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ABSTRACT
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Dr. Todd E. Gillis

Pacific and Atlantic hagfish are able to survive chronic (> 20 h) anoxia exposure
and previous work demonstrates that hearts remain functional during this time. Isolated
heart preparations in E. stoutii have shown glycogen stores are utilized during anoxia
exposure but that these are not sufficient to generate the measured ATP production
rate. One fuel source that could supplement tissue glycogen is glycerol, funneled into
anaerobic glycolysis. This thesis aims to identify the possible role of cardiac lipid and
glycerol stores in anoxic energy production in the hagfish.

When the hearts were

exposed to anoxia, there was a decreased developed pressure but not in the rate of
pressure development or heart rate. Interestingly, the addition of glycerol caused an
increase in cardiac function and in the activity of triglyceride lipase and G3PDH.
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1. INTRODUCTION
1.1.

OVERVIEW
This thesis focuses on the metabolic and mechanical function of the systemic

hearts of hagfishes (Eptatretus stoutii and Myxine glutinosa) during chronic anoxia
exposure. These two hagfish species are two of only five vertebrates identified as being
anoxia tolerant but they are the only ones that remain active during anoxia (Farrell and
Stecyk, 2007). This activity must be supported by continued function of the
cardiovascular system to deliver fuels and remove waste from the tissues. Cardiac
output declines by 25% in E. stoutii after 36 h of anoxia exposure and this is associated
with an 80% reduction in tissue stores of glycogen (Cox et al., 2010). This reduced
glycogen suggests that the heart is maintaining this heart function with glycolytic
metabolism. Isolated heart perfusions in a calorimeter have demonstrated that the rate
of glycogen use during anoxia cannot support the amount of ATP produced by the
heart. This thesis specifically looks at whether lipid droplets found in the myocardium of
the systemic heart can be used as a source of energy during chronic anoxia.
1.2.

LIFE HISTORY OF HAGFISHES

1.2.1.

Taxonomy and general information

Hagfish are a primitive, jawless marine fish that are a member of the Agnatha
class of vertebrates. Agnathans are characterized as jawless fish that lack a coronary
blood supply and use a mixed venous and arterial circulatory system (Drazen et al.,
2011; Martini, 1998; Sidell et al., 2016). It has been suggested that little of the
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physiology of this primitive member of the vertebrate subphylum has changed in 330
million years, as they resemble the first animals with a braincase, the craniates (Martini,
1998; Sidell et al., 1980). There have been roughly 80 species of hagfish identified
within the family Myxinidae that can be further divided into two subfamilies, Eptatretinae
and Myxininae. These subfamilies are differentiated grossly through the number of gill
openings and eye physiology (Fernholm et al., 1974). These animals live at the bottom
of the ocean, from 10 m to 2000 m in areas with soft sediment in which they burrow
(Martini, 1998). The two most studied hagfish are the Pacific hagfish, Eptatretus stoutii,
and the Atlantic hagfish, Myxine glutinosa. E. stoutii is found throughout the Pacific
Ocean, along the west coast of Canada and northern United States (Drazen et al.,
2011; Martini, 1998) and M. glutinosa lives on the Eastern coast of North America.
These two species are the focus of the current work.
1.2.2.

Anoxia tolerance of hagfishes

M. glutinosa and E. stoutii have a remarkable ability to survive long-term
exposure to anoxia. For example, Cox et al., (2010) demonstrated that E. stoutii can
completely recover from 36 h of anoxia. Such ability is likely relevant to their behaviors
of burrowing into large, dead vertebrates on the bottom of the ocean to feed as well as
into the mud on the ocean floor (Bucking et al., 2011; Martini, 1998; Sidell & Beland,
1980). The anaerobic capacity of M. glutinosa ventricle is very high, as demonstrated
by a high pyruvate kinase (PK) to cytochrome oxidase (CO) ratio of 9.4 ± 1.36. PK and
CO are the last enzymes in glycolysis and electron transport chain, respectively, and
therefore their relative activities indicate the ability of the tested animal to use either
pathway. A high PK : CO ratio means the capacity for anaerobic respiration is high, like
2

in hagfish, and a low ratio indicates a poor anaerobic capacity, like in Atlantic cod, which
have a ratio of 1.61 ± 0.08 (Gesser et al., 1974; Hansen et al., 1983). Work by Hansen
and Sidell (1983) has demonstrated that the heart of M. glutinosa has significant
capacity for anaerobic glycolysis. In that study, cyanide and azide were used to poison
the mitochondria of in situ hearts, perfused inside the body, and then heart rate (fH) and
force of each beat was measured. There was no change in gross mechanical activity
with cyanide or azide poisoning, suggesting that M. glutinosa hearts rely heavily on
glycolysis even in aerobic conditions (Hansen et al., 1983).
Remarkably, experiments by Cox et al. (2010) have demonstrated that E. stoutii
maintain cardiac function throughout 36 hours of anoxia exposure. In this experiment,
fH, and the volume of blood pumped per beat (stoke volume; SV) were measured. From
these measurements, cardiac output (Q) was calculated. Results demonstrated that in
the first 6 h of anoxia exposure, fH decreased by 50% but that stroke volume more than
doubled. As a result, cardiac output decreased by only 33% (Cox et al., 2010). As there
is no oxygen available during anoxia exposure, cardiac function must be supported
through the anaerobic pathway, glycolysis, which uses cellular stores of glycogen to
produce ATP (Hill et al., 2008). Recent work has demonstrated that glycogen stores
are utilized in the excised heart of E. stoutii during anoxia exposure but suggest that
other substrates are also required to support the measured rate of ATP production
(Gillis et al., 2015). Specifically, Gillis et al. (2015) demonstrated that ATP production
by excised hagfish hearts was sustained throughout a 16 h anoxic perfusion at the
same level as was measured under normoxic conditions. Interestingly, however,
glycogen stores were decreased by 85% after the 8 h of anoxia exposure. The
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remaining glycogen stores would not have been sufficient to support the measured
metabolic rate for the remaining 8 hours (Gillis et al., 2015) (Figure 2). As there were
no energy substrates present in the saline perfusing these hearts, this means that heart
of the E. stoutii can use other metabolic fuels stored in the heart to produce ATP during
chronic anoxia exposure.
One potential fuel source that could supplement glycogen stores during anoxia
exposure is glycerol resulting from lipids stored in the myocardium. Recently, Icardo et
al., (2016) demonstrated the presence of lipid droplets embedded throughout the
myocardium of the systemic hearts of E. stoutii and M. glutinosa using transmission
electron microscopy (TEM) and (Figure 1). Similar lipid droplets are found in skeletal
muscle as well as in the mammalian myocardium during mitochondrial dysfunction (Van
Der Vusse et al., 1992; Wittels & Spann, 1968). However, there has been no report to
date of similar droplets being present within healthy myocardium of any vertebrate. The
purpose of this thesis is therefore to determine if lipids stored in the hearts of E. stoutii
and M. glutinosa can be used as a fuel source during anoxia exposure.
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Figure 1. Transmission electron microscopy (TEM) images of cardiac tissue from
three hagfish species. (A) Several myocardiocytes of E. stoutii with myofibrils and a
few lipid droplets (L) visible within the image. Arrows, subplasmalemmal smooth
endoplasmic reticulum. Arrowheads, specific granules. (B) Cardiac tissue from M.
glutinosa with visible myofibrils and many large lipid droplets (L). Inset of (B) is focused
on a single lipid droplet with its associated lipid body. (C) Cardiac tissue from E.
cirrhatus with visible myofibrils and nucleus (N), no lipid droplets visible. Scale bars: A,
1 µm; B, 2 µm; inset of B, 0.5 µm; C, 2 µm. Adapted from Icardo et al., 2015.
5

Figure 2. ATP production for isolated E. stoutii hearts during a 16 h anoxia
exposure. Black bars represent the ATP production calculated from heat equivalents
from the calorimeter. The white bars are the calculated rates of ATP production that
would result from glycogen utilization over the indicated time period. Adapted from
Gillis et al., 2015.
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1.2.3.

Hagfish cardiovascular system

Hagfishes have a partially open cardiovascular system that is unique among
vertebrates using four hearts to move blood around the body. The true heart, called the
systemic heart, contains two chambers, the atrium and ventricle, which move blood
from the jugular vein (Forster et al., 1991), and then out to the ventral aorta towards the
gill slits (Figure 3) (Johansen, 1960). Once through the gills the oxygenated blood is
pumped into the dorsal aorta to be pumped to tissues like the brain, muscle, and to the
large subcutaneous sinus (Chapman et al., 1963). This sinus contains 30% of the total
blood volume of approximately 180 mL ! kg-1 (Forster et al., 1989). Blood from the
sinus is returned to the central circulation through the caudal hearts and into the caudal
vein. Blood from the digestive system is collected in the mesenteric vein and directed to
the liver through the portal heart. The common portal vein from the portal heart leads to
the right anterior jugular vein and back out to the tissues (Chapman et al., 1963). From
there, blood is collected cranially into the inferior jugular vein and caudally from the
posterior cardinal vein. These two veins meet and form the sinus venosus that pushes
blood into the systemic heart. Once here, blood passes through the atrium and
ventricle and is forced back into the ventral aorta (Chapman et al., 1963; Forster et al.,
1991).
Like other Agnathans, hagfish have no coronary blood supply, and mixed venous
and arterial blood is circulated throughout the body (Drazen et al., 2011; Hansen &
Sidell, 1983; Martini, 1998; Sidell & Beland, 1980). The other major heart is the portal
vein heart, which collects blood from the intestines and cardinal veins, and directs it to
the liver though the common portal vein (Figure 3) (Forster et al., 1991). Finally, two
7

accessory hearts, the cranial and caudal hearts, composed of striated skeletal muscle
are responsible for pumping blood back into central circulation from the large
subcutaneous sinus. The cranial heart is in the head while the caudal heart is in the tail
(Forster et al., 1989). To contrast, all teleost fish have closed circulatory systems and a
singular heart that pumps blood from the jugular vein, through the gills and out to the
brain, muscle and internal organs using an arterial system. Once the blood has
reached its target with oxygen and nutrients, it returns to the heart in a venous system
as deoxygenated blood carrying wastes to be excreted (Hill et al., 2008).
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Figure 3. The primary hearts and major veins of M. glutinosa cardiovascular
system. The systemic heart (blue) is composed of the Atr, atrium and Ven, ventricle
while the portal vein heart (PVH; red) has only one chamber. CPV, common portal vein;
IJV, inferior jugular vein; LACV, left anterior cardinal vein; PCV, posterior cardinal vein;
RACV, right anterior cardinal vein; SupV, supraintestinal vein; SVen, sinus venosus;
VA, ventral aorta. Adapted from Forster et al., 1991.
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1.3.

SURVIVAL IN CHRONIC ANOXIA
The hearts of most vertebrates, including those of most fish, are intolerant of

anoxic exposure (Overgaard et al., 2004). Exposure of the human heart or that from
other vertebrates to anoxia causes cellular death in a matter of minutes (Giordano,
2005). For example, the blockage of the coronary vessels during myocardial infarction
(MI) prevents local delivery of oxygen to the heart muscle and causes localized damage
by necrosis (Heusch et al., 1996). Damage from MI occurs following reperfusion of the
ischemic area and causes cell swelling, shortening of myofibrils and induces cell death
by necrosis (Yellon et al., 2007). Necrosis occurs through the rupture of the plasma
membrane of cells and swelling of organelles like mitochondria (Kroemer et al., 2005).
Anoxia tolerance in vertebrates has been associated with metabolic rate depression,
and most commonly described in temperate species where seasonal decreases in
temperatures help suppress metabolism. However, even at 5 oC, cardiac function in
trout will only be maintained during anoxia exposure for approximately 20 min before
the heart stops beating and irreparable damage occurs (Overgaard et al., 2004). To
identify strategies that can be used to reduce the damage caused by anoxia exposure
of the heart we need to look at animals that are capable of maintaining cardiac function
in environments that are anoxic.
The goldfish (Carassius auratus), crucian carp (Carassius carassius), freshwater
turtle (Trachemys scripta), and two species of hagfish (E. stoutii and M. glutinosa) are
identified as being anoxia tolerant (Farrell & Stecyk, 2007; Galli & Richards, 2014;
Hansen & Sidell, 1983; Stecyk & Farrell, 2007; Stecyk et al., 2007). These anoxia
tolerant vertebrates utilize a number of metabolic strategies to cope with environmental
10

hypoxia and avoid tissue necrosis. For example, Shoubridge and Hochachka (1980)
demonstrated that goldfish convert lactate to ethanol when exposed to anoxia thereby
preventing lactate buildup. Lactate is a byproduct of anaerobic glycolysis that becomes
concentrated in the blood and tissues of animals when exposed to anoxia. An increase
in physiological lactate causes acidosis and can lead to significant loss of muscular
function or death. Therefore, such a strategy helps these animals survive anoxia
exposure (Nilsson et al., 2008). Farrell and Stecyk (2007) found that crucian carp utilize
a similar strategy during anoxia exposure. These fish can survive for days to weeks in
anoxic water by converting lactate into ethanol, which is then excreted. These animals
also decrease their metabolic rate with anoxia exposure to reduce energetic
requirements (Farrell and Stecyk, 2007; Overgaard et al., 2004). During the winter, in
snow-covered ponds, the freshwater turtle relies on the seasonal reduction in
temperature, from 22 oC to 3 oC, to survive its anoxic environment. This decrease in
temperature causes fH to decrease by 500% of the normal rate and metabolism by up to
90 % (Stecyk and Farrell, 2007). Jackson (1997) demonstrated that turtles
overwintering for three months or more also use their shells to sequester lactate in order
to buffer the acidic compound that accumulates from glycolysis. Recent work suggests
that the hagfish maintain their low metabolic rate as well use a number of different
metabolites to fuel that metabolism during anoxia exposure (Farrell and Stecyk, 2007;
Gillis et al., 2015).
1.3.1.

Metabolic processes in anoxia tolerant vertebrates

There are very few vertebrates that are capable of surviving in the absence of
oxygen, but there are several species of bacteria that are able to thrive in anoxia. The
11

most known organism that functions without oxygen is yeast; the reduction in oxidative
ATP production triggers the production of ethanol that has been harnessed to create
alcohol for human consumption. Ethanol can only be produced in the absence of
oxygen and the presence of adequate glucose stores, and the point at which ethanol
begins to accumulate in an anaerobic yeast culture is called the Pasteur point (Oxford
Press, 2007; Schmidt and Kamp, 1996). This concept can be applied to metabolic
strategies of anoxia- tolerant vertebrates, where there is a point at which the animals
must switch to anaerobic metabolism, and use the pathways and metabolic fuel stores
that are available to them to survive.
The metabolic rate of hagfish is the lowest measured in any vertebrate (Farrell
and Stecyk, 2007; Forster, 1990). For example, the routine metabolic rate (RMR) of E.
stoutii under normoxic conditions was 8-10 mL of O2 kg-1 h-1 (Forster, 1990) while that of
the rainbow trout is 199 mL of O2 kg-1 h-1 (Lefrançois et al., 2001). Work by Cox et al.
(2011) indicates that the metabolic rate of E. stoutii decreases by 25.5% after 6 h of
anoxia, and then remains stable for the remaining 30 h of anoxia (Cox et al., 2011). In
addition, Hansen and Sidell (1983) have suggested that the RMR of M. glutinosa in
normoxia can be entirely supported by glycolysis. As a result, it was accepted that
glycogen stores measured in the animal were adequate to support metabolic processes
during anoxia. E. stoutii have been demonstrated to maintain metabolic rate for the first
24 h of anoxia before beginning to decline and cardiac power output (CPO) is only
reduced by 25 % during 36 hours of anoxia (Cox et al., 2010; Forster et al., 1991). The
relative maintenance of CPO in anoxia indicates the importance of the heart to anoxia
survival (Cox et al., 2010). High relative levels of cardiac function during anoxia paired
12

with their very low routine metabolic rate (Farrell et al., 2007; Gillis et al., 2015) have
earned hagfish their status as one of the few anoxia tolerant vertebrates. Interestingly,
Gillis et al. (2015) demonstrated that the metabolic rate of the anoxic hagfish heart is
maintained at levels similar to that measured in normoxia, for at least 16 hours.
1.4.

CARDIOMYOCYTE CONTRACTION

1.4.1

Measuring +dP/dt and -dP/dt in the ventricle

Cardiac work parameters can be monitored using a pressure transducer inserted
into the ventricle using a modified Langendorff preparation (Figure 4). This technique is
often used in mice and rat models to determine the effect of acute and chronic drugs,
ischemia and other experimental stressors on heart function (Buchholz et al., 2009). In
mammals, excised hearts are cannulated and perfused in retrograde with buffered
saline in the aorta. A small balloon attached to a pressure transducer is inserted
through a hole in the left atrium into the left ventricle. Klaiman et al. (2014) modified the
Langendorff preparation to measure contractile function of trout hearts by inserting the
cannula into the atrium, and the transducer balloon into the ventricle via the bulbous
arteriosus (Klaiman et al., 2014). For the current project, I further modified this
preparation for systemic heart, so that some of the sinus venosus and ventral aorta
were preserved during dissection to attach the cannula and pressure transducer (Figure
4).
Previous work with ex vivo perfusion of the hearts from E. stoutii has
demonstrated that glycogen stores are diminished after the first 8 h of anoxia exposure
(Gillis et al., 2015). This indicates that the heart is using glycogen as an energy source
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during anoxia. Gillis et al., (2015) demonstrated that isolated E. stoutii hearts continue
to beat after the glycogen stores have been almost depleted. The goal of the current
study is to quantify how anoxia exposure affects cardiac work by the hagfish heart and
how different metabolic fuels alter this.

14

Figure 4. Schematic of Langendorff preparation to characterize mechanical
changes from chronic anoxia (adapted from Klaiman et al., 2014).
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1.5.

CELLULAR METABOLISM IN NORMOXIC AND ANOXIC CONDITIONS
Adenosine triphosphate (ATP) is the energy currency of cells and during aerobic

respiration, it is produced through the electron transport chain (ETC) in mitochondria
(Lodish et al., 2000). In anoxia, the ETC stops due to a lack of terminal oxygen
receptors. After this, anaerobic respiration increases and tissues rely on glycolysis to
produce ATP (Forster et al., 1991). Glycolysis occurs in the cytosol and starts with
hexokinase phosphorylating glucose, and ends with pyruvate kinase, removing Pi from
phosphoenolpyruvate (PEP) and transfer the Pi to ADP to make pyruvate and ATP
(Lodish et al., 2008). In all animals, exposure to an anaerobic environment causes an
increase in the activity of glycolytic enzymes to produce more pyruvate that is converted
to lactic acid by lactate dehydrogenase (LDH) (Lodish et al., 2008). Reperfusion of the
tissue with oxygen following ischemia can cause the production of destructive reactive
oxygen species (ROS) by the mitochondria. ROS accumulation occurs as cells can
become overloaded with calcium in an attempt to repolarize membranes. ROS are
oxidizing molecules like superoxide that are produced as a result of aerobic respiration
by mitochondria (Hill et al., 2008). ROS cause mitochondrial permeability transition
pores (MPTPs) to form, inducing mitochondrial swelling, loss of polarization and release
of cytochrome C into the cytosol (Galli and Richards, 2014). Cytochrome C is an
intracellular signal for apoptosis and results in the induction of programmed cell death
(Galli and Richards, 2014; Giordano, 2005). Gluconeogenesis is inhibited during anoxia
as organs stop the use of other carbon sources like pyruvate, lactate, lipid and protein
(Ballard, 1971).
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1.5.1.

Cardiac lipid metabolism

Lipid droplets are present under normal physiological conditions in human and
rat skeletal muscle (Russell et al., 2003; Spangenburg et al., 2011). The relative amount
of these varies according to muscle fiber type (van Loon et al., 2004). For example, Van
Loon et al. (2004) found intracellular, or ectopic lipid droplets in the highest quantities in
Type I muscle fibers, which are a slow twitch and oxidative fiber type (Russell et al.,
2003). Lipid droplets are not typically seen in healthy myocardium and their presence is
taken as an indication of cardiomyopathy and dysfunction (Xie et al., 2015). Kadereit et
al., (2008) showed that the gene family, fat inducible transcript (FIT), that is responsible
for forming lipid droplets in the heart, is not active in healthy mouse and human heart
tissue despite having active gene transcripts. This indicates that post-transcriptional
modification occurring in active myocardium could be disrupted in diseased states.
Lipid droplets in skeletal muscle act as a source of energy during increased metabolic
demand on the tissue, such as sustained aerobic exercise (Shaw et al., 2009; van Loon
et al., 2004). Lipids are the preferred fuel source for highly oxidative muscle and lipid
utilization is dependent on oxidative pathways to release free fatty acids from the
glycerol backbone. Fatty acids are oxidized to form acetyl CoA that can be shuttled into
the Krebs cycle (Galgani et al., 2012; Shaw et al., 2009). Fatty acid oxidation is oxygen
dependent, but the hagfish heart may be able to use lipid- derived substrates, in
addition to glycogen, during anoxia exposure (Cox et al., 2011). One possibility is an
anaerobic equivalent that enables glycerol to be shuttled through glycolysis to produce
the energy required to power cardiac contraction. The glycerol would be derived from
the breakdown of the stored lipids (Sun et al., 2003). This would be a novel pathway
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that could be used to generate ATP during chronic anoxia (Figure 5). This pathway
must work without oxygen and result in a positive net energy production.
1.6

PROPOSAL OF NOVEL ANOXIC LIPOLYTIC PATHWAY IN HAGFISHES
The breakdown of lipid for metabolic use of fatty acids is well known and requires

oxygen to work (Hill et al., 2008). The use of glycerol from the breakdown of lipids to
fuel glycolysis during chronic anoxia, however, has never been described. First, the
triglycerides within the lipid droplets must be cleaved into glycerol and three free fatty
acids (FFAs) by triglyceride lipase. Then, glycerol could be hydrolyzed into glycerol-3
phosphate (G3P) by glycerol kinase. G3P can be converted into dihydroxyacetone
phosphate (DHAP) with the reduction of NADH+. Lipases are a highly conserved
superfamily of genes (Hide et al., 1992). The activity of G3PDH has been previously
characterized in the liver and skeletal muscle of M. glutinosa (Foster et al., 1986). The
isomerization of DHAP into glyceraldehyde-3 phosphate (GAP) occurs during glycolysis
by the ubiquitous triose-phosphate isomerase (Dhar-Chowdhury et al., 2005). These
reactions, followed by the remaining half of the glycolytic cycle, results in the formation
of one mole of ATP per one mole of triglyceride. The production of ATP from this
proposed pathway is very inefficient, since glycolysis results in two to three moles of
ATP per mole of glycogen. But due to the extremely low metabolic rate of hagfishes,
the amount of ATP produced would be adequate to supply the animals with the energy
to maintain cardiac function. By extrapolating the amount of ATP that is produced
during anoxia from Gillis et al. (2015) it was determined that approximately 14.24 µmol
of ATP would be needed to support metabolism of a 100 mg E. stoutii heart for 16 h of
anoxia.

A similar sized heart working for 16 h in normoxia would require approximately
18

16.48 µmol of ATP. From this thesis, it was determined that there is more than enough
glycerol present in cardiac tissue of E. stoutii to support the rate of ATP production
found in by Gillis et al. (2015), over a 16 hour period of anoxia, using the rate of one
mole of ATP made per one mole of glycerol used.
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Figure 5. The proposed pathway of anoxic lipolysis in the heart of hagfishes.
Stars indicate steps that were measured in this thesis.

20

2.

RESEARCH QUESTIONS, HYPOTHESES AND PREDICTIONS

QUESTION 1:

How do hagfish hearts continue to function during prolonged anoxia

exposure?
HYPOTHESIS 1:

Hagfish cardiac tissue first utilizes endogenous glycogen stores,

through anaerobic glycolysis, to create ATP and lactate as a by-product.

When

glycogen is depleted, triglycerides are catabolized into fatty acids and glycerol, the latter
of which is moved into glycolysis to support ATP production and lactate as a by-product
through a modified anaerobic glycolytic pathway. In the absence of glycogen, lipolytic
liberation of glycerol is the rate-limiting step of anaerobic ATP production during anoxia.
PREDICTION 1A:

Isolated hagfish hearts should be able to fuel cardiac function using

exogenous glycerol.
PREDICTION 1B:

Glycerol

supplementation

will

increase

cardiac

functional

parameters and activity of the lipolytic pathway in isolated hagfish hearts during anoxia
more than without supplemental fuels (glycerol or glucose) in the perfusate.
PREDICTION 1C: Triglyceride levels in isolated hagfish hearts will decrease with
anoxia exposure, and the rate of use will increase as glycogen stores are depleted.
PREDICTION 1D: The concentration of lactate in the tissue and perfusate of isolated
hagfish hearts will increase with anoxia exposure.
PREDICTION 1E:

The concentration of glycogen in the excised hagfish heart will

decrease with anoxia exposure.
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QUESTION 2:

What is the significance of differing levels of lipid droplets in hagfish

cardiomyocytes between species?
HYPOTHESIS 2:

Higher lipid density in the heart results in greater lipolytic and

glycerolytic capacity during chronic anoxia exposure.
PREDICTION 2A:

M. glutinosa hearts will have higher lipolytic and glycerolytic

enzyme activities during anoxia exposure than hearts of E. stoutii.
PREDICTION 2B:

M. glutinosa hearts will use more glycerol during chronic anoxia

exposure than E. stoutii hearts.
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3.

MATERIALS AND METHODS

3.1

EXPERIMENTAL ANIMALS

3.1.1

Pacific hagfish (E. stoutii)

E. stoutii were collected from a depth of approximately 100 m from Barkley
Sound, British Columbia, Canada and housed at Bamfield Marine Station (Bamfield,
British Columbia, Canada) for approximately 1 week before transport. Hagfish were
transported to the University of Guelph Hagen Aqualab (Guelph, Ontario, Canada) and
maintained until experimentation. Hagfish were housed in an environmentally controlled
aquatic recirculating system (ECARS) with aerated, flow-through artificial seawater (~30
ppt at 10 oC) and fed squid once per week. Experimental animals were removed from
the tank individually, anaesthetized using clove oil (1.667 mL ! litre-1 seawater) and
transported to the lab where they were held at 10 °C under anesthetic until no
autonomic nerve response to a tail pinch was observed (approximately 45 min). E.
stoutii were then decapitated and prepared for dissection.

All experiments were

approved by the University of Guelph Animal Care Committee (AUP # 2710) and
conducted in accordance with their guidelines.
3.1.2.

Atlantic hagfish (M. glutinosa)

M. glutinosa were collected from a depth of approximately 100 m from
Passomoquody Bay, New Brunswick, Canada and maintained at the Huntsman Science
Centre (St Andrews, New Brunswick, Canada) before transport to the University of
Guelph. They were maintained in the same ECARS as the E. stoutii until
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experimentation. M. glutinosa were anaesthetized using clove oil (3.333 mL ! litre-1
seawater) and then held at 10 °C until no autonomic nerve response to a tail pinch was
observed (approximately 60 min). The animals were then decapitated and prepared for
dissection. All experiments were approved by the University of Guelph Animal Care
Committee (AUP # 2710) and conducted in accordance with their guidelines.
3.2.

TISSUE COLLECTION
Immediately following decapitation, the systemic heart was removed from the

animal and washed in ice-cold saline. Samples of dorsal muscle and liver were also
collected. In vitro perfusion studies included systemic heart perfusion of 36 E. stoutii
and 12 M. glutinosa; half were used in 12 h normoxic control perfusions and the other
half were perfused in anoxia. Tissues were also collected right after decapitation to
quantify baseline metabolite concentrations and enzyme activities prior to perfusion
exposures. All tissues were frozen immediately using dry ice and stored at -80 °C for
later analysis.
3.3.

LANGENDORFF PROTOCOL
A cannula, made from a 20-gauge needle, was inserted into the atrium of the

systemic heart via the sinus venosus and secured with surgical knots and the heart was
mounted on the Langendorff apparatus, within 90 sec.

The hearts were then

continuously perfused at a pressure of 7 mmHg (Foster et al., 1991) at 10 oC with
recirculating hagfish saline at a rate of 3.5 mL ! min

-1

. There were three different

salines used for the E. stoutii trials to test the effect of glucose and glycerol
supplementation during anoxia. The control saline contained no fuel sources (Gillis et
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al., 2015), the glucose saline contained 20 mM glucose and the glycerol saline
contained 5 mM glycerol (Raymond, 1992; Savina and Wojtczak, 1977). To keep the
osmolality of the saline constant across the treatments, the concentrations of NaCl were
adjusted accordingly.

After 15 min of acclimation, a small balloon attached to a

pressure transducer (PowerLab 4/30, ADInstruments, Dunedin, New Zealand) was
inserted into the ventricle via the ventral aorta and inflated by approximately 30 µL to
enable ventricular pressure and fH to be recorded during perfusion (Lab Chart version 3,
ADInstruments) (Klaiman et al., 2014). The perfusate (15 mL) was sampled from the
Langendorff apparatus after 6 and 12 h of treatment to detect any secreted metabolites
during the exposure.

The perfusate samples were frozen, then lyophilized and

resuspended in 1.5 mL of deionized water. These samples were analyzed for glycerol,
lactate, triglyceride and glucose content. Hearts were perfused for 12 h at atmospheric
oxygen levels (~21%) or 0% oxygen (Figure 6), and O2 concentration was constantly
recorded using a Witrox 4 oxygen meter mini with dipping probe (Loligo® Systems,
Viborg, Denmark) (Gillis et al., 2015). Normoxic conditions were maintained with an air
stone in the perfusate reservoir connected to an aquarium air pump (Tetra® Whisper
10) while anoxic conditions were maintained by air stones placed in both the perfusate
reservoir and the tissue bath connected to a compressed nitrogen tank and bubbled
with 60 mmHg (1.16 PSI) of nitrogen gas. Rates of ventricular contraction (-dP/dt) and
relaxation (+dP/dt) were calculated from developed ventricular pressure data recorded
from the transducer during the trials (Figure 7). These three variables were averaged
and reported from between 6 and 12 h of perfusion after rates had stabilized from the
treatment application (Figure 7). Once the recording period was over, the hearts were
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removed from the system, flushed with fresh chilled perfusate (containing no
metabolites), and flash frozen using liquid nitrogen for later analysis. Glycerol, glucose,
glycogen, lactate, and triglyceride levels were measured in these samples, as well as
the activity of glycerol kinase, G3PDH and lipase.
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Figure 6. Representative oxygen saturation during anoxic perfusion trial. The trace shows a pre-trial systempriming period (approximately 45 – 60 min), when nitrogen is bubbled through the system to remove oxygen, followed by
a 12 h perfusion at 0% O2. The probe was calibrated to 0 % oxygen with Na2SO3 at 10 oC and then oxygen saturation
was measured continuously in the heart bath of the Langendorff.
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Figure 7. Timeline of 12 h Langendorff perfusion protocol. Average fH and dP/dt’s were measured and recorded
every 30 min; perfusate samples were collected at 6 h and 12 h.
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Figure 8. Representative Langendorff trials with 6 h stabilization period. During a
12 h perfusion in anoxia with glucose supplemented, stabilization in the first 6 h were
seen in (A) fH, (B) positive dP/ dt, (C) negative dP/ dt and (D) dP. The trend of the data
was to begin at a higher, more variable rate and then decline over the first 4-6 h,
followed by a period of stable output, with all variables not significantly changing with
time. All fH, dP/dt, and dP data were therefore averaged from 6 - 12 h. Bars on data
points represent standard error (n = 6 per treatment group). Different letters indicate
significant differences (p < 0.05) between means at their respective time points.
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3.4.

ANALYSIS OF METABOLITES AND ENZYME ACTIVITY

3.4.1.

Preparation of tissue for enzyme and stable metabolite analysis

Tissue samples were prepared to quantify the changes in the levels of glycerol,
triglyceride, glucose, lactate, glycogen, and the activity levels of lipase, glycerol-3phosphate dehydrogenase (G3PDH) and glycerol kinase (GK) in cardiac tissue at time
0 and after 12 h of normoxia or 12 h of anoxia perfusion. Glycerol, glucose, lactate and
triglyceride assays were all conducted on tissue and perfusate samples, while glycogen
assays were only run on tissue samples. The enzyme assays (GK, G3PDH and lipase)
were optimized and standardized to total protein using a Bradford assay. Tissues were
placed in a pre-chilled mortar, doused in liquid nitrogen and cracked into small pieces.
A piece (approximately 20 mg in size) was left in the mortar to be powdered for
glycogen analysis, and the rest was placed in a pre-weighed Precellys tube with 200 mg
of homogenizer beads and 250 µL of homogenization buffer. The tubes were loaded
and homogenized on program #001 (2 mL tubes, 6800 RPM, 2 x 25 s, pause 5 s) on
the Precellys® Evolution (Bertin Technologies, Paris, FR). They were then centrifuged
at 11000 g and 4 °C once to separate cytoplasmic supernatant from large pieces of
plasma membrane, organelles and mitochondria in the pellet (Ryan, 1996). A 100 µL
fraction of the supernatant was diluted to 800 mg protein ! mL-1 using homogenization
buffer and kept on ice for enzyme assays, and the remainder (~200 µL) was used for
metabolite assays except glycogen.
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Figure 9. Schematic of tissue processing protocols.
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3.4.2.

Preparation of tissue for glycogen assay

The powdered tissue was placed in labeled 1.5 mL Ependorff tubes and the lids
were replaced with ones that had holes in the top to allow the pressure and temperature
to equilibrate within the tubes during lyophilization. The tubes were then placed in 600
mL fast- freeze flasks that were pre-chilled to -80 °C, sealed with the lid and then
attached to a FreeZone 4.5 Liter Console Freeze Dry System with PTFE-Coated
Collector (LABCONCO, Kansas City, MO, USA) for 72 h at -50 °C and 0 atm.
3.5.

ENZYME ASSAYS

3.5.1.

Bradford assay

5 µL from each freshly homogenized tissue sample was added to 250 µL of 4:1
diluted Bradford dye (BioRad Protein Assay, Bio-Rad Laboratories Ltd, Mississauga,
ON) in a 96-well plate. Plates were incubated at room temperature for 5 min before
absorbance was read at 595 nm using SpectraMax Plus 384 spectrophotometer
(Molecular Devices, Sunnyvale, CA). Sample protein concentrations were calculated
using SoftMax Pro 6.2.2 software and dilution factors were calculated to bring each of
the tissue samples to 800 mg protein ! mL-1.
3.5.2.

Lipase activity

Lipase activity was measured using an indirect assay adapted from Young et al.
(1988). Fresh sample supernatant (8.0 mg of protein) was incubated at 37 °C in lipase
reagent (7.5 mM emulsified triolein, 5 mg ! mL-1 bovine serum albumin (BSA), 0.345
mM sodium dodecylsulphate, 1.5 U ! mL-1 heparin in 5 X PBS, pH 7.4) for 30 mins
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before the reaction was halted with PCA and each sample was assayed for glycerol
(see 3.6.2.).
3.5.3. Glycerol kinase activity
Glycerol kinase activity was determined using a glycerol kinase- pyruvate kinase
(PK) (EC 2.7.1.40) / lactate dehydrogenase (LDH) coupled enzyme assay. Aliquots of
the sample supernatant (8.0 mg of protein) were mixed with an enzyme reagent (5 mM
MgCl2, 10 mM PEP, 0.75 mM NADH, 5 mM ATP, 4 U ! mL-1 PK and 4 U ! mL-1 LDH in
Imidazole-HCl buffer, pH 7.6) in wells of a 96-well plate in duplicate, incubated for 5 min
at 10 °C, then glycerol (10 mM ! well-1) was added to catalyze the reaction. The kinetic
absorbance at 340 nm was monitored over 30 min to read the appearance of NADH in
the wells (adapted from Hansen and Sidell, 1983 and Perez- Jimenez et al., 2009).
3.5.4.

Glycerol-3 phosphate dehydrogenase activity

G3PDH activity was measured indirectly using oxidation of NADH, adapted from
Crabtree and Newsholme (1972), at 340 nm. 8.0 mg of protein per sample was added
to 200 µL of G3PDH reagent (0.2 mM NADH, 1 mM KCN in Tris / HCl buffer, pH 7.5) in
a 96-well plate. Samples were incubated at 10 °C and read kinetically at 340 nm for 5
min to ensure that any background reactions were completed before adding the
catalyst.

After

absorbance

stabilized,

the

plate

was

removed

from

the

spectrophotometer and 0.4 mM dihydroxyacetone phosphate (DHAP) (0.4 mM ! well1

)

was added to begin the reaction. The plates were then returned to the

spectrophotometer and absorbance at 340 nm was read kinetically for the next hour at
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10 °C.

After the incubation was completed, the plate was removed and Vmax was

calculated using SoftMax Pro® 6.2.2.
3.6.

TISSUE METABOLITE ASSAYS

3.6.1.

Triglyceride

Triglyceride concentration was determined using an indirect glycerol and
triglyceride assay adapted from a Sigma-Aldrich kit. After samples have been assayed
for glycerol, warmed (30 °C) lipoprotein lipase reagent (EC 3.1.1.34) (Sigma-Aldrich
Canada, Oakville, ON) was added to each well. Plates were then incubated for 10 min
and reread with the spectrophotometer to determine the concentration of glycerol
created by the breakdown of triglycerides.
3.6.2.

Glycerol

Glycerol concentration was determined using an assay adapted from Wakayama
and Swanson (1977). Glycerol reagent (3.6 mM ATP, 2.2 mM NAD, 1.5 mM DTT, 4 U !
mL-1 glycerol phosphate dehydrogenase (G3PDH) (EC 1.1.1.8), 6.5 U ! mL-1 GK (EC
2.7.1.30) in hydrazine buffer) was added to the samples, standards in duplicate,
incubated for 15 min at room temperature, and final absorbance at 340 nm was
recorded.
3.6.3.

Glycogen

The glycogen concentration was measured indirectly by quantifying the glucose
concentration before and after digestion with amyloglucosidase (EC 3.2.1.3).

After

tissue samples were lyophilized and processed, the samples were thawed and partially
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neutralized with 30 µL of 3 N K2CO3 and 1 mL of acetate buffer was added to each of
the tissue tubes. Amyloglucosidase was added to each sample in 15 sec intervals (final
concentration = 0.6 U ! mL-1) and tubes were shaken for 2 h in a 37°C water bath.
Reactions were stopped with the addition of 25 µL of 60% perchloric acid (PCA) and
vortexed well. Samples were cooled for 10 min, then neutralized with 60 µL of 3 N
K2CO3 and vortexed again. Finally, tubes were centrifuged at 10,000 g for 10 min at 4
°C and then the supernatant of all samples were assayed for glucose (see 3.6.4.).
3.6.4.

Glucose

Samples with native protein concentrations were added to a glucose assay
reagent (1 mM β-NADP, 1 mM ATP and 1.54 U ! mL-1 glucose-6 phosphate
dehydrogenase (G6PDH) (EC 1.1.1.49) in phosphate buffer) and incubated at 37 °C for
5 min before being read by the spectrophotometer at 340 nm. Hexokinase (EC 2.7.1.1)
was then added at a concentration of 2.25 U / well and incubated for another 20 min at
37 °C before the final spectrophotometer reading.
3.6.5.

Lactate

Samples were incubated in an NAD reagent (1 mM NAD in hydrazine buffer) for
10 min before reading at 340 nm. LDH (EC 1.1.1.27) was then added (2.05 U ! well-1)
to each well the plate was incubated again at room temperature for 30 min before being
read by the spectrophotometer.
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3.7.

PERFUSATE METABOLITE ASSAYS

3.7.1.

Perfusate preparation for analysis

When hearts were perfused for 12 h, samples (15 mL) of the perfusate was
sampled. The pH of each sample was immediately recorded before being frozen at -80
°C. Samples were lyophilized in batches and then resuspended with 1.5 mL of double
deionized water (DDW). Samples were assayed for glucose (see 3.6.4.), glycerol (see
3.6.2.), lactate (see 3.6.5.) and triglyceride (see 3.6.1.) once they were processed.
3.8.

STATISTICAL ANALYSIS
The average values for cardiac parameters, metabolite and enzyme assay from

all groups were compared to control and anoxia groups for percent changes (Equation
1). Two-way analysis of variances (ANOVA) with Tukey post hoc tests from R (The R
foundation (2012); version 2.15. 2) was used on the fH and pressure values obtained
from the Langendorff apparatus to determine if there were significant differences among
treatment groups, between time points and whether interactions exist between them.
Two-tailed t-tests with unequal variance were conducted between treatments at multiple
time points. One-way ANOVAs were used to compare the metabolite concentrations
and enzyme activities among all perfusion groups and between control tissues. Species
comparisons were conducted for all cardiac parameters and enzyme and metabolite
assays. All values were evaluated for significant differences at an alpha level of 0.05.

Equation!1:!!!!!!!!!!!!!!!!!

!"#$!%#&!!–!!"#$%"&
!"#$%"&

×!100! = !!!!!!!!!!!!!!!"#$"%&!!ℎ!"#$!!"#$!!"#$%"&
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4. RESULTS
4.1. THE EFFECT OF ANOXIA AND SUPPLEMENTAL METABOLITES ON THE
FUNCTIONAL PARAMETERS OF THE ISOLATED HAGFISH HEART
4.1.1. Influence of anoxia on fH, dP and dP/dt of excised hearts from E. stoutii
To determine the effect of anoxia and supplemental metabolites on the
mechanical work of the heart, the percent change between treatment groups and the
control rates was calculated. The adjustments in fH, the rate of pressure generation
(+dP/dt) and the rate of relaxation (-dP/dt) indicate how work in the heart adjusts in
response to anoxia or the added metabolites. The average fH of E. stoutii hearts under
control conditions was 10.9 ± 0.9 bpm between 6 and 12 h of perfusion. The average
+dP/dt and -dP/dt for this group were 14.4 ± 3.2 and -12.1 ± 1.2 mmHg/s, respectively,
while the average maximum dP was 6.0 ± 0.2 mmHg (n = 6) (Table 1).
When E. stoutii hearts were exposed to anoxia for 12 h, the average fH
decreased by 13.0% (p < 0.05, n = 6), the +dP/dt declined significantly (p < 0.05) by
19.1%, while –dP/dt decreased by 5.5%, but this was not statistically different from the
control (p = 0.09). The average maximum dP decreased significantly by 46.8% (p <
0.05) in the anoxic hearts (Table 1).
4.1.2. Influence of anoxia and supplemented fuels on fH, +dP/dt, and -dP/dt
When the hearts were perfused under normoxic conditions, glucose
supplementation significantly increased fH by 29.5% (p < 0.05). Glucose
supplementation significantly increased the dP by 84.9% (p < 0.05) while the glycerol
supplementation increased this parameter by 128.4% in the presence of oxygen
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(p < 0.05). +dP/dt significantly increased by 14.4% and 58.3% during normoxic
perfusions when glucose and glycerol were supplemented, respectively (p < 0.05).
Under normoxic conditions, the – dP/dt of the E. stoutii hearts increased by 64.1% with
glycerol supplementation (p < 0.05) (Table 1).
When excised E. stoutii hearts were perfused under anoxic conditions, fH
decreased by 13% percent relative to control while glucose supplementation increased
fH by 22.0% (p < 0.05) compared to normoxic controls and by 40.2% compared to
anoxia alone (p < 0.05). Glycerol supplementation did not affect this parameter
compared to controls, but fH significantly increased by 11.5% (p < 0.05) with glycerol
supplementation when compared to anoxia without supplemented fuel. Glucose
supplementation did not affect +dP/dt under anoxic conditions, however glycerol
supplementation increased this parameter by 75.8% (p < 0.05). The -dP/dt of the
anoxic hearts was increased by 19.4% with glucose supplementation and this
parameter increased by 151% with glycerol supplementation (p < 0.05). The average
dP significantly increased by 23.9% and 152.8% (p < 0.05) when glucose and glycerol
were supplemented during anoxia compared to controls. These changes were even
larger when compared to anoxia alone, as glucose and glycerol increased 133.1% and
375.5% respectively (p < 0.05) (Table 1).
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4.2. THE EFFECT OF ANOXIA AND EXTERNAL GLUCOSE OR GLYCEROL ON
LIPOLYTIC ENZYMES AND METABOLITES FROM THE PROPOSED ANOXIC
PATHWAY
4.2.1. Control measurements
The activity of lipolytic enzymes and metabolites were measured in the perfused
systemic hearts of E. stoutii under control conditions. The activity of lipase was 4.3 ±
2.3 mU ! mg protein-1, while the concentration of triglyceride was 2.6 ± 0.7 µmol ! g-1
while the concentration of glycerol was 3.4 ± 1.0 µmol ! g-1 in systemic heart tissue
(Table 2). The activities of GK and G3PDH in control tissues were 0.3 ± 0.16 mU ! mg
protein-1 and 0.06 ± 0.03 mU ! mg protein-1 respectively. The concentration of glucose
was 0.2 ± 0.08 µmol ! g-1 and lactate was 0.1 ± 0.02 µmol ! g-1 in control perfused E.
stoutii hearts (Table 2). Glycogen concentration in the control tissues of E. stoutii was
0.8 ± 0.2 µmol ! g-1 (Figure 10).
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Figure 10. The influence of anoxia exposure and metabolite supplementation on
tissue glycogen concentration in E. stoutii and M. glutinosa. The sample sizes are
listed above the corresponding bar. Bars are mean glycogen concentration (µmol ! g-1)
and error bars are S.E.M. ‘Control’, ‘+ Glucose’ and ‘+ Glycerol’ labels represent the
saline type in which systemic hearts were perfused.
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4.2.2. Influence of anoxia exposure and supplemented fuels on the proposed
biochemical pathway to generate ATP from stored lipid droplets
When the excised E. stoutii hearts were sampled after 12 hours of anoxia
exposure, the activity of lipase in the systemic hearts was 56.2% lower than that
measured in hearts exposed to normoxia for 12 hours (p = 0.35). Under normoxic
conditions, triglycerides in the heart decreased 70.3% with glycerol supplementation (p
= 0.06) (Table 2; Figure 11). The activity of G3PDH significantly increased by 530% (p
= 0.05) respectively when glucose was added to the saline. Glycerol supplementation
increased the activity of G3PDH 270% during normoxic perfusion (p < 0.05). The
concentration of glycerol in the heart was significantly increased by 230% and 240%
when glucose and glycerol were added to the perfusion saline, respectively (p < 0.05).
The lactate concentration in the isolated perfused hearts decreased by 71.9% with
glucose supplementation (p < 0.05) but was unchanged when glycerol was added to the
saline. Not surprisingly, tissue concentrations of glucose significantly increased 560%
when glucose was added to the saline.
The activity of lipase was 492.2% higher in the hearts perfused with saline
containing glycerol under anoxic conditions for 12 hours than that of hearts perfused
under normoxic conditions without glycerol (p < 0.05). When anoxic hearts were
supplemented with glucose or glycerol, G3PDH activity significantly increased by 331.5
% and 504.2%, respectively, compared to normoxic controls (p < 0.05) (Table 2; Figure
10). Similarly, to the normoxic response, tissue glucose significantly increased 583.6 %
when glucose is added to the saline (p < 0.05) (Table 2; Figure 10).
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4.2.3. The effect of supplemented fuels and anoxia on saline metabolite
concentrations after 12 h of perfusion of E. stoutii hearts
4.2.3.1 The concentration of metabolites in perfusion saline of control E. stoutii
hearts
The levels of triglyceride, glycerol and lactate were measured in the lyophilized
perfusate of the E. stoutii hearts that were perfused for 12 h. The concentration of
triglyceride in saline was 0.6 ± 0.6 µmol ! mL-1 while the glycerol was 1.86 ± 1.59 µmol !
mL-1. Lactate was not found in measurable levels in the control- perfused saline after
12 h.
4.2.3.2. The effect of anoxia and supplemented fuels on the saline
concentrations of triglyceride, glycerol and lactate in E. stoutii systemic hearts
The level of triglyceride decreased to immeasurable levels in the saline. Lactate
was not found in the saline after E. stoutii hearts were perfused for 12 h in anoxia.
Glycerol concentration in the saline increased by 6.8-fold when glycerol was
supplemented (p = 0.06, n = 6), respectively. Lactate was not found in measurable
levels in the normoxic saline groups.
When E. stoutii hearts were perfused in anoxia with supplemented fuels, the
triglyceride levels were not measurable when glucose was added, but significantly
increased 66.5-fold (p-value < 0.05) when glycerol was supplied (Table 3; Figure 11).
Lactate concentrations increased to 4.4 ± 0.8 µmol ! mL-1 in the presence of glucose (p
= 0.06), and 4.7 ± 1.9 µmol ! mL-1 in the saline when glycerol was supplied (p = 0.08).
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4.3. DIFFERENCES IN THE EFFECT OF ANOXIA EXPOSURE ON THE
FUNCTIONAL PARAMETERS OF HEARTS EXCISED FROM E. STOUTII AND M.
GLUTINOSA
4.3.1. The effect of anoxia on fH, dP and dP/dt of excised M. glutinosa hearts
Isolated M. glutinosa systemic hearts were perfused for 12 h in control
conditions and cardiac parameters were recorded and averaged from 6 - 12 h. fH rate
was 11.8 ± 0.9 bpm while average maximum dP was 5.8 ± 0.4 mmHg. The + dP/dt was
found to be 16.4 ± 2.2 mmHg ! s-1 and the – dP/dt was determined to be -16.5 ± 2.2
mmHg ! s-1.
When M. glutinosa hearts are perfused for 12 h in anoxia, the maximum dP
during anoxic perfusion significantly increased by 30.1% (p < 0.05) when compared to
the controls. The + dP/dt and – dP/dt measured during anoxia exposure were 22.1%
and 20.1% higher respectively that of the control group (Table 4).
4.3.2. Changes in lipolytic enzyme activities and metabolite concentrations in
M. glutinosa isolated perfused systemic hearts
4.3.2.1. The influence of anoxia perfusion on lipolytic enzyme activity and
metabolite concentrations in the isolated systemic hearts of M. glutinosa
After 12 h of anoxia perfusion, lipase activity in the systemic heart of M. glutinosa
had increased by 27.4% when compared to controls. The triglyceride concentration
increased 11.9-fold (p = 0.07) while glycerol concentration significantly decreased
94.3% after chronic anoxia (p < 0.05; Table 5; Figure 12). The activity of GK and
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G3PDH increased 28.1% and 82.1% respectively in M. glutinosa when compared to the
control.
The activity of lipase in M. glutinosa is significantly higher than in E. stoutii in both
control and anoxic treatments by 722.6 % and 2290.9% respectively (p < 0.05; n = 6).
The amount of lactate produced by M. glutinosa hearts was significantly higher by 143.7
% in normoxia (p < 0.05) and higher in anoxia by 259.8 % (p = 0.054; n = 6).
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5.

DISCUSSION

5.1.

SUMMARY
It was hypothesized that once hagfish cardiac tissue stores of glycogen are

depleted during chronic anoxia, triglycerides are broken down and glycerol from the
reaction is utilized to support ATP production and accumulation of lactate as a byproduct. The rate of glycerol production was also hypothesized to be a rate-limiting step
in anoxic ATP production. The predicted maintenance of cardiac function during anoxia
was seen in hearts not supplemented with external metabolites. The results of this
thesis demonstrate that supplemented glucose and glycerol increase cardiac function
during chronic anoxia in E. stoutii. The initial decrease in all cardiac functional
parameters with anoxia alone is recovered when the hearts are supplemented with
glucose and glycerol. There is a greater response to glycerol during anoxia than in the
control normoxia condition, which suggests that glycerol may be the preferred fuel of the
anoxic hagfish heart compared to glucose. The lower concentrations of glycerol in
anoxic hearts suggests that when external fuels like glucose and glycerol are provided
to the heart, glycerol is readily taken up and used by the anoxic heart.
The significant increase in activity of lipolytic enzymes, triglyceride lipase and
G3PDH, after 12 h of anoxia in E. stoutii heart with glycerol supplementation suggests
an increase capacity to breakdown lipid during anoxia exposure when glycerol is
supplied to these hearts. The predicted decrease in triglyceride and glycerol were not
seen in the E. stoutii hearts after 12 h of anoxia, which suggests that metabolite stores
are not affected after the first 12 h of the reported 36 h survival capacity of E. stoutii.
Further research with hearts that have been exposed to anoxia for longer periods of
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time may result in more significant differences in triglyceride and glycerol levels. This
result provides supporting evidence for a novel pathway that can utilize lipid droplets
located in the myocardium without the use of oxygen, and shuttle glycerol into glycolysis
to enable the fueling of metabolism during chronic anoxia.
It was also hypothesized that high lipid droplet densities in the systemic heart
would be related to higher metabolic activity during anoxia. This predicted that M.
glutinosa would have a greater lipolytic ability than E. stoutii due to the higher
prevalence of lipid droplets found in their hearts. The increase in cardiac work
parameters in anoxic M. glutinosa hearts compared to normoxia supported the
prediction that anoxia has a greater negative effect on the E. stoutii heart than the M.
glutinosa heart. The trend of higher activities of triglyceride lipase and G3PDH did
support the predicted increase in lipolytic capacity, and work with hearts exposed to
longer periods of anoxia may further support this. Finally, as predicted, there was a
significant reduction in tissue glycerol concentration, but a decrease in triglyceride was
not seen in M. glutinosa hearts after 12 h of anoxic perfusion. This suggests that M.
glutinosa are able to use endogenous stores of glycerol to fuel metabolism during
anoxia.
5.2.

CHANGES IN FH, DP AND DP/DT IN RESPONSE TO CHRONIC ANOXIA AND

FUEL SUPPLEMENTATION IN THE SYSTEMIC HEART OF E. STOUTII
The results of this study support the prediction that cardiac function can be
supported using endogenous fuels anoxia exposure. These results indicate a
decreased capacity for ATP synthesis. The perfusion studies of the E. stoutii hearts
revealed a difference in the energetic strategies between anoxic and control hearts.
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The significant decreases in fH, maximum average dP and +dP/dt suggest that there is a
metabolic depression occurring in anoxic hearts. This is supported by the work of Cox
et al., (2010) which found a 33% reduction in cardiac output in whole animal heart
perfusions over a 36 h anoxic period. Anoxia-perfused hearts were then compared to
those that were supplied with exogenous metabolites in anoxia to identify the effect that
each has on cardiac function. The increase in some cardiac work parameters with
exogenous supplementation during anoxia suggests that energy supply is limited. It is
also evident that glucose and glycerol supplementation effect anoxic heart function
differently. These increased functional parameters indicate that anoxic hagfish hearts
work best when exogenously supplemented with metabolites, specifically that glycerol
supports a larger increase in ATP production in the anoxic heart than glucose because
of the large, significant increases in - dP/dt and + dP/dt rates as well as dP in the anoxic
heart when it is supplied. While glucose increased fH, the change was not as large as
the change in the other parameters with glycerol. This means that the hearts were
better able to utilize glycerol, rather than glucose, in the absence of oxygen and
depleted glycogen, and that is would be a very effective energy substrate during anoxia
exposure. The increases in –dP/dt during anoxia may be a result of phosphorylation of
cardiac proteins like troponin I (TnI) and myosin binding protein (MyBP-C) during anoxia
to allow the release of the myosin head to occur at a faster rate (Tong et al., 2004).
Both TnI and MyPB-C have been shown to be involved in the rate of cross-bridge
cycling by changing the force needed to contract (Tong et al., 2004; Winegrad, 2000).
The reduction in cardiac parameters during anoxia alone, and the increase in these
parameters with glycerol supplementation supports the prediction that glycerol is

47

important for maintained cardiac work during anoxia. Further work is required to
determine if such changes in protein phosphorylation occur in the hagfish heart during
anoxia exposure.
5.3.

THE EFFECT OF ANOXIA AND EXTERNAL FUEL SUPPLEMENTATION ON

LIPID METABOLISM IN THE HEART OF E. STOUTII
In order to identify the effect of exogenous glucose and glycerol on the proposed
pathway during anoxia exposure, we compared the activity of lipolytic enzymes and
concentrations of metabolites between controls and hearts perfused with added
metabolites in anoxia. The significant increase in lipase activity when glycerol is
supplied to anoxic hearts suggests that this metabolite is stimulating the pathway in the
E. stoutii heart during anoxia exposure (Figure 5). In the live animal, this exogenous
supply of glycerol could be broken down in the liver or nearby muscle tissue and sent to
the systemic heart during anoxia (Figure 14). To compare, the activity of G3PDH was
significantly increased when either carbon fuels were supplemented under anoxic
conditions. G3PDH activity was also increased, though not significantly, in anoxia
without supplemental fuels. This suggests that activity of this enzyme increases in
response to glycerol during anoxia in E. stoutii hearts to possibly shuttle glycerol
metabolites into glycolysis. The role of anoxia should be further investigated in the
other tissues of hagfish, as the activity of GK and G3PDH are significantly higher in the
liver than in the heart in both species (Figure 14). This suggests that the site of lipid
breakdown into glycerol may be occurring on a body- wide scale during chronic anoxia
exposure. Triglyceride lipase activity from the liver and cardiac tissue of E. stoutii are
similar and significantly higher than activity in the dorsal muscle. This suggests that use
48

of lipid by the heart is comparable to the liver, which is typically where lipid is stored and
processed. Activity of triglyceride lipase in M. glutinosa is similar in all tissues, which
suggests lipid is used and stored in all tissues of the body. The presence of triglyceride
lipase, GK and G3PDH in other tissues of the body indicates that lipid- derived
metabolites, such as glycerol, may be shuttled to the hagfish heart during chronic
anoxia.
Glycogen concentrations in E. stoutii were 10% of those previously recorded by
Gillis et al. (2015). These lower values can be explained, at least in part, by the amount
of work the hearts did as well as the duration of anoxia exposure. The pressure applied
by the pump and the balloon inserted into the ventricle stimulate the hearts to work
harder in the Langendorff apparatus than would have occurred on the passively
perfused heart in the Gillis et al. (2015) study. E. stoutii hearts were also perfused in
anoxia for 12 h for this thesis, compared to the 8 h used by Gillis et al. (2015). The
trend of decreased glycogen concentration in anoxic exposures suggests that isolated
hearts are utilizing glycogen at a greater rate than the groups exposed to normoxia.
The activity of G3PDH in E. stoutii hearts was only significantly increased when
additional metabolites were present in the saline during anoxic perfusion, but lipase
activity was only significantly elevated during anoxia when glycerol was supplemented.
This increase in lipolytic enzyme activity during anoxia exposure suggests that lipids
may be created during anoxia exposure when excess glycerol is present in the heart
(Table 2; Figure 12). As seen in normoxia, there was a significant increase in the
glucose present in hearts supplemented with glucose, but the same increase in
glycerol-supplied hearts was not seen (Table 2; Figure 12). This suggests that the
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anoxic hearts are using glycerol at a faster rate than they do during normoxic
conditions. This lack of an increase in glycerol concentration in the systemic heart
tissue during anoxia exposure when glycerol is supplied exogenously is likely not a
result of transport because aquaglyceroporins (AQPs) have been found in the hearts of
hagfish (Madsen et al., 2015), so the movement of glycerol into the cells would not be
affected by lack of ATP. AQPs are a type of aquaporin that also facilitate the movement
of glycerol. These glycerol selective aquaporins have been isolated in both E. stoutii
(Nishimoto et al., 2007) and M. glutinosa (Cutler et al., 2012). With the addition of
supplemental metabolites to control hearts, the increase in the tissue levels of glucose
and glycerol measured in the hearts perfused with those compounds was expected, as
there was an abundance of each metabolite in the saline. However, the increase of
glycerol when glucose is provided, when compared to controls, could suggest that
glycerol may be made in hearts that are supplied with excess glucose when there is
oxygen present (Table 2). The activity of triglyceride lipase was not increased during
anoxic exposure without fuel supplementation. The increase of lipolytic enzyme
activities and the decrease in triglyceride in glycerol-supplemented anoxia exposure
supports the proposed pathway and the hypothesized increase in activity with glycerol
supplementation.
When the hearts of E. stoutii were perfused for 12 h, the concentrations of the
metabolites in the saline changed over time. The non-significant changes in triglyceride
concentration when glycerol was supplemented suggests that the hearts may be
preferentially using exogenous glycerol rather than stored lipid. If E. stoutii hearts are
using the glycerol from the perfusate to fuel anoxic energy production, then the increase
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in triglyceride seen in the perfusate could be the heart releasing the excess triglyceride
into the saline to reduce its buildup in tissues. The increase in triglyceride concentration
in the normoxia-perfused hearts with glycerol supplemented was not statistically
significant, however the increase in this metabolic byproduct was observed in anoxiaperfused hearts. This suggests that anoxic E. stoutii hearts may be breaking down
more triglyceride than the normoxic hearts. As seen in the tissue, the concentration of
glycerol increased in the perfusate of normoxic E. stoutii hearts when there was glycerol
added prior to perfusion. This nearly significant increase (p = 0.056) was not seen in
the anoxic perfusate supplied with glycerol. This suggests that glycerol may be used by
the anoxic hearts at a faster rate than in normoxic hearts. When glucose was
supplemented to E. stoutii hearts there was a trend of higher concentrations of glycerol
in the saline during anoxia but a decrease in glycerol during anoxia when compared to
control. This trend of differing glycerol use between anoxia and normoxia suggests that
glycerol is used more readily in the anoxic hearts. The decrease in glycerol
concentration in the saline in anoxia when glucose is supplied suggests that E. stoutii
do not release glycerol as much as the normoxic hearts do.
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Figure 11. The effect of anoxia and supplemental fuel sources on the proposed pathway. Arrows indicate the
direction of significant differences in enzyme activity or metabolite concentration in treatment (colour dictating; see legend)
(p < 0.05) from the control hearts.
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Figure 12. Effects of treatments on metabolite concentrations in the saline that perfused the hearts for 12 h.
Arrows indicate significant differences between the treatment and control perfusate (p-value < 0.05; n = 6).
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5.4

SPECIES COMPARISON

5.4.1.

Pressure generation and fH

The significantly higher fH and +dP/dt of the hearts from M. glutinosa under
anoxic conditions, compared to those from E. stoutii under similar conditions suggest
that these hearts have a higher rate of energy production and utilization. These data
support the prediction that M. glutinosa are more anoxia tolerant than E. stoutii.
According to the measured fH, dP, +dP/dt and –dP/dt data, the hearts of M.
glutinosa and E. stoutii respond differently to anoxia exposure. Both +dP/dt and –dP/dt
decrease in E. stoutii, but increase in M. glutinosa. E. stoutii systemic heart decreases
fH, and – dP/dt slightly during anoxia, but significantly increases dP to compensate,
while anoxic M. glutinosa hearts increase +dP/dt, –dP/dt and dP during chronic anoxia.
These trends highlight the possible difference in anoxia tolerance between these two
hagfish species as cardiac function is increased more during anoxia in M. glutinosa than
in E. stoutii. The decrease in fH and – dP/dt suggest a possible compensation between
fH and –dP/dt. This relationship has been demonstrated in chick embryos by
Cheanvechai et al., (1992), where developmental decreases in fH are matched with
corresponding increases in –dP/dt. These changes could increase stroke volume by
giving the heart greater time to fill, as previous reported, during anoxia exposure in E.
stoutii hearts. Higher rates of whole animal metabolism for M. glutinosa are measured
by Forster et al. (1990). Together, the increase in cardiac function seen in M. glutinosa
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compared to E. stoutii supports the hypothesized increased anoxia tolerance of M.
glutinosa.
5.4.2.

Lipid metabolism

To determine if lipid is being broken down into glycerol and shuttled into
glycolysis for ATP generation during chronic anoxia exposure in the hagfish heart, I
measured the activity of specific enzymes and the concentration of specific metabolites.
Each of these are part of the proposed lipolytic pathway that would make such a feat
possible. It was expected that M. glutinosa would have higher lipolytic activity overall
due to the higher lipid droplet densities found in their hearts. With oxygen present or
absent, the M. glutinosa hearts had significantly higher lipase and G3PDH activity and
lower triglyceride concentrations than the E. stoutii hearts. But after 12 h of anoxic
perfusion, there was also significantly less glycerol and more lactate in the M. glutinosa
hearts than in the anoxic E. stoutii hearts. These results indicate that there are speciesspecific differences in the response of hearts to anoxia exposure. In addition, the higher
activity of the lipolytic enzyme in the hearts of M. glutinosa under both normoxic and
anoxic conditions compared to those from E. stoutii suggests that these hearts have a
greater capacity for lipid metabolism at all times.
When the changes in the activity of the lipolytic enzymes and metabolite
concentrations were compared between normoxia and anoxia in each species
separately, there appears to be a difference in the response of the proposed pathway.
These differences could be a result of the difference of lifestyles between species; E.
stoutii lives on mixed rocky substrate and uses crevices in the rock for cover, while M.
glutinosa lives on sandy substrate and burrows into the sediment for shelter. For
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example, when E. stoutii were exposed to anoxia the data suggest that there was a
decrease in lipase activity and in the concentrations of triglyceride and lactate.
Comparatively, the results suggest that both of these increased when M. glutinosa were
exposed to anoxia. This could mean that hearts from M. glutinosa increase lipolytic
metabolism during anoxia and E. stoutii may use glycerol, rather than lipid (Table 4).
Such changes would explain the significantly lower concentration of glycerol in the
hearts from M. glutinosa (Table 4; Figure 10). This suggests that glycerol is being
utilized during anoxia in the isolated M. glutinosa hearts. During the 12 h perfusions of
the excised M. glutinosa hearts, there was a trend that glycerol concentration in the
saline was lower in anoxia compared to controls (p = 0.22). Without metabolite
supplementation, this trend was reversed in E. stoutii during anoxia perfusion. These
data support the hypothesized greater capacity of M. glutinosa to maintain the metabolic
capacity of the heart during chronic anoxia due to their higher on-board lipid stores.
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Figure 13. The effect of anoxia on the proposed lipolytic pathway in E. stoutii and M. glutinosa hearts, compared
to control.
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Figure 14: Enzyme activity of triglyceride lipase, GK and G3PDH in the
unperfused heart, liver and dorsal muscle of E. stoutii (blue) and M. glutinosa
(green). Different lower case letters indicate significant differences (p< 0.05) between
tissues of E. stoutii and upper case letters indicate the same in M. glutinosa.
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5.5.

EVALUATION OF METHODS

5.5.1.

Experimental animals

The animals used in this study were wild caught so there was variation in gender,
size, age and genetic background within the individuals used. Such variation has the
potential to increase differences in metabolic rate and physiological response between
individuals (Chick et al., 2016). While the current work provides insight into the general
response of the animals, this variation may help explain some of the relatively high
standard errors of the calculated means. Recent studies with the brown hagfish
(Paramyxine atami) in Japan have been able to successfully reproduce in the lab and
studies on these lab- raised hagfish would drastically reduce variation in age, and
genetic variation of hagfish used for research. Another potential issue in using wild
caught hagfish was that there was variation in the length of time the animals were held
in captivity. For example, the time between the hagfish arriving at the Hagen Aqualab
and when trials began was 64 days for E. stoutii and 99 days for M. glutinosa. The time
difference between when the first animals were sampled and the last animals were
sampled was 179 days for E. stoutii trials and 46 days for M. glutinosa trials. While the
animals were consistently fed and healthy, it is possible that the time in captivity may
influence aspects of their physiology. For example, to determine if time in captivity
influences the metabolic processes of M. glutinosa, Foster and Moon (1986) measured
the activity of multiple glycolytic and lipolytic enzymes at time of initial capture and 1
year after. The results indicate that there were small changes in the activity of several
glycolytic and lipolytic enzymes, including LDH and G3PDH, suggesting that there were
indeed changes in metabolic processes.
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5.5.2.

In vitro evaluation of cardiac performance

In this thesis, heart function and the activity of lipolytic enzymes and associated
metabolites were measured only in isolated hagfish hearts to determine the effect of 12
h of anoxia. Care must therefore be taken when extrapolating the resultant data to
more physiological conditions when the heart is functioning in a live animal. In 2010,
Cox et al. studied the effect of anoxia on the mechanical work of the in situ E. stoutii
heart. The fH of whole fish exposed to anoxia for 36 h declined by 50% and the overall
cardiac output was reduced by 33% because of an increase in stroke volume. The
isolated hearts in this thesis were perfused for 12 h and there was only a 13% decrease
in fH seen. The cardiac output of the hearts could not be calculated from the data
collected in this thesis. One reason for this is that vertebrate hearts rarely rely
exclusively on endogenous fuel sources for long periods of time. For example, human
hearts contain enough metabolic fuel to support function for no longer than 8 min before
apoptosis is triggered. The consequences or organ system interaction need to also be
considered to completely understand how the hagfish heart functions over 36 hours of
anoxia exposure. For example, the liver is critical when studying lipid metabolism,
because it is the main site of lipid catalysis and storage (Hill et al., 2008). Without the
largest supply of lipid- derived energy, the hagfish heart is unlikely to function as it
would within the body.
5.5.3.

Langendorff apparatus

The Langendorff system that was used has limitations, including lower limits for
perfusion pressure and rate. The lowest perfusion rate of the pump used in this study
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was 3.6 mL ! min-1, which is slightly higher than the known average rate of blood
movement through M. glutinosa (3.2 mL ! min-1) (Johnsson and Axelsson, 1996) or E.
stoutii (1.3 mL ! min-1) systemic hearts (Cox et al., 2010). In addition, the method to
measure cardiac work during perfusion required a small balloon to be inserted into the
ventricle. This proved to be difficult in some cases due to the size of the balloons
compared to the ventricle, as well as their shape. In order to keep the balloon in the
heart during trials, a minimum output pressure needed to be maintained, ~7mmHg,
which is higher than the known ventricular pressure of E. stoutii (3.8 mmHg) (Cox et al.,
2010) or M. glutinosa (6.7 mmHg) (Johnsson and Axelsson, 1996). This higher
pressure, especially in E. stoutii, could be forcing the hearts to work harder than they
would normally. However, as the same pressures were used for all trials this should
cancel out any potential consequence of this technical issue between treatments.
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6.

FUTURE DIRECTIONS

6.1.

WHOLE ANIMAL TRIALS
Measuring the concentration of free fatty acids in the tissue and saline of the

isolated E. stoutii hearts is currently being done in collaboration with the lab of JeanMichel Weber at the University of Ottawa. An increased amount of free fatty acid in the
tissue or saline would support the pathway proposed in this thesis, as their buildup in
tissue or perfusate would provide direct evidence to the breakdown of triglyceride during
anoxia.
The next step from this thesis would be to apply this treatment to a whole animal
model. Exposing E. stoutii and M. glutinosa to 36 h of laboratory anoxia would allow the
enzyme activities and metabolite concentrations in the tissues and metabolite
concentrations in the plasma, including free fatty acids in tissue and plasma, to be
determined under more physiological conditions. The differences that were identified in
this thesis suggest that there may be differences in lipolytic enzyme activities and
glycerol stores within the tissue. Measures of these in the whole animal would confirm
the results of this thesis on a whole animal level.
Data from this thesis also suggests that M. glutinosa utilizes glycerol more readily
than E. stoutii, and by studying the effect of exogenous metabolites on cardiac work and
lipolytic activity would serve to expand our knowledge of the proposed pathway in M.
glutinosa.
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6.3.

EVALUATION OF VENTRICULAR TISSUE WITH TRANSMISSION ELECTRON

MICROSCOPY
The effect of anoxia on the size and density of cardiac lipid droplets in both E.
stoutii and M. glutinosa should be investigated to determine whether their size or
number significantly decreases with chronic anoxia exposure. Directly evaluating the
role of these droplets on cardiac function and anoxia survival would expand knowledge
of how the hagfish heart survives chronic anoxia
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7.

SIGNIFICANCE
This thesis suggests that anoxia-tolerant hagfishes are using a novel pathway

involving the breakdown of lipid in cardiac tissue to support metabolic processes during
chronic anoxia exposure. This thesis assessed the use of lipid and glycerol metabolism
by evaluating mechanical cardiac parameters and lipolytic capacity of the systemic
heart. The data suggest that the glycerol concentration in the M. glutinosa heart is
significantly lower after 12 h of anoxic perfusion than in the control- perfused hearts.
The glycerol concentration in the heart tissue of E. stoutii after glycerol supplementation
was not significantly increased during anoxia exposure as expected. These data
suggest that systemic hearts of M. glutinosa and E. stoutii may both utilize glycerol
during anoxia exposure. Data from this study supports the increased use of lipidassociated enzymes during anoxia in the presence of glycerol in both the E. stoutii and
M. glutinosa. This glycerol could be easily supplied to the heart from the liver or nearby
skeletal muscle. Finally, with the addition of glycerol or glucose to anoxia-perfused E.
stoutii hearts, cardiac function is preserved or increased. This improved function with
the addition of exogenous fuel sources suggest that glycogen and glucose are both
utilized as fuel sources during chronic anoxia exposure.
The evidence supporting the lipolytic metabolism during anoxia could have
biomedical implications once fully explored. This pathway has not been seen in any
other vertebrate and further research must be done to identify the full machinery in
hagfish, then it can be compared to known enzymes and pathways in other vertebrates.
If the enzymatic ability to utilize glycerol were present in other vertebrates, the removal
of toxic by-products like lactate and free fatty acids would also need to be supported. If
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this pathway can be explicitly defined and possibly activated artificially in other
vertebrates, then we may be closer to developing a protocol that is able to limit the risk
of tissue death immediately following ischemic reperfusion from myocardial infarction or
organ transplantation. The activation of a lipolytic pathway may also be used to combat
the pathological accumulation of lipid in the human heart.
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9.

APPENDICIES

9.1.

BUFFERS

Homogenization Buffer

Perfusion Buffer with Glycerol

1 mM EDTA (pH = 7.6)

15 mM HEPES (pH = 7.8)

3 mM Mercaptoethanol

445 mM NaCl

20 mM HEPES

10 mM CaCl2 Dihydrate
9 mM KCl

Imidazole / HCl Buffer

50 mM MgCl2

80 mM Imidazole (pH = 7.6)

5 mM Glycerol

Hydrazine Buffer

Glucose Assay Phosphate Buffer

516 mM Hydrazine hydrate (pH = 9.2)

70 mM NaH2PO4 (pH = 7.7)

268 mM Glycine

2.5 mM MgCl2 Dihydrate

3.56 mM MgCl2

Tris / HCl Buffer
70 mM Tris (pH = 7.5)

‘Empty’ Perfusion Buffer
15 mM HEPES (pH = 7.8)

Acetate Buffer

450 mM NaCl

333 mM Sodium Acetate (pH = 4.5)

10 mM CaCl2 Dihydrate
9 mM KCl

Emulsified triolein

50 mM MgCl2

10X PBS buffer (pH=7.4)
15 mM triolein

Perfusion Buffer with Glucose

0.5 mg ! mL-1 BSA

15 mM HEPES (pH = 7.8)

0.31 mM triton X-100

425 mM NaCl
10 mM CaCl2 Dihydrate

10X PBS

9 mM KCl

1.5 mM NaCl

50 mM MgCl2

27 mM KCl

20 mM Glucose

100 mM Na2HPO4
18 mM KH2PO4
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9.1

REAGENTS
Glucose Assay Reagent

G3PDH Assay Reagent

In phosphate buffer

In tris buffer

1 mM β-NADP

0.2 mM NADH

1 mM ATP

1 mM KCN

1.54 U/mL G6PDH

0.8 mM DHAP *

2.25 U/mL HK in 3M (NH4)2SO4*
Glycerol Assay Reagent
Glycerol Kinase Reagent

In hydrazine buffer

In Imidazole buffer

3.6 mM ATP

0.75 mM NADH

2.2 mM NAD

5 mM MgCl2

1.5 mM DDT

5 mM ATP

6.5 U/mL Glycerokinase

10mM PEP

4 U/mL G3PDH

4 U/mL PK
4 U/mL LDH

Lipase Assay Reagent

10 mM Glycerol *

In 50 mM Phosphate buffer
7.5 mM Emulsified triolein

Lactate Assay Reagent

5 mg/mL BSA

In hydrazine buffer

0.345 Sodium dodecylsulphate

1 mM NAD

1.5 U/mL Heparin

10 U/mL LDH *

* Made separately in larger concentrations, then added to wells after reagent and
samples were mixed, concentrations listed above are final well concentrations.
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9.2.

SUMMARY TABLES

Table 1. The effect of exogenous metabolites on cardiac work with, and without oxygen in E. stoutii. Data is
averaged from 6-12 h of perfusion on the Langendorff Apparatus. Control values to calculate percent change (shaded
row) are the mean ± SEM of normoxia perfused hearts that were used in this table. The percent change from the control
hearts was calculated and displayed in grey, and percent change from anoxia is displayed in blue. (*) indicate significant
differences between treatment and controls, and (†) indicate significant differences between anoxia alone and anoxia with
supplemental fuels (p < 0.05; n = 6).

Perfusion
condition
Control
+ Glucose

fH
(bpm)
10.9 ± 0.9
14.1 ± 0.5
(+ 29.5%) *

Contraction Rate
(+dP/dt) (mmHg ! s-1)
14.4 ± 3.2
16.4 ± 5.9
(+ 14.4%) *

Relaxation Rate
(-dP/dt) (mmHg ! s-1)
- 12.1 ± 1.2
- 12.6 ± 3.6
(+ 4.0%)

Average Max dP
(mmHg)
6.0 ± 0.2
11.2 ± 0.1
(+ 84.9%) *

+ Glycerol

11.4 ± 1.1
(+ 5.2%)

22.7 ± 3.4
(+ 58.3%) *

- 19.8 ± 2.1
(+ 64.1%) *

13.8 ± 0.5
(+ 128.4%) *

- O2

9.4 ± 0.9
(- 13.0%) *

11.5 ± 1.4
(- 19.1%)

- 11.4 ± 1.4
(- 5.5%)

3.2 ± 0.2
(- 46.8%)

- O2 +
Glucose

13.2 ± 0.4
(+ 22.0%) *
(+ 40.2%) †
10.5 ± 0.3
(- 3.0%)
(+ 11.5%) †

15.5 ± 2.0
(+ 7.7%)
(+ 33.0%) †
25.2 ± 5.9
(+ 75.8%) *
(+ 113.1%) †

- 14.4 ± 1.7
(+ 19.4%) *
(+ 25.2%) †
- 30.3 ± 1.2
(+ 153.3%) *
(+ 163.3%) †

7.48 ± 0.3
(+ 23.9%) *
(+ 113.1%) †
15.3 ± 0.6
(+ 152.8%) *
(+ 375.5%) †

- O2 +
Glycerol

*
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*

Table 2. The effect of exogenous metabolites on the proposed anaerobic pathway for lipid anabolism in E. stoutii
with oxygen compared to trials during chronic anoxia after 12 h of perfusion on the Langendorff apparatus.
Enzyme activities are expressed as mU ! mg protein-1 and metabolite concentrations are expressed as µmol ! g tissue-1.
Values are expressed as mean ± S.E.M. Normoxia perfused hearts are used as the ‘control’ values (shaded row) to
calculate percent change values (in grey text) and percent change from anoxia alone (blue text). (*) indicate significant
differences between treatment and controls, and (†) indicate significant differences between anoxia alone and anoxia with
supplemental fuels (p < 0.05; n = 6).
Perfusion
Treatment

Lipase Activity
(mU ! mg
protein-1)
4.3 ± 2.3

Triglyceride
(µmol ! g-1)
2.6 ± 0.7

GK Activity
(mU ! mg
protein-1)
0.04 ± 0.02

10.5 ± 3.5
(+ 142.0%)

3.3 ± 1.7
(+ 23.6%)

0.08 ± 0.2
(+ 100.2%)

G3PDH Activity
(mU ! mg
protein-1)
0.06 ± 0.03
0.4 ± 0.1
(+ 527.2%)

+ Glycerol

5.3 ± 2.2
(+ 21.9%)

0.8 ± 0.5
(- 70.3%)

0.03 ± 0.007
(- 13.6%)

- O2

1.9 ± 0.4
(- 56.2%)
3.7 ± 1.7
(- 13.9%)
(+ 96.5%)

3.2 ± 0.8
(+ 22.4%)
3.4 ± 0.9
(+ 27.5%)
(+ 4.2%)
2.1 ± 1.1
(- 18.9%)
(- 33.7%)

0.04 ± 0.005
(+ 7.5%)
0.03 ± 0.004
(- 19.9%)
(- 25.5%)
0.04 ± 0.005
(+ 12.1%)
(+ 4.3%)

Control
+ Glucose

- O2 + Glucose
- O2 + Glycerol

25.6 ± 3.0
(+ 492.2%) *
†
(+ 1250.8%)

p = 0.0644

Glycerol
(µmol ! g-1)

Lactate
(µmol ! g-1)

Glucose
(µmol ! g-1)

3.4 ± 1.0

0.2 ± 0.08

0.1 ± 0.02

11.1 ± 1.9
(+ 230.3%) *

0.1 ± 0.05
(- 71.9%)

0.5 ± 0.07
(+ 562.2%) *

0.2 ± 0.2
(+ 268.9%)

11.5 ± 3.0
(+ 241.2%) *

0.2 ± 0.08
(+ 1.1%)

0.1 ± 0.02
(+ 20.5%)

0.1 ± 0.03
(+ 121.3%)
0.2 ± 0.04
(+ 331.5%) *
†
(+ 95.0%)
0.3 ± 0.04
(+ 504.2%) *
†
(+ 173.1%)

5.8 ± 1.8
(+ 72.8%)
7.8 ± 2.8
(+ 131.1%)
(+ 33.7%)
5.5 ± 1.9
(+ 64.7%)
(- 4.7%)

0.2 ± 0.05
(- 13.7%)
0.2 ± 0.06
(- 21.2%)
(- 8.7%)
0.1 ± 0.03
(- 73.8%)
(- 69.6%)

0.1 ± 0.02
(- 14.7%)
0.6 ± 0.07
(+ 583.6%) *
†
(+ 701.2%)
0.1 ± 0.03
(- 25.8%)
(- 13.0%)

p = 0.052
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p=0.08

Table 3. The effect of exogenous metabolites and anoxia on uptake and release of fuel and waste products into
the perfusate surrounding E. stoutii hearts for 12 h on the Langendorff apparatus compared to controls. All
metabolite concentrations are expressed as µmol ! mL perfusate. Control values in shaded row are expressed as mean
± S.E.M. Normoxia perfused treatment perfusate was used as the ‘control’ values (shaded row) to calculate percent
change values (in grey text). Asterisks (*) indicate significant differences between treatments and controls (p < 0.05).
Perfusion
Treatment
Control
+ Glucose

(n=3)
(n=6)

+ Glycerol

(n=5)

- O2

(n=4)

- O2 + Glucose (n=6)
- O2 + Glycerol (n=4)

Perfusate Triglyceride
(µmol ! mL-1)

Perfusate Glycerol
(µmol ! mL-1)

Perfusate Lactate
(µmol ! mL-1)

0.6 ± 0.6
0.05 ± 0.05
(- 91.1%)
9.1 ± 4.6
(+ 1429.7%)
0.0 ± 0.0

1.86 ± 1.59
4.59 ± 2.35
(+ 139.7%)
14.56 ± 4.82
(+ 682.8%)
4.51 ± 1.93
(+ 142.6%)
0.76 ± 1.08
(- 58.9%)
(- 83.0%)
2.13 ± 1.24
(+ 14.4%)
(- 52.8%)

0.0 ± 0.0
0.0 ± 0.0

0.0 ± 0.0
40.0 ± 6.2
(+ 6649.8%)

*

77

0.0 ± 0.0
(p = 0.056)

0.0 ± 0.0
4.4 ± 0.8
(p=0.15)

4.7 ± 1.9

Table 4. Species comparison of cardiac work response to 12 h of anoxic in vitro perfusion between E. stoutii and
M. glutinosa. The percent change between control and anoxic perfusion was calculated between the mean of means for
each parameter in both species between 6 and 12 h of perfusion on the Langendorff apparatus. Percent changes
between E. stoutii and M. glutinosa were calculated and shown in brackets in grey (n = 6).
Perfusion
condition
E. stoutii control

fH
(bpm)
10.9 ± 0.9

Contraction Rate
(mmHg ! s-1)
14.4 ± 0.7

Relaxation Rate
(mmHg ! s-1)
-12.1 ± 1.2

Average Max dP
(mmHg)
6.0 ± 0.2

E. stoutii anoxia

9.4 ± 0.9 (- 13.0%)

11.6 ± 0.1 (- 19.6%)

-11.4 ± 1.4 (- 5.5%)

11.2 ± 0.1 (84.9%) *

M. glutinosa control

11.8 ± 0.9

16.4 ± 2.2

-16.5 ± 2.2

5.8 ± 0.4

M. glutinosa anoxia

11.5 ± 1.9 (- 2.9%)

20.1 ± 3.4 (+ 22.1%)

-19.8 ± 3.4 (+ 20.1%)

7.5 ± 0.5 (30.1%) *
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Table 5. Comparison of tissue lipid metabolism changes after 12 h anoxia exposure in both E. stoutii and M.
glutinosa when compared to normoxic values. Percent changes were calculated between mean control (shaded
rows) and anoxic perfusion of each species for enzyme activities and metabolite concentrations. Enzyme activities are
expressed as mU ! mg protein-1 and metabolite concentrations are expressed as µmol ! g-1 tissue. Control hearts in
shaded rows were used for calculating percent change values (grey text). Asterisks (*) indicate significant differences
between treatment groups and controls (p < 0.05; n = 6).
Perfusion
Treatment

E. stoutii

Lipase Activity
(mU ! mg
protein-1)
4.3 ± 2.3

Triglyceride
(µmol ! g-1)

GK Activity
(mU ! mg
protein-1)
2.6 ± 0.7
0.3 ± 0.2

G3PDH Activity
(mU ! mg
protein-1)
0.1 ± 0.03

Glycerol
(µmol ! g-1)

Lactate
(µmol ! g-1)

Glucose
(µmol ! g-1)

33.6 ± 10.2

0.2 ± 0.1

0.1 ± 0.02

control

E. stoutii
anoxia

M. glutinosa

1.9 ± 0.4
(- 56.2%)

3.2 ± 0.8
(- 22.4%)

0.3 ± 0.1
(+ 7.5%)

0.1 ± 0.02
(+ 121.3%)

58.1 ± 18.7
(+ 72.8%)

0.2 ± 0.1
(- 13.7%)

0.07 ± 0.01
(- 14.7%)

35.6 ± 5.2

0.01 ± 0.01

0.3 ± 0.04

0.3 ± 0.03

63.0 ± 14.7

0.4 ± 0.08

0.12 ± 0.02

45.3 ± 8.7
(+ 27.4%)

0.2 ± 0.08
(+ 1191.1%)

0.4 ± 0.07
(+ 28.2%)

0.4 ± 0.07
(+ 59.4%)

3.6 ± 1.9
(- 94.3%)

0.5 ± 0.06
(+ 37.9%)

0.14 ± 0.04
(- 16.3%)

control

M. glutinosa
anoxia

p = 0.07
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*

Table 6. The species effect of anoxia on the rate of fuel and waste mobilization outside of the systemic heart in
both E. stoutii and M. glutinosa. Triglyceride and lactate concentrations are expressed as mmol ! mL perfusate and
glycerol concentrations are expressed in mmol ! mL. Control values in shaded rows are expressed as mean ± S.E.M.
Normoxia perfused treatment perfusate was used as the ‘control’ values (shaded row) to calculate percent change values
(in grey text). Asterisks (*) indicate significant differences between treatment groups and controls (p < 0.05).
Perfusion
Treatment

Perfusate Triglyceride
(µmol ! mL-1)

Perfusate Glycerol
(µmol ! mL-1)

Perfusate Lactate
(µmol ! mL-1)

E. stoutii control (n=3)

0.6 ± 0.6

1.86 ± 1.59

0.0 ± 0.0

E. stoutii anoxia (n=4)

0.0 ± 0.0
(- 100%)
1.8 ± 1.6

4.51 ± 1.93
(+ 142.6%)
1.17 ± 1.48

0.0 ± 0.0

1.6 ± 1.6
(+ 49.5 %)

0.16 ± 0.16
(- 86.6%)

8.2 ± 2.2
(+ 30.8%)

M. glutinosa control (n=6)
M. glutinosa anoxia (n=4)
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4.7 ± 0.8

