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ABSTRACT

Hypoxia-inducible factors (HIFs) are a highly conserved group of transcriptional regulators
responsible for cellular and systemic Oz homeostasis in animals. However, how HIFs are
involved in basic adaptive ventilatory and metabolic responses to acute and chronic hypoxia
remains incompletely characterized. Naked mole rats are among the most hypoxia tolerant
mammals identified. As opposed to the typical hyperventilatory response of most adult
mammals, naked mole rats exhibit a unique decline in ventilation, matching their substantial
decrease in metabolic rate. Naked mole rats therefore provide an excellent model in which to
investigate adaptations to hypoxic ventilatory and metabolic responses (HVR and HMR,
respectively). Interestingly, naked mole rats possess a mutation within the von Hippel-Lindau
(VHL) binding domain—a protein necessary for proteasomal degradation of HIF o subunits in
normal Oz concentrations—suggesting they retain elevated baseline expression of HIF o and thus
an upregulation of downstream gene targets. In designing our experiment, we focused on
sustained hypoxia and HIF1a, which is typically the first responder subunit upon exposure to
low Oz stress. We sought to determine how increased HIF1a expression might contribute to the
distinct HVR and HMR of naked mole rats, first by confirming the observed VHL mutation
translates into increased HIF1a protein expression via immunoblotting. HIFla protein
expression was found to be 3-fold higher in naked mole rat brain than mouse brain and 4-fold
higher than in mouse liver tissue (p < 0.05). We then investigated how elevated HIF1a. levels
might contribute to the HVR and HMR by treating naked mole rats with two different HIF 1o
inhibitors (either echinomycin; 0.5 and 1.0 mg kg, or PX-478; 80.0 mg kg™) and subsequently
examined changes in ventilatory and metabolic parameters in awake animals exposed to
sustained hypoxia (7% O2; 1 hour).

In control naked mole rats, minute ventilation (Ve) reversibly decreased by 32% in hypoxia
(1298.3 + 188.5 t0 882.6 + 117.0 mL min"t kg) because of changes in both breathing frequency
(fr) and tidal volume (V). Conversely, the HVR was not significantly affected in any of our
three treatment groups however, normoxic ventilation increased in naked mole rats treated with
low dose echinomycin (0.5 mg kg*) by 72% (from 1298.3 + 188.5 t0 2239.5 + 221.1 mL min!

kg™). Consistent with previous findings, metabolic rate in control naked mole rats decreased



70% (from 40.1 £ 5.0 t0 11.9 +£ 0.9 mL O2 min* kg?). Again, treatment with our
pharmacological agents did not significantly alter this response but did result in a 43% decrease
in basal metabolic rate (VO2and VCOz) in both high-dose echinomycin and PX-478 treated
naked mole rats (40.1 £ 5.0 to 22.5 + 3.6 and 23.0 + 1.88 mL O2 min** kg™ respectively, p <
0.05), dulling the magnitude of the HMR. As a result of unmatched changes in Ve and VO,
HIF1la deficient naked mole rats treated with both low-dose echinomycin and PX-478
experienced an atypical increase in their air convection requirement (ACR; Ve:VO2?) in hypoxia
(from 77.4 £ 11.3t0 159.2 £+ 34.63 and 123.5 £ 35.5 respectively, p < 0.05), resembling a
hyperventilation response closer to that of hypoxia-intolerant mammals.

To further determine how increased HIF1a availability affects the HMR and HVR, we
administered hypoxia-intolerant mice with a pharmacological HIF1o agonist (3,4- EDHB; 180
mg kg?) and used identical experimental design to measure downstream ventilatory and
metabolic responses. Mice exhibit similar reductions in metabolic rate during hypoxic exposure
(from 60.3 + 2.4 t0 21.8 + 1.8 mL O2 mint kg1, p < 0.05) but experience a 30% increase in fr
(from 157.5 + 9.5 t0 200.4 + 10.8 breaths min, p < 0.05). In contrast, mice treated with EDHB
and to exposed 7% Oz exhibited a 20% increase in fr (200.4 + 10.8 to 236.5 + 14.1 breaths min-
! p <0.05) and a 30% reduction in the magnitude of their HMR (from 38.5 + 2.8 t0 27.8 + 3.6
AVO2). No other significant trends were observed in any of the other parameters measured. We
conclude metabolic and ventilatory control in naked mole rats and mice may partially depend on

increased HIF1a expression.
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Chapter 1

INTRODUCTION



1.1 Physiological Adaptations to Hypoxia

Hypoxia is commonly defined in one of two ways: first, as a level of environmental Oz
below ambient atmospheric O: at sea level, and secondly as a level of systemic O that is
insufficient to meet the metabolic demand of the cell, tissue, or organism of interest. Systemic
hypoxia is an important signal in human development and disease. For instance, it is a key
component of the transient ischemic events leading up to stroke and myocardial infarction—two
of the most common causes of mortality in Western society (Dirnagl et al., 1999; Michiels,
2004). Similarly, vascular adjustments to local ischemia are compromised in aging and diabetic
populations, contributing to the pathogenesis of coronary and peripheral arterial disease
(Benderro and Lamanna, 2011; Bosch-Marce et al., 2007). On the other hand, cerebral ischemia
leads to an increase in reactive oxygen species (ROS) and beta-site amyloid precursor protein
cleaving enzyme 1 (BACE1) production (Guzy et al., 2005; Sun et al., 2006). These events lead
to the production of beta-amyloid peptides, which form the lesions and extracellular plagues
hallmark to Alzheimer’s disease (Peers et al., 2007; Sun et al., 2006; Zhang et al., 2007a).
Moreover, hypoxia initiates a cascade of angiogenic and erythropoietic events within the
microenvironment of malignant tumors. The formation of new blood vessels and erythrocytes
induced by tumor-hypoxia maintains Oz supply to cancer cells and leads to increased growth and
aggressiveness, higher incidences of metastasis, and reduced responsiveness to standard
therapies (Dhani et al., 2015; Hockel et al., 1996; Vaupel and Mayer, 2007).
Conversely, hypoxic environments are common on earth (e.g high-altitudes, poorly ventilated
burrows, and hypoxic waters) and possess a myriad of species which successfully inhabit them.

Understanding the mechanisms through which these animals survive low Oz environments



therefore presents an opportunity to translate their unique physiological adaptations into new
therapeutic approaches to human health.

The production of biological energy, or adenosine triphosphate (ATP), in aerobes requires
02 act as the terminal electron acceptor during oxidative phosphorylation (Chance and Williams,
1956). To reach the mitochondrial respiratory chain in various tissues, inspired O, must be
transported from the respiratory interface, along the O2 transport cascade, and across the cellular
membrane. The Oz transport cascade bridges several organs and systems, and is divided into a
series of convective and diffusive steps (Figure 1.1): (i) ventilation — convection of air across a
respiratory interface; (ii) pulmonary convective—diffusion; (iii) circulation (perfusion); and (iv)
convective—diffusion cellular level (Weibel, 1984).

In a typical hypoxia-intolerant vertebrate cell, hypoxia-ischemia sets into motion a cascade
of physiological events which culminate in tissue damage and/or cell death. At the onset of O2
deprivation, aerobic metabolism and oxidative phosphorylation are disrupted and available high
energy phosphates (ATP) are rapidly depleted. ATP is required for virtually all synthetic and
degradative processes within the cell, including the activity of energy-dependent ion pumps (e.g.
the Na*/K*-ATPase) within the plasma membrane. Thus, reduced ATP leads to a loss of ionic
integrity as these active transport systems fail to redistribute both intracellular and extracellular
ions across the cell membrane. Consequently, Na* enters and accumulates inside the cell
(Chidekel et al., 1997; Friedman and Haddad, 1994; Jiang and Haddad, 1991) while K* diffuses
out (Colom et al., 1998; Dallaporta et al., 1998; Yu et al., 1997) causing cell swelling, and
membrane depolarization (Golstein and Kroemer, 2007; Shimizu et al., 1996). Altered ion
homeostasis and membrane depolarization also lead to a voltage-dependent influx of cytosolic

Ca?* ions initially due to a release of intracellular stores, and later as a result of increased influx



across the plasma membrane and failure of the Ca?* pump. Perturbation of Ca?* homeostasis
activates several deleterious processes, such as activation of Ca?* phospholipases that target
subcellular structures including the plasma membrane, cytoskeleton, mitochondria, and nucleus.
Ultimately, prolonged ischemic events lead to irreversible damage to mitochondrial and
lysosomal membranes, triggering cell death by either apoptosis or necrosis (Golstein and
Kroemer, 2007; Shimizu et al., 1996)

Although hypoxic ATP production can be temporarily maintained through the activation of
anaerobic metabolism (i.e. anaerobic glycolysis), finite stores of fermentable substrates impose a
limit on glycolysis as a long term solution to O. deprivation in hypoxia-intolerant species
(Hochachka, 1986). Conversely, hypoxia-tolerant species adopt various physiological and
behavioural mechanisms which moderate the Oz transport cascade to protect cells against
hypoxic injury. Indeed, the developing picture of hypoxia tolerance comprises a common set of
physiological adaptations which maximize Oz delivery to respiring cells, decrease O2 demand, or
sustain the use of alternative, anaerobic metabolic pathways. Such hypoxic adaptations may
manifest as increased sensitivity of Oz sensing systems (Vizek et al., 1987), structural
modifications to Oz-carrying haem proteins (Storz and Moriyama, 2008), alterations of perfusion
(e.g. heart rate and stroke volume) (Giussani et al., 1993) or ventilation (Powell et al., 1998),
reduced basal metabolic rates (Guppy et al., 1994; Jackson, 1968), lowered body temperatures
(Tb) (Gordon and Fogelson, 1991), or large glycogen stores (Bickler and Buck, 2007; Jackson et
al., 2000). Perhaps the most common initial responses to hypoxic stimuli are reflex changes to
metabolic and respiratory activity—referred to as the hypoxic metabolic response (HMR), and

the hypoxic ventilatory response (HVR), respectively. While all animals exhibit distinct HVRs



and HMRs, they represent two areas in which hypoxia-tolerant animals may adapt to survive in

their hypoxic environments.

1.2 The Hypoxic Metabolic Response

A unifying feature of hypoxia tolerance is a global reduction in metabolic energy
expenditure otherwise known as metabolic rate depression (Grieshaber et al., 1994; Hochachka,
1986; Hochachka and Lutz, 2001). During metabolic rate depression, metabolic rate is reduced
anywhere from 20 to 99% depending on the species, stage of maturation, and intensity of
stimulus (Buck and Hochachka, 1993; Buck et al., 1993; Guppy and Withers, 1999; Jackson,
1968; Pamenter et al., 2014). Metabolic rate depression is achieved through the suppression of
major behavioural, physiological, or biochemical energy sinks and is a response to hypoxia
which is conserved across virtually all major animal phyla (Guppy and Withers, 1999;
Hochachka, 1986; Hochachka et al., 1996).

For example, the hypoxia-intolerant laboratory mouse and the Liukiu Island flying fox—
adapted for the high metabolic requirement of flight—experience a 29% and 91% reduction in
metabolic rate in response to the same level of hypoxia (10% O-), respectively (Frappell et al.,
1992). In comparison, many anoxia-tolerant insects support overwintering by suppressing their
metabolism to <10% of aerobic values (Hoback and Stanley, 2001). When exposed to 6% Oz, the
Dover sole exhibits a 48% reduction in metabolic rate, but only a 27% reduction in 12% O2 (Van
Thillart et al., 1994). Although it appears the direct effects of age on metabolic depression has
not been assessed, two studies on metabolic depression in cats reveals newborn animals may
possess greater tolerance to hypoxia. For instance, newborn kittens respond to hypoxia (15 and

10% O2) with a 27% and 39% reduction in metabolic rate respectively (Frappell et al., 1991),



while adult cats exposed to 12% O2 only experience a 20% reduction in metabolic rate (Gautier
et al., 1989).

To achieve metabolic rate depression, the onset of hypoxia and metabolic suppression is
commonly accompanied by an overall decrease in skeletal muscle movement and an increase in
behavioral strategies that reduce thermoregulatory set points and facilitate heat loss. Reductions
in Ty facilitate metabolic rate depression both by reducing temperature-dependent O2 utilization,
and through the high Q1o effect associated with aerobic metabolism (Krogh, 1914). In most
vertebrates, whole-body metabolic expenditure is halved for every 10°C fall in Tb due to Q.
effects. In other words, for each 1°C reduction there is an associated energetic saving of 11%
(Skovgaard et al., 2010; Wood, 1991). To exploit these temperature effects on metabolism and
minimize energy expenditure, freshwater fish (Bryan et al., 1984; Schurmann et al., 1991),
reptiles (Hicks and Wood, 1985), rats (Gordon and Fogelson, 1991; Wood, 1991), and other
animals will actively select an lower ambient temperature (Ta) to facilitate a reduction in Tp. In
the absence of cold-selection, some animals—Ilike the golden-mantled ground squirrel—reduce
Tb by suppressing cold-induced shivering during hypoxic episodes (Barros et al., 2001). In
contrast, neonatal mammals possess limited shivering thermogenesis capacity and so reduce
conspecific interactions (huddling)—instead adopting postures which increase evaporative heat
loss in response to hypoxia (Mortola and Feher, 1998).

Given sufficient hypoxic stimulus, metabolic rate can be depressed beyond standard or
basal metabolic rate through reductions in major ATP-consuming pathways. For example,
mitochondrial proton leak and non-mitochondrial respiration are responsible for approximately
20% of resting metabolic rate (Rolfe and Brown, 1997). The remaining 80% that is coupled to

ATP consumption includes protein synthesis (25-40%), Na*/K*-ATPase (19-28%), Ca**-ATPase



(4-8%), gluconeogenesis (7-10%), actinomyosin-ATPase (2-8%), and ureagenesis (3%) (Rolfe
and Brown, 1997; Storey and Storey, 2004; Storey and Storey, 2007). In effect, these ATP-
consuming cellular activities possess different energetic requirements and are thus arranged in a
hierarchy of Oz-sensitivity (Buttgereit and Brand, 1995). For instance, studies have demonstrated
that macromolecular biosynthesis pathways are more sensitive to ATP availability during
hypoxia than transmembrane ion pumping (Buc-Calderon et al., 1993; Buttgereit and Brand,
1995). Therefore, one of the first consequences of hypoxic metabolic reprogramming is an
inhibition of new protein and RNA synthesis—translational arrest and transcriptional arrest,
respectively—to favour osmotic and ionic homeostasis (Rolfe and Brown, 1997). Indeed, a 65-
90% reduction in the rate of protein turnover has been observed in marine invertebrates like
brine shrimp and intertidal snails (Larade and Storey, 2002a; Larade and Storey, 2002b), as well
as anoxic turtles (Fraser et al., 2001), and hibernating mammals (Bocharova et al., 1992;
Osborne et al., 2004; Van Breukelen and Martin, 2002) in response to hypoxia.

Severe and sustained hypoxia imposes a boundary to long-term transcriptional and
translational arrest and thus reductions in the activity of ion-motive ATPases may further support
hypoxic survival. During periods of reduced ATP production, cells are unable to maintain ATP-
dependent ion pumping and thus reducing passive diffusion of ions through ion channels would
both reduce the energetic burden of Na* and Ca?* pump activity and maintain ionic integrity
during O2 limitation (Hochachka, 1986). Oz lack therefore initiates an adaptive decrease of ion-
channel densities and/or channel leak activities, which reduces cell membrane permeability, a
phenomenon commonly known as channel arrest. Channel arrest is one of the first concepts
proposed underlying hypoxic metabolic rate depression, and has been characterized in some

species of anoxia-tolerant fish and turtles (Buck and Bickler, 1995; Pamenter et al., 2008; Pék



and Lutz, 1997; Wilkie et al., 2008). Additionally, some animals—such as anoxia-tolerant
turtles—also experience a downregulation of firing rates or synaptic transmission involving
localized channel suppression (‘spike arrest’) which suppresses cellular metabolism of the brain
by 50-80% (Doll et al., 1991; Pamenter et al., 2011; Sick et al., 1993).

At the onset of metabolic rate depression, hypoxia may also shunt resources away from
oxidative phosphorylation toward anaerobic glycolytic pathways, a shift known as the Pasteur
effect (Hochachka, 1986). In the presence of sufficient glycogen, specific hypoxia-adapted
organisms (e.g. Crucian carp) are able to circumvent the detriments of anaerobic metabolism and
support sustained glycolysis through improved substrate recycling and an increased capacity to
sequester or tolerate acidic end products (Bickler and Buck, 2007; Jackson et al., 2000). For
example, goldfish and Crucian carp deal with the byproducts of anaerobic metabolism by
converting lactic acid into ethanol which is then excreted across their gills (Johnston and Bernard,
1983; Shoubridge and Hochachka, 1980).

Hypoxia-tolerant animals may also turn to alternative combustible fuels to optimize
mitochondrial respiration in hypoxic conditions (e.g. lipid vs carbohydrate metabolism) (Ainscow
and Brand, 1999; Schippers et al., 2012). Relative to the oxidation of lipids, the oxidation of
carbohydrates produces a lower overall yield of ATP per unit of fuel, but also consumes less Oz in
the process. This has led to the suggestion that hypoxic exposure promotes an increased
dependence on carbohydrates similar to exercise-induced metabolic fuel switches (Brooks et al.,
1991; Hochachka et al., 1991; Schippers et al., 2012). However, prolonged cold exposure
experienced by many hypoxia-adapted mammals may impose a boundary on long term
carbohydrate use in hypoxia due to the requirement of producing body heat by shivering

thermogenesis (Vaillancourt et al., 2009; Weber and Haman, 2005). Instead endothermic



homeotherms likely still use lipids during chronic hypoxia which make up more than 80% of the
total energy reserves in mammals. This has been demonstrated in high-altitude deer mice, in which
prolonged thermogenesis during hypoxic exposure elicits a shift in metabolic fuel use to favour

lipids over carbohydrates (Cheviron et al., 2012).

1.3 Hypoxic Ventilatory Response

The control of respiration during hypoxic events is fundamental to the preservation of
cellular energy homeostasis. Reflex changes in ventilation in response to a decline in Oz
availability are known as the HVR. The HVR of vertebrates is diverse comprises a series of
complex, time-dependent modulations which are often difficult to compare within and between
species (Powell et al., 1998). Even studies replicated with the same methodology yield
discrepancies between the same species. Despite these difficulties, well-documented ventilatory
patterns have been described. These are typically divided into responses to transient acute
hypoxic episodes, and responses to repetitive intermittent or sustained hypoxia.

The acute HVR involves an immediate augmentation of minute ventilation (Ve) at the
onset of hypoxia (within one breath) as a result of reflex changes in breathing frequency (f-)
and/or tidal volume (V-) (Pamenter and Powell, 2016). Following the termination of the hypoxic
stimulus, these ventilatory parameters rapidly return to baseline. To date, almost all adult
mammals studied increase ventilation in response to decreased arterial Oz saturation (PaO2)
(reviewed in Powell 1998); however, the underlying changes in fr versus Vt and the
physiological mechanisms behind them are highly variable between species, strain, and hypoxic
stimulus (Bouverot and Hildwein, 1978; Mitchell et al., 2001; Pamenter and Powell, 2016;

Pamenter et al., 2015). Alternatively, in most neonatal mammals, acute hypoxia produces a



biphasic respiratory response—i.e. a temporary increase in ventilation followed by a rapid

cessation of breathing movements (Mortola et al., 1989).

1.4 Hypoxia Inducible Factor-1

Survival in sustained hypoxia depends on the activation of O2-sensitive genes that support
energy homeostasis through increased O tissue delivery, reduced ATP demand, and/or improved
glycolytic ATP production (Semenza, 1999). Hypoxic gene regulation requires several
transcription factors which are first regulated by Oz themselves, and which possess recognition
site specificity within gene-target binding domains. HIFs are one such, highly conserved, family
of transcriptional activators initially identified in a pioneer study led by Semenza and Wang in
1992. In meeting the aforementioned prerequisites for transcription, HIF activity is inducible in
an O2-dependent, post-translational manner and subsequently binds to DNA to initiates
transcription.

The transcriptionally active form of HIF is a heterodimeric protein complex consisting of
one of three O2-labile a-subunits (HIF1a, HIF2a, or HIF3a) and a 3 subunit called aryl
hydrocarbon receptor nuclear translocator (ARNT) (Figure 1.2). Both HIFo and HIFP belong to
the basic helix-loop-helix (bHLH)/Per-ARNT-Sim (PAS) family of transcription factors. The
PAS domain contains approximately 300 amino acids and operates in conjunction with the
primary HLH interface to mediate protein-protein interactions and o/f dimerization (Jiang et al.,
1996; Wang et al., 1995). Under well-oxygenated conditions, HIFa is rapidly hydroxylated on at
least one of two conserved proline residue within the O2-dependent degradation domain (Pro-402
and/or Pro-564) by members of the EGL-9/prolyl hydroxylase (PHD) superfamily of Fe(Il)- and

2-oxoglutarate-dependent dioxygenases (Epstein et al., 2001). These hydroxyproline
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substitutions within the O2-dependent degradation domain label HIFa subunits for proteasomal
degradation under normoxic conditions.

Three novel HIF prolyl hydroxylase enzymes (PHDs 1,2,3) have been identified, of which
PHD2 appears to be the most important in regulating a-subunits (Epstein et al., 2001). PHDs
require Fe?*, Oz, and 2-oxoglutarate to yield the proline hydroxyl groups. During hydroxylation,
one oxygen atom is used in the oxidative decarboxylation of 2-oxoglutarate yielding succinate
and COz2, and the other is incorporated directly into the hydroxyl group bound to HIF1a
(Hewitson et al., 2002; McNeill et al., 2002). Once hydroxylated, HIFa. is captured by the 3-
domain of the von Hippel-Lindau tumor suppressor protein (pVHL), the substrate recognition
component of the Elongin BC/Cul2/pVHL (E3) ubiquitin-ligase complex (Ivan et al., 2001,
Kornitzer and Ciechanover, 2000; Maxwell et al., 1999). As a result, given sufficient Oz
availability, HIFa is polyubiquitylated on hydroxyproline substitutions and subjected to
degradation by the 26S proteasome.

VHL disease is an inherited multisystem cancer syndrome first discovered in 1894 which is
characterized by a mutation in the VHL binding domain. The clinical hallmarks of VHL disease
include a high degree of vascularization in the brain and spinal cord leading to
hemangioblastomas (blood vessel tumors). The potential connection between dysfunctional
pVHL and the constitutive expression of a large number of hypoxia inducible genes such as
vascular endothelin growth factor (VEGF) led to the discovery that VHL was indeed necessary
for proteasomal degradation of HIF1o (Kaelin and Maher, 1998). Studies have since supported
its participation in the negative regulation of HIFo by demonstrating biallelic or genetic
inactivation (VHL™) as well as pharmacological antagonism of VHL stabilizes HIFa in

normoxia (Kaelin and Maher, 1998; Maxwell et al., 1999).
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Under O2-deprived conditions, PHD catalytic activity is interrupted, allowing HIF o to
escape recognition by the pVHL ubiquitin-ligase complex (lvan et al., 2001). When stabilized,
HIFa is translocated to the nucleus, where it associates with nuclear ARNT. The HIF dimer then
recruits the general transcriptional activator CREB binding protein (CBP)/p300 which interacts
with the carboxy-terminal transactivation domain, and the completed complex binds to hypoxia
response elements (HRES) represented by a core consensus sequence (5’-RCGTG-3) present in
the promoter region of hypoxia-inducible genes (Figure 1.2)(Jiang et al., 1996; Semenza et al.,
1996). The discovery that transcription factors binding to this sequence could be induced by
hypoxia led to an avalanche of new insights into Oz-regulated gene expression (Wang and
Semenza, 1995; Wang et al., 1995). Since its discovery, hundreds of hypoxic survival genes have
been demonstrated to be inducible by HIF.

Interestingly, asparaginyl hydroxylase—otherwise known as factor-inhibiting HIF
(FIH)—further contributes to O2-dependent regulation of HIF (lvan et al., 2001; Webb et al.,
2009). At sufficient Oz tensions, an asparagine residue (ASP-803 in humans) is hydroxylated,
preventing the interaction of HIF with CBP/p300 and thereby reducing HRE binding activity
(Kaelin, 2005). FIH remains active at lower O2 concentrations than PHDs suggesting these two
enzymes may fine-tune HIF functional activity within distinct tissue-types or target genes at
different O2-dependence profiles (Kaelin, 2005). Additionally, the different affinities of PHDs
and FIH for O2 may explain differences in gene function and adaptive responses in different
species groups. Together, the depth of hypoxia required to stimulate a given HIF-responsive

gene depends on isoform activity and/or cross-talk with other signaling pathways.
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HIF and the HMR

The downstream mechanisms by which HIF 1o contributes to metabolic rate depression are
only partially understood. However, some research teams have explored a link between HIFla
and mammalian target of rapamycin complex 1 (mTORC1), a serine/threonine kinase that
coordinates a variety of cellular functions such as growth, metabolism, and autophagy (Fingar
and Blenis, 2004; Sarbassov et al., 2005). Of interest, nTORC1 plays a key role in protein
synthesis by phosphorylating a myriad of translational regulators (Reviewed in: Ma & Blenis,
2009). HIF1a has been shown to affect mMTORC] activity during hypoxic episodes by inducing
the expression of DNA-damage-inducible transcript 4 (DDIT4, also known as REDD1) (Cam et
al., 2010). Overexpression of REDD1 has been shown to significantly inhibit mMTORC1 activity,
while genetic loss of REDDL1 results in a failure to downregulate mTORC1 activity in response
to hypoxia (Brugarolas et al., 2004; Corradetti et al., 2005; Sofer et al., 2005). Thus, HIF1a may
regulate metabolic rate depression by promoting REDD1 transcription, consequently inhibiting
mTORC1-dependent protein synthesis.

It has also been suggested that HIF1o may mediate metabolic depression through a
complex relationship between itself and cellular-myelocytomatosis viral oncogene (c-MYC), a
central transcription factor involved in cell proliferation and differentiation, growth, apoptosis,
and stem cell self-renewal (Dominguez-Sola et al., 2007; Iritani and Eisenman, 1999; Poortinga
et al., 2004; Schmidt, 1999). In Oz depleted conditions, the corresponding increase in HIF 1o
expression leads to a decrease in the expression of c-MYC (Koshiji et al., 2004; Zhang et al.,
2007b). Inhibition of c-MYC has also been associated with a reduction in mitochondrial DNA
content (Hervouet et al., 2005), reflecting a reduction in mitochondrial mass and a decrease in O2

consumption (Li et al., 2005; Zhang et al., 2007b). This pathway is observed in models with
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VHL loss of function mutations leading to elevated HIF 1a levels (Zhang et al., 2007b). HIF1a
may therefore facilitate metabolic rate depression by counteracting c-MY C mediated
mitochondrial biogenesis, protein translation, and transcription (reviewed by Gordan et al., 2007;
Dang et al., 2008).

Stabilization of HIFla supports metabolic rate depression by coordinating a shift to
anaerobic forms of ATP production through transactivation of genes encoding glucose
transporters and nearly all known glycolytic enzymes. Previous studies have demonstrated that
the HIF1a complex reprograms glucose metabolism through upregulation of pyruvate
dehydrogenase kinase 1 (PDK1), lactate dehydrogenase (LDHA) and monocarboxylate
transporter 4 (Firth et al., 1995; Kim et al., 2006; Papandreou et al., 2006; Robey et al., 2005;
Seagroves et al., 2001; Semenza et al., 1996; Sowter et al., 2001). PDK1 phosphorylates and
inhibits mitochondrial pyruvate dehydrogenase which converts pyruvate to mitochondrial NADH
and acetyl-CoA. Together, PDK1, LDHA, and monocarboxylate transporter 4 increase the
conversion of pyruvate to lactate, and funnel pyruvate toward the glycolytic pathway and away
from the tricarboxylic acid cycle thereby reducing mitochondrial Oz consumption (Papandreou et

al., 2006).

HIF and the HVR

Prolonged or repeated hypoxic challenge elicits progressive increases in ventilation which
further improve oxygenation of tissues (Bisgard, 2000; Dwinell et al., 2000). This secondary
respiratory response, referred to as ventilatory acclimatization to hypoxia (VAH), represents an
important form of plasticity involving time-dependent remodeling of multiple cellular/synaptic

mechanisms within the respiratory control system (Powell et al., 1998). The increased HVR
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results from both increases in the Oz sensitivity of the carotid body chemoreceptors (Bisgard,
2000; Smith et al., 1986) as well as changes in the central neural integration and processing of
chemoafferent inputs (Dwinell et al., 2000; Powell et al., 2000).

VAH requires sustained hypoxic exposure lasting hours to months, and as such it has been
proposed that the mechanisms underlying it are coordinated by changes at the gene level. Indeed,
HIF 1o protein expression has been shown to increase in the carotid body and CNS respiratory
centers of mice after as little as 1 hour of hypoxic exposure (Kline et al., 2002; Pascual et al.,
2001). Support for a role of HIF la in mediating the HVR comes from studies demonstrating
mice partially deficient in HIF 1o (Hif*) exhibit impaired O2 sensing by the carotid body,
characterized by a reduction in fr and a depressed neural response to sustained hypoxia (Kline et
al., 2002). Furthermore, transgenic mice with a CNS-specific knockout of the HIF 1o gene but
with fully functional carotid body exhibit a normal acute HVR, but do not experience changes in
ventilatory drive or respiratory sensitivity following chronic exposure suggesting HIF1a in the
CNS is necessary to VAH (Bavis et al., 2007; Helton et al., 2005).

HIF1la likely contributes to the anatomical remodeling of the chemoreceptor organ through
increased transcription of VEGF, receptors associated with VEGF actions, and platelet derived
endothelial cell growth factor expression (Jyung et al., 2000; Semenza, 2000b), causing the
carotid body to double in size following the hyperplasia, hypertrophy, and increased
neovascularization of type I cells (Dhillon et al., 1984; McGregor et al., 1984). VEGF has been
suggested to play a role in neural plasticity during VAH through increasing blood vessel density
and by eliciting its own downstream pathways (Murakami et al., 2003) which stimulate similar
cellular signaling pathways in the brain. Increased VEGF therefore further contributes to

ventilatory plasticity during sustained hypoxia (Baker-Herman et al., 2004; Chen et al., 2005).
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In theory, these changes are beneficial because they decrease diffusion distance between arterial
blood and carotid bodies and therefore increase the speed of responses to hypoxia however this
remains to be demonstrated experimentally.

Carotid bodies also express a variety of proteins allegedly involved in O signal
transduction, including nitric oxide synthase (NOS) and haem-oxygenase 2 (HO-2). Previous
investigations have reported increases in NO production in the carotid body following chronic
sustained hypoxia (Di Giulio et al., 1998; Ye et al., 2002). Basal NO released from nerve endings
exerts an inhibitory influence on sensory discharge, likely through retrograde signaling on Ca?*
channels and subsequent downregulation of carotid body activity. Thus, increased levels of
NO—which have been shown to be inducible through HIF1a and its effect on neuronal NOS
(nNOS)(Ward et al., 2005)—yield depressive effects on the Oz sensitivity of the carotid body.
The HIF1a-nNOS pathway would therefore contribute to the hypoxic desensitization of the
carotid body, which has been documented in several species following chronic hypoxic exposure
(Bisgard, 2000; Powell et al., 1998).

It is recognized that carbon monoxide (CO) can act as a chemical messenger to increase
carotid body activity and subsequently ventilatory drive in hypoxia, through upregulation of HO-
2. This antioxidant enzyme requires nicotinamide adenine dinucleotide phosphate (NADPH) and
02 as co-factors to catabolize haem into CO, biliverdin, and iron (Williams et al., 2004). Under
hypoxic conditions, CO generation through HO-2 haem degradation decreases, leading to a
reduction in channel activity, channel closure, membrane potential depolarization, and finally
neurotransmitter release (Prabhakar et al., 1995). HIF 1a has been shown to mediate a decrease in

HO-2 expression while promoting increases in the expression of inducible HO (HO-1), which
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would lead to a decrease in CO production, and consequently an increase in respiration (Dawn
and Bolli, 2005; Lee et al., 1997; Neubauer and Sunderram, 2012).

ET-1 is a vasoconstrictor that increases in the carotid body (Chen et al., 2002a) as well as
the pulmonary artery (Li et al., 1994) following chronic hypoxia. ET-1 and its receptor ETa are
widely distributed throughout the CNS (Giaid et al., 1989; Lee et al., 1990; Takahashi et al.,
1991, Yoshizawa et al., 1990) and has been to shown to release various neuropeptides (Levin,
1995; Masaki, 1995; Webb et al., 1998) involved in neurotransmission and/or neuromodulation
within the CNS. ET-1 may therefore potentiate chemoreceptor responses by activating second
messenger systems which promote hypoxia-evoked intracellular Ca®* responses and voltage-
gated Ca?* currents (Chen et al., 2000) and which may enhance future hypersensitivity and
ventilatory drive. Under the influence of HIF 1o, ET-1 expression increases and markedly
augments the hypoxic sensory response (Chen et al., 2002b). For example, treatment with an
ETa inhibitor in isolated rat carotid bodies reduced chronic hypoxia-induced increases in
chemosensitivity by 50% (Chen et al., 2002a). Moreover, ET-1 heterozygous knockouts exhibit a
blunted HVR (Kuwaki et al., 1996).

A growing body of evidence implicates HIF 1a as a transcriptional regulator of the
adenosine receptor, A2B (Eckle et al., 2014; Kong et al., 2006; Sitkovsky et al., 2004).
Adenosine is a purine nucleoside synthesized within mammalian cells and released into the
extracellular fluid where it acts as either a respiratory stimulant or depressant during conditions
of hypoxic stress (Griffiths and Holgate, 1990). For example, the activation of adenosine
receptors in the carotid body has a stimulant effect and increases ventilation in the cat (McQueen
and Ribeiro, 1986) human (Watt and Routledge, 1985) and rabbits (Buss et al., 1986). In

contrast, increased concentrations of adenosine in the CNS have been demonstrated to exert
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depressive effects on pulmonary ventilation including decreases in both fr, V1, and ventilatory
drive (Hedner et al., 1982; Heitzmann et al., 2016). These effects are mediated by specific

adenosine receptors (Al and A2) located on the outer surface of the cell membrane (Fredholm,
1982). In awake rats, A1 and A2 agonism reduced Ve by 65-75%, whereas antagonism of these

receptors reversed their respiratory depressant effects (Murphy et al., 1993).

Chuvash polycythemia

Mutations in the VHL-HIF signaling pathway are historically associated with an increase
in ventilatory activity. For example, these mutations characterize an autosomal recessive disorder
in humans called chuvash polycythemia (CP). The mutations underlying CP diminish the binding
affinity of VHL for hydroxylated HIF1a, partially inhibiting its normoxic degradation (Ang et
al., 2002). As a consequence of chronic systemic elevation of HIF, CP is characterized by
elevated basal Ve and an enhanced acute HVR without prior exposure to hypoxia (Smith et al.,
2006). For example, in CP-engineered mice, hypoxia (10% O3) elicits a significant 2.2-fold
increase in Ve relative to controls, similar to mice exposed to episodic or chronic hypoxia
(Hickey et al., 2010; Slingo et al., 2014). The ventilatory changes observed in CP mice are
accompanied by structural alterations in carotid-body morphology including the number and size

of type I cells (Slingo et al., 2014), further demonstrating a role for HIF1a in HVR.

1.5 African Naked Mole Rats
Subterranean mammals possess multiple highly specialized physiological and biochemical
systems to cope with life underground. Sealed burrows offer protection from predators and harsh

weather conditions but expose inhabitants, particularly social species, to varying degrees of
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hypoxic and hypercapnic challenge due to group respiration and limited soil permeability (Jarvis
etal., 1991; Shams et al., 2005; Withers, 1978). As a result, common adaptations among
fossorial mammals include low basal metabolic rates, high ranges of thermoneutrality and low
Tos , and often poor thermoregulatory capacity (Bennett et al., 1993; Bennett et al., 1994;
Contreras and McNab, 1990; McNab, 1979; McNab, 1983). In adapting to the subterranean
niche, these animals have also evolved complex adaptive respiratory and blood-gas properties
that allow them to optimize Oz delivery during hypoxic exposure (Johansen et al., 1976; Shams
et al., 2004; Weber et al., 2017).

African naked mole rats are one such underground rodent native to Eastern Africa which
have received significant attention from researchers studying hypoxia tolerance. Contrary to
reports from other subterranean burrows, such as those of the middle east blind mole rat which
experience chronic hypoxia as low as 6% (Shams et al., 2005), naked mole rats live in well-
ventilated burrow systems where Oz tensions are closer to ambient air (Holtze et al., 2017).
Instead, naked mole rats likely encounter acute or sustained hypoxic episodes during digging
activity, or during conspecific huddling in their large colony sizes of up to 280 members (Jarvis
etal., 1991). Despite these reports, naked mole rats have been reported to withstand 3%-5% O2
(Nathaniel et al., 2012; Pamenter et al., 2018; Park et al., 2017) and 80% CO2 (Park et al., 2017)
for several hours in a laboratory setting, suggesting they are one of the most hypoxia-tolerant
mammal described to date (Johansen et al., 1976; Pamenter et al., 2015; Park et al., 2017).

African naked mole rats possess a number of physiological and biochemical defense
strategies which prevent otherwise lethal hypoxic cellular injury including a modified
haemoglobin structure that increases the Oz binding affinity and unloading efficiency of red

blood cells (a Pso of 23 mmHg compared to 33 mmHg in mice) (Johansen et al., 1976; Weber et
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al., 2017), mass-specific metabolic rates around 30% lower than what would be predicted from
allometry (Buffenstein and Yahav, 1991), lower Tbs relative to similar sized rodents (Nathaniel
etal., 2012), and blunted neuronal Ca?* influx during hypoxia (Peterson et al., 2012).

Similar to other hypoxia-tolerant species, naked mole rats respond to low Oz availability
with a substantial and reversible suppression of metabolic rate, thereby reducing ATP
consumption and Oz demand (Kirby et al., 2018; Pamenter et al., 2015). Remarkably, these
animals also undergo a matched decrease in total Ve and therefore do not express the hypoxia-
mediated increase in their air convection requirement (ACR; Ve :VO2) typical to other mammals
(Pamenter et al., 2015): i.e. do not hyperventilate in sustained hypoxia. This respiratory response
would thereby reduce the high metabolic cost associated with increased ventilatory activity.

Recent genomic analysis conducted by Kim et al. (2011) may provide insight into the
ability of naked mole rats to downregulate Ve and metabolism in response to hypoxia. The team
uncovered two point mutations within the functional site of the VHL binding domain of naked
mole rats. Both threonine at position 407 as well as valine at position 166 have both been
substituted for leucine (Kim et al., 2011), suggesting a relaxation of the ubiquitin-dependent
degradation of HIF 1a, and a subsequent increase in the stabilization of HIF 1a (Figure 1.3). In
theory, HIF 1o downstream gene targets would then be chronically upregulated in normoxia
similar to that observed in a close relative (middle east blind mole rat), which possess higher
normoxic HIF1a and EPO protein expression relative to hypoxia-intolerant rats (Shams et al.,
2004). This elevated expression of HIF 1a may thus contribute to the atypical adaptive responses

of naked mole rats through transcriptional regulation of downstream genes.
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1.6 Objectives and Hypotheses

Naked mole rats present an invaluable model in which to study hypoxic adaptation. As
their basic physiological responses to hypoxic exposure become better characterized, we turn our
attention toward the mechanisms underlying those responses and how they might contribute to
our understanding of hypoxic illness and injury. Specifically, naked mole rats may provide
insight into how elevated HIF1a expression translates acute hypoxic stress into beneficial
metabolic and respiratory responses. This thesis aims to determine: a) the functional effect of the
VHL mutation possessed by naked mole rats compared to mice, b) the degree of involvement of
HIF1la in the acute HVR and HMR of naked mole rats, and c) the effect of HIF1a stabilization

on the HVR and HMR of mice.

1.3.1 Objective 1: Profile baseline expression of HIF1a in African naked mole rats relative to
mice
Hypothesis 1: Naked mole rats express elevated baseline HIF1a protein levels relative to mice
due to a pVHL mutation.
The following thesis tests this hypothesis by measuring basal HIF1a protein expression in
naked mole rats and mice using immunoblotting. One of the goals of this study is to determine if
the mutations presented by Kim et al. correspond to compromised VHL activity and increased

HIF1la protein levels in normoxia.
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1.3.2 Objective 2: Profile the role of HIF1a in the HVR and HMR in naked mole rats through
pharmacological inhibition

Naked mole rats, which may possess elevated HIF1a levels, do not hyperventilate in
hypoxia and instead experience ventilatory decline accompanied by matched reductions in their
metabolic rate (Kirby et al., 2018; Pamenter et al., 2015). Previous studies have demonstrated
inhibitory adenosinergic signaling likely mediates the HVR of naked mole rats (Pamenter et al.,
2015), but this mechanism has been ruled out as contributing to the HMR. Other studies have
also ruled out GABAergic signaling as mediating acute hypoxic metabolic changes (Chung et al.,
2016), although it may inhibit metabolic plasticity in animals breathing normoxic air following
exposure to chronic sustained hypoxia. Therefore, an opportunity exists to better characterize the
underlying mechanisms governing the HMR of naked mole rats.

Hypothesis 2: Endogenous expression of HIF1a contributes to the ventilatory and metabolic
responses of naked mole rats through increased baseline expression of downstream targets. We
predict that ventilatory and metabolic compensation to acute hypoxia will be altered in mole rats
treated with a pharmacological HIF1a inhibitor prior to exposure to hypoxia.

This thesis tests this hypothesis by measuring ventilatory and metabolic changes in naked
mole rats treated with either saline or a HIF1a antagonist and subsequently challenged with
acute hypoxic stress (7% Oz for 1 hour). We also measure changes in HIFLa. mRNA expression,
as well as downstream targets: VEGF, glucose transporter 1 (GLUT-1), and endothelin-1 (ET-1)

through gPCR to validate drug efficacy.
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1.3.3 Objective 3: Characterize HIF1a involvement in the HVR and HMR through

pharmacological HIF1q stabilization in mice

We sought to determine if normoxic stabilization of HIF1a would yield a naked mole rat-
like HVR or HMR. Research shows HIF1a increases in the carotid body and CNS respiratory
centers of mice after as little as 1 hour of hypoxia (Pascual et al., 2001). Furthermore, mice
partially deficient for HIF1a show reduced Oz sensing and signal transduction ability as well as
decreased ventilatory drive to sustained hypoxia (Kline et al., 2002; Peng et al., 2006).
Conversely, systemic treatment of mice with a PHD inhibitor (ethyl-3,4 dihydroxybenzoate
(EDHB)) leads to an increase in ventilation as a result of changes in Vt (Hodson et al., 2016) as
well as decreases in normoxic metabolism (Aragonés et al., 2008).
Hypothesis 3: Normoxic stabilization of HIF1a will mimic hypoxic preconditioning and either
cause a progressive increase in ventilatory activity or lead to hypoxic desensitization due to an
upregulation of HIF1a downstream targets. PHD inhibition will affect normoxic metabolism and
may, to a lesser extent, result in changes in the HMR.

This thesis tests this hypothesis by measuring ventilatory and metabolic changes in mice
treated with either saline or EDHB and subsequently exposed to an acute hypoxic stress (7% O:
for 1 hour). We also measure changes in HIFLao mRNA expression, as well as downstream

targets: VEGF, GLUT-1, and ET-1 through gPCR to validate drug efficacy.
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Figure 1.1 The Oz transport cascade (adapted from Storz et al., 2010). Oz is passively
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barriers with each step progressively lowering Oz tensions until they are utilized by tissues to
generate ATP.
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Figure 1.2 Structure of (human) HIF1 modified from (Semenza, 2000a). Functional domains of
o and B subunits: bHLH and PAS domains, hydroxylation sites of prolyl and asparagyl
hydroxylases Pro-401 and Pro-564, Asp 803.

24
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PROTEASOME TRANSCRIPTION TRANSCRIPTION

Figure 1.3 Hypoxia-inducible factor (HIF) degradation in normoxia (a), compared with HIF
stabilization in hypoxia (b), and putative mechanism of stabilization in normoxia in naked mole
rats (c) (Borecky and Pamenter, 2017). HIFa subunits are hydroxylated by prolyl hydroxylase
(PHDs) in normal Oz tensions and subsequently bound by the pVHL-E3 ligase complex,
triggering their degradation by the proteasome. During hypoxia, hydroxylation of HIF o. cannot
take place sparing it from destruction. In turn, HIF is translocated into the cellular nucleus where
it dimerizes with HIF( before binding to hypoxic response elements (HRES) within DNA to
facilitate transcription. In naked mole rats, a mutation in their von Hippel Lindau protein (pVHL)
binding domain suggests a relaxation of HIF-pVVHL binding and thereby increased HIFa.
stabilization in normoxia.
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MATERIALS AND METHODS
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2.1 Animals and Ethics

Captive colonies of African naked mole rats (Heterocephalus glaber) were bred and
maintained within the Animal Care and Veterinary Services center at the University of Ottawa,
Canada. Animals were group-housed within artificial burrow systems in rooms held at 28°C in
70% humidity under a 12:12 hour dim light-dark photoperiod. The burrow systems consist of
multiple, interconnected cages to simulate their natural underground burrow environment. Naked
mole rats were fed a Pronutro cereal supplement containing vitamins and minerals, as well as
fresh fruit, vegetables, and tubers, ad libitum. Animals were identified using micro LifeChip Bio-
Thermo Technology (Destron Fearing™, Eagan, MN, USA), which also allowed for regular
temperature sampling (see below).

Male and female BALB/c mice of 8 to 10 weeks of age, bred in the animal care facilities at
the University of Ottawa were used for tissue analysis and plethysmography experiments. Mice
were housed in standard ventilated cages in groups of two to four and held at room temperature
under a 12:12 hour light-dark photoperiod according to institutional guidelines. Mice were fed
Purina Rodent Chow (Purina LabDiet, St. Louis, MO). Mice were identified on a per-cage, per-
treatment basis or using permanent marker as required, remarked when needed.

All pharmacological procedures and experimental protocol (#BL-2535) were in
compliance with the requirements established by Canadian Council on Animal Care and

approved by the University of Ottawa Animal Care Committee.

2.2 Experimental design and pharmacology

In total, 26 male and female non-breeding, adult naked mole rats weighing 41.5 + 0.8 ¢

were randomly divided into three experimental groups and intraperitoneally administered either
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(i) saline (n = 8), (ii) echinomycin dissolved in 5.0% DMSO diluted with saline (0.5 mg kg, n =
8 and 1.0 mg kg, n = 6), or (iii) PX-478 dissolved in saline (80.0 mg kg, n = 4) every two
days for a period of seven days (total of three injections). All drugs were made up to ensure a
volume of 0.3-0.4 mL. Echinomycin was purchased from Sigma-Aldrich (SML0477, St.Louis,
MO, USA).

Originally isolated from Streptomyces echinatus, echinomycin is a cyclic peptide
belonging to the family of quinoxaline antibiotics. Echinomycin selectively inhibits HIF1 dimer
recognition of HRE promoter region sequences through sequence-specific DNA intercalation
(Fox and Kentebe, 1990; Kong et al., 2005; Onnis et al., 2009). Echinomycin has been shown to
block lymphoma and acute myelogenous leukemia growth (Wang et al., 2014) as well as HIF-
mediated induction of ovulation in rats (Wang et al., 2012), making it a promising
pharmacological agent for use in this study The dosing strategy for echinomycin was chosen
based on similar literature values used to inhibit HIF1 activity in mice (Pan et al., 2015; Wang et
al., 2012; Wang et al., 2014). A second, lower dose was selected to address and minimize
toxicity symptoms observed in our high dose dataset (0.5 mg kg?). PX-478 (Cat. #: S7612,
Selleckchem, Houston, TX, USA) was selected to validate echinomycin trials. PX-478 was
initially identified through a screen for compounds that lowered cellular HIF1a levels. Although
its mechanism of action is unknown, it is believed to operate through translational inhibition
similar to echinomycin and independently of Oz, pVHL, or p53 (Koh et al., 2008). Decreased
HIFa protein levels have also been observed following treatment with PX-478 (Koh et al., 2008)
and echinomycin (Vlaminck et al., 2007).

In total, 20 mice weighing on average 30.5 g + 0.8 g were divided into two groups and

received intraperitoneal injections of either (i) saline (n = 12), or (ii) EDHB dissolved in 5.0%
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DMSO diluted with saline (180.0 mg kg, n = 8) up to a maximum volume of 0.5 mL every
second day for one week (total of three injections). EDHB (Cat. #: 23223, Sigma Aldrich) is a
polyphenolic compound found in common plants which acts as an analog of the substrate a-
ketoglutarate. By virtue of its competition for PHD, EDHB acts as an inhibitor of PHD activity
and thus prevents HIF1a degradation by VHL-E3 ligase complex and therein promotes
transcription of HIF1a downstream targets in normoxia. EDHB and associated dosing strategies
were selected based on a previous study which demonstrated increased viability and enhanced
exercise performance in EDHB-treated mice subjected to sub-lethal and lethal levels of hypoxia

(8% and 5% respectively) (Kasiganesan et al., 2007).

2.3 Plethysmography and respirometry

Ventilatory responses to sustained hypoxia were monitored using a whole-body
plethysmograph consisting of two rectangular 450.0 mL Plexiglas chambers connected via a
differential pressure transducer (DP103, Validyne, Northridge, CA, USA). Following
pretreatment, unrestrained, un-anaesthetized animals were placed into the experimental
apparatus. These chambers were flushed with 21% Oz and were set inside a controlled
environmental chamber to maintain temperature at ~28°C for naked mole rats, and ~21°C for
mice. Ambient temperature was continuously recorded throughout the experiment using a
thermocouple (University of Ottawa, ON, CA) designed specifically for the purposes of this
experiment. Ty readings were taken every fifteen minutes using a RFID reader on microchips
(Allflex USA Inc., Dallas, TX, USA) subcutaneously implanted in mole rats, and at the end of

each treatment period using a rectal thermometer for mice.
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Naked mole rats and mice were acclimated to holding conditions for 20-60 minutes prior to
beginning the experiment while supplied with air (21% Oz, balance N2) at a rate necessary to
ensure Oz and/or CO2 levels did not deviate more than 1.5% as a product of the animal’s
metabolism (~110 mL min for naked mole rats, ~200-300 mL min for mice) (Alicat gas mass
flow meter, Tuscon, AZ, USA), until they were noticeably relaxed with a stable breathing
pattern. Baseline measurements were then made for 1 hour at 21% Oz, after which animals were
exposed to hypoxia (7% O3) for 1 hour, and left to recover (21% O2) for 1 hour. Each
experimental trial took a total of ~4 hours.

As the animal respired, changes in pressure between the experimental and reference
chamber representing VT were amplified, recorded, and stored for further analysis. fr was
determined directly from oscillatory activity caused by the animal’s ventilation (average cyclic
frequency, multiplied by 60). Prior to each experiment, known volumes of air (0.2, 0.3, and 0.4
mL) were forced into the animal chamber to produce pressure changes (Pca) which were then
used in calculations of VT using equations for the barometric method adapted for continuous
flow by Jacky (1980), originally described by Drorbaugh and Fenn (1955).

Excurrent gas from the experimental chamber was passed through a desiccant media before
entering the two fuel cell analyzers for Oz and CO2 (FC-10 and CA-10 respectively, Sable
Systems, Las Vegas, NV, USA). The gas analyzers were calibrated for O2 and CO2 before each
trial with a premixed gas (21% Oz2; 1.6% CO2 balanced with NO2). Flow rate was measured
using mass flow meters (Alicat Scientific, Tuscan, AZ, USA). Gas exited the chamber by passive
flow, and both inflowing and outflowing gas concentrations were measured by the gas analyzers

(Sable Systems). Incurrent gas concentrations were checked at the end of each treatment period.
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2.4 Tissue collection

The first four animals in each treatment group were euthanized 12-24 hours following
experimentation to account for potential hypoxia-induced increases in HIF1a. Eight naked mole
rats (control, n = 4; low dose echinomycin, n = 4) euthanized by cervical dislocation. Eight mice
(control, n = 4; EDHB, n = 4) were euthanized via CO2. Tissues were collected and immediately
snap-frozen in liquid N2 and stored at -80°C until processing.

To prepare soluble protein extracts, frozen tissues were ground into a powder over liquid
N2 using a mortar and pestle. Samples were then weighed and 100.0 mg of tissue was added to
200 ul RIPA® buffer (Cat. #: 89901, ThermoFisher Scientific, Waltham, MA, USA). Samples
were homogenized using a handheld Tissue Master 125 with 5 mm generator probe (OMNI
International, Kennesaw, GA, USA) and centrifuged for 10 minutes at a speed of 13,500 rpm at
4°C. Supernatant was transferred into fresh tubes and stored at -80°C. Extracted protein
concentrations were determined via triplicate readings on a microplate reader using Pierce®
BioRad Protein Assay (Cat. #: 23223, ThermoFisher Scientific) with Bovine Serum Albumin as
the standards. Absorbance readings were measured at 562 nm using BioTek Epoch (Winooski,

Vermont, USA) and Gen5 software.

2.5 Immunoblotting

Samples containing 100.0 ug protein mixed with equal parts (1:1 v:v ratio) 2x LaemmLi
Sample Buffer (Cat.#: 1610737, BioRad, Hercules, CA, USA) and 10% v:v -mercaptoethanol
were heated at 95°C for 3 minutes to denature the proteins. Proteins were loaded onto a 10%
SDS-page gel and subsequently separated via electrophoresis at 150 V and ~50 mA in a 1x Tris-

glycine resolving buffer (24 mM Tris-HCI, 2 M glycine, 3.5 mM SDS) using a BioRad Mini-
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Protean System for 60-90 minutes (BioRad). Aliquots of 10 ul of pre-stained protein molecular
weight ladders (Precision Plus Protein™ Standards, Cat. #1610363, BioRad) were run on a gel
concurrently with the samples, serving as a molecular weight reference.

Following electrophoresis, protein was transferred onto 0.45 um PVDF membranes
(Immun-Blot, Cat. #: 162-0177, BioRad) fully submerged in 1x transfer buffer (26 mM Tris-
HCI, 15 mM glycine, 800 mL methanol,) at 180 mA overnight using BioRad transfer cells. After
transfer, PVDF membrane was washed once with 10 mL 1x TBST (20 mM Tris-HCI, 137 mM
NacCl, .1% v/v Tween-20, pH 7.6) for 5 minutes at room temperature before blocking membrane
in 5% milk for one hour at room temperature. Following blocking, membrane was washed three
times for 5 minutes each in 10 mL 1x TBST (10 mM Tris, 150 mM NacCl, 0.1% v/v Tween-20,
pH 7.5). Membrane was then incubated with 10 mL HIF1a rabbit mAb (Cat. #: D2U3T, Cell
Signalling Technology, Danvers, MA, USA) primary antibody at a dilution of 1:500 v:v
antibody: TBST overnight (16-24 hours) at 4°C. Membrane was subsequently washed three
times for 5 minutes each in 10 mL of 1x TBST and then incubated with Anti-rabbit IgG, HRP-
linked antibody at a concentration of 1:2000 with gentle agitation at room temperature (Cat.#:
7074, Cell Signaling Technology). Membrane was washed again in 10 mL TBST three times, for
5 minutes. Membrane was then exposed to a 600 uL mixture of enhanced luminol reagent and
H20:2 (1:1 v:v) (Clarity™ Western, Cat.#:170-5060, BioRad) for 5 minutes and then imaged in a
Vilber Lourmat Fusion FX (Marne-la-Vallée, Collégien, France) with Fusion 3Mega software.

Membrane was then stripped using mild stripping buffer (20 mM glycine, .3 mM SDS,
5mL Tween 20, pH 2.2) and probed for B-tubulin (E7-s) (Developmental Studies Hybridoma
Bank, lowa City, 1A, USA) at a dilution of 1:5000 v/v antibody: TBST for 30 minutes at room

temperature. Membrane was washed three times in 1x TBST and probed with polyclonal goat
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anti-mouse HRP (Cat. #: P0447, Agilent, Santa Clara, USA). Membrane was again exposed to
600 uL ECL (Clarity™ Western, Cat. #:170-5060, BioRad) for 5 minutes and imaged. Following
imaging, HIF1 bands were quantified through densitometry using AlphaEaseFC software (Alpha

Innotech, San Leandro, California).

2.6 gPCR

Control and treatment RNA was isolated using TRIzol™ Reagent (Cat. #: 15596026,
ThermoFisher Scientific) as described in the manufacturer’s protocol. 1 mL of TRIzol™ Reagent
was added to 100mg of tissue and homogenized using a 1 mL syringe with 20-gauge needle,
drawing sample up and down until completely homogenized. Samples were then centrifuged for
5 minutes at 13,500 rpm at 4°C and the supernatant was transferred to fresh tubes with 200 uL of
chloroform. Sample was hand vortexed for 3 minutes at room temperature before centrifuging
again, this time for 15 minutes at 13, 500 rpm at 4°C. The resulting colourless aqueous phase
was subsequently transferred to a fresh set of tubes with 500 uL isopropanol and the solution
was incubated for 10 minutes on ice. Samples were once again centrifuged at 13, 500 rpm at 4°C
after which supernatant was discarded, and pellet was washed in 1 mL of 75% ethanol. Pellets
were washed two more times, this time centrifuged at 10,000 rpm. Remaining RNA pellet was
air dried for 10 minutes before re-suspending it in 20-50 uL of RNase-free water. RNA samples
were stored at -80°C.

RNA concentrations of the samples were determined by OD2s0 measurements using a
NanoDrop™ 2000/2000c Spectrophotometer (ThermFisher Sceintific, ND-2000). A total of 2 ug
RNA mixed with 375.0 ng random hexamers [Integrated DNA Technologies(IDT), Coralville,

IA, USA], 125.0 ng oligo dTs (IDT), and dNTPs (Invitrogen; 0.5 mM final concentration) was
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treated with DNase | (Cat#.18068015, ThermoFisher Scientific) and incubated at 65°C for 5
minutes. The reaction was then chilled on ice for 5 minutes and 5x first-strand reaction buffer,
dithiothreitol (5 mM final concentration), RNase Out, and nuclease-free water (0.5 pL)
(SuperScript™ [1 Reverse Transcriptase kit, Cat. #: 18064-022, ThermoFisher Scientific) were
added before incubating at 42°C for 2 minutes. SuperScript™ 11 reverse transcriptase
(SuperScript™ |1 Reverse Transcriptase, Cat. #: 18064-022, ThermoFisher Scientific) was added
to a total volume of 20 uL, incubated at 42°C for 50 minutes, and inactivated at 72°C for 15
minutes.

Following reverse transcription, the cDNA yield was amplified by adding 1 uL of diluted
template (1:5) to a 25 pL total reaction volume containing PCR reaction buffer (Denville
Scientific, Holliston, MA, USA,; 1x final concentration), dNTPs (ThermoFisher Scientific; 0.2
mM final concentration), 0.15 pl Choice Taq (Denville Scientific), and gene-specific sense and
antisense primers (IDT; 0.2 uM final concentrations). Primers for each gene were designed using
the National Center for Biotechnology’s gene database (Altschul et al., 1990). Primers suitable
for gPCR —fragment length 60-150 bp, optimal Tm 65°C, and primer length 19-26 bp were
designed within the sequence (Table 2.1). The final gPCR amplicons were sequenced and
searched against BLAST to ensure the correct product was amplified.

For PCR, 1 uL of diluted template was added to a 12.5 pl total reaction volume containing
6.25 uL Rotor-Gene SYBR Green PCR master mix (Cat. # 4309155, ThermoFisher Scientific)
and 200 nM each gene-specific sense and antisense primer (Table 2.1). Template groups were
run in technical duplicate with no template negative controls. For each primer pair, annealing
temperature was optimized by gradient PCR. Fluorescence was detected using a Rotor-Gene Q

Real Time PCR cycler (Qiagen, Hilden, Germany). Amplification by gPCR was carried out for
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40 cycles of 95°C for 5 seconds and 60°C for 10 seconds, and fluorescence readings were

acquired at the end of each amplification cycle at 60°C. Melting curve analysis was performed

with continuous fluorescence acquisition from 60°C to 95°C. The fold change in expression of

each target mRNA (HIF1a, VEGF, GLUT1, ET-1) relative to four additional ‘reference’ genes

(EEF, EIF RPL, B-Actin) were calculated based on the threshold cycle (Ct), normalized using

the data-driven NORMAgene method (Heckmann et al., 2011).

Primers

Naked mole rat

Mice

HIFla

F: TGCGAACCTATTCCTCATCC
R: CCTGTGGTGACCTGTCCTTT

F: TCAAGTCAGCAACGTGGAAG
R: TATCGAGGCTGTGTCGACTG

Glut

F: GCTGCCTTGGATGTCCTATC
R: CATGCCCACAATGAAGTTTG

F:GCTGTGCTTATGGGCTTCTC
R: ACACCTGGGCAATAAGGATG

VEGF

F: TCTTCAAGCCATCCTGTGTG
R: AACTCATCTCCCCAATGTGC

F: AGACACGGTGGTGGAAGAAG
R: GGAAGGGAAGATGAGGAAGG

ET1

F: TGCCAATGTGCTAACCAAAA
R: TGTTTTCCTTCCCTTCACCA

F: CTGCCAAGCAGGAAAAGAAC
R: TTGTGCGTCAACTTCTGGTC

Actin

F: GGCTACAGCTTCACCACCAC
R: GGGCAGCTCGTAGCTCTTCT

F: ACTGGGACGACATGGAGAAG
R: GGGGTGTTGAAGGTCTCAAA

EEF2

F: CTGCCAGCTCATCCTAGACC
R: CTTGTCCTTGTCCTCGCTGT

F: GGAGATCCAGTGTCCTGAGC
R: GGACTCATTGACAGGCAGGT

EIF

F: TCTCTTCTTCGGGGCATCTA
R: TGCTTGGGTCTCCTTGAACT

F: GATTTGGGAGGAAAGGTGTG
R: TATTCAGCAACAGCGAGCAC

RPL

F: GAGGGCATCAACATTTCTGG
R: TCTTGTGTGGCAGCATACCT

F: GAGGGGCAGGTTCTGGTATT
R: GGGAGGGGTTGGTATTCATC

Table 2.1 Sequences of primers used in gPCR reactions for both naked mole rat and mice,
including hypoxia-inducible factor 1o (HIF1a), glucose transporter-1 (GLUT1), vascular
endothelin growth factor (VEGF), and endothelin-1 (ET-1). Actin, eukaryotic elongation factor 2
(EEF>), eukaryotic translation initiation factor (EIF), and ribosomal protein (RPL) were
quantified and used for NORMAgene analysis.

2.7 Data Collection and Statistical analysis

Total ventilation (Ve) was determined as the product of fr and V. Rates of O2

consumption Voz) and CO2 production (Vcoz2) were calculated as follows:
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VO2 = (FiO2— FeOy) *flow rate (mL mint)/ bodyweight (kg)
VCO2 = (FICO2 — FECOy) « flow rate (mL min‘t) / bodyweight (kg)

wherein F denotes fractional concentration of inspired (i), and expired (e) gases (Frappell
et al., 1992). The respiratory exchange ratio (RER) was calculated as the quotient of VCO2 and
VO.. Air convection requirement (ACR) was calculated as the quotient of Ve and VO2. Lung
extraction efficiency was calculated as the quotient of VO2 and Ve multiplied by 100. Average
values were calculated for each variable during the last 10 minutes of steady state at each
experimental Oz level. In pilot experiments we determined all parameters reach steady state
within 30 minutes of exposure to a change in Oz level. For ventilatory measurements, a series of
no fewer than 5 sets of 10 or more consecutive breaths when the animal was awake but not active
were selected for analysis. The activity of the animal could be confirmed visually during
experimentation, as well as using the shape of the breathing trace. All data output was converted
to analog signal via PowerLab 8/35 and recorded with digital data acquisition system (LabChart).

All statistical analysis was performed using GraphPad Prism 7 statistical software (La
Jolla, CA, USA). For all experiments, individual n values correspond to a single animal treated
with either saline, echinomycin (1.0 or 0.5 mg kg "), PX-478 (80.0 mg kg*), or EDHB (180.0
mg kg™) dissolved in DMSO as described above, before and after exposure to 21% O, and then
acute hypoxia (7% O,). Values are presented as mean + S.E.M and p < 0.05 was considered to
achieve statistical significance. All data sets were tested for normality (Shapiro-Wilk test),
homogeneity of variance (Bartlett’s test) and were found to meet these assumptions. A fixed-
effect, repeated measures ANOVA was used to assess the main effects and interactions between
the two independent variables: (1) the treatment (saline vs. pharmacological agent) and (2) acute

inspired Oz level (21% vs. 7%). All two-way interactions were tested between Oz level and
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treatment type. A Tukey’s HSD post-hoc multiple comparisons test corrected for violations of
sphericity (Greenhouse-Geisser epsilon hat method) was run on each of the dependent variables
(fr, Vg, V1, VO2, VCO2, ACRVO2, RER, and EO>) to determine where statistical difference
occurred and to correct for multiple comparisons. A Welch’s unpaired t-test was performed on
gPCR and Western results to assess differences between treatment groups and between species

respectively. Undetectable bands were assumed to be zero for the purposes of statistical analysis.
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Chapter 3

RESULTS



3.1 Naked mole rats possess elevated endogenous HIF1la

We compared HIF1a relative protein expression in samples of brain and liver from naked
mole rats and mice using immunoblotting techniques (Figure 3.1, n = 4 each). Naked mole rats
have previously been reported to possess two point mutations within their pVHL binding site,
suggesting its decreased affinity for and capacity to degrade HIF1a in normoxia. Following
immunoblotting, we find HIF1a expression was 3-fold higher in naked mole rat brain than
mouse brain (p < 0.0001). HIF1a was undetectable in mouse liver and therefore its expression
was assumed to be zero for statistical analysis. HIF1a was therefore found to be 4-fold higher in

naked mole rat liver relative to mouse liver tissue (p < 0.0001).

3.2 Pharmacological manipulation of HIF1a and downstream gene changes

To confirm the efficacy of pharmacological agents, HIF1o and downstream target mRNA
levels were measured using qPCR on isolated tissues from mice and naked mole rats. Although
echinomycin was not expected to influence HIF1ao mMRNA levels, HIF1a mRNA expression was
assessed to validate mechanism of action as well as possible off-target effects. We also measured
VEGF, GLUT1, and ET-1 mRNA expression as well as several housekeeping genes to aid in
NORMAgene analysis. Animals chosen for sampling were echinomycin (0.5 mg kg 1) treated
naked mole rats, and EDHB treated mice. Our results demonstrate echinomycin had no effect on
HIF1lo and downstream mRNA levels in muscle but caused HIF1o and all gene target mRNA to
increase 6-8 fold in liver (ET-1, p =0.0002; GLUTL1, p = 0.0004; HIF1la, p <0.0001 ; VEGF, p
= 0.004; Figure 3.2). No significant changes were observed in either tissue in mice post-EDHB

treatment (Figure 3.3).
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3.3 HIF1 antagonism alters normoxic metabolism in naked mole rats

Steady-state metabolism (VO2, and VCO2), Ve, and Tp were measured in naked mole rats
treated with either i.p saline, echinomycin at one of two doses, or PX-478 at ambient Oz,
subsequently challenged with 7%. Consistent with previous findings (Pamenter et al., 2014),
saline-treated animals breathing 7% O:2 exhibited a reversible ~70% reduction in Oz consumption
and COz2 production respectively (from 40.1 £ 5.0 t0 11.9 £ 0.9 mL O2 mintkg?, and 29.2 + 3.7
t0 11.3 £ 0.9 mL CO2 min* kg?; p < 0.0001; Figure 3.4a,c). Conversely, none of our naked mole
rat treatment groups experienced a change in their hypoxic metabolic rate relative to saline-
controls. However, HIF1a antagonism with both echinomycin (1.0 mg kg) and PX-478 (80.0
mg kg™?) reduced normoxic metabolic rates by ~ 45% (p = 0.0011 and 0.0034 respectively;
Figure 3.4a, c). A similar decrease in metabolic rate was observed at the end of the recovery
period in these two treatment groups, indicating these animals fully recovered to their respective
normoxic baseline (Echinomycin HD, 16.3 £ 1.1 mL Oz mint kg™, p = 0.0011; PX-478, 18.0 +
4.4 mL O2 mintkg?, p=0.0070; Figure 3.4a, c). Due to changes in baseline metabolism, the
magnitude of the HMR (determined by the change in VO2 or VCO2 between hypoxia and
normoxia) was reduced in PX-478 treated animals (-28.1 + 4.6 t0 13.0 + 1.2 AVOz; p = 0.0457;

Figure 3.4d).

3.4 HIF1a may mediate a metabolic fuel switch

Recent studies demonstrate high-altitude rodents undergo a fuel switch and metabolize
carbohydrates as opposed to lipids in hypoxia (Schippers et al., 2012). Previous studies have
observed a similar switch to fructose-fueled metabolism in naked mole rats exposed to anoxia

although it is unclear how this switch affects their respiratory quotient or RER (Park et al.,
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2017). To determine the role of HIF1a in this pathway we calculated the RER (Figure 3.5)—
which acts as an indirect measure of the balance between metabolic fuel substrates—for naked
mole rats exposed to each level of O2. Consistent with studies in other rodents (McClelland et al.,
1998; Schippers et al., 2012; Schippers et al., 2014) we observed a reversible fuel substrate
switch from primarily lipid-based metabolism (RER = 0.7 + 0.0) toward a greater reliance on
carbohydrates (RER = 1.0 + 0.1; p < 0.0001; Figure 3.5) in acute hypoxia. Conversely, treatment
with both high and low dose echinomycin significantly blunted this response in naked mole rats
(hypoxic RER = 0.8 £ 0.01; p =0.0378 and 0.0260, respectively), suggesting hypoxic

carbohydrate utilization might have been restricted following HIF1o antagonism

3.5 HIF1a antagonism does not affect hypoxic ventilatory depression of naked mole rats

In saline-treated animals, the hypoxia-induced reduction in metabolic rate was
accompanied by a non-significant 32% decrease in Ve when challenged with 7% O2 (1298.3 +
188.52 t0 882.6 + 117.0 mL min" kg'*; Figure 3.6c). This hypoxic decline in Ve was a result of a
12% reduction in fr (from 105.5 + 9.8 to 93.6 + 9.2 breaths min-*; Figure 3.6a) and a 15%
reduction in V1 (from 11.8 £ 0.0 to 10.0 + 1.5 mL kg*; Figure 3.6b). Naked mole rats treated
with high dose echinomycin (1.0 mg kg) exhibited a 50% decline in fr in normoxia, hypoxia,
and recovery relative to our control group (from 105.9 + 9.8, 93.6 +9.2, 98.4 + 11.5 breaths min!
in saline-treated animals to 44.8 £5.8,47.1 + 3.2, and 41.9 + 5.2, p = 0.0002, 0.0059, and
0.0007, respectively), which did not translate into significant changes in Ve due to offsetting, but
insignificant changes in V't in this treatment group (Figure 3.6b, c). Conversely, naked mole rats
treated with low dose echinomycin (0.5 mg kg) experienced this same 50% reduction in fr

(91.3 £13.3t045.0 £ 6.2; p = 0.0008) when challenged with 7% O2 which did not completely
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reverse upon reentry into normoxia (64.6 breaths min-, p = 0.0260; Figure 3.6a). Following
treatment with low dose echinomycin, we observed significant increases in V1 across all O2
exposures (from 11.8 +0.9,10.0 £ 1.5,and 9.4 £1.9t026.0 £ 2.6, 16.4 + 2.2, and 35.1 £ 2.0; p
=0.0235, 0.0080, and 0.0001, respectively). This change was most pronounced in 21% Oz,
whereby increases in V1 lead to corresponding increases in Ve during normoxia and recovery
(from 1298.3 + 188.5 to 2239.5 + 196.0 and 906.8 + 235.3 to 2330.4 + 543.4 mL min kg,
respectively; p = 0.0311 and 0.0006, respectively; Figure 3.6c) despite a decrease in fr. In
general, animals treated with echinomycin took fewer, but deeper breaths. However, this change
was not reflected by significant changes to hypoxic Ve in any of our treatment groups (Figure

3.6¢, d).

3.6 Naked mole rats do not hyperventilate in hypoxia

The ACR for Oz consumption in sham naked mole rats did not change significantly
between normoxia and hypoxia, indicating these animals do not hyperventilate in hypoxia
(Figure 3.7). This was anticipated, as previous studies have demonstrated the HVR and HMR are
typically equal in magnitude in these animals (Chung et al., 2016). Conversely, the hypoxic ACR
of mole rats treated with a HIF1o antagonist significantly increased relative to each group’s
normoxic ACR. This change reached its highest in the low-dose echinomycin group (from 71.8 +
11.31t0159.2 £ 34.6; p = 0.0072) and the PX-478 treatment group (from 58.3 £ 20.7 t0 171.3 £

104.4; p = 0.0143).
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3.7 Naked mole rats do not experience an increase in lung extraction efficiency

During normoxia, lung extraction efficiency (EO2) was 17% in saline-treated naked mole
rats which did not change significantly after an hour of exposure to 7% Oz (Figure 3.8). HIF1la
antagonism did not significantly affect EOz in either normoxia or hypoxia, although EO2 during
the recovery period was significantly affected following treatment with both high and low doses
of echinomycin (from 26.7 £ 6.9t0 11.43 £ 1.5 and 12.52 £ 4.9; p = 0.0497 and 0.0337,

respectively; Figure 3.8).

3.8 Naked mole rats do not experience a decline in To

Changes in Ty were measured in naked mole rats throughout the course of the experiment
using subcutaneously implanted microchips. Reductions in metabolic rate are commonly
associated with decreases in T, owing to the Q1o effect on metabolic rate. Here we find Tp was
not affected during hypoxic challenge, an observation which was not affected in naked mole rats

by either drug treatment (Figure 3.9).

3.9 Elevated HIF1a expression has little effect on the HMR of mice

To determine if increased HIF1a availability plays a role in the HMR, we attempted to
reproduce the HIF1a profile of naked mole rats by treating mice with a PHD inhibitor (EDHB).
Consistent with other studies (Peng et al., 2011), saline-treated mice exhibited a 64% decrease in
O2 consumption (from 60.3 £ 1.9 t0 21.8 + 1.8 mL O2 min kg™; p < 0.0001; Figure 3.10a,b)
and CO: production (40.3 £ 1.8 to 15.5 + 1.8 mL CO2 min‘kg*; p < 0.0001; Figure 3.10c,d).
Normoxic VO2 decreased slightly in mice following treatment with EDHB, leading to a

significant decrease in the magnitude of O2 consumption represented by AVO2 (from-39.7 + 1.2
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t0 -27.8 £ 4.0; p = 0.0132; Figure 3.10a,b). No significant changes were observed in hypoxia in

EDHB-treated mice.

3.10 Elevated HIF1a expression has no effect on hypoxic fuel selection in mice

To again assess substrate-use in hypoxia, we calculated the RER in mice treated with saline
or EDHB breathing normoxic and hypoxic gas mixtures. In contrast to naked mole rats, our
saline control mice did not exhibit a hypoxia-induced increase in their RER relative to normoxia.
Interestingly, mice treated with EDHB exhibited a 16% increase in their baseline RER (from 0.6

+0.0t00.8 £ 0.0; p = 0.0481; Figure 3.11). EDHB-treatment did not affect hypoxic RER values.

3.11 HIF1a agonism affects fr in mice

In saline-treated animals, acute exposure to 7% Oz caused a 27% increase in frrelative to
breathing normoxic gas mixtures (157.1 + 9.5 to 200.4 + 10.8 breaths min-t; p = 0.0035)(Figure
3.12a), which was not accompanied by a significant increase in Vt (Figure 3.12b) or Ve (Figure
3.12c,d). Conversely, i.p. injection with EDHB caused an 18% increase in fr during challenge
with 7% Oz (from 200.4 + 10.8 to 236.5 + 14.1 breaths min'; p < 0.0003). This increase in fr

was offset by a reduction in V1 resulting in no significant change in Ve or AVe (Figure 3.12c, d).

3.12 The ACR of mice is unaffected by EDHB

Contrary to naked mole rats, saline-control mice experienced a 3.5-fold increase in their
ACRVO: during exposure to 7% Oz relative to normoxia (from 40 + 3.9 t0 144.7 + 12.1; p <
0.0001; Figure 3.12). Despite significant changes in fr in EDHB-treated mice, the ACRVO? of

these animals was unaffected due to a strong compensation of V't (Figure 3.12b).
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3.13 EO2 does not increase in mice exposed to hypoxia
Interestingly, control mice experienced a hypoxia-induced decrease in EOz relative to
normoxia (from 12.2% + 1.1% to 8.7% * 0.7%; p = 0.0249; Figure 3.14). Treatment with EDHB

did not significantly affect EO2 in any Oz level (Figure 3.14).

3.14 Elevated HIF1a expression has no effect on Tb regulation in mice

As expected, the decrease in metabolic rate observed in saline-treated mice was
accompanied by a 2.6°C decrease in To when challenged with the same level of hypoxia (36.0 +
0.3t033.4 £ 0.3, p <0.0001; Figure 3.15). Treatment with EDHB did not affect Tp in any O2

level.
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Figure 3.1 Western blot analysis of HIF1a protein levels in brain and liver of mice and naked

mole rats. Animals were untreated controls housed in normoxic conditions. Mean + S.E.M. were
calculated from n = 4. A Student’s t test was performed (p < 0.05).
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Figure 3.2 Naked mole rats were treated with echinomycin (1.0 mg kg) and gPCR was
performed on isolated liver and muscle tissue from both control (n = 4) and treatment animals (n
= 4). Graphs depict fold changes in Endothelin 1 (ET1), Glucose transporter 1 (GLUT1), HIF 10,
and vascular endothelial growth factor (VEGF) in treated animals relative to controls,
normalized using data-driven NORMAgene. Mean + S.E.M. is shown. A Student’s t test was

performed (p < 0.05). Asterisks (*) indicate significant differences between control and treatment
groups.
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Figure 3.3 Mice were treated with ethyl-3,4-dihydroxybenzoae (EDHB; 180 mg kg?), and qPCR
was performed on isolated liver and muscle tissue. Graphs depict fold changes in Endothelin 1
(ET-1), Glucose transporter 1 (GLUT1), HIF 1a, and vascular endothelial growth factor (VEGF)
in treated animals relative to controls, normalized using data-driven NORMAgene. Mean +
S.E.M were calculated from n = 4. A Student’s t test was performed (p < 0.05).
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Figure 3.4 Average metabolic rate (O2 consumption and CO2 production) in naked mole rats
exposed to normoxic (21%) or hypoxic (7%) gas mixtures and treated intraperitoneally with saline
(solid line, open circles and left most bar), echinomycin (0.5 mg kg; dotted line, closed diamond
and second bar from the left), echinomycin (1.0 mg kg; dotted line, closed circles and third bar
from the left), or PX-478 (80.0 mg kg*; dotted line, closed square and right most bar) (a, c).
Average difference (AVO2, A VCO2) between metabolic rate (b, d). Data are mean + S.E.M, from n
=9,n=5,n=8, n=4respectively. A two-way repeated measures ANOVA was used. Asterisks
(*) denote significant differences between drug treatments relative to sham, daggers (1) represent
significant within-treatment differences between Oz levels relative to normoxia (p < 0.05).

48



ON -
@)
T e
S 0.6
Z
m |
=
-2
--Sham
--Echinomycin (0.5 mg kg™)
| -®-Echinomycin (1.0 mg kg™)
& PX-478 (80.0 mg kg™)
0.0 |

NORMOXIA HYPOXIA RECOVERY

Figure 3.5 Respiratory exchange ratio (RER; VCO2: VO2) across Oz levels in naked mole rats
treated intraperitoneally with one of saline (left most bar), echinomycin (0.5 mg kg; second bar
from the left), echinomycin (1.0 mg kg; third bar from the left), or PX-478 (80.0 mg kg; right
most bar). Data are mean = S.E.M, fromn =9, n =5, n =8, n = 4 respectively. A two-way
repeated measures ANOVA was used. Asterisk (*) denote significant differences between drug
treatments relative to sham, daggers (1) represent significant within-treatment differences between
Oz2 levels relative to normoxia (p < 0.05).
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Figure 3.6 Effect of HIF1a inhibition on ventilatory parameters in acute hypoxia (7% O2): (a)
breathing frequency (fr), (b) tidal volume (V), (c) total minute ventilation (Ve). Animals were
treated intraperitoneally with one of saline (solid line, open circles and left most bar), echinomycin
(0.5 mg kg*; dotted line, closed diamond and second bar from the left), echinomycin (1.0 mg kg;
dotted line, closed circles and third bar from the left), or PX-478 (80.0 mg kg*; dotted line, closed
square and right most bar). Data are mean + S.E.M., fromn =9, n =5, n =8, n = 4 respectively. A
two-way repeated measures ANOVA was used. Asterisks (*) denote significant differences between
drug treatments relative to sham, daggers () represent significant within-treatment differences
between Oz levels relative to normoxia (p < 0.05).
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Figure 3.7 Hyperventilation responses as reflected by the air convection requirement (ACRVOz;
VE: VO2) in naked mole rats treated intraperitoneally with one of saline (left most bar),
echinomycin (0.5 mg kg*; second bar from the left), echinomycin (1.0 mg kg*; third bar from the
left), or PX-478 (80.0 mg kg*; right most bar). Data are mean £ S.E.M., fromn=9,n=5,n=8,n
= 4, respectively. A two-way repeated measures ANOVA was used. Asterisk (*) denote significant
differences between drug treatments relative to sham, daggers (1) represent significant within-
treatment differences between Oz levels relative to normoxia (p < 0.05).
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Figure 3.8 Oz extraction efficiency (EOz2; %) in naked mole rats treated intraperitoneally with one
of saline (left most bar), echinomycin (0.5 mg kg; second bar from the left), echinomycin (1.0 mg
kgL; third bar from the left), or PX-478 (80.0 mg kg™*; right most bar). Data are mean + S.E.M.,
fromn=9,n=6,n=8, n=4,respectively. A two-way repeated measures ANOVA was used.
Asterisks (*) denote significant differences between drug treatments relative to sham, daggers ()
represent significant within-treatment differences between Oz levels relative to normoxia (p < 0.05).
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Figure 3.9 Body temperature (Tb) across Oz levels in naked mole rats treated intraperitoneally with
one of saline (left most bar), echinomycin (0.5 mg kg*; second bar from the left), echinomycin (1.0
mg kg; third bar from the left), or PX-478 (80.0 mg kg*; right most bar). Data are mean + S.E.M.,
fromn =9,n =26, n =28, n=4respectively. A two-way repeated measures ANOVA was used.
Asterisks (*) denote significant differences between drug treatments relative to sham, daggers ()
represent significant within-treatment differences between O2 levels relative to normoxia (p < 0.05).
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Figure 3.10 Average metabolic rate in mice exposed to normoxic (21%) or hypoxic (7%) gas
mixtures and treated intraperitoneally with saline (solid line, open circles; white bar), or ethyl-3,4-
dihydroxybenzoate (EDHB; 180.0 mg kg™) (dotted line, closed circles; black bar) (a, c). Average
difference (AVO2, A VCO2) between metabolic rate (b, d). Data are mean + S.E.M, from n = 10, n
= 8 respectively. A two-way repeated measures ANOVA was used. Asterisk (*) denote significant
differences between drug treatments relative to sham, daggers (1) represent significant within-
treatment differences between Oz levels relative to normoxia (p < 0.05).
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Figure 3.11 Average respiratory exchange ratio (RER) in mice exposed to normoxic (21%) or
hypoxic (7%) gas mixtures and treated intraperitoneally with saline (white bar), or ethyl-3,4-
dihydroxybenzoate (EDHB; 180.0 mg kg?) (black bar). Data are mean + S.E.M, fromn =10,n =8
respectively. A two-way repeated measures ANOVA was used. Asterisk (*) denote significant
differences between drug treatments relative to sham (p < 0.05).
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Figure 3.12 Hypoxia-induced ventilatory changes in mice treated with saline (solid line, open
circles or white bar), or ethyl-3,4-dihydroxybenzoate (EDHB; 180.0 mg kg) (dotted line, closed
circles or black bar) (a) breathing frequency (fr), (b) tidal volume (V7), (c) total minute ventilation
(Ve), (d) AVe. Data are mean = S.E.M, from n = 10, n = 8 respectively. A two-way repeated
measures ANOVA was used. Asterisk (*) denote significant differences between drug treatments
relative to sham, daggers () represent significant within-treatment differences between O: levels
relative to normoxia (p < 0.05).
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Figure 3.13 Mice hyperventilatory responses in response to hypoxia as reflected by their air
convection requirement (ACR; Ve: VO2). Animals were treated intraperitoneally with one of saline
(white bar), or ethyl-3,4-dihydroxybenzoate (EDHB; 180.0 mg kg) (black bar). Data are mean +
S.E.M, from n =10, n = 8 respectively. A two-way repeated measures ANOVA was used. Daggers
(1) represent significant within-treatment differences between O: levels relative to normoxia (p <
0.05).
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Figure 3.14 Lung extraction efficiency (EO2) in mice treated intraperitoneally with one of saline
(white bar) or ethyl-3,4-dihydroxybenzoate (EDHB; 180.0 mg kg™) (black bar)—data sets are
presented as mean + S.E.M. from n = 10 and n = 8 respectively. A two-way repeated measures
ANOVA was used. Daggers (1) represent significant within-treatment differences between O:
levels relative to normoxia (p < 0.05).
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Figure 3.15 Body temperature (Tb) of mice treated intraperitoneally with one of saline (white bar)
or ethyl-3,4-dihydroxybenzoate (EDHB; 180.0 mg kg™) (black bar)—data sets are presented as
mean + S.E.M. from n = 10 and n = 8 respectively. A two-way repeated measures ANOVA was
used (p < 0.05).
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Chapter 4

Discussion



In this thesis we explored a role for HIF1a in regulating metabolic and respiratory
parameters of naked mole rats and mice in normoxia and sustained hypoxia. Although we
experienced significant study limitations, hinging on the difficulties surrounding
pharmacological manipulation and plethysmography in poikilothermic species, our study
yielded six findings: 1) we confirm naked mole rats possess elevated HIF1a. relative to mice
secondary to mutations within their VHL binding domain (Kim et al., 2011), 2) consistent with
previous measurements of hypoxic physiological responses, naked mole rats experience a robust
reduction in metabolic rate when exposed to sustained hypoxia accompanied by a small and
unmatched reduction in Vg, 3) increased endogenous HIF 1o may affect metabolic set points in
normoxia in both naked mole rats and mice, but likely has minimal effect on metabolic rate in
hypoxia, 4) HIF1a may contribute to hypoxia-induced metabolic remodelling in naked mole rats
through alterations in substrate use as reflected by the observed decrease in RER following
HIF1la antagonism, 5) HIF1a inhibition leads to a reduction in fr in some treatment groups of
naked mole rats which was countered by an increase in V', potentially compromising the ability
of naked mole rats to match Oz supply and demand in sustained hypoxia, and 6) forced HIFla in
normoxia mimics hypoxic preconditioning by causing a progressive increase in fr in hypoxia-

naive mice.

4.1 The HMR of mice and naked mole rats is independent of HIFla

Consistent with other measurements in this species from other laboratories (Goldman et al.,
1999; O’Connor et al., 2002), as well as from our own research team (Chung et al., 2016; Kirby
et al., 2018; Pamenter et al., 2015), we report that naked mole rats exhibit a robust (70%)

reduction in metabolic rate. While other studies have reported significant reductions in Ty in
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naked mole rats challenged with 7% O2 (llacqua et al., 2017; Kirby et al., 2018), the reduction in
metabolic rate observed here was only accompanied by a small decrease in Tp (~0.5°C £ 0.35)
when exposed to that same level of hypoxia (7% O for 1 hour). We turned our attention toward
HIFla based on its known role as a global regulator of O2 homeostasis in metazoans. Research
shows HIF1a protein accumulates inside the cellular nucleus in as little as 2 minutes of hypoxic
exposure (0.02-5.0% O2), and continues to increase rapidly for 30 minutes (Jewell et al., 2001)
before slowing down and eventually reaching a maximum level after 60 minutes. Furthermore,
HIFla protein expression has been shown to increase in mice in vivo after as little as 1 hour of
hypoxic exposure (Pascual et al., 2001; Kline et al., 2002). This instantaneous response of
HIF1la and the induction of hundreds of known target genes plays a crucial role in surviving
hypoxic events, primarily through rapidly increasing Oz delivery to mitochondria, initiating
metabolic rate depression, and supporting it through improved anaerobic glycolysis (Kim et al.,
2006; Papandreou et al., 2006).

Our study stemmed from genomic analysis indicating naked mole rats possess a pVHL-
mutation, which may lead to a relaxation of HIF1a degradation pathways. Indeed, HIF1a protein
expression was found to be 3-4 times higher in brain and liver tissue isolated from naked mole
rats relative to mice both held in normoxic conditions. To investigate if elevated endogenous
HIF1a contributes to the HVR and HMR, we used two pharmacological agents (echinomycin
and PX-478) to inhibit HIF1a binding activity in naked mole rats, and treated mice with a HIFla
stabilizer (EDHB). We subsequently measured changes in ventilation and metabolism in these
animals exposed to 7% O:. Interestingly, HIF1a antagonism (both agents) modified normoxic
metabolic rate in naked mole rats but had little effect on hypoxic VO2 or VCOa2. As a result,

naked mole rats treated with a HIF1a inhibitor experienced a decrease in the magnitude of their
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HMR from baseline. Interestingly, PHD antagonism in mice also resulted in a non-significant
decrease in normoxic metabolic rate. As a result of this trend, the magnitude of their HMR was
blunted.

In line with earlier observations exploring the link between metabolic rate and HIF
expression (lyer et al., 1998; Semenza et al., 1996), upregulation of HIF1a through PHD-
inhibition is known to elicit decreases in basal Oz consumption in mice (Aragonés et al., 2008).
In contrast, a study two years later determined mice lacking FIH—and therefore possessing
higher normoxic HIF1a expression—had higher metabolic rates, improved glucose and lipid
homeostasis, and higher rates of ventilation (Zhang et al., 2010). It was therefore unclear how
HIF-manipulation would affect metabolic rate in mice or naked mole rats. However, we
predicted HIF1a antagonism in naked mole rats would elicit a response opposite to that of HIF1a
stabilization in mice. Due to potential study limitations (discussed in following sections), HIF 1 a
agonism had no effect on mice and HIF antagonism in naked mole rats led to reductions in
normoxic VO2. Hypoxic metabolic rate did not change in either species following

pharmacological HIF 1o manipulation.

4.2 Naked mole rats undergo a metabolic fuel switch in hypoxia

We evaluated the proportion of lipids and carbohydrates used by naked mole rats through
quantifying the RER (the quotient of VCO2 and VO:). Based on stoichiometry, ATP yield per
mole of O2 is 15% higher from oxidation of carbohydrates compared to lipids (Brand, 2005;
Welch et al., 2007) while studies have demonstrated the actual yield of carbohydrate use is
approximately 30% higher than that of lipids (Daut et al., 1989; Korvald et al., 2000). Thus, this

switch to carbohydrate utilization represents an important O2-saving adaptation during low
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02 stress. Consistent with studies in high altitude rodent populations (McClelland et al., 1998;
Schippers et al., 2012), naked mole rats shift from a primarily lipid-fueled metabolism toward a
greater reliance on carbohydrates during hypoxic exposure, as indicated by an increase in their
RER. Conversely, the same level of hypoxia did not elicit an observable switch to carbohydrate
metabolism in mice.

Contrary to other studies (Zhang et al., 2010) in which the RER of FIH-mutant mice was
unchanged, we observed a shift toward carbohydrate use following HIF1a stabilization in PHD-
inhibited mice. In contrast, HIFla-inhibition prevented the hypoxia-induced increase in
carbohydrate use in naked mole rats. This suggests HIF1a stabilization may mediate a metabolic
fuel switch during sustained hypoxia. In support of this, HIF1la is known to mediate a metabolic
conversion in tumor cells through the induction of facultative glucose transporters GLUT1 and
GLUTS that increases the rate of glucose uptake into the cells (Ebert et al., 1995).

Another candidate behind fuel selection and metabolic remodeling in hypoxia is 5> AMP-
activated protein kinase (AMPK) (Hardie and Sakamoto, 2006; Jargensen et al., 2006). AMPK is
a heterotrimeric enzyme complex which is activated by increases in the cellular AMP/ATP ratio
(Hardie et al., 1999) resulting from hypoxia-induced reductions in ATP synthesis (Kudo et al.,
1995; Marsin et al., 2000) or augmented ATP consumption due to exercise (Hardie and
Sakamoto, 2006). In energy-scarce conditions, AMPK rapidly turns on catabolic ATP-generating
pathways while inhibiting anabolic ATP-consuming biosynthetic pathways. For example, AMPK
has been shown to inhibit gluconeogenesis (Horike et al., 2008) and protein synthesis (Hoppe et
al., 2009; Leprivier et al., 2013). Studies have shown AMPK stimulates glucose uptake via
increased expression and translocation of GLUT4 to the plasma membrane (Holmes et al., 1999;

Kurth-Kraczek et al., 1999; Merrill et al., 1997) and may therefore contribute to an increase in
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carbohydrate use in hypoxia. Several physiological functions downstream of HIF1la and AMPK
and their stimuli intersect, including protein synthesis (via mTOR), apoptosis, and autophagy
pathways (Li et al., 2015). A recent study demonstrated AMPK activation appears to be
regulated on some level by optimal HIF1a expression (Li et al., 2015), while AMPK activity was
important for determining HIFla transcriptional activity under hypoxic conditions (Lee et al.,
2003). Therefore, HIF1a may contribute to fuel selection patterns through interactions with

cellular AMPK.

4.3 HIF1o does not mediate hypoxic ventilatory depression in naked mole rats

Other studies from our research team have previously reported a larger decline in Ve than
what we report here (Chung et al., 2016; Pamenter et al., 2015). In these studies, control animals
breathing 7% O2 exhibited a 50-70% reduction in Ve as a result of significant decreases in both
V71 (50%) and fr (47%). Interestingly, our control naked mole rats exhibited only a 32%
reduction Ve in hypoxia likely due to study limitations discussed in the following section.
Nonetheless, this response is rare among small adult mammals, including other fossorial species
such as degus, coruros, plateau pikas, and the middle east blind mole rat, all of which exhibit
hypoxia-induced increases in Ve (Arieli and Ar, 1979; Frappell et al., 1992; Pichon et al., 2009;
Tomasco et al., 2010).

Instead, naked mole rats possess a ventilatory response more similar to that of neonatal
mammals (Mortola et al., 1989). In newborn mammals, the HVR is biphasic consisting of an
immediate increase in ventilation within seconds followed by a depression of ventilation that
often falls below baseline levels. The initial increase in respiration is mediated by activation of

carotid chemoreceptors—the main Oz sensing organ in mammals—while the second phase is
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mainly controlled by central inhibitory mechanisms and metabolic changes that overrule the
excitatory inputs from peripheral chemoreceptors (Bissonnette, 2000; Blanco et al., 19844;
Blanco et al., 1984b; Eden and Hanson, 1987; Mortola et al., 1989; Rehan et al., 1996).
Decreased ventilatory activity in hypoxia may serve as a beneficial adaptation in naked mole
rats, reducing the metabolic cost of increased breathing.

In naked mole rats, treatment with HIF 1 a-antagonists had mixed effects on ventilatory
parameters. Echinomycin at either dose reduced fr during hypoxia, and treatment with the higher
dose (1.0 mg kg!) lead to this same decline in fr during periods of 21% O2 (baseline and
recovery). Conversely, PX-478 treated naked mole rats did not exhibit this same decrease in
fr. Interestingly, V1 increased in all treatment groups in hypoxia following HIF 1 a inhibition
with the most notable increase observed in low dose echinomycin treatment groups. Due to the
unmatched effects on the components of ventilation, no significant change in Ve were observed
during hypoxia. However, we observed a significant increase in the ACRVO: of treated naked
mole rats likely as a result of compounding effects of fr, V1, VO2, and EO2. This increase
suggests to ability of naked mole rats to match O2 supply with O2 demand was compromised
following HIF 1o inhibition.

The effects of HIF 1o antagonism on the components of the HVR are interesting, since similar
mutations within the VHL-HIF pathway—Ilike those underlying Chuvash polycythemia—result
in higher respiratory rates when first challenged with acute hypoxia. In contrast, naked mole
rats, who inherently possess a similar mutation in the VHL-HIF pathway, exhibit hypoxic
ventilatory decline during hypoxia, and lack an observable VAH response or hypoxia-induced
respiratory plasticity following 10 days of chronic sustained hypoxia (Chung et al., 2016). It

remains possible that HIF 1o affects respiratory drive in naked mole rats, particularly through its
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upregulation of adenosine and adenosine receptors. As mentioned, adenosine mediates the HVR
by acting as either a respiratory stimulant or a respiratory depressant. Consistent with this, naked
mole rats treated with an adenosine receptor antagonist are less tolerant to hypoxia and
experience a reversal of the hypoxia-mediated decrease in Ve (Pamenter et al., 2015).

In our HIF stabilization experiments, saline-treated mice experienced significant increases in
frin response to hypoxia. Treatment with EDHB lead to progressive increases in hypoxic fr
relative to control mice breathing 7%. These findings are consistent with previous studies which
demonstrate HIF 1 a stabilization through PHD inhibition leads to an augmented HVR (Bishop et
al., 2013; Hodson et al., 2016). The effects of PHD inhibition on fr were again counteracted by a
decrease in Vrresulting in no clear change in Ve in EDHB treated mice. The decrease in Vralso
prevented significant changes in the ACRVO: of mice. Interestingly, these results were reported
in a study by Soliz et al. which injected mice with EPO, a downstream target of HIF 1a.. EPO-
mice took shallower breaths but respired more frequently than saline-injected controls under
severe hypoxia (6% inspiratory O2) (Soliz et al., 2005; Soliz et al., 2007). This suggests VT and
fr may be regulated by different physiological pathways, both of which are potentially

downstream of the HIF1a pathway.

Study Limitations
Although this research was carefully prepared, we would like to acknowledge a few of its

limitations and shortcomings.

Two-species comparisons
Interspecific comparisons are a common approach within comparative physiology—often

used to identify which characteristics differ between species, or to establish new models in which
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to study a phenomena or unique biomechanical mechanisms. Unfortunately, limiting
comparisons to only two-species leads to several logical and statistical problems which often
complicate our ability to draw meaningful conclusions about the adaptations in question
(Garland and Adolph, 1994). In the context of this study, comparing HIF 1a protein expression
between mice and naked mole rats may not necessarily reflect the true adaptive landscape.
Indeed, it is possible naked mole rats possess levels of HIF 1a protein comparable to species not
studied here, but which do not possess known genomic mutations in the HIF 1o degradation
pathway. Therefore, this study would have benefited from additional models in the qualification
of HIF 1a protein levels.

Similarly, PHD-inhibition in alternative hypoxia-intolerant models may yield ventilatory
responses closer to naked mole rats, since the underlying mechanisms and the various time
domains which define the HVR differ greatly between species and stage of maturation. Future
studies are therefore encouraged to take a multi-species approach when comparing physiological

adaptations.

Drug Dosing and Toxicity

Our EDHB dosing strategy was selected based off of previous studies which demonstrated
that treatment with EDHB increases whole-animal hypoxia tolerance (Kasiganesan et al., 2007)
and enhanced exercise performance in mice (Nimker et al., 2015; Nimker et al., 2016). Both
studies confirmed injection with EDHB (50-250 mg kg™?) leads to elevated levels of HIF 1a,
EPO, and VEGF protein in muscle via immunoblotting analysis (Nimker et al., 2015), and
elevated HIF 1a in liver and HIF 1a-inducible EPO in serum (Kasiganesan et al., 2007).

Furthermore, their research determined systemic treatment with EDHB results in significantly
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increased survival in lethal hypoxia (5% O2) and increased performance in sub-lethal hypoxia
(8%) (Kasiganesan et al., 2007). The level of hypoxia used by Kasiganesan is normally lethal
within 20 minutes (Scremin et al., 1980), however, half of the EDHB-treated animals survived
until the termination of experiment at 60 minutes of exposure and fully recovered after 10
minutes following reintroduction of 21% O2 (Kasiganesan et al., 2007).

The use of EDHB in the present study is therefore justified based on the successful
inhibition of normoxic degradation of HIF 1o by PHDs in the aforementioned studies.
Unfortunately, the results of our gPCR analysis indicate treatment with EDHB did not elicit a
significant increase in HIF 1a or downstream target mRNA in mouse muscle and liver. It is worth
mentioning that the highest administered dose in their experimental protocol (250 mg kg™)
resulted in observable toxicity symptoms such as weight loss and reduced grooming behaviour.
To avoid stress and toxicity-induced changes in respiratory and metabolic measurements, we
injected mice with a mid-range dose of 180 mg kg every second day for one week. It is
therefore possible this dosing strategy was insufficient, or inappropriate for our model.

Similarly, mRNA levels for HIF1a-inducible genes did not significantly change in naked
mole rat muscle following treatment with echinomycin (0.5 mg kg?). In contrast, mMRNA
expression of all genes evaluated by gPCR significantly increased in mole rat liver following
treatment with echinomycin. This suggests a failure of echinomycin to inhibit HIF 1o,
transcriptional activity. As well, our experimental animals were likely experiencing symptoms
of drug-induced toxicity characterized by acute liver injury. In support of this, naked mole rats
treated with high-dose echinomycin exhibited significant weight loss (~10-15%), lethargy, and
skin lesions near the injection site. Increased HIF expression has been reported in many instances

of hepatic disease in rats (Corpechot et al., 2002; Paternostro et al., 2010; Rosmorduc et al.,
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1999) and might therefore explain the increase in HIF1a mMRNA expression in liver. No overt
toxicity symptoms were observed in naked mole rats administered with PX-478.

Weight loss is also commonly observed following exposure to hypoxia (Levine and Stray-
Gundersen, 2001; Moraes and Loscalzo, 1997; Naeije, 1997) The factors contributing to
hypoxia-induced weight loss are complex, although may result from HIF 1o manipulation and its
downstream effects on energy metabolism. For instance, hypoxia modulates insulin and insulin-
like growth factor pathway (Agani and Semenza, 1998) which has been shown to induce growth
retardation during chronic intrauterine hypoxia in some fetal species (Tazuke et al., 1998). It is
therefore unclear if the weight loss observed in naked mole rats represents adverse drug events,
or a HIFla-directed response.

Additionally, our control animals were treated with saline despite both EDHB and
echinomycin requiring the use of DMSO as a dissolving agent. While the concentration of
DMSO was low (5%, or about 11.7 ug kg™), it has nevertheless been shown to act as a
respiratory depressant (Rowed and De La Torre, 1973; Takeda et al., 2016) and therefore a

DMSO control would have been appropriate for the purposes of our experiments.

MRNA expression does not necessarily predict protein expression

In hindsight, our mMRNA expression profile between control and treated animals should
have been followed up by protein quantification. Transcript expression levels are rarely
predictive of protein levels. Studies which have investigated the link between the two often
present weak and inconsistent correlations, restricting the use of mMRNA quantification as a proxy
for protein abundance. For example, Gygi et al found certain mMRNA expression patterns in yeast

were accompanied by substantial variations in protein abundance (Gygi et al., 1999).
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Conversely, Greenbaum et al found a significant positive correlation (r=0.20-0.89) between
protein and mMRNA expression by merging many yeast protein abundance datasets (Greenbaum
et al., 2003), and Anderson and Seilhamer found a positive correlation (r=0.48) between 19
selected mRNA-protein levels in human liver tissues (Anderson and Seilhamer, 1997). Similarly,
a recent study that explored the predictive value of transcript levels in genes specific to human
brain tissue found that while transcriptomic analysis was appropriate for certain classes of
proteins, other transcription-translation correlations were highly variable (Bauernfeind and
Babbitt, 2017).

Another study carried out mRNA-protein correlation analysis on 71 genes in isolated
human circulating monocytes and found varied correlation depending on the biological category
of gene ontology, with only five of the studied genes showing significant positive correlation
across all samples (Guo et al., 2008). The team found a high correlation for genes associated
with cellular components within the extracellular region, and a low correlation for genes
involved in regulatory pathways. A previous study exploring both HIF mRNA and protein
changes in hypoxia observed a decrease in HIF protein despite no variation in HIF mRNA upon
exposure to acute or chronic hypoxia (Ginouves et al., 2008).

Despite a growing body of literature on the topic, it remains difficult to evaluate which
biological factor most prominently influences the correlation between mRNA and protein
abundance, and therefore we are unable to determine if the results from our qPCR accurately
reflect the entire physiological picture following drug-treatment. Furthermore, several studies
have revealed HIF-dependent gene expression profiles are cell-type specific (Chi et al., 2006;
Xia and Kung, 2009). Stroka et al. and Wiesener et al. (2003) also demonstrated differential

HIFa expression among different organs supporting the model of tissue-specific adaptive protein
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synthesis previously proposed (Smith et al., 1996; Stroka et al., 2001; Wiesener et al., 2003),
suggesting our collection of data from only two tissues may not have been sufficient to answer

the research question.

HIF Isoforms

It has been suggested that the balance of HIF1a, HIF2a and HIF3a, rather than their
absolute expression, establishes set points for hypoxic sensing. HIF 1o and HIF2a are the best
studied HIFa isoforms and share 48% amino acid sequence identity and highly conserved
biochemical properties (i.e domain architecture, hypoxic protein stabilization, dimerization with
ARNT, and overlapping DNA recognition sequences) (Epstein et al., 2001; Semenza et al.,
1996). The roles of HIF3a and its splice variants are less understood. HIF 1a and HIF2a exhibit
clear transcriptional selectivity as well as time and tissue-specific expression patterns restricted
to distinct cell types during hypoxic gene regulation (Epstein et al., 2001; Menrad et al., 2010;
Raval et al., 2005; Yuan et al., 2013). For instance, in some cell lines HIF 1o appears most active
during short periods (2-24 h) of intense hypoxia or anoxia (<.1%02) while HIF2a seemingly
regulates responses to mild physiological hypoxia and/or chronic sustained hypoxia (Holmquist-
Mengelbier et al., 2006). While HIF 1o and HIF2a possess overlapping functions, its HIF2a that
appears to transactivate EPO and mediate erythropoiesis (Gruber et al., 2007) and HIF 1o which
contributes to the transcription of LDHA or PDK1 (Elvidge et al., 2006; Hu et al., 2006; Raval et
al., 2005; Sowter et al., 2003).

Studies of ventilatory control reveal opposing respiratory phenotypes in mice heterozygous
for HIF 1a versus HIF2a heterozygous mice. Carotid bodies isolated from HIF1a.*- mice

manifest reduced sensitivity and response to some, but not all, forms of hypoxic stimulation
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(Kline et al., 2002; Peng et al., 2006). Peng et al demonstrated mice haplo-insufficient for HIF2a.
and subjected to hypoxia experienced an exaggerated carotid body response, irregular breathing,
hypertension, and elevated plasma norepinephrine levels (Peng et al., 2011). In contrast, HIF2a
gain-of-function mutations do not elicit increase ventilatory sensitivity to hypoxia in mice
(Formenti et al., 2011; Tan et al., 2013) while the presence of a hypomorphic VHL allele that
impairs degradation of both HIF-a subunits in CP mice, leads to basal arterial hypocapnia, and a
marked increase in the HVR (Smith et al., 2006). These findings suggest (i) hypoxia exerts
different effects on HIF1a and HIF2a and (ii) different HIF o isoforms govern different adaptive
responses in hypoxia. The balance of HIF1o and HIF2a during hypoxic exposure and their

differential regulation of ventilatory parameters may possibly explain some of our mixed results.

Barometric Method in Poikilotherms

Whole-body plethysmography is a widely- used technique in the field of respiratory
physiology. The basis for this method consists of recording pressure oscillations generated as the
animal inside the experimental chamber warms and humidifies inspired air, which increases total
pressure inside the chamber upon expiration. Converting this pressure signal to ventilatory
volumes is commonly done using the barometric pressure method first introduced by Chapin
(1954) and Drorbaugh and Fenn (1955), which was later modified by Jacky (1978) and Epstein
et al. (1980) (Chapin, 1954; Drorbaugh and Fenn, 1955; Jacky, 1978). The barometric method
depends upon six measurable parameters: 1) pressure changes within the chamber, 2) chamber
water vapor pressure (PcH20), 3) ambient temperature (Ta), 4) body temperature (Tb), 5) airway
water vapor pressure (PaH20), and 6) the pressure/volume response of a known volume

displacement (pressure calibrations).
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Open-chamber, open-flow plethysmography offers an advantage over other techniques
because it allows for the non-invasive measurement of various ventilatory parameters, with no
requirement for anesthesia, subject cooperation, or need to interfere with the airways or the
animal’s normal behaviour. However, its accuracy and application in poikilotherms or
hibernating mammals has been called into question (Chaui-Berlinck and Bicudo, 1998;
Enhorning et al., 1998; Epstein and Epstein, 1978; Malan, 1973; Mortola and Frappell, 1998;
Szewczak and Powell, 2003). One major limitation in its use lies in the difficulty of accurately
measuring the difference between T, and Ta, especially when the difference between these
temperatures begins to shrink. Studies suggest inaccuracies in Ta and Ty can introduce the largest
errors in V1, with the consequences of these errors being larger with smaller differences in Ta
and Tp (Figure 4.1) (Chaui-Berlinck and Bicudo, 1998; Malan, 1973; Mortola and Frappell,
1998). For instance, Mortola and Frappell demonstrated a 1°C error in Ta measurement causes a
7% overestimation in VT when the difference between Ta and Ty is 13°C. Conversely, when that
difference is reduced to only 7°C, the degree of error introduced doubles (+15%) with the same
1°C error (Mortola and Frappell, 1998). Other studies have suggested that in order to keep errors
in V1 computation below 5%, a temperature difference above 15°C is required (Chaui-Berlinck
and Bicudo, 1998).

Naked mole rats have a unique thermoregulatory profile in that they are endothermic and thus
capable endogenous heat production via non-shivering thermogenesis (Hislop and Buffenstein,
1994), and also poikilothermic, in that Tb is highly governed by Ta. This introduces a possibility
for significant, and in some cases enormous errors (Chaui-Berlinck and Bicudo, 1998; Malan,
1973; Mortola and Frappell, 1998). This risk is often the reason why the barometric pressure

technique is seldom adopted in animals with limited thermoregulatory capacity to maintain Ty
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well above Ta(Malan, 1973). Therefore, the comparison between a homeothermic mouse and a
poikilothermic naked mole rat using plethysmography may occlude our ability to identify the
effects of HIFa manipulation by our pharmacological agents. It is likely some of our temperature
measurements do not reflect true core temperature, due to migration of the subdermal microchips
to the side of the animal, while others remained closer to the heat-generating interscapular brown
adipose tissue (Goldman et al., 1999). Unfortunately, we also did not quantify relative humidity
inside the chamber and instead assumed 100% saturation in our calculation of PcH20O. If the
chamber is fully saturated, errors in PcH20 are only caused by errors in the measurements of Ta.
However, a relative humidity lower than that assumed leads to an overestimation in Vras much
as 34% when the difference between Tp-Ta is small (6°C) (Mortola and Frappell, 1998). Since

the Tb-Ta in mole rats was on average 2.7°C, it is likely that we significantly overestimated V.

Conclusion and Future Directions

The prominent role of the PHD-HIF signaling cascade in O. homeostasis has made it an
attractive target in the study of comparative physiology and human disease. Indeed, manipulation
of HIF activity has become a focal point in the treatment of cancer and ischemic injury (Hirota and
Semenza, 2006; Kido et al., 2005; Pugh and Ratcliffe, 2003). Interestingly, naked mole rats possess
elevated HIF1a levels in normoxia without any of the detriments seen in humans with VHL disease
or Chuvash polycythemia. In fact, this fossorial species displays remarkable tolerance to hypoxic
exposure because of their ability to match Oz demand with Oz supply through adjustments in
metabolism and ventilation.

Both HIF1a-antagonists had mixed effects on ventilatory and metabolic parameters in naked

mole rats breathing both 21% and 7% O. It is possible that HIF1-mediated transcription of

75



downstream targets contributes to metabolic set points in normoxia, overall ventilatory drive, and
hypoxic fuel switching in naked mole rats, however, the true nature of its effects are masked by
the challenges of pharmacological manipulation. The use of pharmaceuticals, especially in new
species, poses a problem in that it is difficult to assess drug-specificity and off-target effects.
Inhibiting PHD enzymes in particular is challenging, due to its involvement in many different
physiological pathways (Cao et al., 1997; Teodoro et al., 2006; Vuori et al., 1992). While we
attempted to reconcile this challenge by comparing the effects of two different HIF-inhibitors, a
larger data set and pharmacological agents which may be better suited to naked mole rat
physiology would be valuable in determining the true effect of HIF-manipulation on the HVR and
HMR. Alternatively, with the advent and improvement of promising genetic techniques like
CRISPR, HIFla genetic knockdowns may be much more reliable in determining HIF-mediated
metabolic and ventilatory responses in naked mole rats.

In acknowledging the difficulties associated with plethysmography use in poikilotherms, we
first attempted to assess ventilatory parameters by way of pneumotach, which removes the suite
of errors intrinsic to the barometric method and allows for more accurate interspecies comparison.
Unfortunately, the available apparatuses are designed for rodents with conical snouts. The flat-
faces and externally-located teeth of naked mole rats present a barrier to the use of this equipment
in that a tight-seal cannot be maintained. Furthermore, these devices require animal-restraint which
typically induces a stress-response that may confound measurements of fr. Future studies may
wish to develop a pneumotach better adapted to naked mole rats, although they should consider
the trade-offs to either approach.

In hindsight, protein analysis may have been more informative in determining drug-efficacy

and future studies are advised to perform both. Future research may also wish to investigate the
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degree of contribution from each HIFa isoforms on the HVR and HMR and narrow down the

possible downstream targets which may mediate these responses. The opposing effects of HIFa

on Vt and frare particularly interesting and represent an area which may benefit from additional

research.

Tidal volume, % of correct value

Te=24°C, Th=37°C
(Tb-Tc difference 13°C)

Tb

Te=30°C, Th=37°C
(Tbh-Te difference 7°C)

Tb

Te=30°C, Th=43°C
(Tb-Tc difference 13°C)

4 140

4 130

4 110

difference between measured and correct temperature, °C

Figure 4.1 Effect of introduced measurement errors in either body temperature or chamber

temperature on tidal volume (Mortola and Frappell, 1998).
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