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Abstract

Traumatic brain injury can cause long-term cognitive impairments and psychological symptoms
such as anxiety, depression, as well as sleep disturbances. The orexin/hypocretin system, which
controls feeding, sleep, mood, and reward functions, is affected as a result of TBI. This
disruption can decrease the density of orexin neurons and dysregulate orexin receptor expression.
Abnormal orexin levels and receptor expression may lead to psychiatric symptoms commonly
experienced after TBI, such as sleep disorders including insomnia or excessive daytime
sleepiness, and mood disorders such as major depressive disorder or anxiety. By understanding
how TBI changes the orexin system, we may understand the connection between brain injury and
the onset of sleep disorders, depression, and anxiety. Therapeutic strategies targeting the orexin
system show promise for mitigating post-TBI psychiatric symptoms. Current treatments, such as
orexin receptor antagonists, are being tested for their effectiveness in addressing sleep disorders
after TBI. However, research is needed to progress our current understanding to develop targeted
treatments that could improve outcomes for TBI patients. It may be advantageous to construct an
algorithm that provides information on gender, along with biomarkers for the HPA axis (ACTH,
cortisol, DHEA-S), inflammation and autoimmune disease (interleukins, ESR, CRP), blood
glucose (diabetes), and genetic variant determination of ADH1B and ALDH?2 (susceptibility to
alcohol abuse) in order to determine how aggressive the post TBI orexin modulating therapy
needs to be for that patient to achieve a favorable outcome. Such clinical algorithms, meta-
analyses and more empirical studies are needed to progress our current understanding to develop
patient-specific targeted treatments that could improve outcomes for TBI patients.
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1 Introduction

1.1 Traumatic Brain Injury

A Traumatic Brain Injury (TBI) is one that is
characterized as damage to the brain brought
on by an external force (1). TBI is a significant
problem in the United States, considering that
it accounts for 2.5 million hospitalizations and
deaths as estimated by the Centers for Disease
Control and Prevention (2). A widely used TBI
severity classification system is the Glasgow
Coma Scale, a clinical tool for evaluating
severity by an examination of the level of
consciousness a patient exhibits (3). Moderate
to severe TBI can cause various disruptions in
the normal functioning of the brain, including
alterations in the production of neuropeptides
like orexin (4). These neuropeptides are pivotal
to homeostatic functions such as feeding, sleep,
and reward processing. The long-term effects
of TBI on orexin/hypocretin (hereafter, orexin)
function and its downstream effects on
cognition are not clearly understood, despite
studies showing that 24-65% of post-TBI
patients have cognitive deficits after injury
(5,6). Due to the prevalence of these deficits,
discussing the orexin system as a potential
target for addressing some of the observed
symptoms is relevant. The aim of this review is
to provide evidence for the role of the orexin
system in post-TBI psychiatric deficits and
avenues for future research and clinical
therapeutics.

1.2 Orexin/Hypocretin

Orexin/Hypocretin are peptides produced by
specific neurons found in the lateral
hypothalamus. Orexins A (OXA) and B (OXB)
are both produced from prepro-orexin. OXA
and OXB are also known as hypocretin-1 and-
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2, respectively (13). Orexin receptor 1 (OXR1)
and orexin receptor 2 (OXR2) are the receptors
for these neuropeptides. Compared to OXR2,
the OXR1 receptor has a 100—1000-fold greater
affinity for orexin A, yet both orexin A and B
have similar affinity for the OXR2 receptor
(14). It is believed that the orexins function
mainly as excitatory neurotransmitters (15,16).
Orexin-containing neurons are concentrated
within the hypothalamus but occur widely
throughout the brain, including in the limbic
system (notably the hippocampus and
amygdala), the cerebral cortex, and brainstem
(locus coeruleus and raphe nuclei) (17). They
may have an excitatory effect the
neurotransmission of dopamine, histamine,
serotonin, and acetylcholine, as well as a
mediating function in the neurotransmission of
glutamate and Gamma-AminoButyric Acid
(GABA) (18, 19). Moreover, excitatory or
inhibitory neurotransmitters can be released
onto orexin neurons by afferent neurons to
modify the activity of the former. It has been
found that a number of brain regions, including
the accumbens nucleus shell, bed nucleus of
stria terminalis, infralimbic and prelimbic
cortex, ventromedial hypothalamus,
dorsomedial hypothalamus, and serotonergic
neurons in the raphe nuclei, are known to
directly connect to orexin neurons (20). Orexin
neurons activate nuclei that are thought to

on

promote wakefulness, such as basal forebrain
cholinergic neurons (21,22), raphe serotonergic
neurons (23,24), TMN histaminergic neurons
(25), tegmentum
/laterodorsal  tegmental (21,22).
Dysregulation of the orexin neurotransmitter
pathway has been linked to narcolepsy. Most
narcoleptic patients have orexin levels that are

pedunculopontine
neurons
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low or undetectable (26). Therefore, it is now
known that a decrease in orexin levels may
lead to sleep/arousal disorders. Given the
established link between orexin and narcolepsy
(26), cases of narcolepsy associated with the
Pandemrix® vaccine have been linked to a loss
of orexin (66). A study investigating this
association vaccinated mice during
prepubescence and then with a second injection
of a booster during peri-adolescence. A 60%
decrease in orexin was observed in comparison
to the controls at the 21 day mark following the
booster, thus suggesting that the Pandemrix®
vaccine may modulate orexin expression
during adolescence (66). A mechanism for the
subsequent loss of orexin post Pandemrix®
vaccination and the resulting narcolepsy was
suggested to involve HINIl-specific T cells
targeting orexin-producing
Components of the vaccination or antigens of
the virus were suggested to elicit an immune
response that then activated autoreactive
cytotoxic T cells; which in turn targeted orexin
neurons (68). It was hypothesized that the loss
of orexin after the vaccination occured due to
an immune response triggered by similarities
between the influenza A nucleoprotein in the
Pandemrix® vaccine and an extracellular

domain of OXR2. However, a subsequent

neurons.

study found no specific antibody or immune
responses  against receptors
vaccinated individuals (67). The role of orexin
is clear in many physiological phenomena,
such as in the previously mentioned role in
wakefulness. However, its role in psychiatric
disorders is less known, especially when the
orexin system is dysfunctional.

orexin in

2 Discussion
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2.1 Post Traumatic Brain Injury symptoms
~75% of post-TBI patients
psychiatric diagnosis within the first five years
(7), making it a frequent
Psychiatric symptoms can be debilitating for a

receive a
occurrence.

patient and may lead to worse health outcomes.
It is therefore relevant to discuss psychiatric
symptoms post-TBI in order to develop
strategies for mitigating these negative effects.

Sleep disorders post-TBI, such as Excessive
Daytime Sleepiness (EDS), occur in over 40%
of patients after TBI (8). Psychiatric disorders
such as Major Depressive Disorder (MDD)
also have an increased prevalence. Throughout
the first year after TBI, 33% of patients fit the
criteria for MDD, and 76% of the patients in
this subgroup also commonly exhibit comorbid
anxiety (10). This may suggest a correlation
and/or a carryover of damage that results from
TBI to the development of psychiatric
disorders. These post-TBI changes that may
lead to patients developing MDD therefore also
seem to correlate with comorbid anxiety. In
one study, out of 559 patients with mild to
severe TBI, 53% satisfied the MDD criteria
during the first year after sustaining TBI (11).
The median duration of depression was four
months for individuals who had screened
positive for MDD in the first three months, and
with individuals who were depressed at the
time of the injury excluded, 49% of new
instances of MDD occurred. There was an
association with anxiety as well, since
following a traumatic brain injury, patients
with MDD were more likely than those without
it to have co-occurring anxiety disorders, the
percent being 60% versus 7% respectively (11).
This suggests that a potential correlation
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between  post-TBI  changes and the
development of MDD that co-occurs with
anxiety disorders. Another study including 774
participants post-TBI, found that 56.1% of
them were diagnosed with depression 3 months
after the injury. Comorbid anxiety was also
present in 90.8% of the individuals with
depression (12). These studies collectively
indicate that TBI may have an effect on the
brain's neurobiological systems, which could
lead to a higher prevalence of MDD and
anxiety compared to those without TBI. A
possible reason for this difference may be a
disregulated orexin system, which may disrupt
mood regulation and cognitive functions,
potentially explaining the observed symptoms.
Understanding this connection could lead to
targeted treatments that could correct TBI
associated orexin dysregulation, and that may
improve outcomes for TBI patients.

2.2 Psychiatric disorders
orexin dysfunction

As previously stated, orexin has a role in
wakefulness. Therefore, disorders that are
characterized by abnormally low levels of
motivated arousal such as depression can be
linked to the orexin system (29-32). Thus, it is
important to determine how orexin deficiency

correlating with

may be implicated in the development of
psychiatric disorders.

Orexin  acts as an excitatory
neurotransmitter which regulates the activity of
monoaminergic and cholinergic neurons (17-
19). As such, a cholinergic-monoaminergic
imbalance can be caused by a lack of orexin,
and this primarily affects alertness and other
bodily systems including mood control (27).

mainly
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Irregularities of the orexin system may cause
mood disorders and psychological changes
through several pathways since orexin is also
engaged in stress reactions by stimulating the
Hypothalamus-Pituitary-Adrenal (HPA) axis
(27). The role of the orexins and their receptors
in the development of mood disorders such as
MDD is further the
substantia nigra and the dopaminergic ventral
tegmental nucleus, which important
modulators of emotional activity, connect to
neurofibers from orexin-containing neurons
(28). Decreased orexin levels of those orexin
projection sites were linked to depressive-like
symptoms in one study, as it was shown that
rats exhibiting symptoms of depression had
less orexin in the ventral tegmental area (VTA)
comparison to controls (29). The
hippocampus and amygdala, which are also
orexin projection sites, were found to have
abnormalities in orexin and/or orexin receptor
expression which also correlated with
depressive behavior (30). One study examined
the relationship between orexin and its receptor
mRNA distribution in conjunction with a
forced swim test (FST) immobility. There was
a negative relationship found the
hippocampus between FST immobility and
orexin expression. OXA was expressed less in

reinforced because

arc

in

in

the hippocampus of animals that exhibited
significantly = more depressed behavior.
Additionally, there was a positive correlation
between depressive behavior and OXR1 in the
amygdala (30). These results supported the
hypothesis that orexin was associated with
psychiatric  deficits, particular, with
depression. Reduced levels of orexin were also
observed in the post-mortem assessment of
CSF hypocretin in depressed individuals who

in
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committed suicide, which further linked
depression to a loss of orexin (32). Analysis
performed on CSF OXA indicated that those
with MDD showed significantly decreased
CSF-Orexin levels compared to other suicidal

patients. Severe MDD accompanied by
suicidality may be the end stage of a
hypothalamic  disorder that starts with

hyperactivity of the HPA axis and progresses to
hypoactivation of certain hypothalamic regions
(32). Therefore, the orexin system could play a
role in the symptoms of depressive disorders. A
coincident upregulation in orexin receptor
expression may contribute to the comorbidity
of anxiety that occurs alongside MDD. The
correlation of OXRI1 to anxiety is suggestive
because OXRI1 antagonist SB334867 reduces
anxiety by preventing sodium lactate-induced
freezing, a sign of anxiety akin to panic, in the
defensive burying test performed on rats prone
to panic attacks. It also promoted social contact
and field exploration (33), therefore,
hyperactivity of OXR1 may potentially be
attributed to anxiety symptoms.

Orexin is believed to be primarily a REM sleep
inhibitor (69). The activity of orexin is lowest
at the time of waking and highest immediately
before the start of sleep (70). This coincides
with it being a REM sleep inhibitor, since it
gradually reduces activity throughout the night
as REM sleep increases, which differentiates
orexin from a neurotransmitter that promotes
wakefulness. These observations are consistent
with symptoms of narcolepsy type 1, a disorder
with symptoms that implicate the REM/NREM
ratio. Nocturnal sleep is often disrupted, not
due to increased non-REM sleep but rather due
to an elevation in REM sleep (69) that would
be expected to occur with the loss of orexin
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neurons. Moreover, disordered sleep is
commonly observed in cases of depression, and
can be partly characterized by derepression of
REM sleep, shortened REM latency, a
prolonged first REM period, and increased
REM density (71); this therefore may involve

dysfunction of the orexin system.

Orexin is implicated in autoimmune diseases
such as type-1 diabetes and multiple sclerosis
(72, 73), which raises concerns for the severity
of post-TBI  psychiatric
individuals that present with these diseases. A
study on streptozotocin-injected rats, in a
model for type-1 diabetes, found that
hypothalamic orexin mRNA levels were
significantly reduced in diabetic rats compared
to non-diabetic controls. Furthermore, adrenal
OX1 receptor mRNA levels were elevated in
diabetic rats, while OXR2 was reduced (72).
This suggests a potential link between orexin
signaling within the HPA axis and the
pathophysiology of type-1 diabetes. As such,
the further dysfunction of the orexin system as
a consequence of TBI may lead to more
significant psychological distress in individuals
with type-1 diabetes considering the pre-
existing association of disordered orexin
signaling and this disease. A study using
Experimental Autoimmune Encephalomyelitis
(EAE), a rat model of multiple sclerosis, found
a reduction in the number of orexin-producing
neurons specific ~ regions of the
hypothalamus; these findings suggested that
EAE disrupted the balance between orexin
production and utilization, with orexin being
consumed at a faster rate than it was produced
(73). Similarly to what was discussed with
type-1 diabetes, post-TBI psychiatric disorders

symptoms  in

in
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could be exacerbated by the already occurring
disruption of the orexin system potentially seen
in multiple sclerosis.

Multiple studies have implicated both orexin
hyperactivity (34-36), and the previously
mentioned hypoactivity, in the development of
depressive symptoms. As proposed by
Khairuddin et al. (37), unbalanced levels of
orexin in the brains of clinical and preclinical
subjects, that are either higher or lower than
normal, exhibit depressed behavior. Excessive
or decreased expression of orexin, comparable
to a hormonal imbalance, may play a role in
depressive-like behavior, since
neurotransmitters are examples of signaling
molecules whose concentrations are modulated
within a limited physiological range. However,
there is not a presently known normal
physiological range of orexin activity in
patients with depression or in clinically healthy
individuals (37).

The above mentioned studies strongly suggest
that the orexin system modulates the
pathophysiology of psychiatric disorders, such
as depression. Therefore, it is not unreasonable
to propose that the development of psychiatric
disorders after TBI can be attributed — in part -
to a dysfunction of the orexin system.

2.3 Orexin loss/dysfunction post-TBI

Patients with depression may experience
symptoms of EDS, as well as cognitive
impairment and energy loss. Depression and
sleep - wake disorder symptoms have a close
association  that affects each  other's
development and prognosis (38). Considering
this, a dysfunction in the Orexin system,
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characterized by either increased Orexin
receptor 1 or 2 expression and decreased
Orexin levels, might explain the common
occurrence of sleep disorders, depression, and
anxiety following TBI.

Orexin subject to sexual
dimorphism (74). It has been demonstrated that
adult female rats exhibit elevated levels of
prepro-orexin mRNA in the hypothalamus
(76), and proestrus female rats have a greater
number of orexin-producing neurons in the
lateral  hypothalamus than their male
counterparts (77). Conversely, the expression
of ORX-2 receptor mRNA in the adrenal gland
and ORX-1 receptor mRNA in the pituitary
gland is significantly higher in male rats than in
females (78). Differences in orexin neuron
activity between males and females have also
been observed in post-TBI mice (75). In female

expression is

mice, TBI led to an increase in the size of an
action potential after hyperpolarization, which
was not observed in males. On the other hand,
male mice specifically exhibited a reduction in
the action potential threshold following TBI
(75). These observed differences between sexes
both before and after TBI may lead to
the resulting psychiatric
disorders that are associated with the orexin
system, such as depression, which could
manifest differently in males and females due
to sex-specific variations in orexin signaling.
For instance, orexin A levels in patients with
depression were higher in the brains of
deceased females compared to males, and there
was increased OXR1 mRNA in the frontal
cortex particularly in female rats that were
exposed to chronic mild stress (79). These

distinctions in
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findings may suggest different gender related
psychiatric outcomes.

Based on unilateral left-sided hypothalamic
lesions discovered in three patients with severe
TBI, orexin insufficiency following TBI was
thought to be driven by damage to the
posterolateral  hypothalamus.  Nonetheless,
mean OXA levels were not considerably less
than those of severe TBI patients without
hypothalamic lesions (4). This may suggest that
orexin levels after TBI are influenced by
factors other than direct hypothalamic damage.
For instance, loss of orexin neurons after TBI
could also be due in part to an inflammatory
response to the injury since orexin neurons are
susceptible to neuroinflammation (39). In CSF,
bolus injections of lipopolysaccharide reduce
orexin due to sterile inflammation (40-42),
while activating microglia and triggering an
inflammatory response (43,44). Microglia are
activated as part of the TBI causative
neuroinflammatory state (45-47), and hence,
the effects of lipopolysaccharide-induced
inflammation on orexin-producing
hypothalamic cells in the absence of damage
are somewhat comparable to what is seen in
TBI. Thus, inflammation could mediate the
subsequent loss of orexin neurons seen after
TBI (39).

After TBI, patients are often administered anti-
inflammatory agents to manage inflammation,
and a decrease in orexin levels may further
contribute to this need. In cases of intracerebral
hemorrhage, OXA was found to improve
neurofunctional and modulate
inflammatory responses by upregulating anti-
inflammatory cytokines while down regulating
pro-inflammatory cytokines (80). Similarly, in

outcomes
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a model symptom of rheumatoid arthritis, OXA
demonstrated anti-inflammatory properties by
reducing the secretion of pro-inflammatory
cytokines IL-1B, IL-6, and IL-8, as well as
inhibiting the NF-«kB signaling pathway (81). It
may be inferred that orexin is susceptible to
inflammation (39) but has an anti-inflammatory
effect. A decrease in orexin levels thus could
contribute to the need for further reliance on
anti-inflammatory treatment after TBI.

Several studies have found that a significant
loss of orexin does occur following TBI (4, 39,
48, 49). Thirty out of 31 patients (97%) with
severe traumatic brain injury and seven out of
eight patients (88%) with a moderate traumatic
brain injury in the acute stage (1-4 days) of the
injury showed a significant reduction of OXA
concentrations in the CSF. Of the thirty-nine
patients with moderate to severe TBI, nine had
undetectable CSF OXA (4). This
indicates a significant loss of orexin in the first

levels

few days after TBI. Furthermore, patients with
TBI showed a significant loss of orexin
neurons, according to the autopsy results from
four patients who died between seven and
forty-two days after suffering a severe TBI.
Compared to controls, TBI patients had 27%
fewer orexin neurons (48). More recently,
reduced levels of orexin A were found in the
cytoplasm of hypothalamic neurons in 49
patients whose survival duration extended from
the initial occurrence of TBI to 1.5 months.
Nine instances (18.4%) showed a moderate
reduction in ORXA immunoreactivity, while
seven cases (14.3%) showed a
reduction. In five (10.2%) of the cases, no
neurons were found and there was no
detectable ORXA immunoreactivity in the

Severe
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hypothalamus (49). Both of these studies
suggest that TBI can lead to a decrease in
orexin levels that persist past the acute phase of
TBI, since patients included in the sample had
sustained TBI up to 42 days and 1.5 months
before the data was collected.

OXA levels seem to recover 6 months after
TBI, yet individuals with EDS had CSF orexin
levels that were significantly lower at six
months after traumatic brain injury than those
without EDS (50). The drop in CSF OXA
levels during the acute phase of a traumatic
brain injury, followed by the levels returning to
normal six months later, might be explained by
damage to axons or orexin neurons caused by
TBI, as according to autopsy reports, up to
66% of TBI patients had necrosis, hemorrhage,
or structural abnormalities in the hypothalamus
(51,52). Recovery of orexin levels following
TBI would indicate that other cells that produce
orexin had adapted, but the orexin synthesis of
the surviving neurons may be insufficient in
individuals with increased sleep propensity
following TBI, leading to residually low levels
(53). Therefore, post-traumatic EDS
hypersomnia may be related to insufficient
adaptation by surviving orexin cells (50).

In animal models of TBI, there was also a
decrease in hypocretin-producing neurons.
Mice with moderate TBI 15 days after surgery
had fewer numbers of orexin-producing
neurons in the hypothalamus, as well as having
fewer observed amounts when compared to
orexin-positive cells present after 7 days (39).
Another study showed similar results (54), as
one month following traumatic brain injury,
there was a significant decrease in OXA-
positive cells in the lateral hypothalamus,

or
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further suggesting that TBI may cause a
decrease in orexin neurons. An additional study
did not find loss of orexin neurons, as there
was a slight increase, rather, an activity
impairment was observed. Measures of arousal
were impaired and extracellular orexin release
was disrupted three days after Controlled
Cortical Impact (CCI) induced TBI (55).
Despite there not being a decrease in orexin
neurons, TBI still led to a disruption of the
orexin system. Further studies demonstrated a
disruption in the activity of orexin neurons, as
it was found that there were noticeably fewer
activated orexin neurons in the mice post-TBI

(56).

The effect of TBI on orexin receptors,
specifically OXR1, was observed in two
studies. Firstly, it was found that in the
penumbra after CCI-TBI, elevated OXIR
immunoreactivity increased starting from six
hours after TBI and peaked on the first day
before progressively decreasing from day two
(57). The distribution of OXIR was
predominantly seen in the immediate penumbra
of the injury, but in certain mice, as the injury
progressed, it gradually extended to the
periphery, including the
hippocampal regions (57). In the second study,
there was a significant decrease in the number
of OXR1-positive cells observed 14 days post-
TBI at the injury site compared to controls
(58). The results of the first study suggested an
onset of increased OXR1 activity after TBI that
later began to decrease. The second study
provided results consistent with this decrease,
suggesting that at 14 days post-TBI, OXR1
levels were reduced from baseline.

thalamus and
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The variation observed in the studies may be
due to the time the results were observed
among other factors, however, they still
collectively suggested that the orexin system
may be altered post-TBI, regardless of whether
due to neuronal loss or functional impairment.
These findings are summarized in Table 1. This
alteration may be a potential explanation to
some of the symptoms experienced by patients
after a traumatic brain injury. Considering a
dysregulation of the Orexin system may lead to
psychiatric disorders (37), the elevation of

Review paper

OXR1 immunoreactivity, and the loss of OXA
in those post-TBI could be the explanation for
the comorbidity of increased depression in
conjunction with anxiety. The long-term effects
of these disorders may be attributed to the
orexin system remaining in a dysfunctional
state, as seen in those with EDS post-TBI (50),
or of adapting to the effects of the injury.
Whether the orexin decrease coincides with
OXRI1 upregulation post-TBI is unclear and
warrants further exploration

Table 1. Studies that have collected data on how the Orexin system changes h (hours), d (days),

and m (months) after TBI.

Study Subject Time Data was Orexin system change
collected post-TBI
Orexin peptide | Baumann (4) | human 1d - 4d Decreased OXA in CSF
levels
(OXA) Baumann (48) |human 7d - 42d Decreased OXA seen in hypothalamus
Kousi (49) human lh-1.5m Decreased OXA seen in the cytoplasm of hypothalamic
neurons
Baumann (50) |human 1d - 4d, 6m Decreased OXA levels in CSF 1d - 4d, Normal OXA levels
at 6m for 81% of patients, low for 19% of patients.
Thomasy (39) |mouse 7d, 15d Decrease OXA seen in hypothalamus at both 7 and 15 days
post-TBI (slightly lower at 15d)
Skopin (54) rat 29d Decreased OXA seen in hypothalamus
Willie (55) mouse 3d Small increase in OXA, extracellular Orexin release was
disrupted in hypothalamus
OXR1 Mihara (57) mouse Oh - 7d Elevated OXR1, peaking at day 1, decreasing from day 2
(detected from 6 hours to 2d in surrounding penumbra of
injury, left parietotemporal cortex, which extended to other
brain regions in the non-injured hemisphere days 4 and 7).
Ren (58) rat 14d Decreased OXR1 expression in damaged regions of the brain
(left parietal cortex).

2.4 Clinical outlook on orexin’s role in TBI

Sleep and mood are both commonly disrupted
post-TBI as seen by the prevalence of sleep
disorders such as EDS or insomnia and mood
disorders such as MDD. This makes the orexin
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system a promising target for TBI-related
therapeutic interventions.

There is further research needed to understand
how the orexin system is affected after TBI
before it can be targeted clinically. This is
especially the case with orexin receptors due to
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the current lack of information on their
post-TBI.  Orexin  receptor
antagonists could be used to reduce orexinergic
activity if increased receptor expression or
activation 1s indeed confirmed. One such
antagonist is Suvorexant (MK-4305, Merck),
which functions as a treatment for insomnia
(59). differently
benzodiazepines and nonbenzodiazepines in
that it does not affect GABA. It inactivates
wakefulness rather than encouraging sleep
(13). Therefore, the side effects associated with
conventional insomnia treatment, such as those
frequently linked to benzodiazepines and
nonbenzodiazepines are no longer of concern.
Hence, the chance of rebound insomnia or
physical dependence while using suvorexant
regularly is no longer a risk (59). This
antagonist could be considered for TBI patients
suffering from insomnia as a result of
upregulated orexin receptor expression that
persists for longer periods of time. More
research and clinical trials are necessary to
determine whether this medication can be used
to treat symptoms similar to depression post-
TBI, such as being utilized in the case of
abnormalities in the orexin receptor expression
leading to depressive behavior (30).

expression

Suvorexant acts from

Furthermore, antagonists that selectively inhibit
OXI1R or OXR2 may also have specific
therapeutic benefits. A selective antagonist of
OXR2, Selotorexant; in phase III clinical trials;
showed antidepressant effects in patients with
MDD. The results of the investigation indicated
that Seltorexant at a 20 mg dose was associated
with a clinically significant decrease
depression symptoms particularly in those with
symptoms of insomnia (60). Considering that

in
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insomnia is frequently associated with
depression, OXR2 antagonists could represent
a significant advancement in MDD therapy
options in patients who have not responded
well to existing antidepressant therapy, as they
may be able to provide antidepressant benefits
with a favorable safety profile. Selotorexant
may benefit patients post-TBI who display
symptoms of coexisting insomnia with MDD
due to receptor expression abnormalities as a
result of their injury. Another selective
antagonist of OX1R, INJ-61393215, has been
demonstrated to have anxiolytic effects. 90 mg
of INJ-61393215 showed a significant decrease
in panic induced by CO, as well as in anxiety
symptoms in phase I clinical tests (61), and is
now being tested as a treatment for depression.
It has also been demonstrated that anxiety and
immobility brought on by acute stress were
reduced by blocking OXR1 and OXR2 in the
hippocampus (62). OXR antagonists could
therefore be considered in the case of comorbid
MDD and anxiety, which is often observed
after TBI (11,12).

Receptor antagonists have been evaluated

specifically post-TBI treatment to

normalize sleep homeostatic drive and to

as a

ameliorate posttraumatic epilepsy. A measure
of sleep homeostatic drive is the EEG delta
power (NA) and how it changes depending on
how much time was spent awake or asleep. In
one study, total 24-hour NA increased after TBI
and was then subsequently lowered by DORA-
22 — a Dual Orexin Receptor Antagonist -
treatment. A month-long treatment with the
sleep aid DORA-22 starting from the day of
TBI suppressed chronic posttraumatic seizures
and restored the normal homeostatic oscillation
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of NA (63). Although antiseizure medications
and sleep aids can be used independently to
treat sleep disturbances and seizures, treatment
with DORA-22 after TBI can mitigate both
these complications. This implies targeting the
orexin system as a method of addressing
multiple disorders that arise post-injury.

Despite the significant loss of orexin that
following TBI (4, 48, 49),
administration of orexin and orexin agonist
development has received relatively little
attention. patients with  hypoactive
orexinergic networks, increasing the amount of
orexin available in the extracellular space may
be orexinergic
However, there are currently no studies that
have been conducted on orexin metabolism in
the brain (37). There has been an OXR2
agonist developed (YNT-185, University of
Tsukuba, Japan) and it was able to ameliorate

occurs

In

used to increase levels.

narcolepsy-cataplexy in  mouse
models (64), however, it has not been tested in
clinical trials. Intranasal administration of
OXA is another method of treating orexin
deficiencies and shows promise in mitigating
symptoms of narcolepsy in human patients. In
a study, patients who were administered
intranasal OXA experienced fewer wake-REM
sleep transitions and shorter REM sleep
durations. This provides evidence for OXA’s
role as a stabilizing factor for REM sleep and

symptoms

the ability for it to possibly be used as a
treatment for narcolepsy with cataplexy (65).
Therefore, this method can also treat other
disorders, such as MDD, that may result from
orexin deficiency post-TBI in conjunction with
sleep disorders that arise due to the same
deficiency, such as potentially EDS.
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Orexin receptor antagonists, as well as
potential orexin agonists could be considered
for TBI patients with sleep disorders and
depression. However, further research is
needed to identify the dysfunction of orexin
receptors after brain injury considering the
current lack of preclinical and clinical studies.
Orexin is especially intriguing as a target for
the treatment of TBI, since it could potentially
mitigate several disorders and complications
that arise post-injury, namely MDD and sleep

disorders such as EDS or insomnia.

OXR antagonists have been used in trials as a
treatment for substance use disorders (82,83).
Thus, targeting the orexin system may further
improve outcomes for TBI patients due to the
possibility of decreasing the motivation to
abuse the substances that could otherwise
worsen their psychological symptoms. Beyond
being used as a sleep aid, suvorexant was
investigated to determine its efficacy in
reducing alcohol consumption and stress-
triggered relapse of alcohol-seeking behavior in
rats. It was found that suvorexant was indeed
able to specifically reduce alcohol consumption
in dependent rats and effectively block relapse
of alcohol-seeking behavior (82). Furthermore,
the OXRI1 specific receptor antagonist, SB-
334867 (SmithKline Beecham, UK), was tested
as a treatment for drug addiction via
suppressing seeking behavior. The findings
indicated that SB-334867 was effective in
decreasing the drive to obtain food rewards,
suggesting that OXRI1 plays a role
modulating motivational processes (83). Thus,
the orexin system has potential as a therapeutic
strategy for Substance Use Disorders (SUDs).
Mitigation of these disorders are especially

in
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pertinent in adults with TBI as there is a strong
association between TBI and an increased risk
of alcohol abuse or other SUDs. For instance,
one study found a sixfold increase in alcohol
abuse rates among TBI patients over a 10-year
period (84), and other studies have reported
fold increases as (85,86).
Moreover, MDD and other mood disorders are
also often accompanied by SUDs (87).
Considering this, OXR antagonists could serve
to further alleviate some of the psychological
symptoms post-TBI which may be specifically
exacerbated by, and/or simultaneously drive,
substance use.

several well

Orexin may affect carcinogenesis. There is a
higher risk of certain cancers linked to
insomnia (88), which may be mediated through
immune dysregulation caused by inflammatory
cytokines—IL-6—that are increased in cancer
as well as in sleep disorders (89,90). This
inflammation could be conducive to tumor
development, and long-term exposure to high
IL-6 levels may make it more difficult for the
immune system to identify and destroy cancer
cells due to the interference it may cause in the
equilibrium of inflammatory responses (91).
Therefore, by working to regulate sleep, orexin
antagonists could potentially reduce the risk of
the cancers found to be associated with
insufficient sleep. Orexin’s role in cancer
development and mitigation may be more
direct as well. OXR2 is expressed in a variety
of cancer types (92), and OXR1 is found to be
expressed certain tumors, such as
adrenocortical adenomas, as well (93). OXR-
mediated signaling causes certain tumor cells

in
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to undergo apoptosis, but in other tumor cells,
they enhance proliferative activity (94).
Considering this, OXR antagonists have the
potential to prevent the proliferative effect
mediated by orexin and also encourage the
death of tumor cells. For instance, Almorexant
and Suvorexant caused apoptosis in AsPC-1
cells and also reduced tumor volume (95), and
blocking OXR1 caused pancreatic cancer cells
to undergo apoptosis (96). Further research is
needed to explore the role of orexin in cancer
development, but targeting the orexin system
may contribute to tumor regression.

3 Conclusion

3.1 Hypothesized changes to the orexin system
post-TBI

The frequent development of sleep and
psychiatric disorders after TBI, along with their
common  comorbidities,  highlights  the
importance of understanding their underlying
causes. Changes to the orexin system have
been observed both after TBI, as well as
alongside sleep disorders such as narcolepsy,
and alongside psychiatric disorders such as
MDD or anxiety. Therefore, the purturbances
to the orexin system following TBI elucidate a
potential common mechanism underlying these
psychiatric and sleep disturbances commonly
observed in TBI patients. The exact timeline
for changes to the Orexin system after TBI are
not clearly established, especially for orexin
receptors. However, analysis of the various
studies that have observed the orexin system
post-TBI can provide a relative timeline with
regard to these changes (Figure 1).
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Figure 1. Hypothesized orexin system changes after moderate to severe TBI for patients exhibiting symptoms of

sleep/mood disorders

There have been multiple studies observing
orexin neuron counts after TBI (Table 1), and
there appears to be a significant decrease in
orexin during the acute phase of the injury, that
being from the initial injury to ~ day four.
Orexin remain  decreased
compared to normal levels even at a time point
of 6 months, and could stay this way for longer
due to potentially insufficient orexin synthesis
of surviving neurons that had not adapted (53).
This could be the case for those experiencing
symptoms of EDS and perhaps MDD which
may result from the same deficiency that would
be characterized by the loss of orexin neurons.
In this case, targeted ways to increase the levels
may improve these
symptoms. For orexin receptors, there seems to

ncurons may

of orexin neurons
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be an initial upregulation in OXR1 after the
first few hours following TBI (57), suggesting
a compensatory response to the injury and the
decreased orexin neurons. This later decreases
below normal levels at a time point of 14 days
(58), indicating that this increase in OXRI1
occurs during the acute phase of the injury.
Dual Orexin Receptor Antagonist (DORA)
treatment starting immediately after the injury
might stabilize the increased OXRI1, and
although there are no studies conducted on
OXR2 expression post-TBI, there may be an
increase in OXR2 that persists further past the
acute phase which could then be targeted by
this antagonist. This may be the case as a dual
orexin receptor antagonist, DORA-22, was
used to normalize sleep homeostatic drive (63),
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and could suggest that a dysregulation of
orexin receptors persists up to at least one
month; since that is when the treatment was
tested.

Considering the anxiolytic effect of orexin
receptor antagonists (61,62), a targeted
treatment of OXR antagonists during periods of
increased OXR expression could also help
alleviate the symptoms of anxiety that are often
present in conjunction with MDD and sleep
disturbances after TBI (11,12). Essentially,
understanding the changes in the orexin system
after TBI may provide insight into a possible
mechanism behind the psychiatric and sleep
disorders frequently seen in TBI patients, and
targeting the orexin system at specific time
points may be a viable treatment option for a
number of post-TBI symptoms.

3.2 Perspectives

The system in the
pathophysiology of psychiatric disorders post-
TBI is still relatively unclear, as the exact
progression of changes to the Orexin system is
not known. Yet, understanding these changes
can profoundly benefit both research and
clinical care. A clear timeline of the increase or
decrease of several components of the Orexin
system such as OXR1 and OXR2 receptors
may aid in the understanding of why certain
post-TBI psychiatric disorders develop when
they do, and could inform the development of
targeted treatments. For instance, therapies
could be tailored to stabilize Orexin neuron or
Orexin receptor levels during periods where it
is either abnormally increased or decreased to
improve symptoms of sleep or mood disorders.
As hypothesized, OXRI1 and subsequently
OXR2 levels may be increased post-TBI, and

role of the orexin
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stabilizing the activity with a dual OXR
antagonist may alleviate the symptoms of sleep
disorders that could arise from that
dysfunction; that has been seen to be the case
(63). Ultimately, a detailed timeline of Orexin
system changes could pave the way for more
effective strategies in managing TBI and
improving patient care trajectories.

As seen from previous studies performed on
the orexin system after TBI, there are still
significant  gaps data that impede
understanding the temporal and spatial
progression of changes to the orexin system.
The data on the orexin neuron counts are
relatively more robust, with decreases seen
during the acute phase (1-4 days), two weeks to
a month later, and even partially at a time point
of 6 months. However, a consistent observation
of orexin levels starting from the first or second
day post-TBI to the fourth day, still need
clarity. There are also no studies on OXRI1
beyond a time point of 14 days, which could be
crucial in identifying whether there is an

in

upregulation or decrease in expression or
activity of these receptors and the long-term
effects of their dysregulation. Likewise, there
are no studies on OXR2 as of now. There is a
significant lack of understanding in how these
receptors are expressed post-TBI. Moreover,
the data for the study of OXR1 expression at 14
days only observed OXR1-positive cells at the
site of injury. Therefore, it may also be relevant
to observe the expression of these receptors as
the injury progresses in brain regions
associated with mood. Research into these gaps
can help with understanding how the spatial
and temporal targeting of the orexin system
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post-TBI can be utilized for better outcomes for
patients.

In addition,
construct

it may be advantageous to

algorithm  that  provides
information on gender, along with biomarkers
for the HPA axis (ACTH, cortisol, DHEA-S),
inflammation
(interleukins,

an

and autoimmune  disease
ESR, CRP), blood glucose
(diabetes), and genetic variant determination of

Abbreviations
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ADHI1B and ALDH?2 (susceptibility to alcohol
abuse) in order to determine how aggressive
the post TBI orexin modulating therapy needs
to be for a particular patient to achieve a
favorable outcome. Such clinical algorithms,
meta-analyses and more empirical studies are
needed to progress our current understanding to
develop patient-specific targeted treatments
that could improve outcomes for TBI patients.

TBI: Traumatic Brain Injury, Orexin: orexin/hypocretin, OXA: Orexin A, OXB: Orexin B,
OXR1: GABA, Gamma-aminobutyric Acid, Orexin Receptor 1, OXR2: Orexin Receptor 2,
TMN: tuberomammillary nucleus, EDS: Excessive Daytime Sleepiness, MDD: Major
Depressive Disorder, VTA: Ventral Tegmental Area, FST: Forced Swim Test, CSF:
Cerebrospinal Fluid, HPA: hypothalamic-pituitary-adrenal, CCI: Controlled Cortical Impact,
EEG: Electroencephalography, NA: Electroencephalography Delta Power, DORA: Dual
Orexinergic Receptor Antagonist, REM: Rapid Eye Movement, EAE: experimental autoimmune
encephalomyelitis, IL: interleukin, ESR: Erythrocyte Sedimentation Rate, CRP: C-Reactive
Protein, HPA: Hypothalamus Pitutary Axis, DHEA-S: DeHydroEpiAndrosterone Sulfate, SUD:

Substance Use Disorder
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