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ABSTRACT

Traumatic brain injury (TBI) occurs when a sudden, severe impact
to the head causes brain damage. TBI can impact health and homeostatic
behaviors, like sleep. Studies have established D. melanogaster as a model
to study TBI and sleep, so I decided to investigate the relationship between
TBI and sleep using D. melanogaster. I found evidence of a time-dependent,
disruptive effect of TBI on sleep and a protective effect of sleep against TBI
outcomes, suggesting the relationship between TBI and sleep is bidirec-
tional. I then examined what mechanism might underly this bidirectional
relationship. Prior research posits that sleep helps clear reactive oxygen
species (ROS) to protect against oxidative stress. To investigate wheth-
er ROS mediates the TBI-sleep relationship, I manipulated neuronal ex-
pression of the antioxidant SOD2 and found it affected TBI outcomes and
sleep. Future research is needed to clarify the role of ROS in the relation-
ship between TBI and sleep.
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1. INTRODUCTION
1.1 Traumatic brain injury in humans

Traumatic brain injury (TBI) occurs when a mechanical force inflicts
a sudden impact to the head which directly causes neuronal damage to
brain tissue, resulting in neuropathology and dysfunction. Different clas-
sifications of TBI include closed head injury from acceleration and decel-
eration forces, penetration injury from a projectile, and blast injury from a
blast wave. Closed head injury is the most prevalent type of TBI, and the
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force of impact can cause the brain to ricochet within the skull, which can
lead to severe damage to neurons, glia, and blood vessels. The structural
damage as a direct result of the impact is considered the primary injury.
After the initial impact, damage to neuronal tissue can still occur hours or
even days later through secondary injuries, which are caused by the cellu-
lar and molecular response to the damage brought about by the primary
injury. Complications such as hemorrhage, inflammation, ischemia, hy-
poxia, cerebral edema, heightened intracranial pressure, and infection can
occur from the primary injury and cause secondary injuries, such as oxi-
dative damage and inadequate oxygenation (Mckee & Daneshvar, 2015).

1.1.1 Classification and severity of traumatic brain injury

Approximately 2.5 million people in the United States experience a
TBI every year, and many injuries result in hospitalization (Friedan et al.,
2015). While most people survive the direct consequences of the injury, be-
tween 3 and 5 million people in the U.S. are currently living with a disability
thatis a direct result of a TBI (Friedan et al., 2015; Zaloshnja et al., 2008), and
within 5 years of rehabilitation, 1in 5 patients will die (Corrigan et al., 2014).

Receiving a TBI often coincides with loss of consciousness, loss of
memory before, after, or of the event itself, sensorimotor deficits, and states
of confusion or trouble concentrating (Friedan et al., 2015). In humans, TBI
is commonly quantified using the Glasgow Coma Scale (GCS), a 15-point
scale measuring motor, verbal, and eye opening responses in patients po-
tentially suffering from TBI (Sternbach, 2000). Some examples of responses
we might expect a healthy individual to exhibit that may be affected after
TBI include withdrawal from a painful stimulus, eye opening to a sound
cue, and oriented, comprehensive speech (Sternbach, 2000). The GCS ex-
amines such responses and provides a score that can be used to diagnose
injury severity, plan treatment, and signify a prognosis (Sternbach, 2000).

In general, there are considered to be three levels of TBI severity,
each diagnosed using a GCS score range: mild (13-15), moderate (9-12),
and severe (8 or less) (Sternbach, 2000). Importantly, all severities of TBI
have been associated with long-term physical, cognitive, and behavioral
complications (Mckee & Daneshvar, 2015). Mild TBI, including concus-
sions and some blast injuries, can be caused by activities in sports, military
duty, and other conditions, including epilepsy. Complete neurological re-
covery is often expected after mild TBI. With moderate TBI, lethargy is
initially present and after a severe TBI, such as from a car crash, individ-
uals are often in a coma, unable to respond to stimuli. The risk of second-
ary injury, damage brought about by the cellular response to the primary
injury, is high for patients with severe TBI (Mckee & Daneshvar, 2015).
In a study of over 500 TBI patients, 89% of patients with severe TBI suf-
fered from hypotension (a drop in blood pressure) as opposed to 11% of
patients with moderate TBI (Andriessen et al., 2011)approach, and treat-
ment of traumatic brain injury (TBI. Eighty-five percent of patients with
severe TBI also suffered from hypoxia (low blood oxygen levels) and had
lower hemoglobin levels compared to moderate TBI patients, suggesting
they were unable to transport oxygen through their blood as efficiently
(Andriessen et al., 2011)approach, and treatment of traumatic brain in-
jury (TBIL Patients with severe TBI also had higher blood glucose levels,
which have been associated with worse neurological outcomes after in-
jury (Andriessen et al., 2011; Zhao et al., 2011)approach, and treatment
of traumatic brain injury (TBI. Such complications put patients with se-
vere TBI at a much higher mortality risk. One study examining quality
of life after TBI reported the mortality rate of severe TBI patients to be
35.7% compared to 17.2% and 4.1% of moderate and mild TBI patients,
respectively. However, those who survive are almost always faced with
long-term consequences as a result of such severe neurological damage.

1.1.2 Long-term consequences of traumatic brain injury

Apart from the damage brought about by secondary injuries, TBI
can also lead to negative long-term health outcomes. Severe TBI has been
linked with increased risk of dementia later in life, including increased
risk of developing Parkinson’s Disease and Alzheimer’s Disease (Bower et
al., 2003; Fleminger, 2003)MN, from 1976 through 1995. Each incident case
was matched by age (+/-1 year. Individuals diagnosed with Parkinson’s
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Disease were four times more likely to have a history of head trauma, and
males who experienced a head injury were 50% more likely to develop
Alzheimer’s Disease (Bower et al., 2003; Fleminger, 2003)MN, from 1976
through 1995. Each incident case was matched by age (1 year. An earlier age
of onset for Alzheimer’s Disease has also been associated with TBI (Nemetz
etal., 1999). Additionally, TBI has been linked with memory and cognitive
deficits and an increase in depression diagnosis, with the risk of clinical
depression being up to three times greater (Guskiewicz et al., 2005, 2007).

TBI can also lead to changes in homeostatic mechanisms and
behaviors. Homeostasis encompasses the processes designed to opti-
mize function by maintaining stability and adapting to internal and ex-
ternal stimuli. An example of one such mechanism is metabolism, the
breakdown of glucose into expendable energy. When blood glucose
levels are high, a signal is released to bring glucose into cells to be me-
tabolized. Once blood glucose levels become low again, another sig-
nal is sent to release stored glucose back into the blood. TBI can disrupt
this homeostatic balance by causing hypermetabolism and catabolism,
leading to increased energy expenditure and breakdown of important
molecules such as fats and proteins (Lee & Oh, 2022). Such changes in
TBI patients” metabolic homeostasis can lead to malnourishment, and
difficulties obtaining adequate nourishment can have a negative im-
pact on recovery and mortality (Lee & Oh, 2022). In addition to metab-
olism, another homeostatic behavior that is disrupted by TBI is sleep.

1.1.3 Traumatic brain injury causes long-term sleep disruption

TBI is known to cause sleep disruption, which can further prevent
proper function and rate of recovery after injury (Kalmbach et al., 2018).
TBI can cause a range of sleep disruptions, including insomnia, excessive
daytime sleepiness, and hypersomnia (Sandsmark et al.,, 2017). A me-
ta-analysis of 21 studies reporting on sleep disturbances after TBI found
that 50% of TBI patients experience some form of sleep disruption after
injury, regardless of injury severity or type (Mathias & Alvaro, 2012)which
may compromise recovery and quality of life. Prevalence rates vary wide-
ly, reflecting differences in the criteria and measures that are used to assess
sleep, as well as sample differences. This meta-analysis examined the prev-
alence of general and specific, and formally and informally diagnosed,
sleep disturbances following TBI in order to establish the nature and extent
of these sequelae and their potential impact on recovery.\nMETHODS:
Data from 21 studies, which assessed (1. In TBI patients that were 3 to 24
months post injury, excessive daytime sleepiness due to nightly sleep dis-
ruptions was reported as the most common sleep-related symptom (Ver-
ma et al., 2007)who presented with sleep-related complaints 3 months to 2
years following TBI, were studied. None had sleep complaints prior to the
TBI. Orophrayngeal, chin, and TM] examinations were considered benign.
The severity of injury was assessed by the Global Assessment of Function-
ing (GAF. Insomnia was the second most common symptom, where half
of patients with insomnia suffered from sleep onset insomnia (problems
falling asleep) and half from sleep maintenance insomnia (having diffi-
culty staying asleep) (Verma et al., 2007)who presented with sleep-related
complaints 3 months to 2 years following TBI, were studied. None had
sleep complaints prior to the TBI. Orophrayngeal, chin, and TMJ exam-
inations were considered benign. The severity of injury was assessed by
the Global Assessment of Functioning (GAF. A separate study also found
that within 6 months after TBI, rates of sleep onset insomnia were higher
in patients with worse motor, vocal, and ocular function (Kalmbach et al.,
2018). Similarly, rates of short sleep duration were higher in patients with
impairment of such functions at 1 and 3 months after injury (Kalmbach
et al., 2018). Other studies have shown that TBI can cause an increased
need for sleep. Meta-analysis data reports that 28% of TBI patients are
diagnosed with hypersomnia after injury (Mathias & Alvaro, 2012)which
may compromise recovery and quality of life. Prevalence rates vary wide-
ly, reflecting differences in the criteria and measures that are used to assess
sleep, as well as sample differences. This meta-analysis examined the prev-
alence of general and specific, and formally and informally diagnosed,
sleep disturbances following TBI in order to establish the nature and extent
of these sequelae and their potential impact on recovery.\nMETHODS:
Data from 21 studies, which assessed (1. Another study found that with-
in six months after TBI, patients slept significantly more within 24 hours
and had shorter sleep onset latency (Imbach et al., 2015). Over half the
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patients also experienced excessive daytime sleepiness, reported by a sleep
latency less than 8 minutes (Imbach et al., 2015). Considering the preva-
lence of sleep disruptions after TBI, it is clear that homeostatic behaviors
such as sleep are highly affected after injury. Studying how sleep may
play a role in TBI recovery is important for improving injury outcomes.

1.2 Negative impacts of sleep disruption

Sleep is a natural, reversible state of unconsciousness that is
characterized by immobilization and reduced responsiveness to stim-
uli (Rasch & Born, 2013)(Rasch & Born, 2013). Sleep is regulated by
our circadian rhythm as well as homeostatic pressures. While the cir-
cadian clock is understood to control the timing of sleep, sleep ho-
meostasis is considered to control the duration and consolidation of
sleep (Dijk et al., 1999). Sleep homeostasis also regulates the response
to sleep need or sleep pressure, which is built up during long peri-
ods of wakefulness and is relieved during sleep (Dijk et al., 1999).

Sleep is a universal behavior found in nearly all organisms rang-
ing from vertebrates like mammals, birds, and reptiles, to invertebrates like
flies and worms (Cirelli & Tononi, 2008). Sleeping behavior leaves organ-
isms vulnerable to predatory attacks and is not part of reproductive behav-
ior necessary for species survival. Yet it continues to be conserved in nearly
all organisms, so there must be an important evolutionary benefit to sleep.

1.2.1 Sleep is required for proper neurological function and health main-
tenance

Sleep in humans is frequently associated with learning and mem-
ory benefits, as sleep immediately after learning has been shown to im-
prove memory while sleep deprivation impairs the ability to remember
information (Rasch & Born, 2013). Slow-wave sleep in particular, charac-
terized as stages 3 and 4 of non-REM sleep, has shown protective qual-
ities towards memory (Alger et al., 2012)questions still remain as to the
type and length of sleep necessary to best benefit declarative memories.
A better understanding could lend support in one direction or another
as to the much-debated role of sleep, be it passive, permissive, or active,
in memory processing. The present study employed a napping para-
digm and compared performance on a bimodal paired-associates task of
those who obtained a 10-min nap, containing only Stages 1 and 2 sleep,
to those whose nap contained slow-wave sleep (SWS. Participants al-
lowed to enter slow-wave sleep when napping correctly recalled more
words during a short-term test compared to those kept awake, and in the
long-term they correctly recalled twice as many words than even partic-
ipants who napped but were prevented from entering slow-wave sleep
(Alger et al., 2012)questions still remain as to the type and length of sleep
necessary to best benefit declarative memories. A better understanding
could lend support in one direction or another as to the much-debated
role of sleep, be it passive, permissive, or active, in memory processing.
The present study employed a napping paradigm and compared per-
formance on a bimodal paired-associates task of those who obtained
a 10-min nap, containing only Stages 1 and 2 sleep, to those whose nap
contained slow-wave sleep (SWS. In another study, when asked to learn
and later recall a list of words, sleep-deprived participants forgot over
15% more words than those allowed to sleep normally (Gais et al., 2006).

We need sleep for more than just learning and memory, however.
Severe sleep deprivation in any organism for extended periods of time al-
most certainly leads to death (Cirelli & Tononi, 2008). Rats prevented from
sleeping due to persistent physical stimulation died after 2-4 weeks of no
sleep (Rechtschaffen & Bergmann, 1995)but it usually requires strong stim-
ulation which can obscure the interpretation of effects. The disk-over-wa-
ter method permits chronic sleep deprivation of rats with gentle physical
stimulation that can be equally applied to yoked control rats. A series of
studies with this method has revealed little or no pathology in the control
rats. The deprived rats show a reliable syndrome that includes tempera-
ture changes (which vary with the sleep stages that are lost. Hypother-
mia due to declining body temperature, catabolic tissue breakdown, and
organ failure as a result of infection are all possible contributors to the
certain death such severe sleep deprivation brings about (Rechtschaffen
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& Bergmann, 1995)but it usually requires strong stimulation which can
obscure the interpretation of effects. The disk-over-water method permits
chronic sleep deprivation of rats with gentle physical stimulation that can
be equally applied to yoked control rats. A series of studies with this meth-
od has revealed little or no pathology in the control rats. The deprived
rats show a reliable syndrome that includes temperature changes (which
vary with the sleep stages that are lost. Such fatal consequences are also
seen in humans, particularly those with fatal familial insomnia (FFI). FFI
is a rare genetic neurodegenerative disease where individuals eventual-
ly die after sleep disruptions worsen such that no sleep is acquired at all
(Montagna, 2002). Cardiac complications, hypometabolism, severe loss of
slow-wave sleep, and death of up to 90% of the neurons in certain tha-
lamic regions of the brain are all characteristics of FFI (Montagna, 2002).
Similar to severe sleep deprivation in rats, FFI is fatal and individuals
with FFI typically die within 72 months of disease onset (Montagna, 2002).

Outside of the rare instances where sleep loss is fatal, chronic lack of
sleep can still cause numerous adverse health outcomes, including dysreg-
ulation of body temperature and body weight and increased risk of infec-
tions (Garbarino et al., 2021). A meta-analysis of over 600,000 adults from
across the world reported a significant association between sleep depriva-
tion and obesity, with a similar association found even amongst children
(Cappuccio et al., 2008)and to obtain an estimate of the risk.\n\nMeth-
ods:\nWe performed a systematic search of publications using MEDLINE
(1996-2007 wk 40. Another study investigating sleep-related infection risk
showed that when exposed to a common cold virus, over twice as many
participants who slept less than 5 hours per night became sick compared to
participants who slept more than 7 hours (Prather et al., 2015). Interestingly,
some evidence also suggests that sleep deprivation can even hinder our abil-
ity to develop immunity against certain pathogens (Fernandes et al., 2020).

Sleep loss is also linked with the development of chronic dis-
ease. For example, individuals with sleep apnea are at a higher risk of
developing cardiovascular disease (Kasasbeh et al.,, 2006). Repetitive
surges in heart rate and blood pressure from the cycles of hyper- and
hypoventilation characteristic of the disorder can often lead to hyper-
tension (Kasasbeh et al., 2006). One study examining sleep and risk of
Type-2 diabetes reported that sleeping less than 6 hours per night pre-
dicted worse glycemic control, an indicator of heightened diabetes risk
(Knutson et al., 2006)Chicago, Ill. The final analysis included 161 par-
ticipants. Glycemic control was assessed by hemoglobin Alc (HbAlc.
Furthermore, poor sleep is even associated with higher depression risk,
and over 80% of individuals with major depressive disorder reported-
ly experience some form of sleep disturbance (Zimmerman et al., 2006).

Perhaps the most chronic disease of all is aging. Sleep consol-
idation, characterized by uninterrupted sleep without prolonged nightly
awakenings, is generally high in adolescents and young adults, but sleep
becomes much more fragmented in older adults (Dijk et al., 1999). For ex-
ample, one study examining age-related reductions in homeostatic sleep
drive found young adults, aged 20-30, slept about 7.5 hours every night on
average with an average of 20 awakenings (Dijk et al., 2010)n = 44. Older
adults, aged 66 and above, only slept an average of about 6.5 hours with
about 28 awakenings, indicating significantly more fragmented sleep in
older adults (Dijk et al., 2010)n = 44. The changes in sleep consolidation we
seein older adults could be the result of areduced homeostatic sleep drive as
older adults have a reduced propensity, or sense of readiness, to fall asleep
at night and spend less time in slow-wave sleep (Dijk et al., 2010)n = 44.

The age-induced gradual shift away from consolidated sleep and
towards more fragmented sleep could be a contributing factor to the met-
abolic dysregulation, high infection risk, and development of neurode-
generative diseases that so frequently come with aging (Dijk et al., 1999).
In addition to causing a higher risk for infection and obesity, prolonged
sleep loss can reduce an individual’s resting metabolic rate (Buxton et al.,
2012)and to obtain an estimate of the risk.\n\nMethods:\nWe performed
a systematic search of publications using MEDLINE (1996-2007 wk 40.
Individuals with sleep complications are also at a higher risk for devel-
oping Parkinson’s Disease, and increases in amyloid-beta plaques, a de-
fining characteristic of Alzheimer’s Disease, were found after only a single
night of sleep deprivation (Hsiao et al., 2017; Shokri-Kojori et al., 2018).
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Clearly, sleep loss has many negative consequences not only on
cognitive elements like learning and memory but also on our own health
and survival. The natural decline in sleep duration and consolidation we
see with age is just one of the many ways sleep problems can come about.
Sleep problems are a common occurrence today, and sleep disorders put
millions of people at high risk of suffering from the negative health out-
comes seen as a result of chronic sleep loss (CDC, 2020; Stranges et al., 2012).

Considering the vast array of negative consequences asso-
ciated with acute and chronic sleep loss, it is vital that we receive
an adequate amount of sleep each night. Human adults are recom-
mended to get 7 to 9 hours of sleep every night (Watson et al., 2015).
However, many adults do not routinely obtain enough sleep, and
the prevalence of sleep disorders and other sleep disruptions to-
day has brought about an epidemic of sleep loss (Chattu et al., 2018).

1.2.2 Common sleep disorders and prevalence of sleep disruption

There are various types of sleep disorders that occur at differ-
ent frequencies and present different patterns of sleep disruption. Insom-
nia is the most common, affecting about 30% of adults worldwide, and
is subdivided into two types: sleep onset (the inability to initiate sleep)
and sleep maintenance (the inability maintain sleep) (Bhaskar et al., 2016;
Stranges et al., 2012; Thorpy, 2012). Sleep apnea affects around 15% of
individuals and occurs when breathing passages become constricted or
closed during sleep, causing excessive snoring or gasping for air, disrupt-
ed sleep, and sleepiness during the day (Thorpy, 2012; Young et al., 2009).
Hypersomnia is characterized by excessive daytime sleepiness and lon-
ger periods of nocturnal sleep (Dauvilliers & Buguet, 2005; Thorpy, 2012).
Narcolepsy also includes excessive sleepiness during the day and often
coincides with bouts of sudden loss of muscle tension (Thorpy, 2012).
Restless legs syndrome causes sensations of “creeping” in the legs that
causes an unpleasant feeling, along with aches and pains that can make
falling asleep difficult. Prevalence of hypersomnia, narcolepsy, and rest-
less legs syndrome are estimated to be below 10% of the general popula-
tion (Dauvilliers & Buguet, 2005; Ohayon et al., 2012; Partinen et al., 2012).

Perhaps not diagnosable, but another common, more recent
form of sleep disruption occurs as a result of excessive use of electronic
screens during the day and before sleeping, particularly in adolescents.
A 2011 poll by the National Sleep Foundation found that 97% of young
adults had one or more electronic device available for use in their bed-
room (Gradisar et al., 2013). One study investigating how electronic use
before bedtime affected sleep reported nearly all participants used some
type of electronic device (or more than one) within 1 hour of their bedtime
(Hysing et al., 2015)and sleep deficiency rising in adolescents constitutes
a major public health concern. The aim of the present study was to inves-
tigate daytime screen use and use of electronic devices before bedtime in
relation to sleep. Design: A large cross-sectional population-based survey
study from 2012, the youth@hordaland study, in Hordaland County in
Norway. Setting: Cross-sectional general community-based study. Par-
ticipants: 9846 adolescents from three age cohorts aged 16-19. The main
independent variables were type and frequency of electronic devices at
bedtime and hours of screen-time during leisure time. Outcomes: Sleep
variables calculated based on selfreport including bedtime, rise time, time
in bed, sleep duration, sleep onset latency and wake after sleep onset.\
nResults: Adolescents spent a large amount of time during the day and at
bedtime using electronic devices. Daytime and bedtime use of electron-
ic devices were both related to sleep measures, with an increased risk of
short sleep duration, long sleep onset latency and increased sleep deficien-
cy. A dose-response relationship emerged between sleep duration and use
of electronic devices, exemplified by the association between PC use and
risk of less than 5 h of sleep (OR=2.70, 95% CI 2.14 to 3.39. Excessive elec-
tronic use, characterized as over the recommended 2 hours per day, both
during the day and in the hour before bedtime was positively correlat-
ed with higher sleep deficiency and longer sleep onset latency (American
Academy of Pediatrics, 2001; Hysing et al., 2015)such as violent or aggres-
sive behavior, substance use, sexual activity, obesity, poor body image,
and decreased school performance. In addition to the television ratings
system and the v-chip (electronic device to block programming. While an
increase in sleep deficiency and sleep onset latency could likely be a re-
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sult of sleep simply being replaced with time spent looking at a screen,
there are other mechanisms that could explain why excessive electronic
use can cause sleep disruptions. Exposure to bright light at night can cause
the circadian rhythm to reset and delay the onset of sleep (Khalsa et al.,
2003). Even more interesting is the possibility of persistent psychophys-
iologic (learned) insomnia, which can cause individuals to associate their
bed or bedroom with electronic use, resulting in heightened arousal in-
stead of relaxation once lying in bed (Hauri & Fisher, 1986; Hysing et al.,
2015)somatized tension and negative conditioning. Twenty-two patients
diagnosed as PPI were compared on sleep and psychological question-
naires to 22 normal subjects (Ns. Despite the differing mechanistic pos-
sibilities, it's clear that excessive electronic use heightens the risk of sleep
disruption. Due to the vast prevalence of electronics today, such disrup-
tive effects pose a greater risk of spreading to far more people worldwide
than diagnosable sleep disorders are capable of (Gradisar et al., 2013).

With the prevalence of chronic sleep disorders and sleep prob-
lems such as those brought about by bedtime electronic use, sleep loss
has become a frequent and widespread occurrence. An assessment by the
CDC’s Behavioral Risk Factor Surveillance System found that 35-37% of
adults in the United States have short sleep duration, defined by whether
the recommended number of sleep hours is met, which for adults is a min-
imum of 7 (CDC, 2020). A study by the World Health Organization also
found sleep problems in adults aged 50 and over from 7 countries across
Africa and Asia (Stranges et al., 2012). It's estimated that by 2030, over
260 million people will suffer from sleep difficulties (Stranges et al., 2012).

It is clear that sleep disorders and general sleep disrup-
tions are prevalent today. Considering the connection of sleep to TBI
and injury-related impairment, understanding how sleep problems
may affect recovery after TBI is important for developing preventa-
tive strategies and treatments to improve rehabilitation for TBI patients.

1.1.3 Sleep disruptions affect injury recovery and outcomes

TBI increases the risk of sleep problems after injury (see section
1.1). Given that sleep disruption is known to cause an array of negative
health consequences, however, it is possible for sleep problems to have
an adverse effect on TBI outcomes. One study examined the prevalence
of impaired function in TBI patients with prior sleep problems (Kalmbach
et al., 2018). Patients with TBI-induced disabilities ranging from severe,
characterized by being conscious but unable to function independently,
to upper-moderate, those struggling with work, leisure, and social ac-
tivities but capable of being independent, were considered functionally
impaired (Kalmbach et al., 2018; Wilson et al., 2021). Difficulty with both
falling asleep and staying asleep prior to injury was associated with an
increased risk of functional impairment (Kalmbach et al., 2018). Specifi-
cally, patients who had insomnia prior to injury were eight times more
likely to have worse functional impairment after TBI than those without
sleep problems before injury (Kalmbach et al., 2018). Another study look-
ing at sleep disruptions as a predictor of TBI outcomes also found poor
sleep to be associated with worse outcomes and longer rehabilitation
(Sandsmark et al., 2017). TBI patients who did not suffer from sleep dif-
ficulties in the first 2 weeks post-injury were nearly 6 times more likely
to have better functional outcomes after injury (Sandsmark et al., 2017).

Altogether, there is significant evidence to suggest sleep
disruption and sleep loss in humans can be detrimental to TBI recov-
ery. TBI is also capable of causing more sleep difficulties, further per-
petuating the negative effects of sleep problems on TBI outcomes.
Considering this bidirectional relationship, understanding the phys-
iological purpose of sleep may offer insight into why sleep loss can af-
fect TBI outcomes and how TBI may interfere with sleep regulation.

1.2.4 A physiological need for sleep

Considering the universality of sleep behavior across the ani-
mal kingdom and the severe, sometimes fatal, consequences of sleep loss,
there must be some physiological need for sleep beyond higher cogni-
tion. There have been many theories as to why such a need exists. One
theory proposes sleep is required for energy conservation where, sim-
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ilar to hibernation, sleep offers a period of time where activity and en-
ergy expenditure are suppressed (Siegel, 2005). Another theory suggests
sleep is needed for synaptic homeostasis, specifically the pruning of
synapses formed during wakefulness to maximize the brain’s function
and performance (Brown & Naidoo, 2010). Sleep has also been thought
to regulate protein synthesis in the brain, as inhibition of neuronal pro-
tein synthesis has been found to increase sleep (Methippara et al., 2009).

Another theory of a physiological need for sleep is the Free Radi-
cal Flux Theory, which suggests sleep is required for alleviating oxidative
stress that builds up during wakefulness and causes cell damage (Rei-
mund, 1994). The theory proposes that sleep is needed to maintain neural
tissue stability, which is threatened by oxidative stress and the energy-de-
manding nature of the brain (Reimund, 1994). The brain is a very metabol-
ically active organ, so it produces large amounts of reactive oxygen species
(ROS), which are small molecular byproducts of metabolism that can cause
cellular damage by reacting with DNA, proteins, and lipids (Phaniendra
et al., 2015). The Free Radical Flux Theory proposes that sleep duration is
directly correlated with the burden of ROS accumulation based on the met-
abolic rate of a certain species, where a higher metabolic rate increases ROS
accumulation (Reimund, 1994). The theory suggests that endogenous anti-
oxidant mechanisms in the brain that are meant to clear ROS cannot keep
up with the amount of ROS generated throughout the day alone, so sleep
is needed to reduce ROS levels before oxidative stress and cellular damage
can occur (Reimund, 1994). Without sleep, it's more likely that ROS, given
its reactive nature, will begin to accumulate and cause cellular damage.

1.3 Reactive oxygen species

Reactive oxygen species (ROS) are free radicals that can occur
naturally within an organism or be the result of environmental exposure. A
free radical is an atom or molecule whose outermost valence shell has one
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Figure 1. Molecular structure of ROS and cellular damage. A. The
chemical process behind ROS within cells. An unstable free radical with an
unpaired electron steals an electron from a stable molecule. The stable mol-
ecule then loses that electron and becomes a radical itself. B. ROS-induced
DNA damage and protein misfolding/aggregation. ROS can cause single-
and double-stranded breaks in the phospholipid backbone of DNA and
oxidize nucleotides. ROS can also cause proteins to misfold, resulting in
protein aggregation and loss of proper protein function (Juan et al., 2021).

The superoxide radical, one of the most common types of ROS, is
formed in mitochondria when an extra electron is added to a dioxygen
molecule (O,) (Figure 2) (Andrés et al., 2023; Phaniendra et al., 2015)both
the reactive oxygen species (ROS. Antioxidants like superoxide dismutase
(SOD) 2 help neutralize and transform superoxide into hydrogen peroxide
through a dismutation reaction. In this reaction, SOD catalyzes the reaction
between two superoxide radicals and hydrogen ions to produce hydrogen
peroxide and water, effectively neutralizing the superoxide radical. (Pha-
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Figure 2. The production and neutralization of superoxide in
mitochondria. Normal function of the electron transport chain with in
the mitochondrial matrix and intermembrane space transfers electrons
to help generate adenosine triphosphate (ATP), which the cell uses for
energy. Most electrons react with oxygen and hydrogen molecules to pro-
duce water (H,O) at the end of the ETC. However, an estimated 0.2-2%
of electrons leak from the ETC, most prominently from complexes I and
III, and react with oxygen molecules to form superoxide radicals (Zhao
et al., 2019). The antioxidant superoxide dismutase 2 (SOD2) catalyzes
the reaction to neutralize superoxide radicals and produce hydrogen
peroxide (H,O,) and water (Wang et al., 2018). The hydrogen peroxide
nonradical can react with iron ions (Fe?*) to produce hydroxyl radicals
(OH)) (Phaniendra et al., 2015). To prevent hydrogen peroxide from form-
ing hydroxyl radicals, the antioxidant catalase helps degrade hydrogen
peroxide into water and oxygen (Phaniendra et al., 2015).

1.3.1 ROS-induced cellular damage

ROS are capable of inflicting damage on many vital cellular com-
ponents. Radicals can alter the molecular structure of DNA by causing
single and double strand breaks in the phosphate backbone and oxidiz-
ing nucleotides (Juan et al., 2021; Sharma et al., 2016)the generation of
DSBs at low levels of ROS is still controversial. In the present study, we
show that H202 at biologically-relevant levels causes a marked increase
in oxidative clustered DNA lesions (OCDLs. They can also lead to lipid
peroxidation, which inhibits normal membrane function and permeabil-
ity (Wong-ekkabut et al., 2007). Additionally, proteins can be denatured
by radicals, altering their structure and function (Butterfield et al., 1998).
Exposure of rodents to acute normobaric hyperoxia for up to 24 h results
in oxidative modifications in cytosolic proteins and loss of activity for the
oxidation sensitve enzymes glutamine synthetase and creatine kinase.
Cytoskeletal protein spin labeling also reveals synaptosomal membrane
protein oxidation following hyperoxia. These changes are similar to the
changes seen in senescent brains, compared to young adult controls. The
antioxidant spin trapping compound N-tertbutyl-a-phenylnitrone (PBN.

Most endogenous ROS are formed in the mitochondria since that
is where the electron transport chain (ETC) takes place (Figure 2) (Phanien-
dra et al., 2015). The ETC is vital for creating the electrochemical gradient
necessary to produce energy in the form of adenosine triphosphate (ATP)
for the cell to use. Electron transfer is an important part of this process.
However, electrons can leak from the complexes within the chain and react
with other molecules, most notably oxygen, to produce ROS. Because of its
proximity to the ETC and ROS production, mitochondrial DNA is much
more vulnerable to oxidative damage than nuclear DNA (Phaniendra etal.,
2015). Damage to mitochondrial DNA holds severe consequences for the
survival of a cell as the genes encoded by mitochondrial DNA are vital for
proper organelle function and metabolic processes (Habbane et al., 2021).

In addition to the mitochondria, ROS can be found in the Endoplas-
mic Reticulum (ER). A main function of the ER is to fold proteins synthe-
sized in the cell and secrete them in order for proteins to carry out their spe-
cific functions. ROS can be generated in the ER during the process of folding
proteins using a mechanism called oxidative protein folding (Malhotra et
al., 2008; Tu & Weissman, 2004). However, like with many locations within
the cell where ROS is generated, the ER is susceptible to oxidative stress if
too much ROS is accumulated. ROS and oxidative stress have been associat-
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ed in the misfolding and inefficient secretion of proteins from the ER (Mal-
hotra et al., 2008). When proteins processed by the ER are misfolded and
are unable to be secreted, they aggregate within the ER and cause ER stress
(Brown & Naidoo, 2010). Cells under ER stress have shown higher levels of
oxidative stress markers than cells with normal ER function (Malhotra et
al., 2008). Additionally, reducing ROS levels using antioxidant treatment
lessens ER stress by increasing protein secretion (Malhotra et al., 2008).
Such evidence suggests that ER stress and oxidative stress go hand in hand.

1.3.2 Nonpathological roles of ROS

While there is overwhelming evidence that accumulation of ROS
is detrimental, ROS at low levels does have a nonpathological purpose.
Cells require a certain concentration of electrons, or redox state, in order
to properly function (Valko et al., 2007)e.g. nitric oxide, NO(*. Similar to
how pH is regulated in a cellular environment, cells tightly regulate their
redox state, which is determined by the rate at which ROS are produced
versus neutralized by antioxidants (Valko et al., 2007)e.g. nitric oxide,
NO(*. When kept at low levels and within the range of the required re-
dox state, ROS function as important signaling molecules (Valko et al.,
2007)e.g. nitric oxide, NO(*. Regulated increases in ROS disrupt the bal-
ance of the redox state, and this imbalance in redox state acts as a sig-
nal to manage various important cellular functions (Valko et al., 2007)
e.g. nitric oxide, NO(*. These include gene expression, pathogenic de-
fense, cardiovascular growth and development, cell adhesion, and even
sensation of blood-oxygen concentration (Galter et al., 1994; Griendling
et al., 2000; Keisari et al., 1983; Valko et al., 2007)but inhibit their DNA
binding activity in vitro. We now show that both the activation of NF
kappa B and the inhibition of its DNA binding activity is modulated in
intact cells by the physiological oxidant glutathione disulphide (GSSG.

The innate immune response s also closely tied with redox signaling.
Important components of the immune system, such as macrophages, are
activated by ROS, and low ROS production during phagocytosis has been
shown to cause hypersensitivity to infections (Morris et al., 2022; Pollock
etal., 1995). ROS-induced damage also provides signals required for apop-
tosis (Valko et al., 2007)e.g. nitric oxide, NO(*. Apoptosis, or programmed
cell death, is important for elimination of damaged cells. However, inter-
nally regulated apoptosis is also necessary for proper development and
survival of cells, and changes in ROS levels help regulate this programmed
death (Hengartner, 2000). Despite its nonpathological roles, ROS is mostly
viewed as a pathological molecule due to its induction of oxidative stress at
high levels. To avoid oxidative stress, cellular systems designed to neutral-
ize ROS and prevent ROS accumulation are vital to cell health and survival.

1.3.3 Antioxidants

Antioxidants are molecules that help neutralize free radicals
before cellular damage can be inflicted. Antioxidants give radicals a
source of electrons to prevent them from taking electrons from more
important molecules in the cell, such as the DNA phosphate backbone.
We can acquire antioxidants exogenously through our diet and endog-
enously through sources within our bodies. Vitamin E, vitamin C, and
beta-carotene are all examples of exogenous antioxidants that we obtain
by consuming fresh fruits and vegetables, oils, and certain fatty foods
(Pham-Huy et al., 2008). After we consume exogenous antioxidants, we
absorb them through our gastrointestinal tract where they are trans-
ported to our cells (Halliwell, Zhao, et al.,, 2000; Okagu & Udenigwe,
2022)and contain a complex mixture of antioxidants (including ascor-
bate, carotenoids, vitamin E and other phenolics such as the flavonoids.

However, we get most of the antioxidants our bodies require
endogenously (Pham-Huy et al., 2008). Endogenous antioxidants can come
in the form of non-enzymes produced by our endocrine glands, like mel-
atonin and uric acid, or as enzymes that are encoded in our DNA, like
superoxide dismutase and catalase (Pham-Huy et al., 2008). There are
three different types of superoxide dismutase (SOD) in particular, each
encoded by a different gene (Flynn & Melov, 2013). Each type can be
found in different parts of the cell: SOD1 is found mostly in the cytoplasm,
SOD2 in the mitochondria, and SOD3 in the extra-cellular matrix (Flynn
& Melov, 2013). The presence of SOD2 within the mitochondria puts it
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in close proximity to where the mitochondrial ETC produces free radicals
(Flynn & Melov, 2013; Phaniendra et al., 2015). Because of this, SOD2 plays
a very important role in neutralizing superoxide anions into their non-
radical hydrogen peroxide counterparts before any damage can be done
to important mitochondrial components and the surrounding the cell.

Elimination or suppression of SOD2 is known to cause damage to
many cellular components and tissues (Flynn & Melov, 2013). With the loss
of SOD2, ROS production can go unchecked, leading to oxidative stress
and further health problems. In humans, decreased SOD2 expression has
been found to be correlated with cardiovascular complications in patients
with sickle cell disease (Dosunmu-Ogunbi et al., 2022). Also, mutant mice
that had a 48-55% decrease in SOD2 activity developed dilated cardiomy-
opathy, a condition that is characterized by enlarged heart cavities and
thinner wall thickness and can be fatal (Li et al., 1995). Loss of SOD2 can
also lead to metabolic dysfunction. Mice with deficient SOD2 activity
showed an increase in susceptibility to neurotoxins, which can elicit mito-
chondrial dysfunction, leading to the generation of more ROS (Andreassen
et al., 2001). With more ROS and less SOD2 readily available to neutral-
ize radicals, chances of oxidative stress increase (Andreassen et al., 2001).

Antioxidants and their role in preventing oxidative stress may
also have an effect on neurodegenerative disease. For example, the pro-
gression of Alzheimer’s Disease can be worsened by oxidative stress (Flynn
& Melov, 2013; Leuner et al., 2012). Parts of the ETC, specifically complex I,
functionally deteriorate with age, and complex I-derived ROS can trigger
formation of amyloid-beta plaques, key pathological features in Alzhei-
mer’s Disease. One study found an increase in amyloid-beta plaques in
vitro within just 2 hours of complex I dysfunction and ROS release (Leuner
et al,, 2012). Additionally, another study found that post-mortem samples
of Alzheimer’s Disease patients had increased oxidative stress markers
(Sultana et al., 2006). This evidence could imply that oxidative stress is
a factor in inducing Alzheimer’s Disease, but it could also suggest that
Alzheimer’s pathology itself leads to an increase in oxidative stress. Simi-
larly, SOD2 is upregulated early on in the progression of Alzheimer’s Dis-
ease, but it is unknown if SOD2 is directly related to Alzheimer’s Disease
progression or if it is upregulated in response to an increase in oxidative
stress (Flynn & Melov, 2013). Still, antioxidants may play a role in pre-
venting Alzheimer’s Disease progression. One study found amyloid-be-
ta plaque formation was significantly suppressed after treating cells with
deficient complex I using the antioxidant vitamin C (Leuner et al., 2012).

While antioxidants are found throughout our bodies, the Free
Radical Flux Theory posits that there may not be sufficient amounts
to clear all the ROS that are produced during periods of high activi-
ty, like wakefulness, that then accumulate (Reimund, 1994). Depleted
levels of antioxidants have been reported during periods of extend-
ed wakefulness, along with increases in oxidative stress (Trivedi et al.,
2017). Considering this evidence, an additional process to clear ROS,
characterized by periods of little activity, may be necessary to pre-
vent oxidative stress. That process could be sleep (Reimund, 1994).

1.4 Reactive oxygen species and sleep

If sleep is important for clearing ROS, then it could be that with
sleep loss comes the inability to protect against oxidative stress. A study
examining sleep and oxidative stress found that women under mild sleep
restriction for 6 weeks had a 78% increase in oxidative stress when mea-
suring oxidative stress markers in endothelial cells (Shah et al., 2023)which
is more pronounced in female than male persons. We reported recently
first causal evidence that mild, prolonged sleep restriction mimicking
\"real-life\” conditions impairs endothelial function, a key step in the de-
velopment and progression of cardiovascular disease, in healthy female
persons. However, the underlying mechanisms are unclear. In model
organisms, sleep restriction increases oxidative stress and upregulates
antioxidant response via induction of the antioxidant regulator nuclear
factor (erythroid-derived 2. This protective effect of sleep against oxida-
tive stress was also found in flies. Short-sleeping fruit flies exhibited an
increase in sensitivity to oxidative stress such that when exposed to H,0,
and paraquat, a chemical known to cause oxidative stress, the flies had sig-
nificantly shorter survival (Hill et al., 2018). Additionally, increasing sleep

Volume 21



in flies through genetic and pharmacological methods caused a great-
er resistance to oxidative stress, resulting in higher survival rates when
exposed to H,0, and paraquat (Hill et al., 2018). Also, ROS accumulated
only in the gut of the fly after sleep deprivation, suggesting the oxidative
stress response may be tissue specific (Vaccaro et al., 2020)2020. Increas-
es in oxidative stress and lipid peroxidation, a consequence of oxidative
stress, were also found in rats after sleep deprivation (Silva et al., 2004).
Interestingly, sleep deprived rats who had increased oxidative stress also
displayed deficits in memory, as shown by reduced avoidance of an envi-
ronment with a learned association to an aversive shock stimulus (Silva
et al., 2004). Such evidence suggests oxidative stress as a possible mecha-
nism for how sleep deprivation impairs cognitive processes like memory.

With the connection between sleep and oxidative stress, it is no
surprise that sleep is also related to the expression of oxidative stress re-
sponse genes. Short-sleeping flies showed an increase in expression of
antioxidants and mitochondrial stress genes (Hill et al., 2018). The same
findings were also seen in mice under sleep deprivation for 72 hours
(Lungato et al., 2013). However, another study found antioxidant lev-
els were decreased in rats after 5 days of sleep deprivation (Everson et
al., 2005). This inconsistency illustrates the fact that expression of oxida-
tive stress response genes may be time dependent, as opposing effects
on expression can be seen after differing lengths of sleep deprivation.

In addition to oxidative stress genes, sleep can also affect expres-
sion of ER stress genes, which respond to accumulation of misfolded pro-
teins within the ER. During periods of sleep loss, ER stress genes, such
as binding immunoglobulin protein (BiP), are upregulated (Naidoo et
al., 2007). Additionally, transgenic flies that overexpressed BiP had in-
creased rates of recovery sleep following sleep deprivation, suggest-
ing expression of ER stress genes may play a role in regulating sleep
(Naidoo et al., 2007). However, considering the role of ROS in generating
ER stress, ROS may be the underlying mechanism behind this associa-
tion between sleep and expression of ER stress genes (Brown & Naidoo,
2010; Malhotra et al., 2008)how protein misfolding and oxidative stress
impact each other has not been explored. We have analyzed expression
of coagulation factor VIII (FVIIL It is possible that during sleep depri-
vation, ER stress is activated by ROS that has not been cleared due to
sleep loss, and the same ROS accumulation that activates ER stress and
causes ER stress gene overexpression could increase recovery sleep.

1.4.1 Reactive oxygen species as a regulator of sleep homeostasis

Considering sleep is protective against oxidative stress, ROS can
act as a regulator of sleep such that as ROS levels fluctuate, so does the
need for sleep. In flies with neuronal overexpression of antioxidant genes
SOD1 and SOD?2, sleep duration was significantly shorter, suggesting a
lesser need to clear ROS (Hill et al., 2018). Another study found rats inject-
ed with low levels of tert-butyl hydroperoxide (TBHP), a reagent known
to promote ROS production, had significantly increased sleep (Ikeda et
al., 2005). Interestingly, the levels of TBHP used were enough to induce
sleep without causing oxidative damage (Ikeda et al., 2005). This finding
supports the concept that ROS, as a molecule found naturally within or-
ganisms, can be nonpathological at low levels and may play an import-
ant role in signaling when and how much sleep is needed. Considering
ROS as a molecule to regulate sleep could offer a mechanistic explana-
tion for how TBI and sleep impact each other. If ROS acts as a regulator
of sleep and a consequence of sleep loss, and sleep can impact TBI re-
covery, it is possible that ROS is directly correlated with TBI outcomes.

1.5 Reactive oxygen species and traumatic brain injury

TBI has been found to induce oxidative stress. In one study exam-
ining humans with TBI, markers for oxidative stress found in cerebral
spinal fluid were 9 times higher than that of uninjured patients (Bayir et
al., 2002). Rats with TBI also exhibited increased oxidative stress mark-
ers at 6, 24, and 72 hours after TBI delivery (Tyurin et al., 2000), indicat-
ing the effect of TBI on ROS is conserved. Interestingly, another study
in humans found the concentration of serum free thiols, an antioxidant
and known biomarker of oxidative stress, to be reduced in TBI patients
within 24 hours of receiving the injury (Visser et al.,, 2022). However,
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this reduction could be the result of depleted antioxidant stores due to
more ROS needing to be cleared. Interestingly, serum free thiol concen-
tration was also associated with worse recovery at 6 months post-inju-
ry, with higher oxidative stress levels in patients with incomplete re-
covery than those who recovered completely (Visser et al., 2022). This
finding suggests higher ROS levels may be detrimental to TBI recovery.

There are numerous ways that TBI can impact ROS production. TBI
can disrupt metabolic homeostasis, increasing the metabolic rate and in
turn producing more ROS (Fesharaki-Zadeh, 2022; Lee & Oh, 2022). With
ischemia, a possible secondary injury of TBI, an inadequate blood supply
prevents proper amounts of oxygen from reaching damaged parts of the
brain. Lack of proper oxygen supply disrupts the ability for mitochondria
to produce adenosine triphosphate (ATP), the primary energy source for
cells, resulting in mitochondrial dysfunction and the excessive produc-
tion of ROS (Andrabi et al., 2020). Widespread release of the excitatory
neurotransmitter glutamate as a result of the physical impact of a TBI can
also cause ROS production (Eastman et al., 2020)including posttraumatic
epilepsy (PTE. Excessive glutamate can induce neurotoxicity, causing a
major influx of calcium ions into neurons and overloading neuronal mito-
chondria with calcium (Peng et al., 2019)how ROS burdens can influence
neural circuit integrity remains unclear. Here, we investigate the impact
of excitotoxicity induced by depletion of Drosophila Eaatl, an astrocyt-
ic glutamate transporter, on locomotor central pattern generator (CPG.
This mitochondrial overload leads to the generation of excess amounts of
ROS in an injured brain (Peng et al., 2019)how ROS burdens can influence
neural circuit integrity remains unclear. Here, we investigate the impact
of excitotoxicity induced by depletion of Drosophila Eaatl, an astrocyt-
ic glutamate transporter, on locomotor central pattern generator (CPG.

TBI also has the potential of dysregulating endogenous antioxidant
mechanisms as a way of inducing ROS increase. In fruit flies given TBIs,
a known oxidative stress response gene, GstD2, was found to be upregu-
lated (Katzenberger et al., 2016). However, antioxidant levels in human
TBI patients were found to be depleted in the days after injuries occurred
(Bayir et al., 2002). This finding was supported by another study done in
rats, which found depleted antioxidant levels immediately after TBI, how-
ever normal antioxidant levels returned 72 hours after injury (Tyurin et al.,
2000). It is possible that endogenous levels of antioxidants are decreased
for a period of time as a result of neutralizing higher levels of ROS than
normal. The excessive production of ROS after TBI along with possible
temporary depletion of the antioxidant systems necessary to remove ROS
can lead to further problems, such as the breakdown of the blood-brain bar-
rier, sensorimotor deficits, and chronic inflammation as a result of cellular
and tissue damage induced by oxidative stress (Fesharaki-Zadeh, 2022).

Considering the cellular havoc that can be caused by ROS
and oxidative stress - and the risks associated with both TBI and sleep
disruptions - it is important to consider how ROS may play a mediat-
ing role in the relationship between TBI and sleep. Investigating this
relationship could lead to a better understanding of how sleep impacts
TBI outcomes and the importance of sleep in TBI prevention and recov-
ery. However, studying these questions in humans poses a challenge
as human TBIs can only be ethically studied after they occur naturally.

Instead, we can use Drosophila melanogaster, also known as the com-
mon fruit fly, to experimentally address these questions in a controlled
manner. Fruit flies have been well established as models of human dis-
eases. About 65% of all known genes related to diseases in humans exist
in flies as functional homologs (similar versions of a gene) (Ugur et al.,
2016). Because of this, we can use flies to 2study human diseases more
precisely than is possible in humans, by examining the effect of gene
manipulation on survival and behavior. Decades of using flies as mod-
el organisms provides us with a large number of assays and tools to
study correlates of human diseases and behaviors, including TBI and
sleep (Hendricks et al., 2000; Katzenberger et al., 2013; Ugur et al., 2016).

1.6 Modeling traumatic brain injury in D. melanogaster

There are many different models that have been developed to
deliver TBIs to fruit flies (Barekat et al., 2016; Behnke et al., 2021; Kat-
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zenberger et al., 2013)there has been a growing appreciation that even
repetitive, milder forms of TBI (mTBL Some models deliver a head-spe-
cific injury, which can be useful for ensuring that any injury relat-
ed phenomenon is a result of injury to the brain specifically (Behnke
et al.,, 2021). Other models deliver full body injuries, which may offer
a more realistic injury paradigm similar to those experienced by hu-
mans, since forces that cause human TBI are rarely delivered to the
head only (Barekat et al., 2016; Katzenberger et al., 2013)there has been
a growing appreciation that even repetitive, milder forms of TBI (mTBL

In this study, I use a modified model of the high-impact trauma
(HIT) device developed by Katzenberger et al. (2013)resulting in immedi-
ate and long-term consequences including physical, behavioral, and cog-
nitive problems. Despite the importance of TBI as a major health issue,
our understanding of the underlying cellular and molecular mechanisms
is limited. To unravel these mechanisms, we have developed a model of
TBl in the fruit fly,\n Drosophila melanogaster\n , where we
can apply many powerful experimental tools. The main features of human
TBI also occur in flies, suggesting that the underlying mechanisms are con-
served. Our studies demonstrate the value of a fly model for understand-
ing the consequences of TBI and may ultimately enable development of
therapies for their prevention and treatment. Traumatic brain injury (TBI
as a way of delivering full body TBIs to many flies simultaneously (Fig-
ure 3). In this model, flies are subjected to a repeated number of strikes to
achieve injury through rapid acceleration and deceleration within a vial.

We can use fruit flies to model TBI in mammals because many injury
outcomes seen in mammalian TBI models are reproducible in flies. Some
of these characteristics include acute death, shortened lifespan, and decline
in locomotor activity. In flies that received a TBI with the HIT device, acute
mortality was increased and flies had a significantly shorter lifespan and
worse locomotor impairment (Delventhal et al., 2022; Katzenberger et al.,
2013)resulting in immediate and long-term consequences including phys-
ical, behavioral, and cognitive problems. Despite the importance of TBI as
a major health issue, our understanding of the underlying cellular and mo-
lecular mechanisms is limited. To unravel these mechanisms, we have de-
veloped a model of TBI in the fruit fly,Drosophila melanogaster, where we
can apply many powerful experimental tools. The main features of human
TBI also occur in flies, suggesting that the underlying mechanisms are con-
served. Our studies demonstrate the value of a fly model for understand-
ing the consequences of TBI and may ultimately enable development of
therapies for their prevention and treatment. Traumatic brain injury (TBL
In other studies that looked at head-specific delivery of repeated mild TBI,
injured flies showed a smaller increase in acute mortality, indicating TBI
severity was indeed mild (Behnke et al., 2021). However, they still found
significant deficits in lifespan and long-term locomotor ability in injured
flies (Behnke et al., 2021). Additionally, other TBI-induced pathologies
found in humans that are reproducible in flies include increased sensitivi-
ty to TBIL in older flies, activation of the innate immune pathway, increased
phosphorylation of Tau protein, and immediate ataxia (Barekat et al., 2016;
Corrigan et al., 2014; Friedan et al., 2015; Kalmbach et al., 2018; Katzen-
berger et al., 2013)2018; Katzenberger et al., 2013. Injured flies also show
increases in vacuolization, which is used as a measure of whole-brain neu-
rodegeneration (Behnke et al., 2021; Bower et al., 2003; Fleminger, 2003).

Like in humans, TBI has also been found to cause sleep dis-
ruption in flies. Mild TBI given to flies caused sleep-maintenance in-
somnia, or more fragmented sleep, one week after injury (Barekat et
al., 2016)there has been a growing appreciation that even repetitive,
milder forms of TBI (mTBI. Also after injury, flies showed alterations
in their circadian locomotor activity, where injured flies showed no
rhythmic activity pattern (Barekat et al., 2016)there has been a grow-
ing appreciation that even repetitive, milder forms of TBI (mTBL

1.7 Modeling sleep in D. melanogaster

Like TBI, we can also use flies as a model to study sleep. Al-
though sleep is found in nearly all organisms, the behavior can look dif-
ferent across the animal kingdom (Cirelli & Tononi, 2008). A study by
Hendricks et al. (2000) proposed a list of criteria for an inactive state in
flies to be considered sleep-like or synonymous to sleep in humans. The
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criteria included rhythmically controlled periods of uninterrupted immo-
bility, a posture or resting place specific to a species, a higher difficulty
becoming aroused or alert, and a homeostatic regulated period of rebound
sleep in response to longer periods of wakefulness (Hendricks et al., 2000).

These criteria can be seen fulfilled when considering the sleep-
ing behavior of other animals, including humans. A circadian pace-
maker rhythmically controls the timing and consolidation of our sleep-
ing periods, sending signals to initiate sleep at night and to promote
wakefulness during the day (Dijk et al., 1999). Humans take up a typi-
cal horizontal position when sleeping, with the most common position
being sleeping on our sides (Skarpsno et al., 2017). While we sleep, we
become less responsive to stimuli unless they reach above our arous-
al threshold (Berry & Gleeson, 1997). Arousal stimuli can range from
external, like an alarm clock, to internal, such as lack of oxygen in indi-
viduals with sleep apnea (Berry & Gleeson, 1997). Finally, during long
periods of wakefulness, our homeostatic regulator builds up a higher
sleep pressure and we subsequently exhibit longer sleep duration in the
form of rebound sleep to make up for the sleep loss (Dijk et al., 1999).

Detailed observations of resting behavior in flies indicated that flies
met these same criteria for a sleep-like state. The number of resting flies at
a time followed a rhythmic pattern, with a peak during the subjective night
and an increase in activity at the start of the subjective day. Resting flies
took up a specific posture, usually turning away from their food supply in
a prone or supported position, and had small, sporadic movements of their
proboscis, abdomen, or extremities that were not recognized as a patterned
motor behavior. Resting flies were not disturbed by awake flies that ran into
them and were not awoken by light mechanical stimulus created by tapping
on the vial, indicating a higher arousal threshold. Finally, after a period of
sleep deprivation, the number of sleeping flies increased. Evidence of re-
bound sleep in flies after periods of sustained wakefulness suggest the pres-
ence of a homeostatic regulatory mechanism in flies (Hendricks et al., 2000).

Such observation of flies” resting behavior showed all criteria were
fulfilled to consider rest in flies a sleep-like state. With a circadian sleep
and activity pattern, characteristic resting posture, decreased responsive-
ness to stimuli, and rebound sleep after deprivation, sleep in flies can be
considered analogous to that of mammals (Hendricks et al., 2000). In addi-
tion to meeting the criteria for a sleep-like state, flies also showed similar
responses to stimulants as seen in humans (Hendricks et al., 2000). Sleep
decreased after flies consumed caffeine, and feeding flies an adenosine
agonist, cyclohexyladenosine (CHA), increased their sleep (Hendricks et
al., 2000). Numerous studies have used flies to examine sleep behavior
and sleep related phenomenon, solidifying flies as a model organism to
study sleep (Allada et al., 2017; Koh et al., 2006; Robertson & Keene, 2013).

1.7.1 A genetic basis for sleep in D. melanogaster

Certain genes in the fly genome have been identified as sleep reg-
ulating genes. Forward genetic screens have identified a series of fly mu-
tants that display shortened sleep duration while maintaining their circa-
dian rhythm. For example, a loss-of-function mutation of the gene sleepless
has been shown to decrease sleep in flies by dysregulating nicotinic acetyl-
choline receptors (nAChRs) and the potassium ion channel Shaker (Wu et
al., 2014)the molecular basis of its control is still largely a mystery. We pre-
viously showed that the quiver/sleepless (qvr/sss. Similarly, mutations of
the genes fumin, an allele for the Drosophila dopamine transporter, and redeye,
which encodes for a nAChR subunit, also result in shortened sleep in flies
(Kume etal., 2005; Shi et al., 2014)but the underlying molecular mechanisms
are not well understood. It has been reported that the Drosophila rest/ac-
tivity cycle has features in common with the mammalian sleep/wake cycle,
and it is expected that use of the fly genetic model will facilitate a molecular
understanding of sleep and arousal. Here, we report the phenotypic char-
acterization of a Drosophila rest/activity mutant known as fumin (fmn.

Flies with a mutation of the gene insomniac (inc) also display a
shorter sleep duration (Stavropoulos & Young, 2011). Inc encodes for an
adaptor of the Cullin-3 ubiquitin ligase complex, which is an important
part of the protein degradation process (Stavropoulos & Young, 2011).
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When using a knockout mutation, where the gene is eliminated from the
genome, one study found inc mutant flies had a reduction of sleep to less
than 350 minutes per day compared to more than 900 minutes per day
in control flies (Stavropoulos & Young, 2011). The study also found that
when using an RNAi knockdown of inc, where expression of the gene is
just reduced, sleep was shortened to the same degree as knockout mutants
only when inc was knocked down in the neurons of flies (Stavropoulos
& Young, 2011). Additionally, restoring inc function in knockout mutants
subsequently rescued normal sleep-wake behavior, suggesting prop-
er inc function is necessary for normal sleep duration. Importantly, no
other morphological or behavioral changes in inc knockdown mutants
were found, indicating the inc gene is only involved in sleep regulation
(Stavropoulos & Young, 2011). Manipulation of the expression of sleep
regulating genes like inc has been used in previous literature to manip-
ulate sleep and study the effect of sleep loss in flies (Hill et al., 2018).

1.8 The current study

The currently study aims touse D. melanogasterasamodel toinves-
tigate the role of oxidative stress in the potential bidirectional relationship
between TBI and sleep. This study also aims to examine how antioxidants
could be protective or detrimental to TBIrecovery and sleep following injury.

To do this, I first looked at how TBI affected sleep homeosta-
sis over time by measuring changes in sleep phenotypes across differ-
ent time points after TBI delivery. I measured sleep duration (total time
spent asleep) and sleep fragmentation (frequency and length of sleep
bouts) in flies with and without TBI. Based on previous data in both hu-
mans and flies (Barekat et al., 2016; Imbach et al., 2015; Kalmbach et al.,
2018; Verma et al., 2007)2015; Kalmbach et al., 2018; Verma et al., 2007, I
expected to see significant changes in sleep homeostasis in injured flies,
including sleep fragmentation and sleep duration. Changes in sleep af-
ter TBI would indicate that TBI-induced damage disrupts important ho-
meostatic regulators of sleep. Indeed, I found that in the short-term, at
48 hours and 1 week post-TBI, flies” sleep was more fragmented. How-
ever, in the long-term, 2 and 4 weeks post-TBI, flies progressed to seep-
ing more, suggesting that sleep disruption after TBI changes over time.

To further examine the potential bidirectional relationship be-
tween TBI and sleep, Ilooked at whether sleep has a protective or detrimen-
tal effect on TBI outcomes. To accomplish this, I gave a TBI to short-sleep-
ing flies with a genetic neuronal knockdown of the sleep-regulator gene
inc (Figure 6A) (Stavropoulos & Young, 2011). After TBI delivery, I mea-
sured acute mortality as a readout of TBI recovery. To our knowledge,
no previous research has investigated how manipulating sleep prior to
TBI affects recovery in flies. However, studies on humans show that sleep
problems prior to TBI resulted in worse recovery after injury (Kalmbach et
al., 2018). Therefore, I expected to see worse TBI recovery in short-sleeping
flies, represented by higher acute mortality. Indeed, I found acute mor-
tality after TBI to be significantly higher in short-sleeping flies. Higher
acute mortality in short-sleeping flies suggests sleep has a protective effect
against TBI consequences while sleep loss is detrimental to TBI recovery.

Finally, to investigate how oxidative stress and ROS accu-
mulation may play a role in TBI recovery and if TBl-related oxidative
stress contributes to the changes in sleep homeostasis we see after in-
jury, I manipulated the expression of the antioxidant gene SOD?2 in the
neurons of flies. Genetic knockdown and overexpression of SOD2 were
used as a method of increasing and decreasing ROS levels, respectively.
In using this method, we assume that a decrease in neuronal SOD2 ex-
pression would increase ROS levels in the brain and overexpression of
neuronal SOD2 would decrease ROS (Figure 7A,8A). I hypothesized that
flies with neuronal SOD2 knockdown would have worse TBI outcomes
and would sleep more as a result of a heightened need to clear accumu-
lated ROS. I also predicted that flies with neuronal SOD2 overexpression
would have better recovery from TBI and would sleep less due to lower
ROS levels. Data supporting these theories would suggest that oxidative
stress is detrimental to TBI recovery and is the molecular basis for why
TBI causes sleep disruption in injured flies. Such data would also show
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that antioxidants are protective against TBI and prevent sleep disruption
from occurring after injury. However, I found that SOD2 overexpression
was detrimental against TBI outcomes while SOD2 knockdown showed
no significant effect. I also found that altering SOD2 expression had a
disruptive effect on sleep. While these results did not align with what
I predicted, they do suggest that neuronal expression of SOD2 and the
levels of ROS in the brain have an influence on TBI outcomes and sleep.

2. METHODS AND MATERIALS
2.1 Drosophila strains and husbandry

Male flies were used in all sleep, lifespan, and locomotor as-
says. Wildtype w'® iso31 flies were used for sleep characterization after
TBI. To obtain a short-sleeping fly using RNAi knockdown of insomniac
(inc) in neurons, female virgin flies with the pan-neuronal driver elav-
Gal4 were crossed with male flies carrying the UAS-incRNAi transgene.
Parental controls were obtained by crossing the elav-Gal4 driver and
UAS-incRNAi lines with their wildtype background line that they were
outcrossed to, wiso31. Similarly, for RNAi knockdown of SOD2, the
elav-Gal4 driver line was crossed with UAS-SOD2RNAi and each were
crossed to wiso31 for parental controls. For SOD2 overexpression lines,
the elav-Gal4 driver line was crossed with flies carrying the UAS-SOD2
transgene and parental controls were obtained by crossing each to wiso31.

All flies were raised and kept on prepared glucose medium (Archon
Scientific) for Drosophilaand housed inincubators (Percival Scientific) at25°C
witha12h:12hlight:dark diurnal cycle. Male and female flies were permitted
to mate for up to 72 hours post-eclosion before being separated, after which
only male flies were kept and transferred to fresh food every 48-72 hours.

2.2 Traumatic brain injury delivery and conditions

TBI delivery was conducted using an adapted version of the
high-impact trauma (HIT) device developed by Katzenberger et al. (2013)
resulting in immediate and long-term consequences including physical, be-
havioral, and cognitive problems. Despite the importance of TBI as a major
health issue, our understanding of the underlying cellular and molecular
mechanisms is limited. To unravel these mechanisms, we have developed
amodel of TBL in the fruit fly,\n Drosophila melanogaster\n ,
where we can apply many powerful experimental tools. The main features
of human TBI also occur in flies, suggesting that the underlying mecha-
nisms are conserved. Our studies demonstrate the value of a fly model for
understanding the consequences of TBI and may ultimately enable devel-
opment of therapies for their prevention and treatment.\n \n ,\n
\n Traumatic brain injury (TBI (Figure 3). The adapted device con-
sisted of a wooden frame with a metal spring attached, to which a plastic,
shatter-resistant vial was tightly fitted to one end using Velcro tape. At
rest, the vial sat on a foam pad that was level with the bottom of the wood-
en frame. To give a TBI, or deliver strikes, each vial was loaded with 40-45
flies and attached to the end of the spring. Using a handheld quick release
archery trigger, a string was used to pull the spring back to a specified
deflection angle of 90°. Once the vial was resting against a metal rod posi-
tioned at 90°, the quick release trigger was opened, releasing the string and
the spring, and the vial slammed against the pad, delivering one strike.
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Figure 3. High-impact trauma (HIT) device. A. Engaged position
immediately prior to strike. The loaded HIT vial (flies are not present in
this example) is attached to a spring. A string is used to pull the spring
back until it rests against a rod placed at a 90° deflection angle. B. Resting
position immediately after strike. The HIT vial smacks onto a pad, caus-
ing the flies to ricochet within the vial. Adapted from Kuklinski senior
thesis (2023).

2.3 Acute mortality index

The acute mortality index (MI) was calculated by dividing
the number of flies dead in each vial within 24-48 hours after HIT by
the total number of flies in the vial and converting to a percentage (see
equation below). Dead flies were excluded from subsequent experi-
ments. and the remainine flies were maintained bv transferrine to fresh

Number of dead flies
Total number of flies

Acute mortality = x 100

2.4 Sleep assay

Sleep analysis was obtained by measuring flies” activity using
Drosophila Activity Monitors (DAMs) (TriKinetics, Inc). The DAMs al-
lowed for the activity of individual flies to be monitored continually for
a desired period of time. Each DAM contained 32 channels, into each of
which a small 5mm tube containing a single fly was inserted (Figure 4).
One end of each vial contained glucose growth medium sealed from the
outside using wax and the opposing end was closed off using a small
segment of yarn. DAM vials were typically prepared the same day flies
were loaded, but in some instances, vials were prepared 1-2 days before
and kept refrigerated with a plastic wrap covering to prevent medium
from drying out. Refrigerated vials were left at room temperature for at
least 10 minutes before flies were loaded to prevent sudden exposure to
a chilled environment. Upon loading, the vials were secured with a rub-
ber band to prevent the vials from shifting or falling out of the DAM.
Then DAMs were placed in a 25° C incubator and connected to a com-
puter running DAMSystem3 software (TriKinetics, Inc) to record activi-
ty data. Activity data was summed into 1 minute bins for each channel
for analysis. Channel files were analyzed using PHASE (Phase, Activity,
and Sleep under Entrainment), a MATLAB-based program developed by
Persons et al. (2022). In Drosophila, one bout of sleep is characterized as
at least 5 minutes of inactivity (Shaw et al., 2000). Based on this, PHASE
analysis produced the total sleep duration, number of sleep bouts, and
the average bout duration for each day as well as during day and night.
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Figure 4. Drosophila Activity Monitor (DAM) (TriKinetics, Inc). A
single monitor with 32 ports is loaded with 5mm tubes each containing
a single fly. The monitor sends an infrared (IR) beam through the cen-
ter of each tube. Each time a fly crosses the beam it is counted as a beam
break by the DAMSystem 3 software (TriKinetics, Inc). Activity is mea-
sured based on the number of beam breaks within 1 minute for a single fly.

All sleep assays were conducted for a total of 8 days, with the first
and last partial days excluded from analysis because they did not repre-
sent a full 24-hour period. Therefore, each dataset included sleep data from
6 full days (144 hours), beginning at the start of “lights-on” in the 12h:12h
L:D cycle. Flies that were found dead after the 8 days were excluded from
analysis. For sleep after TBI in wiso31 flies, sleep was measured 48 hours,
1 week, 2 weeks, and 4 weeks after TBI delivery (Figure 5A). Sleep analy-
sis was performed on uninjured elav>incRNAi flies 4 days post-eclosion to
confirm the short-sleeping phenotype prior to TBI delivery (Figure 6B). All
other sleep experiments were conducted at 1 week after TBI (Figures 7,8).
2.5 Lifespan assay

Starting 48 hours after TBI delivery, vials containing 15-40 flies
were transferred to new vials containing fresh food medium every 2-3
days. During each transfer, the number of dead flies was recorded.

2.6 Locomotor assay

Vials containing 10-30 flies were transferred to empty vials without
the use of CO, exposure. Another empty vial was secured atop using trans-
parent tape to create a 20 mm high climbing vial. Flies were allowed to ac-
climate within the climbing vials for 10 minutes prior to the locomotor task
while the vials were positioned on their sides. For the assay, 5-7 climbing vi-
als ata time were secured vertically in a clear plastic apparatus within which
humidity and temperature were maintained between 20-23°C and 40-60%
relative humidity. If the initial relative humidity was below 45%, a damp
paper towel was placed inside the apparatus to raise the humidity within.

In the beginning of the assay, the apparatus was tapped down firm-
ly against a padded surface at least 5 times to gather the flies at the bottom
of the vial. Flies were allowed to climb up the vials for 75 seconds before
being tapped down again. The apparatus was tapped down a total of 5
times over the course of 6 minutes. Video recordings of each experiment
were made for later analysis. After the assay, climbing vials were removed
and flies were briefly anesthetized with CO, to allow for the total number
of flies in each climbing vial to be recorded. Flies were then immediately
transferred to new vials containing fresh food medium. Locomotor activ-
ity of the same cohort of flies was measured at 48 hours, 2 weeks, and
4 weeks after injury. Video recordings of each assay were manually an-
alyzed to count the number of flies that climbed past the halfway point
on the vial, about 10 mm, in 20 seconds. Locomotor ability was quanti-
fied by calculating a percentage of flies that were at the halfway point or
above (pass rate), and then averaged across the five trials for each vial.

2.7 Statistical analyses

Statistical analyses were performed by GraphPad Prism (ver-
sion 10.2.1). Acute mortality index in wiso31 flies was analyzed using an
unpaired f-test. All other acute mortality index analyses used a Two-Way
ANOVA with a Tukey’s multiple comparisons test for post-hoc analysis in
elav>incRNA flies and Sidak’s multiple comparisons test for post-hoc anal-
ysis in elav>SOD2 and elav>SOD2RNA! flies. The type of post-hoc analysis
used for acute mortality index was based on the number of genotype condi-
tions included in the analysis (3 conditions for elav>incRNA!i flies and 2 for
elav>SOD?2 and elav>SOD2RNAI). Sleep duration, bout number, and aver

age bout duration after TBI were analyzed using a Two-Way
ANOVA, and post-hoc analysis was obtained through a Siddk’s multiple
comparisons test for wiso31 flies and an Uncorrected Fisher’s LSD test for
elav>SOD2 and elav>SOD2RNA:i flies. Here, the type of post-hoc analy-
sis used was based on the type of comparisons made across conditions
(only between injury conditions for wiso 31 flies, across injury and gen-
otype conditions for elav>SOD2 and elav>SOD2RNA; flies). Addition-
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ally, sleep duration in uninjured elav>incRNAi flies was analyzed us-
ing an unpaired #-test. Lifespan data were analyzed with a Mantel-Cox
long-rank test. Climbing data were analyzed using a Two-Way ANO-
VA with a Tukey’s multiple comparisons test for post-hoc analysis.

3. RESULTS
3.1 TBI affects short- and long-term sleep homeostasis

Previous studies show that TBI significantly alters sleep behav-
ior in flies and humans (Barekat et al., 2016; Imbach et al., 2015; Kalm-
bach et al., 2018; Verma et al., 2007)2015; Kalmbach et al., 2018; Verma
et al,, 2007. I wanted to see how sleep homeostasis changed over time
following a TBL In order to test this, I induced TBI in wildtype flies
and measured sleep duration, bout number, and average bout du-
ration at 48 hours, 1 week, 2 weeks, and 4 weeks post-TBI (Figure 5A).

Injured flies had significantly increased acute mortality, which
is expected (Figure 5B). At 48 hours and 1 week post-TBI, injured (TBI)
flies slept for the same amount of time on average as uninjured control
flies, but injured flies had significantly more bouts and shorter bout du-
ration, indicating higher sleep fragmentation (Figure 5C,D,E). However,
by 2 and 4 weeks post-injury, TBI flies display significantly longer sleep
duration. No significant difference in number of bouts or bout duration
was found between TBI and NH flies at 2 weeks post-TBL. However, at
4 week post-TBI, TBI flies had significantly fewer bouts and longer bout
duration, indicating higher sleep consolidation. These findings show
that TBI alters sleep homeostasis, but that the effect changes over time.
Injured flies have more fragmented sleep in the short-term and prog-
ress to having longer, more consolidated sleep in the long-term. Giv-
en the evidence that TBI causes changes in sleep homeostasis, I want-
ed to know if altered sleep prior to TBI had an effect on TBI outcomes.
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Figure 5: TBI disrupts sleep behavior over time. A. Experimental
timeline depicting flies collected within 0-2 days of age, males separat-
ed 24 hours later, injured at 5 days of age, and sleep assays conducted
at 48 hours, 1, 2, and 4 weeks later. B. Acute mortality of flies used in the
following sleep analysis; uninjured controls (NH) are marked in gray,
injured flies (TBI) are marked in blue. TBI flies had significantly higher
acute mortality than uninjured control flies, p < 0.0001, as analyzed by a
Welch's corrected unpaired t-test to determine the effect of injury on acute
mortality. Sample size was 19-20 vials of 30-45 flies per condition. C. Av-
erage total sleep duration per 24 hours at 48 hours, 1 week, 2 weeks, and
4 weeks post-TBI. Sleep duration was not significantly different between
TBI and uninjured flies at 48 hours and 1 week post-TBI, but was signifi-
cantly increased at 2 weeks (p < 0.01) and 4 weeks (p < 0.001) post-TBI.
Data for all sleep measurements (C,D,E) were analyzed using a two-way
ANOVA to determine the main effect and Sidék’s multiple comparisons
test for post-hoc analysis. Each data point represents an individual fly.
Sample size was 64 flies per condition D. Average total number of sleep
bouts per 24 hours at 48 hours, 1 week, 2 weeks, and 4 weeks post-TBI.
Number of sleep bouts was significantly increased in TBI flies at 48 hours
(p < 0.0001) and 1 week (p < 0.0001) post-TBI compared to uninjured con-
trols. No significant difference in bout number was found at 2 weeks, but
a significant decrease in bout dumber was found in TBI flies at 4 weeks
post-TBL, p <0 .0005. Sleep bouts were quantified as the number of inac-
tive periods lasting at least 5 minutes. E. Average duration of each sleep
bout per 24 hours at 48 hours, 1 week, 2 weeks, and 4 weeks post-TBI.
Average bout duration was significantly shorter in TBI flies at 48 hours (p
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< 0.0001) and 1 week (p < 0.0005) post-TBI when compared to uninjured
controls. No significant difference was found at 2 weeks post-TBI, but at
4 weeks average bout duration was significantly longer in TBI flies, p <
0.0001. Average bout duration was measured in average minutes per bout.

3.2 Short-sleeping flies have worse acute survival following TBI

To further understand the relationship between TBI and sleep, I ex-
amined whethersleep hasa protective or detrimental effecton TBI outcomes.
Previous research indicates that prior sleep problems in patients with TBI
predict worse recovery (Kalmbach et al., 2018). To investigate this relation-
ship in flies, I used the Gal4-UAS system to knockdown the sleep-regulat-
ing gene insomniac (inc) in the neurons of flies, which previous research has
established as a way to obtain short-sleeping flies (elav>incRNAi) (Figure
6A) (Stavropoulos & Young, 2011). The Gal4-UAS system allows us to con-
trol the expression of certain genes in specific tissues. The pan-neuronal
driver elav drives expression of Gal4 which binds to the upstream activat-
ing sequence (LIAS), producing an RNAi transgene downstream that binds
to endogenous inc mRNA, preventing translation of inc in neurons only.

Analysis of sleep duration confirmed short-sleeping phenotype in
uninjured elav>incRNAI flies (Figure 6B). I then gave elav>incRNAi flies a
TBI and quantified injury outcomes by measuring acute mortality 48 hours
post-TBL Short-sleeping flies had a significantly higher acute mortality
than the UAS parental control, but not the Gal4 control, post-TBI. However,
the sample size of Gal4 control flies was much smaller than UAS controls
and there is no significant difference in acute mortality between UAS and
Gal4 parental controls (Figure 6C). These results indicate shortened sleep
worsens TBI outcomes, suggesting sleep has a protective effect against TBL

In addition to acute mortality, I examined locomotor ability as a
measure of TBI outcomes in short-sleeping flies. Elav>incRNAi flies were
also tested in a climbing assay, and I measured the percentage of flies that
climbed halfway up the apparatus (data not shown). However, the sample
size I used to measure locomotor ability was incomplete (1-6 vials of 11-29
flies for each condition). Prior research done in the lab established a sample
size of 10-15 vials as the minimum needed for statistical significance. Subse-
quent repeats of this assay, with a sample size of 10-15 vials, are required for
adequate analysis of how shortened sleep affects locomotor ability after TBL.
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Figure 6: Short-sleeping flies exhibit worse TBI outcomes. A. Neu-
ronal knockdown of the inc gene using incRNAi and the Gal4-UAS sys-
tem. B. Average total sleep duration per 24 hours at 4 days post-eclosion
prior to injury. Short-sleeping flies with neuronal knockdown of inc are
marked in pink, UAS parental controls are in dark gray, and Gal4 pa-
rental controls are in light gray. elav>incRNAi flies had significantly
shorter sleep duration (p < 0.0001), confirming the short-sleeping phe-
notype. Data was analyzed using an unpaired t-test to determine base-
line sleep duration in flies with neuronal inc knockdown. Each point
on the graph represents an individual fly. The sample size was 32 flies
per condition C. Acute mortality index of elav>incRNAi flies post-TBL
Acute mortality was significantly higher in elav>incRNAi TBI flies than
in UAS TBI controls, p < 0.0005. No significant difference in acute mor-
tality was found between elav>incRNAi TBI flies and Gal4 TBI controls
or across uninjured conditions. A two-way ANOVA was used to deter-
mine the main effect and a Tukey’s multiple comparisons test was run for
post-hoc analysis. Sample size was 4-18 vials of 30-45 flies per condition.

3.3 Neuronal SOD2 knockdown leads to sleep fragmentation, but has no
impact on TBI outcomes

My results show evidence of a bidirectional relationship be-
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tween TBI and sleep. Considering prior research connecting ROS to
TBI outcomes and sleep homeostasis, I sought to examine whether
ROS mediates the bidirectional relationship between TBI and sleep.
To investigate how ROS may play such a role, I first looked at how in-
creasing ROS levels affected TBI outcomes. To raise ROS levels, I
knocked down the antioxidant gene SOD2 using the same Gal4-UAS
system and elav driver as previously described (elav>SOD2RNAI)
and measured acute mortality and lifespan post-TBI (Figure 7A).

I found no significant difference in acute mortality following TBI be-
tween elav>SOD2RNA: flies and UAS controls (Figure 7B). Similarly, elav>-
SOD2RNAi had no significant effect on TBI-induced reduction in lifespan
when compared to UAS controls, though the effect neared significance (p =
.089) (Figure 7C). However, uninjured elav>SOD2RNAi flies did have a sig-
nificantly shorter lifespan than UAS control flies. While these results don’t
indicate neuronal knockdown of SOD2 has any major effect on TBI out-
comes, it does suggest that increasing ROS levels in neurons by decreas-
ing expression of SOD2 is detrimental to the long-term survival of flies.

I then looked at how neuronal SOD2 knockdown affected sleep
one week after injury. I first found that sleep duration did not signifi-
cantly differ across injury or SOD2 knockdown conditions (Figure 7D).
However, did I find that elav>SOD2RNAI flies had a significantly high-
er bout number and average bout duration post-TBI when compared
to uninjured flies of the same genotype (Figure 7E,F). This result is con-
sistent with the phenotype observed earlier in wiso31 wild-type flies
where TBI resulted in sleep fragmentation (Figure 5D, E). However, no
significant differences in bout number or average bout duration were
found between injured and uninjured UAS control flies. This is in con-
trast to the sleep fragmentation seen in injured elav>SOD2RNA:i flies.
This result may suggest that ROS levels have an effect on sleep fragmen-
tation, but only in the context of TBL. Considering the effect of neuronal
SOD2 knockdown on sleep fragmentation post-TBI was also found in
wiso31 wildtype flies (Figure 5D,E), an increase in ROS could be an un-
derlying mechanism behind how TBI leads to more fragmented sleep.
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Figure 7: Neuronal SOD2 knockdown has no significant effect on
TBI outcomes but leads to sleep fragmentation after TBI. A. Neuronal
knockdown of the SOD2 gene using SOD2RNAi and the Gal4-UAS system.
B. Acute mortality index of elav>SOD2RNA!I flies used in the following
lifespan and sleep assays. Flies with neuronal knockdown of SOD2 are
marked in green and UAS parental controls are in dark gray. No signif-
icant difference in acute mortality was found across injury and SOD2
knockdown conditions. Data was analyzed using a two-way ANOVA to
determine the main effect and Sidék’s multiple comparisons test for post-
hoc analysis. Sample size was 7-9 vials containing 30-45 flies. C. Lifespan
of elav>SOD2RNA: flies starting at 48 hours post-TBI. elav>SOD2RNAi NH
flies had a significantly shorter lifespan compared to UAS NH control flies,
p < 0.0001. No significant difference in lifespan between elav>SOD2RNAi
TBI flies and UAS TBI controls was found. Lifespan was analyzed using
a Mantel-Cox long-rank test to determine the effect of SOD2 knockdown
between TBI and NH conditions. Each condition is represented by a sam-
ple size of 125-135 flies. D. Average sleep duration per 24 hours at 1 week
post-TBL No significant difference in sleep duration was found across in-
jury and SOD2 knockdown conditions. Data for all sleep measurements
(D,E,F) was analyzed using a two-way ANOVA to determine the main
effect and an Uncorrected Fisher’s LSD test for post-hoc analysis. Each
data point represents an individual fly. Sample size was 32 flies per condi-
tion. E. Average total number of sleep bouts per 24 hours at 1 week post-
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TBI. elav>SOD2RNAi TBI flies had a significant increase in bout number
compared to elav>SOD2RNAi NH flies (p < 0.0001) and UAS TBI control
flies (p < 0.0001). No significant difference in bout number was found be-
tween UAS TBI and NH flies. Sleep bouts were quantified as the number
of inactive periods lasting at least 5 minutes. F. Average duration of each
sleep bout per 24 hours at 1 week post-TBI. Average bout duration was
significantly longer in elav>SOD2RNAi TBI flies than in elav>SOD2RNAi
NH flies (p < .05) and UAS TBI controls (p < 0.0001). No significant dif-
ference in average bout duration between UAS TBI and NH flies was
found. Average bout duration was measured in average minutes per bout.

3.4 Neuronal SOD2 overexpression shortens sleep and worsens TBI
outcomes

To get a more complete understanding of how levels of ROS might
impact the bidirectional relationship between sleep and TBI, I also looked
at the effect of decreasing ROS on TBI outcomes and sleep. To reduce ROS
levels, I used a neuronal overexpression of SOD2 (elav>SOD?2) (Figure
8A). Using the Gal4-UAS system again, I used elav to further drive the
expression of endogenous SOD2 in neurons. Similar to previous experi-
ments, I used acute mortality and lifespan as a measure of TBI outcomes.

Surprisingly, I found significantly higher acute morality fol-
lowing TBI in elav>SOD2 flies than in UAS control flies (Figure 8B).
I also found that lifespan was significantly decreased in both injured
and uninjured elav>SOD?2 flies when compared to injured and un-
injured UAS controls, respectively (Figure 8C). These results sug-
gest that neuronal SOD2 overexpression is detrimental for TBI
outcomes, as seen by higher acute mortality and shorter lifespan.

Given the known protective effect of antioxidants against cellular
and tissue damage (Andreassen et al., 2001; Li et al., 1995), this detrimental
effect of antioxidant overexpression on TBI outcomes is somewhat sur-
prising. However, the impact of antioxidant expression on sleep is also
important to consider. Results from this study as well as others indicate
sleep as a protective factor against TBI. Overexpression of antioxidants,
including SOD2, have also been found to decrease sleep duration (Hill et
al., 2018). Antioxidant-induced changes in sleep homeostasis could dis-
rupt the protective effect of sleep on TBI, leading to worse TBI outcomes.

Considering this, I examined whether neuronal SOD2 overexpres-
sion had an effect on sleep post-TBI. I measured sleep duration, number
of bouts, and average bout duration just at 1 week post-TBI. I found that
sleep was significantly decreased in uninjured elav>SOD?2 flies compared
to uninjured UAS control flies (Figure 8D), confirming prior findings from
Hill et al., 2018 that antioxidant overexpression decreases sleep. Addi-
tionally, only elav>SOD2 TBI flies showed a significant increase in sleep
duration post-TBI, when compared to uninjured elav>SOD2 flies. Elav>-
SOD2 TBI flies also showed a significant increase in bout number com-
pared to both uninjured elav>SOD2 NH flies and injured UAS TBI controls
(Figure 8E). Unlike what we see at one week post-TBI in wild-type flies,
there was no significant difference in sleep bout number or duration be-
tween UAS TBI and NH controls (Figure 8F). A decrease in baseline sleep
prior to TBI due to neuronal SOD2 overexpression could explain why
TBI outcomes were worse in flies with neuronal SOD2 overexpression.
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Figure 8: Neuronal SOD2 overexpression worsens TBI outcomes
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and shortens sleep. A. Neuronal overexpression of the SOD2 gene using
the Gal4-UAS system. B. Acute mortality index of elav>SOD? flies used in
the following lifespan and sleep assays. Flies with neuronal overexpression
of SOD2 are marked in orange and UAS parental controls are in dark gray.
elav>SOD?2 TBI flies had significantly higher acute mortality than UAS TBI
controls, p < 0.0005. No significant difference in acute mortality was found
between elav>SOD2 uninjured flies and UAS uninjured controls. Analy-
sis was done using a two-way ANOVA to determine the main effect and
Sidak’s multiple comparisons test for post-hoc analysis. Sample size was
18-25 vials containing 30-45 flies. C. Lifespan of elav>SOD? flies starting at
48 hours post-TBL. elav>SOD2 TBI flies had a significantly shorter lifespan
than UAS TBI flies, p < .0005. Lifespan of elav>SOD2 uninjured flies was
also significantly shorter compared to UAS uninjured controls, p < 0.0001.
Lifespan was analyzed using a Mantel-Cox long-rank test to determine the
effect of SOD2 overexpression between TBI and NH conditions. Each con-
dition is represented by a sample size of 160-360 flies. D. Average sleep
duration per 24 hours at 1 week post-TBI. Sleep duration in elav>SOD2 un-
injured flies was significantly shorter compared to elav>SOD2 TBI flies (p <
0.005) and UAS uninjured controls (p < 0.005). No significant difference in
sleep duration was found between UAS TBI and uninjured flies. Data for
all sleep measurements (D,E,F) was analyzed using a two-way ANOVA to
determine the main effect and an Uncorrected Fisher’s LSD test for post-hoc
analysis. Each data point represents an individual fly. The sample size was
32 flies for each condition. E. Average total number of sleep bouts per 24
hours at 1 week post-TBI. elav>SOD2 TBI flies had significantly more bouts
when compared to elav>SOD2 NH flies (p < 0.05) and UAS TBI controls
(p < 0.05). No significant difference in bout number was found between
UAS TBI and NH flies. Sleep bouts were quantified as the number of in-
active periods lasting at least 5 minutes. F. Average duration of each sleep
bout per 24 hours at 1 week post-TBIL No significant difference in average
bout duration was found across injury and SOD2 overexpression condi-
tions. Average bout duration was measured in average minutes per bout.

4. DISCUSSION

In the current study, I used D. melanogaster to examine the role of
oxidative stress in the bidirectional relationship between TBI and sleep
homeostasis. I also asked whether ROS has a protective or detrimental ef-
fect on TBI outcomes by altering neuronal expression of a key antioxidant
gene, SOD2. My results show that TBI causes short- and long-term changes
in sleep homeostasis. Injured flies exhibited more fragmented sleep in the
short-term but transitioned to sleeping more in the long-term. I also found
evidence that sleep has a protective effect against TBI-induced acute mor-
tality. Furthermore, manipulating neuronal antioxidant expression showed
differing effects on TBI outcomes. SOD2 overexpression had detrimental
effects on acute mortality and lifespan while SOD2 knockdown showed
no effect on TBI outcomes. Similarly, alterations in neuronal antioxidant
expression had distinct effects on sleep homeostasis. SOD2 overexpression
shortened the sleep duration of uninjured flies while SOD2 knockdown
increased sleep fragmentation in injured flies. Overall, my results show
evidence for a bidirectional effect between TBI and sleep homeostasis. My
manipulations of neuronal antioxidant expression also suggest that levels
of oxidative stress can affect TBI outcomes and sleep post-injury. Howev-
er, further research is required to elucidate the extent to which oxidative
stress plays a mediating role in the relationship between TBI and sleep.

4.1 The relationship between TBI and sleep homeostasis is bidirectional

To begin to understand the relationship between TBI and
sleep homeostasis in D. melanogaster, I measured changes in sleep ho-
meostasis at different timepoints post-TBI (Figure 5A). I found a signif-
icant increase in sleep fragmentation among injured wildtype flies at
48 hours and one week post-TBI (Figure 5C-E). At two and four weeks
post-TBL, however, injured flies no longer had fragmented sleep and in-
stead showed a significant increase in sleep duration. My results clearly
indicate a time-dependent, disruptive effect of TBI on sleep homeostasis
after injury, where flies have more fragmented sleep in the short-term
but progress to sleeping more in the long-term. These results are con-
sistent with prior studies done in humans that show TBI can disrupt
sleep duration and cause sleep fragmentation after injury (Kalmbach et
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al., 2018; Mathias & Alvaro, 2012; Sandsmark et al., 2017; Verma et al.,
2007)2018; Mathias & Alvaro, 2012; Sandsmark et al., 2017; Verma et al,,
2007. However, to my knowledge, no evidence of a time-dependent ef-
fect that produces distinct short-term and long-term changes in TBI-in-
duced sleep disruption has been identified in humans. The results of my
study highlight the question of what molecular changes may occur over
time to cause such progressive changes in sleep homeostasis after TBL.

Such molecular changes could be the result of ROS. As previ-
ously mentioned (see section 1.3.2), ROS is implicated in the immune
system as a nonpathological molecule (Morris et al., 2022). It is possi-
ble that ROS is initially required for the immune response in the short-
term after TBL. This necessary dysregulation of the normal ROS balance
in the brain could dysregulate homeostatic sleep mechanisms, leading
to more fragmented sleep in the short-term. In the long-term, howev-
er, continuously high levels of ROS can lead to oxidative stress and cel-
lular damage (Phaniendra et al., 2015). If sleep is needed to clear ROS,
then perhaps flies with a TBI progress to sleeping more in the long-term
in order to clear the accumulating ROS that’s no longer needed for the
immune response. These fluctuations in ROS levels could be what is
driving the changes in sleep disruption we see over time after TBL

Based on my findings indicating a detrimental effect of TBI
on sleep, I then examined whether sleep had an effect on TBI outcomes.
I used a genetic neuronal knockdown of the insomniac (inc) gene to ob-
tain a short-sleeping fly. After receiving a TBI, injured short-sleeping flies
had a significantly higher acute mortality than injured normal-sleeping
flies (Figure 6C). My result suggests sleep has a protective effect against
TBI outcomes because sleep loss enhanced the detrimental effect of TBI
on acute mortality. This is also consistent with previous studies report-
ing worse function and recovery in TBI patients with prior sleep problems
(Kalmbach et al., 2018). Furthermore, when considering what is going on
molecularly, it is important to recognize ROS as a double-edged sword
with its nonpathological roles and pathological potential. It is possible
that in this case, we decrease sleep to the extent that ROS levels go un-
checked, allowing ROS levels to supersede those required for immune
activation and instead begin to cause cellular damage. This accumulation
of ROS as a result of sleep loss could be what leads to an increase in acute
mortality after TBI. Altogether, my results indicate that the relationship
between TBI and sleep homeostasis in D. melanogaster is bidirectional,
such that TBI disrupts sleep and sleep loss is detrimental to TBI recovery.

4.2 Altering neuronal SOD2 expression affects TBI outcomes
4.2.1 Neuronal SOD2 knockdown does not affect TBI-induced mortality

To examine whether oxidative stress plays a mediating role in
the relationship between TBI and sleep, I first used a genetic neuronal
knockdown of the antioxidant SOD2 to increase the levels of neuronal
ROS. I found that knockdown of SOD2 had no significant effect on acute
mortality after TBI but did significantly shorten the lifespan on uninjured
flies (Figure 7B,C). This is consistent with prior evidence that shows neu-
ronal knockdown of SOD2 in flies shortens lifespan (Martin et al., 2009)
RNAi-mediated silencing of the mitochondrial antioxidant manganese su-
peroxide dismutase (SOD2. I also observed a trend towards a decreased
lifespan in injured flies when SOD2 was knocked down that approached
statistical significance (p = 0.089). Reduced antioxidant levels and oxida-
tive stress have been associated with a vast array of cellular damage and
health consequences (Andreassen et al., 2001; Flynn & Melov, 2013; Leun-
er et al., 2012; Li et al,, 1995). My results showing a lifespan decrease in
uninjured and trending decrease in injured flies with SOD2 knockdown
support a negative effect of ROS on overall health and TBI outcomes.
However, considering this, the lack of effect of neuronal SOD2 knock-
down on acute mortality is surprising. It's possible that in the short-term,
an increase in ROS is not detrimental to TBI recovery. Again, as mentioned
previously (see section 1.3.2), ROS is necessary for important immune-re-
lated functions, like macrophage activation (Morris et al., 2022). Perhaps
decreasing antioxidant expression has beneficial effects in the hours and
days immediately after receiving a TBI by increasing ROS signaling and
ROS-activated components of the immune system (Morris et al., 2022).
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In addition to effects on TBI outcomes, I also found that SOD2
knockdown increases sleep fragmentation in injured flies at one week
post-injury. This phenotype reflects the fragmentation of sleep I found
in wildtype flies after TBI (Figure 5D,E), although I do not observe this
TBI-induced phenotype in the control flies with normal SOD2 expres-
sion, likely due to differences in genetic background between strains.
It's possible that the sleep fragmentation I see 1-2 weeks after TBI is re-
lated to a short-term decrease in antioxidant expression or increase in
ROS production. Unlike previous studies, however, I found no effect
of increased ROS levels on sleep duration (Ikeda et al., 2005). This may
be due to the fact that I only knocked down expression of SOD2 in neu-
rons, and some literature suggests other tissues may have more of an
impact on ROS-regulated sleep than the brain (Vaccaro et al., 2020)2020.

4.2.2 Possible tissue dependent effects of oxidative stress

In this study, I manipulated the expression of SOD2 specif-
ically in neurons. However, some prior research suggests the damag-
ing effects of ROS production and oxidative stress are tissue specific.
A study by Vaccaro et al., 20202020 investigating the effect of sleep
loss on oxidative stress found increases in oxidative stress markers
only within in the gut of sleep deprived flies. No ROS accumulation or
markers of oxidative stress were found in the brain after sleep depriva-
tion. Additionally, overexpression of antioxidants, including SOD2, in
the gut extended the lifespan of sleep deprived flies by almost 30 days.
When the same antioxidants were overexpressed in neurons, sleep de-
prived flies retained their shortened lifespan (Vaccaro et al., 2020)2020.

Such evidence introduces an important concept in the context of
this study. I expected to see increased ROS production in the brain, which
is considered one of the most metabolically active organs, after TBI and
for neuronal ROS accumulation to have an effect on survival. However,
it's possible that an organ regularly exposed to high levels of ROS due
to its high metabolic activity may have a more efficient activation of its
antioxidant mechanisms and stricter regulation over the balance between
ROS and antioxidant levels. Perhaps manipulating antioxidant expres-
sion in the gut would result in more potent effects on not only sleep but
also TBI outcomes. Knocking down SOD?2 in the gut of flies may elicit a
more pronounced detrimental effect on TBI outcomes which we expect
to see considering the damaging effect of ROS (Flynn & Melov, 2013).

4.2.3 Neuronal SOD2 overexpression worsens TBI outcomes

In addition to knocking down SOD?2, I used a different genetic ma-
nipulation to increase SOD2 expression in neurons and reduce neuronal
ROS levels. I found that SOD2 overexpression led to higher acute mor-
tality after injury and shortened lifespan, suggesting a detrimental effect
of SOD2 overexpression on TBI outcomes (Figure 8B,C). Considering
the protective effect of antioxidants like SOD2 against ROS accumula-
tion and oxidative stress, this detrimental effect on TBI was surprising.
Antioxidants have been shown to be important for preventing cellu-
lar and tissue damage, and SOD2 deficiency has been linked with neu-
rotoxicity and cardiac complications (Andreassen et al., 2001; Li et al.,
1995). Antioxidants also possibly play a role in ameliorating the damag-
ing effect of oxidative stress on neurodegeneration (Leuner et al., 2012).

There are various explanations for why SOD2 overexpression has
such a detrimental effect on TBI outcomes. An important consideration
is how SOD2 overexpression affects sleep after injury. When I measured
sleep in flies with SOD2 overexpression one week after they received a
TBI, I found SOD2 overexpression had a significant effect on sleep du-
ration (Figure 8D). Specifically, in uninjured flies with SOD2 overexpres-
sion, sleep duration was significantly decreased compared to injured flies
with SOD2 overexpression. Uninjured flies with SOD2 overexpression
also had significantly shorter sleep duration uninjured flies with normal
SOD2 expression. Such decrease in sleep in the presence of increased
SOD?2 levels supports the Free Radical Flux Theory, which suggests a de-
crease in ROS would subsequently lessen the need for sleep (Reimund,
1994). Importantly, as I and other studies have previously shown, sleep
has a protective effect against negative TBI outcomes (Kalmbach et
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al., 2018; Sandsmark et al., 2017). Therefore, a decrease in sleep as a re-
sult of antioxidant overexpression could prevent sleep from enacting
its protective qualities and consequently lead to worse TBI outcomes.

Higher antioxidant levels are also not always beneficial. Some
studies report that antioxidant supplementation has no effect on health
outcomes or can even worsen health (Poljsak et al., 2013). A meta-anal-
ysis of 19 clinical trials found higher all-cause mortality rates in humans
who consumed high doses of vitamin E supplements, specifically at doses
higher than 150 International Units (IU) per day (Miller et al., 2005)several
trials of high-dosage vitamin E supplementation showed non-statistical-
ly significant increases in total mortality.\nPURPOSE: To perform a me-
ta-analysis of the dose-response relationship between vitamin E supple-
mentation and total mortality by using data from randomized, controlled
trials.\nPATIENTS: 135,967 participants in 19 clinical trials. Of these trials,
9 tested vitamin E alone and 10 tested vitamin E combined with other vi-
tamins or minerals. The dosages of vitamin E ranged from 16.5 to 2000
IU/d (median, 400 IU/d. This dosage is far below the current recommend-
ed upper limit for vitamin E intake per day: 1,100-1,500 IU. Another study
found an association between high mortality risk and common antioxi-
dative supplements, including vitamin B, iron, copper, and magnesium
(Mursu et al.,, 2011)long-term health consequences of many compounds
are unknown.\n\nMethods\nWe assessed the use of vitamin and min-
eral supplements in relation to total mortality in 38 772 older women
in the Jowa Women’s Health Study, mean age 61.6 years at baseline in
1986. Supplement use was self-reported in 1986, 1997 and 2004. Through
December 31, 2008, 15 594 deaths (40.2%. While exogenous antioxidants
may act through different mechanistic pathways than endogenous antiox-
idants like SOD2, these findings raise questions surrounding the possible
adverse effects of antioxidant gene overexpression. Again, as mentioned
previously, ROS at low levels has an important nonpathological role in
vital cell functions, such as cell signaling and immune response regula-
tion (Valko et al., 2007)e.g. nitric oxide, NO(*. ROS are required for the
activation of immune cells like macrophages and help regulate functions
such as apoptosis, which is necessary for cellular health and development
(Hengartner, 2000; Morris et al., 2022)ROS/RNS production, and the ac-
tivity of cellular antioxidants in the activation and performance of macro-
phages, dendritic cells, neutrophils, T-cells, B-cells, and natural killer cells;
(b. It's possible that high levels of antioxidants disrupt the ROS-antiox-
idant balance that is vital for proper cell functioning. In fact, one study
found transgenic mice that overexpressed intra- and extracellular GSH
peroxidase antioxidants had disrupted thermoregulation and died faster
when exposed to higher temperatures (Mirochnitchenko et al., 1995). In-
terestingly however, transgenic mice that overexpressed SOD1, another
superoxide dismutase like SOD2, showed no change in thermoregulation
(Mirochnitchenko et al., 1995). It's clear that the balance between ROS
and antioxidant levels is delicate. Based on the nonpathological roles of
ROS, especially in immune functions that help respond to TBI-induced
damage, it’s possible that a minimum level of ROS is required for proper
recovery from TBI, especially in the short-term. By overexpressing SOD2
in neurons, such protective functions of ROS could be inhibited. Further
research into how ROS might be necessary for TBI recovery is needed.

4.3 Effects of TBI mimic those of aging

Consequences of TBI often appear to mimic health problems that
occur as a natural consequence of aging. It is possible that TBI causes long-
term health complications by speeding up the aging process. Similar cogni-
tive deficits, neurodegeneration, cardiovascular complications, metabolic
problems, and of course, changes in sleep homeostasis are seen in both TBI
patients and older adults (Dijk et al., 1999; Friedan et al., 2015). Interesting-
ly, this congruent effect on sleep homeostasis was replicated in my study. I
found sleep fragmentation in injured flies in the short-term post-TBI, simi-
lar to the increase in fragmented sleep experienced by humans as they age.

To further investigate this phenomenon, I compared sleep ho-
meostatic phenotypes between injured flies at 48 hours post-TBI (seven
days old) and uninjured flies at four weeks post-TBI (33 days old). To
my surprise, I found no significant difference in sleep bout duration or
bout number (sleep fragmentation) between injured, younger flies and
uninjured, older flies (Supplementary Figure 1). This same effect was
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also seen when I compared injured, younger flies to uninjured, “mid-
dle-aged” flies at two weeks post-TBI (19 days old). These results sup-
port the notion that sleep disruption after TBI is similar to that seen
during aging. This suggests a possible similarity in the mechanisms
that lead to sleep disruption after TBI and that occur during aging.

One such mechanism could be ROS accumulation and oxi-
dative stress. Studies have shown that expression of oxidative stress re-
sponse genes become diminished with age. One study found that adults
over 90 had a 17% decrease in SOD1 levels compared to adults aged
55-59 (Kozakiewicz et al., 2019). Levels of catalase and glutathione per-
oxidase, two other types of antioxidants, also showed a 20% and 27%
decrease between the two age groups, respectively (Kozakiewicz et al.,
2019). Based on the Free Radical Flux Theory, if a function of sleep is to
prevent oxidative stress by clearing accumulating ROS, aging individu-
als or people with a TBI may be more susceptible to oxidative stress if
they experience a loss of sleep. The inability to obtain enough sleep to pre-
vent oxidative stress could lead to further negative health consequences.

4.4 Future studies

In light of the results of this study, future studies are needed to
clarify some aspects of the mechanistic relationship between TBI, sleep,
and oxidative stress. First, I used only one type of mechanism to manip-
ulate sleep in flies which leaves open the possibility that the effects I ob-
served are specific to the underlying mechanism I used to shorten sleep,
rather than broadly reflective of the relationship between sleep and TBL In
this study I obtained short-sleeping flies through a neuronal knockdown
of insomniac (inc) using the Gald-UAS system (elav>incRNAi). I would
like to use other short-sleeping mutants, including sleepless, fumin, and
redeye, to ensure the protective effect of sleep against TBI is not depen-
dent on the RNAi knockdown mechanism and is not related to only inc
expression. The inc gene encodes for an adaptor of the Cullin-3 ubiqui-
tin ligase complex, an important part of the protein degradation process
(Hendricks et al., 2000). It is possible that the effect of inc knockdown on
TBI is tied to the dysfunction of the Cullin-3 adaptor protein and not the
dysregulation of sleep. If the TBI-induced acute mortality of these alter-
nate short-sleeping mutants is not increased relative to their controls,
then the increased acute mortality I saw with neuronal knockdown of
inc may be the direct result of inc gene dysfunction, rather than reduced
sleep. However, if all short-sleeping mutants with different molecu-
lar mechanisms also show an increase in acute mortality after TBI, then
I could more strongly conclude that the loss of sleep itself is detrimen-
tal to TBI outcomes, not the mechanisms by which sleep loss occurs.

Second, I used only acute mortality as a measure of TBI outcome
severity in short-sleeping flies. Since TBI affects not only acute survival but
long-term survival as well (Katzenberger et al., 2013), I would like to exam-
ine the lifespan of short-sleeping flies after TBI. Examining how sleep loss
also affects lifespan after TBI will provide another measure of TBI recovery
and give more insight into the extent of the protective effect of sleep against
TBI outcomes. If the effect of TBI on lifespan in injured short-sleeping flies
is similar to effect seen in flies with knocked down or overexpression
SOD2, more conclusions could be drawn about how oxidative stress medi-
ates the effect of sleep on TBI. Additionally, repeated climbing analysis of
short-sleeping flies after TBI would also demonstrate the effect of sleep loss
on TBI-induced locomotor decline. Considering short-sleeping flies have a
higher acute mortality after TBI, I would expect them to also exhibit a worse
deficit in TBI-induced locomotor decline. This would strengthen the results
of my study by suggesting sleep not only has a protective effect against
TBI in the short-term, but also required for proper TBI recovery long-term.

Third, I aim to investigate how increasing sleep in flies affects
TBI outcomes. Considering sleep loss is detrimental to TBI recovery, per-
haps sleeping more could increase resilience against TBI. I attempted to
address this question by using the dorsal Fan-Shaped body (dFB) Gal4
to drive expression of the neuron-activating bacterial channel (NaChBac)
UAS transgene. This is a known mechanism used to increase sleep in Dro-
sophila by activating sleep-inducing neurons in the dorsal Fan-Shaped
body region of the brain (Hill et al., 2018) (Supplementary Figure 8A,B).
However, dFB>NaChBac flies exhibited extreme abdominal bloating after

Eukaryon

eclosion, which had been anecdotally observed in prior research and is
presumably due to unrelated disruption in fluid homeostasis. When I at-
tempted to give the flies a TBI using the HIT device, the majority of the flies
had ruptured abdomens due to the bloating and died almost immediately.
Too few flies remained alive to continue with the experiment (Supplemen-
tary Figure 8C). Obtaining a healthy, long-sleeping fly through a different
mechanism would allow me to investigate how increasing sleep affects
TBI outcomes. One mechanism to increase sleep that was mentioned pre-
viously is the use of the adenosine agonist, cyclohexyladenosine (CHA)
(Hendricks et al., 2000). Flies that were fed CHA had a significant increase
in sleep while maintaining their normal circadian pattern (Hendricks et al.,
2000). Another alternative mechanism for increasing sleep in flies includes
knocking down Excitatory amino acid transporter 2 only in glial cells (Stahl et
al., 2018). This method only increases daytime sleep, however, so it would
be important to consider how changes in daytime sleep versus nighttime
sleep affect TBI. Another study showed mutant flies with desensitized
GABA receptors had an increase in total sleep duration (Agosto et al.,
2008). However, this increase was small and may not be substantial enough
to have significant effects on TBI outcomes (Agosto et al., 2008). Regard-
less, considering sleep’s protective effect against TBI, we would expect to
see less severe TBI outcomes and better recovery in flies that slept more.

Next, I will examine sleep phenotypes of flies with SOD2
overexpression and knockdown at two and four weeks post-TBI to fur-
ther clarify whether the effect of SOD2 expression on sleep is similar to
that seen after TBL I chose to measure sleep at one week post-TBI in flies
with SOD2 overexpression and knockdown because my work character-
izing sleep after injury showed consistent results at one week post-TBL
However, my results also showed that sleep disruption after TBI changes
over time. In order to continue investigating oxidative stress in relation
to sleep and TBI and see how ROS might affect sleep over time, I would
like to see how sleep changes at two and four weeks post-TBI in flies with
SOD2 overexpression and knockdown. Specifically, I would like to see
whether the transition from fragmented sleep to sleeping more in injured
wildtype flies is also seen in flies where SOD?2 is knocked down or over-
expressed. Similar changes in TBI-induced sleep disruption over time be-
tween wildtype flies and flies with manipulated SOD2 expression could
indicate that ROS is involved in the relationship between sleep and TBI.

Finally, I will measure the expression of antioxidants after TBIL This
will allow me to determine how TBI affects antioxidant gene expression
and from that infer how TBI affects ROS production. As stated previously,
TBI can disrupt antioxidant expression (Bayir et al., 2002; Katzenberger
et al., 2016; Visser et al., 2022). Additionally, sleep loss has been linked
with increases in antioxidant expression (Hill et al., 2018). Using qRT-PCR,
I will measure neuronal expression of various antioxidant and oxidative
stress genes 48 hours after injury. An increase in antioxidant expression
after TBI would indicate that ROS production is elevated after injury. In
addition to measure antioxidant expression, directly examining the levels
of ROS in the fly brain after TBI is important to see how TBI directly leads
to ROS production and accumulation. ROS molecules are inherently diffi-
cult to detect due to their unstable nature. However, previous studies have
used dihydroethidium (DHE), which normally fluoresces blue but emits
red fluorescence when oxidized by ROS, to directly measure ROS levels
(Vaccaro et al., 2020)2020. Directly quantifying ROS levels in the brain
would allow me to more accurately measure how TBI affects ROS accumu-
lation. This investigation is vital for a full understanding of how ROS and
oxidative stress may play a role in the relationship between sleep and TBI.

4.5 Alternative explanations

While previous literature provides solid evidence linking oxida-
tive stress to both sleep homeostasis and TBI, it is possible other mecha-
nisms play an influential role in the relationship between TBI and sleep. As
mentioned previously, sleep is governed by both homeostatic regulation
and the circadian rhythm (Dijk et al., 1999). It is possible that, in addition to
homeostasis, TBI causes changes to circadian regulation which subsequent-
ly disrupts sleep. In fact, one study found that the normal, diurnal oscilla-
tion in expression of the circadian clock genes Clock and Per2 was absent in
human TBI patients (Zhanfeng et al., 2019). Overall expression of Clock and
Per2 was also decreased after TBI (Zhanfeng et al., 2019). Another study
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also found alterations in the timing and decreased expression of circadian
clock genes Clock, Perl, and Per2, in mice given a TBI (Korthas et al., 2022).
These findings suggest TBI has a disruptive impact on the diurnal pattern
of circadian clock gene expression which is vital for proper circadian reg-
ulation. Circadian dysfunction can lead to problems initiating and main-
taining sleep, which can lead to further TBI complications (Korthas et al.,
2022). Importantly, disrupted circadian gene expression has been shown to
affect the innate immune system (Jerigova et al., 2022). TBI also activates
the innate immune system, which is an important part of the body’s re-
sponse to the damage brought about by TBI (Katzenberger et al., 2013). De-
pletion of circadian genes has been associated with increased white-blood
cell recruitment, and mice with depletion of the circadian gene Bmall had a
higher risk of developing inflammatory-related diseases (Huo et al., 2017;
Nguyen et al., 2013). Disruption of the innate immune system as a result of
circadian dysfunction could prevent the immune system from properly re-
sponding to TBI-induced damage, leading to further health complications.

However, some studies suggest that TBI is not strongly asso-
ciated with circadian rhythm. In mice with a TBI, no change in circa-
dian behavior (wheel-running) was found despite having a decrease
in circadian clock gene expression (Korthas et al.,, 2022)severity and
pathology have different sleep and circadian rhythm disruptions,
we performed a detailed sleep and circadian analysis of the high-fre-
quency head impact TBI model (a mouse model that mimics sports-re-
lated head impacts. Additionally, in human TBI patients, no disrup-
tion of rhythmic melatonin production was observed, despite TBI
patients having more decreased, fragmented sleep (Duclos et al., 2019).

Regardless, it's possible that TBIinduces disruption of circadian clock
gene expression, which can contribute to sleep problems and further TBI-re-
lated health consequences. However, circadian dysregulation is likely not
the only factor that causes the changes in sleeping behavior we see after TBL

Additionally, when considering sleep problems in humans
with TBI, it's important to consider how sleep problems in TBI patients
could be caused by other injury-related consequences that are not a di-
rect result of brain damage or gene expression alterations. Collateral dam-
age to the neck, back, or other parts of the body that occurred during the
TBI-inducing event can often result in pain which can interfere with sleep
(Paolicchi et al., 2000). Pain medications such as opioids given after in-
jury can also cause sleep disruptions (Robertson et al., 2016). While the
effect of pain and medication use on sleep in TBI patients is important to
consider, these factors highlight aspects of the relationship between sleep
and TBI that are established in model organisms, such as D. melanogas-
ter, but are not generalizable to a human population. Fruit flies have no-
ciceptors, receptors required for encoding stimuli related to pain or tissue
damage (Boivin et al., 2023). However, whether the subjective experience
of pain in invertebrates like flies is analogous to pain experienced by hu-
mans and other vertebrates remains unclear. Additionally, fruit flies are
not typically exposed to drugs like opioids after a TBI and therefore are
not susceptible to the sleep-disrupting effects of such pharmaceuticals.
Considering my evidence that a bidirectional relationship between sleep
and TBI can be replicated in flies, it is not likely that pain or medication
use is the sole factor mediating the relationship between sleep and TBL

Overall, the generalizability of the bidirectional relationship be-
tween sleep and TBI found in flies to humans should be carefully con-
sidered. TBI induced and controlled in a laboratory setting does not
directly replicate the life events experienced by humans that result in
TBI. Additionally, while sleeping behavior in flies has been shown to be
analogous to sleep in humans, the higher cognitive demands of the hu-
man brain may make humans more sensitive to alterations in sleeping
behavior and TBl-induced neuronal damage (Hendricks et al.,, 2000).

4.6 Conclusions

My study shows evidence for a bidirectional relationship be-
tween TBI and sleep homeostasis in D. melanogaster. I also found evidence to
suggest an effect of neuronal antioxidant expression on TBI outcomes and
sleep post-injury. Further research needs to be done to clarify how oxidative
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stress may play a mediating role in the relationship between TBI and sleep.

Note: Eukaryon is published by students at Lake Forest
College, who are solely responsible for its content. The views ex-
pressed in Eukaryon do not necessarily reflect those of the College.
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