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ABSTRACT
Hyperbaric oxygen (HBO2) is a frequently encountered condition in undersea medicine
and hyperbaric oxygen therapy (HBOT). The risk of CNS oxygen toxicity (CNS-OT)
seizures limits its use in hyperbaric medicine and limits bottom time for diving operations.
In this study, we sought to understand the role of reactive oxygen species (ROS) in two
mitigation strategies for CNS-OT; ketone metabolic therapy (KMT), which is known to
delay onset of CNS-OT seizures, and mitochondria targeted antioxidant therapy
(MitoTAT), which has never been tested under HBO 2 conditions. We specifically focused
on superoxide anions (O2-), one of the early reduction products of molecular oxygen, and
the caudal solitary complex (cSC), an oxygen-sensitive subcortical nuclei that is an
integral part of cardio-respiration control. First, we tested the effects of KMT on
O2- production in the caudal solitary complex rat medullary tissue slices loaded with the
fluorogenic dye dihydroethidium (DHE) to study changes in O2- production at various
levels of hyperoxia (0.4  0.95/1.95/4.95 ATA O2) before and during treatment with
ketone salts (2-5 mM). We tested the hypothesis that KMT provides neuroprotection
against CNS-OT in part through decreased production of O2- during exposure to HBO2.
We found that O2- production was inhibited with the addition of ketone salts at a
concentration of 5 mM during exposure to all levels of hyperoxia; however, it was not
decreased significantly at 2-2.5 mM. We also discovered that not all cells in the cSC are
equally O2-sensitive in terms of their rate of O2- production.

vii

In the second part of this study, we tested the hypothesis that MitoTAT using Mitoquinol
(MitoQ) increases the latency time to seizure (LSz) in freely behaving rats; MitoQ inhibits
mitochondrial O2- production. Initially, up-and-down acute toxicity testing indicated a
maximal safe dose of 22mg/kg (i.p.) at 1 ATA air. Liquid chromatography and dual mass
spectrometry (LC/MS/MS) indicated that MitoQ (i.p.) in rat blood serum peaked after
60min and remained elevated for 3hrs. Remarkably, when pretreated with MitoQ
(22mg/kg i.p.) and exposed to 5 ATA O2, seizures either took longer to occur or did not
occur by 60min; however, most rats died within 24hr of co-exposure to MitoQ + HBO 2. A
second up-and-down acute toxicity test was conducted using 11  25mg/kg plus 5 ATA
O2. Rats dosed with >14mg/kg of MitoQ and exposed to 5 ATA O 2 did not survive postdive, whereas rats treated with <14mg/kg MitoQ survived but also seized as quickly as
controls. Our findings indicate that KMT works in part to delay seizure genesis during
exposure to HBO2 by significantly reducing O2- production. Moreover, MitoTAT using
MitoQ delays seizure genesis; however, is toxic when taken at 14mg/kg plus HBO2.
Possible explanations for this acute toxicity are presented.
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CHAPTER 1:
OXYGEN TOXICITY
Hyperoxia and the CNS
“Nature does nothing uselessly.” - Aristotle
Intolerance to protracted exposure to hyperbaric oxygen (HBO 2) is an unfortunate
limitation for hyperbaric oxygen therapy (HBOT) and undersea medicine (1, 2). The air
we breathe at sea level is composed of 0.21 atmospheres absolute (ATA) O 2 and 0.79
ATA N2. The body’s antioxidant and redox systems have evolved over billions of years to
function in this level of normoxic atmosphere (3, 4). Therefore, when mammals are
exposed to hyperoxia (partial pressure of inspired oxygen (P IO2) > 0.21 ATA O2) through
human intervention the body’s endogenous oxidative signaling mechanisms are
uncharacteristically activated and ultimately lead to oxygen poisoning (5, 6).
In 1878, it was first reported that extended exposure to elevated levels of
barometric pressure (PB) and high fractional concentrations of oxygen (FIO2) results in
oxygen-induced maladies of the central nervous system (CNS) that culminate in
generalized tonic-clonic seizures (Paul Bert Effect) (7). Generally speaking, CNS oxygen
toxicity (CNS-OT) seizures frequently occurs in humans at exposures above 2.5 ATA O 2
at a medial time of onset of 20min (1) and with no observable carryover effect after
decreasing PIO2 in the breathing mixture (8, 9). Activation of the brainstem during the
onset of CNS-OT, however, releases catecholamines and stimulates an abrupt
sympathetic outflow that compromises ventricular function, resulting in arterial/pulmonary

1

hypertension and cardiogenic pulmonary edema (10, 11). Additionally, protracted
recurring exposures to HBO2 with or without seizures ultimately results in irreversible
paralysis (John Bean Effect) (1). Breathing lower than 2.5 ATA O 2 abolishes the risk for
oxygen toxicity seizures; however, pulmonary oxygen toxicity system (Lorrain Smith
Effect) is a potential problem at PIO2 1 ATA with symptoms including dyspnea and
pulmonary edema (12). Interestingly, cardiogenic pulmonary edema is due to pulmonary
hypertension post-seizure whereas pulmonary oxygen toxicity is due to inflammation (10,
13).

General Overview of CNS-OT. The pathophysiology of HBO2 exposure in mammals is
composed of a safe latent period and then oxygen poisoning, which consists of nonconvulsive signs and symptoms (S/Sx) that often precede generalized tonic-clonic
seizures (5, 14, 15). The safe latent period is when HBO 2 is used clinically and
operationally (16-18). During the safe latent period, an increase in vascular tone is
observed

and regional cerebral blood flow is decreased ((19-24). The mechanism

underlying vasoconstriction is unclear; however, it is believed to be nitric oxide ( •NO)
mediated (10, 20, 25). •NO is a potent vasodilator and one of the first free radicals
elevated during hyperoxia (26) and during the latent period concentrations of •NO is
blunted because autooxidation with oxygen and superoxide ( •O2-) (5, 6, 26). Afterwards,
•NO

builds up and vasculature tone decreases recruiting additional blood flow to the brain;

thus, further increasing brain tissue partial pressure of oxygen (PO 2) and reactive oxygen
and nitrogen species (RONS) production leading to S/Sx of oxygen toxicity (20, 23, 27).
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The second component for the pathophysiology of HBO 2 exposure is oxygen
poisoning to the CNS (5, 7, 28). Oxygen toxicity is due to the overproduction and
accumulation of RONS and their effect on several neural systems sensitive to increased
PIO2, which includes the cardio-respiratory system among others (1, 29). For example,
protracted exposure to hyperoxia stimulates breathing in humans and mammals (13, 30).
The

paradoxical

hyperventilatory

response,

known

as

hyperoxic

hyperventilation/hyperpnea, occurs in three phases: (1) the initial exposure to hyperoxia
decreases expired ventilation by physiological chemodenervation of the

peripheral

chemoreceptors in the carotid body; (2) after > 2 min of exposure to hyperoxic gas
mixtures, an increase in expired ventilation is observed that is of central origin (30). It was
shown that denervating the carotid body chemoreceptors did not prevent hyperoxic
hyperventilation (31-33). This first hyperoxic hyperventilation is usually transient since it
lowers end-tidal CO2 and blunts the magnitude of the initial hyperoxic hyperventilation;
(3) finally, with continued exposure to HBO 2 there’s a second bout of hyperoxic
hyperventilation that precedes seizures by 3-8 min (30).
Numerous other non-convulsive S/Sx of oxygen toxicity occur before seizures;
however, it has proved difficult due to the variability in tolerance to HBO 2 between and
within individuals (8, 9, 13, 28). Importantly, these indications may or may not be seen
prior to the onset of a seizure. It is undetermined where CNS-OT originates in the brain;
however, the non-convulsive and convulsive toxic oxygen end-points observed in animal
and human experiments have helped identify potential sites in the CNS for seizure
genesis that are highly sensitive to oxygen and possess the cellular redox pathways for
activation during exposure to hyperoxia (5). Non-convulsive S/Sx of oxygen toxicity
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include blurry vision, tinnitus, nausea, facial twitching, discomfort, and dizziness in parallel
with cardio-respiratory changes (34-36). The types of non-convulsive S/Sx suggests they
are controlled by brainstem cranial nuclei and cardio-respiratory networks that are
activated early on during the safe latent period of exposure to HBO 2. For example, vision
impairments suggest the contribution of the optic (CN II), oculomotor (CN III), trochlear
(IV), abducens (CN VI) nerves; auditory disturbances, nausea, and vertigo suggest the
activation of the vestibulocochlear nerve (CN VIII); and lip twitching indicates the
stimulation of the facial nerve (CN VII) (28, 35). These early S/Sx of exposure to HBO 2,
which are the majority are presumably under brainstem control(37, 38), are hypothesized
to function as so-called “oxtox trigger zones” in seizure genesis (see below).
It is unclear the mechanism underlying the pathology of CNS-OT and the role of
the brainstem cranial nerve nuclei that control the eyes, face, and middle ear (1).
Exposure to long periods of HBO2 activates vasoconstriction of the capillaries and
increases markers for necrosis of the vasculature, effectively obliterating the capillaries
in the retina (39) . The cellular mechanism underlying the endothelial cell death can be
directly from the high PO2 oxidizing membranes of cells lining the retina (40) or that the
prolonged vasoconstriction induces ischemia (41). Not many animal studies have been
done to check the sensitivity of nuclei to hyperoxia in CN VII and CNVIII in comparison to
hypoxia (42, 43). One animal study observed that an increase in the PO 2 decreases
auditory neuronal potentiation (44). Furthermore, in assessing the effects of hyperoxia to
these brainstem derived cranial nerves, relative contribution of antioxidants activation and
their effects on parallel redox mechanisms also must be considered.
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The Stimuli: Hyperoxia and RONS Production. At sea level, the PO2 oxygen in tissues
are regionally dependent (45). From highest to lowest, the PO 2 in the lungs, brain, and
mitochondria are ~100, 10 to 35, and 1 to 3 millimeters of Mercury (mmHg); respectively,
in mammals inspiring normobaric air (5, 46). The body’s antioxidant mechanisms and
central redox pathways have evolved to function at these normoxic conditions for millions
of years (1, 3). Thus, when animals breathe “superoxygenated” gas mixtures, oxidative
signaling pathways are stimulated, causing the antioxidant capacity of cells to be
overwhelmed triggering neuronal activity and eliciting S/Sx of oxygen toxicity (6, 13).
Two of the primary RONS that are first increased in cells during hyperoxia are •O2and •NO (26, 47, 48). The mitochondrial electron transport chain is a main source of •O2production because of the loss of electrons transported from complexes 1 and 3 (49) and
an enzymatic source are the nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase which excess activation can also contribute to lung damage during hyperoxia (6,
50). •NO is produced from the conversion of L-Arginine via 3 isoforms of nitric oxide
synthases (NOS) (51, 52). One of the strongest oxidizing and nitrating agents, ONOO - is
formed when •O2- reacts with •NO and, in excess, disrupts protein structure and function
(53). For example, the disulfide bonds from cysteine residues in polypeptides, responsible
for maintaining the integrity of the tertiary structure, are highly reactive to ONOO - and the
breakdown of these bonds compromises normal protein function. Furthermore,
downstream RONS such as the hydroxyl radical (•OH) or nitrogen dioxide radical (•NO2)
can cause deleterious effects on the plasma membranes when it reacts with the
methylene group from polyunsaturated fatty acids (54, 55). Additionally, in vitro studies
of oxygen-sensitive chemoreceptor neurons in the caudal solitary complex (cSC) show
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increase production of free radicals including: •O2-, •NO, singlet oxygen (1O2), and
aggregate pool of RONS (H2O2, •OH, ONOO-, •CO3-, and •NO2) (26, 47, 56, 57) when the
PO2 of the artificial cerebral spinal fluid (aCSF) is increased from 0.4 ATA O 2 to 0.95 ATA
O2 balanced CO2, with the caveat that a pharmacological cocktail of NOS and superoxide
dismutase inhibitors is needed to allow sufficient binding of RONS to fluorogenic dyes
(26, 58). Notably, the rate of RONS produced and sensitivity to hyperoxia in cSC neurons
are not uniform and some neurons are even unaffected at exposure levels of 5 ATA O 2
(47). Thus, based on this, the cSC is an area of interest on based on RONS production
during hyperoxia.
The production and removal of RONS play important roles in maintaining cellular
homeostasis and metabolism (6, 51). Additionally, oxidative and nitrosative stress
markers on plasma membranes, ion channels and DNA have been observed during
exposure to levels above normoxic conditions (56, 59).These markers indicate the cell’s
antioxidant capacity being overwhelmed by the increase production of free radicals which
can

lead

to

neuronal

hyperexcitability

(1,

29,

60).

Seizure Genesis and Propagation. A technical challenge of elucidating the mechanism
for CNS-OT is identifying the origin of seizure genesis in the brain. Typically, at the onset
of CNS-OT electroencephalograph (EEG) activity can originate in both hemispheres of
the brain and in the frontal cortex and subcortical regions such as the thalamus,
hypothalamus, and brainstem (61-65). Additionally, removal of the cortex or bisecting the
corpus callosum does not to prevent CNS-OT convulsions (64, 66, 67); however,
prevention of seizures is achieved when the corticospinal tract is severed through a
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medullary pyramidal tractotomy (63). Together, this evidence supports the hypothesis that
seizures occur in subcortical areas. Furthermore, animal models of epilepsy have shown
that grand mal seizures can be chemically induced using kainic acid (68) or bicuculline
(69) by targeting specific neuronal networks with low thresholds for seizure initiation in
animals; i.e., so-called “trigger zones”. Likewise, we propose that there are so called “ox
tox trigger zones” that are involved in the seizure genesis (5).
The origin of seizure genesis is hypothesized to occur in brain nuclei that receive
an increased supply of oxygenated blood (23, 70) and that possesses the inherent
capacity for redox and nitrosative signaling (71). Furthermore, the early S/Sx of CNS-OT
(e.g.; facial/lip twitching, tachycardia, vertigo and nausea) and cardio-respiratory changes
(e.g., bradycardia followed by tachycardia and hyperventilation) supports our hypothesis
that nuclei in the brainstem are potential “ox tox trigger zones” who activation precedes
seizures (13, 29, 30). One such postulated brainstem region controlling cardio-respiration
that employs redox signaling and is stimulated by hyperoxia and RONS is the cSC of the
dorsal medulla oblongata. The cSC, comprised of the nucleus of the solitary tract (NTS)
and dorsal motor nucleus of the vagus (DMNV), receives afferents from the peripheral
O2/CO2-chemoreceptors, baroreceptors, all other central CO 2-chemosensitive areas (72)
airway receptors, the gastric wall, and upper/lower esophageal sphincters (72, 73).
During exposure to hyperoxia or a chemical oxidant, a population of cSC neurons
depolarize, increase in firing rate, and an increase in membrane resistance believed to
be related to the closing of potassium channels (74). The opening and closing of
potassium ion channels during exposure to HBO2 is partially due to the nitration of
cysteine residues and then immediate reduction by enzymes or endogenous antioxidants
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(75-77). Additionally, exposure to a Vitamin E analog, Trolox C, studies inhibited the
excitatory membrane potential and firing rate responses in rat cSC neurons during
exposure to HBO2. This supports the conclusion that the mechanism behind the activation
of cSC neurons during protracted exposure to HBO2 is RONS dependent. Therefore, the
increased free radical production in cSC neurons may directly or indirectly activate
important

redox

signaling

pathways

during

hyperoxia;

thus,

producing

focal

depolarization and high frequency action potentials in the brain.
It is postulated that activation of neuronal activity propagates to adjourning
neuronal circuits and amplify the signal to produce tonic-clonic convulsions (78). In the
mammalian CNS, there are two looping networks: 1) located in the forebrain (e.g. cerebral
cortex, limbic system, basal ganglia) and are responsible for the motor behavior of clonus
of limb/face and loss of balance (79, 80); 2) and in the brainstem (e.g. thalamus, midbrain,
pons) linked with expression of tonic seizures (69, 81). The two circuits can act
independently of one another (78). Currently, a theory is that neurons sensitive to high
PO2 activate redox signaling pathways resulting in cellular redox stress, neuronal
excitability, and seizure manifestation (5).
A working hypothesis is that, similarly to the trigger zones in epilepsy for
expression of grand mal seizures (69, 78-81), essential oxtox trigger zones for CNS-OT
convulsions are located subcortically (63, 64, 66, 67, 82) and the hyperexcitability of
these neuronal circuits spread to oxtox trigger zones with low thresholds of activation in
the cerebral cortex (6, 74, 83). For example, rat CA1 hippocampus neurons are shown to
be activated during exposure to HBO2 oxygen, reoxygenation and also neural plasticity
in the form of oxygen induced potentiation (84, 85). Additionally, another area that is
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sensitive to a wide range of tissue PO2 is the cSC, a medullary center controlling cardiorespiration (26, 56, 72, 74, 86). The mechanism for paradoxical hyperoxic hyperventilation
seen prior to convulsions in rats is postulated to be from the increase RONS production
activating brainstem neurons, such as the cSC, capable of influencing cardio-respiration
(26, 56, 57, 72, 86, 87). Likewise, it has been observed that in 90% of cSC neurons
stimulated by CO2 are also activated by HBO2 and oxidizing agents (74). Acute exposure
to hyperoxia decreases ventilation by physiologically denervating the peripheral
chemoreceptors and continued exposure to hyperoxia increases the production of RONS;
thus, activating redox signaling pathways and compromising normal neuronal
homeostasis (29, 30). Additionally, the hyperoxic hyperventilation seen in rats may be
blunted due to the increase exhalation of CO2, decreasing the POCO2 in the blood and
further suppressing the peripheral chemoreceptors. Finally, a significant increase in
ventilation is seen prior to the onset of CNS-OT seizures; possibly due to the
accumulation of CO2/H+ from the Haldane effect (31), pulmonary ventilation/perfusion
mismatch (30), and/or the accumulation of •NO increases blood flow to the brain and
activating additional oxtox trigger zones (88, 89).

Evaluation for CNS-OT in Rodents
“Nothing is real unless it is observed” – John Gribbin
The criteria for CNS-OT in animal models are the onset of visible tonic-clonic
seizures preceded by increased cortical EEG activity; however, not all seizures follow this
pattern or are underwhelming and difficult to detect and confirm in real time (13, 82).
Additionally, there is no standardized evaluation, S/Sx, or test that readily differentiates a
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convulsion from a non-convulsive event, for example, syncopes and pseudoseizures (90).
A common association with seizures is the abnormal sodium and glucose levels
afterwards; however, only if a sample was taken within 20 minutes of the event. The
various seizure types, based on presentation and etiology, makes it difficult to diagnose
if a seizure event occurred due to the various potential causes such as metabolic
disorders, CNS infections, and oxygen toxicity. Furthermore, conflicting data about
cortical EEG changes during exposure to normobaric and HBO 2 are observed due to
many factors: 1) Different animal species, 2) Different levels and durations of hyperoxic
exposure, 3) Variable EEG lead placement, 4) Observing CNS-OT in anesthetized vs
unanesthetized animals (30, 63-65, 91-93). This is problematic because the latency time
to seizures (LSz) is how the risk of CNS-OT is evaluated in determining the efficacity of
various neuroprotective mitigation strategies in hyperbaric and undersea medical
research.

Neurological and Behavioral Criteria for Identifying CNS-OT Seizures. Conventional
EEG studies in humans have observed inconsistent abnormalities indicative of CNS-OT
before the onset of seizures (13). During the safe latent period of HBO 2, Donald observed
the effect of 3.5 ATA O2 on EEG as a small increase in the occurrence of fast activity (25
– 32 Hz), an increase in voltage slow activity (3 – 5 Hz), and a progressive decrease in
occurrence and voltage of the dominant frequencies (6 – 12 Hz) (8, 9). Interestingly,
during HBO2 of 2.5 - 3 ATA O2 no changes in EEG were observed (94). One study
reported that rats exposed to 5 ATA O2 with two surface cortical channels, fronto-frontal
and parieto-parietal, a preictal discharge 2 - 4 minutes prior to seizure in 15/25 of the rats
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tested (63). Additionally, labs implementing a computerized method to analyze
conventional EEG signals, quantitative EEG (qEEG), have showed a significant increase
in delta activity in rats exposed to 3 - 5 ATA O2 prior to seizure in rats; however, measured
qEEG changes in humans exposed to HBO2 were minor and non-specific (95, 96). The
EEG profile of CNS-OT seizures consists of the abrupt appearance high amplitude,
sporadic, fast waveforms similar to cortical EEG patterns observed in cryptogenic
epilepsy and convulsions from electroshock (68, 97). After the neuronal discharge, a
decrease in electric potential is observed and within a variable time interval slow waves
of low amplitude resurface and become more frequent until the next seizure occurs (82).
The pathophysiologic mechanism involved in CNS-OT tonic-clonic seizures,
composed of stiffening of the muscles and rapid jerking of limbs, is believed to be a
network disease instead of a symptom of local brain aberrations (78, 79). As mentioned
above, O2-induced convulsions may arise in the thalamus, limbic or brainstem networks
and amplify and reverberate from each other. Classification for seizures is based on its
etiology, whether consciousness is compromised during seizure event, and whether
motor symptoms occur. Currently, the three major groups of seizures are generalized,
collective neuronal hyperexcitability in both hemispheres of the brain, focal, neuronal
hyperexcitability in area of the brain, or unknown onset seizures (98). Furthermore, nonmotor symptoms may be observed such as absence seizures (staring spells) and
myoclonus in generalized onset seizures and changes in sensation, emotion, and
autonomic function (e.g. heart rate) in focal onset seizures in epileptic patients (99).
Interestingly, CNS-OT can also manifest similar non-motor behaviors in parallel to an
increase in EEG activity.

11

Risk Factors for CNS-OT
“Life is pleasant. Death is peaceful. It’s the transition that’s troublesome. ” – Isaac Asimov
The susceptibility to oxygen poisoning can vary significantly between individuals’
sensitivity to HBO2 and even within the same individual on different days (8, 9, 28).
Because of this inter-individual variation, an oxygen tolerance test (OTT) was developed
for screening and selection of military divers based on the diver’s threshold sensitivity to
HBO2 as demonstrated by onset of one of the toxic end points, including either nonconvulsive S/Sx or seizures (15, 100). The U.S. Navy OTT was administered in a dry
hyperbaric chamber compressed to 2.8 ATA for 30 minutes while the subject breathed
100% O2 through a face mask. If any symptoms of oxygen toxicity were observed, the
test was terminated; however, the predictive value of the OTT for susceptibility to oxygen
poisoning was considered insufficient due to the large variability in latency of symptoms.
Currently, the safe exposure limits a U.S. Navy diver using a closed-circuit O 2 rebreather
at 50 feet of seawater (fsw) for 10 minutes (35); however, Donald’s study observed that
50% of experienced divers tolerated 3 times that length of time exposed to HBO 2 without
any evidence of oxygen toxic endpoints (5, 13). Despite this variability, several conditions,
ultimately, increases the risk of developing CNS-OT.
While diving, systemic CO2 retention occurs in divers breathing 100% O2 using
oxygen rebreathers which increases the risk of developing CNS-OT (89, 101). The
production of CO2 is increased as energy is exerted underwater and is built up due to the
increased dead space ventilation from using a breathing apparatus and airway resistance
from breathing a higher density of gas. Also, the hydrostatic compression of the chest
wall increases the work needed for breathing (29). As the PCO 2 in the blood increases,
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RONS production is enhanced activation of other redox sensitive pathways (Fenton
reaction) (56, 83). Likewise, CO2 rebreathing counteracts O2-induced cerebral
vasoconstricition and increases cerebral flood flow and further enhances RONS
production. The net effect is an increased production of free radicals and protons that
accelerate the oxidation of essential proteins and cellular membranes of neurons resulting
in CNS-OT.
During a dive, the hydrostatic pressure on the body and cold-water temperature
plays a key risk factor for CNS-OT (5). One study exposed participants to a dry HBO 2
environment (e.g., HBOT chamber) or a wet dive at the same depth and observed that
humans were less likely to succumb to any symptoms of CNS-OT in the dry HBOT
chamber for 2hrs in comparison to humans immersed in water and exposed to the same
level of HBO2 (13, 102). The mechanism underlying the acceleration of oxygen poisoning
is postulated to be from CO2 retention from the increased work of breathing from the
hydrostatic pressure on the chest cavity (45). Furthermore, the reduction in body
temperature from the cold water redistributes blood circulation from the peripherals
resulting to an increase PO2 in the CNS (102).

Potential Mitigation Strategies for CNS-OT
“Science is magic that works.” – Kurt Vonnegut
The United States Navy’s objective is to increase the bottom time allowed for
divers breathing HBO2 safely in order to perform safer and longer diving operations.
Currently, the bottom time for US navy divers is limited to under 10 minutes and the only
approved strategy for preventing CNS-OT is decreasing the inspired partial pressure of
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oxygen by reducing the ambient pressure (35). Many antiepileptic drugs (AEDs) are
effective in delaying the onset in CNS-OT in mice, rats, and swine (92, 103, 104). The
mechanism of actions of these AEDs includes inhibiting sodium channels to block action
potential propagation and increasing the volume of the inhibitory neurotransmitter γAminobutyric acid (GABA). Unfortunately, the side effects from using AEDs are
performance and cognitive impairment (105, 106). Additionally, CNS-OT is delayed by
using adrenoreceptor antagonist drug therapy to bind to alpha1/2 and beta 1/2 receptors,
thus, decreasing regional cerebral blood flow and sympathetic tone (107). Again, the side
effects from using this therapy can result in health deficits like drowsiness, weakness,
and nausea. Furthermore, NOS inhibition therapy increases latency to oxygen-induced
seizures (20, 25, 108);however, decreases of •NO production globally can be problematic
since •NO is involved with numerous normal physiological signaling processes (109-111).

Ketone Metabolic Therapy. Sustained fasting has been used as a dietary therapy to
control seizures since the time of Hippocrates (400 BC) (112). Since the 1920’s,
physicians used the ketogenic diet (KD) to replicate key components of a fasted state
without a significant calorie deprivation to treat drug-resistant epilepsy in both children
and adults (113-115). Amazingly, 50% of patients with epilepsy adhering to the KD
reported a decrease in seizure onset by at least 50% (116) and due to its effectiveness
to control seizures the KD is a recommended dietary therapy when anti-epileptic drugs
fail (117). Currently, there are 4 types of KD: 1) the classic KD composed of 4:1 ratio of
fat to carbohydrate; 2) the Medium Chain Triglyceride (MCT) diet; 3) Low Glycemic Index
Treatment; 4) and Modified Atkins diet (112). Calculations of the last three KD are based
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on the energy provided by macronutrients ranging from 60 – 70 % from fat, 10 – 30%
from protein, and 5 – 20% from carbohydrates. Concerns of the KD is adherence to a
strict macronutrient regime and gastrointestinal side effects; however, the addition of the
alternative KDs, in comparison to the classical KD, provides flexibility in food choice in
patients and balance between nutritional ketosis and gastrointestinal tolerance (118,
119).
The standard high-fat diet mirrors fasted states by shifting brain energy metabolism
through increasing the conversion of long chain fatty acids (LCFA) into ketone bodies (hydroxybutyrate (BHB), acetoacetate (ACA) and acetone) by the liver. Under these
conditions, ketones provide an alternative source of energy for the body and the brain
which primarily metabolizes glucose for energy (120). The adipose tissue and fat sources
from the KD provide elevated levels of fatty acids with limited glucose availability. There
are various methods clinicians have tested to reach a state of nutritional ketosis (NK),
which is defined as having BHB concentrations > 0.5mM (119), both through endogenous
and/or exogenous induction.
Ketogenesis is elevated in hepatic mitochondria endogenously during prolonged
fasting or consumption of a KD. Sustained low glucose availability and insulin suppression
increases the rate of adipose tissue lipolysis and gluconeogenesis. At this physiological
state an amplification of LCFA is observed in circulation and enter the hepatocytes via
the carnitine acyl transferase system. The end result of LCFA is acetyl-CoA, generated
by beta-oxidation, which condenses together by to form acetoacetyl-CoA. AcetoacetylCoA reacts with another acetyl-CoA to produce HMG-CoA with the assistance of the
enzyme HMG-CoA synthase 2. The ketone body ACA is produced by the breakdown of
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HMG-CoA by HMGCL, and ACA can either spontaneously decarboxylates to acetone or
reduced in a reversible reaction catalyzed by the NADH-dependent mitochondrial
enzyme, β-hydroxybutyrate dehydrogenase, to form BHB. Ketone bodies are diffused into
the blood to extrahepatic tissues and cross the blood-brain-barrier (BBB) through
monocarboxylic acid transporters (121, 122). Ketones are converted back to acetyl-CoA
and incorporated to the TCA cycle to produce NADH/H + and FADH2 which facilitates
electrons to be used in the electron transport chain (ETC) and synthesize ATP though
oxidative phosphorylation.
In an average adult consuming a standard diet, blood ketone concentrations are <
0.3 mM and after sustained consumption of a high-fat/low-carb diet or few days of fasting
blood ketone levels increase to ~3mM attributed to increased ketogenesis (123). Several
features of the KD have been proposed to be responsible for the anticonvulsant
mechanisms such as free fatty acids, glucose restriction, or ketone bodies although it is
unlikely that one mechanistic target results in seizure protection (Figure 1.1;(121)). For
example, free fatty acids elevate the concentrations of polyunsaturated fatty acids that
activate uncoupling proteins in the brain resulting in a decrease in ROS production
thereby providing neuronal protection (124). Reduction of glucose in the blood are
hypothesized to activate ATP-sensitive potassium channels expressed in neurons due to
the reduced ATP/ADP ratio leading to opening of the channels and membrane
hyperpolarization (125, 126). It is unclear whether ketone bodies directly mediate
anticonvulsant properties; however, one postulated mechanism suggests that
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Figure 1.1 – Possible mechanisms underlying the neuroprotective effects of Ketone Metabolic Therapy (121).

acetone (127) and/or ACA (128) may activate potassium leak channels that hyperpolarize
neuronal membrane potentials and reduce the release of excitatory neurotransmitters.
The limitations of the KD as a mitigation strategy for CNS-OT are: 1) the time
needed for the body to shift toward using LCFA and ketones for fuel (~ 3 months), 2)
gastrointestinal side-effects, 3) and in rare cases where a deficiency of the enzyme
succinyl-CoA transferase is observed can result in ketoacidosis. In order to circumvent
the adherence to a KD and elevate blood ketones to therapeutic levels, a variety of
ingestible exogenous ketones have been manufactured (119). The ketone bodies with
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greatest potential for neuroprotection in a variety small mammalian seizure models are
acetone and ACA. For example, rats supplemented with acetone significantly reduced
seizure activity induced by electroshock or chemoconvulsants (121, 128). Furthermore,
ACA anticonvulsant effects were observed in rabbits injected with the chemoconvulsant
thujone (129, 130). As for the anticonvulsant properties of BHB there is no significant
correlation between elevation of plasma BHB and seizure protection in animal models
(121, 131, 132). Therefore, in the context of using exogenous ketones to delay CNS-OT
it is preferential to use a method that elevate levels of ACA and acetone.

Mitochondrial Targeted Antioxidant Therapy. Cellular metabolism is an important
process used to convert the food consumed into sources of energy for normal cellular
function. It involves the biosynthesis of adenosine triphosphate (ATP) through either an
anaerobic, substrate level phosphorylation, or an aerobic, oxidative phosphorylation in
pathway. During oxidative phosphorylation, NADH and FADH 2 are oxidized by the protein
complexes of the electron transport chain (ETC) located on the inner mitochondrial
membrane. A series of redox reactions transport electrons between the complexes of the
ETC until it reaches the final electron acceptor oxygen while concurrently pumping H +
protons into the inner membrane space creating an electrochemical gradient. The
electrochemical gradient across the inner mitochondrial membrane provides the potential
energy needed to activate ATP synthesis. Oxidative phosphorylation accounts for almost
90% of the total ATP produced in cells and is essential for the excitability and survival of
neurons.

Furthermore,

neuronal

mitochondria

Ca2+homoestasis, redox signaling, and apoptosis (133).
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Mitochondrial dysfunction has been identified to assume a pathological role in
seizure genesis for epileptic patients with genetic mutations affecting oxidative
phosphorylation and in sporadic forms of epilepsy (Figure 1.2; (134)). Gene mutations in
mitochondrial DNA polymerase gamma, mitochondrial tRNALys and, tRNAPhe have been
observed in different phenotypes of epilepsy (135-137). Patients with temporal lope
epilepsy suffer severe loss of neurons over time in the hippocampus due to its low seizure
threshold (138). Pathological studies observed alterations in CA3 hippocampal neurons
which include inhibition of complex 1 of the ETC. Interestingly, consequences from
impaired complex 1 activity in the homocysteic acid seizure model does not show a
decrease in ATP production; however, sustained increases of oxidative stress markers in
the mitochondria were observed thus contributing to neuronal injury and possibly
epileptogenesis (139, 140). Furthermore, mitochondrial oxidative damage is implicated to
contribute to a range of neurodegenerative diseases including Parkinson’s, ischemiareperfusion injury, and diabetes (141-143). One therapeutic approach to decrease
neuronal oxidative damage is through the targeted delivery of bioactive compounds to the
mitochondria. Mitochondrial targeted antioxidant therapy (MitoTAT) is a strategy using
compounds comprised of a triphenylphosphonium cation (TPMP) covalently bonded,
through an akyl chain, to various antioxidants (144). The inward electrochemical force
across the mitochondrial membrane on the positive liphophilic molecule causes the
antioxidant to accumulate ~500x in the mitochondrion (145). Currently, Mitoquinone
(MitoQ) is the best identified mitochondria targeted antioxidant, composed of quinone
moiety attached to TPMP by a 10-carbon alkyl chain and reduced to its active form quinol
by intracellular reduction.
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Figure 1.2 – Possible mechanisms underlying mitochondrial dysfunction for seizure genesis (134).

Studies have shown MitoQ to protect against oxidative damage in cardiomyocytes, acute
kidney injuries, and sepsis (146, 147). Hepatitis C patients given daily oral doses of 40 or
80mg of MitoQ showed increased resilience to liver damage and it has been shown that
patients with Parkinson’s disease can safely consume MitoQ orally for one year; however,
disease progression was not significantly reduced (142, 148). The lack of efficacy could
be due to lack of MitoQ accumulation in the brain or that the loss of dopaminergic neurons
counteracted any protective benefit from the supplement. By the time symptoms for
Parkinson’s disease appear, ~50% of dopaminergic neurons are lost.
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Neuronal

mitochondria are complex and dynamic organelles that divide, fuse, and move along
axons and dendrites and the possibility of adverse effects from high concentrations of
MitoQ accumulation into the mitochondria should be considered.
It is clear from a comprehensive review of the literature that the redox signaling
pathways in the brainstem plays a pivotal role in the pathogenesis of CNS-OT seizures,
as well as the non-convulsive S/Sx. Acknowledgement of these characteristics provides
opportunities into researching novel mitigation strategies to delay hyperoxia-induced
neuronal stress during HBOT and undersea operations. The increase of RONS in the
blood and brain prior to HBO-induced seizures, and the unique metabolic and
mitochondria targeted strategies to blunt free radical production, have led to the
suggestion that a “silver bullet” for seizure prevention may be developed for patients and
warfighters in the future. In the following chapters we will investigate the neuroprotective
properties of two mitigation strategies: Ketone metabolic therapy and Mitochondrial
targeted antioxidant therapy.
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CHAPTER 2:
EXOGENOUS KETONE SALTS INHIBIT SUPEROXIDE PRODUCTION IN THE RAT
CAUDAL SOLITARY COMPLEX DURING EXPOSURE TO NORMOBARIC AND
HYPERBARIC HYPEROXIA1

Abstract
The use of hyperbaric oxygen (HBO2) in hyperbaric and undersea medicine is
limited by the risk of seizures (i.e., CNS oxygen toxicity, CNS-OT) resulting from
increased production of reactive oxygen species (ROS) in the CNS. Importantly, ketone
metabolic therapy (KMT) has been shown to delay onset of CNS-OT in rats by ~600% in
comparison to control groups (1). We have tested the hypothesis that ketone body
supplementation inhibits ROS production during exposure to hyperoxygenation in rat
brain cells. We measured the rate of cellular superoxide (O2-) production in the caudal
Solitary Complex (cSC) in rat brain slices using a fluorogenic dye, dihydroethidium (DHE),
during exposure to control O2 (0.4 ATA) followed by 1-2 hr of normobaric hyperoxia (0.95
ATA) and HBO2 (1.95, and 4.95 ATA), with and without a 50:50 mixture of ketone salts
(KS) DL-–hydroxybutyrate (BHB + acetoacetate (AcAc)). All levels of hyperoxia tested

Sections from this chapter have been previously published. The American
Physiological Society allows published articles to be reproduced without permission in
dissertations provided it is fully cited. Hinojo CM, Ciarlone GE, D’Agostino DP, Dean JB.
Exogenous Ketone Salts Inhibit Superoxide Production in the Rat Caudal Solitary
Complex during Exposure to Normobaric and Hyperbaric Hyperoxia. Journal of Applied
Physiology doi: 10.1152/japplphysiol.01071.2020.
1
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stimulated O2- production similarly in cSC cells, and co-exposure to 5 mM KS during
hyperoxia significantly blunted the rate of increase in DHE fluorescence intensity during
exposure to hyperoxia. Not all cells tested produced O2- at the same rate during exposure
to control O2 and hyperoxygenation; cells that increased O2- production by >25% during
hyperoxia in comparison to baseline were inhibited by KS, whereas cells that did not reach
that threshold during hyperoxia were unaffected by KS. These findings support the
hypothesis that ketone supplementation decreases the steady state concentrations of
superoxide induced by normobaric and hyperbaric oxygen.

Introduction
Hyperbaric oxygen (HBO2) exposure occurs in hyperbaric medicine (2, 3),
aerospace medicine (4, 5) and undersea medicine (6, 7). HBO 2 refers to a gas mixture
having a partial pressure of oxygen (PO2) in excess of 1 atmosphere absolute (ATA).2 In
these scenarios, the level of inspired PO2 that can be safely breathed, to reap the
therapeutic and physiological benefits of HBO 2, ranges from >1.0 to 3.0 ATA O2. The
higher the level of inspired PO2, the shorter the duration of exposure that can be safely
tolerated before onset of central nervous system oxygen toxicity (CNS-OT).
As reviewed elsewhere (6), CNS-OT presents as a constellation of autonomic
signs and symptoms that ultimately end in generalized tonic-clonic seizures and loss of
consciousness followed by cardiogenic pulmonary edema. The collective evidence

One atmosphere absolute (ATA) is equivalent to 760 Torr (sea level). Other commonly
used pressure equivalents for 1 ATA include 1.01 bar, 10.1 m seawater and 14.7 lb/in. 2
(psi). The SI units for pressure are the pascal (Pa = N/m2, where 1 Pa = 1.02 × 10 −5 ATA),
kilopascal (101.3 kPa = 1 ATA), or megapascal (1 MPa = 10.13 ATA); however, all of our
data are reported using ATA.
2
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supports the hypothesis that HBO2-induced seizures originate in various redox-sensitive
brain stem cardiorespiratory nuclei and cranial nerve nuclei (i.e., “oxtox trigger zones”)
during exposure to HBO2 and are amplified and relayed as reverberating waves of
electrical signals throughout subcortical and cortical looping circuits that are eventually
manifested as generalized tonic-clonic seizures.
An important question in the use of HBO 2 is how to increase the duration of the
safe latency period that precedes onset of seizures, which is important for maximizing the
therapeutic benefits of HBO2 therapy in wound healing (2) and for safely extending bottom
time during diving operations (6, 8). Previous animal studies have shown that ketone
metabolic therapy (KMT) is an effective mitigation strategy for delaying onset of HBO 2induced seizures and other seizure disorders (1, 9-11). Its effectiveness is postulated to
be linked to a shift in brain energy metabolism from glucose to ketone bodies and
discussed further in the Discussion section (12, 13). Elevations of β-hydroxybutyrate,
acetoacetate, and acetone, via fasting or exogenous ketone supplementation, are
positively correlated with anticonvulsant protection against CNS-OT seizures in rats (1,
9, 14). For example, oral gavage of ketogenic ester (R,S-1,3-Butanediol Acetoacetate
Diester, BD-AcAc2) can induce a rapid and sustained therapeutic ketosis and delay HBO 2induced seizures in freely behaving Sprague Dawley rats (1). Extended tolerance to HBO 2
was dependent on the elevation to therapeutic levels of the ketone bodies acetoacetate
and acetone for anticonvulsant properties, but not on β-hydroxybutyrate (1, 15, 16). While
the mechanism for the neuroprotective properties of ketones is still unclear, many
hypotheses have been proposed, including a reduction in reactive oxygen and nitrogen
species (RONS) production and/or enhanced antioxidant capacity (17, 18), changes in
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neurotransmitter release (19), increase production of adenosine (20), and augmentation
in subcortical potassium ion channel regulation (21-23).
Our experiments investigated the mechanism of KMT’s neuroprotective properties
during exposure to normobaric (NBO2) and HBO2 hyperoxia. The study focused on cells
in the caudal Solitary Complex (cSC) in medullary tissue slices harvested from Sprague
Dawley rats. Our rationale for studying cSC cells is that they are postulated to function as
one of several oxtox trigger zones in the brain stem that are activated early on during
exposure to HBO2 that contribute to seizure genesis (6). Activation of cSC neurons is
thought to contribute in part to the early cardiorespiratory responses that precede HBO 2induced seizures (24, 25). In previous studies, we reported that neurons in the cSC are
depolarized, stimulated, and generate a faster action potential firing rate during exposure
to either normocapnic hyperoxia, hypercapnic hyperoxia, iso-oxic chemical oxidant
exposure, and iso-oxic hypercapnic acidosis (26, 27). Neurons in the cSC also generate
a host of RONS during exposure to hyperoxia, including singlet oxygen (28), O2-, and
nitric oxide (·NO) (27), and an aggregate of RONS that includes hydrogen peroxide
(H2O2), hydroxyl radical (OH), peroxynitrite (ONOO-), and carbonate and nitrogen dioxide
radicals (29).
In the present study, we tested the hypothesis that ketone supplementation
decreases the production of reactive oxygen species (ROS) during exposure to
hyperoxia. To test this hypothesis, a fluorogenic dye, dihydroethidium (DHE), was used
to measure the rate of cellular superoxide (O2-) production in real time in the cSC in rat
medullary tissue slices. Cellular O2-sensitivity based on O2- production, as measured by
the changes in the rate of DHE fluorescence intensity per minute (FIU/min), was tested
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at normobaric pressure by increasing the PO2 from 0.4 ATA (control O2) to 0.95 ATA O2;
i.e., NBO2 hyperoxia (27, 29, 30). In addition, O2- production was also measured for the
first time in real-time during exposure to HBO2 using hyperbaric fluorescence microscopy
at 1.95 and 4.95 ATA O2 (31-34). Initial results from this study were previously reported
in abstract form (35) and additional data, not presented here, were published in a review
article (6).

Materials and Methods
Preparation of Brain Stem Tissue Slices and Artificial Cerebrospinal Fluid (aCSF).
Animal experiments were done in agreement with the guidelines of the University of South
Florida Laboratory Animal Care and Use Committee (PHS Assurance number: D-1600589 (A4100-01) and AAALAC Accreditation number: 434) and the Department of the
Navy, Bureau of Medicine and Surgery. Sixty-one male (n = 40) and female (n = 21)
Sprague Dawley rats (Envigo) postnatal day (P) ages P12 - P40 (weaned at P21) were
euthanized via rapid decapitation without prior exposure to graded CO 2 narcosis and
hypoxia. Past studies have reported that euthanasia preceded by exposure to graded
CO2 narcosis and hypoxia that ends in anoxia influences RONS production in cSC cells
in medullary tissue slices (27, 29). Furthermore, during exposure to CO 2, increasing levels
of narcosis and hypoxia activate abnormal cardiorespiratory responses and cortical
electroencephalogram activity in Sprague Dawley rats (36) and, possibly, abnormal
responses of neurons in cardio-respiratory nuclei to O 2-CO2 manipulations (27, 29).
Animals were randomly selected from cage for each oxygen protocol experiment. The
average age of rats used in brain slice experiments was 23 ± 7.9 (𝑥̅  SD) postnatal days.
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Following euthanasia, the overlying bone tissue was removed exposing the
cerebellum and dorsal brain stem. The cerebellar peduncles were transected, and the
cerebellum removed. Complete transections through the pons, the cervical spinal cord
and the ventral cranial nerve rootlets were made so that the brain stem could be dissected
free. Keeping the tissue moist with chilled, oxygenated artificial cerebral spinal fluid
(aCSF) facilitated dissection. Typically, it took from 2-5 min following rapid decapitation
to dissect and block the brain stem, mount the brain stem with cyano-acrylic glue, ventral
surface towards the agar block and rostral end down, on the pre-chilled, dry vibratome
tissue bath. Next, the tissue block was submerged in ice-cold (2-4°C), oxygenated (95%
O2 + 5% CO2) aCSF during dissection of the brain stem block and while harvesting brain
slices. This was the only time the brain tissue and slices were exposed to 95% O 2 other
than when it was used it as one of three hyperoxic test stimuli during our fluorescence
imaging experiments (i.e., 0.95 ATA O2). Otherwise, aCSF was equilibrated with 40% O2
+ 5% CO2 + 55% N2 during slice incubation and under control condition (i.e., 0.4 ATA O 2).
As in previous studies (27, 29, 37), aCSF was composed of the following (in mM): 124
NaCl, 5 KCl, 26 NaHCO3, 1.3 MgSO4, 2.4 CaCl2, 1.24 KH2PO4, and 10 glucose.
Transverse medullary tissue slices (300-400μm) were cut slowly beginning at the
dorsal surface and continuing in towards the ventral surface using a vibratome (model
1000, The Vibratome Company, St. Louis, MO, USA). Once the slice floated free it was
transferred by pipette to an incubation chamber filled with aCSF equilibrated with 0.4 ATA
O2 (room temperature, 22-24°C) for at least 1 hr prior to the beginning of an experiment.
Tissue slices were selected from the incubation and used for experiments within 4 hrs of
slicing. Previously, we have reported that medullary brain slices incubated in aCSF

39

equilibrated with 0.4 ATA O2 at room temperature remain viable for many hours based on
electrophysiological recordings. For example, a stable whole cell recording of neuronal
membrane potential, input resistance, and integrated firing rate could be initiated up to at
least 6 hr after tissue slicing and incubation in 0.40 ATA O 2 at room temperature, and
then maintained on average for nearly 2 hr (38). Time zero in the fluorescence
experiments began at least 75 min following the end of brain slice harvesting, which
includes at least 60 min of recovery from slicing plus 15 min of loading fluorogenic dye,
DHE. Images taken from medullary tissue slices contained caudal nucleus of the solitary
tract (cNTS) and caudal dorsal motor nucleus of the vagus (cDMNV) making up the cSC,
a region starting at the obex and continuing rostrally for ~1.2 mm.

Visualization of Brain Tissue Slice Inside Sealed Hyperbaric Chamber. A single
medullary slice was selected for study and transferred by pipette to a heated tissue bath
(model RC-27L, Warner Instruments, Hamden CT, USA), set atop a custom-built
equipment sled positioned under a custom-built fluorescence microscope attached to a
second equipment sled (Figures 2.1B and 2.2A and 2.2C) (34). All experiments were
conducted inside a refurbished and recertified Bethlehem hyperbaric animal chamber
(Model NB-878, maximum working pressure 11 ATA; Figures 2.1A and 2.2A) purchased
from the Hyperbaric Clearing-House; see footnote 7 cited in legend for Figure 2.1A.
Details of the components of the hyperbaric fluorescent microscope and how it was used
is described in appendix a. The hyperbaric chamber door was closed and sealed, and
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Figure 2.1: (A) DHE cellular fluorescence was measured in real time using a custom-built fluorescence/light microscope contained
inside a refurbished and recertified Bethlehem hyperbaric animal research chamber (model NB-878) purchased from the Hyperbaric
Clearing-House, Inc. (maximum working pressure = 11 ATA).3 Key equipment items and components visible in this photograph include
an external electrical connector panel is included in the published journal article listed in footnote 1.

3

POC: Stephen Reimers, P.E.; https://www.hyperbaric-clearinghouse.com
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then flushed using 100% Helium (He) to remove air from the chamber’s atmosphere.
Exhaust gas from the hyperbaric chamber (initially 21% O2 and 78% N2) was monitored
continuously by an Analox ATA Pro Trimix Analyzer (Analox Sensor Technology,
Stokesley, England) until the exhaust gas measured zero PO 2 and PN2 after 90-120
seconds (i.e., 100% He). The chamber was then compressed at ~1 ATA/min from 1 ATA
(0 psig) to 2 ATA (15 psig) or 5 ATA (60 psig) and maintained constant for the duration of
the experiment. As in previous studies (31, 34, 39-41), increasing total barometric
pressure inside the chamber did not increase the partial pressure of O 2 and CO2 from
what had been dissolved in the aCSF at room pressure.

Oxygen Protocols. As in previous studies (27, 37), experiments began with a 15-min
dye loading period before starting data collection, followed by 3 hrs of continuous,
recirculated 2-sided superfusion of the medullary slice with warmed and oxygenated
dye-containing aCSF. Experimental aCSF was aerated with gas mixtures at both
normobaric (room ambient pressure, ~760 mmHg, 1 ATA He) and hyperbaric pressure
aCSF (2 & 5 ATA He). aCSF aerated with gases at normobaric pressure were
maintained at room temperature (22-24 °C) and pumped to the slice chamber via a
HPLC pump at a constant flow rate of 1.5 ml/min and warmed to 35-36C via an inline
heater after entering the hyperbaric chamber as described above. Hyperbaric solutions
were mixed and maintained at room temperature in a 1L high pressure Swagelok
sample cylinder that was set  5 psi above chamber pressure to flow aCSF inside the
main pressure chamber (31) (Figure 2.1 A, f). Therefore, delivery of aCSF to the tissue
slice bath relied on the pressure gradient between the hyperbaric sample cylinder and

42

the hyperbaric chamber. When switching between the HPLC pump and high-pressure
sample cylinder, or vice versa, flow rate of aCSF delivered to the brain slice was
matched by manually adjusting a flow meter (Omega model # FL-211) positioned in
series with the aCSF line immediately outside the hyperbaric chamber (Figure 2.1 A, h).
Three levels of hyperoxia were tested as follows: 1) normobaric hyperoxia at
barometric pressure (PB) = 1 ATA and [(0.4 ATA O2 x 1 hr) → (0.95 ATA O2 x 2 hrs)]; 2)
hyperbaric hyperoxia at PB = 2 ATA and [(0.4 ATA O2 x 1 hr) → (1.95 ATA O2 x 2 hrs)];
and 3) hyperbaric hyperoxia at PB = 5 ATA and [(0.4 ATA O2 x 1 hr) → (4.95 ATA O2 x 2
hrs)]. In each case, 0.05 ATA CO2 was used in all gas mixtures 4, and 0.55 N2 balanced
out the control O2 gas mixture. Depending on the hyperoxia protocol to be tested, control
O2 (0.4 ATA) was delivered at the test PB of either 1 ATA (0 psig), 2 ATA (15 psig) or 5
ATA (60 psig) in an overlying atmosphere of 100% He. The first hr of each protocol served
as the control period (0.4 ATA O2), followed by two hr of exposure to hyperoxia
(0.95/1.95/4.95 ATA O2); e.g., Figure 2.3 A-C. Each brain slice was tested only once using
one of these protocols to avert potential effects of activation of O 2-induced neuroplasticity
that may occur due to prior O2 manipulations of the brain slice (34). Ketone salts (KS)
were added to aCSF equilibrated with hyperoxic gas mixtures and included 2.0-2.5 & 5.0
mM, 50:50 mix of DL-β-hydroxybutyric acid sodium salt (BHB,Sigma) + acetoacetate
sodium salt (-AcAc, CAS No. 623-58-5, synthesized by Savind Inc.). Abbreviations for
BHB and AcAc will refer to these KS from here on in this study.

4

The gas mixtures used to make the HBO2 media were 97.5% O2/ 2.5% CO2 for 1.95
ATA O2 and 99% O2/ 1% CO2 for 4.95 ATA O2 give the percentages of the gas mixtures
used to make HBO media.
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Measurement of Superoxide Anion. DHE (Life Technologies) was used to measure O 2induced ·O2- production in rat brain slices (6, 27, 30, 42). A 5 mM stock solution was
diluted in 1 ml of DMSO and divided into 100 l aliquots. The aliquots of fluorescent dye
were stored in a freezer maintained at -20°C and used for up to 2 months. The final
concentration of DHE dissolved into aCSF used in all oxygen protocols was 2.5M (6, 30,
42). DHE is oxidized by ·O2- to ethidium, which binds to DNA and fluoresces and then
detected using a Texas Red filter cube (ex /em , 525 nm/590 nm). A cocktail of nitric
oxide synthase (NOS) and superoxide dismutase (SOD) inhibitors was used in all
experiments to enhance intensity of O2-dependent DHE fluorescence by attenuating
reactions of O2- with NO to produce ONOO-, and its conversion via SOD to H2O2 (27,
42, 43). Specifically, fluorogenic dye was added to aCSF containing a cocktail of two NOS
inhibitors (1 mM N--nitro-L-arginine methyl ester (L-NAME, Sigma) (44) and 100 M 7nitroindazole (7-NI, Sigma) (45)), plus a SOD inhibitor (10 M diethyldithiocarbamate
(DDC; Sigma) (46)). In addition, a series of experiments were run during exposure to
anoxia (0.95 ATA N2, 0.05 ATA CO2 + 1 mM sodium sulfite (Na2SO3, Sigma)) to stimulate
production of ·O2- and increased DHE fluorescence in cSC cells as a positive control (27);
O2- production increases during anoxia via uncoupling of mitochondrial electron transport
chain III and enhanced electron leak (47). Anoxic control experiments were conducted
using a conventional, non-hyperbaric Nikon inverted fluorescence microscope equipped
with an identical brain slice chamber under room air pressure conditions (Eclipse TE2000U, Nikon) (27, 29, 42).
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Statistical Analysis. Data collected using Nikon NIS Elements (version 3.1) software
were imported into Microsoft Excel and GraphPad Prism 7 for analyses. As in previous
studies (27, 48), the rate of ·O2- production in cSC cells was expressed as the change in
arbitrary fluorescence intensity units per minute (∆FIU/min). Digital images were collected
every 5 min using a 300-ms exposure to avoid photobleaching of DHE-labeled cells. The
fluorescent intensity units (FIU) of 40-70 cells (7-12 cells/slice, 1 slice/experiment/rat)
were collected and analyzed for each of the three oxygen protocols, and a new group of
animals/slices were used for each level of hyperoxia tested. In the absence of KS, each
cell served as its own control (0.4 ATA) for assessing cellular O 2 sensitivity at all three
levels of hyperoxia tested (0.95, 1.95 and 4.95 ATA). Likewise, when testing the effects
of KS, each cell served as its own control prior to exposure to 0.95 and 1.95 ATA O 2. By
contrast, when testing the effects of KS at 4.95 ATA O 2, separate groups of slices were
used for exposure to control O2 (0.4 ATA) versus 4.95 ATA O2. The rationale for this
difference in experimental design is presented in the Results section.
Criteria for selecting cSC cells offline for analysis were as follows: 1) cSC cells
were excluded from analysis if FIU/min either plateaued or decreased during the 3-hr
long protocol, which is an indication of either cell death, dye leakage and/or
photobleaching; 2) cells that dissipated (lysed) during anytime of the experiment were
excluded from analysis (27, 30, 49). In addition, 3) cells with an initial baseline of 100 –
600 FIU were analyzed; an initial FIU <100 was likely indicative of insufficient absorption
of DHE while cells with an initial FIU >600 dissipated before the end of the experiment;
4) a cell was classified as “O2 sensitive” (O2+) if its FIU/min increased by >25% during
hyperoxia exposure, and “O2 insensitive” (O2Ø) if its FIU/min increased <25% during
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hyperoxia exposure; 5) a cell was classified as “Dim” if its initial FIU at time zero (FIU 0)
was equal or below the average FIU0 of the cell population; likewise, the cells were
classified as “Bright” if its FIU0 was above the average FIU0 of the cell population.
Changes in cell’s arbitrary FIU/min between control versus hours 1 and 2 of hyperoxia
were compared within each group for statistical significance using a one-way analysis of
variance (ANOVA) with Sidak’s multiple comparison test. An unpaired t-test was used to
compare Dim and Bright cells between slices at 4.95 ATA O 2 (Figure 2.10C) All
significance set at a value of P < 0.05and data are represented as the mean ± SEM (27,
30, 49).

Results
General. All three levels of hyperoxia were tested in the same microscopy-brain slice
setup contained inside a sealed pressure vessel filled with an overlying atmosphere of
either 1, 2, or 5 ATA He, submerged in aCSF and maintained by 2-sided superfusion
under the similar conditions of aCSF temperature and flowrate (Figure 2.2). Results from
medullary slices harvested from male and female Sprague Dawley rats were combined.
The temporal order that brain slice experiments were done using the hyperbaric
microscope was as follows: 1) 4.95 ATA O2  Ketone Salts (KS), 2) 1.95 ATA O2  KS,
and 3) 0.95 ATA O2  KS. After the initial set of experiments (4.95 ATA O2) the xenon
bulb inside the lamphouse expired and had to be replaced with a new, brighter xenon
bulb. Consequently, baseline fluorescence intensities reported for 4.95 ATA O 2 are less
compared to those measured for experiments using 0.95 and 1.95 ATA O 2. In addition,
prior to the data reported here, the effect of 0.95 ATA O 2 on DHE fluorescence intensity
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and O2- production in cSC in the absence and presence of KS was studied in a different
group of rat medullary slices using an inverted fluorescence microscope (Nikon Eclipse
TE2000-U) exposed to room air (6, 42). The decision to repeat the experiments testing
0.95 ATA O2 inside the sealed hyperbaric microscope chamber was made so that relative
FIU/min in cSC cells could be compared across three levels of hyperoxia using the same
experimental conditions of aCSF flowrate and overlying atmosphere of pure He, both of
which influence the level of PO2 in the aCSF and tissue slice (40).

DHE Fluorescence in cSC Cells during Exposure to Normobaric Hyperoxia. Initially,
experiments were run without KS to determine the effect of prolonged exposure (two hr)
to NBO2 hyperoxia (0.95 ATAO2) on the rate of O2- production. This was done to
determine if KS could be tested during the second hr of NBO 2 hyperoxia in the next series
of experiments so that each cell and brain slice served as its own control in 0.4 ATA vs.
NBO2 hyperoxia alone vs. NBO2 hyperoxia plus KS or, alternatively, if separate groups of
brain slices would be run without vs. with KS. The left panel in Figure 2.3A shows 5-min
running averages of FIU/min in control O2 (0.4 ATA) versus two hours of exposure to
NBO2 hyperoxia the right panel in Figure 2.3A show hourly running averages of the
FIU/min in 0.4 ATA O2 (hr 1) versus the first hour of NBO2 hyperoxia (hr 2) and second
hour of NBO2 hyperoxia (hr 3). Figure 2.3A, during exposure to NBO2 hyperoxia, the rate
of ·O2- production significantly
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Figure 2.2 : Interior view of the hyperbaric chamber with the microscope and brain slice sleds in position for fluorescence imaging of
DHE-loaded cells in the cSC of a medullary tissue slice. Detailed description is available in journal article referenced in footnote 1.
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increased (P < 0.0001) during hr 2 (9.12 ± 0.57 FIU/min) compared to control oxygen
(hr 1, 5.01 ± 0.22 FIU/min) and remained elevated and unchanged (P = 0.727271) during
the second hr of hyperoxia (hr 3, 9.75 ± 0.57 FIU/min).

DHE Fluorescence in cSC Cells during Exposure to Hyperbaric Hyperoxia. As stated
above, experiments were run without KS to determine the effect of prolonged exposure
(two hr) to HBO2 hyperoxia (1.95 or 4.95 ATAO2) on the rate of O2- production. The left
column panels in Figure 2.3B-C shows 5-min running averages of FIU/min in control O2
(0.4 ATA) versus two hours of exposure to HBO 2 hyperoxia. The right column panels in
Figure 2.3B-C show hourly running averages of the FIU/min in 0.4 ATA O2 (hr 1) versus
the first hour of HBO2 hyperoxia (hr 2) and second hour of HBO2 hyperoxia (hr 3). Likewise
to NBO2 hyperoxia, a similar response was observed during exposure to 1.95 ATA HBO 2
(Figure 2.3B); that is, the rate of ·O2- production significantly increased (P < 0.0001) during
the first hr of HBO2 (hr 2, 9.601 ± 0.41 FIU/min) when compared to control O2 (hr 1, 4.84
± 0.17 FIU/min) and remained constant (P = 0.4072) during the second hour of
hyperoxia (hr 3, 8.85 ± 0.50 FIU/min). During exposure to 4.95 ATA O2 (Figure 2.3C),
the rate of ·O2- production also significantly increased (P < 0.0001) during the first hour of
exposure to HBO2 (hr 2, 3.48 ± 0.14 FIU/min) compared to control O2 (hr 1, 2.05 ± 0.08
FIU/min); however, the rate of ·O2- production significantly decreased (P < 0.0223)
during the second hour of exposure to HBO2 relative to the first hour of HBO2 (hr 3, 2.77
± 0.22 FIU/min), but remained elevated relative to 0.4 ATA control O 2 (P < 0.0166).
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Consequently, in subsequent experiments, the effects of KS on O2- production
during exposure to 0.95 and 1.95 ATA O2 were tested during the second hr of exposure
to hyperoxia and compared to the first hr of hyperoxia. By contrast, the effects of KS on
O2- production during exposure to 4.95 ATA O2 was tested in two sets of brain slice
experiments, one series of experiments using hyperoxia without KS and a second series
using hyperoxia plus KS.
When the magnitude of the increase in FIU/min during the first hr of hyperoxia
was compared across the three levels of hyperoxia tested, remarkably, there was no dose
dependent increase in the FIU/min (Figure 2.4A,). Likewise, the magnitude of the
response after two hours of hyperoxia was the same for 0.95 and 1.95 ATA O 2 (Figure
2.4B) and, as already indicated, the rate of O2- production significantly decreased during
the second hr of exposure to 4.95 ATA O2 relative to the second hr of 0.95 ATA O2 (P <
0.0034) and 1.95 ATA O2 (P < 0.0281).

DHE Fluorescence in cSC Cells during Exposure to Normobaric Hyperoxia 
Ketone Salts. We next tested the effects of KS on DHE fluorescence during exposure
to NBO2 hyperoxia. Brain slices were superfused with aCSF + KS (2mM or 5mM) during
the second hour of exposure to 0.95 ATA O 2 because the rate of·O2- production
increased and was unchanged during two hr of sustained NBO 2 hyperoxia (Figure
2.3A). Figure 2.5A shows the same data set as presented in Figure 2.3A, but now
expressed as two superimposed time vs. FIU graphs for hr 1 (solid line) and hr 2 (dotted
line) of NBO2 hyperoxia in the absence of ketosis. The initial FIU values at the start of hr
1 and 2 of NBO2 hyperoxia are set to zero and overlaid for ease of comparison of their
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respective slopes, FIU/min. In Figure 2.5B, a second set of brain slices was exposed
to 0.95 ATA O2 for two hours; however, 5 mM KS was present during the second hr of
NBO2 hyperoxia (dotted line), which significantly decreased the rate of O2- production in
cSC cells compared to the first hour of hyperoxia (solid line; P < 0.0128). Figure 2.5C
summarizes the effects of control O2 (hr 1), NBO2 hyperoxia alone (hr 2), and NBO2
hyperoxia alone (left, 0 mM KS), with 2 mM KS (middle) and 5 mM KS (right) on the rate
of ·O2- production in cSC cells. As shown in the far right set of histograms, exposure to
hyperoxia increased the FIU/min (hr 1  hr 2), which was inhibited by 24% during the
second hr of exposure to hyperoxia plus 5 mM KS (hr 2  hr 3; P < 0.0128). Exposure
to 2 mM KS did not significantly affect the increase in fluorescence intensity during
exposure to hyperoxia (middle, hr 2  hr 3; P = 0.1452).

DHE Fluorescence in cSC Cells during Exposure to Hyperbaric Hyperoxia 
Ketone Salts. Likewise, when the same experiments were repeated in another group of
medullary slices using 1.95 ATA O2  KS (2 and 5 mM), the same results during ketosis
were found as when using 0.95 ATA O2 (Figure 2.5). Figure 2.6A shows the same data
set as presented in Fig. 2.3B, but now expressed as two superimposed time vs. FIU
graphs for hr 1 (solid line) and hr 2 (dotted line) of HBO 2 hyperoxia in the absence of
ketosis. Addition of 5 mM KS during the second hr of exposure to HBO 2 at 1.95 ATA O2
(Figure 2.6B) significantly decreased the slope of the FIU/min (dotted line) compared
to HBO2 alone

51

Figure 2.3 : (A, left) Normalized 3 hr DHE fluorescence experiment after exposure to 1 hr of control O2 (0.4 ATA O2) followed by 2 hr
of normobaric hyperoxia (0.95 ATA O2). Normobaric hyperoxia stimulated ·O2 – production as shown by an increase in the rate of
increased DHE fluorescence over time (FIU/min). Onset of each hour of treatment is demarcated by a dotted, vertical line. (A, right)
Compared with control O2, the average FIU/min for DHE increased significantly after exposure to 1 hr of 0.95 ATA O2 and was
unchanged during the second hr of normobaric hyperoxia. (B, left) A normalized 3 hr DHE fluorescence experiment after exposure to
1 hr of 0.4 ATA O2 followed by 2 hrs of hyperbaric hyperoxia (1.95 ATA O2). (B, right) Compared to control O2, the average FIU/min
for DHE increased significantly after 1 hr of exposure to HBO2 and was unchanged during the second hour of HBO2 at PB = 2 ATA.
(C, left) A normalized 3 h DHE fluorescence experiment after exposure to 1 hr of 0.4 ATA O2 followed by 2 hrs of hyperbaric hyperoxia
(4.95 ATA O2). (C, right) Compared to control O2, the average FIU/min for DHE increased significantly after 1 hr of exposure to
hyperbaric hyperoxia; however, ∆FIU/min significantly decreased during the second hr of hyperbaric hyperoxia at PB = 5 ATA
compared with the first hr of hyperbaric hyperoxia. Each symbol represents a cell’s measured ∆FIU/min. Analysis of variance
(ANOVA): *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 2.4 : The magnitude of the average ∆FIU/min from hr 1 (control O2) to the 1st hr of hyperoxia. The percent change in ∆FIU/min
of DHE fluorescence from hr 1 to hr 2 was not significantly different for cSC cells during increased background P O2. (B) is the
magnitude of the average ∆FIU/min from hr 1 to the 2nd hr of hyperoxia for cSC cells. The percent change in ∆FIU/min of DHE
fluorescence after exposure to 2 hrs of 0.95/1.95 ATA O2 was significantly greater than exposure to 4.95 ATA O2 in cells. Each symbol
represents a cell’s measured %∆FIU/min. Analysis of variance (ANOVA): *P < 0.05; **P < 0.01; ***P < 0.001.
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during the first hour of hyperoxia (solid line; P < 0.0327). Figure 2.6C summarizes the
effects of control O2 (hr 1), HBO2 hyperoxia alone (hr 2), and HBO2 hyperoxia without
(left, 0 mM KS) and with 2 mM KS (middle) or 5 mM KS (right) on the rate of ·O 2production in cSC cells. As was the case when using 0.95 ATA O 2, the addition of 5 mM
KS to the aCSF during the second hr of exposure to HBO 2 significantly decreased the
rate of O2- production (hr 2  hr 3; P < 0.0327). Exposure to 2 mM KS did not significantly
affect the increase in fluorescence intensity during exposure to hyperoxia (middle, hr 2 
hr 3; P = 0.9989). At the highest level of HBO2 tested, 4.95 ATA O2, a different
experimental protocol was used since the FIU/min had decreased significantly during
the second hr of exposure to HBO2 alone (Figure 2.3C). In this series of experiments,
separate groups of brain slices from different animals were tested by exposing slices to
0.4 ATA O2 for one hour followed by one hr of hyperoxia  KS (2.5 and 5 mM).5 Figure
2.7A shows an example of two time vs. FIU traces that run in parallel for cSC cells during
the first 60 min of control O2 (0.4 ATA O2; solid line) and during the first 60 min of
hyperbaric hyperoxia (4.95 ATA O2, dotted line). As in Figures 2.5 and 2.6, the data have
been scaled to superimpose at an initial arbitrary FIU of zero for comparison of the relative
slopes, FIU/min. Addition of 5 mM KS during the first hr of exposure to HBO 2 at 4.95

5

As stated above in the Results/General section, experiments testing the effects of 4.95
ATA O2 were done first and used 2.5 mM KS. After completion of these initial
experiments, we decided to decrease the level of hyperoxygenation based on our
results during the second hr of 4.95 ATA HBO 2 exposure (Fig. 2.3C). Likewise, we
decided to decrease the level of KS to 2 mM to see if it also blunted the rate of
O2- production during exposure to a physiological level of hyperoxia (0.95 ATA), which
it did; see Fig. 2.2 in Ciarlone et al. (2019). However, when we repeated experiments in
0.95 ATA in the present study, 2 mM KS did not significantly block O2-induced
O2- production. These results are addressed in the Discussion section.
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Figure 2.5 : (A) Two time vs. FIU traces that run in parallel for cSC cells during the 1st 60 min of normobaric hyperoxia (0.95 ATA
O2; solid line) and during the 2nd 60 min of hyperoxia (dotted line); however, they have been scaled to superimpose at an initial
arbitrary FIU of zero. (B) Two time vs. FIU traces that run in parallel for cSC cells during the 1st 60 min of normobaric hyperoxia
(0.95 ATA O2; solid line) and during the 2nd 60 min of hyperoxia + 5 mM KS (dotted line); however, they have been scaled to
superimpose at an initial arbitrary FIU of zero. (C) The ∆FIU/min were observed from control oxygen (0.4 ATA O2, square),
hyperoxia (0.95 ATA O2, upright triangle) and hyperoxia + KS (upside-down triangle). Each symbol represents a cell’s measured
∆FIU/min. One hr of ketosis (2 mM) showed no significant changes in DHE fluorescence during normobaric hyperoxia; though, DHE
fluorescence significantly decreased on average during normobaric hyperoxia with 5 mM KS. Analysis of variance (ANOVA): *P <
0.05; **P < 0.01; ***P < 0.001.
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ATA O2 (Figure 2.7B) significantly decreased the slope of the FIU/min (dotted line)
compared to HBO2 alone during the first hour of hyperoxia (solid line; P < 0.0042). Figure
2.7C compares the percentage ∆FIU/min from hr 1 (control O 2) to hr 2 (1st hour of HBO2
± KS). No significant change (P = 0.2583) in percentage ∆FIU/min between control
(180%) and 2.5 mM KS (203%); however, 5 mM KS significantly decreased the ∆FIU/min
during HBO2 hyperoxia (P < 0.0042; 135%) as compared to HBO2 hyperoxia alone (0
mM KS).

Anoxia-induced ·O2- Production with Ketone Salts. Figure 2.8A shows an example of
increased DHE fluorescence in anoxic aCSF (95% N 2 + 5% CO2) + oxygen scavenger
(NaSO3) from time 0 min in 0.4 ATA O2 (control O2) for 60 min, 0 ATA O2 for 30 min, and
back to control O2. This set of experiments was done as a positive control to determine
the effects of KS on another condition that increases the rate of O2- production in cSC
cells (27). On average, anoxia significantly increased (P < 0.0001) FIU/min after 1 hr of
control O2 (3.106 ± 0.19 to

4.175 ± 0.25 FIU/min) and switching back to aCSF

equilibrated with control O2 significantly reduced (P < 0.0001) the FIU/min to 3.197 ±
0.25. Figure 2.8B shows the FIU vs. time trace in anoxic aCSF + NaSO3 from time = 0
min in 0.4 ATA O2 (control O2) for 60 min, 0 ATA O2 for 15 min, 0 ATA O2 + 5 mM KS for
15 min and back to control O2. On average, 5 mM KS significantly decreased (P < 0.0001)
FIU/min after 15 min of anoxia (3.897 ± 0.16  2.369 ± 0.17 FIU/min).

DHE Fluorescence in Dim and Bright Rat cSC Cells. During the study, we noticed that
not all cells in the cSC in the same focal plane exhibited the same level of fluorescence
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intensity during the experiment. One possible explanation for this difference is that not all
cells produce the same level of O2-, NO, and downstream RONS (27, 50, 51). Other
possible explanations for observed differences in fluorescence intensity between cells are
also presented in the Discussion section. We questioned if “Dim cells” had different
fluorescence intensity responses in terms of O2- production to increased O2 and KS
compared to “Bright cells”. Figure 2.9A shows a comparison of images in the same
medullary slice after 20 and 50 min of exposure to control O 2, and 90 min of exposure to
HBO2 (t=150 min since time zero). Because cSC cells’ sensitivity to O 2 is heterogenous
and the fluorescence intensity units (FIU) at time zero (FIU0) in this study varied, 100-600
FIU, the data set from Figure 2.3 was reanalyzed by dividing the cells into two populations
based on their initial fluorescence intensity levels; that is, “Dim” cells and “Bright” cells
based on their average level of relative FIU at time zero in 0.4 ATA O 2. For example, as
shown in Figure 2.9B for the series testing the effects of 1.95 ATA O 2 on O2- production,
FIU0 was calculated as 340 FIU0 for all cells (n= 46 cells). Thus, Dim cells had a FIU0 <
340 and Bright cells had FIU0 > 340. This classification scheme produced two parallel
graphs of 5-min running averages of fluorescence intensity offset by ~200 FIU, where
Bright cells averaged 427 ± 41 FIU0 and Dim cells averaged 273 ± 30 FIU0 (Figure 2.10B).
FIU0 calculated in 0.4 ATA O2 for cSC cells that were tested using 0.95 ATA O2 was 266.
Likewise, FIU0 in 0.4 ATA O2 for cSC cells that were tested using 4.95 ATA O 2 was 241
(not shown). Based on FIU0 values, the two cell populations of Bright and Dim cells were
reanalyzed in 0.4 ATA O2 (hr 1) versus hr 2 and hr 3 of exposure to 0.95, 1.95 and 4.95
ATA O2 (data not shown). During the first hr of exposure to 0.95 ATA O 2, the rate of ·O2production (FIU/min) significantly increased (P < 0.05) for both Dim cells (4.48 ± 0.21 t
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Figure 2.6 : (A) Two time vs. FIU traces that run in parallel for cSC cells during the 1st 60 min of hyperbaric hyperoxia (1.95 ATA O2;
solid line) and during the 2nd 60 min of hyperoxia (dotted line); however, they have been scaled to superimpose at an initial arbitrary
FIU of zero. (B) Two time vs. FIU traces that run in parallel for cSC cells during the 1st 60 min of hyperbaric hyperoxia (1.95 ATA O2;
solid line) and during the 2nd 60 min of hyperoxia + 5 mM KS (dotted line); however, they have been scaled to superimpose at an initial
arbitrary FIU of zero. (C) The ∆FIU/min were observed from control oxygen (0.4 ATA O2, square), hyperoxia (1.95 ATA O2, upright
triangle) and hyperoxia + KS (upside-down triangle). Each symbol represents a cell’s measured ∆FIU/min. One hr of ketosis (2 mM)
showed no significant changes in DHE fluorescence during hyperbaric hyperoxia; though, DHE fluorescence significantly decreased
on average during normobaric hyperoxia with 5 mM KS. Analysis of variance (ANOVA): *P < 0.05; **P < 0.01; ***P < 0.001.

58

A

B

C
600

N = 54 cells; 6
rat brain slices

N = 48 cells; 5
rat brain slices

% FIU/min
0.4
O2

**

N = 68 cells; 7
rat brain slices

***

400
200
0
ATA O2

4.95'

4.95''

4.95'''

0

2.5

5

KS (mM)
Figure 2.7 : (A) Two time vs. FIU traces that run in parallel for cSC cells during the 1st 60 min of control O2 (0.4 ATA O2; solid line)
and during the 1st 60 min of hyperbaric hyperoxia + 5 mM (4.95 ATA O2; dotted line); however, they have been scaled to superimpose
at an initial arbitrary FIU of zero. (B) Two time vs. FIU traces from separate set of rat brain slice experiments run in parallel for cSC
cells. The solid line represents the 1st 60 min of hyperbaric hyperoxia (4.95 ATA O2), and the dotted line represents the 1st 60 min of
hyperbaric hyperoxia + 5 mM (4.95 ATA O2); however, they have been scaled to superimpose at an initial arbitrary FIU of zero. (C)
The whisker plot graphs show the magnitude of the average percent ∆FIU/min from hr 1 (control O2) to hr 2 (1st hour of hyperoxia ±
KS). The percent change in ∆FIU/min of DHE fluorescence from hr 1 to hr 2 during exposure to 2.5 mM KS was not significantly
different from control; however, the percent change in ∆FIU/min during exposure to 5 mM KS was significantly compared to control.
Each symbol represents a cell’s measured %∆FIU/min. Analysis of variance (ANOVA): *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 2.8 : A positive control experiment showing the specificity of DHE for measuring ·O2−. (A) Normalized DHE fluorescence
traces that start (0 min) and end (120 min) of an experiment after exposure to 60 min of 0.4 ATA O 2 followed by 30 min of 0 ATA O2
then back to control O2. Anoxic aCSF (0.95 ATA N2, 0.05 ATA CO2) was used in the presence of an O2 scavenger (Na2SO3) to
stimulate ·O2− production, as demonstrated by an increase in DHE fluorescence. Anoxia administration began at the vertical dotted
lines and ended with a return to control O2 at the solid vertical lines. (B) A raw DHE trace in 0.4 ATA O2 (control O2) for 60 min at
time 0, 0 ATA O2 for 15 min, 0 ATA O2 + 5 mM KS for 15 min and back to control O2. On average, 5 mM KS + anoxic aCSF
significantly decreased FIU/min compared to anoxia only. Analysis of variance (ANOVA): *P < 0.05; **P < 0.01; ***P < 0.001.
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7.62 ± 0.65) and Bright cells (5.79 ± 0.35 to 10.59 ± 0.82), compared to control oxygen,
and remained elevated and unchanged (P = 0.1185) during the second hr of hyperoxia.
A similar response was observed during exposure to 1.95 ATA O 2; that is, the rate of
·O2- production significantly increased (P < 0.0001) during the first hr of HBO2 in Dim
cells (4.65 ± 0.20 to 7.69 ± 0.34) and Bright cells (4.72 ± 0.29 to 10.36 ± 0.52),
compared to control oxygen. The level of O 2- production during exposure to hyperoxia
relative to control O2 was significantly greater in 1.95 ATA O2 than 0.95 ATA for Bright
cells (P < 0.0484) but was no different in Dim cells (P = 0.7560). During the second hr
of exposure to 1.95 ATA O2 the rate of O2- production was unchanged in Dim cells (not
shown; P = 0.3299) and in Bright cells (not shown; P = 0.6256). Likewise, during
exposure to 4.95 ATA O2, the rate of ·O2- production also significantly increased (P <
0.0001) relative to control O2 during the first hr of exposure to HBO2 in both Dim cells
(2.02 ± 0.10 to 3.61 ± 0.17) and Bright cells (2.20 ± 0.15 to 3.27 ± 0.24).The rate
FIU/min for Dim cells significantly decreased to 2.78 ± 0.27 during the second hr of
4.95 ATA O2 (P < 0.0092) but was unchanged in Bright cells (not shown; P = 0.44291;
3.48 ± 0.14 FIU/min).

DHE Fluorescence in Dim vs. Bright Rat cSC Cells with Ketone Salts. The data set
from Figure 2.5-2.7 was reanalyzed by dividing the cells into two populations based on
their initial fluorescence intensity levels; that is, “Dim” cells and “Bright” cells based on
their average level of relative FIU at time zero in 0.4 ATA O 2 (FIU0). Figure 2.10A shows
the FIU/min in Dim and Bright cSC cells in 0.4 ATA O2 (hr 1) and after switching to aCSF
equilibrated with 0.95 ATA O2 at (hr 2) and 0.95 ATA O2 + 5 mM KS at (hr 3) of the
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experiment. On average, both Dim and Bright cells significantly increased their FIU/min
during the first hr of exposure to 0.95 ATA O2. During exposure to 5 mM KS and NBO2
hyperoxia (hr 3), the rate of FIU/min slightly reduced for Dim and Bright cells (hr 3 vs. hr
2). Figure 2.10B shows the rate of FIU/min of DHE during exposure to 1.95 ATA O2 ±
KS. On average, during exposure to 1.95 ATA HBO2 + KS the FIU/min of DHE did not
change for Dim or Bright cells; however, KS significantly decreased (P < 0.0290) the rate
FIU/min of DHE fluorescence. As mentioned above, DHE fluorescence decreased
during the second hr of exposure to 4.95 ATA O 2 HBO2 ; thus, KS were tested and
analyzed during hr 1 of hyperoxia in separate set of brain slices. Figure 2.10C shows the
magnitude of the increase in FIU/min during the first hr of HBO2 hyperoxia (hr 1  hr 2)
was compared to the first hr of HBO2 hyperoxia + 5mM KS (hr 1  hr 2) in a separate set
of brain slices. During exposure to KS and 4.95 ATA HBO 2 the magnitude of the response
was significantly decreased by 49% for Dim cells (P < 0.0063) and 38% for Bright cells
(P < 0.0263).

DHE Fluorescence in Oxygen Insensitive and Oxygen Sensitive Rat cSC Cells.
Further analyses of FIU/min in individual cells during exposure to hyperoxia revealed
that cells in the cSC had varying rates of O2- production (not shown). For example, in any
given brain slice, the slope of the FIU response by cells in the same focal plane during
exposure to hyperoxia could be as low as 2.37 and as high as 10.35 FIU/min. Thus, we
questioned if exposure to KS affected cells with different O2-sensitivities in terms of O2production. Accordingly, we reexamined the data set in Figure 2.3 again, this time dividing

62

Figure 2.9 : (A) Images of DHE fluorescence selected at during different time points during the experiment. Cells are categorized by
initial absolute fluorescence intensity at time zero (FIU0) as Dim cells (black triangles) and Bright cells (white triangles). Time zero is
defined as 75 min after completion of harvesting brain slices and incubation at room temperature in aerated aCSF (0.40 ATA O 2),
which includes 60 min of recovery from slicing plus 15 min of loading DHE (2.5M). The calibration bar equals 100M. (B) Cells with
FIU0 < 340 FIU are classified as Dim cells and FI0 > 340 FIU as Bright cells. The choice of < 340 FIU as the threshold for classification
as Dim cells and > 340 FIU as Bright cells was based on the average FIU for all cells at time zero in 0.4 ATA O 2. Thus, the two time
vs. FIU graphs run in parallel with Bright cells (427 ± 41 FIU) above Dim cells (273 ± 30 FIU). Black rectangle outlines indicate the
time periods selected for images in panel A.
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The criterion we used was if the slope of FIU/min increased < 25% over control O2 then
the cell was classified as O2Ø, and if the slope of FIU > 25% over control O2 then the
cell was classified as O2+. Based on this criterion, we found that most of the cells tested
in hyperoxia were O2+; that is, they had the steeper slope values for FIU/min: 0.95 ATA
O2 (55/61, 90%), 1.95 ATA O2 (43/46, 93%), and 4.95 ATA O2 (36/54, 67%). it into O2insensitive (O2Ø) cells and O2-sensitive cells (O2+) based on the magnitude of the
FIU/min value during the first hour of exposure to hyperoxia relative to control O 2. During
exposure to 0.95 ATA O2, in O2Ø cells (n=6/61, 10%) there was no significant change (P
= 0.9061) in FIU/min during the first hour of exposure to NBO 2 hyperoxia (hr 2) or during
the second hour of NBO2 hyperoxia (P = 0.0546; hr 3) compared to control O2. By
contrast, in O2+ cells there was a significant increase (P < 0.0001) during the first hour to
NBO2 hyperoxia compared to control O2 and remained unchanged during the second
hour of hyperoxia (not shown). During exposure to 1.95 ATA O 2, in O2Ø cells (3/46, 7%)
there was no significant change (P = 0.9996) in FIU/min during the first hour of exposure
to HBO2 hyperoxia or during the second hour of hyperoxia (P = 0.9759) compared to
control O2. By contrast, in O2+ cells there was a significant increase (P < 0.0001) during
the first hour to HBO2 compared to control O2 that remained unchanged during the second
hour of hyperoxia (not shown). During exposure to 4.95 ATA O2, in O2Ø cells (8/54, 33%)
there was no significant change (P = 0.5399) in FIU/min during the first hour of exposure
to HBO2 hyperoxia or during the second hour of HBO2 hyperoxia (P = 0.0711) compared
to control O2. By contrast, in O2+ cells there was a significant increase (P < 0.0001) during
the first hour to NBO2 hyperoxia compared to control O2 and remained unchanged during
the second hour of hyperoxia (not shown).
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Figure 2.10 : Responses of Dim versus Bright cells in the cSC cells to three levels of hyperoxia ± 5mM KS: (A) 0.95 ATA O2, (B) 1.95
ATA O2, and (C) 4.95 ATA O2. In the left panels, the raw FIU are shown to show the relative change in slopes (FIU/min) in Dim cells
versus Bright cells during exposure to control O2 versus hyperoxia. The whisker graph for (A &B) shows the average ∆FIU/min of DHE
fluorescence during hr 2 (hyperoxic exposure of 0.95/1.95 ATA O2) was significantly increased in Dim and Bright cells compared with
DHE fluorescence during control O2 . The ∆FIU/min of DHE fluorescence decreased between hr 2 and hr 3 (5 mM KS) during exposure
of 1.95 ATA O2 in Bright cells. The magnitude of ∆FIU/min of DHE fluorescence significantly decreased in Bright cells during the hour
of exposure to 4.95 ATA O2 + KS relative to hour of hyperbaric hyperoxia only . Analysis of variance (ANOVA) and unpaired t- test: *P
< 0.05; **P < 0.01; ***P < 0.001.
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The general effects of increased background oxygenation and KS on O2production in O2Ø and O2+ cells are summarized in Table 2.1. Data presented in Figure
2.10 shows the FIU/min in O2Ø and O2+ cells in 0.4 ATA O2, hyperoxia (0.95/1.95 ATA
O2), and hyperoxia + 5mM KS in the three hr experiment. During exposure to NBO 2
hyperoxia (Figure 2.10A), 5mM KS did not changed the FIU/min of DHE for O2Ø cells;
however, KS significantly decreased (P < 0.0238) the FIU/min of DHE fluorescence for
O2+ cells from 7.80 ± 0.43 to 5.85 ± 0.57. Likewise, Figure 2.10B shows the FIU/min of
DHE during exposure to 1.95 ATA O2 ± KS. On average, 5mM KS did not change the
FIU/min of DHE for O2Ø cells; however, KS significantly decreased (P < 0.0162) the
FIU/min of DHE fluorescence for O2+ cells from 10.00 ± 0.51 to 8.04 ± 0.40. As
mentioned above, the experimental protocol was modified for 4.95 ATA O 2 and O2
sensitivity cell populations could not be confirmed in KS experiments.
There was no correlation between a cell’s initial fluorescence intensity and whether it was
subsequently classified as O2Ø or O2+. Likewise, there was no difference in the level of
O2- production during the first hr of exposure to 0.95, 1.95, or 4.95 ATA O 2.

Discussion
The three major findings of this study were as follows. 1) Exposure to a broad
range of hyperoxia, including HBO2, stimulates O2- production in cSC cells, which is 2)
significantly decreased in most cells during co-exposure to 5 mM KS. 3) In addition, not
all cells in the cSC produce O2- at the same rate during exposure to control O2 and
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Table 2.1 : Summary data of superoxide production from distinct rat brain cell populations ± Ketone Salts during hyperoxia

Effect of KS on DHE ∆FIU/min in Hyperoxia
(Pooled, initial fluorescent intensity & O2 sensitivity)
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hyperoxygenation, and cells with the higher rates of O2- production during exposure to
hyperoxia were the cells that were typically inhibited by KS.
The present findings support the hypothesis that KMT delays onset of seizures
during exposure to HBO2 in part by decreasing ROS production in the cSC of the dorsal
brain stem (1, 9), in a region that has been postulated to function in seizure genesis during
exposure to HBO2 (6).

Critique of Methods: DHE Specificity for Superoxide and Arbitrary FIU/min.
Three protocols were used to generate ROS in this study; exposure to aCSF
equilibrated with 1) normobaric hyperoxia (6, 27, 29, 42), 2) hyperbaric hyperoxia (31,
52), and 3) normobaric anoxia (27). DHE is an uncharged, membrane permeable,
hydrophobic fluorogenic dye used to measure intracellular ·O 2- production (53) in the
mammalian CNS during O2 manipulation (27, 30) and exposure to oxidative stimuli
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under iso-oxic conditions (54, 55). DHE is thought to be fairly specific for measuring
physiological levels of changes in intracellular O2- production (27, 30, 53), and the
increase in DHE fluorescence during sustained exposure to 0.4 ATA O 2 is completely
inhibited during exposure to a cocktail of SOD mimetics (27). In addition, it was reported
that DHE is also oxidized by physiological levels of OH and supraphysiological levels of
H2O2 (56). Importantly, however, the influence of H 2O2 and OH would have been
minimized in the present study under co-conditions of inhibition of SOD and NOS.
Changes in DHE fluorescence intensity and thus ·O 2- production as a function of
brain slice oxygenation was measured as changes in arbitrary fluorescence units over
time (27, 29, 30, 42). We propose that the variability in initial FIU and the FIU/min
between cells in the same brain slice and between brain slices were due, presumably, to
the biological variability in cSC neurons as evidenced by the heterogeneity of their O 2dependent responses based on cellular electrophysiology (27, 42, 57, 58), intracellular
pH regulation (26, 58, 59), and capacity for RONS production (27, 29, 42, 52). Therefore,
we normalized the data by expressing the ∆FIU/min as a percentage of the change in
fluorescence during the 1st  2nd, 1st  3rd hr and 2nd  3rd hr of the experiment, or
between groups of brain slices when testing the effects of hyperoxia on O2- in the
absence and presence of KS. While it is possible that O2Ø cells in the cSC were injured
or dying, we do not think this was the case for the following reasons; first, DHE-loaded
cells did not meet the exclusion criteria stated above for our fluorescence microscopy
studies, and second, electrophysiology experiments indicate that not all neurons in the
cSC are sensitive to increased tissue PO 2 (60, 61).
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Ketones vs Glucose Utilization. In the context of this study, ketone metabolic therapy
is defined as an induced metabolic state resulting in aCSF ketone bodies concentrations
> 2mM, similar concentrations to a person following a ketogenic diet. aCSF was
supplemented with at least 2mM of KS to study neuroprotective effects during hyperoxia
while maintaining the standard concentration of glucose (to ensure cell viability for the
combined duration of the 4 hr brain slice preparation and oxygen protocol). Although no
confirmation was done in confirmation switch in metabolic preference, it is postulated that
brain cells would utilize ketone salts over glucose due to ketones inherent higher energy
capacity (62).

Ketone Salts Significantly Decrease O2- Production During Exposure to Hyperoxia.
Our findings support the conclusion that therapeutic levels of ketone bodies BHB and
AcAc (1:1 ratio) do directly or indirectly inhibit ·O 2- production and/or enhance degradation
in cSC cells during exposure to hyperoxia. However, the magnitude of these effects was
noted at 5 mM and not 2-2.5 mM KS. This suggests that a certain concentration of ketone
bodies is needed to decrease ROS production during exposure to hyperoxia. Previously,
using a different brain slice chamber and a conventional turn-key, non-hyperbaric
microscopy rig, we had reported that 2.5 mM KS also inhibited O2- production in cSC
cells during exposure to 0.95 ATA O2 (6). A possible explanation for the lack of a
significant inhibitory effect of 2.0-2.5 KS on O2- production in the present study is a
difference in the brain slice chamber and thus subtle differences in depth of aCSF and
fluidics and thus PO2 profiles in the brain tissue slice. Regardless, 5 mM KS definitely
inhibits O2- production during exposure on 0.95 ATA O 2 (6) as well as HBO2 (this study).

69

It is unknown whether reduction in the DHE fluorescence intensity during hyperoxia
plus KS was a result of inhibiting O2- production per se, augmenting antioxidant capacity,
or both processes. One possible mechanism of neuroprotection during KMT is that
ketosis increases the oxidation of ubiquinol in the electron transport chain and reducing
the concentration of semiquinone available to react with O 2 to produce O2- (62). We
observed that ketosis had different effects on O2- production dependent on the initial FIU
in control O2, oxygen sensitivity, and background oxygenation in cSC cells. Specifically,
the effectiveness of KMT on decreasing ·O2- production during hyperoxia varied between
cell type populations. O2- production during exposure to hyperoxia in Bright cells and O 2+
cells were typically inhibited by KS, whereas KS were less effective in Dim cells and
completely ineffective in O2Ø cells. The possibility that Dim/O2- cells were glial cells was
mitigated during this study, based on experience using these methods in brain slices, by
cells’ fluorescence signature. The phenotype of neurons labeled with DHE was large
spheres of fluorescence whereas glial cells displayed diffuse, punctuate fluorescence. It
is conceivable that certain cSC populations are more apt in using KS to enhance
mitochondrial efficiency via oxidation of coenzyme Q in the electron transport chain and
reducing production of ·O2- and/or have genes that are upregulated by KS that increase
antioxidant capacity (62, 63).
Past studies have shown ketone bodies prevented oxidative-stress induced
hyperexcitability and mitochondrial permeability transition (mPT), ultimately protecting
from cell death, in neocortical neurons using H2O2 and by the thiol oxidant diamide (64,
65). Furthermore, these electrophysiological effects were mimicked using the
antioxidants catalase and dithiothreitol, suggesting that ketone bodies reduce oxidative
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stress by decreasing ROS levels. However, Zago et al., (2000) observed that in isolated
mitochondria from rat liver cells a dose of 1mmol/L ACA promoted activation of mPT;
despite this fact, a possible interpretation for this discrepancy is differences between
tissue-specific mitochondria. Given that ketone bodies prevented hyperexcitability and
mPT in neurons, it is consistent with our data that BHB and AcAc, at clinically relevant
concentrations, inhibited ·O2- production in cSC cells during normobaric and hyperbaric
hyperoxia.
It is unclear whether the decrease in ROS levels, reflected by the change in DHE
fluorescence, were a result of ketone bodies directly inhibiting production and/or
enhancing degradation of ROS. Evidence that

that ketone bodies decrease ROS

production directly is supported by earlier experiments demonstrating that ketone bodies
improve mitochondrial respiration and ATP production, mostly likely due to ketone bodies’
higher inherent energy content compared to the normal mitochondrial fuel pyruvate (62).
Our results also show that ketone bodies can affect the production of ·O 2- even during
hypoxia (27), presumably by interacting with hypoxia-induced transcription factors (66).
Alternatively, KMT may enhance substrates used by the brain that are responsible for
increased synaptic stability, for example, by increasing GABA:Glutamate ratio (67) and
promoting antioxidant effects and activation of ATP-sensitive potassium channels (22).
Recently, epilepsy research have focused on the association between ketone-based
metabolism’s requiring 1/3 as many molecules of nicotinamide adenine dinucleotide
(NAD+) compared to glucose-based metabolism and downstream anticonvulsant
signaling pathways (68) Additional research is needed to determine how KMT affects
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regional changes in brain neurotransmitters, redox signaling, and NAD+/NADH ratios at
different levels of oxygenation.

O2-induced ROS production. The mitochondria are a predominant source of ·O2- in the
neuron (47, 69), and during periods of increased oxygenation the rate of ·O 2- production
is enhanced in CNS cells (6, 27, 30, 42); this study. Two new observations were made
about the effects of hyperoxia on O2- production in cSC cells in the absence of ketosis.
First, not all cells in the cSC of brain slices produce ·O2- at the same rate during exposure
to control O2 (0.4 ATA) and hyperoxia (0.95, 1.95 and 4.95 ATA). This is important
because it determines the effects that KS will have on ·O2- production during hyperoxia;
specifically, cSC cells that increase ·O2- production by at least 25% during exposure to
hyperoxia are the cells most likely to be inhibited by ketosis during hyperoxia. Second,
despite this O2 heterogeneity in terms of ·O2- production, the increased rate of ·O2production during the first hour of exposure to hyperoxia was, on average, the same for
all three levels of hyperoxia tested.
To the best of our knowledge, these are the first measurements of O2- production
in real time during exposure to HBO2 in the mammalian brain. Our lab has previously
reported (27) the rate of O2- production increases in cSC cells when brain slice
oxygenation is increased from 0.4  0.95 ATA O2 in the presence of a cocktail of NOS
and SOD inhibitors (27, 43). In the absence of NOS and SOD inhibitors, O2- production
in cSC cells, as measured using DHE, is blunted in 0.4 ATA control O 2 and does not
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increase during exposure to 0.95 ATA O2. The interpretation is that ·O2- is rapidly
consumed by reactions with NO and SOD before reacting with DHE (27, 42).
Remarkably, one of the unexpected findings when we retested 0.95 ATA O 2 plus
two new levels of HBO2 was that the magnitude of the increase in ΔFIU/min on average
was the same during hr 1 of hyperoxia regardless of the O 2 level. This was true whether
we analyzed the data sets as pooled cells, Dm vs. Bright cells, or O2+ vs. O2Ø cells. Two
possible explanations for this finding are as follows: 1) The rate of O2- production did not
increase with increasing levels of hyperoxia because the levels of NOS and SOD
inhibitors were not increased in parallel with increasing the level of tissue PO 2. For
example, just as the increase in DHE fluorescence intensity was not observed using 0.95
ATA O2 without NOS and SOD cocktail (27), the additional increase in DHE fluorescence
intensity during exposure to HBO2 may require additional levels of NOS and SOD
inhibitors to slow down removal of O2- produced from molecular O2 through its ensuing
reactions with NO and SOD; 2) Alternatively, the average rate of O2- production by cSC
cells was maximized during exposure to 0.95 ATA O 2 and unaffected by doubling (1.95
ATA) and quintupling (4.95 ATA) the level of hyperoxia for 1 hr.
Brain slice aCSF equilibrated with 0.95 ATA (95% O 2 at PB ~1 ATA) produces a
range tissue PO2 in a 300-400 m thick brain slice that is equivalent to an intact rodent
breathing 2.0-2.5 ATA HBO2 in the absence of any effect of hyperbaric pressure per se
(6, 39, 70). This is why we use 0.4 ATA (40% O 2 at PB ~1 ATA) as the level of control O2
in our brain slice studies (6, 39). The lack of a graded effect of HBO 2 on O2- production
in cSC neurons is contrary to the well documented fact that higher levels of inspired
HBO2 accelerate the onset of the non-convulsive S/Sx and seizures in mammals (25, 39,
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71). To the best our knowledge, however, the cSC is the only postulated “oxtox trigger
zone” in which O2- production (6, 27, 42, 52) and other reactive species (50, 51) have
been measured in real time during exposure to normobaric hyperoxia and hyperbaric
hyperoxia. Thus, the effects of hyperoxia on other specific nuclei postulated to function in
seizure genesis, amplification, and neural propagation are unknown, as well as their
integrated responses (6). Thus, the lack of a dose response in O2- production during
exposure to graded hyperoxia is not necessarily inconsistent with the integrated
mammalian response to graded levels of HBO2.
If we extrapolate further from previous in vivo (72) and in vitro brain slice studies
(34, 39, 40), equilibrating aCSF with 1.95 ATA O2 produces a brain slice PO2 that is
equivalent to that of an animal breathing ~4.75-5.0 ATA normocapnic HBO 2 (39). Four
and 5 ATA O2 is often used to study the pathophysiology of CNS-OT in unanesthetized,
freely behaving rodents (1, 25, 73). And aCSF equilibrated with 4.95 ATA O 2 yields a
brain slice PO2 equivalent to an animal breathing 6 to 7 ATA O2 (39). Six ATA HBO2
induces seizures very rapidly in unanesthetized, freely behaving rats (25). Based on the
discussion above, we conclude that use of 0.95-1.95 ATA O 2 in rat brain slices is a useful
model for studying cellular O2-sensitivity under conditions that occur in intact animals
breathing normocapnic HBO2 at 2.0-5.0 ATA. We would propose, by contrast, that use of
4.95 ATA O2 in brain slices is a supraphysiological stimulus, especially if used for more
than one hour. In the present study, O2- production in cSC cells was inhibited during the
second hour of exposure to 4.95 ATA O 2. In this context, protracted exposure to 8 ATA
O2 in anesthetized, carotid body denervated rats inhibits hyperoxic hyperventilation during
exposure to lower levels of HBO2 (74), and hyperoxic hyperventilation has been
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postulated to be due in part to the stimulatory effects of hyperoxia and pro-oxidants on
cSC neurons (6, 25, 26, 75).
Cells in cSC produce ·O2- at different rates; specifically, we identified both Dim and
Bright cells based on their initial fluorescence intensity, and O 2+ and O2Ø based on their
change in fluorescence intensity during exposure to hyperoxia. The fact that cells labelled
with DHE in the same focal plane exhibit a range of fluorescence intensities suggest that
cells in the cSC have different capacities for producing ·O 2- under control brain slice (300400m) conditions of aCSF equilibrated with 0.4 ATA O2 and delivered at 1.5 ml/min by
2-sided superfusion at 35-36C. The fact that many cSC cells, rather classified as Dim or
Bright, increased their fluorescence intensity during exposure to hyperoxia indicates that
both types of cells are likely healthy and not dying; however, this will need to be confirmed
in subsequent studies using appropriate vital dyes (30). In addition, the finding that not all
cells produce ·O2- at the same rate during exposure to hyperoxia is further evidence that
cells in the cSC have different capacities for generating ·O2- production based on
background oxygenation.

Perspectives and significance. The collective evidence supports a role for increased
RONS production in the initiation of CNS-OT seizures (6). Various animal and cell models
have been used to study the underlying mechanisms of CNS-OT seizures and mitigation
strategies to provide neuroprotection while breathing HBO 2 (6). For example, exogenous
ketone esters given orally to rats 30 min prior to an experimental dive increases the
duration of the safe latency period prior to onset of seizures (1, 9). However, the
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mechanism of action for the neuroprotective properties of ketone bodies are not fully
understood.
In this report, we have shown that normobaric (0.95 ATA) and hyperbaric
hyperoxia (1.95/4.95 ATA O2) increase production of superoxide in cSC cells and that coexposure with 5 mM KS inhibits production. Future studies should seek to determine
whether KS inhibits production of other primary RONS (i.e. NO) or secondary downstream
RONS (ONOO-, carbonate, nitrogen dioxide, etc.), which are generally more associated
with stimulation of cardiorespiratory function and markers of oxidative and nitrosative
stress and cell death.
Ketones are produced in the liver under specific physiological conditions, such as
fasting or adherence to a ketogenic diet, to fuel brain function. The restrictive nature to
accumulate therapeutic levels of ketone bodies in the blood (>5 mM) from these food
regimens limits its clinical application. Therefore, development of exogenous ketone
supplements has been a subject of ongoing study to elevate blood ketones to circumvent
the adherence to such a restrictive diet. Past studies have shown that exogenous BHB
alone does not prevent seizures in various animal models (15); however, an elevation of
AcAc and acetone appear to be required for the anticonvulsant effects in animals (1). In
conclusion, many studies have indicated a neuroprotection function for ketone bodies for
many neurological disorders (21). There is a pathological link between many neurological
disorders and to energy dysregulation (76), and inducing ketosis demonstrates a
multiprong approach to normalize energy metabolism and mitigate the toxic effects of
prolonged breathing of HBO2. Evidence showing that the neuroprotection effects of
ketones work in different mechanisms is demonstrated by exogenous ketones increasing
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the latency time to seizure while some anti-epileptic drugs are ineffective or too high of a
dose to use safely. Thus, KMT may represent a viable mitigation strategy for oxygeninduced seizures.
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CHAPTER 3:
BEHAVIORAL AND ELECTRICAL CRITERIA FOR QUANTIFYING THE LATENCY
TO ONSET OF FIRST AND SECOND BOUTS OF SEIZURES IN MALE SPRAGUE
DAWLEY RATS BREATHING HYPERBARIC OXYGEN.
Abstract
The magnitude and duration of central nervous system oxygen toxicity (CNS-OT; i.e.,
seizures) in mammals is correlated with the partial pressure of inspired O 2 (PIO2) and
duration of exposure. In animal studies, the detection for CNS-OT seizures are variable
and sometimes difficult to confirm in real time given the variability in the magnitude and
properties of the seizures as we’ll explain below. This makes calling the time to seizure
onset—the latency time to seizure (LSz) or the duration of the safe latent period—a
challenge when evaluating mitigation strategies for neuroprotection against CNS-OT.
We wanted to better quantify the criteria used to identify the LSz or safe latent
period of breathing HBO2 in freely behaving, awake rodents during offline analyses. We
tested the hypothesis that the CNS-OT seizures increased in the type (frequency,
waveforms) and magnitude of electrical cortical field potentials and behavioral activity
(visible seizures) with increasing dose of hyperbaric oxygen (HBO 2) in male Sprague
Dawley (SD) rats. Accordingly, cortical electroencephalograms (cEEG) were recorded in
27 adult male rats that were implanted with a DSI 4-ET radio transmitter. At least one
week following surgery, each rat was placed in a hyperbaric chamber and pressurized to
5 atmospheres absolute (ATA) O2. LSz was calculated from the moment the chamber
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pressure reached 5 ATA O2 until the onset of first and second bouts of increased cEEG
signal and/or visible convulsive activity; i.e., LSz 1 and LSz2.
We identified three types of CNS-OT seizures: Cortical-Motor seizures (CoMoSz),
Motor-only seizures (MoSz), and Cortical-only seizures (CoSz). The occurrence of MoSzs
suggest seizure genesis for CNS-OT begins subcortically and CoSz suggest an absence
seizure phenotype. Remarkably, a preconvulsive indicator for CNS-OT (first electrical
discharge, FED) was not observed. CoMoSz and CoSz were assigned a HBO 2 score,
based on quantified changes in cEEG activity (NeuroScore 2.1), and a modified Racine
scale of seven CNS-OT convulsive behaviors, was used to score CoMoSz and MoSz.
First and second bouts of seizures were separated by an interictal period that varied from
5 to 90 minutes. Furthermore, the magnitude and duration of seizures was usually less
during the first bout of CNS-OT and greater during the second bout of CNS-OT
convulsions.

Introduction
Prolonged breathing of > 2 atmospheres absolute pressure (ATA) of oxygen
(hyperbaric oxygen, HBO2) induces central nervous system oxygen toxicity (CNS-OT),
which terminates in epileptiform seizures and cardiogenic acute lung injury (1, 2). The
partial pressure of oxygen (PO2) in the blood and duration of hyperoxic exposure are the
main determinants for the latency to seizures (LSz) (3). The onset of CNS-OT limits the
effectiveness of using HBO2 therapeutically in wound healing, diving and submarine
medicine (4-6).
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Past studies have differing evidence about the origin of CNS-OT seizure genesis
(7-11). As stated by Bitterman (12) “A typical encephalogram (EEG) obtained during
HBO2 seizures consists of spike and wave discharges recorded in both hemispheres.
They may start simultaneously or at random times in the cortical and subcortical areas.”
Ultimately, the collective evidence supports the notion that oxygen toxicity seizures
manifest in several redox-sensitive medullary nuclei during exposure to HBO 2 and these
networks’ electrical signals are amplified and relayed throughout the brainstem and
cerebral cortex, eventually transpiring as generalized tonic-clonic convulsions (4).
A key issue in mammalian HBO2 research is how to quantify the sensitivity of the
CNS to HBO2 when evaluating a mitigation strategy for reducing the risk for CNS-OT.
This is significant for maximizing the therapeutic benefits of HBO 2 therapy in medicine
and increasing the bottom time for clandestine diving operations (13). For example, the
LSz during exposure to HBO2 is a measurement used to evaluate the efficacy for many
mitigation strategies (14-16); however, LSz varies between individuals and is even highly
variable within the same individual on different days during exposures to HBO 2 alone (1719). Likewise, interindividual variability exists in animal studies (20, 21). Consequently,
highly conservative limits are used for establishing safe exposure limits to HBO 2; for
instance, the current safe exposure limit for a U.S. Navy diver using a closed-circuit O 2
rebreather at 50 feet of seawater is only 10 minutes (13). During World War II, however,
Donald observed that 50% of experienced divers tolerated three times that length of time
exposed to HBO2 without any evidence of oxygen toxic endpoints (e.g., nausea, tinnitus,
and vertigo) (1).
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The purpose of this study was to define specific cortical EEG (cEEG) and
behavioral criteria for identifying the latency to onset of first and second bouts of HBO 2induced seizures (LSz1 and LSz2) in male Sprague Dawley (SD) rats. Our rationale for
maintaining exposure to HBO2 until onset of a second bout of seizures was based on our
observations that initial seizure detection is difficult in animals due to one of the following
reasons: 1) Some animals exhibit a cortical seizure (increased cEEG activity) that
correlates with visibly detectable behavioral/motor seizures. Alternatively, in other
animals, there is a definite behavioral seizure but no change in cEEG activity; 2)
Moreover, the first seizure observed was underwhelming in its intensity as measured by
changes in cEEG activity and/or behavior and only continued for 5-15 seconds.
Afterwards, the animal appeared to be fully recovered and exhibited normal rat behavior.
Together, this made it difficult to determine the LSz in some animals and we decided to
reevaluate the criteria used for assessing LSz in unanesthetized, freely behaving male
SD rats based on quantitatively defined cEEG and behavioral responses.
In the present study, we tested the hypothesis that the magnitude and duration of
the first bout of seizure has characteristic electrical and behavioral components that
increase during the second bout of seizure and with increasing dose of oxygen. To test
this hypothesis, cEEG activity was measured before, during and following seizures based
on amplitude, polyspike frequency during seizure, and powerband analysis. In addition,
animal behavior during seizure was scored using a seven-point scale as low intensity (02) and high intensity (3-6). A preliminary report of these data has been published (22).

Materials and Methods
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Animal Source and Cortical EEG Electrode Surgery. All animal procedures were done
in accordance with the guidelines and approval of the University of South Florida (USF)
Institutional Animal Care and Use Committee (AAALAC No. 000434) and the Department
of the Navy, Bureau of Medicine and Surgery. Adult male SD rats (250-400 g, n = 27)
were obtained from Envigo and housed in the USF Division of Comparative Medicine
facility on a 12 h light, 12 h dark cycle with free access to standard rat chow and drinking
water. As in previous studies (14, 20), rats were anesthetized in 2–5% isoflurane (in O 2)
for the duration of the surgery and a DSI 4ET 4-channel telemetry module (Data Sciences
International, Minneapolis, MN) was implanted in the abdomen using sterile surgical
techniques. Two pairs of wires were passed through the body wall and tunneled under
the skin and embedded bilaterally in the cerebral cortex between Bregma and Lambda to
record cEEG activities (Figure 3.1). Four leads were embedded into the cortex in the
event that one of the pairs may fail to record; although, both sets of leads were analyzed
simultaneously and revealed similar results with the exception that the leads embedded
in the Lambda region tended to exhibit a larger number of artifacts within the cEEG
tracing. The two other pairs of biopotential leads were implanted in the respiratory
muscles to measure ventilation and over the chest muscles to measure electromyogram
activity; cardiorespiratory data will be included in a separate study and are not considered
further here. Following surgery, every animal recovered for ≥1 week in the vivarium before
the start of the experiment.

Hyperbaric Radio Telemetry System and Non-telemetry Signals. As in previous
studies (14, 20, 21, 50) the telemetric data acquisition system included a receiver (model
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RPC-2, DSI PhysioTel) cabled to the requisite hardware (Data Exchange Matrix (s/n
05847) and computer. The experimental set-up consisted of two compartments, the main
hyperbaric chamber and the animal Plexiglas chamber, that were pressurized and
decompressed concurrently.

Prior to compression, the Plexiglas chamber has free

flowing air and subsequently ventilated with 100% O 2. During compression, the main
chamber is pressurized with air while the animal chamber is continuously pressurized
with 100% O2. Non-telemetric signals, including ambient pressure, air temperature inside
the hyperbaric chamber and %O2 inside the ventilated animal chamber, were cabled to
the data acquisition unit (ACQ7700, Ponemah) and DSI receiver. These signals, as well
as a video recording (Axis 221 Network Camera) of animal activity, are viewed on a
computer monitor in real time and continuously observed by the researchers and can be
replayed offline for further analyses.

Quantification of Cortical EEG seizures. A minimum of 10-minute baseline video-EEG
in air and 100% O2 were recorded for each rat before exposure to HBO 2. Video
observations were continued to observe changes in cEEG responses during HBO 2
treatment. All post-seizure responses were compared to baseline from the same rat. The
artifacts in the raw cEEG signal were manually identified and excluded from the analyses.
Example of artifacts were electrical noise, grooming and exploratory behavior (Table 3.1).
Epileptiform spikes were identified as cEEG spikes that corresponded with a behavioral
seizure score during exposure to HBO2 (Figure 3.2A&B). For the purpose of differentiating
epileptiform spikes from electrical artifacts and normal baseline spikes, we analyzed spike
characteristics such as amplitude, duration, and frequency. The raw cEEG signal was
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divided into 1 second epochs, after exclusion of artifacts, and put through Fast Fourier
Transform analysis to identify the power band frequency, which included the following:
delta (Δ, 0.5-4 Hz), theta (θ, 4-8 Hz), alpha (α, 8-12 Hz), sigma (σ, 12-16 Hz) and beta
(β, 16-24 Hz) (51, 52).

Figure 3.1 : Quad-ET telemetry cortical lead placement. This illustrates the anatomical locations of the 2 pairs of leads that are
embedded in the cortex. The top pair (EEG 1) is in the region of Bregma and the bottom pair (EEG 2) is in the area of Lambda. Both
pairs of cEEG leads are analyzed offline in parallel.
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The power in different brain waves changed depending on the environmental condition
exposed to the rat. Specific details of the criteria developed are reported in the Results
section in Table 3.1, Figure 3.2, Figure 3.3, and supplemental video files.

Quantification of Motor Seizures. Video recordings from rats were used to score
behavioral seizures on a modified Racine scale (23), renamed as HBO 2 seizure score in
this study, at 1 second epochs. The highest HBO2 seizure score reached was analyzed
in each epoch. Often, CNS-OT seizures manifested as a low score to start and to a higher
score by the end of the seizure episode. For instance, in a 20 second seizure event, if a
HBO2 seizure score 1 and 2 occurred during the first 5 seconds and afterwards by a 15
seconds HBO2 seizure score 4, then the highest score considered in the seizure event
was 4. This way, the seizure scores were differentiated by the predominant cEEG and
behavior duration detected.

Experimental Design and HBO2 Dive Protocol. At the start of the HBO2 exposures, rats
were placed into an animal chamber and inside the hyperbaric chamber filled with air for
at least 10 minutes to obtain a baseline cEEG pattern. Then, the animal chamber was
aerated with 100% O2 for 10 minutes before both chambers were compressed to 5 ATA
at a rate of 1 ATA/min; the main hyperbaric chamber was compressed in parallel using
air. Each animal was visually monitored in real time via camera and the latency time to
first seizure (LSz1) and second seizure (LSz2) were determined by measuring the time
that animal the chamber reached 5 ATA until the appearance of a neurological and/or
behavioral seizure occurred (criteria defined below).
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Table 3.1 : Individual spike characteristics for the baseline non-epileptiform spike and artifact spikes observed during experimental
dive.

Neuroscore software (version 2.1) was used to determine if an cEEG spike is valid
through the use a dynamic threshold; thus, the root mean square value of a spike was
analyzed to the average RMS of the points 1 minute prior to seizure spike. The threshold
ratio was set to 1.5 for seizure detection. Furthermore, seizures were based on the
recurring pattern of significantly increased cEEG activity with polyspikes in excess of
200V that lasted  5 seconds. Behavioral seizure detection was based off on visual of
at least one of the oxygen toxicity behaviors (Figure 3.2). A seizure episode was called
over when the cEEG returned to baseline and the rat resumed typical behavior while still
breathing HBO2; for example, walking, sniffing, coprophagy, grooming and/or chewing
bedding material. The time from the end of the first seizure event until the onset of the
second seizure event was labeled the interictal period. All 27 rats were exposed to less
than 120 minutes in HBO2 and most succumbed to at least two seizure episodes. The
120-minute exposure cap was used to avert pulmonary oxygen toxicity (i.e., gasping,
labored breathing and visible oral foaming). Once the second seizure event occurred, gas
flow into the animal chamber was switched to air and the chamber pressure was reduced
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at a rate of 1 ATA/min to room pressure. A brief summary of the HBO 2 dive protocol is
shown in Figure 3.3A.

Data Acquisition and Analysis. All data were collected on DSI acquisition systems
utilizing Ponemah software (version 5.20, P3 Ponemah Physiology Platform version).
Neuroscore was used to quantify changes in cEEG activity and powerband activity.
Statistical analyses were performed using Graph Pad Prism 6 (version 6.07). Data were
expressed as means ± SEM. Analyses of brain wave activity were performed using a oneway ANOVA. A two-tailed, paired t-test was used to assess onset of LSz1 and LSz2, and
the duration of the interictal period. Statistical significance was defined as P < 0.05.

Results
Criteria for Detection of Onset of Seizures. A total of 27 SD rats were exposed to 5
ATA O2 until the cessation of the second bout of seizures or at 120 minutes to avoid onset
of pulmonary oxygen toxicity. A second seizure occurred in 25/27 animals tested. All rats
that were exposed to HBO2 succumbed to at least one bout of neurological and/or
behavioral seizures. Visible behavioral changes during exposure to HBO 2 were scored
as 0 through 6 using a new HBO2 seizure score, based on a modified Racine Scale (23)
(Figure 3.2 , Table 3.1), as: Score 0, atonic seizure activity (i.e., an absence seizure);
Score 1, immobility and horizontal head movements with blinking; Score 2, hunching and
vertical head jerks with gnawing; Score 3, rearing and forelimbs lifted; Score 4, repeated
rearing and forelimb clonus; Score 5, generalized forelimb and hindlimb clonus and
followed by rearing and falling over; and Score 6, recurring, intense tonic-clonic seizures
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(e.g., “wet dog shakes” lasting > 5 seconds per seizure event). In the present study, using
these behavioral and neurological criteria, three types of seizures were identified during
exposure to HBO2: 1) Cortical-Motor seizures (CoMoSz) exhibited detectable cEEG
polyspikes simultaneously accompanied by one or more of the visible behavioral scores
0-6 (Figure 3.2B); 2) Motor-only seizures (MoSz) exhibited one or more of the behavioral
scores without evidence of any detectable cEEG polyspike activity (Figure 3.2C); 3)
Cortical-only seizures (CoSz) exhibited evidence of cEEG polyspike activity without any
corresponding changes in behavior (Figure 3.2D).
Figure 3.4 illustrates the percentages of occurrence for CoMoSz, MoSz, or CoSz
and HBO2 seizure score for the first and second convulsion event during exposure to
HBO2. The first seizure event manifested as CoMoSz 81% of the time, followed by MoSz
(15%), and CoSz (4%) (Figure 3.4A). On the right panel, the majority of rats depicted low
intensity behavioral seizures (score 0-2, 70.4%) in comparison to high intensity seizures
(score 3-6, 29.6%). After an interictal period of normal cEEG and behavior activity, that
lasted for a minimum of 0.10 and maximum of 71.50 minutes, the percentages of the
occurrence for CoMoSz, MoSz and CoSz for the second convulsion event were 60%,
28%, and 12%, respectively (Figure 3.4B). The occurrence of low intensity HBO 2
decreased to 59.3% as the number of high intensity HBO 2 scores increased to 40.7% in
comparison to the HBO2 scores observed in the first seizure event. Furthermore, Figure
3.5 shows that during the first and second bouts of CNS-OT convulsions SD rats evoked
a wide range of HBO2 seizure scores and rats that manifested high intensity seizures
displayed a significant higher HBO2 score in comparison the rats with low intensity scores.
There was no correlation between the order in which convulsions occurred and seizure
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type. For example, rats that manifested a CoMoSz (n = 22) for their first convulsion event
subsequently had a MoSz (n = 5) or CoSz (n = 3). Next, rats that manifested a MoSz (n
= 4) for their first convulsion event subsequently had a CoMoSz (n = 3) or MoSz (n = 1).
Finally, a rat that manifested a CoSz (n = 1) as their first convulsion event subsequently
had a CoMoSz (n = 1).

Powerband Activity for Cortical-Motor and Motor-only Seizures. Figure 3.6 displays
the delta (Δ) and alpha (α) cEEG activity for CoMoSz (panel A) and MoSz (panel B)
quantified via powerband analysis. Delta and alpha brain waves were analyzed due to
correlation between changes in activity and respiratory function (24). Powerband activity
was observed in: 3 minutes at 1 ATA air, 3 minutes at 1 ATA 100% O 2, 3 minute preictal
period (preSz1) at 5 ATA O2, the duration of first seizure (Sz1), postictal period (postSz1), duration of second seizure (Sz2), and postictal of second seizure (post-Sz2).
In CoMoSzs the delta (1051 ± 151.9 mV2) and alpha (1232 ± 171 mV2) powerbands
significantly increased during the first convulsion (P < 0.001) in comparison to the 1minute preictal period (287.9 ± 22.8 and 119 ± 12.2 mV2 respectively). Afterwards, both
delta and alpha powerbands significantly decreased to 326.6 ± 37.68 and 120 ± 12.7 mV 2,
respectively. Next, both delta (1816 ± 303.4 mV2) and alpha (1836 ± 460.5 mV2)
powerbands increased significantly during the second convulsion (P < 0.0001) when
compared to the 1 minute preictal period (272.6 ± 40.29 and 141 ± 24.57 mV 2,
respectively). Similar to the first CoMoSz, both delta and alpha powerbands significantly
decreased in power and returned to baseline (539 ± 85.01 and 163 ± 66.59 mV 2).
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Figure 3.2 : The epileptiform spikes at different HBO2 seizure scores. (A) Baseline discharge and HBO2 scores 0 – 2 epileptiform spikes were simple. Score 0 epileptiform spikes had a slow wave
morphology and were observed exclusively during CoSz events. Score 1 epileptiform spikes had a higher frequency than baseline spikes and lower amplitude than score 0. Score 2 epileptiform spikes
had a sharp wave morphology. (B) HBO2 score 3 –¬ 6 epileptiform spikes were complex. Score 3 epileptiform spikes had mini polyspikes between epileptiform discharges. Score 4 epileptiform spikes
had a higher frequency and lower amplitude when compared to score 3. Score 5 epileptiform spikes had higher frequency and with mini polyspikes between peaks compared to score 1. Stage 6
epileptiform spikes had a higher amplitude and frequency than all other HBO2 stages mentioned. Scale for all: y-axis 300µV and x-axis 500 ms.
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Figure 3.3 : (A) A total of 27 rats were used in the HBO2 diving protocol: rats were exposed to (1) 10 min in air, (2) 10 min at 100%
O2, (3) animal chamber was pressurized at 1 ATA/min until chamber reached 5 ATA barometric pressure, (4) latency time for seizure
time 0, (5) end of HBO2 exposure, (6) animal chamber decompressed at a rate of 1 ATA/min, (7) end of experiment in air. Three
examples of HBO2 seizures and their respective cEEG discharge tracings were observed: (B) Cortical-Motor seizures (C) Motor-only
seizures, (D) Cortical-only seizures. Below the cEEG tracings are pictures labeled with numbers that correlate with observed behavior
seen (1) before, (2) during, and (3) after seizure event. Both Cortical-Motor and Motor-only seizures had phenotypic changes in
behavior during CNS-OT episode in comparison to no behavior changes observed for Cortical-only seizures.
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Figure 3.4 : The percentage of Cortical-Motor, Motor-only, and Cortical-only seizures and HBO2 scores observed during the first (A)
and second (B) convulsion.
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A

B

Figure 3.5 : The variability of CNS-OT seizure behavior phenotypes in Sprague Dawley rats for the (A) first and (B) second bouts of
seizure.
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The alpha powerband was significantly higher during the second seizure relative to the
first seizure (1836 ± 460.5  1232 ± 171 mV2). No significant changes were observed
between intervals of air or 100% O2 in delta or alpha powerbands (Figure 3.6A). In MoSzs,
seizures without a detectable polyspikes in cEEG, no significant differences were
observed in alpha and delta powerbands under any oxygen condition (Figure 3.6B). CoSz
was not analyzed due to low occurrence of seizure type in both first and second
convulsion event (n = 4). Ultimately, Figure 3.6 demonstrates the significant differences
in powerband profiles between CoMoSz and MoSz.

Duration and Spike Activity of First and Second Bout of Oxygen-induced
Seizures. Figure 3.7A-B presents the LSz for the first seizure event (LSz 1) and second
seizure event (LSz2). The LSz1 for animals exposed to 5 ATA O2 ranged from 2.92 to
12.30 minutes and averaged 6.16 ± 0.42 minutes. Likewise, the interictal period between
the first and second seizures ranged from 0.10 – 71.50 minutes and averaged 15.14 ±
4.18 minutes. The LSz2 for animals ranged from 5.52 to 78.30 minutes and averaged
21.57 ± 4.30 minutes. There was no correlation between the LSz 1 and LSz2 (not shown,
P=0.4513). Likewise, there was no correlation between the LSz 1 and the preictal interval
for the second seizure (P = 0.4991) (Figure 3.7C); however, there was a significant
correlation between the duration of the interictal period and the LSz 2 (P=0.0001 (Figure
3.7D). The duration of a HBO2-induced seizure episode significantly increased from the
first convulsion (17.0 ± 0.94 seconds) to the second convulsion (25.0 ± 2.70 seconds;
P=0.0001) (Figure 3.7E).
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Figure 3.6 : A representation of powerband activity showing different types of CNS-OT seizures. Rats were exposed to different
ambient pressures and PO2 over time. The changes in delta (left panels) and alpha (right panels) powerband activity in (A) CorticalMotor seizures and (B) Motor-only seizures as rats were observed. Preictal powerband activity was observed in 1-min intervals 3 min
prior the onset of CNS-OT. Delta and alpha powerbands increased significantly during the first and second cortical-motor seizure
compared to baseline air, 100% O2, and respective preictal and post seizure. The alpha powerband activity was for the second seizure
was significantly greater when compared to the first seizure in Cortical-Motor seizures. No significant changes were observed in delta
or alpha power in Motor-only seizures. #P < 0.05
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There was a significant increase in cEEG spike counts from the first seizure episode
(22.10 ± 3.70 spikes) to the second seizure episode (31.20 ± 5.10 spikes; P=0.0361)
(Figure 3.7F). Table 3.2 summarizes the types of CNS-OT seizures observed in this
study. This table compares whether a change in cEEG activity occurred, the percentage
of occurrence for each seizure type during the first and second seizure event, and the
highest amplitude brainwave for each type of seizure that was discussed previously.

Discussion
The four new findings reported in this study were as follows: (1) CNS-OT seizures
exhibit three different phenotypes: CoMoSz, MoSz and CoSz; (2) A preictal indicator for
CNS-OT was not observed for either the first or second seizure event; (3) The second
seizure was more severe than the first in terms of seizure duration, polyspike rate, alpha
powerband intensity, and HBO2 behavior stage; and (4) the highest amplitude brainwave
changes during CoMoSz and CoSz is theta and during MoSz is delta. The present
findings support the hypothesis that the magnitude and duration of the first bout of seizure
has characteristic electrical and behavioral components that increase during the second
bout of seizure and with increased exposure to HBO2, Furthermore, the origin of CNS-OT
seizure can be postulated to occur outside of the cerebral cortex in a subcortical area of
the mammalian CNS.
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Figure 3.7 : (A) Individual latency time to first and second (B) seizure of each rat. (C) Scatter plot illustrating the correlation between
the interictal period and latency time to first seizure for each individual rat. (D) Representation of the interictal period and latency time
to the second seizure. Each circle represents the time of onset of both the first and second seizure, hence, identifying whether the
onset of the first seizure will affect latency time of the second seizure. I Each point represents the duration of a seizure compared to
the first and second seizure episode. (F) The number of epileptic spikes were significantly higher in the second seizure compared to
the first seizure (N =23 first seizure; *P < 0.05).

103

.Table 3.2 : Summary of Cortical-Motor, Motor-only and Cortical-only seizures induced by pressurized O2 in Sprague Dawley rats
correlating with cEEG. The n-value represents the number of events that occurred for a particular HBO2 score

CNS-OT Seizure Genesis. Most of the seizures observed in this study were CoMoSz,
which have been previously reported in unanesthetized rodents (20). Our findings show
that the intensity of the neurological (CoMoSz, CoSz) and/or behavioral components
(CoMoSz, MoSz) are quite variable between animals and within an animal during first
versus second bouts of seizures; for example, CoMoSz (scores 0-6), CoSz (score 0),
and MoSz (behavioral scores 0-6). Particularly interesting were the subset of animals
that exhibited MoSz without any increased cEEG activity during seizure. This suggests
that oxygen toxicity seizures may originate in subcortical regions during exposure to
HBO2 (Figure 3.3C). The lack of measurable cEEG activity was likely not due to failed
cortical leads because both pairs of EEG leads attached to the skull showed the same
phenotype. In studies of epilepsy, tonic-clonic seizures are chemically induced in animal
models breathing normobaric air from specific neuronal networks labeled trigger zones
(25-29).
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Similarly, our working hypothesis is that exposure to hyperbaric hyperoxia evokes
seizure episodes from “oxtox trigger zones”, loci in the subcortical nuclei containing
oxygen-sensitive neurons and a high capacity for redox signaling. This, in turn, causes
these local circuits to exhibit low thresholds for activation during exposure to HBO 2 (4, 30,
31). For example, cardio-respiratory centers in the brainstem that are stimulated by low
pH, elevated arterial partial pressure of carbon dioxide, and arterial pressure (30, 32, 33)
are also activated by exposure to hyperoxia over a broad range of barometric pressure;
for example, the caudal-solitary complex, cSC (34-37). In addition, generalized ox tox
seizures are often preceded by various non-convulsive signs and symptoms (S/Sx) that
suggest early activation of various brain stem centers, including various cranial nerve
nuclei and cardio-respiratory centers (4). Early non-convulsive S/Sx of oxygen poisoning
can range from visual disturbances, tinnitus, nausea, twitching, irritability, loss of
consciousness and enhanced EEG activity such as a global increase in power and
decline in psychometric performance (38-40). Convulsions are not always preceded by
non-convulsive S/Sx; however, seizures soon follow the appearance of non-convulsive
S/Sx (1, 18, 19).
Additional evidence supporting the notion the seizures originate in the brainstem
is that an incision that severs the corticospinal tract abolishes seizures during HBO 2
exposure (8) whereas a higher lesion that isolates subcortical regions from higher cortical
regions (decerebrate, decorticate animals) does not abolish CNS-OT (10, 41). Thus, the
region for seizure genesis during exposure to HBO 2 must occur in the brainstem. The
electrodes, in our study, were implanted caudal to bregma and rostral to lambda
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landmarks on the rat skull and thus over the motor cortices. Thus, they would not have
detected any seizures that originated in the subcortical regions before eventually being
propagated to the higher cerebral cortical circuits (Figure 3.1). The non-convulsive S/Sx
and cardiorespiratory changes seen in humans (18, 19) and in our rats exhibiting MoSz
support the hypothesis that seizures originate in brainstem nuclei (4).

Powerband Activity Changes During Exposure to HBO 2. The effects of oxygen
exposure on cEEG activity are not well understood, although, it is evident that electrical
activity of the brain is sensitive to PO2 in the blood. Visser et al. (40) observed in humans
an overall increase in powerband activity that reached a steady state after subjects
breathed in 100% oxygen inside a hyperbaric chamber throughout the experiment;
however, pre-convulsive EEG of increase theta wave activity and slowing of alpha wave
activity were observed in one subject with a seizure during to exposure to 2.8 ATA O 2 for
30 minutes from 2 minutes prior to the onset of tonic-clonic seizure. In our study, there
was no preictal increase in any of the brain waves measured 3 minutes prior to clinical
signs for the three different types of CNS-OT seizures (Figure 3.6). Subjects in the Visser
study who did not show non-convulsive S/Sx of oxygen toxicity revealed minor changes
in cEEG tracings and a significant decrease in cerebral blood flow during the 30 min
exposure to HBO2 in comparison to the subject who experienced a generalized seizure
(40). In general, the cEEG changes observed during an oxygen toxic endpoint (seizure)
are small increases in the amount of fast wave activity (25-32 Hz), an increase in
amplitude of the slow waves (3-5 Hz) and decrease in amplitude and appearance of
dominant frequencies (8-12 Hz); however, these abnormalities were sporadic (1, 14). The
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potential to measure early cEEG changes as a possible physiomarker for an impending
seizure is intriguing and mobile cEEG monitoring systems have been developed for
various purposes such as epilepsy, sleep and free diving studies (42, 43).
During prolonged exposures to HBO2, cEEG alterations in delta and alpha wave
activities were reproducible in the majority of divers; for instance, in the posterior cranial
regions a decrease in fast delta activity and an increase alpha activity were observed
(38). These changes were opposite of what is observed during exposure to hypoxia (44).
Interestingly, in our study we detected an increase in overall delta, theta and alpha brain
activity during convulsions. Reasons for the inconsistency can be from EEG electrode
placement and different oxygen toxicity endpoints (non-convulsive S/Sx vs convulsion).
Additionally, the Pastena lab observed an increase in delta and theta brain activities in
the cortical regions and shifting of alpha brain activity to the frontal regions that correlated
with the narcotic effects of exposure to hyperbaric nitrogen (45). They suggested that the
increase in delta and theta slow wave activities could be an expression of partial cortical
deafferentation due to the narcotic effects of nitrogen. Murata et al. found that after
patients were exposed with repetitive HBO 2 treatment for carbon monoxide poisoning that
the alpha brain waves in the occipital regions significantly increased (46). Examining
these findings, they hypothesized that observing the relative alpha power may be an
indicator for the effects of HBO2 therapy. Furthermore, transient hypoxia significantly
affected EEG (47) and can reflect as an indicator of cerebral metabolism (48). The cEEG
powerband phenotypes observed in this study did not correlate with a specific type of
seizure and did not indicate a change in power prior to the first or second convulsive

107

event. The determination of an electrical signal physiomarker for CNS-OT for future
studies may want to consider implanting EEG leads in the subcortical.

Perspectives and Significance. There is no standardized evaluation, sign, symptom or
test that readily differentiates a convulsion from a non-convulsive event, for example,
syncopes and pseudoseizures (49). A common association with seizures is the abnormal
sodium and glucose levels afterwards; however, only if a sample was taken within 20
minutes of the event. The various seizure types, based on presentation and etiology,
makes it difficult to diagnose if a seizure event occurred due to the various potential
causes such as metabolic disorders, CNS infections, and oxygen toxicity. The positive
and negative conclusions from research in the prevention of CNS-OT (e.g., fasting,
ketone supplementation, HBO2 pretreatment) in the animal model is, to a degree,
because of the difficulty in detecting the first seizure; along with the different animal
models studied, various Po2 exposures, duration/number of treatment exposures,
anesthetized or free-moving and location of EEG recording (7-10, 14, 16, 20). As a result,
time to onset of the first oxygen-induced seizure can be confused for the second seizure
limiting the accuracy of studying what physiological changes happen after a convulsion
or efficacy of a therapeutic treatment.
Behavioral responses to hyperoxia vary between individuals, dependent on the
level of inspired PO2 and duration of exposure, where cases vary from moderate,
reversible changes in cardiorespiratory control/facial movement to severe, reversible
convulsions. For example, lip twitching is often a symptom observed before the onset of
a convulsion in humans (17-19). Additionally, some divers experience post-seizure
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symptoms such as nausea and drowsiness (13); interestingly, in rodents the first seizure
event is often underwhelming and increases in severity and duration during the following
seizure episodes and the rat appears unchanged during the first post-seizure period (22).
The behaviors exhibiting oxygen toxicity support the notion that specific brainstem cranial
nerve nuclei and cardiorespiratory control centers are activated during exposure to HBO 2.
In our lab, variability of behavioral responses has been observed in our SD rat model.
Past studies have identified CNS-OT as the onset of visibly detectable tonic-clonic
seizures preceded by increased cEEG activity; however, it has been our experience that
onset of 1st seizure in SD rats is variable between animals and, in some cases, difficult to
detect and confirm in real time. This is problematic because the LSz is how the risk of
CNS-OT is evaluated in to determine the effects of various co-conditions (e.g. PO 2 ,
barometric pressure, dry or water immersion) and neuroprotection afforded by mitigation
strategies in hyperbaric and undersea medical research.
We conclude that most oxygen-induced seizures in SD rats can be readily
identified using a combination of defined cEEG and behavioral criteria; however, not all
seizures fit both criteria. The occurrence of MoSz suggests that seizures originate
elsewhere including posterior piriform cortex (Ahlers & Auker, unpublished) and
subcortical nuclei: e.g., thalamus, striatum, brain stem reticular formation &
hypothalamus. The occurrence of CoSz indicate that some seizures will be missed in
studies that do not measure cEEG activity. The fact that first seizure is often
underwhelming compared to subsequent seizures suggests the LSz may be
overestimated in some animals. To better understand the SD rat model of CNS-OT, we
recommend that future studies need to 1) implant telemetric leads into multiple cortical
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and subcortical areas to localize the site of seizure genesis; and 2) determine the degree
of performance impairment during first, second, and third seizures, e.g., walking on a
treadmill or running wheel.
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CHAPTER 4:
EFFECT OF MITOCHONDRIAL TARGETED ANTIOXIDANT THERAPY ON CNS-OT
SEIZURES IN SPRAGUE DAWLEY RATS
Abstract
Currently, the only approved strategy for the prevention of central nervous system
oxygen toxicity (CNS-OT) seizures in patients and divers is a decrease of inspired partial
pressure of oxygen. Potential mitigation strategies for CNS-OT have been studied
including ketone metabolic therapy, antiepileptic drugs, and nitric oxide synthase
inhibitors; yet each has their own limitations. A postulated mechanism for CNS-OT is that
rapid mitochondrial superoxide production and its downstream products activates
endogenous redox signaling pathways inducing neuronal hyperexcitability. The aim of
this study was to test the hypothesis that Mitochondrial Targeted Antioxidant Therapy
(MitoTAT) using mitoquinol (MitoQ) increases the latency time to seizure in freely
behaving rats exposed to 5 atmospheres absolute (ATA) O 2. Initially, up-and-down acute
toxicity testing indicated a maximal safe dose of 22mg/kg (i.p.) at 1 ATA air. Liquid
chromatography and dual mass spectrometry indicated that MitoQ (i.p.) in rat blood serum
peaked after 60 min and remained elevated for 3 hrs. Remarkably, when treated with
MitoQ (22mg/kg i.p.) seizures were significantly delayed or did not occur by 60 min;
however, most rats did not survive within 24 hrs of co-exposure to MitoQ + 5 ATA O 2
(hyperbaric oxygen, HBO2). A second up-and-down acute toxicity test was conducted
using 11  25mg/kg plus 5 ATA O2. Rats dosed with >14mg/kg of MitoQ and exposed to
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5 ATA O2 did not seize before 1 hr and did not survive post-dive, usually dying within 8 to
24 hr later. By contrast, rats treated with <14mg/kg MitoQ plus 5 ATA O 2 survived;
however, they also seized as quickly as the control rats. Our findings indicate that
MitoTAT using MitoQ delays seizure genesis; however, MitoQ is toxic when taken at
14mg/kg plus HBO2 and thus is not recommended. Possible explanations for MitoQ
toxicity when combined with HBO2 are considered.

Introduction
Hyperbaric oxygen (HBO2) is a convulsant > 2.5 atmospheres absolute (ATA)
when inhaled for prolonged periods of time (1) and the risk of central nervous system
oxygen toxicity (CNS-OT) seizures is a limitation for the use of HBO 2 in clinical settings
and diving operations (2). Furthermore, onset of CNS-OT causes severe pulmonary
damage due to pulmonary barotrauma with edema. The mechanism involves
overstimulation of the sympathetic nervous system due to an immense catecholamine
release (3, 4). The underlying mechanism for the pathology for CNS-OT seizures remains
unclear; yet research to date suggest that the increased production of reactive oxygen
and nitrogen species (RONS) during exposure to HBO 2 overwhelms the body’s
antioxidant system resulting in synchronous neuronal firing (5-7).
The only approved strategy to prevent CNS-OT is to limit the dose and exposure
time to HBO2; however, multiple potential mitigation strategies have been studied in
animals with promising results including ketone metabolic therapy (8-10), antiepileptic
drug (AEDs) therapy (11, 12), anti-adrenergic drug therapy (13), and synthetic nitric oxide
synthase (NOS) inhibitor therapy (14-16). Ketone metabolic therapy requires adherence
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to a restrictive high fat/low carb diet (17, 18), and exogenous ketone treatment is a viable
way to circumvent the diet while maintaining the neuroprotective benefits from ketones
but can cause hypoglycemia and gastrointestinal discomfort (19, 20). Potential side
effects from treatment with AEDs and anti-adrenergic therapy can include cognitive and
physical deficits, such as drowsiness, dizziness, and nausea(21, 22). Finally, global
inhibition of NOS may disrupt normal physiological signaling mechanisms involving nitric
oxide (•NO) (23-25).
Mitochondrial targeted antioxidant therapy (MitoTAT) is a relatively new treatment
for neurodegenerative diseases, and it is hypothesized that inhibiting production or
quenching •O2- in disease states will protect cells from oxidative stress and activation of
cell death signaling pathways (26, 27). Numerous bioactive compounds have been
designed to target the mitochondria by attaching a lipophilic cation, through an alkyl chain,
to an antioxidant, including SS peptides (28), plastoquinone analogues (29) , and
mitoquinone/mitoquinol (MitoQ) (30-32). MitoQ is composed of the positive charge
molecule triphenylphosphonium (TPMP) covalently bonded to ubiquinone by a 10-carbon
akyl chain and has undergone phase one and two of clinical trials for patients with hepatis
C and Parkinson’s disease (33-35). The delocalized positive charge of MitoQ and the
voltage gradient across the inner mitochondrial membrane allows the antioxidant to
accumulate

in

the

mitochondrial

matrix

several

hundredfold

(33,

36).

In this study, we explored the potential of MitoTAT as preventative for CNS-OT
seizures. We hypothesized that intraperitoneal (i.p.) injection of MitoQ increases the
latency time to seizure in rats exposed to HBO2.
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Materials and Methods
Up-and-down Acute Toxicity Testing. All animal procedures were done in accordance
with the guidelines and approval of the University of South Florida (USF) Institutional
Animal Care and Use Committee (PHS assurance no. A4100-01; AAALAC No. 434) and
the Department of the Navy, Bureau of Medicine and Surgery. Adult male Sprague
Dawley rats (250-350g, n = 23) were obtained from Envigo and housed in the USF
Division of Comparative Medicine facility on a 12 h light, 12 h dark cycle with free access
to standard rat chow and drinking water. Two up-and-down acute toxicity tests were done
at 1 ATA air and 5 ATA O2 to calculate the toxic dose (37-39) . Rats were dosed (i.p.)
with selected concentrations of MitoQ (Caymen Chemicals). For injections, MitoQ stock
solution was made by dissolving 25mg in 0.833 mL of ethanol (ETOH) and doses were
calculated based on animals’ weights (Table 4.1). Rats were observed for 2 days to
determine the next dose at 1 ATA of air or 5 ATA O2. Each animal that survived the 2
days were observed for up to 7 days to detect any delayed symptoms of toxicity to MitoQ,
including rapid/shallow/labored shallow breathing, matted/ruffled fur and/or failure to
respond to stimuli. Dosages were increased by 25% if rats survived the first 2 days or if
they died the dosage was reduced by 25%.

Analysis of MitoQ Distribution in the Blood. Once the upper limit for safe dosing with
MitoQ through i.p. was determined, quantification of its level in the blood was identified
using liquid chromatography and dual mass spectrometry (LC/MS/MS) system. Rats were
dosed with MitoQ and bled at 0.5, 1, 2, and 4 hr post-injection along with a control group
injected with ETOH + saline at time 0. Blood samples were centrifuged at 10,000 g for 10
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min, and 120 µl of supernatant collected and solvent was evaporated using a SpeedVac
at room temperature. Samples were reconstituted in 60% acetonitrile/40% water (60 µL)
and a volume of 5 µL was injected into the LC/MS/MS.

LC/MS/MS Conditions. The LC/MS/MS system consisted of an Aligent 1260 triple
quadruple mass spectrometer (USF, Chemical Purification Analysis and Screening
Facility) attached to an Aligent 1200 HPLC binary pump and autosampler (Aligent, USA).
Electronspray ionization in the positive ion mode was used. To optimize MS/MS
parameters (33, 40), MitoQ (1µg/mL in ETOH) were infused into the M/S at 0.4 mL/ min.
Multiple reaction monitoring (MRM) was used to identify the transitions of MitoQ at mass
to charge ratio (m/z) 585.3  555.02 and 585.3  387.2. Mass spectrometer parameters
were optimized by flow injection methods configured in Mass Hunter software. These
parameters were: source spray voltage 4000 V; ion source temperature 300°C;
declustering potential 200 V; collision energy 44 V. Liquid chromatography was performed
using an Eclipse Plus C18 precolumn (5 x 2.1 mm i.d., 1.8 µm; Zorbax) and an Eclipse
Plus C18 analytical column (100 x 2.1 mm, 1.8; Zorbax). The mobile phase consisted of
water + 0.1% formic acid (A) and Acetonitrile + 0.1% formic acid (B) delivered as a linear
gradient as listed: 0 – 5 min, 5% B, 5 – 15 min, 5 – 100% B, 15 – 20 min, 100% B, 20 –
21 min, 100 – 5% B; and a 4 min equilibration before injection of the next sample.
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Table 4.1 : MitoQ dosages calculations for up-and-down acute toxicity studies.

MitoQ IP Injection
doses (mg/kg)
0
11
13
14
15
16
22

Rat Weight
(kg)
x
x
x
x
x
x
x

Volume of MitoQ
Stock (mL)
0
((11 * x) *0.833)/25
((13 * x) *0.833)/25
((14 * x) *0.833)/25
((15 * x) *0.833)/25
((16 * x) *0.833)/25
((22 * x) *0.833)/25

Saline (mL)
1.5
1.5 – vol. of MitoQ
1.5 – vol. of MitoQ
1.5 – vol. of MitoQ
1.5 – vol. of MitoQ
1.5 – vol. of MitoQ
1.5 – vol. of MitoQ

HBO2 Exposures and Seizure Detection. Rats were injected with MitoQ or vehicle
(ETOH + saline) at the start of each experiment and placed inside the animal chamber
that is housed inside the hyperbaric chamber (41) to acclimate to 1 ATA of air for 45 min
before switching to 1 ATA O2 for 10 min. Afterwards, both chambers were compressed to
5 ATA ( ~1 ATA/min) and the rat was held at maximum depth until onset of first bout of
seizure or 60 min mark. Each experiment was visually monitored via a live camera and
latency of time to seizure was calculated from the time at which the chamber reached
maximum depth until the onset of CNS-OT seizures. Seizure detection was based on the
onset of repeated tonic-clonic forelimb movement and/or generalized clonus with rearing
and falling. Following the onset of seizure, the animal chamber is switched to air and both
chambers were decompressed (~1 ATA/min) to room pressure.
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Results and Discussion
Method Development. Full scan mass spectral analysis of MitoQ showed molecular ions
at m/z 585.3 and the most abundant ion corresponding to MS/MS product-ion mass
spectra was at 555.3, leading to the selection of the transition m/z 585.3  555.3 for
MRM monitoring of MitoQ (Figure 4.1). The fragment ions in the MS/MS spectrum of
MitoQ at m/z 555.3 and 262.2 are assigned to the fragmentation shown in Figure 4.1.
These were selected for display because they represented the qualifier ion to confirm
correct target compound identification and the positive ion carrier TPMP in MitoQ,
respectfully.
During method development, two decontamination methods were used between
samples to decrease background noise during blood serum analysis. The injector was
rinsed with a solution of IPA/MeOH/ACN/Water and an ETOH-only blank wash was
delivered to the M/S after each blood sample. This increased the sensitivity and produced
sharper peak shapes of MitoQ in comparison no wash methods in between rat plasma
samples. Representative MRM chromatograms of MitoQ in rat plasma and an external
standard (MitoQ in ETOH) shows no cross contamination or interfering spikes (Figure
4.2).
Plasma detection and concentration quantification for MitoQ are shown in Figure
4.3. After i.p. injection, MitoQ (22 mg/kg) was absorbed giving an elevated and sustained
blood concentration of about 9.6 to 14.6 ng/mL after 1 hr. The fluctuation and variability
of MitoQ concentrations is suggestive of two things: 1) MitoQ injected via i.p. does not
bypass the liver before entering circulation and possibly go through enterohepatic
recycling (40, 42); 2) Variability in sample preparation during extraction and chemical
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derivation. A means to increase the signal intensities in tandem mass spectrometry in
future studies would be to use an internal standard, a deuterated form of MitoQ added to
the extraction protocol to reduce variability, along with an external standard curve.

Up-and-down Acute Toxicity Testing of MitoQ at 1 ATA Air and 5 ATA O 2. The upper
limit for safe dosing with MitoQ at 1 ATA air was found to be 22 mg/kg among 5 rats tested
and was used for LC/MS/MS analysis (Table 4.2). After confirmation that MitoQ plasma
concentrations peaked and stayed elevated after 1hr post-injection, rats were dosed with
22 mg/kg prior to exposure to 5 ATA O2 and LSz was measured (Figure 4.4). When MitoQ
was administered (N = 5), LSz was significantly longer or prevented after 60 min of HBO 2

Figure 4.1 : Chemical structure and MS/MS spectra of mitoquinol (MitoQ).
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Figure 4.2 : Representative MRM chromatograms of ETOH blank, MitoQ in ETOH External standard sample, and plasma sample
from a rat 1 hr after i.p. injection of 22mg/kg MitoQ.

exposure in comparison to the ETOH control group (N = 7); however, 3/5 rats
supplemented with MitoQ did not survive post-dive within the next 24 hrs. Toxic symptoms
observed in rats were labored breathing, decreased mobility, and porphyrin staining
around the nose indicative of respiratory distress. Our unexpected results of death
observed at 22 mg/kg of MitoQ plus 5 ATA O2 resulted in a second up/down toxicity
testing for MitoQ at 5 ATA O2 (Table 4.2). Among the 18 rats tested, it was observed that
the safe dose of MitoQ + 5 ATA O2 was 11mg/kg.
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Figure 4.3 : LC/MS/MS detection and measurement of MitoQ in plasma after i.p. injection to rats.
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Based on the results of our second up-and-down acute toxicity test, a dose
response curve was constructed for the concentrations of MitoQ to LSz (Figure 4.5). The
estimated EC50[MitoQ], the concentration expected to elicit an effect halfway between
baseline (11.2 min) and maximum response (55.3 min), is 12.8 mg/kg (22 min) with an
R2 value of 0.6552. In summary, less than 14 mg/kg MitoQ at 5 ATA O 2 is a non-toxic
dose; however, it did not significantly increase latency time to seizure in comparison to
control. We believe that the toxic effects of MitoQ after exposure to HBO 2 may be related
to vasodilation in the CNS with increased cerebral blood flow (43, 44). Demchenko et al.
demonstrated that rats breathing HBO2 and treated with sildenafil, a phosphodiesterase5 blocker that prolongs the effect of •NO, were more susceptible to CNS-OT seizures (45).
The proposed mechanism for increased risk for CNS-OT is that the increased buildup of
•NO

antagonizes the protective vasoconstriction in the initial latent phase of HBO 2

exposure (3, 46, 47). Since the majority of rats that were injected with a high dose of
MitoQ, who did not survive post-dive, also did not succumb to seizures, it is unlikely
hyperoxia disrupted normal neuronal function. However, the lungs are the first organ to
be exposed to pressurized oxygen and the elevated PO 2 can lead to oxidative stress to

Table 4.2 : Sequence and results of up-and-down acute toxicity testing of MitoQ in male Sprague Dawley rats at 1 ATA air
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Figure 4.4 : Individual responses in LSz at 5 ATA O2 of rats in control and MitoQ i.p. injection groups. Red markers represent rats
that did not survive post-dive. MitoQ significantly delayed or prevented seizures (P < 0.001) as determined with an unpaired t-test.
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Table 4.2 : Sequence and results of up-and-down acute toxicity testing of MitoQ in male Sprague Dawley rats at 5 ATA O 2

the epithelial cells resulting to pulmonary edema (3). Furthermore, MitoQ has been shown
to cause mitochondrial swelling in kidney tissue separately of its antioxidant activity (48).
The beneficial effects of MitoTAT have shown to be an effective therapy for a
variety of disease states and many neurological pathologies are linked to mitochondrial
dysfunction. MitoQ represents a new method in controlling oxidative stress and
normalizing energy dysregulation; however, the result of this study demonstrates that
medications can have unexpected side-effects when used in conjunction with HBO 2.
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Figure 4.5 : Fitted dose response curve of i.p. injected MitoQ to LSz in rats. Red circles symbolizes rats that did not survive postdive.
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CHAPTER 5:
CONCLUSIONS AND FUTURE DIRECTIONS
The central goal of this dissertation work was to determine the role of reactive
oxygen species in two mitigation strategies, ketone metabolic therapy (KMT) and
mitochondrial targeted antioxidant therapy (MitoTAT), in the Sprague Dawley rat model
of CNS-OT. In this study, we have observed that exogenous ketone salt supplementation
reduced production of •O2- in cSC cells at normobaric and hyperbaric levels of O 2.
Furthermore, MitoTAT was effective in seizure prevention in rats dosed > 14mg/kg of
MitoQ; however, rats did not survive post-dive. Our work provides strong evidence that
the mechanism of action for neuroprotection against CNS-OT, in part, involves the
prevention of excess ROS production overwhelming the antioxidant defenses of the body
with the caveat that the disposition of drugs under pressure be considered.
While increased rates of •O2- production were measured at three different levels of
hyperoxia (0.95, 1.95, and 4.95 ATA O2), we were unable to observe a graded increase
in magnitude of •O2- produced as background PO2 increased. An explanation for this result
may be from the supraphysiological tissue PO2 used in the in-vitro brain slice studies. For
example, ACSF equilibrated with 0.95 ATA O2 produces a range of tissue PO2 in a brain
slice equal to that of an intact rodent breathing 2.0 – 2.5 ATA O 2 (1, 2), with 1.95 ATA O2
it is estimated to produce a brain slice PO2 similar to an animal breathing 4.75 – 5 ATA
O2 (2), and with 4.95 ATA O2 yields a tissue PO2 of an animal breathing 6 – > 7 ATA O2
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(2) without the added effect of barometric pressure per se (3). Four to 6 ATA O 2 is
regularly used to study the pathology of CNS-OT in anesthetized/unanesthetized rats and
evaluate the efficacy of mitigation strategies for seizure prevention (4-6). The data
suggest that the use of 0.95 – 1.95 ATA O2 in rat brain slice experiments is an appropriate
representation for studying cellular O2 sensitivity in intact rats breathing HBO2 at 2 – 5
ATA O2, whereas 4.95 ATA O2 in brain slices is a significantly excessive stimulus
especially when used for over one hour. Thus, the lack of a dose response in •O2production during graded hyperoxia could be because of the average rate of •O2production from cSC cells was maximized during exposure to normobaric hyperoxia (0.95
ATA O2) and unaffected by 1 hr exposure to hyperbaric hyperoxia (1.95 & 4.95 ATA O 2).
This finding suggests that future brain slice studies may want to focus on the range of
oxygen that includes 0.2-0.4 ATA control O2 to 0.5-0.95 ATA O2 hyperoxia. Under these
conditions a graded response of •O2- production may be observed. Additionally, rat cSC
cells were also tested for their sensitivity to O2 in terms of •O2- production, revealing cells
produced •O2- at different rates. The fact that cSC cells are heterogenous in their level of
•O 2

production suggest different functional roles in seizure genesis, neural amplification,

and neural propagation with other brain nuclei. Future studies should seek to measure
for other key physiological free radicals, such as •NO, in O2+/O2- & Bright/Dim cells or
examine the electrical components of these subpopulations using intracellular
electrophysiology to test whether action potential firing rates and O 2 sensitivity based on
capacities to produce •O2- correlate.
Alternatively, as the chemosensitive cardiorespiratory neurons of the cSC are
located in both the caudal NTS and DMNV, have reciprocal dendritic projections, and are
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coupled through gap junctions (7), the results of different rates of •O2- production may be
because the brain stem slice data did not exclusively derive from a single nucleus. Both
components play an essential role in cardiorespiratory function, the NTS integrates
sensory afferents from autonomic nervous system which projects to multiple respiratory
pattern generating groups and into the motor nuclei DMNV controlling heart rate and
contractility (8). We postulate that HBO2 increases respiration prior to seizures
presumably by the activation of redox signaling pathways in oxygen sensitive neurons
located throughout the brainstem nuclei. Accordingly, cell – cell coupling by gap junctions
may provide a mechanism for increasing excitability within the cSC and with other
brainstem O2 sensitive neurons during hyperbaric hyperoxia. Future experiments should
seek to use two fluorescent dyes simultaneously to test indirectly the relationship between
electronic coupling (Lucifer Yellow) and •O2- production (Dihydroethidium) at normobaric
and hyperbaric hyperoxic conditions, potentially determining if the frequency and extent
of cell – cell coupling is modulated if ROS production is increased (7, 9, 10) Additionally,
labs could also use other markers to characterize the cell’s phenotype such as retrograde
markers to indicate different populations of projection neurons; i.e., cSC neurons that
project axons to the spinal cord versus elsewhere in the brain (10).
Superoxide production in cSC cells during exposure to hyperoxia were also tested
for their sensitivity to two levels KMT, revealing that not only 5 mM KS consistently
inhibited production of •O2- during prolonged exposure to normobaric and hyperbaric
hyperoxia, but that O2+ cells were more sensitive to KMT in comparison to their O 2counterpart. The fact that KMT is a proven strategy to delay the onset of oxygen-induced
seizures without any physical or cognitive adverse effects. (4, 11, 12) and that KS
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modulate certain cell populations production of •O2- suggest that O2+ have a bigger role
in hyperoxia-induced seizure genesis. While we were able to measure a significant
decrease in •O2- production in cSC cells supplemented with ketones, it is still unclear
whether ketones directly sequester •O2-, augments the antioxidant capacity of the cell, or
both. For example, Maalouf et al. demonstrated that ketones reduced glutamate-induced
•O 2

production in neurons through enhancement of NADH oxidation and mitochondrial

respiration while endogenous glutathione levels were unchanged (13). Additionally,
neuroprotection from ketones is postulated to be from their inherent higher energy
capacity brain metabolism during metabolic and oxidative stress (14). It is also critical to
note that ketones have different anticonvulsant properties. Chavo et al. demonstrated that
elevated plasma BHB did not delay CNS-OT seizures and that is pertinent to elevate the
ketone bodies ACA and acetone for seizure prevention (4, 15). It is possible that the
seizure control effects of ketones for CNS-OT could be from one mechanism, but the data
suggest that it likely a combination of many mediators (16, 17). Future studies should use
electrophysiology techniques to determine the effects of exogenous ketones on neuronal
excitability during hyperoxic conditions. Moreover, examine which specific ketone body,
BHB or ACA, elicit the anticonvulsant effects.
MitoQ is composed of a lipophilic, cation covalently attached to the antioxidant
CoQ10 and accumulates hundreds-fold in the mitochondria (18). Remarkably, MitoQ is a
dose-dependent anticonvulsant for oxygen-induced seizures but is toxic under hyperbaric
oxygen conditions. Not much is known about the interaction of drugs and hyperbaric
conditions in humans; however, a common practice is that illnesses such as asthma or
epilepsy, which depend on drug therapy, require medical clearance before diving (19).
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Furthermore, the factors of general health, type of disorder, medication, wet vs dry dives,
and hyperbaric conditions need to be considered when extrapolating from animal studies
to humans (20). It was observed in humans that antioxidants (vitamin C, E and tea
catechins) decreased hepatic oxidative stress during saturation dives (21) but did not
prevent free radical-mediated toxicity affecting eustachian tube or middle ear mucosa in
oxygen dives (22). Rump and coauthors conclude after an extensive review of the
literature on O2 effects on a number of drug metabolic pathways that a single exposure
to HBO2 does not affect single dose pharmacokinetics of drugs eliminated by the kidney
or liver (23). The toxic effect of MitoQ could be from its selective accumulation inside the
mitochondria and off target effects. For example, at normobaric pressures it has been
shown that MitoQ can cause mitochondrial swelling in kidney cells unrelated to its
antioxidant activity (24). Furthermore, CNS-OT may have been delayed with MitoQ but
the increased exposure to pressurized oxygen can lead to oxygen stress to epithelial cells
in the lungs causing pulmonary edema (25). In terms of this project, future studies should
consider supplementing MitoTAT with an additive to control for •NO build-up and evaluate
for pulmonary distress; for example, L-NAME (6, 26, 27) More importantly, the lack of
information on how exposure to hyperbaric gas mixtures affects drug therapies in general
is a potentially important line of research given the widespread use of HBOT and
recreational diving.
Overall, these findings suggest the neuroprotective properties of KMT and
MitoTAT for seizure prevention in CNS-OT is based on the control of ROS production.
Further, these data confirms that the cSC is an essential site for seizure genesis for CNSOT that exhibits increased production of •O2- during hyperoxia and neuronal excitability
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(28). Therefore, its integrative capacity in controlling cardiorespiratory function during
extended exposure to hyperoxia makes it an area of interest for studying its relationship
to other central chemosensitive networks in the brainstem and neuronal cortex.
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