA at the
onset of hypothermia episodes. a, A representative example of the time course of EEG
slow-wave activity (0.5-4Hz, SWA) during a typical period of sleep, associated with a
minor decrease in surface body temperature (left), and the dynamics of SWA during
the entrance into a deep bout of hypothermia (right). SWA is plotted in 4 s epochs and
is colour-coded according to the vigilance state (waking: green, NREM sleep: blue/dark
blue, REM sleep: pink). The grey line at the top corresponds to surface body
temperature. Note the drop in SWA in both cases, which is especially pronounced as
the temperature decreases. b, Representative EEG traces of NREM sleep at the
beginning of sleep periods when the surface body temperature remains high (as shown
on Panel a) or subsequently declines (as on Panel b). Note that during this time EEG
activity is virtually indistinguishable between the two states, suggesting that even the
deepest hypothermia bouts start from NREM sleep. ¢,d, The time course of surface
body temperature and the proportion of NREM sleep starting from the onset of

euthermic and hypothermic NREM. Note the rapid increase in the amount of NREM
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sleep at the beginning of a hypothermia bout in fasted animals and a greater proportion
of NREM sleep later during the hypothermia bout. The bars at the bottom denote
differences (p < 0.05, paired t-test). e, The time course of EEG SWA during NREM
sleep from the onset of hypothermia bout in fed ad lib and fasted animals. Note that the
values of SWA are initially high and show a progressive decrease in both cases. n = 6,

mean values, SEM.
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2.4 Discussion

2.4.1 Body temperature changes

A detailed investigation was performed of EEG/EMG defined states of vigilance during
hypothermia and torpor induced by restricted feeding in mice. There were minor decreases of
Tsurface during baseline, likely corresponding to episodes of sleep, but more profound bouts of
hypothermia were common as fasting progressed. The observation that fasting in the laboratory
mouse induces progressively deeper bouts of hypothermia tending towards Ta. confirms the
results of several previous studies.’67*!17:123126 Although it is well known that body
temperature also decreases during sleep, previous studies suggest that the minimum Ty
decreases to a greater extent during torpor than during sleep.’**%!3 During hibernation, as
discussed in 1.4.1, the set-point Ty is defended at a lower temperature , resulting in a Ty
decrease that corresponds to net passive heat transfer to the surrounding environment
(governed by basic thermodynamic principles).'*® In this study, Ta was relatively high (20 +
1 °C), though T}, as low as 16 °C have previously been recorded in mice during torpor and
pharmacologically-induced hypothermia where Ta was of a similar value.!*”!3® However, in
larger mammals such as the black bear, the influence of body size in determining Ty becomes
more apparent. During torpor in the black bear, T typically does not drop below 30 °C. 813
Larger mammals, by simple geometry, have a smaller surface area:volume ratio than smaller
mammals, and therefore they lose heat to the environment at a slower rate. However, it remains
unclear and has not yet specifically been investigated whether or not there are other factors at
play. For example, torpor may not be an all-or-nothing phenomenon, and, depending on the
degree to which saving energy is required, Tr homeostasis could be partially (rather than fully)
suppressed, leading to Ty that is much closer to euthermia than Ta. This could be explained by

the notion that larger mammals such as the black bear are of much larger volume and therefore
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capacity for storage of metabolic fuel, meaning there is not as much physiological need for the

extreme energy-saving typical of torpor in the Arctic ground squirrel.3>!%

2.4.2 EEG changes

Numerous studies have investigated the EEG changes that occur during torpor, and most of
these have been in animals that undergo spontaneous torpor modulated primarily by circannual
changes in photoperiod.'?%103114-118 Relatively few studies have focused on EEG changes in
animals that undergo torpor triggered by fasting.!%*1?> My results confirm that fasting-induced
torpor in laboratory mice bears key similarities to torpor seen in other species. For example,
consistent with earlier work, EEG power decreases during hypothermia, especially during

NREM-like sleep states, as previously seen in Djungarian hamsters. !%%:13!

Previous studies have shed light on how temperature, both directly and indirectly, affects EEG
power. For example, processes involved in generating synaptic and spiking activities, such as
transmembrane ionic currents, synaptic vesicle release, and intracellular signalling cascades
are expected to be inhibited at lower temperatures.” 4142 Most biochemical and physiological
processes, with some important exceptions, such the circadian clock, which is characterised by
“temperature-compensation”, have a temperature coefficient (Q10) of 2-3, and the specific
relationship between brain temperature and EEG power follows a Q10 of approximately
2.5.74112 L ikely also contributing to this value are the structural changes in neurons that occur
during hypothermia: several studies have demonstrated that both torpor in ground squirrels and
pharmacologically-induced hypothermia in laboratory mice lead to the marked loss of synaptic
contacts, i.e., retraction of dendrites, decrease in spine density and branching, and the
dissociation of proteins from the cytoskeletal active zone — all of which occur in different

cortical regions and reverse upon rewarming.!*!%-1% However, the decrease in the EEG
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power during fasting-induced torpor in mice, may also be accounted for, at least in part, by
changes not directly related to hypothermia. For example, a breakdown in network
synchronisation or increased inhibition, such as can be observed in deep anaesthesia, coma or
other pathological states, may lead to EEG changes similar to those observed in torpor. 46147

The above changes may reflect decreased excitability of neurons, which would be consistent

with the neuroprotective effects of hypothermia.

2.4.3 Vigilance state changes

Despite the marked decrease in EEG amplitude, distinctive EEG and EMG signatures of
normothermic wakefulness and sleep were still ascertainable — an unsurprising finding since
previous studies in mice suggest that the EEG only becomes truly isoelectric at Ty, of below

1014 °C.102148 This allowed scoring of vigilance states throughout hypothermic bouts.

The daily amount of NREM sleep increases as fasting progresses, consistent with previous
studies, 0%103:.114-16.122 There was also a marked decrease in REM sleep, both with successive
days of fasting and with successively lower Tsurface. The spectral peak of REM sleep EEG also
shifted towards a slower frequency band, as was previously described in hamsters.!3> REM
sleep was essentially abolished below a Tsurface 0f 25—26 °C. This is consistent with previous
studies demonstrating the temperature dependence of REM sleep.!#*!°! It has been shown
previously that there is a linear correlation between the amount of REM sleep and brain
temperature.'!” Furthermore, it has been shown in rats, which are strictly homeothermic, that
REM sleep is sensitive even to changes in T, alone: the amount of REM at 29 °C T, is double
that at 23 °C.!>2 It has been postulated that, since during REM sleep there is a loss of
thermoregulatory control, the absence of REM sleep during torpor allows for sustained and

uninterrupted control of body and brain temperature.!'15315% While the underlying
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neurophysiological mechanisms remain to be further clarified, it is possible that the lateral
hypothalamic melanin-concentrating hormone (MCH) neurons are involved, as it has been

recently demonstrated that their effects on REM sleep expression vary dynamically with Tj.!%

Finally, the amount of wakefulness initially increases up to Day 3, before decreasing towards
Day 5. The initial increase in waking possibly reflects the initial dominance in arousal and
food-seeking behaviours. By Day 5, this has reversed and the need to save energy outweighs
the benefits of staying awake to forage for food.!* Thus, an intriguing contrast with hibernation
is that an important trigger for entering fasting-induced torpor in mice is that the strong wake
drive associated with hunger needs to be exceeded by the need for energy conservation.
Interestingly, under a restricted feeding schedule, mice enter torpor predominantly in the dark
phase, during which they are typically active in laboratory conditions, whereas the opposite is
mostly true for torpor triggered by shortening of the photoperiod. This is consistent with
previous studies of fasting-induced torpor in mice >'?*!57 but further work is necessary to
disentangle the roles of the endogenous clock, the timing of feeding and the degree of energetic

challenge in torpor initiation and its other characteristics.'>%!%

2.4.4 The transition into torpor

I observe that the time interval during which mice enter a bout of hypothermia is dominated by
a state indistinguishable from NREM sleep, consistent with earlier studies.!?1%%16% previous
studies suggest that any detectable decrease in Ty at torpor onset occurs affer the drop in
metabolic rate.3%!! This drop in Ty is facilitated by a decline in the set-point temperature of
the thermoregulatory system, which is likely to decline initially upon the wake-NREM
transition and decline even further as torpor progresses.!>%!®2 However, vigilance state

transitions such as wake-NREM typically occur on a much faster time scale than any detectable
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changes in Ty or metabolic rate. The precise timing of NREM sleep onset relative to changes
in Ty and metabolic rate could be confirmed in future studies. It would also be interesting to
investigate whether using sleep deprivation to prevent animals from entering sleep would also
prevent hypometabolism; however, this possibility remains to be experimentally addressed. I
would predict that, were metabolic rate also measured (e.g., in a metabolic chamber),
hypometabolism would not be detected: the very process of sleep deprivation (e.g., via gentle
handling and tapping on the cage) would increase activity levels and thus metabolic rate beyond

what they would be without sleep deprivation.

Following on from normothermic NREM sleep, Tsuface decreases, accompanied by a
progressive decrease in EEG power. This change is gradual and, like in previous studies, it is
difficult to precisely define a time point at which the EEG no longer resembles typical
normothermic NREM sleep.!'%!1%° For the shorter hypothermic bouts, there is a clear inflection
point at which Tsurface reverses and increases back towards normothermia within a few hours.
For the longer bouts, Tsuface €ventually reaches a stable level at near Ta, which may last up to
10 hours in the most extreme of cases. This is still short when compared with bouts of
hibernation e.g., in the Arctic ground squirrel, which can last for weeks at a time. As observed
in this study, in fasting-induced torpor, there is substantial variability in bout duration, i.e., this

likely reflects the wide range in severity of fasting,!23-163

2.4.5 Post-emergence from torpor

The adenosine hypothesis of sleep pressure suggests that adenosine, a neurotransmitter that
accumulates in the brain as a result of neural activity, plays a key role in regulating sleep-wake
cycles. As extracellular adenosine levels increase during wakefulness, this increases sleep

pressure. During sleep, increased activity of adenosine deaminase reduces extracellular

64



adenosine, which in turn reduces sleep pressure and promotes wakefulness upon waking.!%4

Under the same hypothesis, EEG SWA, which, in both rodents and humans, has been found to
increase as a function of prior waking duration and decrease as a function of sleep, is a marker

of sleep pressure.!>-166

Some of the earlier studies in hibernating animals reported they go into deep normothermic
sleep shortly after emergence from a bout of hibernation, !93-107:108.167.168 gpectra]l EEG analysis
revealed that cortical SWA is typically high at the beginning of normothermia and declines
thereafter. These findings suggested that the preceding torpor bout does not restore sleep need,
which may seem paradoxical as torpor is comprised predominantly of a state most similar to
NREM sleep, as characterised by EEG. %1% However, the EEG is merely a window unto brain
activity: just because torpor shares EEG similarities with NREM sleep does not mean that it is

sleep; indeed, the EEG during anaesthesia appears similar to NREM sleep. !4%147

This study suggests that, unlike hibernating animals, mice are generally awake post-emergence
from fasting-induced torpor. Whether or not there is a similar build-up in sleep pressure could
potentially be masked by another determining factor that is wake-promoting and acts in
opposition to sleep pressure: hunger. Thus, it is possible that latency to sleep and its subsequent
intensity are determined both by the level of hunger and/or metabolic state of the animals, and
by the levels of homeostatic sleep drive. However, duration and depth of the preceding torpor
bout are likely to affect sleep pressure. Since there is natural variability between animals with
respect to these, further repeats of this experiment would be necessary to ensure reliable
comparisons between the competing factors of sleep pressure and hunger. Future studies could
employ a more controlled approach, standardising torpor duration and depth across subjects,

perhaps through careful manipulation of T, and fasting duration. Additionally, incorporating
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measures of metabolic state and hunger levels, such as blood glucose monitoring, could help

disentangle the competing influences of sleep pressure and hunger on post-torpor behaviour.!”

An important question that remains to be resolved is whether the rates of build-up of sleep
pressure during wakefulness and its dissipation during sleep are temperature-dependent, or
whether they are related to specific patterns of brain activity. Sleep pressure, classically
characterised by the accumulation of adenosine in the brain, serves as a key regulator of sleep-
wake transitions.!**!7! Adenosine, a purine nucleoside, steadily builds up during wakefulness
as a byproduct of metabolic processes.'®* When adenosine levels reach a critical threshold, its
binding to A adenosine receptors, likely in the ventrolateral preoptic area of the hypothalamus,
promotes the transition from wakefulness to NREM sleep.!’”> Whether adenosine levels
fluctuate differently during torpor, and how this may influence post-torpor sleep pressure and

timing remains unclear and represents an intriguing direction for future research.

Arguably, the minimal Ty, at which torpor occurs can influence subsequent sleep regardless of
changes in the EEG, and, on the other hand, just because the torpid EEG shares similarities
with NREM sleep does not mean that the state is functionally the same. It remains to be
determined why torpor may lead, under certain circumstances, to elevated sleep need, and it is
still unclear whether this is the case for fasting-induced torpor. It has been shown that lower
body and brain temperatures are associated with decreased EEG amplitude and left-shift in
peak frequency — to levels far lower than those seen during normothermic NREM. !!2173:174 [
Djungarian hamsters, at Tp < 30 °C the slow waves typical of normothermic NREM no longer
dominate the EEG, and at Ty, < 27 °C these waves are no longer seen in the EEG. Furthermore,
other studies show that at T, of below 10-14 °C the EEG becomes truly isoelectric.!%%!4

Associated with these temperature-sensitive changes are substantial, but reversible, structural
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and neurochemical transformations such as the loss of synaptic connectivity and sequestration
of dendritic cytoskeletal proteins, the latter of which has been demonstrated in subcortical and
multiple cortical regions.!3%!43-1%5 It would be unsurprising if such drastic changes in synaptic
structure and function have a significant impact on post-rewarming brain activity. Elucidating
the precise sequence and time-course of these changes would be crucial to gaining further

insight into the underlying neurophysiological mechanisms.

Finally, single unit recordings, previously performed in vitro and in vivo in posterior thalamic
neurons from torpid ground squirrels, reveal that hypothermia prolongs action potentials, yet
there is continued spontaneous firing down to Ty, of 14 °C, below which firing ceases.!4*!7 It
remains to be determined how spontaneous neuronal activity in different cortical areas changes

throughout torpor, given that sleep-wake related changes in cortical firing at normothermia can

be highly localised.'”®

2.4.6 Concluding remarks

In this chapter, I tested the hypothesis that fasting-induced torpor in mice shares key
electrophysiological characteristics with hibernation. My findings largely support this
hypothesis. In summary, my study suggests that fasting-induced torpor in mice bears important
electrophysiological similarities with hibernation, as well as highlights some important
differences, such as the observation that mice spend considerable time awake post-torpor. My
data are consistent with previous studies showing that electrophysiologically-defined NREM
sleep is a predominant state of vigilance at the transition to hypothermia, and during torpor the
animals spend most time in a NREM-like state with a low EEG amplitude. However, there are
numerous aspects that remain open to further investigation. For example, although thermal

imaging cameras allowed me to non-invasively and reliably detect torpor bouts, recording core
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Ty using intraperitoneal probes would provide a more accurate readout of changes in Tbp.
Furthermore, in future studies, concurrent measurement of core Ty and metabolic rates would
allow more precise determination of the relative timings of the drop in metabolism, drop in Tb,
and associated EEG changes upon entrance into torpor, as well as during rewarming.
Furthermore, future studies could provide more detailed analysis of specific EEG features
during torpor. For example, examining the presence and characteristics of sleep spindles and
K-complexes during the transition into torpor could reveal whether these NREM sleep
hallmarks persist at lower temperatures, and how their morphology changes with declining
temperature. Such analysis might identify unique EEG signatures of successful torpor
induction and could provide additional insights into the relationship between torpor and NREM
sleep states. Finally, further experiments, involving post-torpor sleep deprivation, would be
required to gain insights into whether or not fasting-induced torpor is associated with the build-
up of sleep need, and if sleep after torpor in mice is homeostatically regulated. Such
experiments would involve inducing torpor in mice through fasting, then preventing sleep for
varying durations post-emergence. EEG activity, sleep latency and slow-wave activity would
be monitored in subsequent sleep periods. My hypothesis would be that being in the state of
torpor does not fulfil sleep's restorative functions and instead leads to accumulation of sleep
need and. Thus, longer post-torpor sleep deprivation would result in: 1) shorter sleep latency,
2) higher initial SWA, and 3) longer total sleep duration. This prediction stems from
observations in hibernating animals, which often sleep extensively upon emerging from
hibernation, 103:107-108.167.168 1f gy horted, these findings would support the notion that torpor is

indeed a sleep-depriving state.
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3 Electrophysiological properties of

pharmacological torpor

3.1 Introduction

As described in the Chapters 1 and 2, torpor is a regulated and reversible state of metabolic
suppression used as a strategy by many animals to conserve energy.’'”’® However, until
relatively recently, it was not known whether a torpor-like state could be induced
pharmacologically. As mentioned in Section 1.3, it has now been demonstrated in several
rodent species that activation of CNS A; adenosine receptors (A1AR) is sufficient for entry into

a reversible torpor-like hypothermic state.86-8%177-179

The A1AR is one of four G-protein coupled receptors (GPCRs) for which the purine nucleotide
adenosine is the endogenous ligand. The other known subtypes of adenosine receptor are Aza,
Az and A3 A2aAR are found mainly in the cortex and have roles in sleep initiation, motor
control and potentially anti-inflammatory effects. A2sAR and A3AR are distributed more
widely throughout the body and play roles in inflammation and vascular regulation. Although
activation of A2aAR, A2BAR and A3AR (in addition to A1AR) by their specific agonists has
been shown to trigger hypothermia, relatively few studies have confirmed this.!8%!3! Thus,
A2aAR, A>gAR and A3AR will not be covered in further detail in this thesis. By way of contrast,
multiple studies have demonstrated the involvement of A1AR in inducing hypothermia and

torpor.868%177-17 A AR are found predominantly in the CNS, cardiac tissue (where activation
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leads to decreased heart rate and cardiac output) and renal tissue (where activation leads to
afferent arteriolar constriction).'®> A AR are expressed on both neurons and astrocytes and are
found widespread throughout the CNS, with the CA1 hippocampus and the preoptic area of the
hypothalamus being notable examples.®”-!8% A;AR is thought to have inhibitory effects within
neurons: its activation leads to binding of the Gij, protein to the receptor, which inhibits
adenylate cyclase and a decrease in cyclic adenosine monophosphate (cAMP). Downstream,
this leads to activation of phospholipase C (PLC) and increase in inositol triphosphate (IP3)
and diacylglycerol, both associated with decreased cellular activity, and thus neuronal

excitability and firing.'%?

The physiological and neuroanatomical bases of thermoregulation are covered in the
Introductions to Chapters 1 and 2. Briefly, CNS areas such as the lateral and median preoptic
areas of the hypothalamus, raphe pallidus and paraventricular nucleus form key components of
the central thermoregulatory control system.®>%32 Although the precise neuroanatomical
pathways have not yet been fully elucidated, activation of AjAR in neurons in these areas is
thought to disrupt the normal thermogenic response to low Ty. Thus, body heat equilibrates

with the surrounding environment and Ty decreases, tending towards Ta.”>!34

The fact that several studies have shown that A;AR agonists can be used to induce a torpor-
like hypothermic state suggests that this may be a potential means by which therapeutic
hypothermia can be induced as a neuroprotective treatment for acute stroke, justifying further
study in this area. Notably, there is limited understanding of the impact of AjAR agonist-
induced torpor upon brain activity (e.g., as recorded by cortical EEG). Furthermore, comparing
A1AR agonist-induced torpor with natural (fasting-induced) torpor is both valid and intriguing

from a comparative physiology point of view, not least because CNS A;AR activation has been
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shown to be not only sufficient but also necessary for natural torpor: in both the Arctic ground
squirrel (AGS) and laboratory mouse, AjAR antagonists (theophylline and 8-
sulfophenyltheophylline, respectively) administrated i.p. in the middle of torpor led to
sustained reversal of torpor.®®!85 This suggests that AjAR-mediated torpor is a form of true
torpor rather than another type of hypothermia that occurs via a different mechanistic pathway.
Thus, in this study, the continuous changes in body temperature, EEG, EMG and vigilance
states during pharmacological induction of a torpor-like state via i.p. administration of CHA in
mice are investigated. At the time of writing, this would be the first time that chronic EEG has
been recorded throughout pharmacological torpor in any animal. Where appropriate, the results
from these experiments are compared and contrasted with those of natural (fasting-induced)

torpor in laboratory mice (Chapter 2).
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3.2 Materials and methods

Most of the methods used in this chapter have been covered in the previous chapter, including:
Animals and recording conditions (2.2.1, also Figure 7a); Surgical procedure (2.2.2); Signal
processing (2.2.4); Scoring of vigilance states (2.2.6); and Statistics (2.2.7). Instead of
undergoing food restriction, mice were injected with CHA according to Section 3.2.1 (also

illustrated in Figure 7b).

ZT0 ZT3 ZT12

1

-

Figure 7. Experimental design. a, Left: photograph showing the recording chamber
with two Plexiglas cages for individually housed mice. Middle: a representative
thermal image of a mouse acquired with the camera. Right: schematic diagram showing
the position of EEG electrodes. b, Surface body temperature trace (over 24 h) annotated

with the time-point of i.p. cyclohexyladenosine injection and light-dark cycle.
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3.2.1 Drug preparation and administration

CHA was dissolved in 8% DMSO (Sigma-Aldrich) and physiological saline. Based upon
methods used in previous published studies, to induce a torpor-like hypothermic state, mice
were given a single i.p. injection of CHA (0.5 mg/kg) at the same time (ZT3; Zeitgeber time;
ZT0 = lights on, ZT12 = lights off) during the light-dark cycle. The dose used is based upon
those used in similar previous studies in rodents. 668892 118.179.186 \fice were allowed to return to
normothermia unassisted. Approximately 8—10 hours were required for Tsurface t0 return to

normothermia following injection of CHA.

Supervision and methodology for experiments was provided by Prof. Vladyslav V. Vyazovskiy

and lab member Dr. Lukas Krone was involved in EEG probe implantation, i.p. injection and

subsequent Tsurface and EEG recording.
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3.3 Results

3.3.1 Body temperature

Tsurface Was recorded throughout the experiment. Immediately following i.p. injection of 0.5
mg/kg CHA, mice underwent a bout of reversible hypothermia where Tsurface gradually tended
towards Ta (20 = 1 °C) which consisted of cooling, maintenance and rewarming phases.
Cooling and rewarming rates were calculated as the slope of respective segments of the Tsurface
trace, as indicated by Figure 8a. Cooling was faster in CHA-induced torpor when compared
with fasting-induced torpor: —8.4+ 0.6 and —5.8 £ 0.1 °C.h! respectively (p = 0.003). However,
the opposite was true of rewarming, which was 2.20 = 0.12 °C.h"! in CHA-induced torpor and
higher at 6.5 = 0.6 °C.h’! in fasting-induced torpor (p < 0.001) (Figure 8b). Next, the total
cumulative durations of hypothermic episodes over 24 h during fasting-induced torpor (Day 5)
and CHA-induced torpor were calculated. The former was more than double the latter (865.3
+ 58.0 and 371.8 + 29.8 min respectively; p < 0.001). However, total cumulative (over 24 h)
hypothermia indices (defined as the area between the temperature curve and a horizontal line
representing euthermic core body temperature) were not different between fasting-induced
torpor (Day 5) and CHA-induced torpor (1409.1 + 352.2 and 1399.1 = 220.4 °C.min
respectively). When duration of hypothermia was taken into account, hypothermia indices per
min of hypothermia CHA-induced torpor were greater than those of fasting-induced torpor

(Day 5) (3.76 = 0.59 and 1.63 + 0.41 °C respectively).
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Figure 8. Comparisons of CHA-induced and fasting-induced hypothermia
characteristics. a, Schematic with the surface body temperature trace of an individual
mouse labelled with negative and positive slopes used to calculate cooling and
rewarming rates respectively during a bout of CHA-induced hypothermia. b, Bar chart
illustrating cooling and rewarming rates for fasting-induced and CHA-induced
hypothermia. ¢, Bar chart showing the total cumulative duration of hypothermia over
24 h during fasting-induced torpor (Day 5) and CHA-induced torpor. d, Comparison of
total cumulative hypothermia index (area between the temperature curve and a
horizontal line representing euthermic core body temperature). e, Comparison of total
cumulative hypothermia indices, corrected for total duration of hypothermia, for
fasting-induced torpor (Day 5) and CHA-induced torpor. n = 6 per group, mean values,
SEM.

3.3.2 Vigilance state changes during pharmacological torpor

The typical EEG and EMG signatures of wakefulness, NREM sleep and REM sleep were
apparent throughout the duration of CHA-induced hypothermic torpor. This allowed vigilance

state annotation throughout the recording period (Figure 9). The amount of wakefulness as
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expressed as a percentage of 24 h was higher for CHA-induced torpor than for fasting-induced
torpor during the cooling phase (33.6 + 9.0% compared with 6.9 £ 1.1% respectively; p =
0.0142). There were no corresponding differences for the maintenance and rewarming phases.
Conversely, the percentage of NREM sleep was lower for CHA-induced torpor than for fasting-
induced torpor during the cooling phase (64.5 + 8.4% compared with 92.0 &+ 1.8% respectively;
p = 0.0107). Similar to wakefulness, the percentages of NREM sleep and REM sleep for the
maintenance and rewarming phases were not different between CHA-induced and fasting-
induced torpor. N.B., there were negligible amounts of REM sleep in both maintenance and
rewarming phases, which meant that statistical comparisons were not possible in these

instances.

Upon visual inspection of the EEG, while there were clear differences in morphology in all
three vigilance states between euthermia and both types of hypothermia (CHA and fasting-
induced), there were no clearly discernible differences between hypothermia induced by fasting
versus by CHA. Both hypothermic conditions showed similar alterations in EEG patterns
across vigilance states compared to euthermia, characterised by generally reduced amplitude
and frequency. Spectral analysis of EEG is performed in Section 3.3.4, which reveals specific

frequency-dependent alterations across vigilance states.
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Figure 9. Comparisons of vigilance state characteristics between fasting-induced and
CHA-induced torpor. a, Schematic with the surface body temperature trace of an
individual mouse labelled with the cooling, maintenance and rewarming phases during

a bout of CHA-induced hypothermia. Amounts of b, Wakefulness, c, NREM sleep and
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d, REM sleep during cooling, maintenance and rewarming phases expressed as
percentages of the total duration of each phase. n = 6 per group, mean values, SEM. e,
Representative EEG and EMG traces taken from wakefulness, NREM sleep and REM
sleep during euthermic conditions (surface body temperature > 36 °C) and during
hypothermia (< 24 °C) during fasting-induced and CHA-induced torpor. EEG and
EMG traces labelled as: Fro (frontal EEG); Occ (occipital EEG); EMG.

3.3.3 Vigilance state changes post-pharmacological torpor

Vigilance states during the first hour post-rewarming from pharmacological torpor were
analysed (Figure 10). Mice were in NREM sleep for 78.4 +4.0% of this period and were awake
for only 16.0 +4.2%. This contrasts with the post-rewarming period for fasting-induced torpor,
where 16.3 = 7.9% was spent in NREM sleep and 80.3 = 10.2% was spent awake. The p-values
for the comparisons of CHA-induced versus fasting-induced torpor were p < 0.001 and p <

0.001 for NREM sleep and wakefulness respectively. There were no corresponding differences

in REM sleep.
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Figure 10. Vigilance state changes post-pharmacological torpor. a, Schematic with a
surface body temperature trace of an individual mouse during a bout of CHA-induced
hypothermia, labelled with the time-point of CHA injection and the 1 h time-period
post-torpor. b, Durations of Wakefulness, NREM sleep and REM sleep expressed as
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percentages of the total 1 h period following a hypothermic bout, for fasting-induced

(Day 5) and CHA-induced hypothermia. n = 6, mean values, SEM.

3.3.4 EEG spectral analysis

The effects of CHA-induced hypothermic torpor on vigilance state-specific EEG spectral
power were investigated (Figure 11). EEG power spectra were calculated separately for waking,
NREM sleep and REM sleep states for CHA-induced torpor, as well as for fasting-induced
torpor and baseline when the animals were fed ad libitum (for the purpose of comparison).
Across all three vigilance states, EEG peak frequency was lower during CHA-induced torpor
and fasting-induced torpor, with the decrease being more noticeable for the former. For the ad
lib feeding condition, the EEG peak frequencies were 7.50, 1.25 and 7.25 Hz for waking,
NREM and REM, respectively. For fasting-induced torpor (Day 5), they were 7.00, 2.75 and
1.75 Hz, respectively. For CHA-induced torpor, they were 1.50, 1.25 and 1.50 Hz, respectively.
The decreases in EEG peak frequencies associated with fasting and CHA induced torpor during
REM sleep were somewhat more pronounced than during NREM sleep or waking, but caution
is warranted with interpreting this result as the total amount of REM sleep was substantially

lower during torpor.
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Figure 11. Changes in vigilance state-specific EEG power spectra during CHA-induced
torpor, as compared with fasting-induced torpor (Day 5) and ad lib feeding at euthermia,
expressed as a percentage of maximal power. Note the left-shift (slowing) of peak EEG
frequency in all 3 vigilance states for CHA-induced torpor versus this occurring in only

NREM and REM-scored epochs for fasting-induced torpor. n = 6 per group, mean
values, SEM.
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3.4 Discussion

3.4.1 Cyclohexyladenosine induces a hypothermic torpor-like state

66,88,92,118,179,186

Consistent with previous studies in mice, rats and ground squirrels, 1.p.
administration of the AjAR agonist CHA (0.5 mg/kg) in mice results in a reversible bout of
hypothermia lasting 8-10 hours. This bout consists of an entrance phase (where Tsurface
decreases), maintenance phase (where Tsurface Temains relatively constant at near Ta.) and a

rewarming phase (where Tsurface Increases back to normothermia). These three phases also

occur during fasting-induced torpor.

Analyses of rates of change of Tsurface during entrance into and exit from CHA-induced torpor
demonstrate that the rate of cooling is faster than that of rewarming (and also faster than
equivalent cooling phase during fasting-induced torpor). This is in contrast with fasting-
induced torpor, where cooling and rewarming occur at similar rates. During fasting-induced
torpor, endogenous adenosine is the sole ligand for the A1AR receptor. It is thought that fasting
results in a change in the balance of AMP:adenosine.'®” As a result, there is net accumulation
of extracellular adenosine in the preoptic area of the hypothalamus, which results in net
activation of AjAR and initiation of torpor.®”-!38 The faster cooling rate of CHA-induced torpor
could merely be a factor of the dose used (0.5 mg/kg), resulting in a higher maximum
extracellular concentration of AjAR-specific ligand than that of endogenous adenosine and/or
a faster increase in agonist available to bind to A1AR, given that a bolus dose is given rather

than an infusion that gradually increases in rate.

However, this would not explain why the rewarming rate for CHA-induced torpor is slower

than that of fasting-induced torpor. Adenosine has a very short half-life in plasma (15 s) and
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therefore the level of A1AR activation (and thus rate of thermogenesis) responds more rapidly
and more sensitively to changes in the AMP:adenosine ratio. By contrast, CHA, which acts as
the primary A1AR ligand in CHA-induced torpor, has a much longer half-life (approximately
2 h).%518 The shallower gradient of rewarming in CHA-induced torpor may be due to CHA’s
slower rate of elimination compared with adenosine (and thus slower change in the net level of
A1AR activation). These findings may have practical implications for pharmacologically-
induced therapeutic hypothermia, e.g., the ideal A1AR agonist should have a half-life that is
long enough to allow stable hypothermia, but short-enough to allow fine control of the duration
of hypothermia. Also, BBB-permeable AjAR antagonists may have a role in reversing
pharmacological torpor. To date, A1AR antagonists have mainly been used in 2 contexts: 1) to
reverse natural torpor in Arctic ground squirrels; 2) a BBB-impermeable A1AR antagonist (8-
p-sulfophenyl-theophylline) given concomitantly with CHA (which is BBB-permeable) in rats
to induce hypothermia with a net reduction in systemic/cardiac (but not CNS) A;AR

activation.%%186

As with fasting-induced torpor (Chapter 2), further analyses are performed on the Tsurface data
from mice undergoing CHA-induced hypothermia, to take into account not only duration but
also depth of hypothermia. The total cumulative duration of hypothermic episodes over 24 h
during CHA-induced hypothermia were approximately double that of fasting-induced torpor
(Day 5), which is explained simply due to the fact that the timing of CHA-induced torpor was
artificial and dependent upon the dose of the fixed bolus of CHA. Important to note is that,
whereas CHA-induced hypothermia was a single long bout, fasting-induced torpor (Day 5, and
prior days) often consisted of more than one bout: the mice warmed back up and cooled back
down again without entering any prolonged periods of hypothermia until feeding time. These

changes in T, may be due to the competing needs to warm up and forage for food versus cool
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down and conserve energy. Interestingly, there was no difference between the two states in
total daily cumulative hypothermia indices (defined as the area between the temperature curve
and a horizontal line representing euthermic core body temperature), suggesting that despite
CHA-induced hypothermia being shorter in total duration, this was compensated for by higher
depth of hypothermia. Indeed, when duration of hypothermia was taken into account (by
dividing cumulative hypothermia index by cumulative hypothermia duration), CHA-induced
hypothermia had a much higher hypothermia index per umnit of time compared with fasting
fasting-induced torpor. These findings are consistent with the previous finding that the rate of
cooling (i.e., deeper hypothermia is reached more quickly) during the former is faster compared

with the latter.

3.4.2 EEG changes

Numerous studies have investigated the EEG changes that occur during natural torpor — of both
hibernation and fasting-induced types.'0%103:109:.114-118.122.19 However, chronic EEG has never
(at the time of writing) been recorded from any animal undergoing pharmacologically-induced
torpor. My results confirm that CHA-induced torpor in laboratory mice bears
electrophysiological resemblance to fasting-induced torpor. In particular, EEG power
decreases during hypothermia, especially during NREM-like sleep states. However, the
decrease is more profound than for fasting-induced torpor, as demonstrated by a much more

marked left-shift in the power spectrum.

As discussed in detail in Chapter 2, temperature both directly and indirectly affects EEG power,
with the relationship between brain temperature and EEG power following a Qio of
approximately 2.5.7!12 For example, processes involved in generating synaptic and spiking

activities, such as transmembrane ionic currents, synaptic vesicle release, and intracellular
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signalling cascades are expected to be inhibited at lower temperatures.”!40142 In addition, there
is a decrease in synaptic connectivity, as detected by neuroanatomical studies in both rodents

undergoing natural torpor and in rodents undergoing pharmacological torpor, !38143-143

Despite differences in cooling and rewarming rates, CHA-induced torpor follows a largely
similar Tsurface profile to fasting-induced torpor. However, their EEG power spectra are different,
which suggests that CHA-specific pharmacodynamic factors completely unrelated to
temperature are at least partly responsible for this. Specifically, A1AR are expressed throughout
the cortex; binding of CHA dampens firing activity of al/ neurons — not only those in the
preoptic area that are responsible for thermoregulation.!! This is likely to affect the EEG
profile and spectra of CHA-induced torpor, for example, by dampening of neuronal firing
further to that already caused by the lower brain temperature. These factors may have additional
importance from a clinical point of view since it is unknown what the effects of CHA would
be on other parts of the cortex, in the context of an already-hypothermic brain. This would be
especially important considering CHA’s much longer half-life and potentially higher maximum

extracellular concentration than physiological endogenous adenosine. '*’

3.4.3 Changes in vigilance states during cyclohexyladenosine-induced

torpor

The question of whether torpor represents a unique vigilance state or can be interpreted within
traditional sleep-wake frameworks is central to understanding both natural and
pharmacologically-induced torpor. Several lines of evidence support interpreting torpor using

traditional vigilance states rather than as a distinct state. Despite reduced amplitude and
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frequency, the fundamental EEG patterns characteristic of NREM sleep (delta waves), REM
sleep (theta rhythm), and wakefulness remain discernible during both natural and CHA-

induced torpor.!1168192 Whilst these patterns are attenuated, their relative relationships and
temporal organisation remain consistent with normal vigilance states. The behavioural
manifestations during torpor align with traditional vigilance states, though with important
distinctions. During NREM-like periods, animals maintain sleep-like postures and show
reduced responsiveness to stimuli, but with notably tighter huddling, minimal postural
adjustments, and markedly higher arousal thresholds compared to normal sleep.'** Furthermore,
the involvement of adenosine signalling in both natural sleep and torpor (particularly evident
in CHA-induced torpor) is more suggestive of shared underlying mechanisms rather than
distinct physiological states. Thus, while torpor can be usefully interpreted using traditional
vigilance state criteria, it may represent a specialised adaptation of these states rather than a

completely distinct state.

Table 2: Comparative analysis of EEG characteristics, behavioural signs and physiological
markers across normal sleep, natural torpor and CHA-induced torpor. The table highlights both
shared features that support interpretation using traditional vigilance states and key differences

that reflect adaptation to hypothermia.

Characteristic Normal Sleep Natural Torpor CHA-Induced Torpor

EEG Patterns
- NREM High delta (0.5-4 Hz), Reduced amplitude delta ~ Reduced amplitude delta

sleep spindles (12—14 Hz)

-REM Theta-dominated (4-7 Hz)  Rare, if present shows Rare, minimal theta
attenuated theta activity

- Wake High frequency (>7 Hz) Reduced amplitude and Reduced amplitude and
frequency frequency
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Behavioural Signs
- Posture

- Movement

- Arousal Threshold

Neurological Signs
- Muscle Tone

- Temperature

- Metabolic Rate
Sleep Architecture
- State Transitions

- Bout Duration

- Post-State Behavior

Curled sleeping position

Periodic repositioning

Normal, varies by stage

Variable by state

Normal (36-37°C)

Normal

Regular cycling

Regular 10-20 min cycles

Normal activity

Tight balling

Minimal, mostly during
arousal

High, but can respond to

strong stimuli

Reduced but maintained
Reduced (20-25°C)

Significantly reduced

Mainly NREM-like
Extended NREM-like
periods

Immediate foraging

Similar to natural torpor
Very minimal
throughout

Very high, reduced

responsiveness

Markedly reduced
Reduced (20-25°C)

Significantly reduced

Mainly NREM-like
Extended NREM-like
periods

Euthermic NREM sleep

Consequently, despite the marked decrease in EEG power, distinctive EEG signatures seen in
normothermic wakefulness and sleep are still ascertainable, which facilitates the scoring of
vigilance states throughout CHA-induced torpor. Similar to fasting-induced torpor, during
cooling and maintenance phases, there are higher percentages of NREM sleep, and lower
percentages of wakefulness and REM sleep when compared with normothermic baseline. This
is consistent with previous studies of natural torpor, where EEGs were shown to predominantly

be SWA resembling NREM sleep.!0%103:114-116,122

However, for CHA-induced torpor, these differences are less pronounced than those for
fasting-induced torpor: specifically, there is a slightly greater amount of wakefulness and
slightly less NREM sleep.'”® Shivering thermogenesis during torpor, detected as periods of

sustained and intense EMG activity, are scored as waking epochs, according to traditional
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vigilance state scoring criteria. One might presume that the increased wakefulness during
cooling and maintenance phases were due to shivering, which is an autonomically controlled
reflex. However, in another study by Bailey and colleagues, during i.p. CHA-induced cooling
in rats there was no evidence of thermogenesis during cooling as measured by oxygen
consumption.®® This is also consistent with cooling during CHA-induced torpor being much
more rapid than during fasting-induced torpor, perhaps suggesting greater suppression of
thermogenesis and shivering. The other possibility is that the increased epochs scored as wake
during CHA-induced torpor reflect true wakefulness (as per euthermia) or a different type of
brain activity pattern. This activity, while meeting the criteria for wakefulness according to
traditional EEG scoring methods, may not be associated with the same physiological or
behavioural characteristics of normal wakefulness. Though outside of the scope of this thesis,
future studies could involve more in-depth analysis of the EEG during the cooling and
maintenance phases of CHA-induced torpor, to determine if there are patterns of activity
distinct from euthermic wakefulness. Furthermore, correlation with simultaneous recordings
of other physiological parameters such as heart rate, respiratory rate, and oxygen consumption

(as a proxy for metabolic rate), could provide a more comprehensive picture.

Conversely, during the rewarming phase, there is a higher percentage of NREM sleep and
lower percentage of wakefulness in CHA-induced torpor when compared with fasting-induced
torpor. This indicates that less shivering occurs during the rewarming phase of CHA-induced
torpor, which can be more readily explained through current understanding of shivering
thermogenesis:'** due to the likely higher average extracellular concentration of CHA
compared with endogenous adenosine, suppression of shivering thermogenesis persists even

during the rewarming phase. This is also in keeping with the slower rewarming rate observed
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3.4.4 Changes in vigilance states post-cyclohexyladenosine-induced torpor

As discussed in detail in Chapter 2, previous studies in animals capable of hibernation reported
that animals go into deep euthermic sleep very shortly after emergence from a bout of torpor,
characterised by high SWA (a marker of sleep need, discussed in ‘2.4.5 Post-emergence from
torpor’). These findings suggested that torpor, despite appearing similar to NREM sleep on
EEG, paradoxically does not restore sleep need,!0%:107:108.167.168 168,169 5y the other hand, mice
emerging from fasting-induced torpor (described in Chapter 2, Discussion) did not immediately
go to sleep after torpor, suggesting either that sleep pressure does not build up significantly
during fasting-induced torpor, or that the need to sleep is outweighed by the need to stay awake

and forage for food (Chapter 2, Discussion).

By way of contrast, analysis of vigilance states in the one hour post-emergence from CHA-
induced hypothermia reveals that, unlike for fasting-induced torpor, mice that undergo CHA-
induced hypothermia afterwards spend a substantial proportion of this time in normothermic
NREM sleep. This suggests that, unlike fasting-induced torpor, CHA-induced hypothermia is
a sleep-depriving state. At first glance, this finding seems paradoxical: according to the
adenosine hypothesis of sleep (described in Section 2.4.5), administering an A1 AR agonist such
as CHA should promote sleep, via its action on A1AR in sleep-promoting centres (such as the
ventrolateral preoptic area of the hypothalamus), and thus dissipate sleep pressure. That the
opposite is found could be explained by the presence of excess CHA altering the balance of
endogenous adenosine:AMP such that extracellular adenosine actually decreases during the
hypothermic bout, leading to an increase in sleep pressure by the end of the hypothermic bout,
which would be consistent with the adenosine hypothesis. Another explanation may be that,
unlike fasting-induced torpor, CHA-induced hypothermia would not lead to mice being energy-

deprived to the same extent, meaning that they would not need to stay awake in order to forage
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for food. In future studies, food intake could be measured to confirm that there is no unusual

increase in food consumption following torpor or post-torpor sleep.

As discussed in Section 2.4.5, an important question to answer for both natural and
pharmacologically-induced torpor is whether or not the rate of build-up of sleep pressure is
temperature-dependent. Lower body and brain temperatures are associated with markedly
decreased EEG amplitude and left-shift in peak frequency — to levels far lower than those seen
during euthermic NREM.!'%!731" [t seems plausible that this stark contrast in EEG
morphology could account for the observation that torpor does not function as sleep and
therefore does not have the same effect on sleep pressure. To address this possibility, as a
possible future experiment, Ty could be artificially maintained at 36-37 °C (e.g., via a
thermostatically-controlled heating element) within the recording chamber. Under such a setup,
after CHA-injection, one could hypothesise that 1) the EEG would more closely resemble
normothermic NREM sleep, and 2) such a state may not be sleep-depriving, unlike its
hypothermic equivalent. However, if even under normothermic conditions, CHA-induced
torpor is still sleep-depriving, then this would suggest a more complex relationship between
adenosine signalling and sleep homeostasis. If CHA-induced NREM at normothermia led to
rebound NREM sleep, it would argue that A;AR activation alone may not be sufficient to
mediate the full restorative benefits of sleep, although it might be adequate to induce sleep-like
states. This outcome would indicate that while AjAR activation can trigger sleep, additional
factors may be involved in fulfilling all the restorative functions of natural sleep. Such a finding
would not necessarily invalidate the adenosine hypothesis of sleep, but rather suggest that the
mechanisms underlying sleep pressure and restoration involve additional complexities beyond

A1AR activation.
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3.4.5 Concluding remarks

This chapter tested the hypothesis that CHA-induced torpor produces a state
electrophysiologically similar to natural fasting-induced torpor. My results partially support
this hypothesis. Firstly, it is evident that CHA-induced torpor shares several similarities with
fasting-induced torpor. Both exhibit phases of hypothermia, maintenance, and rewarming, with
CHA's induction leading to a more rapid cooling rate. This may be attributed to the higher
extracellular concentration of AjAR-specific ligand induced by the bolus dose of CHA. The
slower rewarming rate in CHA-induced torpor, likely due to CHA's longer half-life, may have
implications for therapeutic hypothermia strategies, necessitating a careful balance between
stability and control. Furthermore, the depth of hypothermia during CHA-induced torpor is
notably greater than in fasting-induced torpor when considering the duration. This emphasises
the significance of the rate of cooling, which correlates with deeper hypothermia. EEG changes
during CHA-induced torpor are similar to those during fasting-induced torpor, although the
degree of left-shift in peak frequency is more pronounced. Factors unrelated to temperature,
such as CHA's action on A1 AR receptors throughout the cortex, may be responsible. Vigilance
state analysis during CHA-induced torpor reveals overall similarity to fasting-induced torpor.
Intriguingly, unlike after fasting-induced torpor, after CHA-induced hypothermia mice enter
normothermic NREM sleep. On the one hand, this seems to contradict the expected sleep-
promoting effect of A1AR agonists like CHA. On the other, this could be explained by the
absence of the wake-promoting effect of fasting. Overall, the insights gained from this study
provide further insights into effects of CHA-induced torpor on body temperature, EEG and the
temporal dynamics of vigilance states. The results prompt further investigations into the
temperature-dependence of sleep pressure as well as how CHA-induced hypothermia could be

applied in a clinically-relevant scenario such as acute stroke.
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4 Neuroprotective properties of

pharmacological torpor in vitro

4.1 Introduction

Having established the electrophysiological characteristics of both natural and
pharmacologically-induced torpor in Chapters 2 and 3, this chapter investigates the potential
neuroprotective effects of CHA-induced torpor in an in vitro model of ischaemia. As discussed
in Chapter 1, stroke is a leading cause of adult disability and mortality globally. Whilst
recanalisation therapies have revolutionised acute stroke treatment, their limited therapeutic
window necessitates the development of additional neuroprotective strategies. Therapeutic
hypothermia has emerged as a promising approach, with preclinical studies consistently
demonstrating its potent neuroprotective effects in both global and focal ischaemia models.*’
However, as previously noted in Chapter 1, the clinical translation of therapeutic hypothermia
has faced significant challenges. The homeothermic nature of humans means that physical
cooling triggers compensatory thermogenic responses, potentially negating the neuroprotective
benefits. This physiological obstacle has spurred research into alternative methods of inducing
hypothermia, particularly those that might suppress the body's thermogenic response.> 1%

One such approach, as introduced in Chapter 1, involves the pharmacological activation of
CNS AjAR agonists such as CHA. These have been shown to induce a torpor-like state

characterised by profound hypothermia in several species, which mimics natural torpor, a state

of regulated metabolic suppression observed in some mammals in response to food scarcity or
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seasonal cues. As explained in Chapter 1, hypothermia slows the rates of all processes involved

P; 196197 it enables

in neuronal injury: it reduces CMR and demand for oxygen, glucose and AT
maintenance of the physiologic ionic gradients in neurons despite ischaemic conditions, and
thus delays or prevents processes such as excessive calcium influx and excitotoxic release of

neurotransmitters such as glutamate;!*%!1%

and it suppresses generation of reactive oxygen
species (ROS), generation of proinflammatory cytokines, and apoptosis (via caspase inhibition

and reduction in mitochondrial damage).®’-1%%-2!

However, other studies demonstrate that A1AR specific agonists can directly decrease neuronal
death at normothermia, i.e., independently of temperature.'¥-22-205 This is thought be achieved
through activation of AjAR on all cortical neurons leading to cellular changes that reduce
neuronal excitability and susceptibility to ischaemia-related injury. Many of the
neuroprotective mechanisms of A1AR signalling overlap with those of hypothermia (described
above): suppression of calcium influx and glutamate release via direct activation of
hyperpolarising potassium channels and suppression of voltage-gated calcium channels; %207
suppression of proinflammatory cytokine release, free-radical formation and apoptosis.
Additionally, activation of A1AR on cerebrovascular smooth muscle cells leads to their
hyperpolarisation (via activation of potassium channels and inhibition of voltage-gated calcium

channels), and thus smooth muscle relaxation and vasodilation.®>2%8:2%°

Despite hypothermia-mediated neuroprotection and A1AR mediated neuroprotection being
relatively well-studied individually, their effects have very seldom been compared within the
same model and study. /n vivo rodent studies have previously been conducted in which A;AR
agonists have been found to be neuroprotective in global and focal models of

ischaemia.?%205:210211 However, it is often unclear as to what extent and for what duration of
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the experiment Ty, is artificially maintained at normothermia. If Ty, were not tightly controlled,
it is possible for these A1AR agonists to inadvertently cause transitory hypothermia, which
would contribute to the observed neuroprotection. This applies not only to A1AR agonists but
also to other purported neuroprotectants that induce hypothermia. For example, Buchan and
Pulsinelli and others have demonstrated that MK-801-induced hypothermia, but not direct
action of MK-801 upon cortical neurons, is responsible for its neuroprotective effect.’®2!2 It is
a possibility that the same could be true of A1AR agonists. It is also possible that both
components contribute to neuroprotection, in which case it may be possible to determine their
relative contributions. Finally, in addition to providing mechanistic insights, comparing the
temperature-dependent and independent neuroprotective effects of AjAR agonists would have
clinical importance: hypothermia induction could be challenging in clinical practice, due to

213,214

side effects, for example, associated with immunosuppression; normothermic

administration of A1AR potentially offers a viable alternative.

Thus, these topics are investigated in this thesis, in both in vitro (this chapter) and in vivo
(Chapter 5) models of ischaemia. In this chapter, the effects of mild hypothermia, CHA, and
both together upon markers of neuronal viability are investigated in SH-SYS5Y human
neuroblastoma cell cultures undergoing oxygen glucose deprivation (OGD) — a readily
reproducible neuronal model of ischaemia that mimics acute stroke and is well-established for
investigating putative neuroprotective agents.>!>2!'7 SH-SYS5Y cells, being human, are
clinically relevant and, crucially, are known to express adenosine receptors, including
A1AR 21¥229 The degree of hypothermia used in this is 33 °C, which is a level used in previous
studies, both in vitro and in vivo, and is a level that is not only neuroprotective but also more

neuroprotective than 36 °C hypothermia,*361:22!
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4.2 Materials and methods

4.2.1 Neuronal culture

SH-SYS5Y human neuroblastoma cells (passage no. 20-30) were cultured in Dulbecco modified
Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, penicillin and
streptomycin (100 pg/mL), and maintained at 37 °C in 95% air, 5% CO; in a humidified

incubator. Experiments were performed next day after seeding at 80% confluence.

4.2.2 Oxygen glucose deprivation

The in vitro model of ischemia comprised of 8 h of OGD followed by 24 h of normoxic
conditions. Briefly, OGD medium (154 NacCl, 5.4 KCI, 0.8 MgSOs4, 1 NaHPO4, 1.8 CaCl, 26.2
NaHCOs3, in mM) was left overnight to gas-equilibrate in an anoxic chamber (95% N2, 5% COz;
Coy Laboratory Products, Michigan, USA). Inside the anoxic chamber, SH-SY5Y
neuroblastoma cells were washed once with this medium and incubated in it at 37 or 33 °C for
8 h. Then, the OGD medium was replaced with the normal culture medium described in the
previous section and incubated at normal conditions for 24 h of recovery. Control cells were

incubated with the culture medium in culture conditions as described in the previous section.

4.2.3 Treatment groups and outcome measures

For assessment of the effect of 33 °C hypothermia and/or CHA upon cell death following OGD,
stable cultures were randomly assigned to the following groups: normoxia, 8 h OGD at 37 °C
and 8 h OGD at 33 °C. Within each group, wells were randomly assigned to either | pM CHA
(a dose of A1AR agonist previously found to be neuroprotective in similar in vitro OGD

)222—224

studies or vehicle containing medium. Ng-cyclohexyladenosine (Sigma-Aldrich, UK)
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was dissolved in absolute ethanol and used at a concentration of 1 uM (1:1000 dilution of

ethanol). Absolute ethanol was used (1:1000 in media) as the vehicle control where indicated.

Cell death was assessed by flow cytometry (Cytek Aurora 4-laser 58-channel flow cytometer,
Cytek Biosciences, Fremont, CA), following staining with cell viability and apoptosis detection
dyes (Biolegend Zombie Red and CellEvent Caspase 3/7 respectively). Zombie Red is a
reliable marker of cell necrosis, and caspases 3/7 were chosen as markers as they are
downstream executioner-type caspases specific to apoptosis. Briefly, neurons were detached
using EDTA, washed twice with flow cytometry buffer (PBS with 10% FBS and 0.1% sodium
azide), with an approximate cell count of 1 x 10 per sample. The sample was incubated with
Zombie Red (15 min, room temperature, in the dark, 1:1500 dilution) and then Caspase 3/7 (30
min, 37 °C, in the dark, 1:500 dilution). The sample was washed twice in flow cytometry buffer

after each staining.

Subsequently, the effects of hypothermia and CHA on expression of intracellular cold-shock
proteins was assessed using flow cytometry. Neurons were fixed and permeabilised (BD
Cytofix/Cytoperm Plus kit with Golgistop, BD Bioscience, UK; as instructed by the
manufacturer) and stained with rabbit anti-human RBM3 and CIRP antibodies (primary) and
AlexaFluor 488-labelled goat anti-rabbit antibodies (secondary) (Abcam, 1:1000, Cambridge,

UK).

4.2.4 Data analysis

Analysis of flow cytometry data was performed using FlowJo v. 10 (Oregon, USA). Firstly,
forward scatter (FSC) vs. side scatter (SSC) and FSC height vs. FSC area dot-plots allowed

visual identification and gating of the neuronal population, whilst excluding debris and doublet
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cells respectively (examples shown in Figure 12a upper four panels). Then, for assessing cell
viability, Caspase 3/7 versus Zombie Red fluorescence dot-plots were used to gate and identify
subpopulations of non-necrotic/non-apoptotic, apoptotic, necrotic/non-apoptotic neurons
(examples shown in Figure 12a lower four panels). For the assessment of cold-shock protein
expression, after gating for singlet neurons (as for above), levels of AlexaFluor 488
fluorescence were measured which corresponded to the expression of either RBM3 or CIRP.
One-way and two-way ANOVA were used as appropriate to compare the effects of different
treatments, using p < 0.05 to test for significance using GraphPad Prism (GraphPad Software,

La Jolla, CA, USA).
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4.3 Results

4.3.1 Neuronal death is correlated with duration of oxygen glucose

deprivation

A time kinetics study was performed whereby SH-SYS5Y neurons were subjected to different
durations of OGD (0, 4, 8 and 16 h) (Figure 12). There was a linear decrease (R = 0.90; p =
0.049) in the percentage of necrosis and apoptosis (Zombie Red and Caspase 3/7 respectively)
double-negative neurons from 0 h (82.3 £ 2.1%) to 16 h OGD (17.5 + 5.4%). There was a
corresponding linear increase (R? = 0.91; p = 0.041) in necrotic neurons from 0 h (5.7 £ 2.1%)
to 16 h OGD (80.2 £+ 6.4%). However, the decrease of apoptotic non-necrotic neurons (from
12.0+4.2% to 2.3 + 1.0%) was not correlated with OGD duration. The duration of OGD chosen
for subsequent experiments was 8 h: at this duration, the percentage of double-negative neurons

at this level was 36.1 + 5.3%, which allows for any treatment effect to be detectable.
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Figure 12. A time kinetics study whereby SH-SY5Y neurons were subjected to
different durations of oxygen glucose deprivation (OGD) (0, 4, 8 and 16 h). a) Flow
cytometry dot-plot panels showing forward scatter versus side scatter (upper four
panels) and apoptosis versus necrosis (lower four panels). b) A line chart showing the

percentages of healthy, apoptotic and necrotic non-apoptotic neurons. n = 3, mean

values, SEM.
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4.3.2 Hypothermia rescues neurons from oxygen glucose deprivation

SH-SY5Y neurons that underwent 8 h OGD under 33 °C hypothermia were protected compared
with the normothermic 37 °C OGD control (79.5 + 4.0% double-negative neurons versus 46.0
+ 1.2% respectively; p = 0.001) (Figure 13). The percentage of apoptotic neurons was reduced
under OGD at 33 °C compared with OGD at 37 °C (17.7 + 0.7% and 42.5 = 0.3% respectively;
p = 0.001). However, the percentages of necrotic non-apoptotic cells under the respective
conditions were not different (19.7 + 4.6% and 11.5 + 1.0% respectively).
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Figure 13. Bar charts showing percentages of a) apoptosis/necrosis double-negative
(“healthy™), b) apoptotic and ¢) necrotic non-apoptotic neurons at normoxia, 8 h oxygen
glucose deprivation (OGD) at normothermia and 8 h OGD at 33 °C. n = 3, mean values,
SEM.

4.3.3 Cyclohexyladenosine confers additional protection at both 37 and

33°C

CHA (1 uM) administered during normoxic normothermic conditions was associated with no
change in the percentage of apoptosis/necrosis double-negative (“healthy”) neurons, nor
changes in the percentages of apoptotic or necrotic non-apoptotic neurons. However, CHA (1
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puM) administered during OGD at 37 °C was associated with an increased percentage of double-
negative neurons when compared with vehicle only (54.9 + 2.4% versus 45.3 + 1.4%
respectively; p = 0.0254) (Figure 14). However, unlike with the effect of hypothermia, there
were no changes in the percentages of apoptotic neurons when CHA was administered (37.1 +
2.5 % with CHA c.f. 44.6 + 3.9% with vehicle only; p = 0.0997). There was also no change in
the percentage of necrotic non-apoptotic neurons (9.4 + 3.4% with CHA c.f. 11.0 + 1.0% with

vehicle only; p = 0.8619).

Similarly, when administered during OGD together with 33 °C hypothermia, CHA was
associated with an increased percentage of double-negative neurons compared with
hypothermia alone (72.4 + 2.6% double-negative neurons versus 61.0 + 2.5%; p = 0.0105).
There were no changes in the percentages of apoptotic neurons when CHA was administered,
(19.1 £ 4.0% with CHA c.f. 42.5 + 0.3% with vehicle only; p = 0.1038). There was no
difference in terms of decrease in the percentage of necrotic neurons (9.4 + 3.4% with CHA

c.f. 11.0 £ 1.0% with vehicle only; p = 0.8619).

Finally, when comparing the effects of CHA alone versus hypothermia alone, there was no
difference between these two conditions in terms of percentage of double-negative neurons
(54.9 +2.4% with CHA at 37 °C c.f. 61.0 = 2.5% with 33 °C hypothermia and vehicle only; p

=0.1309).
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Figure 14. Bar charts showing percentages of a) apoptosis/necrosis double-negative, b)
apoptotic and c¢) necrotic neurons at normoxia, 8 h oxygen glucose deprivation (OGD)
at normothermia and 8 h OGD at 33 °C, and for both with and without CHA treatment.

n = 3, mean values, SEM.

4.3.4 Hypothermia but not cyclohexyladenosine increases expression of

cold-shock protein RBM3 and CIRP

Select parameters of neurons undergoing hypothermia at 33 °C and neurons exposed to CHA
are investigated using flow cytometry. These include forward scatter (FSC) and side scatter
(SSC), which correspond to neuronal size and granularity respectively, as well as expression
of known cold-shock proteins RNA-binding motif 3 (RBM3) and cold-inducible RNA-binding
protein (CIRP). Neither treatment with hypothermia nor with CHA leads to changes in FSC or
SSC. However, treatment with hypothermia (but not CHA) was associated with increased
expression of both RBM3 and CIRP. Hypothermia leads to an increase in RBM3 from a
baseline relative peak expression level of 9868 + 404 to 14391 + 1009 fluorescence intensity
units (p < 0.05) and an increase in CIRP from a baseline level of 17649 = 951 to 25778 + 1440

fluorescence intensity units (p < 0.05) (Figure 15).
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Figure 15. Bar charts showing the differences in peak a) forward scatter, b) side

scatter, c) RBM3 expression and d) CIRP expression, of SH-SY5Y neurons at

normothermia, 33 °C hypothermia and with 1 pmol CHA at normothermia. n = 3,

mean values, SEM. e) Schematic overview of RBM3 and CIRP-mediated

neuroprotective pathways. The two cold-shock proteins (yellow) act through distinct

molecular mechanisms (white) that converge on neuroprotection (green). RBM3

primarily operates through protein synthesis regulation and stress response pathways,

while CIRP functions through adenosine signalling and neural activity modulation.
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4.4 Discussion

4.4.1 Effects of hypothermia and CHA on neuronal viability

Previously, in vitro and in vivo studies have repeatedly, but in separate experiments,
demonstrated that both hypothermia and normothermic effects of AjAR agonists can confer
neuroprotection against cerebral ischaemia.'®%22205 In this study, for the first time, the
temperature-dependent and independent neuroprotective effects of A1AR agonists are directly
compared within the same experimental setup, in an SH-SY5Y model of OGD. The main
findings are that, both 33 °C hypothermia and CHA (at normothermia) increase neuronal
viability, which are consistent with previous studies.®!?02222224225 Eyrthermore, CHA
administered during 33 °C hypothermia results in increased neuronal viability exceeding that
of either hypothermia or CHA alone. This suggests that neuroprotection via A1 AR agonists and
via hypothermia could potentially be additive or synergistic, at least at the level of hypothermia

and dose of CHA used in this study.

As mentioned in the Introduction to this chapter, hypothermia-mediated and A;AR-mediated
neuroprotection are thought to at least partially overlap in terms of mechanism: briefly, both
decrease cellular metabolic rate, excitotoxic release of neurotransmitters, proinflammatory
cytokine production, and free radical generation.>”-198-201206.207 However, unlike hypothermia,
which has a simultaneous and global effect on multiple processes involved in neuronal injury,
the upstream origin of all neuroprotective effects of AjAR agonists is at the point of ligand-
receptor binding. Furthermore, whilst hypothermia directly influences metabolic rate by
reducing the rates of all biochemical reactions, A1AR activation indirectly decreases metabolic
rate in neurons by suppressing neuronal firing, which in turn reduces neuronal metabolic

demand 206,207
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Regardless of how much overlap there is mechanistically, the potentially additive nature of
CHA and hypothermia could be explained in functional terms: since hypothermia at 33 °C may
not be at a low enough temperature to result in “maximal’ neuroprotection, there exists capacity
for CHA to further increase the level of neuroprotection. To investigate whether or not the
above is true, future studies could compare the effects of different doses of CHA and different
levels of hypothermia (e.g., 31 °C, 33 °C, and 35 °C ; for example, there could be a level of
hypothermia that induces maximal protection, which could mean addition of CHA would

confer no further protection.

That hypothermia itself may interact with and influence A1AR signalling is a possibility that
needs to be taken into account. Hypothermia is thought to increase endogenous extracellular
adenosine via inhibition of dipyridamole-sensitive nucleoside reuptake transporters.??> The
increased extracellular adenosine, together with the CHA, together increase ligand-AjAR
binding, potentially further reducing neuronal excitability. On the other hand, hypothermia is
thought to affect the pharmacodynamics of cell surface receptors, including high-affinity
insulin receptors.??® It is possible that hypothermia itself may affect CHA-A;AR
pharmacodynamics, such that the ratio of surface membrane:internalised receptors is altered,
leading to a change in magnitude to the overall response to CHA. Both possibilities could be
investigated via radioligand-binding and/or cell surface expression/internalisation experiments

using fluorescence microscopy or flow cytometry.

4.4.2 Effects on other properties of neurons

The use of flow cytometry to collect information on cell death enabled a brief supplementary

exploration of a few select neuronal properties with potential to be associated with the
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neuroprotective effects of hypothermia and/or CHA. Firstly, forward scatter (FSC) and side
scatter (SCC) (corresponding to size and granularity respectively) of neurons treated with 33 °C
hypothermia or CHA, were analysed. Based upon previous studies which observed that
neuronal dendritic spines contract and become fewer in number following hypothermia, one
possible outcome was that neurons treated with hypothermia would have lower FSC.!3%-227-229
However, the results in this study suggest that neither hypothermia nor CHA leads to changes
in FSC or SSC. The neurons in the previous studies were in ground squirrel brains subjected
to much lower temperatures (below freezing), rather than the milder 33 °C used in this study,
which may account for the discrepancy. Also, although overall size of the neuronal body may
change during hypothermia, neuronal dendrites themselves are much smaller and more difficult
to differentiate in terms of overall number in the flow cytometer. Thus, change in FSC may not
be a true representation of the shrinkage of dendrites. That no change in SSC was detected
suggests that neuronal granularity as detected by flow cytometry (usually reflective of a cell
undergoing apoptosis), remains constant despite treatment with hypothermia or CHA. This
tentatively suggests that, under the experimental parameters used, there is no evidence either

33 °C hypothermia or CHA exacerbate cell death.

In addition to FSC and SSC, markers of hypothermia and hypothermia-associated
neuroprotection are quantified using antibody staining and flow cytometry. RBM3 and CIRP
are cold-shock transcription factors whose expression are elevated during hypothermia, and are
two of the most well-studied in this context.!*®239232 The molecular mechanisms by which
these proteins confer neuroprotection are complex and involve multiple parallel pathways
(Figure 15e). RBM3 acts primarily through suppression of PERK-elF2a signalling,
enhancement of global protein translation, and regulation of gene expression via mRNA

stabilisation. CIRP operates through distinct but complementary pathways including adenosine

106



signalling and reduction of neural excitability.?** Importantly, RBM3 is overexpressed in mice
undergoing pharmacological hypothermia and associated with neuroprotection in in vitro and
rodent models of neurodegeneration. In fact, in these models, lentiviral mediated over-
expression of RBM3 in neurons leads to neuroprotection under normothermia, whereas siRNA
knock-down of RBM3 accelerated neurodegeneration and abolished any neuroprotective effect
of hypothermia, suggesting that RBM3 is responsible for this effect.'*® Similarly, hypothermia-
induced CIRP expression has been associated with neuroprotection in several in vitro and in
vivo studies.?3>23% Thus, one possibility considered was that CHA-mediated neuroprotection,
which overlaps with hypothermic neuroprotection in terms of mechanisms (as described above),
may also be associated with raised RBM3 and CIRP expression. In this study, consistent with
previous studies, RBM3 and CIRP are over-expressed in neurons that underwent 33 °C
hypothermia. However, neuronal RBM3 and CIRP levels did not change after exposure to CHA,
which indicates that neuroprotection via CHA is unlikely to be mediated by RBM3 or CIRP,
though this does not rule out the possibility of overlap(s) between their respective downstream

pathways.

4.4.3 Concluding remarks

In this chapter, I tested the hypothesis that both hypothermia and CHA provide neuroprotection
against oxygen-glucose deprivation in vitro, with potentially additive effects when combined.
My findings support this hypothesis. Key results include: (1) both hypothermia and CHA
individually provided significant neuroprotection against OGD, (2) the combination of
hypothermia and CHA resulted in additive protective effects, and (3) CHA demonstrated
neuroprotective effects at normothermia, suggesting mechanisms independent of hypothermia.

These outcomes provide strong support for the potential of combining hypothermia and CHA
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as a neuroprotective strategy and highlight the need for further investigation into the

mechanisms of CHA-mediated neuroprotection.

A more detailed exploration of molecular mechanisms of hypothermia and CHA induced torpor
was outside the scope of this particular study. Future studies could further investigate the
mechanisms and downstream molecular pathways via which hypothermia (including the roles
of RBM3 and CIRP) and A1AR agonists (such as CHA) induce neuroprotection. In particular,
larger scale gene expression and protein assays for components of molecular pathways
commonly associated with neuroprotection in the context of OGD could be conducted. These
may reveal candidates that are upregulated by both hypothermia and CHA, potentially

providing further insight into any mechanistic overlaps between the two treatments.

Additionally, although this study adopted a simplistic system to study protection of neurons
specifically, future in vitro studies could investigate how other components of the
neurovascular unit (e.g., astrocytes, microglia and vascular endothelial and smooth muscle
cells), both individually and in interaction with one another, respond to hypothermia compared
with CHA under OGD. It is already known that hypothermia has differential effects on
components of the neurovascular unit undergoing OGD.®! On the other hand, it is also known
that adenosine receptor (including A1AR) agonists are associated with protection of astrocytes
and microglia against OGD in vitro.>*¢>*® However, like with neurons, no study has compared
hypothermia with AjAR agonists in these contexts. Astrocytes express multiple adenosine
receptor subtypes, with AjAR activation reducing glutamate release and inflammatory

240241 Similarly, microglial AjAR activation promotes an anti-

mediator production.
inflammatory phenotype through reduced pro-inflammatory cytokine production.??’

Furthermore, vascular endothelial cells respond distinctly to hypothermia and adenosine

108



signalling — hypothermia stabilises the BBB, while AjAR activation causes vasodilation and
increases BBB permeability.®!*** Such cellular interactions become particularly relevant
during OGD, where coordinated responses determine tissue survival. Understanding these
mechanisms could guide development of therapeutic approaches targeting multiple
components of the neurovascular unit. Finally, with the view to adopting a stroke model that
more closely mimics the pathophysiological complexities of human stroke, the next study in
this thesis (Chapter 5) compares the effects of 33 °C hypothermia and CHA in a well-

established rat model of focal ischaemia.
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S Neuroprotective properties of

pharmacological torpor in vivo

5.1 Introduction

Building upon the insights gained from my in vitro studies discussed in Chapter 4, this chapter
investigates the neuroprotective potential of CHA-induced torpor in an in vivo model of focal
cerebral ischemia. As discussed in Chapter 1, therapeutic hypothermia (TH) has been widely
studied as a treatment for global and focal ischaemic stroke. Meta-analyses of preclinical data
demonstrate high efficacy of TH as a treatment for focal ischaemia.*® This is particularly true
of intra-ischaemic TH (as opposed to post-ischaemic TH) and where vessel occlusion is
temporary rather than permanent where, on average, there are ~40-45% reduction and ~30—
45% improvement in lesion volume and neurobehavioral scores respectively.**** Clinically,
TH is applied within a mild to moderate range, with ~33 °C being a common target
temperature.?** 26 Phase II trials have demonstrated that TH with target temperatures of 33—

35°C for 12-24 h is overall feasible and safe in ischaemic stroke patients. 3363247

However, there have been challenges related to efficacy of TH. Many current TH induction
methods (e.g., surface cooling) require several hours for target core body temperature (Tp) to
be reached, with the delay resulting in lower efficacy and increased likelihood of
complications.?*3?%° Likely due to its immunosuppressive effects, TH also increases rates of

infection, with pneumonia being a complication seen in several clinical trials.’>*23% Arguably
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the most important stumbling block is physiological: the fact that humans, like most mammals,
are homeotherms means that any displacement of core body temperature (Ty) away from set-
point of 36-37 °C Ty provokes compensatory thermogenesis, leading to shivering and

potentially reducing efficacy.'®’

With the goal of successfully translating therapeutic hypothermia into a neuroprotective
treatment, several alternative protocols and co-therapies have been developed as attempts to
mitigate the above problems. For example, anti-shivering treatments can reduce the shivering
thermogenic response, which is unpleasant for patients. However, such treatments have the
unwanted effect of respiratory suppression, increasing the risk of pneumonia.?®!?%?
Prophylactic antibiotics may have an important role in reducing this risk.* Other studies have
investigated, both in rodents and in humans, the effectiveness of local cooling (e.g., cooling
helmets, or intra-arterial chilled saline infusions).?***>* Notably, some methods of local cooling
have trade-offs, e.g., although intra-arterial cold saline infusions allow rapid TH induction
speeds, hypothermia cannot be maintained without additional methods.?*> Cooling helmets
allow more sustained TH, but there is often a temperature gradient: deep brain structures may
not be cooled as much as surface ones.>>® Finally, TH can be induced using drugs.®®?>"->>8 There
are eight classes of pharmacological agents with hypothermic effects, including cannabinoid,
opioid, dopamine, transient receptor potential vanilloid 1 (TRPV1), thyroxine derivatives,
neurotensin and adenosine derivatives.>>® Of all of these agents, adenosine derivatives are the
only class that have been consistently shown to not only cause hypothermia but also alter the

temperature set-point of the thermoregulatory control system in the CNS,%0-17%:184

As discussed in Chapters 1 and 4, A; adenosine receptors (A1AR) are G-protein coupled

receptors located on neurons throughout the CNS, as well as on microglia, astrocytes and
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oligodendrocytes.'®? Pharmacological agonism of CNS A AR has been shown to induce torpor-

86.92,179.180.259 \yhile neuroanatomical studies, including

like deep hypothermia in several species
localisation experiments involving AjAR agonist microinjections, have determined that AjAR
on neurons in CNS regions associated with thermoregulation, such as the MnPO, DMH, raphe
pallidus and nucleus of the solitary tract, are specifically responsible for inducing

hypothermia 32:87:91-93

At the time of writing, whether CHA-induced hypothermia lessens injury after focal cerebral
ischaemia has not been studied. However, several studies in rats demonstrated that CHA-
induced hypothermia reduced mortality and ameliorates neurological deficits post-global
ischaemia.”® Importantly, during and following ischaemia, increased extracellular adenosine
levels form an endogenous neuroprotective response.”®® The possible mechanisms of such a
response, which are overall thought to reduce neuronal excitability, are discussed in the
Introductions to Chapters 1 and 4. Thus, A1AR agonists like CHA can potentially have “dual”
neuroprotective effects: via hypothermia and via directly reduced neuronal excitability.
Outside of the hypothalamic thermoregulatory control centre, activation of A1AR expressed on
neurons in the rest of the cortex reduces neuronal excitability independently of
temperature.!’>?61-264 There have been other studies carried out with the intention of studying
the normothermic neuroprotective effects of A1AR agonists such as cyclopentyladenosine and
R-PIA post- middle cerebral artery occlusion (MCAOQO) in rodents. Apparent from these studies
was the authors’ unawareness that the drugs they were using were capable of causing
hypothermia, a major neuroprotectant. A failure to document control of body temperature post-
drug administration means it is difficult to discern the extent to which any neuroprotection is
due to hypothermia versus due to temperature-independent effects. Nevertheless, these studies

overall demonstrated protective effects in global and focal cerebral ischaemia models. 204262265~
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268 Similarly, it is unclear whether or not T, was recorded continuously throughout drug
administration in a non-human primate study in which AST-004, an adenosine A and As;

receptor agonist, was given intravenously and reduced cerebral infarction.?®’

The potential of CHA to induce rapid hypothermia suggests that it is a promising potential
pharmacological TH agent (e.g., ~ —1 °C/h to —1.75 °C/h at a T, of 16 °C).*° Based upon the
findings from the aforementioned studies, the overarching hypothesis of this study is that CHA-
induced hypothermia lessens injury following focal cerebral ischaemia. Thus, this study
evaluates the neuroprotective effects of CHA given post-endovascular suture occlusion of the
middle cerebral artery, a stroke model that provides heterogeneity in the degree of injury
consistent with the gold standard STAIR criteria of translational stroke research.>*?’ The
primary endpoint is infarct volume and secondary endpoint is behavioural deficit measured
using a neurological deficit scale (NDS). Next, this study investigates whether any
neuroprotective effect of CHA would be due to hypothermia or due to temperature-independent
effects. To do this, the experimental groups form a 2-by-2 factorial design, including: 1)
normothermia with a saline control; 2) CHA given, allowing 33 °C hypothermia; 3) CHA given,
but artificially maintaining normothermia; 4) 33 °C physical hypothermia (based upon a
systemic TH protocol with proven efficacy post-focal ischaemic stroke.??!) The hypotheses
here are that, CHA plus 33 °C hypothermia is protective similar to 33 °C physical TH,?*!:*"!

and that CHA plus normothermia is protective, but to a lesser degree.
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5.2 Materials and methods

5.2.1 Animals

Adult, male Sprague-Dawley rats were used in this study (n = 97 (see 5.3.3 for group sizes);
aged 12 weeks; Charles River). Rats were individually housed in a room with temperature
maintained at 20 £ 1 °C and 12 h light-dark cycles, post-telemetry implantation surgery and
for the remainder of the experiment. Animals were given food and water ad libitum before and

during the study. Post-MCAQO, all rats were given a soft diet to help mitigate weight loss.

5.2.2 Surgical procedures

All surgical procedures were conducted using aseptic technique during the light phase of the
light-dark cycle. Prior to incision, surgical sites were shaved, and sterilised with Betadine. Rats
were anaesthetised with 4% isoflurane and maintained at 2% during all procedures (60%
N20/03). Body temperature was maintained at approximately 37 °C using a negative feedback
system temperature control system consisting of a rectal temperature probe and heat mat. Post-

operative analgesia was given to all rats (bupivacaine 0.5 mg/kg s.c.; SteriMax, Oakville, CA).

5.2.3 Telemetry implantation and recording

Sterilised and pre-calibrated telemetry probes (Model TA10TA-F40, Data Sciences
International, St. Paul, MN, USA) were implanted into the abdominal cavity.?’? The probes
were inserted more than 3 days prior to MCAO (the range was 3-7 days, though for most
animals this was 3—4 days). Baseline data were collected for at least 24 h before MCAO. The
sampling frequency was per 30 s and this was averaged into hourly bins. In addition to body

temperature, the probes used also record relative whole-body movement. Probes were inserted
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abdominally; abdominal and skin layers were closed using sterile suture (absorbable Vicryl®
suture for the muscle layer; silk 5-0 suture for the skin layer; Ethicon Inc., Raritan, New Jersey).
Bupivacaine was given (0.5 mg/kg, as above) and then Meloxicam (0.2 mg S.C.; Boehringer

Ingelheim Ltd.) was given for additional post-operative analgesia.

5.2.4 Endovascular suture occlusion model

As per the method of Longa and colleagues, the neck was shaved and sterilised with
Betadine.?”? An incision was made on the midline of the neck and the common, external and
internal carotid arteries were isolated. Then, a silicone rubber-coated 4-0 suture (total length
30 mm, coated length 2—3 mm; Doccol Corporation, Sharon, MA, USA) was inserted 20-22
mm into the internal carotid artery via the external carotid. The occluding suture was secured
in place using 5-0 silk suture and the rats were allowed to awaken from the anaesthesia. Rats
were later re-anaesthetised 115 minutes after ictus, with the occluding suture being removed to
establish reperfusion. The external carotid artery stump was fastened off and the neck incision

was closed using wound clips.

5.2.5 CHA administration

CHA was dissolved in 8% DMSO (Sigma-Aldrich) in physiological saline.”® To induce a
torpor-like hypothermic state, an induction dose of CHA was administered 10 minutes post-
reperfusion (1.5 mg/kg i.p.) and 3 additional maintenance doses of CHA every 6 h (1.0 mg/kg

i.p.) were given in order to maintain hypothermia for ~24 h.
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5.2.6 Clamping of core body temperature and treatment groups

Figure 16 summarises the experimental timeline and all treatment groups.

CHA-HYPOTHERMIA: Since CHA is expected to reduce the body temperature of the rat to
near to ambient (room) temperature (2022 °C),%13¢ a lower T, boundary of 33 °C was
maintained in the CHA-HYPOTHERMIA rats using servo-controlled 175 W infrared heat
lamps (positioned ~30 cm above the animal) for 36 h post-MCAO.?’* This was in order to
reduce the risk of potential complications related to deep hypothermia (e.g., cardiac
bradyarrhythmias) and to maintain a lower T, boundary consistent with current clinical TH

practice.?”

PHYSICAL HYPOTHERMIA: The physical TH protocol was designed to closely mimic the
Ty profile of 6 CHA-treated rats (i.e., cooled to 33 °C post-CHA injection as per above). Instead
of i.p. CHA, i.p. vehicle (8% DMSO in physiological saline) was injected. The parameters
were: TH duration of ~24 h, 0.8 °C/h induction rate, depth of ~33 °C and 0.36 °C/h rewarming
rate. Physical TH was achieved using a servo-regulation system that reduced Ty via a water
mist spray coupled with an overhead cooling fan, and increased Ty, via overhead 175 W infrared
heating lamps (to avoid over-cooling and to assist with re-warming).?’* This system typically
clamps the animal Ty, to within 0.5 °C of the target Tp. The PHYSICAL HYPOTHERMIA
protocol is based upon ones previously used in preclinical models of global and focal

ischaemia.?’%2"7

CHA-NORMOTHERMIA and NORMOTHERMIA (control): Both CHA-
NORMOTHERMIA and NORMOTHERMIA animals had their Ty clamped at < 36.5 °C

through the servo-regulation system mentioned in the previous paragraph. This is ~ 0.5-1 °C
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lower than baseline so as to reduce the risks of stress and overheating. The Ty clamp is crucial
particularly for the CHA-NORMOTHERMIA group, as these animals’ Ty are likely to fall well

below 36.5 °C without any external heating.
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Figure 16. Male Sprague-Dawley rats (total n = 97) were implanted with wireless core
body temperature / activity telemetry probes and underwent baseline testing for
neurological disability score (NDS). Middle cerebral artery stroke was induced using
the intraluminal filament methods. Reperfusion occurred after 2 h, at which point one
of 4 treatments was applied for ~24 h. 7 days was allowed for recover prior to NDS

testing and culling for histological analyses.

5.2.7 Behavioural Assessment: Neurological Deficit Score (NDS)

All rats underwent two handling sessions each lasting 10 min and a familiarisation session to
reduce potential confounds of testing-related stress during baseline and subsequent analyses.
They were assessed two days before MCAO (baseline) and on Day 7 post-MCAQO. NDS was
scored as described by MacLellan and colleagues.?’® Briefly, each rat was scored from 0 (no
deficits) to 14 (severe deficits) on performance on 5 sub-tests: spontaneous circling (graded
from 0 (no circling) to 3 (continuous circling)); contralateral hindlimb retraction (0 =

immediate retraction when displaced, 3 = no retraction); bilateral forepaw grasp (0 = normal
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grasp of a bar, 3 = rat unable to grasp bar); beam walking ability (0 = readily crosses beam, 3
= rat unable to cross or stay on beam for more than 10 s); contralateral forelimb flexion (0 =

uniform forelimb extension, 2 = shoulder adduction and wrist flexion).

5.2.8 Infarct volume quantification

On Day 7 post-MCAO (after behavioural testing), rats were overdosed with sodium
pentobarbital (100 mg/kg i.p.; Bimeda-MTC, Lavaltrie, Canada) and transcardially-perfused
with 0.9% saline and 10% neutral-buffered formalin. Brain tissue was vibratome-sectioned at
100 pm intervals, stained with Thionin and analysed using ImagelJ (v. 1.51; NIH). Tissue loss

was measured as per MacLellan et al.?”

5.2.9 Ethics Statement

All experiments had approval from the Animal Care and Use Committee of the University of
Alberta and Canadian Council on Animal Care Guidelines, and complied with the United
Kingdom Animals (Scientific Procedures) Act of 1986 and the University of Oxford Policy on
the Use of Animals in Scientific Research. a priori sample size calculations were performed
using G-Power (v. 3.1) and appropriate group sizes were used to ensure sufficient statistical
power. These were also based upon results of previously published studies carried out in the
same laboratory, e.g., assuming a standard deviation of ~30 mm?, at least 17 animals per group
were required in order to detect a 25-30% reduction in infarct volume with 80% statistical
power.??! Rats were randomly allocated to groups using an online tool
(https://www.randomlists.com/team-generator). The surgeon was blinded to the group

allocation during MCAO induction; histological analyses were also blinded.
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5.2.10Statistical Analysis

Data were analysed and graphed using GraphPad Prism 9 (GraphPad Software Inc., San Diego,
CA, USA). Analyses were performed via ANOVA, except for ordinal data (i.e., NDS scores),
which were analysed using nonparametric techniques (e.g., Mann-Whitney U Test). Data are
expressed either as mean + 95% confidence intervals or medians with interquartile ranges. The

alpha-value threshold was set at 0.05 to correspond to statistical significance.
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5.3 Results

5.3.1 Intraoperative Variables

Intraoperative temperature and pulse oximetry data were recorded throughout the MCAO

surgery (Table 3).
Table 3: Intraoperative Physiological Variables

Group Temperature °C O, Saturation %  Heart Rate

(SD) (SD) BPM (SD)
CHA-HYPOTHERMIA 36.52 (0.46) 98.03 (0.51) 372.7 (6.68)
CHA-NORMOTHERMIA 36.46 (0.75) 97.79 (0.64) 366.5 (7.00)
HYPOTHERMIA 36.48 (0.56) 97.46 (0.71) 366.6 (4.97)
NORMOTHERMIA 36.49 (0.46) 97.78 (0.91) 375.9 (5.11)

5.3.2 Pilot Experiment

A pilot experiment was performed to test the feasibility of the CHA-HYPOTHERMIA protocol
post-MCAOQ. Temperature and activity data were collected post-MCAO in 6 rats, and their
temperature profiles were used to inform the design of the physical hypothermia paradigm, so
that parameters, e.g., hypothermia duration and depth, and rates of cooling and rewarming were
closely modelled. Figure 17 shows the temperature profile of the rats used in the pilot

experiment. One animal died, likely due to subarachnoid haemorrhage.
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Figure 17. Core body temperature measured in 6 CHA-HYPOTHERMIA animals
following a 2-h MCAO. CHA was administered at 0, 6, 12, and 18 hours post-MCAO.
One animal died at ~ 30 h post-MCAO and is represented using a dashed line. Average

temperature profile is denoted by a blue line.

5.3.3 Mortality and Exclusions

There were 23 animals excluded in this study, including those in the pilot experiment: 18
animals died: 2 of these died before treatment; 11 had evidence of subarachnoid haemorrhage;
5 died without evidence of intracranial haemorrhage. 2 were prematurely euthanised (due to >
30% loss of body weight), 2 were excluded due to surgical error and 1 was excluded due to
technical difficulties. Of the animals that died, 7 were in the CHA-HYPOTHERMIA group, 6

were in the CHA-NORMOTHERMIA group, 1 was in the PHYSICAL-HYPOTHERMIA
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group, and 4 were in the NORMOTHERMIA group. Mortality was not different between
groups as analysed by chi-squared test (p = 0.220). After exclusions, the group sizes were: 21
in the CHA-HYPOTHERMIA group, 15 in the CHA-NORMOTHERMIA group, 19 in the

PHYSICAL-HYPOTHERMIA group and 19 in the NORMOTHERMIA group.

5.3.4 Post-operative Temperature

Two-way ANOVA of post-operative Ty data showed that time under treatment, treatment type
and interaction factors were all different between groups (p < 0.0001; Figure 18). Simple
effects post-hoc analyses were conducted to further explore differences in temperature between
select groups. When CHA-HYPOTHERMIA was compared with PHYSICAL
HYPOTHERMIA, animals subject to the former were cooler at 2 h and 3 h post-MCAO, but
there was no difference between 4-24 h (as per the intended experimental design). During the
rewarming period, CHA-HYPOTHERMIA animals were overall warmer than PHYSICAL-
HYPOTHERMIA animals until Ty approached baseline (p < 0.03 for comparisons between
25-40 h post-MCAQO; range of differences = 0.9 °C to 2.9 °C). CHA-NORMOTHERMIA rats

were colder (by ~ 1-2 °C) than NORMOTHERMIA animals until 35 h post-MCAO.
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Figure 18. Core temperature and relative activity data collected using abdominal
telemetry probes. Lines represent means for each group. Upper panel: Body
temperature profiles collected for 3 days post-MCAO. Data were circadian corrected
using baseline data. Lower panel: Relative activity profiles collected simultaneously
with temperature profiles, data were circadian corrected using baseline data. CHA-
HYPOTHERMIA n = 21, CHA-NORMOTHERMIA n = 15, PHYSICAL-
HYPOTHERMIA n =19, NORMOTHERMIA n = 19.

5.3.5 Post-operative Activity

Two-way ANOVA of post-op activity data showed that time under treatment, treatment type
and interaction factors are all different between groups (P < 0.001; Figure 18). For the first 24
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h, simple effects analyses show that PHYSICAL-HYPOTHERMIA animals were less active
than NORMOTHERMIA animals at 6, 12, 14, 18, 20, 21, 23 and 24 h post-MCAOQ. At 2448
h: PHYSICAL-HYPOTHERMIA rats were less active between 29-33, 35 and 36 h post-
MCAO. When the activity of CHA-HYPOTHERMIA rats and NORMOTHERMIA rats were
compared, the former were less active (p < 0.05) at 6-9, 14-15, 19-22, 27, 29-32, 34-35 and
37 h post-MCAO. There were no differences in activity between CHA-HYPOTHERMIA and
CHA-NORMOTHERMIA rats in the first 48 h post-MCAO. In summary, both CHA
treatments and PHYSICAL-HYPOTHERMIA treatment seemed to reduce animal activity,

compared with NORMOTHERMIA animals.

5.3.6 PHYSICAL-HYPOTHERMIA, but not CHA-HYPOTHERMIA,

reduced histological tissue loss

Comparison of PHYSICAL-HYPOTHERMIA and NORMOTHERMIA (control) animals
showed that the former had a 39% reduction in tissue loss (mean difference = 36.8 mm?;
Cohen’s d = 0.75; Figure 19a) compared with the latter (p = 0.021). However, CHA-
HYPOTHERMIA and NORMOTHERMIA were not different (p = 0.420), nor were CHA-
HYPOTHERMIA and CHA-NORMOTHERMIA (p = 0.631). Post-hoc comparison of all 36
CHA-treated animals compared with 19 NORMO-treated animals revealed no difference in
tissue loss (p = 0.250). In summary, physical cooling was neuroprotective, but neither CHA
group were. The stroke model resulted in injury ranging from frontal brain regions (e.g., 3 mm
anterior to Bregma) to the hippocampus (e.g., 5.5 mm posterior to Bregma). Subcortical injury
was mostly in the striatum and cortical injury extended anterior and posterior to the striatum.
Representative histological imaging for animals in the PHYSICAL-HYPOTHERMIA and

NORMOTHERMIA groups are in Figure 19b.
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Figure 19. Biological and behavioural endpoints, data were collected on day 7 post-
MCAO. a, PHYSICAL-HYPOTHERMIA treatment reduced infarction volume by 39%
compared to NORMO-treated animals (p = 0.021). Tissue loss is a tissue-level
assessment which represents the subtraction of remaining tissue in the infarcted
hemisphere from the unaffected hemisphere. Data are presented as means = 95%
confidence interval. Arrows point to representative PHY SICAL-HYPOTHERMIA and
NORMOTHERMIA animals that are depicted in panel b. b, Representative histological
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images taken from animals in PHYSICAL-HYPOTHERMIA and NORMOTHERMIA
groups. Histological images demonstrate neuroprotection primarily in cortical regions
in the PHYSICAL-HYPOTHERMIA group (left photograph), with
NORMOTHERMIA animals demonstrating cortical and subcortical injury (right
photograph). ¢, Post-MCAQO behavioural assessment, PHYSICAL-HYPOTHERMIA
treatment reduced behavioural impairment compared to NORMOTHERMIA animals
(p = 0.014). We used a neurological deficit scale which is a global functional
assessment that includes circling behaviour, paw placement, beam walking, and fore-
and hindlimb assessments. Scores range from 0 (no deficits) to 14 (maximum deficits).
Data are presented as medians + interquartile range. CHA-HYPOTHERMIA n = 21,
CHA-NORMOTHERMIA n = 15, PHYSICAL-HYPOTHERMIA n = 19,
NORMOTHERMIA n = 19.

5.3.7 PHYSICAL-HYPOTHERMIA, but not CHA-HYPOTHERMIA,

improved behavioural outcomes

MCAO resulted in worsened NDS scores 7 days post-stroke (baseline median = 0, Day 7
median = 1; p <0.0001; Figure 19c). Across groups, there was an effect detected (p = 0.014),
which was due to difference between the PHYSICAL-HYPOTHERMIA and
NORMOTHERMIA groups (PHYSICAL-HYPOTHERMIA median = 0; NORMOTHERMIA
median = 2; p = 0.008). PHYSICAL-HYPOTHERMIA rats appeared to perform better than
CHA-HYPOTHERMIA rats, but this did not reach significance (p = 0.085). No other post-
MCAO behavioural comparisons were different (p > 0.9999). A post-hoc comparison of all
CHA-treated rats and NORMOTHERMIA animals revealed no differences between groups (p
=0.49). There were no baseline differences between animals (p = 0.78). Therefore, as with the
histology, although physical cooling was beneficial, there was no evidence for either CHA

group affecting NDS score.
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5.4 Discussion

Previous studies using similar protocols have demonstrated neuroprotective effects of both
physical hypothermia and AjAR agonists in established in vivo models of (mainly global)

cerebral ischaemia, 04262265268

However, in this study, only physical cooling was
neuroprotective. CHA administration (comprising of 1.5 mg/kg loading dose of CHA, and 3
additional 1.0 mg/kg maintenance doses following 2 h of MCAO) — with Ty artificially
maintained at either normothermia or 33 °C hypothermia — did not reduce post-MCAO injury
or neurological impairment. This is true of both histological and behavioural endpoints. These
findings are particularly striking since a major component of CHA-HYPOTHERMIA is
hypothermia (32-33 °C; 21-24 h), which has repeatedly been shown (including in this study)
to induce effective neuroprotection, even in permanent occlusion models.??"?727 Thus, at least
with this experimental setup and parameters, CHA was ineffective at inducing neuroprotection.

It is possible that CHA used in this context has detrimental effects that negated the

neuroprotective effects of pure hypothermia.

There are several factors that may account for the above discrepancy. The first to be highlighted
is with regard to potential off-target effects of CHA. A1AR are present not only on neurons and
glia but also on cardiac myocytes. A1AR agonists like adenosine and CHA are well-known in
terms of their effects of reducing cardiac output and causing bradyarrhythmias, potentially
resulting in further impaired cerebral perfusion beyond that associated with MCAO. A more
clinically-relevant approach would be, as two groups have adopted in the context of global
ischaemia, to systemically administer an AjAR antagonist that does not cross the BBB
concurrently with the BBB-permeable AjAR agonist, which counteracts these systemic side

effects.”®?% However, such an approach was deliberately not used for this particularly study
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since its main aim was to answer basic questions about whether or not CHA-induced
hypothermia is neuroprotective in a model of focal ischaemia, and whether CHA together with
artificially maintained normothermia would also be neuroprotective. Aside from non-efficacy
of CHA observed in this study, relating possibly to its systemic off-target effects, it may be
considered to be safe in the context of MCAQO: infarct sizes were not larger in either CHA
treated group, nor were there any worse behavioural abnormalities or weight recovery
differences at 1-week post-MCAQO. However, further studies would be needed to investigate in
more depth the precise reasons for non-efficacy of CHA in this experimental setup. For
example, if bradycardia and reduced perfusion were indeed contributing factors, these effects
could be detected using a more advanced telemetry probe that records both heart-rate and blood
pressure, in addition to Ty, and activity. Another future study would involve using the
aforementioned AjAR agonist/BBB-impermeable AjAR-antagonist combination therapy (in
place of monotherapy), which has been used in the context of global ischaemia but not focal
cerebral ischaemia; it may be that, once potential systemic side effects have been adequately
mitigated, CHA could possibly demonstrate neuroprotective efficacy on par with physical

hypothermia.

Although factors associated with CHA itself most likely account for its non-efficacy, another
factor to be addressed is whether or not CHA-HYPOTHERMIA and PHYSICAL
HYPOTHERMIA are adequately analogous, particularly in terms of their Ty, profile. The
physical TH protocol was designed to as closely as possible match the Ty, profile generated
from a pilot study of the CHA-HYPOTHERMIA protocol involving 6 animals. Despite this
profile matching, the final data showed that the Ty profile for physical hypothermia protocol
was slightly longer in duration (~ 6 h longer time spent at the target temperature of ~33 °C).

This meant slightly different temperature profiles between CHA-HYPOTHERMIA and
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PHYSICAL-HYPOTHERMIA animals between 25 and 40 h post-MCAO. This may be due to
variation between individual rats in terms of CHA pharmacokinetics, possibly contributing to
greater variability in terms of time at target Ty and depth of hypothermia compared with
PHYSICAL-HYPOTHERMIA rats. Although this heterogeneity is beneficial in terms of being
more clinically relevant, it may have contributed added variability to an already-variable stroke

model.®!

During the period of active maintenance of Tb, Tb of animals in the CHA-NORMOTHERMIA
group was ~ 1 °C lower than animals in the NORMOTHERMIA group. CHA-
NORMOTHERMIA animals were maintained at 36.5 °C (as opposed to 37-37.5 °C at baseline)
in order to prevent stress and potential overheating.?®’ There were small (i.e., fever was not
apparent), transient increases in Ty that had circadian rhythmicity in the NORMOTHERMIA
group. Although such increases were not apparent in the CHA-NORMOTHERMIA group (due

to the cooling effect of CHA), this did not affect treatment efficacy.

Several methodological considerations warrant detailed discussion regarding our negative
findings. Our a priori power analysis suggested 17 animals per group would detect a 25-30%
reduction in infarct volume with 80% power, based on previous studies showing standard
deviations of ~30 mm? in this model. Whilst our final group sizes (15-21 animals) largely met
this requirement, we observed much smaller effect sizes than anticipated. The complete
absence of trend toward protection in either CHA group suggests increasing group sizes would

be unlikely to reveal meaningful therapeutic effects.

The rat MCAO model used here offers several advantages for studying stroke therapeutics,

particularly its ability to produce consistent infarcts with controlled occlusion duration, as well
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as the fact that rats, like humans, do not naturally undergo torpor. However, important
translational considerations include differences in brain size and white:grey matter ratio
compared to humans. Additionally, anatomical variations in collateral circulation between
individual rats contribute to variability in infarct size, despite standardised surgical technique.
This variability, evident in our data, could potentially mask subtle therapeutic effects. However,
the model was sufficiently sensitive to detect the neuroprotective effects of physical

hypothermia, suggesting adequate ability to identify therapeutically meaningful effects.

The strength of previous evidence supporting CHA's neuroprotective effects deserves careful
scrutiny. For instance, whilst Jinka and colleagues showed promising trends in a global
ischaemia model, their small sample size (n = 3 per group) limited robust statistical analysis.”’
Moreover, many previous studies focused on global rather than focal ischaemia models, which
have fundamentally different pathophysiology. Global ischaemia produces more uniform
injury patterns and may be more amenable to metabolic suppression strategies. In contrast,
focal ischaemia produces complex patterns of injury with varying degrees of hypoperfusion in
different regions, potentially making it more challenging to protect with metabolic suppression

alone.

5.4.1 Concluding remarks

This chapter tested the hypothesis that CHA-induced torpor provides neuroprotection in a rat
model of focal cerebral ischaemia, comparable to the effects of physical hypothermia. Contrary
to my expectations, our my do not support this hypothesis. Pharmacologically-induced
hypothermia through i.p. administration of the A1AR agonist CHA was ineffective in treating
a 2-hour focal ischaemic stroke in rats whereas physical cooling of a matching profile reduced

infarct volume and NDS deficit. The comparison between rats in the NORMOTHERMIA and
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PHYSICAL-HYPOTHERMIA groups contribute further data to comparable existing data from
previous studied, which may aid future meta-analyses of the efficacy of physically-induced
therapeutic hypothermia. Future studies may investigate whether concomitantly administering
an A1AR antagonist that does not cross the BBB improves efficacy (e.g., by preventing
bradyarrhythmias and hypoperfusion), or whether increasing the duration or depth of CHA-
induced hypothermia is neuroprotective. Also, future studies could investigate whether CHA
can be used synergistically with physical hypothermia methods, e.g., using CHA to speed up
the induction phase of targeted temperature management, which is often time consuming and

difficult.?!-282
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6 Final discussion

The work presented in this thesis used different approaches to investigate several key questions
pertinent to the translation of torpor to a neuroprotective treatment for acute stroke. Firstly, I
sought to elucidate the cortical electrophysiological properties of natural (fasting-induced)
torpor in laboratory mice, comparing them with those of pharmacological (CHA-induced)
torpor. Then, I addressed whether or not CHA-induced torpor was protective in both in vitro
and in vivo models of ischaemia. As a reminder, the principal findings of each chapter of this
thesis could be briefly summarised as:

e Both fasting-induced and CHA-induced torpor in laboratory mice are characterised by
reversible hypothermia and by SWA on EEG that resembles NREM sleep; this reflects
decreased net neuronal firing which may reflect decreased potential for an excitotoxic
response to an ischaemic insult (Chapters 2 & 3).

e Both 33 °C hypothermia and CHA provide neuroprotection against oxygen glucose
deprivation in in vitro SH-SYSY neuronal cultures. Further protection is achieved by
combining 33 °C hypothermia and CHA with one another (Chapter 4).

e in vivo, although physically-induced 33 °C hypothermia was neuroprotective in a 2 h
middle cerebral artery occlusion model of stroke, neither CHA-induced 33 °C

hypothermia nor CHA given at normothermia were protective (Chapter 5).

The results of the individual chapters are examined altogether in this Chapter, whose purpose

is to bring together and expand on the key findings and discussions from the individual studies.
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6.1 Comparing natural and pharmacologically-induced torpor

Torpor, which is defined as regulated and reversible reduction of body temperature, naturally
occurs in some mammals in response to low food availability or intake.”® AjAR signalling has
been shown through different studies to be necessary for entering torpor, since administration
of an A1AR antagonist brings animals out of torpor.®® Conversely, administration of AjAR
agonists has been shown to be sufficient for induction of a hypothermic torpor-like state in
several mammalian species, including the laboratory rat, which does not naturally undergo
torpor.”®? In this thesis (Chapters 2 & 3), natural (fasting-induced) torpor and
pharmacologically (CHA)-induced torpor in the laboratory mouse are compared in terms of Ty
and EEG. Notably, as of the time of writing, the EEGs of natural and pharmacological torpor
have not previously been directly compared within the same species and within analogous

experimental setups.

As discussed in Chapter 3, fasting-induced and CHA-induced torpor in the laboratory mouse
have key similarities and differences in terms of Ty dynamics. In both, there is a drop in To
towards Ta, which is followed by a stable trough (often lasting several hours) and subsequently
an increase in Ty back towards normothermia. Interestingly, there are differences between the
two types of torpor in terms of rates of change of Ty, during cooling and rewarming: in CHA-
induced torpor, the animals are quicker to cool down during the entrance phase, but slower to
warm up during the emergence phase. This may be accounted for by pharmacodynamic factors,
e.g., different extracellular concentrations of AjAR ligand (adenosine and CHA for fasting-
induced and pharmacological torpor, respectively) in the hypothalamic preoptic area
responsible for central control of thermoregulation.?®® Also, the fact that CHA has a much
longer half-life than pure adenosine may impact the levels of A1AR signalling over time.!® As

a general consideration, the upstream drivers of changes in adenosine levels for natural torpor
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are likely to be complex, including the energetic (i.e., fasted versus fed) state of the animal —
this would be in stark contrast with torpor induced via CHA, which is administered as a single
bolus in the study described in Chapter 3.'3%!0 Though technically difficult, direct
measurement of adenosine and CHA levels from the hypothalamic preoptic area (POA) via
neurochemical methods (e.g., in vivo microdialysis), may be one method of confirming the
precise extracellular concentrations and temporal dynamics of each ligand, which would
provide data that may provide further clarity to this issue.!®* Subsequently, one could explore
the effects of different doses and dosing regimens of CHA, as well as a more direct route of

administration, i.e., intracerebroventricular infusion, via appropriate implanted cannulae.

In terms of cortical electrophysiological properties, both fasting-induced and CHA-induced
torpor are characterised predominantly by slow-wave (low frequency, high amplitude) EEGs.
The normothermic EEG state that bears closest resemblance is NREM sleep.!!*!*° However,
the EEGs of both fasting-induced and CHA-induced torpor are different from NREM sleep in
that their power (= amplitude x frequency) reduces as a function of Ty, which is a finding
consistent with similar previous studies (and which is discussed in-depth in Chapter 3,
Discussion).!®!'”" Analyses of EEG power spectra suggest that, even at similar Ty, the EEG
during CHA-induced torpor is further left-shifted in terms of peak frequency. This finding may
be consistent with the observation that, as discussed in the Introduction sections of Chapters 4
& 5, CHA can directly modulate neuronal firing independently of temperature. Alternatively,
as mentioned above, pharmacodynamic factors, namely, differences in adenosine and CHA
concentrations and temporal dynamics (between fasting-induced and pharmacologically-
induced torpor respectively), may account for differences in neuronal firing behaviour, which

may be detected by cortical EEG.?® Future studies could use intracortical microelectrode
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arrays to record local field potentials (LFP) and gain better understanding of how single units

behave in terms of firing during fasting-induced and CHA-induced torpor.'7®

An important set of experiments to be conducted in future studies would involve recording
both EEG and metabolic rates (for example, in a metabolic chamber) of mice undergoing
fasting-induced and CHA-induced torpor at different Ty, to include comparisons between
normothermia and various degrees of hypothermia. Due to basic principles of thermodynamics
and heat transfer, probably the most reliable method of changing T}, during torpor would be to
change the T, either via a thermostatically controlled and thermally-insulated chamber or
simply via changing the air temperature of the experiment room. The first question to answer
would be if, at different T, torpor still occurs in response to fasting or CHA. Since, torpor is
not expected to change Ty at normothermic Ta, the only way of detecting torpor would be a
decrease in metabolic rate. If torpor were detected, then the second question would be regarding
how the EEG might be different, e.g., at normothermic Ty. As mentioned above, since EEG
power is a function of Ty, one could hypothesise that the EEGs of both types of torpor, under
normothermic conditions, are predominantly of SWA similar to NREM sleep, but that there is
not the reduction in EEG power that is seen with hypothermic torpor. Such a study could
subsequently be repeated with the same microelectrode array setup (mentioned in the previous

paragraph) to investigate if there are corresponding changes in LFPs single unit activity.

However, the above experiments alone are insufficient for yielding insight into how fasting-
induced and CHA-induced torpor are initiated and controlled from mechanistic and
neuroanatomical perspectives. The EEG can be thought as merely a window unto neuronal
activity: though it measures summed activity, it provides little information about the relative

activities of different brain regions, including those purported to be involved in regulating
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torpor, such as the hypothalamic POA.!*?

Although, as mentioned previously, studies have
shown that CNS A AR signalling is necessary and sufficient for torpor induction, the precise
neuroanatomical circuits involved in natural and CHA torpor induction are still
unconfirmed.’?869228 Amongst different methods that can be used to explore this, those that
allow top-down investigation of these circuits may be most helpful in providing initial insight
into this (e.g., c-Fos immunohistochemistry, lesioning experiments, and LFP recording (via
implanted microelectrode arrays) of the POA and surrounding areas). This is because, whilst
bottom-up approaches such as optogenetics could potentially uncover circuits responsible for

similar phenotypes (e.g., hypothermia), it is difficult to be sure that such phenotypes are

precisely the same as those seen in fasting-induced or CHA-induced torpor.

The above points of comparison between fasting-induced and pharmacologically-induced
torpor are important in highlighting that, though the two phenomena are very similar, they are
not identical. As such, it could be argued that pharmacologically-induced torpor should be
termed “torpor-like” state to make a point of this distinction. From a translational perspective,
however, there is sufficient electrophysiological evidence from this study and previous studies
to suggest that the overall firing rates of neurons decrease during both types of torpor. This
would theoretically align with torpor potentially possessing neuroprotective properties, and is
consistent with hypothermia — itself a key component of torpor — being strongly associated

with neuroprotection.
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6.2 The translational relevance of torpor: towards optimisation

of the pharmacologically-induced torpor protocol

After establishing that fasting-induced and CHA-induced torpor share key similarities in terms
of changes in Ty and EEG, I next evaluated the neuroprotective potential of CHA-induced
torpor against in vitro and in vivo models of ischaemia. Several preclinical studies have
demonstrated hypothermia to be highly protective against focal cerebral ischaemia.*’ Although
CHA-induced hypothermia was observed to be protective in a rat model of global ischaemia,
until recently this has not been investigated in an equivalent model of focal ischaemia, which
was the primary aim of study described in Chapter 5.°° On the other hand, results from other in
vitro and in vivo studies have suggested that AjAR agonists like CHA protect neurons, possibly
even at normothermia.?®® Thus, the secondary aim of Chapter 5 was to investigate to what
extent temperature-dependent and temperature-independent effects of CHA each contribute to

any neuroprotective effect seen.

In the two studies carried out in Chapters 4 & 5, measures of neuroprotective efficacy of
hypothermia versus CHA alone versus hypothermia and CHA combined were compared in
vitro and in vivo. Whilst CHA, hypothermia and CHA combined with hypothermia were all
protective in vitro, only physical hypothermia was protective in vivo. The finding that, in vivo,
only physical hypothermia (and not CHA-induced hypothermia or CHA at normothermia) was
associated with neuroprotection could be due to a variety of reasons, the key ones of which are
explained in Chapter 5, Discussion. These reasons are further expanded upon in this section,
which places the discussion in a wider context and takes into account the in vitro findings from

Chapter 4.
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Firstly, the in vitro and in vivo studies were inherently different from one another, not just in
the traditional sense, but also in that the in vitro study used only neurons in order to focus solely
on neuroprotection, which (as discussed in Chapter 4) is not representative of the entire
neurovascular unit in vivo, which also comprises of other cells which play crucial roles in its
normal functioning, such as astrocytes, microglia and endothelial cells.>¢! (Intriguingly, on this
note, a recent study of CHA-induced torpor in mice observed reduced apoptotic signalling and
several markers of inflammation in the context of lipopolysaccharide-induced
neuroinflammation; though whether these effects were attributed to temperature-dependent or
independent effects of CHA is unclear.?®%) Furthermore, although the duration of OGD and
dose of CHA used in vitro were selected due to the necessity of being able to detect treatment
effects, these do not precisely match those of in vivo study. However, key parameters, such as
depth of hypothermia (33 °C) were consistent between the two studies, as well as the
experimental groups having a 2 x 2 factorial design to investigate all four possible

combinations of treatments (CHA versus vehicle; hypothermia versus normothermia).

The in vitro versus in vivo conundrum explained above cannot fully explain the outcomes of
the in vivo study, particularly given that other previous in vivo studies have observed that: 1)
CHA-induced hypothermia is neuroprotective in a rat model of global ischaemia, and 2) other
A1AR agonists, presumably used at normothermia (see Introductions to Chapters 4 & 5) are
neuroprotective in both focal and global models of ischaemia.?*-24-29526° Thys, it is possible
that the discrepancies between the designs of these studies and of my study could explain the
different outcomes. The Discussion section of Chapter 5 elaborates on how these could
potentially be explained by systemic side effects of CHA (e.g., bradycardia and reduced cardiac
output resulting in decreased cerebral perfusion), as well as the durations of PHYSICAL-

HYPOTHERMIA and CHA-HYPOTHERMIA not precisely matching one another.
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Chapter 5 also suggests specific future experiments that could be performed to address these
issues, e.g., concurrently administering an A1AR antagonist that does not cross the BBB to
counteract the systemic effects of CHA whilst preserving its CNS effects. This approach has
been adopted by Drew and colleagues in the context of global ischaemia, where it was found
to be protective.”®*% Incidentally, they also adopted a lower temperature of hypothermia (mean
Ty ~ 29.7 °C) than in my studies, which is another possible explanation for the discrepancy
seen. As previously mentioned, in Chapters 4 and 5, a Ty of 33 °C was selected due to previous
physical hypothermia studies observing neuroprotective effect at such a temperature. It is
possible that, instead of defending the lower Ty, boundary of 33 °C, allowing the animals to go
into a deeper hypothermia would increase the level of neuroprotection such that it would
counteract any deleterious effect of CHA, e.g., through bradycardia and hypoperfusion. It is
possible that hypothermia may itself influence extracellular adenosine levels (as mentioned in
the Discussion of Chapter 4) which may enhance A;AR signalling.??* Finally, Drew and
colleagues adopted a shorter total duration of ischaemia (albeit global rather than focal), which
may also be a factor. However, the duration of hypothermia (24 h) they (and others, instead
using physical hypothermia) used led to protection being observed.”® Thus, future experiments
comparing the outcomes of different depths and durations of hypothermia, as well as different
doses and dosing regimens of CHA (in combination with co-administered A;AR antagonists)

could provide insight into the factors that are key to achieving successful neuroprotection.

Only once the parameters for pharmacologically-induced torpor have been optimised for
treatment of focal ischaemia in rodents, can such a treatment be advanced along the
translational pathway. This would typically involve investigating safety and efficacy in further

studies in larger mammals and/or non-human primates, before first-in-human trials can be
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planned. Since torpor is a phenomenon that relatively few mammals undergo naturally, it is
important to consider the likelihood of pharmacologically-induced torpor potentially being
inducible in humans before Phase 1 trials are designed and approved. First of all, it has been
demonstrated in this and prior studies that CHA-induced torpor is possible in laboratory rats,
which, like humans, do not naturally undergo torpor.°>!3¢ Secondly, human neurons are known
to express A1AR, which confirms that there are valid targets for CHA. Finally, as mentioned
in Chapter 5, an IV administered AjAR/A3AR agonist, AST-004, was found to be safe and
efficacious in a non-human primate (NHP) model of focal ischaemia and has recently
undergone Phase 1 trials in healthy volunteers [data not yet published]. Notably, there was no
chronic Ty recording in the NHP study.?®® Another Phase 1 trial demonstrated the safety of
intrathecally administered adenosine, used as a spinal anaesthetic.?®® Thus, once the factor(s)
that led to non-efficacy in my study have been addressed, it is possible that A AR agonists may
be administered in a way that is safe and efficacious in patients. In terms of inducing
hypothermia, however, humans are unlike rodents as their lower surface area:volume ratio
results in slower rates of cooling and rewarming, with a higher equilibrium Ty due to relatively
slower heat transfer.”%?%7 This is also demonstrated in black bears that undergo torpor, whose
Ty often does not drop below 30 °C.* Clinically, however, this may not be a disadvantage as
lower Ty is associated with greater risk of infections, e.g., pneumonia.?*® In summary, whilst
the studies described in thesis failed to demonstrate protective effect of CHA-induced
hypothermia, reasons for this have been discussed. Nevertheless, the findings have provided
further evidence that physical hypothermia is protective. Exploring pharmacological methods
of inducing hypothermia may eventually yield neuroprotective strategies that will be beneficial

in acute stroke.
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6.3 Further methodological refinements and extensions of

experimental approaches

The findings presented in this thesis point to several essential methodological refinements that
could enhance understanding of both natural and pharmacologically-induced torpor.
Traditional sleep scoring, whilst providing valuable insights and justifiable as a utilisable
framework, may not fully capture torpor's unique characteristics. While my work demonstrated
that both natural and CHA-induced torpor share EEG features with NREM sleep, more
sophisticated analyses combining high-density EEG recordings with continuous video
monitoring could reveal crucial distinctions.!”> The addition of detailed behavioural analysis
would allow correlation between specific EEG patterns and behaviours such as posture,
movement patterns, and arousal responses. This integrated approach would be particularly
valuable during periods currently scored as "NREM-like", where traditional criteria may miss
torpor-specific signatures. Examining the presence and characteristics of sleep spindles and K-
complexes during the transition into torpor could reveal whether these NREM sleep hallmarks
persist at lower temperatures and how their morphology changes with declining temperature.
Furthermore, automated assessment of spectral power changes across different temperature
ranges could help identify unique EEG signatures that distinguish torpor from conventional
sleep states, particularly during the crucial transition periods into and out of torpor. These
analyses could be enhanced by simultaneous recording of LFPs across multiple cortical regions

to understand region-specific responses to temperature changes and CHA administration. !’

The electrophysiological changes during MCAO in rats undergoing CHA-induced torpor
warrant thorough investigation, particularly given CHA's lack of neuroprotection despite

promising in vitro results. Continuous EEG recording during stroke evolution, with strategic
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electrode placement targeting both core and penumbral regions, could reveal how CHA affects
phenomena such as peri-infarct depolarisations and seizure activity.?*® Real-time laser Doppler
flowmetry would strengthen the model by verifying occlusion success and monitoring
reperfusion dynamics, particularly important given concerns about CHA's cardiovascular
effects potentially compromising cerebral perfusion.?®® The cellular mechanisms underlying
hypothermia and CHA's effects deserve deeper investigation through enhanced in vitro
approaches. While the SH-SY5Y model proved valuable for isolating neuronal responses,
mixed culture systems incorporating astrocytes, microglia and endothelial cells would better
reflect neurovascular unit complexity.®"">*° This approach becomes particularly relevant given
my observation that CHA and hypothermia showed additive protection in isolated neurons but
not in vivo. The differential expression of cold-shock proteins RBM3 and CIRP between
hypothermia and CHA treatment suggests distinct molecular pathways that warrant
investigation through studies of inflammatory mediators and cell survival signalling.?*° Time-
course analyses examining the temporal relationship between temperature changes,

inflammatory responses, and cell death could help identify critical therapeutic windows.

Beyond acute outcomes, extended behavioural assessment beyond 7 days post-stroke using
more sophisticated testing paradigms could reveal subtle functional deficits masked by basic
neurological scoring. Weekly testing using standardised tasks including ladder walking, skilled
reaching, and cognitive assessment could capture delayed effects on recovery and better reflect
the spectrum of post-stroke deficits seen clinically.?! Integration of advanced physiological
monitoring including continuous blood pressure recording and blood gas analysis would help
maintain strict parameter control, potentially reducing outcome variability.”®> These
methodological refinements would address key questions raised by my findings while

strengthening their translational relevance.
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6.4 Concluding remarks

In this thesis, I have made several novel observations regarding the electrophysiological
properties of fasting-induced and CHA-induced torpor, as well as the latter’s neuroprotective
effects. First, I demonstrated that fasting-induced and CHA-induced torpor in the laboratory
mouse in terms of EEG both consist predominantly of SWA similar to NREM sleep. Then I
showed that post-torpor, whereas in fasting-induced torpor mice stay awake for a prolonged
period (presumably in order to feed or seek food), in CHA-induced torpor mice enter sleep
almost immediately post-torpor. I demonstrated that both hypothermia at 33 C and CHA were
protective in neuronal cultures undergoing oxygen glucose deprivation. I then showed that
combining CHA and hypothermic treatments led to additional protective effect. Finally, |
observed that neither CHA-induced hypothermia nor CHA given at normothermia is protective

against focal cerebral ischaemia in a rat MCAO model.

Whilst further work is needed to investigate aspects such as (1) the EEG of mice undergoing
CHA-induced torpor at near normothermia and (2) the reasons why CHA was not protective in
vivo, this thesis nonetheless highlights the potential for torpor-like states, such as that induced
by CHA, to be translated into a hypothermic neuroprotective therapy in humans for clinical
scenarios such as acute ischaemic stroke. Ultimately, the aim of acute stroke therapeutics is to
reduce infarct size and improve both short-term and long-term clinical outcome. Although
recanalisation would still be required in the vast majority of cases, simultaneously applying an

effective neuroprotective therapy as early as possible could buy precious time for this to happen.
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