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Abstract

Background: Burn injuries are well-established to cause severe, systemic repercussions within the
human body, leaving few systems unaffected. These consequences extend to include psychiatric
health, with studies showing that burns victims are significantly more likely to be diagnosed with an
axis one mental disorder. Disruption in circadian rhythm, characterised by sleep changes and hormone
secretion abnormalities, among other symptoms, exist as a commonality between the two conditions,
being a documented consequence of burn injuries and an enduring theory for the aetiology and
maintenance of psychiatric disorders.

Hypothesis: As measured by CBT, there will be a significant difference between the circadian rhythm
of the Sham and Excision groups in comparison with the Burn group. After the procedure, burn injury
mice will have significantly changed circadian rhythms both acutely (days) and chronically (weeks).
Abnormal circadian cycles as a result of thermal injuries could lead to increased rates of mental
illness.

Methods: Eight-week-old female mice (n =15) were implanted with a temperature logger into the
peritoneal cavity to record core body temperature (CBT) for three months. Two weeks after
implantation, surviving mice received a burn injury (n = 6) to 7-8% total body surface area (TBSA),
an excision injury (n = 5) to the same surface area or a sham procedure in which no injury was
inflicted (n = 5). The animals were euthanised after three months and thermologgers collected.
Attained data was manipulated to attain the mesor, amplitude and acrophase parameters per day.
Results: There was a difference in circadian rhythm between Sham and Excision as well as Sham and
Burn treatments. Burn injury was the only group to show an acute difference after procedural surgery
in all parameters though Excision values also acutely changed after surgery for mesor alone. All three
groups differed chronically after surgery, though only the Burn group had significantly altered

acrophase in the last time-point of the experiment.

Conclusion: Circadian rhythm disruptions occur after surgery. Given that surgery is so common after
burn injuries, in subsequent experiments it would be logical to assess circadian rhythm changes after

the procedure using gene analysis as well as by testing other parameters such as melatonin and



cortisol. To link circadian rhythm disruptions to mental health problems, indicators such as mood and
sleep in humans both acutely and chronically after burns and surgery should be recorded and

compared with before the procedure and with healthy control populations.
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1. Review of literature

1.1 Long-term systemic impacts of burn injuries

Although treatment of burn wounds has improved drastically, especially in infection control and
resuscitation, this form of injury remains devastating in nature. In Western Australia alone, Duke et al.
@ found that, between 1983 and 2008, there were 23,450 admissions to hospital with burn injuries.
Not only is the injury traumatic on the individual and distressing to loved ones, it is also expensive.
Recovery requires a great deal of time and resources, with the average patient costing the health sector
over AUD $71,000 @. Groups of individuals at higher risk of experiencing burns include children
younger than 5, adults older than 65, men between the ages of 20 to 24 and Indigenous Australians @,
As survival rates have improved, the focus of large amounts of research has shifted from acute
physical care to long-term quality of life and psychosocial functioning ©. The social consequences of
such injuries are far-reaching and chronic. Combined with the physiological effect on almost every
major organ system in the body, burn injuries are one of the most traumatic experiences a human can
endure @, There exists two major stages post — burn: the “ebb” and “flow” phases, respectively.
Taking place within the first 48 hours post-injury, the ebb phase is characterised by decreased bodily
functions such as cardiac output and metabolic rate ®). The flow stage is a drastic overcompensation,
occurring within the first 5 days of recovery in which the circulatory system responds by pushing the
body into a state of increased circulation and hypermetabolism ©). This flow stage was initially
thought to end upon wound closure although recent evidence has suggested that it may last several

years ©,

Having survived the initial injury and the early stages of recovery, risks remain prominent even three
years in the future ®. Examples of illness susceptibility include a 50-100-fold full-body increase in
bone fracture risk ® as well as elevated chances of developing cardiac dysfunction and
immunosuppression due to hypermetabolism ©. Relevant to the central nervous system is the

increased levels of endogenous stress hormones post-injury, predominantly adeno-corticotropic



hormone (ACTH) and cortisol. Specifically, cortisol in burn patients has been shown to be roughly 8-
10-fold higher than in unburned subjects for a minimum of three years ©. This hypersecretion is
suggested to be a result of disruptions to the sensitive negative feedback loop that occurs following

the secretion of cortisol from the hypothalamic- pituitary- adrenal (HPA) axis .

Further evidence of the long-term effect of burns can be found in the cardiovascular system ®. In the
acute stages of a traumatic insult to the body, sympathetic activation is vital for survival in order to
compensate and heal ©. However, when this stress response persists long-term, as has been proven in
the case of burn injuries ®, the heart experiences unhealthy, damaging levels of stress mediated by
catecholamine release ®. The hallmarks of this state of stress being tachycardia, increased myocardial
oxygen consumption and cardiac output, culminating in the cardiovascular system labouring beyond
normal levels ®. As such, it has been found that, after adjusting for demographic factors, those with
previous burn injuries are more likely (1.46 - fold) to be admitted to hospital for circulatory system
ailments during a span of 32 years, as compared with uninjured controls ©. Specifically, the at- risk
period was the first 10 - 15 years post-burn injury, after which time the cardiac related admissions
between the two groups ceased to differ. Specifically, burns cohorts were overrepresented in
admission for ischaemic heart disease, heart failure and cerebrovascular disease ©. Not only are burns
patients more likely to be admitted to hospital for the above conditions, their length of stay for

circulatory related illnesses were three times longer than that of the uninjured cohort ©,

As alluded to above, risk of mortality remains high decades after the burn injury. In a separate
Australian study by Duke et al ® over a span of 32 years, it was found that, when compared with a
control group, those with a burn injury had a 1.4 - fold higher rate of mortality with 29% of these
deaths being attributable to the injury itself. Furthermore, the median age of those who died within the
burn group (76 years) was lower than those without burn injury (82 years) %, A theory for these
phenomena lies in the long-term changes that occur after a burn injury, predominantly chronic
hypermetabolism @, oxidative stress *? and immune alterations “®. These harmful abnormalities
have been shown to increase the risk of sepsis and infection %, cardiac dysfunction ® and

hepatomegaly @4 and as such, may be contributing factors towards higher risk of early mortality. This
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study by Duke et al. @ shows the long- term effects of burns on the victim leading to higher chances

of death at an earlier age.

1.1.1 Mental Health after burn injury

An understudied though highly prevalent long-term consequence of burn injuries, and the focus of this
study, is the increased long-term risk of mental illness . As seen below in Table 1, it is evident that
study estimates of rates of mental illness in burns cohorts vary between studies, with possible
explanations for these differences being discussed below. @522, A Greek study by Madianos et al. ¢
found that three weeks after the burn, 46.6% of the 45 patients studied were found to have a clinically
diagnosable psychological illness. After 12 months, 30 patients were re-evaluated only to find that the
percentage was identical. Post-traumatic stress disorder (PTSD) being the most commonly reported
disorder at both three weeks and follow-up meetings. In comparison, Meyer et al. @ examined the
long- term mental health outcomes of 101 young adults who were burned as children (an average of
14 + 5.4 years postburn). It was concluded that 44.6% of patients had one or more axis one diagnosis
at the time of questionnaire - axis one disorders including all major mental health and substance abuse
diagnoses, barring personality disorders and mental retardation ?®. The lifetime rate of any mental
health diagnosis in this study was 59.6% . The most common diagnoses across the lifetime were of
an affective disorder (44.4%) and any anxiety disorder (38%), respectively. The most prominent
specific diagnoses within the affective disorder criterion were major depressive disorder (MDD) and

within anxiety disorders, PTSD was most common ¢,
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Table 1. Consolidated rates of mental illness from studies assessing the psychological

sequelae of burn injuries.

Burn injury greatly increases the likelihood of developing a psychiatric disorder. Differences
between study designs may play a role in the discrepancies seen in psychiatric illness
prevalence. For example, the average time between the initial injury and follow-up, number
of subjects and the broadness of disorders screened differ between tests. Baseline values
refer to the percentage of individuals diagnosable with a mental illness at their first

presentation to the service in question after their burn injury.

Study Subjects (n=) | Diagnosable Years to Diagnosable Prevalent
percentage (%) | follow-up | percentage (%) | disorders
at baseline at follow-up

Madianos, 45 455 1 40 PTSD & mood

Papaghelis, disorders

loannovich &

Dafni

Meyer et al. 101 455 14+/-5.4 | 59.4 Any anxiety
disorders

El hamaoui et 60 - 8+/-7.5 39.2 PTSD & MDD *

al.

Dyster- Aaset | 73 45 1 38 Major/minor

al. depression &
PTSD*

Williams & 23 - 1 34.7 Anxiety & PTSD

Griffiths

Smitten, Graaf | 90 - 2.2+/-0.8 | 28 MDD &

& Loey generalized
anxiety

Oster & Sveen | 67 - 46+/-19 | 31 Any anxiety
disorder

* The study tested for these diagnoses exclusively.

An Australian study of 11,967 adults burned as children replicated Meyer et al.’s finding of poorer
mental health in years post-injury @, The burn cohort saw significantly higher adjusted rates of
hospital admission for mental illness in the 32 years of follow-up included in the study. Although all
age groups at the time of the burn recorded higher rates of admission than the control cohort (4.6%

versus 1.5% respectively), those between 10 and 15 at the time of the burn had the highest rates of
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admission for mental health problems as compared to the control cohort, with an adjusted incidence
rate ratio of 4.90. The most common reasons for hospitalisation were alcohol-related disorders (52%),
MDD (27.8%) and stress and adjustment disorders (24.9%) ®®. Another important finding of this
article is that there was no significant difference in mental health admissions associated with varying
severity of the burn injury. For example, the rates were similarly elevated for those who suffered
severe or minor burns as compared to the uninjured controls ®®, Lastly, a study by EI hamoui et al. %
found that 55% and 23.3% of individuals who had previously reported to the burn’s unit of a major
Moroccan hospital over a 1- year period met the criteria for MDD and PTSD, respectively when
tested 8 years later (+ 7.5 years). Patients admitted for self-inflicted burns or with a history of
psychiatric symptoms were excluded from this study, thus establishing a possible causal link between

burns and mental health diagnoses.

There are several possible reasons for the variation in results between experiments. In some studies,
little attention is given to pre-burn psychological functioning. This is especially relevant given that
psychiatric ailments have been identified as risk factors in suffering a burn injury @¥. Leaving this
patient history unacknowledged could lead to a relationship between burn injury and mental health in
which the latter stems from the former when it is more likely mental illness is acting as the
predisposing element. Some studies address this challenge by excluding patients with a history of
psychiatric illness and those whose burn injury is a result of self- harm. Another explanation for the
discrepancy lies in the different ways of measuring psychological distress and clinical features of
psychiatric illnesses. Although questionnaires and structured interviews were the most commonly
utilised method of data retrieval in the studies analysed, the specifics of the questions and subsequent

outcomes can change between the time period ?® and country that the examination is performed in @9,

1.2 Social consequences of burn injuries and effects on mental health

No mental illness exists in clinical isolation. There is a plethora of factors which interact to culminate
in either the presence or absence of a psychiatric disorder. Examples of such factors in the context of a

burn injury include psychological trauma, social consequences of the injury and abnormalities in

13



physiology due to the injury ?®. Examining specifically the social domain, paediatric patients
experience logistical difficulties associated with time spent away from school @?, coinciding with
missed education and social experiences. In adults there is the financial strain ¢, self-esteem issues
@9 and isolation associated with being functionally unable to work ©9, Inability to re-enter the work
force has a large effect on psychosocial wellbeing. In a study by Dyster-Aas et al. %, it was found
that burns patients who were either unemployed or on sick-leave an average of 9 years after the burn
injury reported poorer outcomes in affect, body image and interpersonal relationships than those back
in the workforce. This is strong evidence for the importance of reintegration after injury and the

interplay between psychological health and social functioning.

Given the social stigma surrounding the presence of body abnormalities, such as scarring or
amputation, it is unsurprising that issues such as body image distress, social anxiety and depression
have been linked back to an individual’s sense of physical identity @®. As such, the effect of visible
body disfigurements upon psychological and social wellbeing has been extensively investigated. For
example, examining 224 burn survivors seeking reconstructive surgery for body disfigurement post-
burn injury, 46% showed at least mild signs of depression ?®. Thombs et al. also found that in the
development of depression in a burn population, body dissatisfaction, rather than location, size or
severity of scarring, was the most vital predictor @, Similarly, it was found that body dissatisfaction
was the most reliable predictor of 12-month post-burn psychosocial functioning GV. Alternatively, a
guestionnaire-based study by Williams & Griffiths looking at mental health one year post-burn found
that not only were over a third of patients suffering from at least one mental health problem, the
highest prevalence being anxiety and MDD respectively, the most significant predictor of these
psychological issues was visibility of scarring . Findings from these studies show that the effect of
body image dissatisfaction cannot be understated, highlighting the need for ongoing support related to

body distress in burns victims.

The effects of trauma and social ramifications on the development of mental illness post-burn is
eliminated using mouse models. By anaesthetising the animals before the burn surgery and using

pharmaceuticals to limit pain, the effect of trauma is made negligible. Similarly, the social issues that
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humans face after burns such as isolation, embarrassment due to disfigurements, therapeutic garments
and new bodily limitations are not present in a mouse model ©2. It was found by a pilot study by
another group within our laboratory that even within this controlled environment, depression- like
behaviours were still increased in mice months after a non-severe thermal injury (Allahham,
unpublished). This suggests that despite severe social ramifications from a burn experience, there may
also be a physiological mechanism underpinning the relationship between burn injuries and increased

rates of mental health disorders.

1.3 Sleep changes after burn injury and circadian rhythm disruptions

Sleep is a measurable example of the body’s circadian rhythm in action. As such, sleep efficacy can
be used as a benchmark to ascertain disruptions in circadian rhythm. Sleep is controlled by the
hormone melatonin which is produced and released by the pineal gland situated in the circadian
rhythm control centre of the brain, the suprachiasmatic nuclei (SCN) ¢, The hormone is
predominantly responsible for the initiation and maintenance of tiredness 4. Studies have also shown
that burns can cause severe, chronic sleep abnormalities ©. A study of long-term sleep efficacy after
burn injury found that quality drops significantly not only acutely but remains poor an average of 9 -
years after the injury ©®. Specifically, the researchers reported decreased restorative REM sleep and
greater superficial stage one and two sleep. This lack of REM sleep is deleterious for metabolic ¢
and immune functioning ©®® and quality of life 9. Another piece of literature, which used
retrospective surveys as a mechanism of self- reporting sleep quality, found that 61% of burn patients
indicated “poor” sleep while only 31% of controls registered the same deficits . This could
potentially be a consequence of decreased night-time melatonin release as was found to take place
after a burn 4. A serious state of pathophysiology, sleep inadequacies have been implicated in
hypertension “9, heart disease “Y and stroke “V). Sleep deficits have also been found to chronically
activate the hypothalamic- pituitary- adrenal (HPA) axis “?. As will be discussed in detail, a great

deal of literature focuses on the relationship between hypercortisolemia as a result of a hyperactive

15



%Change from 12:00 Cortisol Level

HPA system and mood disturbances. As such, these sleep deficits due to burn injury may have a role

to play in increasing the risk of mental health disorders post-injury ©3,
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Figure 1. The concentration changes of a.) cortisol and b.) leptin after burn injuries.

There is an evident loss of normal diurnal pattern from the approximate peak (12:00) to trough
(02:00), also termed the nadir, in cortisol level. The small change between the two points in
burned females shows the blunting of the nadir. Image B shows no evident difference in leptin
concentration between the peak and nadir. These two hormones show prominent circadian
rhythm abnormalities post- burn. Images adapted from a patient study by Hobson et al. 44

(n=20).

In conjunction with these sleep changes, the circadian rhythm of endocrine secretions is also lost after
burn injuries #* 49, Studies examining the diurnal pattern of cortisol secretion found that not only is
cortisol significantly oversecreted in patients of both sexes and all age groups as compared with
controls, the nadir, or naturally occurring low in secretion, is substantially blunted, as shown in Figure
1 9 which depicts only female patient’s data. This finding is echoed in a small study of 10 burns
victims which found that diurnal patterns of cortisol, aldosterone and renin were completely lost. In
fact, all three hormones remained high at any given time over a 24 - hour period “®. Another piece of

evidence to suggest that circadian rhythm is altered by burns comes in the form of leptin, a hormone
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produced by adipose tissue and associated with appetite and energy intake. Hobson et al. (Figure 1)
found that the diurnal pattern of leptin was absent in patients to the point where there was no

difference between levels at the normal time of peak and nadir “4.

The before-mentioned sleep deficits and diurnal hormone secretion abnormalities, specifically
cortisol, aldosterone, renin and leptin, are indicative of circadian rhythm disruptions as a result of
burn injuries. As will be discussed below, circadian rhythm changes are a notable hypothesis in the
aetiology of mental health problems and have gathered an extensive amount of literature over multiple
decades. As such, the presence of circadian rhythm disruptions after burns may act as a catalyst or
exacerbating factor towards the development of mental illness, leading to an over-representation of

psychiatric diagnosis within burns populations.

1.4  Mental health disorders

1.4.1 Inflammation theory

It is well established that inflammation, especially long-term, can have a deleterious effect on the
human body. Implicated in ailments from cardiovascular disease “® to cancer “” and diabetes “®, the
negative effects of inflammation have been extended to include the central nervous system (CNS) as
well as psychiatric illnesses 9. Significantly increased expression of pro-inflammatory cytokines,
acute phase proteins as well as chemokines and adhesion molecules in MDD have all been widely
noted “*52_ Specifically, the most frequently linked inflammatory factors have been interleukin- 6
(IL-6) and C reactive protein within patient plasma “®. This upregulation of the immune system is so
consistent that measurement of cytokines and soluble receptors in the blood have been proposed as

biomarkers for MDD ©9,

Studies have shown that inflammation dysregulates concentrations of monoamines implicated in
mental illnesses, predominantly serotonin, dopamine and noradrenaline 3. Once either the cytokine is

physically present in the brain or a signalling molecule, such as nuclear factor kappa B (NF-kB), has
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communicated the presence of peripheral cytokines to the CNS, neurotransmitter metabolism can be
altered in the synthesis, release and/or reuptake phases ©2. In the case of serotonin, inflammatory
pathways activate a hormone called indoleamine 2,3 dioxygenase (IDO) which breaks down the major
precursor of serotonin, tryptophan, decreasing its overall availability ©®. Supportive of this
hypothesis, O’Connor et al. ®» showed that using an anti-inflammatory drug to block IDO activation
after injection of lipopolysaccharides into mice allowed for the avoidance of depressive- like
symptoms. Similarly, cytokines have been shown to affect the reuptake of monoamines in the brain
®4, With less serotonin available in the synapse of the brain, a pathological state of pronounced

deficiency exists that is widely implicated and treated in MDD ©5),

Inappropriate inflammation can also be inferred from similar studies performed on patients with a
range of anxiety-spectrum illnesses. Reichenberg et al. ®® injected healthy individuals with a harmless
endotoxin from the Salmonella abortus equi bacteria or with a saline control substance. Those
subjected to the endotoxin triggered immune response reported significant anxiety and depressive
symptoms, proportional to the level of circulating cytokines, up to 5 hours after the initial injection.
Similarly, after adjusting for lifestyle and disease factors, VVogelzangs et al ", found that, in a cohort
of 1237 men with existing diagnoses along the anxiety disorder spectrum, patients had increased
levels of C - reactive protein. However, studies have not all been so supportive of the immune
hypothesis with Schuld et al. 8 and Steptoe et al ® finding no association between inflammation

and the presence of depressive symptoms or diagnoses.

The above theory centres around the effect of inflammation on monoamines, however there is a pillar
of thought which states that the behavioural changes due to inflammation are induced through the
effect of cytokines on the neuroendocrine system “9), As will be discussed further, hyperactivity of the
HPA system due to stress is commonly associated with the development and presence of MDD. The
body reacts to peripheral cytokines in the same way it would a physical threat; by stimulating the
expression of corticotrophin-releasing hormone (CRH) and ACTH which leads to the release of
cortisol €. For example, in a study of patients undergoing IFN- a (Interferon alpha) treatment for

malignant melanomas, those who subsequently developed depressive symptoms after the
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administration of IFN- o had a significantly higher initial cortisol and CRH response ©%. These results
appear to display the concept of sensitization in the CRH pathway, which states that after a challenge
posed to the body which renders the CRH pathway (and HPA axis) active, both systems are primed

for hours or days in the future to be better able to cope with the future stresses ©2.

Burn injuries prompt a massive, long-lasting immune response resulting in a surge of inflammatory
factors such as cytokines as well as acute phase and complement proteins ¢, Compared with control
patients, Kim et al. ¥ found that pro-inflammatory cytokines I1-6, IL-8 and TNF-a, and anti-
inflammatory cytokines, 1L-10 and granulocyte-colony stimulating factor (G-CSF) were significantly
higher in burn patients over a period of three weeks post injury with the highest difference being IL-6
on day three, almost 300 times higher in burn patients than in controls. A similar study found that
even three years later, IL-6, IL-8, IL-10 and G-CSF, among other serum cytokines, remained

significantly elevated, up to 2000-fold, in 977 burns victims compared with healthy controls ©,

The brain has layers of protection against threats in the form of toxins, drugs and cytokines ©°,
Predominantly, this defence occurs in the form of a layer of semi-permeable endothelial cells
comprising the blood brain barrier (BBB). However, the brain is not invulnerable to the massive
systemic inflammation that occurs as a result of a burn injury. In a mouse study of severe burns

(n = 28) by Reyes et al. ®®, mRNA expression of TNF- o, interleukin- 18 and intracellular adhesion
molecule — 1 (ICAM-1) in the brain were elevated compared with the control cohort at the three and 7
hour mark. This evidence of brain infiltration among other research is indicative of disruption to the
integrity of the BBB ©6 6. Given the evidence described above for the relationship between mental
health and inflammation, the ability for burn injuries to damage the BBB and increase access for
immune factors into the brain may be an explanation for burn patient vulnerability to psychiatric

illnesses.

1.4.2. Neuroendocrine theory

Hyperactivity of the HPA system, a neuroendocrine secretion abnormality, within patients with

psychiatric ailments is a highly consistent finding in the realm of neurobiology ©®- In response to
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stress, and to help the body react to the potentially dangerous situations, the hippocampus secretes
corticotrophin- releasing factor (CRF) and vasopressin (AVP). As shown in Figure 2, these hormones
activate the secretion of ACTH from the pituitary gland. Finally, cortisol (a glucocorticoid) is released

from the adrenal cortex which acts upon both the brain and peripheral target tissues ©9.

A primed HPA acts peripherally, by regulating metabolic and immune functions, and in the brain by
controlling neurogenesis (development of new neurons) ©®, Centrally, activation of the HPA axis has
a role in higher order functioning within the hippocampus such as emotional evaluation of
experiences and the formulation of new memories ©®, A vital negative feedback loop exists whereby
the presence of cortisol inhibits the secretion of CRF, AVP and ACTH in order to avoid harmfully
high levels of cortisol accumulating in the body. Most research has been performed to quantify HPA
activity in mood disorders such as bipolar and MDD. It was found that the saliva, plasma and urine of
patients with mood disorders contained excessive levels of cortisol ©®. It is believed that this
hyperactivity is due to a breakdown of the negative feedback loop 9. Support for this theory of
inhibited negative feedback comes from a multitude of studies which have shown that patients are
unable to suppress cortisol upon administration of synthetic glucocorticoids in contrast with
neurotypical subjects 774, Putting this evidence together, it is unlikely that an overactive stress

response is simply a consequence of psychiatric ailments, rather a contributing predisposition.

Burn injuries, as well as their repercussions, such as multiple surgeries and sleep deprivation, are
prime examples of prolonged and extreme stress. Cortisol is an important marker of stress after injury,
with levels being directly proportional to the severity of the insult and clinical outcome . The
consequences of such physiological turmoil are evident, with cortisol in burns patients remaining
elevated (initially 8 - to 10 - fold) three years post burn injury ®. Palmieri et al. 7® found that cortisol
levels did not correlate with levels of ACTH (the precursor to cortisol), the conclusion of which being
likely disruption of the adrenal feedback loop in burned individuals. As such, lack of adrenal
synchronicity is a probable outcome of the extreme stress following a burn injury and a potential

elucidating agent in the development and/or maintenance of mental illness, as will be elaborated upon
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below. As such, HPA axis disturbances may be an explanation or confounding factor for the high

rates of mental illness seen after burn injuries.

K

-ve fb

Cortisol (F)

Figure 2. Negative feedback of cortisol is disrupted after burn injury.

A schematic diagram of the HPA axis in which cortisol is released from the adrenal cortex to
glucocorticoid receptors in the brain. Negative feedback of cortisol regulates its own feedback
through decreasing ACTH. The red cross indicates the disruption of the negative feedback loop

as hypothesised in MDD. Adapted from Yehuda & Seckl 9.

1.4.3. HPA system in MDD

Evidence for the role of HPA hyperactivity and negative feedback in the example of MDD comes in
the form of anti-depressant therapy. For example, Pariante et al. ™ found that citalopram, a
commonly administered selective serotonin reuptake inhibitor, increases HPA axis negative feedback
as a result of improved rates of glucocorticoid binding. This leads to a rate of suppression, upon

administration of a steroidal drug, that is over 20% higher. Taking a slightly different approach, Dinan
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et al.™ found that the administration of a glucocorticoid agonist, in this case dexamethasone, which
activates the glucocorticoid receptor, improves mood difficulties in those with treatment- resistant
depression for a period of 16 days post-discontinuation. Although only a small sample of 10, this
finding, which is echoed by others with similar methods 37 is interesting in that those with the
highest baseline cortisol levels pre-administration were found to respond best to the dexamethasone
therapy. The authors believe that these effects can be attributed to dexamethasone’s ability to enhance

negative feedback within the HPA system to decrease cortisol levels, resulting in mood improvements

72),

Studies into a group of patients with Cushing’s syndrome, a disorder in which hypercortisolemia is so
clinically extreme it leads to cognitive dysfunction, muscle weakness and decreased immune
competence, shows that out of 29 patients, 25 also displayed significant depression 7., Likewise,
Sonino et al. ™ found that 62% of Cushing syndrome patients showed major depressive symptoms.
Although a distinct diagnosis, Cushing’s syndrome shares certain physiological traits with MDD.
Cerebrospinal fluid CRH levels in MDD have even been found to overlap the clinical range
diagnosable for Cushing’s syndrome . This link between extreme cortisol levels and mood
disruptions shows the relevance of corticosteroids in the development of mood disorders and could
share clinical similarities to patients with hyperactivity of the HPA axis, as is often found in unipolar

depression.

1.5  Circadian rhythm and mental health

Circadian rhythm is a cyclical phenomenon maintaining the body’s endogenous period of roughly 24
hours @, The orchestrater, or master clock, is within the hypothalamus, specifically the SCN, which
sends output signals to other parts of the brain as well as to peripheral targets which regulate cell
physiology 2. In these target cells, transcription factors CLOCK and BMALL1 drive the rhythmical
expression of clock genes, Period and Cytochrome, that act as negative feedback to coordinate their
own expression Y, The SCN is entrained by light/dark cycles received by retinal photoreceptors that

provide synchronisation of molecular oscillators present in most body tissues. The sleep/ wake cycle
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is the most recognised circadian rhythm, however, multiple systems, such as core temperature,

endocrine release ®V and bodily healing ©? also reflect a 24 - hour rhythm.

The association between circadian rhythm disruptions and neuropsychiatric illnesses is by no means a
modern realisation. Even from the late 1880s sleep abnormalities begun to be associated with mental
health ailments ®. Sleep complaints are recorded in 80% of schizophrenic and MDD patients and in
conjunction, drugs which target circadian rhythm, specifically CLOCK genes, have been found to be
beneficial in the treatment of mental illnesses ®. A well-documented example being the bipolar
medication, lithium, which works to lengthen the circadian period by increasing Per2 transcription ¢4,
Genetic studies in humans have supported a link between circadian genes and mental illness though
attaining conclusions have proved difficult, given the shared symptoms and genes across diagnoses
and polygenic nature of mental illnesses . However, genome-wide association studies (GWAS)
have ascertained a linkage between circadian rhythm genes and bipolar and schizophrenia. For
example, DISC1 gene variants have been found to be prevalent in schizophrenia and bipolar disorder

though also associated with homeostatic regulation of sleep @,

1.5.1 Measuring circadian rhythm

Early experiments focusing on circadian rhythm collected data through the examination of physical
activity among mammals in relation to light/dark hours . As technology improved, techniques for
monitoring circadian cycles shifted to more quantitative measures. The first example being the
measurement of melatonin secretion over 24 hours which, as discussed previously, acts as a robust
measure of the individual’s sleep cycle and reaction to external stimuli €. Similarly, cortisol
secretion from the adrenal cortex displays a 24 - hour pattern, being measurable in saliva and serum
@, To analyse and draw statistically significant conclusions from these values of secretion, a least-
squares cosinor fitting analysis is applied to attain measurable parameters ®. These parameters
include the mesor (mean level of, in this scenario, cortisol, based on the distribution of values),
amplitude (the height around which the value deviates from the mesor) and the acrophase (time of

maximum value) ©®, all of which depicted in Figure 3. These results can be compared among
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subjects, pre- and post-intervention or the like. The above-mentioned statistical parameters will be
applied to our analysis of core body temperature (CBT). CBT displays a reliable, roughly 24 - hour

rhythm, reaching its minimum at approximately 5 AM and maximum at around 5 PM and, as such,

can be used to measure circadian rhythm 7,
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Figure 3. Example circadian rhythm trace with depiction of the statistical parameters

utilised in the current experiment.

Specifically, mesor, the midpoint value, amplitude, the degree difference between
acrophase and mesor, and acrophase, time of peak temperature in hours relative to

midnight. Adapted from O’Dell et al. ()

1.5.2 Depression and circadian rhythm abnormalities

Several features of major depression have associations with human circadian rhythm. Physiological
premises such as natural daily mood variations ©, sleep and excretory patterns of hormones ©? have
all been found to be abnormal in MDD. Cortisol is seen to be chronically hyper- secreted in MDD,
though the specific chronobiological abnormalities are inconsistent. In a study by Linkowski et al. 9
of 18 depressive patients and 7 age-matched controls, it was found that cortisol was released in greater

magnitude per secretory episode as opposed to an increase in the number of secretory episodes.
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Furthermore, the nadir for both cortisol and its precursor, ACTH, arrived earlier than in the control
patients, suggesting that circadian timing abnormalities, as well as errors in the function of the HPA
axis, may characterise MDD. Alternatively, a study by Deuschle et al. 2, found that pulse magnitude
remained unchanged, but secretory frequency rose significantly in depressed males. Furthermore, the
study did not show differences in nadir timing rather a shortened quiescent period duration (phase of

inactivity) by almost 50% in depressed patients ©2,

With 90% of patients experiencing sleep changes during an acute depressive episode, it is
unsurprising that sleep has been a major point of interest for researchers in the last 50 years . In
neurotypical individuals, an event called the dim light melatonin onset (DLMO), in which melatonin
levels reach a predicted peak, occurs roughly one to two hours before the onset of sleep ©2. In women
with MDD, the time period, or phase difference, between DLMO and sleep onset is significantly
longer ®4. Furthermore, the length of this interval was directly correlated with symptom severity, for
example, the longer the phase difference, the more severe the depressive symptoms ©4, This
desynchrony was also found when comparing midsleep (middle point between sleep onset and sleep
offset) to core body temperature minimum, which saw time periods significantly shorter in depressed
patients as compared with healthy controls ©°. Release of melatonin is the predominant factor of
analysis in these tests and is directly controlled by the circadian “master-clock”, the SCN, as such,

these phase differences are strongly indicative of significant circadian misalignment.

In regards to the physiological abnormalities related to sleep in depressed patients, rapid eye
movement (REM) sleep is commonly found to be irregular. REM latency, the time between the onset
of sleep and the first REM period, is often shortened as well as the duration of this first REM period
being significantly increased ©®. Slow-wave sleep, which is the least superficial, most restorative non-
REM sleep period, is decreased in patients diagnosed with MDD, evidence of marked sleep
fragmentation. These abnormalities in sleep architecture are also associated with increased risk of a

relapse in symptoms ),
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1.5.3 Anxiety disorders and circadian rhythm abnormalities

In comparison with mood disorders, less is known about the relationship between circadian rhythm
abnormalities and anxiety spectrum disorders. An important finding in this area was the confirmation
of a widely held clinical observation; there is a tendency for patient anxiety symptoms to be worsened
late in the afternoon/ early evening as compared with other times in the day. Cameron et al.’s finding
from 86 patients with agoraphobia or panic disorder was the first demonstration of circadian driven

mood variations in a mental illness other than MDD €7,

Circadian rhythm genes analysed through single nucleotide polymorphisms (SNPs) have been shown
to play a role in genetic predisposition to several clinically recognised anxiety disorders. Six SNPs
from two circadian-clock-related genes were found to be relevant to social phobia, generalized
anxiety and anxiety disorders collectively ©®, This study of 321 Finnish patients displays evidence for
the role of circadian rhythm gene polymorphisms in predisposing individuals to anxiety disorders of
any form, consequently providing further linkage between circadian rhythm and specific mental

illnesses ©9),

1.6 Burns, circadian rhythm and mental health: Putting it all together

In the research reviewed, there appears to be a complicated relationship between the presence of
mental health issues after burn injury and circadian rhythm disruptions. Numerous studies have
analysed one or two of these phenomena collectively though none, to our knowledge, have attempted
to ascertain any causal link between the three. Mouse models of injuries have already shown that rates
of depression are significantly higher in burned mice versus control and excised mice (Allaham,
unpublished). In human observational studies it is evident that mental health issues are more prevalent
in burns populations than in uninjured counterparts with the risk ranging from 25% ©9 to 55% @9 in
the literature reviewed. Despite being a prevalent, distressing complication for burns patients, the
mechanisms behind these increased rates are unknown. Circadian rhythm disruptions act as a common
thread between both burns injuries and mental health issues, specifically as a consequence of the

former and a theorised causative factor or exacerbating agent of the latter.
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As previously reported, mental health disorders including MDD, anxiety and schizophrenia, have
substantial circadian rhythm abnormalities with symptoms that largely overlap with the long-term
consequences of a burn injury, predominantly hyperactivity of the HPA axis, hormone secretion

abnormalities and sleep inefficiencies.

1.7  Present study

In this project, a mouse model of study was used to investigate the body’s in-built endogenous
rhythms, namely circadian rhythms, which have been shown to be disrupted in burn injury patients.
18 mice were allocated to one of three groups, Burn, Excision or Sham. The inclusion of an Excision
group allowing for the differentiation of circadian rhythm disruptions between generic trauma and
burn injuries. All 18 female mice were anaesthetised and shaved, and the burn and excision surgeries
performed to an area of 7-8% TBSA (total body surface area) - a non-severe burn. Female mice alone
were used due to evidence that women are significantly more likely to report psychopathologies

following burn injury @7 100,

Without knowledge about the ways in which burns lead to increased negative mental health outcomes,
medical health professionals are forever one step behind, treating psychopathologies as they arise
even years in the future. Understanding how circadian rhythms change after burns and contribution of
this phenomena to mental health issues would be the first step towards developing preventative
measures post-injury to minimise harm. An example of such being through the prophylactic
administration of circadian rhythm correcting drugs, such as melatonergic antidepressants, to burns

survivors deemed in a “high-risk” category to avoid the development of psychopathologies %V,

1.8 Aims

Aim 1: To ascertain circadian rhythm disruptions in core body temperature (CBT) present after burn,

excision and sham surgeries through computational analysis. Comparing diurnal CBT patterns
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between the three surgical groups allows for abnormalities present to be attributable to either the

procedure, generic trauma or the burn injury itself.

Aim 2: To quantify differences between pre- and post- surgery periods, both acutely and chronically,

for Burn, Excision and Sham group’s mesor, acrophase and amplitude.

Hypothesis: Burn injury will result in circadian rhythm disruptions, as displayed by abnormal CBT
patterns, specifically, in comparison to the Sham surgery. There will be differences in the Burn group
between pre- and post-surgery and although disturbances will be present in the Excision group after
surgery, the burned mice will have more pronounced and severe changes. The Sham group will see no

significant changes between time points.

2. Methods and materials
2.1  Animals

18 mice of the strain C57BL/6J were procured from the Animal Resource Centre and housed at the
Pre-Clinical Facility (PCF) on the University of Western Australia, Crawley campus, for the duration
of the experiment. The 8-week-old female mice (n = 18) were kept in spacious caging in groups of
three to allow for social interaction. Standard hard food was provided for the mice, excluding two
days after the surgical procedure where soft food was administered to ease digestion. Enviro-dri
nesting material, paper towels and tissues as well as gnawing blocks, tunnels and tubing were
included in the cages for hygiene and mental stimulation, respectively. In the PCF, a standard light/
dark cycle of 12:12 hours was strictly adhered to in which lights were turned on at 0700 and turned

off at 1900 hours.

All individuals handling or working with the mice completed the Programme in Animal Welfare,
Ethics and Science course and attained a Permission to Use Animals license. An ethics approval
number was also acquired from the Animal Ethic Committee at the University of Western Australia

(RA/3/100/1624).
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2.2  Experimental Overview

Mice were randomly assigned to one of three groups, Burn injury (n = 6), Excision (h = 6) or Sham (n
= 6). The mice were allowed to acclimatise to the PCF facility for 5 days in order to eliminate the
effect of an inevitable stress response as a reaction to a change of environment. As shown in Figure 4,
on the fifth day, temperature loggers were surgically implanted into the peritoneal cavity of all 18
mice. After the procedure (see section 2.3 below), and for 5 days to come, the mice were monitored
daily to search for signs of distress, post-surgery infection or anxiety. Specific symptoms of distress
searched for included lack of standard socialisation habits, poor bodily conditioning, orbital tightening
and flattened ear positioning among others (See Burkholder et al. for comprehensive description and
list) 192, Temperature was continually recorded every 5 minutes for a further 14 days to accumulate
baseline data to be used as a control and point of comparison between the post-burn/excision/sham
results. On Day 15, the 16 mice — due to the death of two mice as a result of the thermologger
implantation surgery- underwent the intervention procedures, being either exposed to a burn (n = 6),
an excision wound of the same surface area (n = 5) or to a sham method (n = 5), all of which under
general anaesthetic. For 5 days after the operations, the mice were monitored daily for signs of pain
and distress which, if present, would be further examined and treated by trained veterinary staff. The
mice were then examined twice weekly until the three-month mark where they were euthanised and

temperature loggers retrieved for computational data analysis.
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Figure 4. Timeline of experimentation.
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2.3  Temperature Logger Implantation

The temperature loggers were of the model DST nano — T, 6 mm in diameter and 17mm in length.
Each logger weighed one gram and was guaranteed for accuracy within £ 0.2 °C of the true
temperature 1. The loggers recorded CBT once every 5 minutes for a total of three months.
Although unable to be irradiated or autoclaved, the thermologgers were sterilized overnight with a

chlorhexidine/alcohol (75%) solution and rinsed with sterile water before the implantation procedure.

The animals were anaesthetised through inhalation of isoflurane in its liquid vapour form (100% v/v).
During the initial induction, which took place with the mice inside a chamber, isoflurane was
administered at 4% oxygen rate. For the remaining procedure, isoflurane was maintained at 2%
oxygen rate via a mask. The abdomen of each mouse was shaved with fine-toothed clippers and
scrubbed with 4% chlorhexidine thrice followed by a final surgical scrub with 0.5% chlorhexidine in a
70% ethanol solution. Following the application of a sterile drape, the incision site was injected with a
solution of 0.25 mL of 2% lignocaine and adrenaline subcutaneously to reduce pain in the area. To
insert the thermologger, a 4 mm laparotomy was performed along the midline (linea alba) of the

stomach and into the peritoneal cavity of each mouse.

The muscular layer of the incision wound was closed using dissolvable sutures. To reduce the risk of
gnawing wounds and self-inflicted injuries, intradermal sutures were used for skin layers. To aid in
recovery, the mice were left on heating pads until deemed completely dry. As a method of post-
operative analgesia, the mice were injected with 0.05-0.1 mg/ kg buprenorphine subcutaneously prior

to regaining consciousness.

2.4 Burn/sham/excision procedure

14 days later, the surviving mice (n = 16) underwent the experimental procedure. The experimental
surgery was carried out by chief investigator, Dr Mark Fear, to limit error and ensure consistency of

results. The same anaesthetic method was utilised as with the temperature logger implantation,
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through 100% (v/v) vapour liquid isoflurane administered at 4% oxygen rate within the chamber and
then maintained at 2% oxygen rate. The right dorsal flank of all animals was shaved, without
generating injury. To avoid pain and restriction to movement, the area shaved and operated upon was
distal to the limb joint. The sham group had no further procedures performed and were left to recover,

with initiatives to aid in comfortable recuperation described below.

Whilst anaesthetised and having been shaved, 4% chlorhexidine scrub was administered to the injury
site to minimise the risk of infection. In the Burn cohort, a 19 mm (diameter) brass rod was heated to
a temperature of >90 ° C. The rod was applied to the shaved dorsal flank for 10 seconds, creating a
full thickness burn wound of 7-8% TBSA. Full thickness injuries damage both skin layers and disable

nerve endings, limiting the pain associated with recovery.

4% chlorhexidine scrub was similarly applied to the shaved area of the Excision mice. To provide a
guide for the excision procedure, a 12 mm diameter punch biopsy was used to score the skin. A full
thickness excision was created covering the same TBSA (7-8%) as the burn injury. After completion
of the excision wound only, 0.1 mL Xylocaine was administered to provide numbing to the area
whilst recovery takes place. Similarly, analgesia was provided in the form of 0.1 mg/kg dosage of

Buprenorphine.

After the procedure, the mice were housed in separate cages to recover before being moved back to
their communal cages containing two to three mice each. 1 mg/mL of Paracetamol was integrated into
each cage’s drinking water to reduce recovery pain. As an approximation, each mouse consumed

roughly 20 mg of Paracetamol per day.

2.5  Euthanasia and logger retrieval

At the three- month timepoint, the mice were euthanised for collection of the temperature loggers and
analysis of results. One mouse at a time was injected with Pentobarbitone at a dose of 160 mg/kg into
the peritoneal cavity and monitored until unconscious. Once sufficiently anaesthetised, the mouse was

sacrificed through decapitation. The logger was removed by making a sagittal excision along the linea
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alba and manually retrieving the device. Until use, the loggers were housed in phosphate buffered

saline (PBS) solution at room temperature.
2.6  Data Analysis
2.6.1 Calibration and drift correction

Upon calibrating the thermologger data from known bath temperatures (33, 36, 39 and 42 °C), it was
found that there was a small but significant drift in temperatures over the three month time frame.
Before adjusting the data, the thermologgers varied from 0.008 °C to 1.7 °C (y= 0.554 °C + 0.624 °C)
during the second calibration period. A sliding correction was performed on all data points using the
discrepancies found from the first calibration. The linear slope of the standard errors per calibration
time point against the mean temperature per calibration point was taken for each thermologger along
with the intercept, giving a complete correction formula. Each logger’s correction values are shown in

Table 2.

The second calibration was used to validate the changes. It was deemed to be successful given that the
error of thermologgers subsequently varied between 0.0013 °C to 0.048 °C (x= 0.0026 °C + 0.0206
°C), evidence of drift correction. After removing the calibration periods, analysis was performed

purely on the drift amended data.
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Table 2. Accumulated correction formula slope and intercepts for each thermologger.

Values used to develop the corrected data points based on the first calibration period, with

the equation for each calibrated data point being:

Corrected data point = (Original temperature * Slope + Intercept) * (Row # -252)/ 32262

CORRECTION FORMULA

THERMOLOGGER SLOPE INTERCEPT
N3899 -0.000338951 -0.358590968
N3900 -0.00005.022 0.032466229
N3901 -0.002365116 0.091714822
N3902 -0.001830845 0.060878426
N3906 0.008731465 -0.319124331
N3945 0.031067016 -2.415627034
N3846 0.005432412 -0.266571861
N3948 0.026308 -1.907352953
N3949 -0.001944337 0.054996516
N3950 -0.00177327 0.071183216
N3951 0.00426375 -1.753440486
N3954 -0.005079103 0.20679759
N3955 0.015698422 -1.73701326
N3956 0.052804919 -3.594326879
N3957 0.00428538 -0.125764445
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Figure 5. Changes in the amount of viable thermologger data per surgical group.

Before insertion of the thermologgers, each mouse was randomly allocated to one of three
groups, Burn, Excision or Sham (all n = 6). Two mice died unexpectedly as a result of logger
implantation, one from the Sham group (n = 5) and one from the Excision group (n = 5).
Upon animal euthanasia and logger retrieval, one thermologger from the Excision group was

unreadable (n = 4; total n = 15).

2.6.2 Cage cleaning effect

Mice cages were cleaned professionally within the PCF fortnightly starting from the 12" of April
(starting date of experiment being 1% of April). Upon visual examination of the data, body
temperature is significantly altered on the day of, and several days post, cage cleaning in all three
statistical parameters. This is likely due to the anxiety associated with human handling, noise and
movement. As shown below in Figure 6 of daily amplitude (though also true for acrophase and
mesor), the cleaning days and days post- cleaning have sustained, irregular averages. However, the
mice varied on how many days taken to return to a steady state. At a maximum, it was decided that
this return took 7 days. It was therefore decided to discount all data points 7 days post-cleaning for the
amplitude, mesor and acrophase of the data set. The days after the thermologger surgery (one to four)

and that of the surgical procedures (Days 14 and onwards), also had large deviations, due to stress of
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surgery, drugs, or anaesthetic and were removed from further analyses as part of the 7 days post
cleaning. Each set of 7 days (Period) included in the analysis was ordered from one to 7, as displayed

in Figure 6.
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Figure 6. Fortnightly cage cleaning has an observable effect on circadian rhythm of all

procedural groups for several days.

The mean amplitude of all mice per surgical procedure is shown for each day as evidence of
the effect of the cage cleaning procedure on CBT. There is a visible change in amplitude on
the day of cleaning, characterised by a sharp decrease. Also highlighted in the data, this
change is also sustained over several days, in which results slowly rise back to pre-cleaning
levels over a period of roughly 7 days. The boxed areas indicate the days included in analysis
and the number of its corresponding Period. The same patterns are visible in all statistical

parameters.
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2.6.3 Statistical analysis

Using Microsoft Excel, the remaining data points were fitted with a least-squares cosinor regression
curve to gain statistical parameters. These parameters per day include the mesor, amplitude and the
acrophase. All subsequent statistical tests were performed using R studio and graphical constructions
developed using Prism 8. A test for outliers found no significantly irregular points in the mesor,
acrophase and amplitude data. Grouped data was checked for Gaussian distribution by using a

Shapiro- Wilk test in conjunction with analysing corresponding frequency histograms for symmetry.

Significant issues were found with the assumption of normality and, as such, non-parametric tests
were used throughout. Procedural group variations were tested using a Kruskal -Wallis test given
independence between assumptions and one independent variable with three levels. Similarly,
differences between the 7 time Periods were compared using a Kruskal- Wallis test. Differences
between acute pre- and post-surgery days were attained using a non-parametric test, Wilcoxon signed-
rank test (Wilcoxon test), given a continuous dependent variable. Specifically, paired Wilcoxon tests
were used given that the same mice were being tested before and after the intervention. Given that
there were differing amounts of days per period in the chronic testing (pre: 7 days; post: 42 days), a
pairwise Wilcoxon test was used though with a false discovery rate correction, due to the effect on
error attributed to multiple tests. Similarly, to decipher whether circadian rhythm changes were still

present before euthanasia (Period 7), a paired Wilcoxon test was utilised.

3. Results

To calculate statistics and be able to compare and analyse circadian rhythms, data was
transformed into amplitude, mesor and acrophase values, as demonstrated in Figure 7. CBT
circadian rhythm results will henceforth be displayed and discussed in terms of these

statistical parameters.

In Section 3.1, the three parameters were compared between the Burn, Excision and Sham

using each group’s compiled averages per day to ascertain significant differences attributable

36



to surgical procedure. In Section 3.2, acute differences between pre- and post- surgery
acrophase, mesor and amplitude in all procedural groups were analysed by comparing the
averages from two days before surgery (Days 13 and 14) and two days after surgery (Days 16
and 17). In 3.3, which looks at the chronic effect of burns, Periods (which were blocks of 7
compiled days grouped together and included in analysis - as depicted in the dotted boxes of
Figure 6) one through 7 were compared between each other for each group and parameter,
again by compiling each group’s averages per day. In conjunction, Period one (the before
surgery timepoint) was compared with Period 7 (the last Period before euthanasia) for each

group and parameter.
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Figure 7. Sham mouse (N3900) Day 11 CBT trace.

A trace of a single Sham mouse’s (N3900) mean CBT per hour on Day 11, illustrating the key
CBT parameters considered in this thesis. Acrophase is the time of peak temperature in
hours relative to midnight. Mesor is the mean value based around the distribution of data in
degrees Celsius and amplitude is the temperature difference between acrophase and mesor,
also in degrees Celsius. In this example, the acrophase is 40 minutes past midnight, mesor is

36.8 °C and amplitude is 1.4 °C.
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3.1 Impact of experimental condition on daily CBT fluctuations

There was no significant difference between Burn, Excision and Sham groups in mesor or amplitude
(Figure 8A and C). There was a significant difference, however, between acrophase in the Excision
group and in the Sham group with those having undergone the Excision procedure reaching their peak
CBT roughly 28 minutes earlier than those of the Sham procedure (Kruskall Wallis, P < 0.001). The
acrophase of the Burn group was roughly 16 minutes later than that of the Excision group, as

displayed in Figure 8B (Kruskall Wallis, P < 0.05).
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Figure 8. CBT acrophase, though not mesor or amplitude is differentially impacted by Burn

injury compared with Excision or Sham surgery.

CBT acrophase (A) was significantly later in Burn (black bars, n = 6), compared with Excision
(hashed bars, n = 4) animals (*, Kruskall Wallis, P < 0.05). By contrast, acrophase in Sham
animals (white bars, n = 5) was later than for Excision animals (***, Kruskal-Wallis test, P <
0.001). Neither mesor (B) nor the amplitude (C) of variations were different between the three
conditions. The error bars in this figure and all subsequent figures represents standard error

mean (SEM), in this case for each procedural group.
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3.2  Acute CBT circadian rhythm changes after surgery

Next examined was the acute effect of surgery on circadian rhythm, depending upon the injury
received. Comparing two days before and after the surgical procedure for all groups allows
conclusions to be drawn regarding the acute (daily) effect rather than purely the long term, chronic,
(weekly) consequences of surgery. Similarly, it allowed for comparisons to be made between the
current study and other pieces of literature, most of which rarely examining beyond several days
either side of the surgical procedures %1% As such, two days pre- surgery (Day 13 and 14) were
used as base levels with Days 16 and 17 acting as acute post-surgery values. Given that the same mice
were being sampled on either side of the surgical procedure the assumption of independence for an

unpaired test was not met, therefore a paired Wilcoxon signed rank test was used.

The burned mice were the only procedural group which demonstrated significant differences between
pre- and post- surgery time points in all three parameters, being significant for mesor and acrophase
values. Burn group CBT amplitude (Wilcoxon, P < 0.05) and mesor (Wilcoxon, P < 0.001) decreased
pre- to post-surgery both at a magnitude of 0.24 °C. Burn group acrophase decreased (Wilcoxon, P <
0.001), moving earlier in the day, by four hours and 48 minutes (from approximately 3 am to 10:20
pm). The Excision group’s mesor also decreased significantly (0.13 °C) (Wilcoxon, P < 0.05). Sham
values were not significantly affected in any parameter. This suggests that trauma, though not generic

surgery is capable of changing circadian rhythm in the first two days after the procedure.
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Figure 9. Mesor, acrophase and amplitude were disrupted acutely after surgery in the Burn

group, but not in the Sham group, whilst Excision animals decreased in mesor alone.

CBT mesor (A) before surgery was higher than after in the Burn group, (n = 6, red line) (***,

Wilcoxon, P < 0.001). Similarly, Burn acrophase (B) (***, Wilcoxon, P < 0.001) was shortened

and amplitude (C) (*, P < 0.05) increased from pre-intervention to post-intervention. The

Excision group (n =4, blue line) had also decreased in mesor acutely after surgery.
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3.3 Chronic CBT changes after surgery

Long-term circadian rhythm changes after surgery were present for all surgical groups. Using a
pairwise Wilcoxon, each Period (two to 7) was compared with the baseline (Period one) to give
individual P- values for the difference between the two time points per group and parameter. For
burned mice, mesor values were significantly different from baseline during Periods four (Wilcoxon
with FDR correction, P < 0.001) and persisted to Periods 6 (P < 0.001) and 7 (P < 0.001), decreasing
by 0.241 °C, 0.293 °C and 0.250 °C, respectively, being depicted in Figure 10, in which dotted lines
indicate where the baseline Period ends and post-surgery time points begin, and Table 3A. In Table B,
Burn group acrophase only showed changes early in the chronic time periods, Periods two (Wilcoxon
with FDR correction, P < 0.001), three (P < 0.01) and four (P < 0.05), which were absent or recovered
in Periods 5, 6 and 7. These three early Periods all moved closer to midnight by 47 minutes, 46
minutes and 18 minutes for Periods two, three and four, respectively. Burn amplitude changed
significantly from baseline to Period four (Wilcoxon with FDR correction, P < 0.001) and to Period 7

(P <0.001), increasing by 0.207 °C and 0.155 °C.

For the Excision group, a chronic change was evident in CBT mesor and amplitude from baseline
levels. Interestingly, both of these parameters were significantly different exclusively at Periods three
(Wilcoxon with FDR correction, P < 0.01, both), 5 (mesor: P < 0.001, amplitude: P < 0.01) and 7 (P <
0.001, both). Like the Burn mice cohort, mesor values decreased for the Excision group (Period three:
0.217 °C; Period 5: 0.292 °C; Period 7: 0.336 °C). Amplitude increased by 0.103 °C, 0.118 °C and
0.163 °C for Periods three, 5 and 7, respectively. Acrophase values showed no significant differences

between baseline and subsequent Periods.

Mesor, acrophase and amplitude all experienced significant changes chronically after surgery in the
Sham group, as compared with baseline. Sham group mesor decreased chronically in Periods 5
(Wilcoxon with FDR correction, P < 0.05), 6 (P < 0.05) and 7 (P < 0.01) (0.148 °C, 0.173 °C and
0.341 °C, respectively) though no changes in Periods proceeding this. On the contrary, Sham

acrophase changed chronically only in early Periods, two (Wilcoxon with FDR correction, P < 0.05)
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and four (P < 0.05) (shortening, as such moving closer to midnight). Period two shortened by 47
minutes and Period four shortened by 37 minutes. In Sham mice, amplitude values, again,
significantly increased, specifically in Periods four (Wilcoxon with FDR correction, P < 0.05), 5 (P <
0.05) and 7 (P < 0.01) (Period four: 0.088 °C; Period 5: 0.113 °C; Period 7: 0.163 °C). In conclusion,
chronic circadian rhythm changes were present for all groups, suggesting that the effect of surgery or

anaesthesia is the main effector in long-term circadian rhythm changes.
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Table 3. Differences in mesor, amplitude and acrophase when comparing mean Periods two

through 7 individually to baseline (Period one) for Burn, Excision and Sham groups.

For Periods which returned a significant P-value in the pairwise Wilcoxon test in any of the

three parameters, the Period value was taken away from the baseline (Period 1) value to

obtain the difference in degrees (mesor and amplitude) or hours (acrophase) between pre-

surgery and the Period in question. As such, negative values depict changes in which the

specific post — surgery Period mean exceeds the baseline level. Dotted lines indicate non-

significant changes.

Mesor
(°c)

Acrophase
(Hours relative to
midnight)

Amplitude
(°c)

Excision

5

Mesor
(°C)

Acrophase
(Hours relative
to midnight)

Amplitude
(°C)

0292

*

-0.103""

-0.118"

*

Mesor
(°C)

Acrophase
(Hours relative
to midnight)

Amplitude
(°C)

0.173"

* %

0.341"

-0.113"

0.153"
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Figure 10. Burn, Excision and Sham mice CBT mesor and amplitude were disrupted
chronically after surgery, Burn and Sham acrophase were also significantly altered long-

term.

Dotted lines indicate where baseline values end, and chronic post-surgery Periods begin.
Specifically, mean mesor for the Burn group (red bars, n = 6) was significantly decreased in
Periods four, 6 and 7. Mean CBT amplitude in burned mice was decreased significantly in
Periods two, three and four, whereas Burn group acrophase shortened in Period 4 and 7.
Excision acrophase values compared with baseline levels were unaffected though Excision (
blue bars, n = 4) mesor were decreased and amplitude values were increased for Periods
three, 5 and 7. Sham (black bars, n = 5) CBT mesor was significantly decreased in Periods 5, 6
and 7, whilst Sham amplitude increased in Periods four, 5 and 7. Sham acrophase shortened
in Period two and Period four compared with baseline timing. See above text for relevant P —

values.

3.3.1 Longevity of chronic circadian rhythm changes after surgery

When examining the chronic effect of the surgical procedure/ injury, it was of interest to ascertain
whether changes observed reverted to pre-surgery levels (Period one) by the end point of the
experiment (Period 7). Given that the same mice were being analysed in both Period one and Period 7,
a paired Wilcoxon test was utilised. It was found that for all group’s mesor and amplitude parameters,
there was indeed a significant difference. The Burn, Excision and Sham mesor (Table 4) experienced
a significant drop between Periods one and 7 (Wilcoxon, P < 0.001, all) by 0.25 °C, 0.34 °C and 0.17
°C, respectively. Amplitude values in all three groups increased from Periods one to 7 (Wilcoxon, P <
0.001, all). The Excision and Burn group amplitudes both increased by 0.16 °C. The Sham group
amplitude value rose significantly by 0.053 °C. The Burn group alone showed a change in acrophase
at Period 7 (Wilcoxon, P < 0.05), specifically lengthening by 29 minutes. Although all groups saw

Period 7 differences, which highlights the prolonged effect of surgery, only burn injury created
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significant acrophase changes (lengthening) at the end of this study, suggesting that burns have a

more severe impact on circadian rhythm than excision or surgery alone.
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Table 4. Mesor values for all procedural groups and Excision and Burn group amplitudes had

not reverted to baseline by the final Period of the experiment (Period 7)

There was a significant drop between Periods one and 7 in Burn, Excision and Sham mesor

(***, Wilcoxon, P < 0.001). All three procedural group amplitudes increased from Periods one

to 7 (***, Wilcoxon, P < 0.001). The Burn group acrophase alone was different between the

two timepoints, significantly lengthening (*, Wilcoxon, P < 0.05).

Mesor Acrophase
(°C) (Hours relative to midnight)
Period | Mean SEM P-value Mean SEM P-value
(Wilcoxon (Wilcoxon
test) test)
Burn One 36.946 | 0.0323 1.616 0.171
Seven 36.696 | 0.0339 1.272e-06 | 2.0989 | 0.150 0.0258
* %k %k *
Excision | One 36.968 | 0.0406 1.299 0.211
Seven 36.633 | 0.0493 1.02e-06 | 1.544 0.155 0.236
* %k %k
Sham One 36.946 | 0.0195 1.595 0.104
Seven 36.775 | 0.0117 | 1.609e-07 1.430 0.0457 | 0.100
*kk

48



Amplitude

(°C)

Period | Mean | SEM P-value

(Wilcoxon

test)

Burn One 0.666 0.0206

Seven 0.821 | 0.0321 | 0.000289

%k %k

Excision | One 0.672 | 0.0207

Seven 0.835 | 0.0238 7.965e-05

**k*

Sham One 0.676 | 0.0123

Seven 0.729 | 0.00859 | 0.000444

**k*

4. Discussion

Burn injuries are detrimental to the human body, with prolonged physiological changes. On top of
these deleterious effects are well documented mental health issues shown to be overrepresented in
burned individuals. With the aim of elucidating the causative agent behind these increased rates of
psychiatric illness after burn injury, this study examined disruptions of circadian rhythm, as measured
by CBT. The logic behind this focus was the evidence that circadian rhythm abnormalities are present
after thermal injury as well as theorised to cause or exacerbate mental health problems, existing as a
commonality between the two conditions. Specifically, we hoped to determine if/how burn injury
circadian rhythm disruptions differed between the generic trauma and surgery alone as well as before
and after the surgical procedures both long and short term. Although the differences between Burn
and Excision group acrophases and between Excision and Sham group acrophases do not support the

hypothesis of burn injuries being more severe, burn procedure mice were the only cohort which
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displayed disrupted acrophase during the last recorded Period, suggesting that burns have an
additional effect on circadian rhythm not seen after surgery and generic trauma. It was also found that
circadian rhythm was distinguishably altered after surgery, both acutely and chronically, besides the

Sham group which, acutely, saw no difference between pre- and post- surgery.

Our hypothesis postulating that the sham surgery will have no effect on circadian rhythm was
supported by the lack of difference between the acute measurements after surgery for the Sham group,
suggesting that generic surgery does not have an instantaneous effect on circadian rhythm. However,
in contrast to our hypothesis, the Sham procedure was as disruptive to chronic circadian rhythm post
procedure as the burn and excision injuries, suggesting that the trauma of these injuries is not alone
responsible for the long-term circadian rhythm disruptions, potentially incriminating the effect of
anaesthesia or surgical stress. Although burn surgery was the only procedure which affected every
parameter in acute measurements, there was also a difference between the acute pre- and post- surgery
time points in the Excision group, suggesting the effect of trauma is significant regardless of its
nature. However, as previously mentioned, burn injury alone culminates in disruptions to acrophase

parameters at the conclusion of the study over 11 weeks later.

4.1 Changes pre vs. post: Burn surgery

In amplitude and mesor, circadian rhythm was changed chronically after the Day 15 burn procedure,
increasing and decreasing, respectively. Simply put, long-term mean CBT of burned mice decreased
after surgery and the distance, in degrees, between the peak temperature point (acrophase) and mesor
value became wider. Similar to our chronic findings, acute mesor for Burn mice decreased, though
acutely, amplitude decreased. Several studies have been performed comparing burn patient CBT
chronobiology to that of healthy controls, however, findings presented are reversed from those found
in the current study ¢ 107119 For example, in Pina et al. @4, which examined melatonin and
temperature profiles in burns patients, amplitude was significantly smaller and mesor significantly
higher than in control participants. Increased mesor values were also seen in Vaughan et al. 2", where

it was found that rectal temperature over the first 24 hours post burn was elevated compared with
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control participants. Circadian rhythm analysis per say was not completed, though references to
“mean” temperatures are most reminiscent of mesor calculations, suggesting that mesor was raised
(107 These studies analyse data that is very short-term and related more to our acute measurements of
burn effect in which we saw both amplitude and mesor decrease. Although our amplitude findings are
consistent with those of Pina et al. @9, mesor directional changes in burns subjects (our current study
seeing mesor decreases whereas previous literature found increases) was evidence of a discrepancy

between our findings and those in previous literature.

4.2 Explanations for burn result discrepancies between past studies and current

findings
4.2.1 Uncontrollable variables in human studies

Several explanations exist for why these beforementioned discrepancies in mesor directional change
may have occurred between our study and those previous performed. Both Vaughan et al. " and Pina
et al. ¥ used human subjects, in which variables are difficult to control for 9. Medications, such as
sedatives and long- term use of opioids for analgesia, were taken by all participants at varying
strengths and doses, as well as multiple surgeries taking place before or throughout the course of the
experiments 4197 These variables cannot be controlled, being unethical to withhold from patients. In
Pina et al., day/night periods are undefined, with all participants residing in the same Intensive Care
Unit, where noise, light and intermitted wakings are common @4 In our study, these variables were
eliminated, for example, set lights on/off time, no administered drugs or surgical procedures other
than those scheduled. These uncontrolled factors in the studies by Pina et al. ¥ and Vaughan et al.

(19 may have profound effects on circadian rhythm.
4.2.2 Burn severity

Another notable difference between the current study and those often cited in literature is burn size.
The burn injuries studied in Pina et al. 9 (TBSA average = 53% * 16%) as well as in Vaughan et al.
(107 (TBSA average 41% =+ 6%) would be deemed severe. With our study inflicting a small, non-

severe burn (7-8% TBSA) it could be possible that the increased mesor/ temperature profiles, which
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were not found in our experiment, are present only after burns of a greater severity ). Non-severe
burn sizes were chosen in our study due to the lack of literature focusing on small burns, despite small
burns being the most common severity in Australia, with 96% of burn TBSA’s being under 10% 12),
It is difficult to determine the effect of wound size on circadian rhythm in smaller burns as, to our

knowledge, there are no studies which examine the effect of non-severe burns on CBT.

It is well documented that the capability of the body to regulate core temperature is lost in severely
burned patients ¢+197-110) leading to distinct circadian rhythm changes' This is due equally to damage
to the outer skin layer allowing added evaporative heat loss, increasing proportionately to the
percentage of the body burned @%), as well as increased glycolytic- gluconeogenic cycling after severe
burns in human subjects (TBSA: 74% + 2.75%) %9, These factors cause core and peripheral
temperatures to rise a maximum of 2 °C above normal controls in a study following patients an
average of 20 + 4.5 days after the burn injury %, This significant hypermetabolic response has been
shown to exist even three years post-burn®. As such, it would have been reasonable to assume that
core temperatures would be elevated in the current experiment, even purely in the early days or weeks
following surgery. Given this is not the case, small burn sizes are likely not to produce the extreme
evaporative temperature loss, hypermetabolism and circadian rhythm abnormalities characterised by
severe burns. Given the active decrease in mesor seen chronically in our procedure, burn injury alone

is not likely to be a major contributing factor in the presence of circadian rhythm changes.

4.3 Changes pre vs. post: Excision surgery

7-8% TBSA excision wounds caused significant pre- and post- surgery effects on mesor both
chronically and acutely (decreasing in both) as well as on amplitude effects chronically (increasing).
The inclusion of the generic trauma group allows for distinguishability between the effects of the burn
injury itself and the acquirement and healing of an injury. Acutely after surgery, the Excision group
only recorded significant changes in mesor, whereas the Burn group was changed in all three
parameters. With no difference being found between the circadian rhythm of Excision and Burn

groups overall, it is likely that burns create the same changes as excision injury, suggesting a role for
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generic trauma. There are studies which analyse circadian rhythm after trauma, the majority focusing

on ICU patients with highly severe injuries, often septic and mechanically ventilated ¢*3-19 With the
excision injury in our experiment being so mild in comparison, it is difficult to determine whether the
noted circadian rhythm effects, especially those experienced acutely, come from the specific injury or

the mere presence of a wound or surgical strain on the body.

4.3.1 Excision findings and the effect of surgical stress response

Burn, Excision and Sham mesor and amplitude were all still disrupted in Period 7 (80 days post-
surgery). Given the presence of Sham long-term changes, the effect of surgery is likely to be the
aetiological agent of these circadian rhythm abnormalities. If not specifically attributable to the
trauma of burn or excision injuries, it is possible that a physiological stress response to surgery

culminates in circadian rhythm changes that possibly last weeks.

Corticosteroid secretion has long been noted to rise significantly after surgery due to physiological
stress (196.116.117) Relating back to circadian rhythm, cortisol (a corticosteroid) has shown to have an
inverse relationship with melatonin, a circadian rhythm modulator @%), Specifically, it is theorised that
corticosteroids decrease the activity of the N-acetyltransferase enzyme in the pineal gland, negatively
impacting the synthesis of melatonin 18, There is a strong link between melatonin and CBT 12, At
night, raised melatonin levels sharply decrease body temperature through vasodilation, leading to
greater propensity towards sleep, with the opposite occurring in the morning 9. With cortisol at
elevated levels after surgery, melatonin could be decreased, and well as its secretory pattern disrupted,

and as such, circadian rhythm would be changed as a result.

It is possible that the stress from surgery, anaesthesia or excision/body manipulation, present in all
experimental groups is the major source of long-term circadian rhythm variations between pre- and
post-surgery time points seen in the current study. Post-surgery studies are limited by short time
periods though some found that the hypercortisolism was still unresolved at the end of data recording

(109,111 * As such it is unknown how long this stress response persists.
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4.4 Changes pre vs. post: Sham Surgery

Perhaps the most surprising finding of the current experiment is that the sham procedure saw
significant changes in circadian parameters after surgery, chronically but not acutely. This suggests
that the mechanism behind the long- term circadian rhythm alterations may indeed be the surgical
process itself, whereas trauma is the most likely effector in the short-term. This hypothesis is not

without backing, with several studies looking at the effect of surgery alone on chronobiology 10410

116, 117)

In a study by Gogenur et al. 2", which analysed the circadian rhythm of patients undergoing
abdominal surgery under general anaesthetic, it was observed that median temperature was
significantly elevated on both the first and second days post-operatively. Similarly, acrophase was
delayed by up to four hours. Rhythmicity of cortisol secretion and melatonin onset were also
disturbed 1), A second study by the same group found that circadian rhythm was completely
abolished on the second postoperative day, which is where the sampling ended %), These two studies
suggest that major surgery disrupts acute CBT circadian rhythm. This was not found in our study,
with no significant changes occurring acutely in the Sham group for any parameter. Potential

explanations for the source of this discrepancy are outlined below.

4.4.1 Explanation for Sham finding discrepancies: General anaesthesia

A suggested culprit for the lack of acute sham surgery effect could be the specific anaesthetic agent,
which in our procedure was isoflurane (100% v/v). Sessler, Lee & McGuire 1% tested the effect of
isoflurane on circadian rhythm by measuring CBT every 5 minutes for two days for baseline
measurements. On the third day, 1% isoflurane was administered for three hours continuously. After
ending anaesthesia, temperature was recorded for a further two days and it was found that isoflurane
did not produce any clear differences in acrophase, mesor and amplitude on the post-surgery days ¢4,

Given that Sham changes were only seen chronically in our results, isoflurane may be incapable of
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creating circadian rhythm change as seen in Gogenur’s studies which used bupivacaine and morphine

(108, 117)

45 Limitations

45.1 Sample size and demographic

Due to cost, logistics and unforeseen loss of data, animal numbers per group, Sham, Excision and
Burn, were small (n =5, 4, and 6, respectively). With greater time available, the data from this
experiment could have been paired with that of an identical study (n = 17) performed by another
member of the laboratory group. It was found that, given significant differences between the two
experiment results, more complex statistical techniques would be needed to make evaluations from
the combined set. This raise in sample set would drastically improve the power and reliability of
conclusions drawn. Similarly, a conscious decision was made to only include female mice, given
evidence that women are disproportionately diagnosed with psychiatric issue after burn injury in
comparison with men @719 Including males in conclusions developed from this study should be
done tentatively given that sex differences exist in circadian rhythm under controlled conditions and

would likely persist in response to injury and surgery (20-122)

4.5.2 Short pre-surgery period

This experiment went for a total of 103 days, with recordings being taken every 5 minutes, which
allowed for a large amount of data points to be collected and analysed. However, the surgical
procedure was performed only 14 days after the initial thermologger implantation and, after having to
remove 7 days due to cage cleaning, the pre-surgery Period (7 included days) was small in
comparison to the postoperative period (42 included days). Had the experimental procedure been
performed further along the experimental timeline, there would be a greater amount of data to
compare between pre- and post-surgery, thus enhancing the strength of conclusions for the effect of

surgery.
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45.3 Effect of cage cleaning

Fortnightly cage cleaning had a significant effect on CBT within the mice. In acrophase and mesor
parameters, there was a distinct, visible increase on cleaning days, whereas amplitude decreased, as a
response to acute stress, which did not return to baseline for several days. Studies suggest that it takes
mice 60 minutes to decrease their CBT back to baseline levels after simply being moved whilst still
within their cage @2, The investigators of this study also saw a rise in body temperature (0.5 °C), as
was displayed by our mesor data for all three groups due to cage cleaning, displaying a well-known
phenomenon termed “stress induced hyperthermia” 2%, If this hypothesis is true, it would be logical
that the single day results were spiked and abnormal though would be back to baseline by the next
day. This was not found in our mice however, leading us to exclude 7 days after the procedure. The
specific choice of 7 days was chosen through visualisation and not statistical measurements per say.
As such, it is unlikely but cannot be ruled out that the cage cleaning processes had an effect longer
than 7 days after the procedure. If this is the case, it would be indecipherable whether circadian
rhythm changes, especially in mesor values, are due to the stress from handling or the experimental
procedures themselves. In future studies, further research and statistical tests should be performed to
guantify the changes occurring due to cage cleaning. These conclusions can be used to decipher how

many days to exclude after the procedure in a more analytic fashion.

4,5.4 Circadian rhythm measurement

There are numerous regularly utilised measures of circadian rhythm. CBT was chosen due to the
relative simplicity of implantation and the large amount of data that can be acquired. However,
conclusions would be stronger had more than one measurement of circadian rhythm been collected.
An effect of the burn on the central circadian pacemaker would show abnormalities in all measures
@29 For example, if abnormal pre- and post- surgery circadian rhythm results were found with both
CBT and melatonin, it eliminates the risk of conclusions being incorrect if body temperature was

changed by variables not relevant to the study, such as increased evaporative heat loss from
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hypermetabolism after burn injuries. Similarly, it gauges a more “whole-body” response to the injury

with further evidence of a multiorgan response.
4.6 Implications

From the current study it has been found that burn and excision trauma disturb circadian rhythm
acutely, in the days following the injury. Chronically (up to three months later) circadian rhythm is
still disrupted after sham procedure and burn and excision injury which likely highlights the
substantial and long-term effect of surgery on circadian rhythm. In the clinical realm, especially that
which looks at the mental health of burns victims, this is an important finding, given that circadian
rhythm disruptions have been attributed to large amounts of psychiatric pathologies © 8124 |f the
changes occurring acutely after burns and surgery indeed contribute to long-term abnormalities, being
able to minimise or eliminate these changes as soon as the burn injury takes place may limit chronic
disruptions and long-term repercussions. For example, sleep quality in burns patients and after surgery
should be prioritised given that disordered sleep from circadian rhythm abnormalities has been shown
to lead to mental health problems in predisposed individuals ¢?¥. Furthermore, knowledge of the
deleterious effects of surgery on circadian rhythm can give vital further information to clinicians
considering the pros and cons of proceeding with a procedure when compared with the desired

outcome.

Pharmacological treatments for circadian rhythm misalignment also exist for patients experiencing
chronic and unwavering disruptions #2120 Synthetic melatonin, if administered at the appropriate
phase, has been shown to both induce sleepiness and synchronise the circadian system 25126 This
treatment could be especially well utilised in burns patients with a previous or current mental health

problems and/or a strong family history of mental illness.
4.7 Future directions

Molecular studies are a logical next step given these results. Brain tissue from the hippocampus could
be tested using RT — PCR (real-time polymerase chain reaction) for gene expression, specifically key

circadian rhythm genes such as BMAL and PER-2 2", An increase or decrease in circadian RNA
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between sham, burn and excision injury would provide further evidence for circadian rhythm

disruptions and assist in deciphering the effect of surgery versus trauma.

In order to link these findings to mental health after burns, it would be necessary to perform
behavioural analysis in conjunction with circadian rhythm tests on a murine model. To do so, it is

possible to create circadian rhythm disruptions by using BMAL1 knockout mice 2%, Performing

behavioural tests on these mice compared with controls in a large sample would allow for comparison

between symptoms of depression and anxiety. This would be able to further test the theory that
circadian rhythm is a cause, rather than an effect or irrelevance, in the development of mental health

problems.

In humans, it would of use to analyse the chronobiological markers of circadian rhythm after burn,
such as melatonin, cortisol and sleep quality, in conjunction with mental health and quality of life
surveys such as, the Paediatric Quality of Life Inventory 1?9 and Patients Health Questionnaire #27,
For the purpose of deciphering changes between time periods these tests would be performed, and
markers taken, immediately (hours), acutely (days) and chronically (months) after the burn injury
occurs as well as following up long term (years after). On enough patients, this data would be
invaluable, giving estimates of the quality of life and rates of mental illness within burns patients at
varying time points whilst attempting to decipher risk factors in the development of psychiatric
illness. With this knowledge, patients who displayed such symptoms could be supplied with early

psychological interventions.
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5. Conclusions

Our results indicate that trauma, in the form of burn or excision injuries, lead to acute circadian
rhythm changes, with no observable effect of surgery. Chronically, it is more likely that surgery is the
causational agent for long-term changes as oppose to the nature of the injury. Although burn injury
was not significantly different to Excision and Sham group circadian rhythm in the way that was
expected, it was the only parameter which was still affecting acrophase after 11 weeks, suggesting a
greater impact than the Excision or Sham group. Conclusions drawn from this research broaden our
understanding of possible links between circadian rhythm and burn injuries and surgery. Before
clinical implementations can be developed, such as the administration of circadian rhythm correcting
drugs to burn patients and those undergoing surgical procedures, further investigation is required to
genetically link circadian rhythm disturbances to burn injury and surgery and/or anaesthetic.
Similarly, to strengthen the hypothesised link between circadian rhythm abnormalities and mental
health problems, behavioural testing in a murine model is needed to measure for depressive and

anxious symptoms.
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