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Abstract

The mechanism(s) responsible for the cardiotoxicity of CO are not clear and do not
appear to arise solely from tissue hypoxia. Tissue hypoxia is produced by CO binding to
haemogtobin and reducing the amount of oxygen carried by the blood in vivo. CO-induced
hypoxia in vivo may be responsible for producing conditions such as those found during
ischaemia/reperfusion (I/R) injury. Reactive oxygen species (ROS) produced during I/R
injury is established and responsible for cellularftissue damage from the oxidative
damage. We postulate that oxidative stress is responsible for the CO-associated cardiac
morbidities found in some cases following severe acute exposure to CO.

Isolated perfused rat hearts were used to investigate the physiological and biochemical
changes in heans following CO exposure. Hearts were perfused with buffer equilibrated
with different mixtures of CO (0-0.05% CO for 30 minutes) in the presence of 21% oxygen
during and after CO exposure (for 90 minutes), i.e. normoxic conditions were used
throughout. Some hearts were perfused with water-soluble antioxidants (ascorbic acid and
TroloxC) before and during the CO exposure. The reduced heart rate and perfusate flow
suggest that CO may have a direct effect in heart tissue. Biochemical measurements
suggest that no tissue hypoxia occurred under these conditions. The results provide
evidence to suggest that oxidative stress occurred in ventricle tissue after CO exposure
and was attenuated by the antioxidants. However, isolated rat liver mitochondria exposed
to CO and/or hyperoxia showed no ROS production suggesting that mitochondria may not
be a source of the oxidative stress.

CO exposure may also produce altered myocardial energetics by oxidatively modifying
and/or binding to myoglobin. Tissue damage initiated by CO-induced oxidative stress and
hypoxia may potentiate ageing within heart tissue in vivo and could be responsible for
producing the observed CO-associated heart morbidity in an I/R-/ike injury.
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Chapter | Introduction

1.1 Background

Carbon monoxide (CO) is an odourless, tasteless, non-irritant, and colourless gas that
diffuses across lung alveoli with relative ease compared to oxygen (Traber & Bradford,
1696). Natural gas contains no CO, whereas coal gas has ca. 8% CO by volume (de Vries
et al., 1977). CO intoxication is the leading cause of unintentional death in the United
States (Varon & Marik, 1997) and these properties of CO have led this gas to be termed a
‘silent killer' (Henry, 1999). Admissions to hospital with CO poisoning are largely from fire
smoke inhalation, suicide attempts and faulty heating systems (Cobb & Etzel, 1991). CO
exposure can also occur as a result of smoking cigarettes (Allred et al., 1989; Zevin et al.,

2001).

Fire smoke comprises a mixture of gases depending on the fuel source undergoing
pyrolysis (Bucci et al., 1978). These include hydrogen cyanide and cther irritants (Kulig,
1991; Kulling, 1992; Shusterman et al, 1996). Chemical solvents affect hepatic
metabolism; a classic example is the production of cyanide wvia the microsomal
metabolism of aliphatic nitriles, which was shown to be potentiated by acetone and
inhibited by CO (Freeman & Hayes, 1988; Scolnick et al., 1993; Willhite & Smith, 1981).
Fire victims have a significant comrelation between blood cyanide and CO concentrations
(Baud et al., 1891). The inhalation of dichloromethane (DCM), a solvent used in many
applications, produces endogenous CO through its metabolism by oxidative dechlorination
(see 1.4.2.1). CO is widespread in domestic fire smoke and is recognized as a major
determinant of patient survival after fire smoke inhalation (Traber & Bradford, 1996). CO is
a toxic by-product arising from the incomplete combustion of carbon containing
(carbonaceous) materials (Levasseur et al.,, 1996). The lethal effects of combustion

products were first mentioned by Aristotle in 3 BC (Weaver, 1999):

“Coal fumes lead to heavy head and death.”
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Exposure to CO during pregnancy (from the maternal inhalation of fire smoke,

environmental exposure, or smoking) can damage the developing foetus in ufero,
producing cardiac defects, and limiting the newborns’ growth and development (Finette et
al., 1998; Ginsberg & Myers, 1976; Nelson, 2001; Sozzi & Pierotti, 1998). It has also been
found to alter nerve myelination and vascular reactivity, and change dopaminergic
transmission associated with impaired sexual behaviour in newborn male rats intoxicated
during prenatal CO exposure (Cagiano et al., 1998; Carratu et al., 2000a; Montagnani et
al., 1996). Sphingomyelin homeostasis is impaired in the peripheral nervous system of
male rats. These rat brains showed no altered metabolism of sphingomyelin precursors
after prenatal exposure to CO (CarratQ et al., 2000b). Severe acute exposure to CO can
cause foetal death or toxic effects such as anatomical deformities and dysfunction

(Norman & Halton, 1990).

Blood [COHb] are elevated in smokers and urban populations due to CO inhalation.
Smoking tobacco may initiate angina pectoris as a result of the inhaled CO (Oram &
Sowton, 1963). Chronic smokers have blocd COHb levels ranging from 4 to 6%; this can
augment myocardial hypoxia due to the nicotine-induced coronary vasoconstriction
(Walden & Gottlieb, 1990). Some workers have reported these levels to be higher, with
blood COHb levels approaching 14% in heavy smokers compared to the 1-2% in non-

smokers (Loennechen et al., 1999).

CO toxicity in mammals was solely attributed to tissue hypoxia from CO binding to
haemoglobin (Turner et al., 1999). CO binds to the ferrous haem of haemoglobin (Hb) with
a greater affinity (ca. 250 times) relative to oxygen. Therefore, hypoxia results due to the
decreased oxygen carrying capacity of the erythrocytes (Shimosegawa et al., 1992; and
described in 1.2.1). Oxygen combines with Hb ca. ten times faster than CO, although CO
dissociates very slowly from COHb due to its high affinity for Hb (Killick, 1940). CO binds
to other haem-containing proteins (haemoproteins) and this binding is also considered to
play a major role in the cellular toxicity of CO (Somogyi et al., 1981). One such

mitochondrial haemoprotein is cytochrome ¢ oxidase whose function is in cellular
22
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respiration (see 1.4.2.3). This inhibition of cytochrome ¢ oxidase leads to impaired cellular

function by the limited cellular respiration (Kulling, 1992).

The literature presented (in this chapter) emphasizes the severity of CO poisoning and
that CO toxicity does not result solely from tissue hypoxia, and that it may also have direct
toxic effects. This chapter will conclude with the hypothesis (1.7), and the overall aim and

objectives (1.8) of the research that are described in later chapters (1.9).
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1.2 Clinical Symptoms of CO Poisoning

CO intoxication is difficult to diagnose from the clinical symptoms (Table 1.1). Chronic
exposure to CO can produce flu-like symptoms, headaches, fatigue, visual disturbances,
diarrhoea and are easily mistaken for other ailments (Meredith & Vale, 1988; Min, 1986;
Raub et al., 2000). It is estimated that nearly one third of all the cases of CO poisoning are
undiagnosed (Hardy & Thom, 1994). The symptoms shown in Table 1.1 have been
classified into behavioural and physiological to highlight the severity and diversity of CO

poisoning.

Levels of CO can accumulate rapidly in the workplace due to poor ventilation and can be
responsible for poor health. Racing drivers have poor psychomotor performance due to
CO and heat exposure, i.e. analogous to house fire conditions (Walker et al., 2001).
Muscle necrosis has been observed in several cases of CO poisoning and
rhabdomyolysis has been found in a patient following the secondary exposure to CO from
inhaling fire smoke (Finley et al., 1977; Shapiro et al., 1989) Severe acute exposure to CO
can cause heart failure (Ginsberg & Myers, 1976). Autopsy has showed signs of
circulatory failure in 45% of cases following acute CO poisoning (Marek & Piejko, 1972).

Other uncommon symptoms can be found in the references cited in this section (1.2).
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Physiological presentation

Behavioural changes

Abnormmal ECG traces
Cardiorespiratory arrest
Convulsions

Fever

Gastroenteritis
Hypotension
Leukocytosis

Necrosis of the globus pallidus

Urinary incontinence

Cerebral, cerebellar, and mid-brain damage
(e.g. Parkinsonism and akinetic mutism)
Hallucinosis

Memory impairment

Mood swings

Reduced level of consciousness

Verbal and/or physical aggression

Table 1.1 Common symptoms observed after CO inhalation that could be misdiagnosed.

These physiological and behavioural symptoms were taken from Chiodi et al. (1941);
Gorman et al. (1992); Kulling (1992); Meredith & Vale (1988); and Min (1986).
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1.2.1 Carboxyhaemoglobin (COHb)

Haemoglobin (Hb) is the oxygen carrying haemoprotein in blood cells that transports
oxygen to the tissues (Goldbaum et al., 1976). Other than carrying oxygen, Hb behaves
as a buffer in erythrocytes contributing to the bicarbonate-carbonic acid buffering system.
The dissociation of oxygen (O.) from oxyhaemoglobin (HbO,) controls (to some degree)

the amount of carbon dioxide that can be carried by the blood (Dawber & Moore, 1980).

CO binding to Hb produces carboxyhaemoglobin (COHb), producing a leftward shift in the
oxygen-dissociation curve with increasing blood [COHb] (see Figure 1.1); therefore,
resulting in tissue hypoxia (Roughton & Darling, 1944). The sigmoidal characteristic of the
oxygen dissociation curve (in the absence of any CO) is due to the cooperative nature of
the haemoglobin molecule, with oxygen being released {at tissues) under low partial
pressures of arterial oxygen (Roughton, 1970). COHb reduces the dissociation of oxygen
already bound to Hb, therefore, potentiating tissue hypoxia (Broome et al., 1988). The
binding of CO to the widely found normal adult haemoglobin, i.e. haemoglobin A (Hb A)
has been considered. It should be mentioned for completeness that Hb taken from sickle
cell containing blood (Hb S) has a small significant difference in the relative affinity for CO
(Rodkey et al., 1974). The lower oxygen carrying capacity of Hb in these blood conditions

could exacerbate CO poisoning (Chevalier et al., 1963; Rodkey et al., 1969).
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Figure 1.1 The oxygen dissociation curve for haemoglobin in the presence of carbon
monoxide (CO). The plots show a loss of the sigmoidal relationship with increasing CO
levels. The blood levels of COHb are 0, 10, 25, 50 and 75% are shown by I, li, I, IV and
V, respectively. (The illustration is taken from:

http:/f'www.phymac med wayne eduffacultyprofile/penney/COHQ/coHaldane1.htm).
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The percentage of COHb and observed symptoms following exposure to CO is shown in

Table 1.2. Blood [COHDb] can indicate exposure to CO. The level cannot indicate the
severity of the poisoning, predict the outcome, or suggest a suitable protocol for treatment
(Brown et al., 1996; Dolan, 1985; Hardy & Thom, 1994; Raub et al., 2000; Scheinkestel ef

al., 1999; Wald et al., 1981).

CO levelin air Estimated range of Effects
(ppm) COHb in blood (%)
100 10to 20 Mild headache within 4-6h; and a shift
towards anaerobic metabolism.
200 2510 35 Mild frontal headache within 2-3h;

nausea and syncope; mild exertional
dyspnoea; and gastroenteritis.

400 40 to 45 Severe frontal headache; nausea within
2-3h; and visual disturbances.

600 55 to 65 Severe headache; nausea in 1h;
unconscious in 2-3h with death after 4h;
and seizures and coma.

800 > 60 Unconscious after 1h with death in 2-3h;
cardiopulmonary dysfunction and death.

Table 1.2 Steady-state concentration of blood carboxyhaemaoglobin (COHDb) following the
inhalation of carbon monoxide (CO) produces symptoms above COHb levels of 10%
(Meredith & Vale, 1988). The relationship between the CO concentration in alveolar
breath and the blood COHb level is linear (with a correlation coefficient of 0.97) in
smokers and non-smokers (Wald et al., 1981). The above data was compiled from Raub
el al. (2000); Scharf et al. (1974); and Varon & Marik (1997).
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1.3 Treatment for CO Toxicity

The obvious rationale for treatment is to alleviate the CO-induced tissue hypoxia. CO
toxicity and the presence of COHb in the blood has led to using artificial blood to deliver
oxygen. Rats whose blood was replaced by a fluorocarbon substitute, that can carry
seven percent of oxygen by volume, showed no symptoms of CO poisoning despite being
exposed to 10% CO (Broome et al.,, 1988). The primary treatment of CO intoxicated
victims is to remove the CO before it causes any morbidity. Hyperbaric oxygen therapy is

the chosen treatment for victims of CO poisoning (below).

1.3.1 Hyperbaric Oxygen Therapy (HBOT)

Hyperbaric oxygen therapy (HBOT) comprises exposing the patient to 100% Q. at
pressures ranging from 2-2.8 atmospheres (atm). All liquids have the ability to dissolve
gases; blood exposed to pure oxygen at 38°C and 1 atm will dissolve approximately 2.3ml
of oxygen in 100ml, and twice as much oxygen if the pressure is doubled in accordance to
Henry's Law (End & Long, 1942). High pressures are used to increase the amount of
dissolved oxygen into the blood and so displace CO from haemoglobin within erythrocytes

(Smith & Sharp, 1960) and provide oxygen to hypoxic tissues.

The elimination of CO is increased when HBOT is performed compared to normoxic
oxygen therapy (100% at 1 atm) or breathing air with half-lives ({,») of 23, 80, and 320
minutes, respectively (Myers et al., 1985; Scheinkestel et al, 1999). This treatment
appears beneficial with reference to the increased elimination and symptoms of CO
poisoning (Table 1.1); therefore, this is the rationale for its clinical use. However, this
treatment is restricted to the facilities that are available at the administered hospital, and
guided by the protocol(s) that are based on previous cases of CO and fire smoke

inhalation (Broome et al., 1988).

HBOT is used as supplementary therapy in other conditions such as wound healing,

arterial gas embolism, calciphylaxis (Dean & Werman; 1998), regeneration of nerves
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(Haapaniemi et al., 1998), reversing radiation-induced progressive obliterative endarteritis

of small blood vessels (Baert et al., 1998), decompression sickness and it is a primary
treatment for symptomatic fire smoke victims (Hammarlund & Sundberg, 1994; Kindwall,
1993; Rogatsky et al., 1999; Uh! et al., 1994). The protocol(s) used for treating fire smoke
victims varies between hospitals due to the differing experiences encountered by the
hyperbaric teams. Oxygen inhaled at 3 atm occupies 6.4-6.6 ml of blood per 100mi; this is
similar to the volume of oxygen used by tissues upon one pass through the capillary bed.
This pressure is assumed to supply an adequate level of oxygen to the tissues during
hypoxia resulting from the formation of COHb during intoxication (Davis & Hunt, 1977;
End & Long, 1942). Haldane (1895) failed to recognise the therapeutic benefits of HBOT
while studying mice. In these experiments, mice with fully saturated Hb by CO poisoning,
were subjected to oxygen under pressure (2 atm). The results showed live mice after HBO
was administered relative to the dead mice (in controls) that were given air (End & Long,

1942).

1.3.2. Risks of HBOT

The work carried out by Bert in 1878 (as described in End & Long, 1942) studied
“excessive pressures” on various small animals. Pneumcnia or convulsions were
observed in these animals and atiributed to oxygen toxicity. There are risks of oxygen
convulsions during routine HBOT, although this associated risk is low at ca. 3% (Hampson
et al., 1996). The data (from 300 patients) studied by Hampson and workers showed that
increasing the pressure (2.45-3 atm) during HBOT significantly increased the likelihood of
seizures. N-methyl D-aspartate (NMDA) receptor antagonists have been shown to delay
the incidence of these HBO-induced convulsions in male Sprague-Dawley rats (Dale et
al., 2000). The body tissues receive an adequate oxygen supply during HBOT. However,
some cellsitissues may not be able to utilise this oxygen (due to metabolic inhibition)
thereby resulting in localized tissue hyperoxia. CNS injury due to CO poisoning often
requires the use of higher pressures than normally used and may produce further injury
from oxygen toxicity. The work by Shilling and Adams in 1935 showed oxygen inhalation

at 4 atm to be dangerous. However, it could be used at 3 atm for up to three hours and
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even longer periods at lower pressures (End & Long, 1942). Morbidity following CO

intoxication in man occurs commonly through a loss of higher mental functioning and

depression (Gorman et al., 1992).

Jiang & Tyssebotn (1997) showed that HBOT improved the “short-term” outcome
assessed by mortality and neurological morbidity in rats exposed to CO (0.27% in air for
1h) compared to NBO treated rats. Lipid peroxidation in the rat brain following CO
exposure was prevented by HBOT (3 atm for 45min). HBOT prevented the conversion of
xanthine dehydrogenase (XDH) to xanthine oxidase (X0}, which is known to be activated
by leukocytes and so prevented the leukocyle-associated myeloperoxidase activity
(Thom, 1993). However, treatment in this case with 1 or 2 atm HBQ, or 3 atm normoxic
gas (7% O,) did not prevent the observed CO-mediated lipid peroxidation. Oxidative

stress (1.5) has been reported following HBO exposure (Bearden et al., 1999).

Changes have been observed in the lens nuclei within the eyes of guinea pigs treated with
HBO. These observations are typical of those occurring naturally over time and were
attributed to cytoskeletal proteins being oxidised due to HBO (Padgaonkar et a/., 1999).
Acute exposure of HBO is shown to cause significant reversible changes in Sprague-
Dawiley rat erythrocyte rheology and morphology (Amin et al., 1995). Some patients have
been found to undergo middle ear trauma associated with HBOT (Blanshard et al., 1996).
Oxygen under high pressures can inhibit nucleic acid synthesis (Rueckert & Meuller,
1960) and shown to produce DNA damage on the first treatment followed by an adaptive
response after subsequent treatments (Dennog et al., 1999; Rothfull et al., 1998). HBO is
also shown to be mutagenic in mouse lymphoma cells (Rothfuss et al., 2000). Increased
oxygen tensions can enhance Na‘*/K*-ATPase in the brain and impair the vital electrolyte

balance (Schmit & Gottlieb, 1982).

1.3.3 Pregnancy and HBOT

The use of HBOT during pregnancy is still under debate, however, some pregnant women

have had HBOT following fire smoke inhalation (Brown et al., 1992). Early work by Telford
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ef al. (1969) showed foetal wastage (as assessed by foetal reabsorption) in rats subjected

to HBOT (2 atm for 6h) (Van Hoesen et al., 1989). There is evidence to support and
contradict the use of HBOT during pregnancy. Some literature suggests that foetuses are
resistant to CO poiscning (Gasche et al., 1993; Mathieu et al., 1996). However, a study on
foetal outcome following accidental CO exposure concluded that there were short and
long-term risks due to the increased accumulation of CO in the foetus relative to the
mother, and a slower elimination of CO by the foetus with respect to the maternal
circulation (Gabrielli ef al. 1985; Koren et al., 1991). Ethical consideration preclude human

experiments in this area.
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1.4 CO & The Myocardium

The brain and myocardial tissues require oxygen for their function and to sustain life. The

high oxygen demand by these tissues limits their tolerance to hypoxia and so they are
considered target organs for CO poisoning (Cramlet et al., 1975; Silver et al., 1996). Klebs
first noted the involvement of the heart in CO poisoning by recording tachycardia and
arrhythmias. He also observed punctiform and diffuse haemorrhages in the pericardium
and endocardial tissues (Ehrich et al, 1944). The following will highlight some

physiological and biochemical changes that occur in the myocardium due to CO exposure.

1.4.1 Physiological Changes In The Heart

Cardiac complications after CO exposure (Table 1.1) arise following changes in the

myocardium induced during and/or after CO exposure.

1.4.1.1 Electrocardiogram and tissue abnormalities

Contractile changes suggest immediate damage from CO as shown by changes in
electrocardiography (ECG) traces. Ehrich et al. (1944) described an alteration in the T-
waves and S-T segments of stray dogs that had inhaled CO. The T-wave changes
included depression and inversions, however, permanent negative T-waves were evident
when the [COHb] in blood was increased to 70-75%. Elevated R-T segment was observed
at 40% COHb and heart block occurred when [COHb] exceeded 75%. These workers also
found similar T-wave changes after the transfusion of CO-saturated erythrocytes.
Microscopic examination of the CO-exposed hearts showed haemorrhages and necrotic
regions. However, these workers also concluded degenerative changes in individual
muscle fibres based on their observations. Prenatal exposure to 0.0075 and 0.015% CO
altered developmental changes in ion channels responsible for the electrical properties of
muscle fibres in newborn rats (Carratu et al., 1993; De Luca et al., 1996). CO has caused

direct smooth muscle relaxation in a number of tissue preparations (Colpaert et al., 2002).
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Other studies conducted in man also show similar damage from CO poisoning (Kjeldsen

et al., 1974; Middleton et al.,, 1961). Anderson et al. (1967) found inverted T-waves,
depressed S-T segment and a prolonged Q-T period in several cases. Follow-up of these
cases in victims who survived showed normal ECG trace recovery after periods ranging
from 1 day to 2.5 months. Postmortem of the heart (in one case) showed degenerative
focal lesions throughout the heart, although predominantly in the left ventricle. Swollen
and necrotic muscle fibres were observed with inflammatory cells in a few regions. Other
workers have reported atrial fibrillation and intraventricular block (Cosby & Bergeron,
1963; Hayes & Hall, 1964; Middleton et al., 1961; Stearnes et al.,, 1938). Focal areas of
leukocyte aggregation and punctate haemmorhages are observed in heart tissue after CO

exposure {Gdirich, 1926, Klebs, 1865).

1.4.1.2 Heart disease and CO exposure

Patients with atherosclerotic cardiovascular disease are at increased risk of morbidity after
CO intoxication. The depressed coronary blood flow (prevalent in this condition) cannot
compensate for the required increase in coronary flow (CF) during elevated myocardial
oxygen demand, such as in (myocardial) hypoxia caused by intense exercise, high
altitude or CO exposure (DeBias et al., 1976). Allred et al. (1989) showed that blood
f[COHD] of 2 and 3.9% in coronary artery disease (CAD) patients decreased the time of
onset to angina by 4.2% and 7.1%, respectively. Similar findings have been reported in
studies using patients with ischaemic heart disease (Anderson et al., 1973; Aronow &

Ishell, 1973; Aronow, 1981; Sheps et al., 1987).

CO has been directly implicated by several groups in inducing myocardial infarction (M),
although these findings are rare. Ebisuno et al. (1986) reported the case of a 28-year old
male who suffered a MI after CO poisoning. The diagnostic evidence (ECG trace, serum
enzyme profile and scintigrams) reported for this case led these workers to conclude a Ml
attributed to CO-induced hypoxia. These workers suggested that CO may induce coronary

vasospasm or increase thrombotic formation by decreasing blood flow; therefore,
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producing a MI from the reduced myocardial oxygen supply. Similar findings have been

reported by Anderson et al. (1867); Ayres et al. (1970); Marius-Nunez (1990); and Scharf

et al. (1974).

Ayres et al. (1970) showed the development of angina pectoris in patients who showed no
previous arteriographic evidence for CAD. They concluded that myocardial hypoxia arising
from COHb may be responsible for producing the symptoms of angina pectoris. Scharf et
al. (1974) estimated the maximum concentration of blcod [COHDb) to be 15-25% at the
onset of symptoms and concluded that this level could cause cardiac alterations as
assessed by ECG traces, and was responsible for the observed transmural Ml. Physical
exertion increases the ventilatory rate and subsequently the rate of uptake of CO. A study
using firefighters found that a fixed level of atmospheric CO (0.03%) could quickly elevate
the blood [COHb] to lethal levels (Griggs, 1977). An epidemiological study has shown that
the cardiac mortality rate for tunnel workers was greater than bridge officers (in New York)

due to the higher levels of CO found in the tunnels (Stern et al., 1988).

1.4.1.3 Haemodynamic changes

CO poiscning in vivo produces cardiac morbidity and/or mortality. Immediate
cardiovascular changes during CO exposure occur to compensate for the CO-induced
hypoxia in vivo. Long-term change(s) are difficult to predict because of affected
myocardial tissue from the initial CO insult {7.4.1.7 and 7.4.1.2). Haemodynamic changes
in the absence of CO are regulated principally by the oxygen demand. Therefore, factors
such as gaseous exchange, temperature, hormonal status and cardiac output (a reflection
of the work rate} are constantly changing to maintain the oxygen demand of the tissues.
Forbes et al. (1945) showed the relationship between COHb saturation and ventilation
rate, duration of inhalation and the percentage fraction of inspired CO. Tachycardia is
observed during acute exposure to CO in both anaesthetized and conscious dogs and
rats. This response appears to be dependent on the [COHb] (Penney, 1988). However,

this reflex change in heart rate during CO exposure is not consistent (Penney et al.,
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1979). Dogs exposed to CO developed bradycardia, although this was later normalised to

a regular rhythm by pacing the heart (Dergal et al., 1976).

Other findings also support cardiovascular changes during CO-induced hypoxia. Sylvester
et al. (1979) showed the stroke volume (SV) increased accordingly (in response to CO
exposure) in anaesthetized paralysed dogs with a constant ventilation rate. Similar
responses have been observed in the rat model when maintained in a narrow COHb
range or increasing the blood [COHb] (Kanten et al, 1983; Penney et al, 1979).
Extrapolation to larger mammals would be expected to give similar findings, however,
discrepancies have been found. Some workers have observed no change in SV in
humans with symptomatic levels of COHb at rest or during exercise (Klausen et al., 1968;
Vogel & Gleser, 1972). The lack of response observed in larger mammals such as
humans, monkeys and dogs compared to the rat model, could be attributed to changes in
peripheral resistance (or afterload) (Penney, 1988} or metabolic rate. The rate of CO
uptake required to reach equilibrium with COHDb (i.e. saturation) is slower in humans with
respect to the rodent model (Montgomery & Rubin, 1971) and suggests that SV may be

related to the rate of reaching maximal blood [COHb].

The total volume of blood pumped by each ventricle per minute is called the cardiac
output and can be calculated from the product of the HR and SV (Vander, 1990). Cardiac
output (Q) is found to rise in animals acutely or chronically exposed to CO. However, the
degree of response varies during the post exposure period and between mammal species
(Penney, 1988). Stewart et al. (1973) showed a linear increase in Q when the percentage
of blood saturation of COHb was increased from 0 to 15% in humans. Blood pressure
(BP) changes due to CO exposure are less predictable and show a wide range of
response with experimental conditions and animal species. A general decrease in arterial
BP is observed under acute and chronic CO exposure (Penney, 1988). This CO-
associated hypotension is thought to arise from the local effect of CO causing peripheral
vasodilation (Coburn, 1979). it should be noted that the normal mechanism in response to

sensing hypoxia via the carotid body receptors are not stimulated by CO-induced hypoxia,
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and only from the arterial oxygen tension (Lahiri, 1980). Low blood [COHb] reduce the

myocardial oxygen consumption in conscious dogs (Adams et al., 1973).

Increased blood volume (BV) in cases of chronic CO exposure occurs to maintain an
adequate delivery of oxygen, and lower the [COHb} by dilution (Penney et al., 1979;
Penney et al., 1984; Theodore et al., 1971; Wilks et al., 1959). The changes following
acute CO exposure have not been found in the literature, however, it seems likely that the
response may depend upon the degree of hypoxia sustained during exposure. Penney et
al. (1984) investigated CO-induced cardiomegaly (see 7.4.7.4) in rat hearts and showed
that carboxyhaemoglobinaemia was evident for several weeks after the CO exposure had
ceased. Relevant haemodynamic parameters showed a higher working heart rate,
increased blood viscosity and volume, whilst 0 remained elevated and hypotension had
depressed marginally (Penney & Bishop, 1978). The additional work carried out by the
heart during prolonged hypoxia, either by CO exposure, high-altitude, or high intensity
exercise may be responsible for the changing heart size (Zak, 1973). Stroke work was
reported to remain high due to the high blood viscosity (Penney & Baylerian, 1982). The
Hb content per unit volume of erythrocytes is similar for different mammalian species and
any discrepancies in CO exposure outcomes may not be accounted for by the difference

of CO loading in the blood (Enzmann, 1934).

1.4.1.4 Cardiomegaly

Cardiomegaly is a term defining an enlargement of the heart (Clubb Jr. et al., 1986). It is
established that chronic exposure to CO can induce cardiomegaly in rats (Penney et al.,
1974a). Cardiomegaly is produced by CO-induced hypoxia or by hypoxic hypoxia, e.g.
high-altitude (Penney, 1988). This response is age-dependent and generally shows a
relatively marked response in younger rats (in utero or neonates) relative to adult rats
(Styka & Penney, 1978). Cardiac output (Q; 7.4.71.3) is increased during hypoxia caused
by CO (or high-altitude) to maintain adequate oxygen delivery to the tissues (Penney et

al., 1992). This larger workload is not tolerated by younger hearts and is considered to be
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responsible for the greater myocardial enlargement observed in comparison to older rats

(Penney et al., 1979).

Chronic exposure (for 32 days) with 0.05% CO showed sex differences in the growth rates
of rats based on their body weight (BW) (Penney et al., 1982). Male rats had a higher
growth rate relative to the female group in both air (control) and CO-treated groups.
However, CO exposure decreased the growth of both sexes, with the greatest difference
being observed in male rats. The ratio of both ventricles (2V) to BW was higher in the CO
exposure period refative to the control group, indicating an increase in heart size due to
CO exposure. These findings are similar to those reported by others (Dubeck et al., 1989;
Penney & Weeks, 1979; Penney et al, 1988; Penney et al., 1992). CO-induced
cardiomegaly has been suggested to occur from the combination of rapid haemodynamic

responses to COHb saturation and long-term changes that occur after CO exposure.

1.4.1.5 Hypoxia & Cardiac Physiology

Newborn rat cardiac myocytes exposed to increasing hypoxia show increased cell
proliferation (Hollenberg et al, 1976). Hypoxia (in foetal lambs) induced by aortic
constriction produced an enlarged LV with no observed increase in the cross-sectional
area of the cardiac myocytes (Fishman el al, 1978). This suggests that cardiomegaly
occurs by hyperplasia (increased cell proliferation) rather than hypertrophy (or increased
cell mass). Furthermore, CO exposure in the neonatal period (in Sprague-Dawtey rats)
resulted in elevated myocyte hyperplasia of the ventricles with the greatest increase
observed in the RV (Clubb Jr. et al., 1986). Hyperplasia has also been observed in adult
rats chronically exposed to CO. Hyperplasia is greatest in rats exposed to CO during the

foetal or newborn period (Penney & Weeks, 1879).

Hypoxia (or CO-induced hypoxia) causes increases in SV and Q to satisfy tissue oxygen
demand resulting from the depressed oxygen content in the blood (see 1.4.1.3). CO

increases coronary blood flow to compensate for the myocardial hypoxia from increased
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blood [COHb] (McGrath, 1984). Increased haematocrit and blood volume are also

observed in response to chronic CO exposure (Penney et al., 1992; Wilks et al., 1959).
The overall increase in workload by the heart is thought to contribute in the development
of cardiomegaly by an elevated preload (Ford, 1976; Penney et al., 1988). CO-induced
hypoxia and hypoxic hypoxia are not equivalent; CO-induced hypoxia does alter the
coronary perfusion, whereas hypoxia (either by CO or hypoxic conditions) produces a
varying degree of cardiomegaly depending on the degree and duration of hypoxia.
Hypoxic hypoxia due to high-altitude exposure (or long-term intense exercise) results in
an elevated pressure loading in the right hand side of the heart inducing RV cardiomegaly
of the concentric type, where wall thickness is increased (Penney et al., 1984). Chronic
CO exposure induces cardiomegaly in an eccentric type, where an increase in lumen
volume occurs (Penney et al., 1992). To summarise, chronic LV pressure overload leads
to wall thickening and hypertrophy, whereas LV volume overload is characterised by an

enlarged chamber (Grossman et al., 1975).

1.4.2 Cardiac Biochemistry
This section will introduce some of the general changes that occur in heart tissue following

CO intoxication.

1.4.2.1 Endogenous Production of CO

CO is produced endogenously via the catabolism of haem products such as haemoglobin
(Coburn et al., 1964) and haemin (White, 1970). The CO produced in this two-step
pathway is responsible for the low levels of COHb normally found in the blood (Brouard et
al., 2000). Figure 1.2 shows the mechanism of CO production via haem metabolism.
Although CO is produced by this route, this may not actually occur in heart tissue as
Vreman et al. (1998) found no production of CO in heart homogenates. The role of haem
oxygenase (HO) is crucial as its inducible form is expressed under conditions of stress

such as hypoxia and hyperoxia (Dennog ef al., 1999; Marilena, 1997, Padgaonkar et al.,
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1.4.2.2 Hypoxia & Hyperoxia

CO-induced and hypoxic hypoxia produce biochemical changes that underlie the
physiological changes (described in 1.4.1). The underlying biochemical mechanism(s) of
these changes are unclear. CO-induced hypoxia may produce metabolic acidosis,
changes in plasma levels of glucose, a decrease in the myocardial ATP levels and an
increase in the plasma uric acid levels (Hattori et al., 1990). These particular changes are
typical of ischaemia/reperfusion and involve oxidative stress (see 1.5 and 1.6) that is
established to be the likely cause of tissue dysfunction (Korthius et al., 1992). Nitric oxide
(NO) has alseo been implicated in various hypoxic conditions. This role of reactive oxygen
species (ROS; 1.5) and reactive nitrogen species (RNS) such as NO are established in
the underlying pathogenesis of many tissues. NO has been shown to lower the myocardial

oxygen consumption /in vivo (Sherman et al., 1997).

1.4.2.2 Cellular respiration and mitochondria

CO binds avidly to some haems and its targets include haemoproteins such as Hb,
myoglobin and cytochrome P450s (Piantadosi, 1987). One such haemoprotein is
cytochrome ¢ oxidase (or Complex 1V) which has an important role in the generation of
ATP via oxidative phosphorylation. The electron transport chain (ETC) has a ‘leakage’ of
ROS and so mitochondria are considered a major site of free radical production (Staniek
& Nohl, 2000). The inhibition of cytochrome ¢ oxidase by CO (binding to the reduced
haem centre) is suggested to increase ROS production in a si!nilar manner to that
observed when the ETC is blocked using antimycin (Staniek & Nohl, 1999). This may
potentiate tissue dysfunction in accordance to the free radical theory of aging. In brief, the
free radical theory of aging proposes that ageing is a result of deleterious tissue damage
caused by free radicals. (Cadenas & Davies, 2000; Harman, 1993). These cellular
conditions suggest that impaired mitochondrial component(s) may contribute to the
underlying cardiomyopathies and other morbidities associated with CO intoxication

(Coburn, 1979; Zhang & Piantadosi, 1992).
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1.4.2.4 Cell Signalling

The possible involvement of oxidative stress suggests that other diverse mediators may
be involved as oxidative stress is responsible for stimulating other signalling pathways in
heart tissue (Omura et al,, 1999; Shin & Murray, 2001; Tanaka et al., 2001). These
include stress kinases, ion homeostasis by disruption of ion-channel regulatory proteins
and the recruitment of inflammatory mediators. ROS/RNS have been found to initiate
apoptosis (or programmed cell death; PCD) and may contribute to cardiac dysfunction

following CO exposure (Piantadosi et al., 1997).

CO is responsible for neuronal signalling and modulating vascular tone (Maines, 1993,
Marilena, 1997; Seki et al., 1997). This precedes through the production of guanosine-
3'.5’-cyclic monophosphate (cGMP) by activating guanylate cyclase (GC; Downard et al.,
1997). cGMP is involved in the recruitment of neutrophils and is enhanced by CO
(VanUffelen et al., 1996). In bacteria, CO can regulate gene transcription by binding to
haemoproteins that serve as sensors (Aono et al., 1996; Fox et al., 19986). The M-subunit
of lactate dehydrogenase (LDHY) is increased in the hearts of rats exposed to 0.05% CO in
air over 42 days (Penney et al., 1974b). CO reduces the number of lysosomes in cultured
neonatal rat cardiomyocytes (Brenner & Wenzel, 1972). Levels of endothelin-1 {Et-1) are
increased in heart tissue subjected to chronic CO- or hypoxic hypoxia (Loennechen ef al.,
1999). Et-1 is expressed in endothelial cells, cardiomyocytes and fibroblasts of the
myocardium and this may contribute to endothelial dysfunction, which is an early event in
atherogenesis, and other vascular diseases such as heart failure, stroke, and transplant
vasculopathy. Upregulation of Et-1 is thought to involve the hypoxia-inducible factor-1 (Hif-

1, a haemoprotein).
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1.5 Oxidative Stress

In general, any condition that generates free radicals and/or other oxidising species (such

as reactive oxygen species) or reduces the antioxidant capacity constitutes oxidative
stress. Reactive oxygen species (ROS) comprise the hydroxyl radical ((OH) (Vlessis et al.,
1991), the superoxide radical (O,") (Lebovitz et al., 1996) and singlet oxygen ('O.) (Lee et
al., 1999). Hydrogen peroxide (H,0,) is also a ROS, however, it has no unpaired electrons
and is not classed as a radical (Halliwell & Gutteridge, 1985). These ROS are involved in
many pathological states and can also regulate celltissue function by modulating

numerous signalling pathways (Russell et al., 1989).

Antioxidant capacity is comprised of enzymatic and non-enzymatic components.
Enzymatic antioxidants comprise glutathione reductase (GR) and glutathione peroxidase
(GPX; Reed, 1990), superoxide dismutase (SOD; Fridovich, 1974), and catalase (CAT;
Das et al., 1986). Catalase itself has a high affinity for CO (Coburn, 1979) and this may
cause oxidative stress by lowering the activity of CAT. Some non-enzymatic components
include ascorbate (Maranzana & Mehlhorn, 1998), reduced glutathione (Kleinman &
Richie, 2000), vitamin E (a mixture of the tocopherols; Milchak & Bricker, 2002), albumin
(Watts & Maiorano, 1999), histidine (Lee et al., 1999) melatonin (Kondoh et al., 2002) and
bilirubin (Asad et al., 2000; and mentioned briefly in 7.4.2.17). Other cellular/tissue non-
enzymatic components are emerging which show protective roles in oxidative stress such
as adenosine (Maggirwar et al.,, 1994). Some of the non-enzymatic antioxidants also

exhibit pro-oxidant activity.

The cumulative cascade of oxidant-initiated reactions produces damage to an array of
biomolecules including structural, contractile, transport proteins, enzymes, receptors,
lipids and nucleic acids (Halliwell & Gutteridge, 19989). These oxidant-induced changes
produce a loss of cellular activity or function. For example, the peroxidation of linolenic
acid in the chains of cardiolipin, can lead to a loss of cytochrome ¢ oxidase activity
(described briefly in 7.4.2.3) which is critical for cellular function (Soussi et al., 1990). The

widespread occurrence of lipids and ease of peroxidation can yield devastating cell
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dysfunction via changes in membrane fluidity and cellular compartmentalization. These

changes can lead to altered membrane receptor mobility, impaired second messenger
functioning and cause leakage of intracellular enzymes (such as lactate dehydrogenase

and creatine kinase) into the plasma (Jaffe, 1965; Shapiro et al., 1989).

Heart tissue is abundant in haemoproteins (typically myoglobin, and perfused by
erythrocytes containing haemoglobin) that may lose their iron and participate in the
Fenton reaction (Gutteridge, 1986). The Fenton reaction produces hydroxyl radicals in the
presence of peroxides and reactive iron (under appropriate conditions). Oxidant-mediated
damage to structural, transport and contractile proteins in the post-ischaemic myocardium
and skeletal muscle may explain the contractile dysfunction observed in reperfused
muscle tissue (Karthius et al, 1992; and 1.6). Recent work suggests the role of nitric
oxide (NQ) in causing the negative inotropic responses observed in heart muscle tissue
{lgarashi et al., 1998, Ohashi e! al., 1997). CO-induced hypoxia is shown to produce
oxidative stress in the mitochondria of rat brains (Zhang & Piantadosi, 1992). Exposure to
CO produced a 9-fold production of NO in the brains of rats exposed to CO (Ischiropoulos
et al,, 1996). Cigarette smoke is also shown to significantly increase oxidative stress in
several organs by elevating the level of oxidative adduct 8-hydroxydeoxyguansoine (8-
OHdG,; Howard et al, 1998). Oxidative stress could induce DNA damage in the
organogenesis-sfage conceptus that may produce organ dysfunction in utero (Vinson &

Hales, 2001).
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1.6 Ischaemia/Reperfusion (I/R) Injury

In addition to the hypoxic/anoxic injuries caused by CO poisoning in vivo, reoxygenation
may initiate its own toxic insult and/or potentiate the damage from CO hypoxia, and
simulate an ischaemia/reperfusion (I/R) like injury. The ischaemia described in this injury
refers to the partial or complete cessation of blood supply to a tissue/organ. This injury
has been discussed briefly, in light of the likely hypoxia/reoxygenation subjected to victims

of fire-smoke inhalation and subsequently treated with hyperbaric oxygen therapy.

The I/R concept was first described for post-ischaemic intestinal tissue and has since
been exiended to other organs such as the heart, pancreas, liver, kidneys and brain
(Korthius et al., 1992). The importance of re-establishing an adequate blood supply to
primarily provide oxygen and nutrients to tissues is without question. Much evidence has
established that reperfusion results in a number of events that cause tissue injury. Cardiac
reperfusion injury is associated with the generation of reactive oxygen species {(Das et al.,
1986; 1.5) and can also indirectly produce local ischaemia (or hypoxia) through the ‘no-
reflow’ phenomenon. This event is characterised by capillaries failing to reperfuse once
blood flow is restored. Minor morphologic changes are seen in the heart during ischaemia
(Hearse, 1977). Reperfusion injury in the heart is also characterised by major
ultrastructural changes including cell swelling, release of cytosolic enzymes and
depressed contractile function. Other findings include a number of electrophysiologic

abnormalities that can lead to potentially lethal arrhythmias (Hearse, 1977).

Reperfusion extends the damage associated with ischaemia and may have a likely role
during the oxygenation (by HBOT or NBO) in victims of CO intoxication. The initial hypoxia
caused by COHb formation following CO exposure in vivo may mimic ischaemia at the
molecular level, the subsequent reoxygenation via HBOT (or NBQ) could simulate
reperfusion and may be responsible for some cardiac dysfunction found in cases following

severe CQO exposure.
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Reperfusion of ischaemic tissues is associated with massive leukocyte infiltration (Carden

& Korthius, 1989). Studies in the small bowel and skeletal muscle have shown that
neutrophil accumulation after reperfusion is decreased by pretreatment with various
oxidant scavengers, for example, SOD, CAT, dimethyithiourea (DMTU; Mohazzab-H et
al., 1997) and desferrioxamine (Link et al., 1999). These findings implicate reactive
species in the recruitment of neutrophils to post-ischaemic tissues (Granger, 1988) and
highlight oxidative damage as a contributing factor in tissue morbidity. The participation of
many other signalling pathways in heart tissue is also expected to contribute to

reoxygenation injury (Kuzuya et al., 1993).
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1.7 Hypothesis

Inhalation of carbon monoxide (CO) via the lungs introduces CO into the body. The
inspired CO binds to haemoglobin (Mb) in erythrocytes producing elevated blood [COHDb).
This process occurs very rapidly owing to its rapid diffusion during gas exchange and its
high binding affinity for Hb relative to oxygen. The COHb has a lowered oxygen carrying
capacity as CO occupies the binding sites for oxygen (described in 1.2). COHb also
decreases the oxygen dissociation from Hb by altering the functional cooperativity of Hb.
Therefore, CO poisoning in vivo produces tissue hypoxia that results in a range of

morbidity depending on the degree (or dose) and duration of CO exposure.

The high affinity of haemoproteins for CO is thought to contribute to the toxicity of CO.
The binding of CO to haem groups influences its biochemical toxicity and affects
celltissue function. CO can bind to the reduced cytochrome ¢ oxidase (Complex IV of the
mitochondrial ETC). Inhibition of mitochondrial respiration is thought to produce an
accumulation of reducing equivalents upstream of Complex IV. Therefore, this results in
an increased production of ROS, in particular superoxide (O,"). Myoglobin (Mb) is thought
to facilitate the diffusion of O, in cells (Adachi & Morishima, 1989; Coburn, 1979; Turek et
al., 1973; Wyman, 1966). CO binding to Mb may limit the intracellular diffusion of oxygen
to mitochondria for respiration The accumulated O, is likely to cause oxidative stress and

lower the antioxidant capacity in affected cellsftissues.

Tissue hypoxia resulting from the formation of COHb can be considered to produce
chemical ischaemia (or hypoxia), i.e. similar to ischaemia caused by limiting blood supply.
Upon cessation of the CO exposure, either by removing the subject to a CO-free
environment (normoxia), or treating the patient with hyperbaric oxygen (HBO)
reoxygenation will occur. The mechanism of cardiotoxicity by CO is thought to occur
similarly to tissue dysfunction observed in I/R injury (described in 1.6). The hypothesis
postulates that the cardiotoxicity of CO occurs in an I/R-like injury and is responsible for

the observed CO-associated tissue morbidity. The hypothesis is illustrated in Figure 1.4.
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Figure 1.4 (overfeaf) The mechanism(s) of the cardiotoxicity of carbon monoxide (CO) is
hypothesised to occur in an ischaemia/reperfusion (I/R)-fike injury. Carboxyhaemoglobin
(COHDb) is produced from inhaled CO binding to haemoglobin (Hb) in blood cells. Tissue
hypoxia results from the limited binding and dissociation of oxygen {O,) from Hb. CO also
binds to myoglobin (Mb) and produces carboxymyoglobin (COMb) that may limit the
availability of O for respiration by the mitochondrial electron transport chain (ETC). These
events are considered to produce chemical ischaemia (or hypoxia) at the molecular level
within cells. In subjects removed to a CO-free environment (or treated with hyperbaric
oxygen) this scenario is thought to mimic reoxygenation (or reperfusion). The hypothesis
is that this I/R-like injury may produce oxidative stress that is responsible for the observed
CO-associated heart morbidity. Key: HbO, and MbO, are the oxygenated forms of Hb and
Mb, respectively. CcO is cytochrome ¢ oxidase (or Complex IV) of the ETC. Reactive
oxygen species and nitric oxide are denoted by ROS and NO, respectively.

49






Chapter [ Introduction

1.8 Aims & Objectives

Tissue hypoxia occurs during exposure to CO in vivo, although the cause(s) of tissue
dysfunction in the heart associated with CO-induced hypoxia are not clear at present. The
overall aim is to elucidate the mechanism(s) of cardiotoxicity following CO exposure using
a suitable model. The chosen cellular model comprised using adult rat ventricular
myocytes. This model was chosen firstly, due to its established isolation procedure; and
secondly, to allow the cellular changes in cardiac physiology and biochemistry to be

determined. This study aims to test that:

(a) CO has direct toxicity in exposed heart cells under normoxic conditions;

(b) cellularitissue changes in heart tissue occur after acute CO exposure;

{c) intracellular hypoxia produced from carboxymyoglobin (COMb) formaticn may be a key
component in the cardiotoxicity of CO;

(d) test the hypothesis that an I/R-like injury may be responsible in producing ROS that
may be responsible for heart tissue morbidity following CO exposure; and

(e) administration of antioxidants prior to or during CO exposure may limit the degree of

heart tissue damage following treatment with CO exposure.

Specific objectives were:

{i) to establish a suitable model to carry out the desired aims of the research;

(i) to establish cell markers to measure celltissue viability over time under the
experimental conditions;

{iii) to identify specific CO-induced morphological cellular changes as well as identifying
likely organelle structural aberrations;

(iv) to associate changes in the identified biochemical markers with physiotogical
alterations to examine the underilying occurring events and elucidate the mechanism of

CO toxicity;
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(v) to show ROS production during CO exposure by looking at appropriate markers of

oxidative stress, the role of antioxidants in CO toxicity and identifying the source(s) of
ROS production resulting from CO exposure; and
(vi) to evaluate oxidative stress in causing CO-associated heart tissue morbidity by

investigating the modification(s) of protein targets such as myoglobin.
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1.9 Overview of Thesis

Chapter 1 has highlighted the present findings of CO toxicity with specific emphasis on
heart tissue, stated the hypothesis that this study wishes to address, and highlighted the

aims and objectives of the research.

The initial in vitro model to investigate CO toxicity was to be conducted using isolated
adult rat heart muscle cells (in Chapter 2)). This was later abandoned due to time
constraint, therefore, this work is presented as a developmental chapter for possible
reference. The isolated perfused rat heart was chosen as an alternative in vitro model to
the isolated cardiac myocytes (Chapter 3) to examine the cardiotoxicity of CO. Chapter 3
describes the suitability of this model and presents the preliminary work performed to
validate its use in addressing the aims and objectives. The chosen isolated rat heart
model was suitable for the devised experiments in assessing the physiological and
biochemical changes in heart tissue exposed to CO. Chapters 4 and 5 show some novel

physiological and biochemical changes, respectively.

Chapter 6 addresses the role of oxidative stress in CQO poisoning. This chapter features a
novel application of experiments that investigate the possible role of mitochondria in
producing reactive oxygen species (ROS) during or after CO exposure. Chapter 7
examines covalently modified myoglobin (via oxidative stress) as a potentially novel
marker to determine oxidative stress in rat hearts. Other novel work is included that
examined the role(s) of antioxidants in preserving myoglobin function under oxidative
conditions. The overall findings from the work described (in the above chapters) are drawn

together and addressed as a general discussion with conclusions in Chapter 8.
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Isolated Cardiac Myvacyte Model

Chapter Two:

Isolated Cardiac Myocyte Model
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2.1 Introduction

2.1.1 Background in Using Isolated Heart Muscle Cells

Isolated heart muscle cells {or cardiac myocytes) have been used to examine various
changes in cardiac function. Viable cardiac myocytes (CM) show a phenotype found in the
intact organ (Figure 2.1), therefore, CM are used to assess morphological changes during
experimental treatment(s). Isolated CM retain some of their metabolic and biochemical
activity (Altschuld et al., 1987). CM have been used previously to evaluate signalling
cascades in the heart (Farmer et al., 1977, Laderoute & Webster, 1997; Mizukami et al.,
2001); investigate atherosclerosis (Bourne et al., 1997); examine hormmonal responses
(Eckel et al., 1983; Eckel et al., 1985; Liu et al, 1999; Onorato & Rudolph, 1981);
bioenergetic changes (Altschuld et al/., 1987, Spanier & Weglicki, 1982), assess the
temperature dependency of contractile activity (Vahouny et al., 1970); and examined gene

expression by reactive oxygen species (ROS; Cheng et al., 1999; Sabri et al., 1998).

CM have also been used to assess myocardial ion homeostasis (by using fluorescent
dyes and voltage-clamp techniques) as these cells retain their electrophysiology (Dow et
al., 1981; Shattock & Matsuura, 1993). The role of intracellular calcium in damaging heart
tissue during hypoxia/reoxygenation has been shown using this model (Allshire et al.,
1987). Relevant articles are cited for interested readers to highlight the many uses of this
in vitro model in myocardial research: Balligand et al. (1994); Boivin & Allen (2003);
Brunner ef al. (2003); Daleau (1999); Hansen & Stawski (1994); Hattori et al. (1997);
lkeda et al. (1997); Kan et al. (1999); Kasai et al. (1997); Kukielka ef al. (1995); Kumar et
al. (1999), Kuzuya et al. (1993); Li et al. (1998); Liu & Schreur (1995); Martin et al. (2000);
Massey et al. (1995); Nakajima et al. (2000); Nyui et al. (1998); Oddis et al. (1995, and
1996); Oddis & Finkel (1996); Oh ef al. (1998); Ohashi et al. (1997); Rumsey et al. (1990);
Sandirasegrane & Diamond (1999); Sarti et al. (1994); Shindo et al. (1994); Simm et al.

(1998); Singh et al. (1996); Tanaka et al. (1998); Turner et al. (1991).
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Carbon monoxide (CO) poisoning is lethal owing to its chemical properties (Chapter 1).

The use of hyperbaric oxygen treatment (HBOT) is established in increasing the rate of
elimination of CO from the blood (1.3). HBOT has side-effects in some patients
undergoing this therapy such as convulsions induced by oxygen under pressure
{(Hampson et al., 1996). HBOT has been suggested to produce oxidative stress as shown
by an elevation in markers of oxidative stress (Bearden et a/., 1999; Dennog et al., 1999).

This model would also allow the effects of HBOT (following CO exposure) to be studied.

Very few studies investigating CO toxicity using isolated CM are found. Earlier studies
examined the effects of CO on several cultured cell types from neonatal hearts {such as
endotheloid and muscle cells). The findings can be summarized to the extent that CO
inhibited the cell growth, depressed the contractile rate, and decreased specific enzyme
activities in vitro (Brenner & Wenzel, 1972; Wenze! & Brenner, 1973). Another study has
examined the role of myoglobin in CM exposed to CO (Wittenberg & Wittenberg, 1993).
No other studies have been performed using CM to specifically evaluate the cardiotoxicity

of CO.

2.1.2 Rationale for Isolating Heart Cells & Their Cuituring

2.1.2.1 Isolation of cardiac myocytes (CM)

The first goal is to achieve a primary tissue digest of viable cells that are fully
differentiated and morphologically similar to the intact heart (De Young et al., 1989). In
heart tissue, the muscle cells are firmly connected to each other via intercalated discs and
the extracellular matrix (Piper et al, 1990). These connections must be disrupted
enzymatically to isolate cells, although the conditions used for cellular dissociation can
damage the cells. Cell dissociation requires the absence of calcium to separate the
basement and plasma membranes prior to reintroducing calcium to the cells for normal
function (De Young et al. 1989). Loss of the glycocalyx is not thought to play a role in the

biochemistry/physiology of these tissues (Isenberg & Kléckner, 1980). Isolated myocytes
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have an external membrane that is selectively permeable to electrolytes. CM have a

negative resting potential (-60 to -70mV depending on experimental conditions) and retain
the ion conductances and voltage-sensitivities that are essential for action potentials

(Powell et al., 1980).

The heart is highly dependent on aerobic metabolism and requires oxygen (Chapter 1),
therefore, heart tissue must be adequately reoxygenated after being removed from the
animal. To prevent tissue hypoxia during cell isolation, the isolated heart is placed on an
artificial circulation system, the Langendorff perfusion apparatus (described in Chapter 3).
This ensures adequate perfusion of the heart to maintain tissue homeostasis and integrity.
The perfusion apparatus allows the appropriate balance of salts, nutrients, glucose, and
dissolved oxygen at 37°C to be delivered to the organ ex vivo for several hours (De Young

et al., 1989).

Most methods used to isolate CM involve perfusing isolated hearts with proteolytic
enzymes (Kono, 1969) in the absence {(or nominally free) of calcium. The gradual
reintroduction of external calcium to isolated cells is a major factor in the successful
preparation of heart cells. The duration of calcium-free perfusion influences the viability of
the isolated cell preparation; it must allow adequate cell dissociation to occur without
damaging cells, yet balanced to minimise membrane damage during the reintroduction of
calcium (Zimmerman & Hulsmann, 1966). This ‘calcium paradox’ renders difficult the
preparation of viable calcium tolerant heart cells (De Young et al,, 1989; Haworth et al.,
1989; Montini et al., 1981). However, successful high quality cell isolations are possible,
and the calcium paradox has been extensively investigated (Allshire ef al., 1987; Alto &

Dhalla, 1979; Frangakis et al., 1980; and Lambert et al., 1986).

Ischaemia and anoxia play a vital role in the calcium paradox. Therefore, a rapid excision
of the heart and short period prior to the Langendorff perfusion are essential to maximize
the yield of viable CM (Cheung et al., 1984; Spanier & Weglicki, 1982). Isolated viable

cells may be further purified with gentle centrifugation, with or without density
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centrifugation using Percoll or Ficoll (Glick et al., 1974; Powell, 1984; and 2.5.1.6).

However, Percoll is not used as it inhibits ion transporters in the cell membrane (personal
communication with Dr. Richard Handy, University Of Plymouth). The dimensions of
viable rod-shaped CM vary from widths of 10-35um and lengths of 80-150um (Powell &
Twist, 1976). The viabitity of isolated cells is determined from their morphology using light
microscopy or by using marker dyes such as trypan blue (Black & Berenbaum, 1964). The
cardiac myocyte is a rigid polygonal cell that is easily damaged by mechanical shock
compared to other cell types. CM from adult heart ventricle tissue are considered
terminally differentiated and non-proliferating. Therefore, they are used at the viability and
yield that they were isolated at (Stemmer et al., 1992; Yasui et al., 2000). Determining the
viability of intact cells using trypan blue has been shown to depend on other factors such
as pH, concentration of dye and the protein content of the medium (Black & Berenbaum,
1964, Piper et al., 1982). Therefore, the viability of the isolated cells were determined from

their morphological appearance.

Atrial tissue from adult hearts contain cells that can differentiate, although age is another
factor that can influence the isolated yield and cell types (Barnes, 1988; Cantin et al.,
1981; Farmer et al., 1977). By using adult rat heart ventricle tissue, CM can be obtained
lacking contamination from other cells such as endothelial cells, fibroblasts, and the
extracellular matrix (ECM). It has been found that using rats older than four days yield CM
that do not develop rhythmic spontaneous contractions in culture, and the yield of viable
cells declines with age from 5 day-old animals (Kasten, 1973, Stemmer et al., 1992).
Therefore, this gives an impression that using rats older than 5d does not yield good
isolated cell preparations, although optimal cell preparations can be isolated from 180-220
grams post-weaned adult Sprague-Dawley rats (personal communication with Dr. Richard
Handy). Numerous biochemical and physiological differences exist between embryonic,
neonatal, and adult cells. The number of nuclei in CM vary with species and age. Human
myocytes are predominantly mononucleated, whereas rat myocytes have one or two
nuclei depending on the age of the animals. Binucleation develops during the early

postnatal period of rats, whereas adult values are reached at 12-14 days of age (Korecky
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el al., 1979). Adult mammaliam CM do not undergo DNA synthesis and show no mitotic

activity (Cantin et al., 1981).

2.1.2.2 Primary celi cuiture of isolated cardiac myocytes (CM}

Cell isolation renders the freshly isolated cell preparation to lose some of its intracellular
content; therefore, studies using this model have to ensure some degree of similarity to
the /n vivo state. The isolation procedure produces a large number of damaged cells
(Piper et al., 1982). Isolated CM are cultured to mirror or approach the in vivo intracellular
content, In brief, a period of recovery aids the repair of this superficial damage and allows
the physiological state of the cells to stabilize. Freshly isolated calcium tolerant CM lose
some of their intracellular ATP and creatine phosphate content (Farmer ef al., 1983) and
show a gradual replenishment over the first day in culture (Piper et al., 1982). The loss of

ATP may be attributed to a compromised sarcolemma (Stemmer et al., 1992).

Adult ventricular CM do not divide in culture and so these cultures have to be prepared
using freshly isolated cells. These cells have to be used at the density at which they are
plated, although CM from atrial tissue show some potential to divide (Stemmer et al.,
1992). The short-term culturing of CM can enrich the viability of the cells. Long-term
culturing is not applicable for the proposed experiments as cell morphology is shown to
change significantly (Piper et al., 1990). The viable rod-shaped cells do not form confluent
cultures as they do not attach to the dish without spreading. Long-term cultures can
spread and form a few contacts, however, these contacts are not over the whole culture

region.
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2.2 Aims

The in vitro cellular model uses adult rat ventricular myocytes to allow cellular changes in
cardiac morphology and biochemistry to be studied following CO exposure. Cell
biochemistry would be performed to associate any structural changes with biochemical
measurements to evaluate the order of events. Biochemical parameters for examination
include the cellular antioxidant status, mitochondrial function, monitoring the release of
intracellular enzymes to determine cell viability, assess for any production of reactive
oxygen species (ROS), and examine ion fluxes based on the cellular electrolyte content.

The aims were to:

(a) to investigate the immediate effects of CO exposure and subsequent HBO on cellular
oxidative metabolism by monitoring mitochondrial (respiratory) enzyme activities;

(b) to investigate ROS production by looking for appropriate markers of oxidative stress;
and

(c) to look at cellular changes after acute CO exposure (and/or HBO) with particular

emphasis on cytochrome ¢ oxidase inhibition and mitochondrial function.

61



Chapter 2 Isolated Cardiac Myocyte Model

2.3 Materials & Methods

Animals were supplied from A. Tuck & Son Ltd. (Essex). Chemicals and reagents were

provided from Sigma Chemicals {Dorset) unless otherwise stated.

2.3.1 Animal Handling and Removing the Heart

Hearts from adult male Sprague-Dawley rats (230-250 grams) were rapidly excised after
an intraperitoneal (ip.) injection of 60mg sodium pentobarbitone (Sagatal, Rhone
' Merieux) and 10mg heparin (sodium salt from porcine intestinal mucosa; 1820 USP units)
and immediately transferred to ice-cold cardioplegic (in mM: NaCl 130; KCI 20, MgCl, 1,
CaCl; 1, NaH,PO, 1, Na,HPO, 4, procaine 1; HEPES 10, and D-(+)-glucose 11; adjusted
to pH 7.4 with 4M NaOH). Unwanted tissues such as the tungs and thymus were removed
to allow access to the aorta whilst maintaining the heart in ice-cold cardioplegia (to reduce
its metabolism). The heart was then weighed in a tared Petri dish containing cardioplegia.
The aorta was cannulated to achieve retrograde perfusion. A secure fit was tested by
passing ice-cold cardioplegic (ca. 10ml) and observing blood leave the heart via the
micro-circulation indicating good perfusion, i.e. no damage to the aortic valve (personal
communication with Dr. Maria Odblum). The cannulated heart was then fitted to the
Langendorff perfusion apparatus to commence cell isolation {(2.3.2). The heart was
perfused at 6ml.min"'.g™" of heart tissue. Care must be taken to ensure that no air bubbles
are introduced to limit the tissue perfusion. Note, at this point the heart beats itself and

aids in ejecting the remaining blood.

2.3.2 Isolation of Calcium Tolerant Cardiac Myocytes (CM)

This was performed using the modified method of Montini et al. (1981). Medium A is
Joklik's Modification of Minimum Essential Medium (ICN) supplemented with 20mM
HEPES. Medium B is 0.1% BSA (fatty acid free) and 0.05% collagenase (Type Il; Batch
number S7B951, Worthington Biochemical) in medium A. Medium C contained 0.25mM
CaCl, in Joklik's medium (as above) with 1% BSA. Calcium-free Joklik’s solution {(medium

A) was perfused for 2min (at 36.9°C and pH 7.0), with a flow rate of two drops.s™ (of

62



Chapter 2 Isolated Cardiac Myocyte Model
perfusate) from the apex of the heart. This was collected and discarded to remove the

blood and prevent unwanted material being recirculated (below). Collagenase (medium B;
pH 7.2) was then perfused for 2min to washout medium A, at a flow rate equivalent to one
drop.s”. At this stage the heart swells with no severe colour change. Medium B is

recirculated for 16min.g™' of tissue (wet weight).

The heart was removed and the ventricular tissue sliced away from the unwanted atria
and blood vessels. The ventricle lissue was homogenised rapidly with two scalpels in a
gentle manner to yield soft tissue. This tissue was transferred to a 50ml sterilin pot
containing ca. 8ml of collagenase (medium B) at 37°C and gently pipetted to aid cell
dissociation and placed on a metabolic shaker at 100 strokes.min™ with gentle bubbling of
medical oxygen (100% O,). This incubation produces a heavy suspension of cell debris
that was filtered through nylon gauze (200um pores supplied from Lockertex Ltd.,
Warrington, Cheshire} after 5-10 min; carefully ensuring not to pour off the large tissue
pieces. The remaining tissue was incubated in fresh collagenase (medium B) and was
repeated another 5-7 times. An equivalent volume of medium C (pH 7.3) was added
slowly to the filtrate to reduce the digestion by collagenase; also to introduce calcium to
the cells to heal gaps in their glycocalyx, and to minimise the calcium paradox occurring
later. The filtrate fractions were stored at ambient temperature to minimise Na'-loading;
with constant gentle bubbling of oxygen to prevent hypoxia and maintain the cell viability.
These fractions were then centrifuged at 30g for 50s in 13ml centrifuge tubes (Sarstedt).
The pellet was gently resuspended using a Pasteur pipette, as mechanical force can
damage these sensitive cells (personal communication with Dr. Richard Handy), and
assessed for viability by counting the elongated rod-shaped cells and expressing this as a
percentage relative to the total number of cells {using a haemocytometer and cell tally
counter). The trypan blue assessment for viability was not performed due to time and the
good association of elongated morphology with viability (Piper et al., 1982; Powell & Twist,

1976).
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The fractions with good viability's, i.e. greater than 60%, were pooled and washed in

medium C by centrifugation (as described above). The pellet was resuspended in a ca.
7mt Joklik's medium containing 0.5mM CacCl,, and left at room temperature for 10-15min
with gentle inversion of the centrifuge tube and regular oxygenation. These cells were
then washed and resuspended in Joklik's medium containing 1mM CaCl, for 10min before
washing. The cells were washed in 1mM calcium to remove unwanted cells (i.e. those
cells with a round morphology due to hypercontracture via Ca?*-overload) by two
centrifugations at 30g for 70 and 60s, respectively. The cell suspension was resuspended
in 1m! culture medium (below) at room temperature, and its viability determined followed

by a cell count to dilute the cells appropriately for culturing (2.3.3).

2.3.3 Primary Cell Culture

Isolated CM were plated at a density of 2 x 10° cells per well in 6-well culture plates
(Nunc) using glutamine- and serum-free medium M199 containing Earle's salts with
NaHCQO; and 1.2mM calcium (Piper et al., 1982). Six-well culture plates were pretreated
with 1ml 4% foetal calf serum (FCS; for 2-3h at 37°C) in a humidified air atmosphere with
added CO; (5%) to the container. The serum was removed by washing each well twice
with 2ml of culture medium (glutamine-free medium M199 containing Earte’'s salts with
NaHCO,) prior to plating. The isolated CM were diluted to a density of 2 x 10* cells.mI"" in
culture media M199 supplemented with (in mM): creatine 5, L-carnitine 2, taurine 5; and
essentially fatty acid free BSA (0.2% wi/v), insulin (0.1uM), penicillin (100 U/ml) and
streptomycin (100pg/mi). Cells were plated by adding 1ml of cell suspension to each well
containing 2ml of culture media. Cells were plated by aspirating the cells evenly over each
well to obtain a primary culture of CM. The cells were incubated under similar conditions
used for pretreating the culture plates. Cell media was changed at 3h, 24h and then every
24h by slowly removing 2ml of media from the centre of each well, and replaced with 2ml
of oxygenated (95% 0,/5% COQO5,) culture media at 37°C. The elongated rod-shaped cells
adhere at a faster rate compared to the dead (rounded) cells, and an increase in the

viability is observed relative to the viability determined after cell isolation. Cultures were
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maintained for 2-3d and the cells were removed for experimental use by gently agitating

the plates in a circular manner.

2.3.4 CO/HBO Experiments

To evaluate the cardiotoxicity of CO, we proposed to expose the cultured CM to different
duration and doses of CO, whilst performing biochemical assays and monitoring the
morphological cellular changes. The viability of the CM was assessed by scraping off the
attached cells, quickiy spinning down the cells, and assaying the cell culture media
(supernatant) for intracellular enzymes. The intracellular enzymes chosen for assessing
cell viability were lactate dehydrogenase (LDH) and creatine kinase (CK) (Cheung et al.,
1984, Penney & Maziarka, 1976). Viability would be expressed as a percentage from
experimental and detergent (0.1% Triton-X 100 at final concentration) lysed cells using
specific enzyme activities. Some of the CM pellet would be fixed with buffered
glutaraldehyde to assess ultrastructural changes. The cell pellets were to be stored for

isolating mitochondria to evaluate mitochondrial function following CO exposure.

The duration of CO exposure would be: 0, 2, 5, 10, 20, 30 and 60min. The use of 6-well
plates would allow three wells to be treated with CO prior to biochemical/histological
analysis. The remaining three wells would undergo HBOT with suitable air-matched
(normoxic) controls from another plate. The 3 wells would serve as replicates; with a total
of 6 plates to be used at each dose and duration of CO exposure to allow satisfactory data
analysis. The HBO exposure would be performed at 1-3 atm to evaluate the effect on

cellular function and assess for any recovery following CO exposure (below).

The doses of CO to be used were: 0, 0.05, 0.1 and 0.2%. The certified gas mixtures were
purchased from BOC Gases (Dorset) and all contained 21% oxygen (0O,), 5% carbon
dioxide (CO;) balanced with nitrogen. The gases contained 5% CO, to be used in
conjunction with the bicarbonate buffer present in the cell culture media. The HBO
treatment was to be performed in pressure vessels that can hold up to 4 cell culture

plates. These pressure vessels were tested for air tightness and withstand pressures up
65




Chapter 2 Isolated Cardiac Myocyte Model
to 3 bars. These vessels were constructed from stainless steel to prevent CO adsorption,

therefore, ensuring adequate CO exposure to the cells. Some of the treated cells would
be fixed for histological preparation to assess for ultrastructural change(s) to comment on

tissue physiology and associate any biochemical changes.
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2.4 General Findings

This section shows and discusses the work performed to isolate cells for culturing
purposes. The format of this chapter is not consistent with following chapters due to the
developmental nature of this work. The data shown is expressed as the mean + SEM
(unless otherwise stated) with the number of hearts used (n). No statistical analysis was
performed to determine the significance of each variable changed; instead, the

effectiveness of each change was evaluated qualitatively using the determined viability.

2.4.1 Cell Isolation

Adult ventricular cardiac myocytes (CM) were isolated from male Sprague-Dawley rats
{230-260 grams) using aortic retrograde digestive perfusion with collagenase (Montini et
al., 1981). In brief, the method produced intercellular dissociation by perfusing the isolated
heart with an essentially calcium-free media. This is followed by cell dissociation from the
extracellular connective tissue using collagenase with a low level of calcium. The aim is to
isolate calcium tolerant CM (Frangakis et al., 1980; Rodrigues & Severson, 1997). The
rapid introduction of calcium to physiological levels can damage the cells and this event is
termed the calcium paradox. Calcium tolerant CM were required for our purposes and
obtained by gradually reintroducing calcium. Initially, the cell isolation resulted in low
yields of viable cells. Cell viability was determined by counting the rod-shaped (viable)
cells using a light microscope and expressing it as a percentage of the total cells, Dead

cells appeared as round hypercontracted ‘blebs’ as illustrated in Figure 2.2.
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The number of animals used to optimise this model was 48 and highlights the amount of

work performed (over 8 months). Although 48 animals were used for isolating and
culturing the cardiomyocyte cells, the number of hearts used was 39 and 14 for the
isolation and culturing of cells, respectively. The loss of 9 hearts were attributed to
technical faults and are described below (2.4.7.7 to 2.4.1.8). The primary culture of
isolated CM was performed when there were sufficient numbers of cells to use; otherwise

it would be costly and labour intensive.

2.4.1.1 Contamination of the Langendorff apparatus

The administration of anaesthesia, removal of the heart from the animal, and the
preparation of reagents (for washing and perfusions) were conducted using sterile utensils
and working conditions. The presence of organic and inorganic impurities in the water for
preparing the perfusing and incubation buffers was of analytical grade (purified by using
the Milli-Q filtration system) as myocardial cells are sensitive to impurities (Piper et al.,
1890). The initial low viability {above) was overcome by flushing the Langendorff perfusion
apparatus (with 70% ethanol) followed by water. A white emulsion was observed when
rinsing with water and was considered to be cellular material, as the apparatus had not
been used for several months (prior to commencing work). These isolated cells had 41 +
29% viability (range: 8-62%; n = 3 hearts) and the total cell count ranged from 7.21x10° to

2.28x10° cells (1.65x10° + 8.22x10° cells).

2.4.1.2 Osmolarity and pH of perfusing media

The pH and osmolarity of each reagent used was measured prior to their use to ensure
that no shock treatment was subjected to the hearts. The osmolarity of all the solutions
were in the ideal range for cardiac tissues of 290-320 mmol.kg™ (or mOsm.I""; Starr et al.,

1999). No marked deviations were found to account for the poor yield and viability of cells.
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2.4.1.3 Perfusion of heart tissue

The heart weight (HW) was estimated from the body weight (BW) for the first 11 hearts;
based on the assumption that HW is 0.3% of the BW (as used previously by Dr. Maria
Odblom and Dr. Richard Handy). This was found to be incorrect with the HW being
greater than 0.3% of the BW (ca. 0.6%). This may have produced hearls fo be
underperfused when perfused using a flow rate of 6ml.min”.g" (of wet heart tissue).
Therefore, to reduce the risk of error hearts were weighed prior to cannulating the organ.
Underperfusion of the tissues may account for the low cell viability and/or cell yield
observed during the cell isolation. Any underperfusion may also exacerbate any tissue

ischaemia incurred following the removal of the organ (from the anaesthetized animal).

Following this the hearts were perfused at the same flow rate (FR) of 6ml.min"'.g™" based
on the actual HW, rather than the estimated HW (above). However, this FR appeared to
show no marked difference as observed by the similar FR of perfusate falling from the
apex of the heart (ca. 2 drops.s). The viability also showed no improvement to that
obtained previously. The mean viability was 49 + 10% with a total cell count ranging from
8.3x10° to 1.8x10° cells (mean total cell count of 1.27x10° £+ 4.16x10° ) from 4 hearts. Five
animals were used to evaluate the correct FR; although only 4 hearts were used. One
heart was rejected as a thrombus was observed inside a ventricle when removing the atria
following its perfusion. An anticipated low viability due to a poor tissue perfusion

prevented any further use of this heart.

2.4.1.4 Collagenase

Calcium is a cofactor for collagenase and tissues tend to soften faster when calcium is
restored {Haworth et al., 1989). The incubation of collagenase (in nominally calcium-free
medium) has ca. 50uM trace calcium that is sufficient to activate the enzyme. Collagenase
disrupts the cellular connections with the extracellular matrix (ECM) for a suitable period
prior to producing cellularitissue damage. Therefore, it has to be used in a controlled

manner to avoid damaging isolated cells. The proteolytic enzymes in collagenase are
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poorly defined, however, the enzyme and batch used in our methods were tested and

shown to work prior to their use (by Dr. Maria Odblom).

Collagenase perfused the hearts for 16.5min.g™" (wet weight of tissue) following the
calcium-free perfusion (medium A for 2min). The period of calcium-free perfusion was
increased to 3min to allow greater loss of calcium from the intercalated discs to assist the
action of the collagenase. Although the period is ca. 2min to completely switch over
(equilibrate) with the previous perfusing media (by personal communication with Dr.
Richard Handy). All the reported viability’s are from cells in the final suspension, i.e. in the
presence of imM CaCl,. Perfusion with collagenase for 2min ensured that the perfusion
buffer was equilibrated with collagenase prior to recirculating the heart (for 16.5min.g™
tissue). However, the extended calcium-free perfusion (of medium A by 1min) may have
resulted in a loss of essential cofactors (for collagenase) from the heart. Some
components of the ECM are necessary for cell dissociation by providing cofactors for
collagenase (personal communication with Dr. Maria Odblom). This may appear to be the
case as Piper ef al. (1982) also recirculated collagenase to aid digestion of the ventricle

tissue.

Collagenase was also added to the stock bottle prior to its use during the calcium-free
perfusion (rather than standing ca. 10min prior to use). This was performed routinely after
the Sth hearl. This change may have reduced some loss of collagenase activity from its
incubation at 45°C prior to perfusing the heart (at 37°C). The cell numbers did not
increase compared to the previous levels and the cell viability decreased. The cell viability
and yields were 30 + 20% (n = 3) and 1.43x10° £ 1.06x10° (n = 2; as the information to

determine the yield was not recorded for 1 heart), respectively.

To maintain a stable preparation of active collagenase to perfuse the heart and/or
compensate for loss of the necessary ECM cofactors (above), we increased the level of
collagenase from 0.05 to 0.06% (w/v). This change was considered to be satisfactory and

lay within the recommended range, as too much collagenase can dissociate CM quickly
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and render them susceptible to later damage by the calcium paradox. The increase in

[coltagenase] produced no improvement in cell viability or yield. The mean cell viability
and yield of isolated cells was 46 + 3% and 1.16x10° + 7.26x10° cells, respectively (from n
= 2 hearts). Three animals were used to determine the viability when using 0.06%
collagenase, however, 1 heart could have been poorly perfused due to the absence of
tissue swelling after its perfusion with collagenase. This may be accounted for by damage
to the aortic valve, as the tissue was stiff relative to the soft state normally found (following
its perfusion with collagenase). This heart was cannulated in the normal manner prior to
its perfusion. However, the heart had slipped off its cannula during the perfusion (with

collagenase) and may have been damaged when being recannulated.

2.4.1.5 Introduction of calcium to the cell suspensions

The level of calcium in the perfusate during cell isolation is critical and a sensitive window
exists between 20-25um Ca® (Haworth et al., 1989). Calcium was added back slower
than before to ensure we were not rapidly introducing calcium to the cells. This was
performed by adding calcium solutions made at a lower concentration. This change did
not improve the cell viability or yield. Cell viability was 44 + 12% (n = 6 hearts) with cell
numbers ranging from 2x10° to 1.68x10°. All the reported viability's are from cells in the
final suspension, i.e. in the presence of 1mM CaCl; (i.e. prior to culture) The mean cell
yield was 8.60x10° + 6.32x10° (n = 5 hearts, as the information from 1 heart was not
recorded to determine its yield). The stepwise addition of calcium chtoride (CaCl,) lowered
the cell viability at each addition. However, the viability remained for at least one hour

when gently oxygenated similar to the findings of Montini ef al. (1981).

Eight animals were used to evaluate this variable; although 6 hearts were used to compile
this information as 2 hearts were rejected. One heart was discarded after air had entered
the organ and led to a poor perfusion. Therefore, this was expected to produce a cell

preparation of low viability as the poor perfusion produced patches of yellow/white regions
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indicating the calcium paradox. The other heart failed to swell after the collagenase

perfusion and could suggest a poor perfusion and/or inactive collagenase.

2.4.1.6 Introduction of calcium to the perfused heart

We next adopted the method of De Young ef al. (1989), whose rationale introduced
calcium back to the perfusing heart during the collagenase perfusion rather than isolated
cells (2.4.1.5). Unfortunately this method did not improve the viability or yield of cells. The
mean cell viability was 33 + 9% (n = 3) and the mean yield was 9.15x10° + 7.78x10* (n =
2; as the information to determine the yield for 1 heart was not recorded). Five animals
were planned to evaluate the method of De Young et al. (1989), although only 3 animals
(hearts) were used successfully. One heart was rejected after air entered the organ and
this was observed too late to salvage the tissues. The other heart appeared dead before
being perfused as observed by the lack of contractile activity when placed in ice-cold
cardioplegic. This heart was anticipated to yield no viable cells, although it was perfused
before being discarded when it showed no signs of contraction during the perfusion. De
Young et al. (1989) obtained ca. 70% viability with low yields, however, they also used
Percoll to purify out dead cells by centrifugation. Using Percoll (or Ficoll) sedimentation
step(s) were not used as these are difficult to remove, and their presence could interfere
with the proposed biochemical assays (from personal communication with Dr. John

Moody, University Of Plymouth).

2.4.1.7 Pore size of nylon gauze

A range of nylon gauze with different pore sizes were used to rule out that some viable
cells may be retained from the filtrate resulting in low viability's. The fina) cell suspensions
{(in Joklik's-medium containing 1mM CaCl,) were divided into 3 batches before passed
through nylon gauze with pore sizes of 150, 200 and 250um. The ideal pore size was
found to be 250um as this had higher viability compared to those cells passed through the

smaller pore sized gauzes. These findings are consistent with the gauze used by De
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Young et al. (1989). This is reported using 2 hearts, although 4 animals were used to

evaluate this variable. Two hearts were expected to yield cells of poor quality as one
perfusion was inevitably prolonged (due to the fire alarm), and the other may have
become ischaemic during the removal of blood (from the anaesthetized animal). The latter
heart showed contractile activity, although it displayed signs of a poorly perfused heart,

i.e. not swollen (in this case).

2.4.1.8 increasing the cell yield

The low cell yields obtained did not allow the required number of culture plates to be
made to perform the any experiments. Therefore, in order to increase the yield of cells the
perfusion apparatus was modified to perfuse two hearts. This modification comprised a
double luer fitting to allow two hearts to be perfused simultaneously with an appropriate
set-up to allow the recirculation (of collagenase).
0

The cell isolation protocol perfused hearts at a flow rate (FR) of 6ml.min™.g", therefore, a
higher flow rate was used to ensure satisfactory perfusion of both hearts. The FR used
was 10ml.min".g" as described in the method of Piper et al. (1990) for perfusing two
hearts simultaneously. The FR was not uniform as shown by a different flow of perfusate
from each heart (in drops.s'). This could be due to the difference in heart weight
producing an uneven perfusion by gravimetric flow. Using two hearts resulted in increased
cell numbers (not determined), however, the observed cell viability was very poor (15 ¢
3%; n = 3, i.e. 6 hearts in this case). This was anticipated from the poor tissue perfusion
{suggested above) occurring in at least one heart. A poor perfusion may have led to a

greater loss of calcium, and the subsequent loss in viability may be potentiated by a poor

oxygen supply.
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2.4.2 Primary Cell Culture

Primary cell culture was incorporated to aflow time to perform the proposed CO
experiments (described in 2.3.5). The cell isolation procedure may be responsible for
producing oxidative damage similar to an ischaemia/reperfusion-like injury during organ
excision and prior to its perfusion (1.6). Oxidative damage to freshly isolated cells is
shown to occur in the liver, however, no references were found to support this for heart
tissue. The work performed to increase (or at least maintain) the viability of CM following

their isolation is shown below (in 2.4.2.71t0 2.4.2.4).

2.4.2.1 Pretreating of culture plates

The presence of foetal calf serum (FCS) in the culture medium following the pretreatment
of culture plates produces CM that retain their elongated shape during the first 12-24h and
most become spherical by the end of day two. The absence of FCS in the culture media
(after pretreating plates) has been shown to preserve the elongated morphology of CM for
up to 2 weeks (Piper et al., 1990). The role of FCS in the primary culture of CM is for
cellular attachment. However, the precise nature of the constituents of FCS and its mode
of action during attachment is not clear (Piper et al., 1990). Serum-free culture conditions
were used for the culturing of adult CM, although prior to plating cells the culture plate(s)
were pretreated with FCS (in media). Neonatal CM require different culturing conditions
and contain a diverse range of cell types due to the presence of fibroblasts (Polinger,
1970; Van Der Laarse et al., 1979). Cultured neonatal CM exhibit different phenotypes
compared to when isolated and do not accurately represent the in vivo picture. Neonatal
cells were not used because they are not fully differentiated and may introduce other

variables into the study.

The duration of pretreatment determined the degree of attachment. It was found that a
pretreatment period of 6h required careful handling during media change. However, a
longer pretreatment (28h) allowed harsher conditions to be used due to the greater

attachment (of both dead and viable cells). It was also observed that viable cells that had
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attached loosely prior to the media change would not survive (in most cases). Longer

pretreatment conditions (>8h) showed aggregates as cells adhered rapidly between
attached viable and unattached viable/dead cells. Cells also attached at a faster rate
relative to a shorter pretreatment period (such as 2-4h). The adhesion of viable and dead
cells is unaccountable. The shorter period appeared to favour the attachment of viable
cells. Although it may occur due to a higher level of calcium (1.2mM) in the culture
medium relative to 1mM calcium (in Joklik's media). Excluding the pretreatment step
resulted in the attachment of both dead and viable CM. This absence also produced a
greater loss of cell viability (in the same batch of isolated cells) compared to cells cultured
in pretreated plates. These findings support the use of pretreated culture plates. The
pretreatment period must be used to compromise between attaching predominantly viable
cells from freshly isolated cells and maintaining the attachment (of viable cells) during

media changes.

Tissue culture plates used from different manufacturers are shown to produce different
outcomes when culturing CM. Tissue culture grade polystyrene by Falcon and Costar
(used here) were shown to be successfully pretreated by serum (Piper et al., 1990). The
pretreating of plates (with FCS) prior to culturing aduit CM was shown to be necessary.
The duration of FCS incubated in culture plates (for pretreatment) was found to vary
between methods (shown in Table 2.1). The difference in pretreatment time may arise
from the initial cell viability prior to culturing. However, most of these workers (in Table

2.1) did not cite their isolated cell yield and viability prior to culturing.

Table 2.1 (overieaf) Cell culturing conditions used for cardiac myocytes isolated from rat
hearts.

* personal communication with Dr. Richard Handy (Department of Biological Sciences;
University of Plymouth). ® M199 is Medium 199 culture media; ® BSA is bovine serum
albumin; © FCS is foetal calf serum; “ PBS is phosphate buffered saline; * HEPES (buffer)
is N-2-hydroxyethylpiperazine-N-2-ethanesulphonic acid); / MEM is Minimum Essential
Medium;  NEAA is non-essential amino acid.
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Culturing
conditions

Culture media

Supplements used

Reference

Plated 10° cells per
well (in pretreated 6-
well culture plates).
Used 4% FCS°or
laminin (10ug/ml) to
pretreat culture
plates.

Gin-free M199°
with Earle's salts.
37°C; 95% O,:
5% CO;,

Creatinine (5mM), L-
carnitine (2mM),
taurine (5mM), 0.2%
essentially fatty acid-
free BSA®, insulin
(100nM), penicillin
(100 U/ml) and
streptomycin
(100ug/mi).

Handy*

Plated 1.5 x 10°
elongated cells per
60mm culture dish.
Aftached cells for
30min after
pretreatment (24h)
with 4% FCS in
M199°.

Used PBS? for cell
washes.

Modified Gin-free
M199° with
Earle’s salts

0.2% BSA®, insulin
(100nM), penicillin
{100 U/ml) and
streptomycin
(100ug/mi).

Voliz et al. (1991)

Pretreated tissue
culture plastic or
glass with 4-8% FCS¢
in 3ml M189 medium
per 60mm dish (5-
15h).

Change media 1-4h
after plating cells if
cells are required for
212h.

Media changed
normally every third
day after the first
media change.

M199 with Earle’s
salts buffered
with bicarbonate-
CO, (or HEPES®
with no CQO,)

Creatinine (5miM), L-
carnitine (2m),
taurine (5mM), 0.2%
BSA®, insulin (100nM),
penicillin (100 U/mf)
and streptomycin
(100pg/ml).

Piper et al. (1990)

Plated 7 x 10° cells in
35 plastic dishes
coated with 0.1%
gelatin.

Gln-free MEM'
with Earle's salts;
10% FCS*;
vitamins (x2) and
1 x NEAAY.
37°C; 5% CO, in

For first 7 days media
had 10mM araC to
prevent fibroblast
growth.

Always supplemented
with 1% penicillin and

Eppenberger st al.
(1988)

air streptomycin.
3h attachment period | BM B6-Wissler Streptomycin
after 25h media with 4% (100ug/ml) and

pretreatment period.
Used 35mm petri
dishes.

FCS°®.
37°C; 16% O:
5% CO3: 79% N,

Penicillin G (100 U/mi).

Eckel et al. (1985)

3h attachment period
after pretreated
overnight with 4%
FCS®in M199 (37°C
and 5% CO,).

Used 60mm petri
dishes.

M199 media

0.2% BSA?, insulin
{10nM), penicillin G
(250uM) and

streptomycin (250 uM).

Piper et al. {(1982)
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2.4.2.2 Culturing conditions

Glutamine and serum-free media supplemented with creatine, carnitine and taurine
prolong the survival of elongated CM in culture (Volz et al., 1991). Glutamine was omitted
from the culturing conditions as this amino acid serves as a signal for proliferating
fibroblasts (Clark Jr., 1976) and shown to develop the spherical shape of CM in serum-
free conditions (Piper et al., 1990). Taurine (2-aminoethanesulphonic acid) was
supplemented in the culture media as it is found in mammalian tissues. In heart tissue,
levels range 20-26umoles.g™ (wet weight), and this has been suggested to be equivalent
to a concentration of at >220mM (Militante et al., 2000). Taurine is thought to modulate the
movement of sodium ions across the sarcolemma (osmoregulation), modulate protein
phosphorylation and calcium fluxes in heart tissue. Carnitine and taurine have a similar
effect to creatine and together prevent cell rounding and contribute in replenishing

intracellular ATP levels (Piper et al., 1990).

Culture medium should be changed between 1-4h after plating the isolated cells (Piper et
al., 1990). This ensures the removal of non-attached cells and other cell debris (Table
2.1). The pH of the culture media was assessed after observing the red colour of the
supplemented media turn pink (under the culturing conditions used). The colour dye
indicating pH qualitatively showed alkalosis in the culture media. The bicarbonate buffer
system used was dependent upon 5% CO.. However, this buffer system did not appear to
be effective and the addition of HEPES to the culture media was thought to maintain a
stable pH. This was performed by supplementing the culture media and adjusting to pH
7.4 at 37°C. This resulted in more cells surviving (after being plated) as observed prior to
the first media change. The media change resulted in cell viability’s of ca. 270%, although
with a marked loss of cell numbers. Supplementing culture media with HEPES led us to
use commercially available Medium 199 with HEPES. The culture media was oxygenated
prior to its use. However, this oxygenation was difficult to perform as it caused frothing of
the culture media due to the presence of BSA. This frothy media is not recommended

during cell culture (personal communication with Dr. Christine King, University of
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Plymouth); therefore, the container holding the culture plates was oxygenated prior to

incubating the plates.

The findings of Eppenberger et al. (1988) showed that cultured adult CM undergo
extensive morphological transitions after 4d in culture to a less differentiated state. Small
myofibrils were identified in the cells and these cells showed altered shapes and
distribution of the myofibrils. The inclusion of serum increases the rate of differentiation in
the cellular myosin profile (Nag & Cheng, 1986). This suggests that the cultured cells may
have to be used within 4d (after being cultured) to maintain a consistent cell type. These
morphological changes question the validity of published studies using these culturing

conditions.

2.4.2.3 Calcium in cell culture

A gradual introduction of calcium is necessary to avoid the calcium paradox and to allow
the intercalated disc region to recover from the cell dissociation process (Isenberg &
Kiéckner, 1980). The calcium (in the culture media) could contribute in restoring the
extracellular structures found in the intercalated disk regions and may account for the

aggregation of cells (observed here).

2.4.2.4 Distribution of cullured cardiac myocytes

One common observation was the absence of an uniform distribution of cells after plating
isolated CM. Unattached cells tended to congregate towards the centre of each well. This
could not be resoived either by gentle agitation of the culture plates, or by spreading the
cells over the well area during plating. The layer of unattached cells may starve the
attached viable cells by consuming oxygen and limiting oxygen for the attached viable
cells, as CM are highly dependent upon oxygen (De Young et al., 1989). Furthermore, CM
do not like to be in contact with each other in culture, as either one or all the cells in
contact die (personal communication with Dr. Richard Handy). Therefore, this led us to

plate cells at lower densities, i. e. 2 x 10* cells compared to 1 x 10° celis. The cells plated
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at a higher density showed a greater viability relative to those plated at a lower density

after the 3h wash. These findings agree with Yasui et al. (2000) who showed cell-cell

interaction to be important for cell function and survival (Figure 2.1).
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2.5 Discussion

The low cell viability may have been caused by hypoxic injury resulting in the
hypercontracture of isolated cells (Hohl et al., 1982). These hypercontracted cells are
shown to lack the mechanisms for normal calcium homeostasis (Alishire et al., 1987).
Oxygen utilization is increased in myocytes following the addition of calcium (Frangakis et
al., 1980). The increasing presence of calcium may have raised the oxygen consumption
of these cells. Therefore, it may be worthwhile to increase the oxygen levels gradually in
parallel with the caicium levels. However, this may compromise cell viability by the

‘oxygen paradox’.

Dead (rounded) CM may release pro-apoptotic factors during their hypercontracture that
may be responsible for a low stability of the isolated viable cells. This suggests a
threshold effect, where the loss of viability may trigger cell death by (necrosis or
apoptosis) in the remaining viable cells. This could explain the requirement of high viability
preparations of isolated cells, typically to exceed 270% based on the numerous studies
that have used this model. The preparation of high viable fractions may not release a

lethal level of mediators responsible for producing death in neighbouring cells.
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2.6 Conclusions

Cell culture could not be used to maintain the viability of the isolated cardiac myocytes,
possibly due to the poor viability obtained after their isolation. The discussed findings may
serve as a reference for other workers who propose to use this model. The expenditure of

resources and time led us to consider using another model.
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3.1 Introduction

The isolated rat heart preparation were evaluated as an alternative in vitro model to
investigate the cardiotoxicity of CO. In brief, this model should allow a rapid approach (at
a lower cost) to examine cardiac changes compared to using isolated cardiac myocytes
(Chapter 2). This chapter examined the possible use of this model to study the
cardiotoxicity of CO. We have considered the appropriateness of the model; shown the
technical feasibility in preparing this mode!; examined its validity; found suitable markers
to determine tissue viability; and demonstrated a range of CO levels to investigate the

toxicity of CO.

3.1.1 Isolated Perfused Rat Heart Model

Isolated perfused hearts allow biochemical, physiological function (i.e. contractile and
electrophysiology), pharmacological, vascular biology, and tissue histology to be studied.
These experiments are performed in the absence of other influencing factors such as
organs/tissues, hormones, and neural control. Therefore, allowing changes to be
examined that may otherwise be unobserved. Such cardiac changes include those that
occur to maintain adequate oxygenation of tissues during chronic exposure to CO (1.4.1
and 1.4.2). Isolated hearts are not usually perfused with blood. Crystalloid solutions are
usually used for delivering oxygen and substrates, for example, the Krebs Henseleit buffer
(KHB; Neely et al., 1967). An absence of blood allows the direct effect(s) of CO to be
studied in heart tissue under conditions lacking systemic hypoxia (due to the absence of
carboxyhaemoglobin from blood). The loss of peripheral innervation may be rectified by
using perfusion buffers with added chemicals such as neurotransmitters to approach in

vivo conditions.

Biochemical analysis can be performed on heart tissues by preparing tissue
homogenates. This allows time course studies to be carried out (Yue et al., 2002).

Isolated rat hearts have been used to examine the effect of free radical producing systems
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in situ {Chahine et al., 1997), to study ischaemia (Mousa et al., 1987); and protein

turmover (Morgan et al., 1971; Rannels et al., 1975). Hearts from numerous species can
also be used by this model to evaluate species differences. However, the issues of cost,
animal ethics and appropriateness have to be considered (Galinanes & Hearse, 1990a).
Previous related work (using this model) mostly studied the effects of CO- and hypoxic-
hypoxia on the vasculature (McGrath & Chen, 1978; McGrath & Smith, 1984). Other work
has shown histological changes to occur in the hear following CO poisoning {Kjeldsen et
al., 1974). The established use of isolated hearts to examine ischaemia/reperfusion (I/R)
injury (1.6), and the postulated role of I/R-like injury in the cardiotoxicity of CO (1.7) favour

its use for this study.

Most models have limitation(s) that vary in degree with the nature of the conducted
experiments. The advantage of removing other factors that influence tissue function in
vivo yields preparations that dissociate from the in vivo setting. The lack of sympathetic
and vagal tones can be compensated (to some extent) by artificially pacing the heart
preparation. This requires the necessary hardware and could mask ventricular arrythmias
that may arise from the treatment(s). This ex vivo preparation gradually deteriorates,
however, it does allow studies for several hours. Rat hearts have a very short action
potential duration and this can limit its value (in terms of extrapolating any findings to the
human heart) in arrhythmogenic studies (Galinanes & Hearse, 1990b). The species used
is important in any study considering extrapolating the findings from one species to

another.

3.1.2 Heart Preparations: Langendorff versus Working Heart

The isolated hearts can be prepared in two ways.
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3.1.2.1 Langendorff preparation

The Langendorff preparation comprises cannulating the aorta of the isolated heanrt prior to
its perfusion with oxygenated buffer. The perfusion buffer is delivered in a retrograde
manner to the organ, by either constant pressure (60-100 mmHg) or flow (delivered by
infusion or a peristaltic/roller pump). The perfusing buffer forces the aortic valves to close
and the buffer perfuses into the coronary arteries. This perfuses the heart tissues via the
coronary arteries before draining into the coronary sinus (Wexler & Walsh, 1996). The
coronary drainage occurs in the right side of the heart from the pulmonary artery. Most of
the present methods are adapted from the original design by Langendorff (1895). The
Langendorff preparation was chosen due to its simplicity in setting up (relative to the
working heart preparation; 3.7.2.2), and it is established in evaluating cardiac

performance. This model does not require pacing as the working heart preparation.

3.1.2.2 Working heart preparation

This is more complex relative te the Langendorff preparation {(described above). This
preparation comprises ventricle filing prior to ejection through the aorta, i.e. the heart
behaves as in vivo, hence its name. It is essentially a left heart preparation that conducts
its own work whilst perfusing its own coronary system, and it is paced to maintain
oxygenation close to the physiological range (Mousa et al., 1987). This preparation
requires the Langendorff preparation to be modified after the heart is stabilised following
its isolation. This preparation has a greater expenditure of energy and subsequently a
higher consumption of oxygen. These particular attributes are likely to render the working
heart more susceptible to ischaemic injury {(Galinanes & Hearse, 1990a). However, this
preparation allows other indices of cardiac function to be determined, i.e. different filling
pressures and afterloads (Neely et al., 1967} relative to the Langendorff preparation

(Galinanes & Hearse, 1990b; Grupp ef al., 1999).
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3.1.3 Aims & Objectives

The aim to investigate the toxicity of CO in the heart appears feasible using the
Langendorff heart preparation. It is envisaged that the isolated heart model will allow the
effects of CO and hyperbaric oxygen treatment (HBOT) to be investigated to address the

hypothesis (1.7).

Specific objectives include:

(a) to establish a protocol for using the Langendortf heart preparation;

(b) to evaluate lactate dehydrogenase and creatine kinase as markers of tissue
viability of the isolated heart preparation; and

(c) to determine a suitable range of CO exposure to produce results that may be

extrapolated for clinical use.
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3.2. Material & Methods

3.2.1. Isolation of Rat Hearts

The heart was isolated following the ip. administration of anaesthesia and heparin as

described previously (in 2.3.1).

3.2.2 Langendorff Perfusion

The aorta was cannulated using surgical silkk to attach the heart to the Langendorff
apparatus for retrograde perfusion (Powell, 1984}. Prior to perfusing the heart with the
Langendortff apparatus, the cannulated fitting was tested by passing ice-cold cardioplegia
(ca. 10mi), to ensure that the suture was secure to prevent the heart from detaching off
the perfusion apparatus (as described in 2.3.1). This also ensured that no damage was
caused to the aortic valve and removed some blood from the tissues. Observing blood
perfuse out from the heart surface in the coronary ostia region during the slow infusion of
cardioplegic indicates no damage to the aortic valve. The heart was attached to the
Langendorff apparatus with the perfusion buffer flowing at 0.1ml.min"' to prevent air
bubbles entering the heart. Perfusion buffer (118mM NaCl, 4.7mM KCI, 1.2mM KH,PO,,
1.2mM MgSQ,, 1.8mM CaCl;, 20mM NaHCO; and 11mM glucose) was constantly gassed
with 21% oxygen, 5% carbon dioxide (balanced with nitrogen) to pH 7.4. The flow rate
(FR) was increased gradually so as not to cause any damage to the aortic valve and
coronary vasculature to 6ml.min™'.g™" (wet weight). At this point the heart beats itself and
this aids in removing unwanted blood from the tissues. The heart was maintained in a
humid environment by placing cling-film over the chamber housing the isolated heart.

Hearts that failed to beat within 30s were removed and discarded from the study.

3.2.3 Experimental Design

In brief, the hearts were exposed to CO and examined for any changes with the CO-

treatment. Hearts were isolated and perfused for ca. 10min to remove blood and allow the
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organ to stabilise following the excision procedure (pretreatment period). Hearts were

perfused with buffer saturated with 95% oxygen and 5% carbon dioxide during this
pretreatment period. CO exposure was started by perfusing hearts with buffer saturated
with 0, 0.05, 0.1 or 0.2% CO (with 21% oxygen, 5% carbon dioxide, and balanced with
nitrogen) for 30min, followed by a 90min CO-free period (by perfusing the hearts with
petreatment perfusion buffer). Three hearts were used for each treatment with 0-0.2%
CO. The heart rate and perfusate flow was determined in some hearts (3.2.4). The CO

gas mixtures used were certified mixtures supplied from BOC Gases (Dorset).

3.2.4 Heart Rate & Perfusate Flow

The basal or pretreatment (i.e. pre-CO) heart rate (HR) was determined 5 minutes prior to
treating the heart by perfusing equilibrated CO solution (3.2.3) and recording the HR at
various timepoints during and after the CO exposure. The HR of the isolated organ was
determined by visually counting the number of heart beats during a 30s period and
expressing the HR in beats.min™ (bpm) at that timepoint. Perfusate flow (PF) out of the
organ was determined (in some hearts) by measuring the collected volume of perfusate at
various time points to assess the myocardial coronary function. Perfusate samples were
collected from the heart at various time points and kept on ice (in 1.5ml eppendorf tubes)

prior to assaying (3.2.5).

3.2.5 Biochemical Assays
The spectrophotometric assays (below) were conducted using a HEAIOSB UV-visible

spectrophotometer (UNICAM) that was fitted with a temperature controlled cuvette holder.
The activity of the markers {and other analytes) in the perfusate were determined from the

assays (below) and expressed per gram (wet weight of heart tissue) to normalise the data.
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3.2.5.1 Lactate dehydrogenase (LDH)

The LDH activity was measured after each perfusion in fresh perfusate samples that were
placed on ice prior to determining the LDH activity (<1h after completing each perfusion).
The perfusate sample (0.1ml) was added to 2.9ml of assay reagent (in a 3ml cuvette),
rapidly mixed using a paddle and the initial decrease in absorbance at 340nm was
recorded over 30s at 25°C. The assay reagent used comprised 50mM sodium phosphate
buffer (pH 7.5) containing 0.6mM pyruvate (sodium salt) and 0.2mM NADH (final assay
concentrations) that were added in powder form prior to use. Enzyme activity was
determined by running known standard activities (0-5 U.mI'") prepared from L-lactic

dehydrogenase (Type XXXV) from porcine heart (Sigma).

3.2.5.2 Creatine kinase (CK)

The activity of creatine kinase was determined in stored perfusale samples using a
commercial assay kit (catalogue number: 47-20, Sigma). The assay was performed as

described in the manufacturers instructions.

3.2.5.3 Nitric oxide (NO)

Nitric oxide was measured by determining its immediate breakdown product, nitrite (NO3’),
using the Griess assay. This was performed after each perfusion using the method in

Yamamoto et al. (1998).

3.2.5.4 Ferric reducing ability of plasma (FRAP) assay

The FRAP assay was performed as described by Benzie & Strain (1996).
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3.2.6 Data analysis

The heart rate and assay measurements were performed in triplicate and showed good
agreement. The data shown is the mean + SEM of 3 hearts at each CO dose tested. No

statistical analysis was performed in this preliminary study.
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3.3 Results

The Langendorff model was tested using a range of dissolved CO gas mixtures containing
0, 0.05, 0.1 and 0.2% CO (in 21% O, with 5% CO; and balanced with N,). The heart is
very sensitive to acid so an effective buffer was employed. The established bicarbonate
buffering system was used in conjunction with 5% CO, as performed by other studies

using isolated hearts (Galinanes & Hearse, 1990; Humphrey et al., 1987).

Please note that no stalistical analysis of the data was performed (in this chapter). The
study was performed to examine whether the isolated heart model is a valid model to test

our hypothesis (1.7).

3.3.1 Heart Rate & Perfusate Flow

Control hearts (with no added CO) appeared to beat constantly at a similar level and
showed no visible colour change during the entire experimental period. The heart rate
(HR) was not recorded to allow quantification of the control data for comparison to the
other CO-treated groups. The 0.05% CO perfused hearts showed a decrease in HR after
2min of CO perfusion as observed qualitatively. A negative inotropic response was
observed in parallel with the chronotropic response. A decrease in perfusate (coronary)
flow was observed by an increase in back pressure (seen by an increased volume of
perfusing buffer in the bubble trap of the Langendorff apparatus). After the 30 minute CO
perfusion period (with 0.05% CO), the hearts displayed an increase in HR within 2min,
and contractile recovery was further observed by 15min. However, the inotropic response
did not recover to that observed (qualitatively) prior to CO exposure. No colour change

was observed in hearts perfused with 0-0.1% CO.

Hearts perfused with 0.1% CO showed similar changes in their inotropic and chronotropic
responses as the 0.05% CO perfused hearts. The pre-0.1% CO HR was 168 + 12

beats.min™ (expressed as the mean + SEM: from n = 3 hearts) at 5min prior to CO

92



Chapier 3 Isolated Perfused Heart Model
exposure. The HR decreased during CO exposure to 146 + 8 bpm at 27min of CO

exposure (or 87 + 5% of the pre-CO value). The HR increased during the CO-free period
(after 30min of CO exposure) to 132 + 20, 144 + 28 and 160 + 11 bpm at 31, 92 and
122min, respectively. The pre-CO HR values were taken as 100% for each heart and
other values of HR determined during and after the CO-treatment were expressed as a
percentage of the pre-CO level for each heart (prior to averaging for the group). These HR
values were equivalent to 79 + 15%, 86 + 19% and 95 i 7% of the pre-CO leve! for 31, 92
and 122min of the perfusion, respectively. Arrthymias were clearly observed when
determining the HR following the CO exposure. These arrhythmias were seen as phases

of irregular spasmic-like beating.

The 0.2% CO perfused hearts also showed a similar decrease in HR (as the 0.1% CO-
treated group). The pre-CO HR was 198 + 7 bpm and fell to 112 £ 34 bpm at 29min of CO
exposure, then recovered over the 90min CO-free period to 190+3 bpm at 120min (Figure
3.1). The HR for the 0.2% CO-treated group was 56 + 15%, 87 + 8% and 96 * 2% (of the
pre-CO level) at 29, 90 and 120min, respectively. However, no arrhythmias or
vasoconstriction (indicative of perfusion back pressure) were observed in these hearts.
The perfusate flow (PF) was measured and decreased during the CO exposure period
and increased gradually over the post-treatment period (Figure 3.1). The pre-CO PF
(determined 5min prior to CO-treatment) was 5.62 + 0.08ml.min™'. The PF did not recover
to the observed pre-CO levels. The PF was not determined for the 0.1% CO-treated group

to compare between these CO-treated groups.
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Figure 3.1 Heart rate and perfusate flow of isolated rat hearts exposed to 0.2% carbon
monoxide (CO). Hearts were perfused with buffer saturated with 95% O, and 5% CO,
during the pretreatment period (ca. 10min). CO exposure was started by perfusing hearts
with buffer saturated with 0, 0.05, 0.1 or 0.2% CO (with 21% oxygen, 5% carbon dioxide,
and balanced with nitrogen) for 30min, followed by a 90min CO-free period (by perfusing

hearts with petreatment perfusion buffer). Data shown is the mean £+ SEM (n = 3 hearts).

The black bar shows the period of CO exposure in perfused hearts.
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3.3.2 Tissue Viability

Lactate dehydrogenase (LDH) and creatine kinase (CK) are both intracellular enzymes.
The release of LDH and CK into blood serum indicates cellular, tissue, or organ damage
(Penney & Maziarka, 1976; Swaanenburg et al., 1998). Their activities were determined in
perfusate samples from hearts perfused with CO. Control hearts (0% CO) had a constant
release of LDH (<0.04 units.ml*.g™") during the experimental period. Hearts perfused with
0.05% CO showed maximum LDH activity in the 30min perfusate samples followed by a
decline (Figure 3.2). However, it remained elevated above the LDH activity of control
hearts. Perfusions with 0.1% and 0.2% CO had similar LDH release profiles and showed
no difference relative to the control hearts (0% CO). The CK activity had a similar profile
as the LDH release for the 0.1 and 0.2% CO groups, however, no elevation in CK activity
was found for the 0.05% CO-treated group (Figure 3.3). The CK activity was not

determined for the control hearts.
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3.4 Discussion

Pentobarbitone is a widely used anaesthetic that is a cardiovascular and respiratory
depressant that can reduce the intracellular level of high energy phosphates
(Bretschneider, 1975). Tissue hypoxia could potentiate this loss of high energy phosphate
when the heart was removed from the animal {(Grupp et al., 1999). The maintenance of a
high ATP to ADP ratio is critical in determining tissue viability. The removal of the heart
(after administering pentobarbitone) was performed quickly and followed by rapid
perfusion to minimise global ischaemia in the heart. Stressed (frightened) animals have an
altered hormonal blood chemistry (particularly catecholamines) that may influence the
perfused heart at the biochemica! and physiological level (Bolli et al., 1985, Bristow et al.,
1993; Vleeming et al., 1989). Stressing the animals was avoided at all costs by keeping
the animals in a quiet environment prior to anaesthesia and by minimising their handling.
The animals were handled confidently and administered anaesthesia without causing

them any visible distress following the experience gained (in Chapter 2).

The levels of CO used (0-0.2%) are similar to those producing a broad range of blood
[COHDb) found during CO intoxication. Raub ef al. (2000) showed equilibrium levels in
blood COHb ranging from 2-80% following the steady-state exposure to air containing
0.001-0.195% (10-1950ppm). These blood [COHb] produce a range of effects following
CO exposure in vivo from subtle flu-like symptoms to death (Table 1.2), i.e. non-lethal to
lethal. Therefore, using [CO] that reflect the spectrum of symptoms produced following CO
poisoning ensured a clinically relevant dimension to the study. The level of CO may be
lower than those cited due to the decreasing solubility of CO in solution with increasing
temperature. The solubility of CO in water is 3.54, 2.14, and 1.83m1.100mI" at 0, 25, and
37°C, respectively (World Health Organization, 1979). The use of plastic tubing
throughout the perfusion apparatus may also reduce the [CO]) through adsorption. Most of
this loss was thought to arise from the lowered solubility with temperature (above) and the
presence of other solutes in the perfusion buffer. The degree of loss of CO through

solubility and adsorption was not determined. To minimise any loss of CO through
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adsorption between the stock gas cylinder to the glass bottle (holding the CO-containing

perfusion buffer); therefore, tubing that could withstand high pressure and not adsorb CO
was found and ordered for later work (from Altec). Therefore, the [CO] used here reflect

nominal values and not the actual level.

The changes in mechanical function were assessed by measuring the heart rate (HR).
The bradycardia (observed from the determined HR in 3.3.1) suggest a dose-dependent
effect of CO at similar time-points for the 0.1 and 0.2% CO-treated groups. The absence
of a blood compartment (as found in vivo} rules out the formation of COHb. Therefore,
these changes in HR do not result from systemic hypoxia, or the decreased perfusing O,
level during CO exposure relative to the pre-CO PO, (discussed below). The
vasoconstriction, arrythmias and bradycardia observed in hearts perfused with 0.1 and
0.2% CO may suggest a direct effect of CO. The perfusate flow (PF) may also have a
dose-dependent relationship (similar to the HR), however, this remains to be determined.
These changes in HR and PF are not discussed here as the primary purpose (of this
chapter) is to evaluate the feasibility of using isolated hearts. However, this work does

suggest a direct effect of CO on heart function (under the conditions used).

The markers used (lactate dehydrogenase and creatine kinase; LDH and CK,
respectively) are established in cardiovascular research (Van Der Laarse et al., 1979).
These markers were used for two purposes. to dissect out the deterioration of the
perfused organ with time and to examine the experimental effects of CO. Some release of
LDH was found from control hearts and this leakage may indicate washout of LDH arising
from tissue damage during heart isofation and/or deterioration of the isolated preparation
over time. The release of LDH during the 0.05% CO-treatment indicates some tissue
damage produced by CO. The mechanism(s) responsible for producing the tissue
damage (with 0.05% CQ) are not discussed as this preliminary study was performed to
evaluate the isolated heart model (1.8). However, the higher doses of CO (0.1 and 0.2%)
showed no etevation in LDH activity (Figure 3.2). These findings suggest that sub-acute

doses of CO <0.05% CO may warrant further examination prior to making any conclusions
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(Chapter 4). Furthermore the reduced PF observed in the 0.2% CO-treatment (above)

may lower the activity of LDH (and also CK) by reducing the rate of release of these
markers from the heart tissue(s). The increase in PF after the 0.2% CO-treatment could
have occurred in the 0.05% CO-treated group (not determined here) and may account for
the decrease in LDH activity following the CO-treatment (Figure 3.1). The absence of
LDH activity (in the perfusate) from hearts exposed to >0.05% CO suggests that the
changes in PF may have masked any LDH release and could be detemmined more

accurately by measuring the activity in perfusate fractions.

The activity of CK in the perfusate samples did not allow any conclusions to be made as
no control data was determined. The CK assays were performed at a later date after the
experiments and this storage could have resulted in a loss of activity from the samples
(Figure 3.3). The duration of storage at -20°C (prior to assaying for CK) in the samples
was 2-3, 6, and 68-75 days for 0.10%, 0.20% and 0.05% CO, respectively. Any likely loss
of CK activity may mirror the duration that the samples were stored at. Assuming there
was a loss of activity with time, it suggests that there may have been a release of CK (as
observed for LDH). Whether a dose-dependent release occured remains to be
determined. Damage to the heart following CO exposure could be examined using
sensitive markers of viability to indicate more specific tissue damage. Such markers
include the troponins (Chapter 4) and myoglobin (Chapter 7) due to its specificity in
showing early myocardial damage and its abundance in myocardial tissue, respectively

(Ooi & Le May, 2000; Stokke et al., 1998).

Inducible nitric oxide synthase (iNOS) is shown to be stimulated following
ischaemia/reperfusion (I/R) and also after CO exposure (1.5). The role of nitric oxide (NO)
during and/or after CO exposure may be ruled out in heart tissue at the levels of CO used
here. The nitrite may have oxidised to nitrate (prior to measuring nitrite) and this may
explain the absence of any difference in NO levels (as reflected by nitrite). However, this
does not rule out iNOS, as NO may be found elevated in heart tissues following a period

of induction post-CO exposure {Chapter 1). Therefore, this measurement will be excluded
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in further studies, although its role in cardiac mortality following CO exposure cannot be

eliminated.

The antioxidant potential of perfusate samples showed no differences using the FRAP
assay (3.2.5.4). Several flaws were identified in the method that could render it useless for
this study. The use of acidic solutions (to maintain the solubility of iron) may prevent some
antioxidants in reducing ferric iron. This change in pH may alter the redox potential and
interfere with the antioxidant chemistry. Whether antioxidants were released from heart
tissue (into the perfusate) cannot be concluded as used (or oxidised) antioxidants may not
participate in the FRAP assay, unless they undergo redox recycling to their antioxidant
state, i.e. become reduced. The FRAP assay is shown to determine the antioxidant
activity in samples of plasma (Benzie & Strain, 1996). This could restrict the assay to
using samples with a high content of antioxidants such as the plasma or heart tissue
homogenates (relative to using perfusate samples). Conversely, other measurements
such as the glutathione content may be determined to evaluate oxidative stress (Chapter

5).

The gases used here comprised 95% O; (and 5% CO,) during the pre-CO stage that was
changed to a CO-containing mixture (of 21% O, and 5% CO, balanced with N,) during
CO-treatment, followed by the pre-CO (CO-free) gas mixture. This use of gas mixtures
(during CO-treatment) may have introduced a reduction in PO, during the CO exposure in
comparison to the basal (pre-CO) and the post-CO period (following CO-treatment);
therefore, masking the effect(s) of CO by possibly introducing hypoxia. Using gases that
remove this variable would have to be employed. Use of gas mixtures containing 21% O,
5% CO,, 0-0.1% CO (balanced with nitrogen), i.e. maintain 21% O, throughout the entire
perfusion would eliminate this emror. The 0.05% CO-treated hearts showed the release of
LDH into the perfusate (above) suggesting that CO may have a direct cardiotoxic effect
irrespective of hypoxia produced following the changes in O; levels during CO exposure.
The absence of an elevated LDH activity in the perfusate of control hearts (0% CO)

suggests that no hypoxia(-reoxygenation) injury may have occurred, therefore, ruling out
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this introduction of hypoxia under the experimental conditions used. Conversely, no

hypoxia may have been introduced as oxygen (at 221%) was used throughout the

experiments.

Hyperbaric oxygen therapy (HBOT) following CO exposure may be studied by perfusing
the heart preparations with buffer equilibrated with a greater content of dissolved oxygen,
i.e. hyperoxic relative to the buffer equilibrated with 21% O,. This appears to be a valid
experimenta! model as hyperoxia of the blood is essentially what occurs during HBOT.
Blood can carry 0.3ml of dissolved oxygen per 100ml under physiological conditions, i.e.
inhaling air (21% O,) at sea level (one atmosphere). The inhalation of 100% O, at 1
atmosphere (atm) results in 1.5 ml O, per 100ml blood, an increase by a factor of five
(according to Henry's Law); at 3 atm (i.e. HBOT) increases the amount to 4.5ml O,. By
using 95% O, to perfuse the heart {and maintain the bicarbonate buffering with 5% CO)
may simulate these conditions, although the dissolved O; content of the perfusing buffer
may have to be detemined to quantify the level of hyperoxia. Using different levels of O
may allow other levels of hyperoxia to be studied. The use of a high O, level after CO
exposure may indicate some positive effects of HBOT as shown by the increase in HR,
PF and the decreased loss of LDH from the heart following CO-treatment. However, this is

not conclusive as hyperoxia was used here prior to any CO exposure.

Experimental hearts should be perfused with gas mixtures containing 21% oxygen
throughout the entire period to rule out hypoxia (above). This is not difficult to conduct
(above), however, whether the heart preparation is able to use 21% O. remains to be
determined as other organ studies use 95-100% O, with 0-5% CO. depending on the
buffer used (McGrath & Martin, 1978). Examination of the oxygen consumption in vivo
would appear to support the use of 21% O; in Langendorff perfusing hearts. Dissolved O,
in the plasma is used by the cells/tissues following its diffusion through the capillary walls.
The content of dissolved O, in the blood is 0.3ml per 100mi of arterial blood following the
inhalation of atmospheric air, i.e. 21% O, (1.3 and above). Considering that this model

comprises an isolated heart, it should be able to sustain itself using 21% O, (as other
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compartments such as the tissues and blood are not present). Taking the above into

consideration, it appears likely that the heart preparations using 21% O, throughout are
likely to work and has been confirmed (in Chapter 4). Using 21% is also more clinically

relevant and strengthens the use of this model for our purposes.
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3.5 Conclusions

The Langendorff isolated heart preparation was used to evaluate and validate its use for
investigating the cardiotoxicity of CO. This preliminary study identified some
improvements (3.4) that support its use to address the hypothesis (1.7). The levels of CO
used were chosen by examining the literature values and the symptoms produced (given
in Chapter 1). The 0.05% CO dose produced tissue damage, however, the higher
concentrations of CO may have had their toxicity masked due to an inaccurate sampling
method. As the isolated heart was exposed to CO, the chosen concentrations of CO gas
mixtures may exceed (theoretical) blood levels that could surpass death. Therefore, using

a lower concentration of CO such as 0.01% CO may prove to be suitable for this study.
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3.6 Further Work

3.6.1 Nitric oxide

A fluorometric assay with increased sensitivity and including nitrate reductase may be
more suitable to detect any production of NO (Misko et al., 1993). Alternatively, tissue
homogenates could be prepared from heart tissue to eliminate the above issue of
sensitivity. A recent method that continually monitors NO released from perfused hearts

may be used (Tsukada et al., 2003).
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Chapter Four:

Cardiotoxicity of CO During Normoxia
- Physiological Changes
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4.1 Background

Previous work has shown ultrastructural changes in rabbit hearts after exposing live
animals to CO (Kjeldsen et al., 1974). There are also studies that have reported changes
in tissue viability following CO exposure (Penney & Maziarka, 1976) and some studies
have assessed cardiac function using isclated hearts from rats exposed to CO. However,
at present no studies have been found examining tissue biochemistry with physiological
changes (in structure and function) following the CO exposure. This study will incorporate
the necessary work to provide a detailed insight to elucidate the mechanism(s) of CO

toxicity in the heart.

Other studies used chronic exposure to CO and showed that significant changes occurred
following CO exposure (1.4.1). Such changes include an increased haematocrit content,
cardiomegaly, and other changes in the levels of various blood enzymes. Many of these
changes were attributed to CO-induced hypoxia, therefore, the direct effect of CO in
myocardial tissue is masked by other influencing variables (Chapter 1). For example, a
cardiotoxic chemical species (or modified biomolecules) produced by other organs (such
as the liver) following chronic exposure to CO may be responsible for the cardiotoxicity of
CO. These early studies that examined chronic CO exposure failed to account for the
associated heart failure that at present appears to be a direct effect of CC. Previous
chronic studies also used non-lethal doses that were lower than the doses found in severe

cases of acute CQO poisoning.

Studies are routinely performed solely examining the physiological changes without
considering any biochemical changes. Our model used isolated rat hearts to assess the
cardiotoxicity of acute CO poisoning, however, the blood component is missing and the
organ is perfused using a modified Krebs-Heinshelt buffer (KHB; 3.2.2). Therefore, blood
(or systemic) hypoxia cannot occur as CO cannot bind to haemoglobin (in erythrocytes).
This model allowed the examination of CO directly in the heart and was performed by

dissolving the CO-containing gas mixture into the buffer that perfused the isolated organ.
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The novel aspect is that normoxic conditions were used throughout, i.e. all perfusions
with CO were conducted in the presence of 21% oxygen. Biochemical measurements
were also undertaken to look for evidence of a reperfusion-like injury to investigate the
hypothesis (1.7). This chapter presents the physiological findings from this study (and

Chapter 5 shows the biochemical aspects).

110



Chapter 4 Cardiotaxicity of CO During Normoxia - Physiological changes

4.2 Materials & Methods

4.2.1 Isolation & Langendorff Preparation

Isolation of rat hearts and the Langendorff preparation were carried out as described
previously in 3.2.1 and 3.2.2, respectively. No heparin was administered to the
unconscious animal. (The reasons for not administering heparin in this study are stated in
5.2.3). Isolated hearts that showed arrhythmia's immediately or other visible signs of the

calcium paradox after being perfused were discarded.

4.2.2 Experimental Protocol

This was performed exactly as described by Patel et al. (2003). In brief, hearts were
perfused for 15 minutes to wash out contaminating blood. The basal physiological
parameters (4.2.3; heart rate and coronary flow) were determined over the next 15
minutes. Exposure to CO was started by perfusing with buffer that was saturated with 0,
0.01 and 0.05% CO (0, 100 and 500ppm, respectively) for 30 minutes, followed by a 90
minute CO-free period. Note, the perfusing buffer was constantly saturated with 21%
oxygen and 5% carbon dioxide (balanced with nitrogen). The heart ventricle was then

blotted and weighed prior to snap-freezing for biochemical analysis (Chapter 5).

Some hearts were perfused with perfusion buffer supplemented with antioxidants. The
antioxidants were perfused during the pretreatment period (i.e. whilst establishing basal
levels of heart rate and coronary flow over 15min; 4.2.3) and during the 30min exposure to
CO. The antioxidants used were TroloxC and ascorbic acid, at 0.2mM and 1mM,
respectively. The stock solution of ascorbate was prepared and added to the perfusion
buffer before the start of the antioxidant perfusion. The inclusion of ascorbate required
greater buffering in the perfusion buffer and was supplemented with 10mM HEPES. Other
heart perfusions were performed that involved taking hearts immediately off the
Langendorff apparatus after the basal parameters had been determined or after being

treated with 0 and 0.01% CQ (for 30 min).
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4.2.3 Physiological Parameters

Heart function was evaluated by monitoring the heart rate (HR; 4.2.3.1) at various fixed
time points. This was performed to examine any change(s) in cardiac performance and
investigate any direct effects of CO on the heart. The coronary flow (CF; 4.2.3.2) was
measured to assess changes in coronary vasculature produced as a result of CO
exposure. The time points used were -15to -10, -10 to -5, -5 to 0, 0-5, 5-10, 10-15, 15-20,

20-25, 25-30, 30-35, 35-45, 45-60, 60-80, and 80-120 minutes.

4.2.3.1 Heart rate (HR)

The heart rate (in beats.min™') was determined by counting the number of heart beats in a
30 second period three times around the midpoint of each time fraction (above). The

mean HR was determined in each timepoint for each heart.

4.2.3.2 Coronary Flow (CF)

The coronary flow {CF) was determined from the volume collected (ml) over the time
period for each fraction (in minutes) and normalised per gram of heart tissue (wet weight).

The collected perfusate was immediately placed on ice for biochemical analysis (5.2.3).

4.2.4 Changes in Heart Weight (HW)

Prior to cannulating the heart (for Langendorff preparation; 4.2.1) the heart was blotted
and quickly weighed to determine the pre-perfusion HW. Following the perfusion the heart
was quickly removed from the Langendorff apparatus, taken off the cannula and weighed

to determine the post-perfusion HW.
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4.2.5 Tissue Water Content

The water content was determined in heart tissue from the difference in wet and dry tissue
weights. Hearts were immediately taken off the perfusion apparatus following the
experiment (4.2.2 and 4.2.4). The ventricle tissue was obtained (firstly, by removing the
atrial and vascular tissue) using a scalpel, then some tissue (ca. 30-100mg wet weight)
was rapidly removed from the top portion of the ventricle mass opposite the apex. The
remaining ventricle mass was gently blotted and weighed prior to being snap frozen and
stored at -80°C (5.2.4). The removed portion of ventricle tissue was weighed (after gentle
blotting) to give the wet weight (WW). The pieces of tissue were dried by incubating in an
oven and drying to constant weight (at 80°C over 11 days). The tissue water content was
expressed as a percentage (determined using (WW-DW/AWW)x100%, where DW is the

dry weight).

4.2.6 Metal lon Analysis

Dried ventricle tissue (from above; 4.2.5) was reconstituted in 2mi nitric acid (70%, 1.42
SG; Fischer Chemicals Ltd) in a fume hood and heated at 55°C (for 10min) to dissolve the
dry tissue. The following electrolytes: sodium (Na‘), potassium (K'), calcium (Ca®"),
magnesium (Mg?*), iron (Fe), copper (Cu?®*), and manganese (Mn) were quantified using
inductively coupled plasma mass spectrometry (ICP-MS). The analysis was performed
using a PlasmaQuad PQ2+ Turbo ICP-MS with the following default lens setting:
extraction 1.00-2.00; collector 7.70; lens 1 7.70; lens 2 5.40; lens 3 5.00; lens 4 3.85; and
pole bias 4.60-5.50. The instrument was calibrated using appropriate metal solutions, and
indium (100ng.ml’*) as the blank. The sample preparation and electrolyte analysis was

performed by Mr. Leonard Hawkins (as part of a final year undergraduate project).
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4.2.7 Osmolarity

The osmolarity of the perfusate were measured to evaluate any changes in the electrolyte
content of heart tissue (4.2.6) following CO-treatment. The frozen perfusate samples were

thawed on ice prior to determining its osmolarity.

4.2.8 Histology

Two to four tiny pieces (ca. 2-4mm length) of ventricle tissue from each heart were
removed and immediately placed in 3% glutaraldehyde in 0.1M sodium phosphate buffer
for primary fixation (1h at 4°C). In brief, the pieces were then washed twice with buffer
(5min each). Secondary fixation was performed using 1% osmium tetraoxide (OsO,) in
buffer (for 1h at 4°C) prior to washing three times with buffer. Tissue pieces were
dehydrated using successive incubations (10min each) in ethanolic solutions (30, 50, 70,
90% and absoclute alcohol). The samples were then infiltrated with Spurr's resin in a
graded manner prior to polymerisation in embedded blocks of resin. Ultra-thin sections
{ca. 100nm) were prepared using a Reichert ultramicrotome and collected onto copper
support grids for routine staining for contrast by Dr. Roy Moat (Electron Microscopy Unit,

University Of Plymouth, UK).

4.2.9 Data Analysis
All data shown is expressed as the mean + SEM or SD with the number of hearts (n)

cited for each group. Unless otherwise stated the Student's f test was used for statistical

comparisons of the means using StatGraphics 5.0 software.
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4.3 Results

4.3.1 General Observations

The rat hearts were excised, cannulated and mounted on the Langendorff perfusion
apparatus as quickly as possible in order to minimise tissue ischaemia (as discussed in
Chapter 2 and 3). Isolated perfused hearts that beat regularly and showed no visible
signs of the calcium paradox (Chapter 2) were used. The total number of hearts (or
animals) used solely for this wark including unsuccessful hearts were 40. The number of
successful perfusions (used here and Chapter 5) were 36. The weights of the hearts used
in the perfusions are presented in Table 4.1. Also shown are the body weights (BW) of the
animals used from which the hearts were taken, and these were determined in
unconscious animals prior to excising the heart. The start-stop perfusions were conducted
using nine hearts (three in each group) and had a mean body and heart weight of 292 +

38 and 1.53 + 0.19 {mean + SD), respectively.

The region of the heart surrounding the coronary arteries was observed to swell up during
the CO-free period in hearts exposed to CO. However, control hearts showed no sign of
swelling. Some CO-treated hearts showed an increase in the volume of perfusion buffer in
the bubble trap (placed above the heart to prevent air bubbles entering the heart). From
the 0.01% and 0.05% CO-treatment, respectively, four and two hearls showed an
increase in the volume of after CO exposure. This increase in buffer volume occurred at
different periods after the CO-treatment. In general, these identified hearts appeared {0
have an increase in back pressure before their decline in heart rate (HR). Some hearts
from the preliminary study (Chapter 3} also showed this increase in volume, however,

those CO-treated hearts showed this trend either during and/or after the CO exposure.

Control hearts had regular heart beat and showed no altered HR. Most of the CO-treated
hearts displayed signs of arrhythmias indicated by fibrillation and irregular heart beat.
Eight hearts (of ten) showed arrhythmias at some periods with 0.01% CO-treatment; 2, 3

and 3 hearls showed these signs during CO-treatment, during and after CO-treatment,
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and cnly after CO exposure, respectively. All hearts treated with 0.05% CO showed signs
of arrythmia at some point: 3, 1 and 2 hearts showed these signs during CO-treatment,

during and after CO-treatment, and after CO exposure, respectively.

The coronary ostias region of the heart was close (in proximity) to the atria in control
hearts indicating no swelling. A swollen appearance in the vasculature was observed in all
hearts after the period of CO-treatment. However, this could not be presented here as this
observation was not quantified or recorded. Two of the hearts (out of six) exposed to
0.05% CO had two to three small red areas resembling haemmorhagic zones. These focal
regions were found predominantly around the apex of the heart (after the perfusion). No

tissue specimens were taken from these areas for histological examination.

Group (n) Body weight (grams) Heart weight (grams)
0% CO (3) 261.33£5.35 1.37 £ 0.10
0% CO + AO (3) 258.23 + 3.91 1.30 £ 0.07
0.01% CO (10) 246.21 £ 11.90 1.51 + 0.11
0.05% CO (6) 229.73 £ 11.09 1421010
0.05% CO + AO (5) 278.08 1+ 7.82 1.61+0.15
0% CO; Omin 284.80 £ 39.07 1.43 £ 0.05
0% CO; 30min 308.67 + 44.94 1.69+0.26
0.01%; 30min 283.77 £ 38.97 1.46 £ 0.10
All (36) 261.70 £ 30.21 1.48 £ 0.15

Table 4.1 The body and heart weights of adult male Sprague-Dawley rats in each
treatment group. This includes the CO-treated groups, antioxidant (AQ) perfusions, and
start-stop perfusion. The data shown is expressed as the mean + SD for each group with
the number of hearts in each group (n).
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4.3.2 Heart rate (HR)

The basal heart rates of the perfused hearts ranged from 78-274 beats.min"’ for the hearts
perfused with or without antioxidants (AO). The mean heart rate (HR) for the pretreatment
period are shown in Table 4.2. To allow comparisons to be made between the CO-treated
groups; the three pretreatment HR levels were expressed as a mean pretreatment HR
and the other HR were expressed as a percentage of the mean pretreatment level (taken
as 100%) for each heart. The data were expressed as the mean + SD for each group

(Figure 4.1).

Control hearts beat regularly and had no significant deviation to the pretreatment (basal)
HR. The CO-treatment had a negative chronotropic effect. Hearts treated with 0.01% CO
showed a decline and a recovery in HR during the 30min period. These hearts had a
decline in the CO-free perfusion period. Those hearts exposed to 0.05% CO showed a
similar decrease, however, there were no signs of recovery during the CO-treatment and
the mean HR were similar to the 0.01% exposed levels at the end of the perfusion. The
decline in HR showed no significant differences to the control hearts (0% COQ) throughout
the perfusions. The control antioxidant group had no difference to the control group
without AO, however, the CO-treatment had a negative chronotropic effect that was

augmented with the antioxidants.
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4.3.3 Coronary Effluent

The coronary flow (CF) was determined to assess any change in the perfusion of hearts
exposed to CO. The terms coronary flow (CF) and perfusate flow (PF) is used
interchangeably as exemplified in other literature, however, some readers may disagree
with this. The isolated hearts were perfused using a calibrated pump that was validated
before and after completing the study (not shown). All the hearts were perfused at
6ml.min".g"' (see 4.2.1) and the mean pretreatment CF are shown in Table 4.3. These
values were transformed as performed for the heart rates (described in 4.3.2) and shown
in Figure 4.2. The CF declined significantly in a dose-dependent manner after the CO-
treatment relative to the control group (Figure 4.2). The 0.05% CO-treated group had a
significant decline in cumulative CF over the CO-free perfusion period relative to the
contreol group (not shown) and is expected from the observed decline in CF. The inclusion

of AO prevented the decline in CF produced after the 0.05% CO-treatment (Figure 4.2).
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4.3.4 Heart Weights & Tissue Water Content

The hearts were weighed prior to and after the perfusion to estimate changes in wet
weight following CO exposure. All the groups had an increase in mean heart weight {HW)
after being perfused compared to their pre-perfusion HW (Table 4.4). The increases were
not significantly different to the control group (with or without AO). The water content of
the ventricle tissue from perfused hearts (without AO) were determined by drying the
tissues to constant weight (Table 4.4). No significant difference were found in these

groups relative to the controls.

Measurement 0% CO 0% CO 0.01% CO 0.05% CO 0.05% CO
{n=3) with AO {n=10) (n=6) with AO
(n=3) (n=5)
Pre-perfusion  1.37 £ 0.10 1.30 £ 0.07 1.51+£0.11 1421010 161+0.15
HW
Post-perfusion 1.57 + 0.11 1.44 +0.10 168+0.09 150+008 1.77+0.08
HW

Increase in 1500+750 107211256 11581347 597+526 10.62+5.88
HW (%)
Tissue water 825+ 0.9 nd 83.0+14" 82327 nd
content (%)

Table 4.4 The wet heart weights (HW) before their perfusion and after the 30min CO
exposure and CO-free (90min) perfusion period. The post-perfusion water content (%)
were determined by drying preweighed ventricle tissue (taken from perfused hearts) to
constant weight. The data shown is the mean + SD for the hearts in each group; and nd is
not determined. 'The n number of hearts was 8 (and not 10) through no collection and

loss of the tissue sample.

123



Chapter 4 Cardiotoxicity of CO During Normoxia - Physiclogical changes
4 3.5 Tissue Electrolyte Content

The electrolyte content was determined in the dried ventricle tissue of perfused hearts
{(described in 4.2.6). The electrolyte content were measured using ICP-MS for the
following metals: sodium, potassium, calcium, magnesium, iron, copper, and manganese.
The data shown below (in 4.3.5.1-4.3.5.8) is the mean + SD from 3, 3, 8, 6 and 5 hearts
for the 0% (controls), 0% with AQ (AO control), 0.01 and 0.05% CO, and 0.05% CO with

AQ (0.05% CO+AQ) groups, respectively.

4.3.5.1 Sodium

The sodium content in the dried ventricle tissue of each treatment group were 8497
1116, 9014 + 2366, 6217 + 1757, 9537 + 2211, and 5891 + 1178 nug.g™ (dry weight) for
the control (n = 3 hearts), AO control (3), 0.01 (n = 8) and 0.05% CO (n = 6), and 0.05%
CO+AO groups, respectively. There were no significant differences in the levels of sodium
between the control and CO-treated groups + AO. Although the sodium content in the
0.01% CO and 0.05% CO+AOQ groups were lower relative to the other groups. The ratio of

sodium to potassium content was also determined (see 4.3.5.8).

4.3.5.2 Potassium

The potassium content in the dried ventricle tissue for each group were 12672 + 1483,
12629 + 2562, 7827 + 1492, 13680 + 2839, and 6516 + 2328 ng.g"' (dry weight) for the
control, AO control, 0.01 and 0.05% CO, and 0.05% CO+AO groups, respectively (with
the same n numbers as cited above for sodium). There were no significant differences
between the CO-treated (+ AQO) groups relative to the control, however, the 0.01% CO and
0.05% CO+AOQ groups were lower as the sodium content (above). The ratio of sodium to

potassium content was determined (see 4.3.5.8).
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4.3.5.3 Calcium

The calcium content of the dry ventricle tissue were 1735 £ 331, 1475 = 310, 1284 + 148,
1864 + 275, and 1688 + 429ug.g™' (dry weight) for the control, AO control, 0.01 and 0.05%
CO, 0.05% CO+AQO groups, respectively. The 0.01% CO-treated hearts had a lower
calcium content. No significant differences were found in the CO-treated hearts (x AO)

relative to the control.

4.3.5.4 Magnesium

The level of magnesium (>*Mg) in the dry ventricle tissue were 1041 + 146, 1053 + 154,
817 + 79, 983 + 188, and 756 + 137 pg.g™' (dry weight) for the control, AO control, 0.01
and 0.05% CO, and 0.05% CO+AQO groups, respectively. No significant differences were
found in the CO-treated hearts + AO relative to the control group. The analysis using ICP-
MS also determined the levels of Mg and these were similar to the *Mg tevels (not

shown).

4.3.5.5 Iron

The determined content of iron measured the total iron pool, i.e. Fe** (ferrous) and Fe*
(ferric). The iron level in the dry tissue were 205 + 73, 353 + 101, 315 £ 42, 372 + 95 and
349 + 136 pg.g” (dry weight) for the control, AQ control, 0.01 and 0.05% CO, and 0.05%
CO+AOQ groups, respectively. The increased iron content of hearts exposed to CO had no
significant difference relative to thé control group. The control AO group also had an
increase in iron content compared to the control group (with no AO), however, this

increase was not statistically significant (at P < 0.05).

4.3.5.6 Copper

The copper content in the dry ventricle tissue were 63 + 34, 27 £ 5, 34 + 2, 31 £ 6, and 34

+ 13 pg.g”’' (dry weight) for the control, AO control, 0.01 and 0.05% CO, and 0.05%
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CO+AQ groups, respectively. The two CO exposed groups without AO had copper levels

that were not significantly reduced compared to the control group. The control AO group
had a lower copper content than the control group without AO (above). The AO appear to

produce a similar change as CO for heart ventricle tissue, i.e. reduce the copper content.

4.3.5.7 Manganese

The leve! of manganese in the control group was unquantifiable (at -16 + 9 pg.g™ dry
weight). This level was considered negligible compared to the values for the AO control,
0.01%, 0.05% CO, and 0.05% CO+AQ treated groups of 20+ 6,4 £+ 3,7+ 3, and 12+ 4
ug.g”"' (dry weight), respectively. The antioxidant (AO) treatment increased the level of
manganese in the heart ventricles, however, no significant difference were found between

the treated groups relative to the controt group

4.3.5.8 Sodium/potassium and calcium/magnesium ratios

A change in the ratio of sodium to potassium content may indicate cellular fluxes within
the tissues. The ratio of sodium to potassium (Na'/K') is determined from the tissue
contents (above) and were 0.67 + 0.01, 0.71 £ 0.04, 0.78 £ 0.12, 0.70 £ 0.14, and 1.00 £
0.40 for the 0 (control), AO control, 0.01 and 0.05% CO, and 0.05% CO+AO groups,
respectively. The CO = AO-treatment showed an increased ratio, although this were not
significant. The ratio of calcium to magnesium was determined similarly as for Na*/K* to
evaluate any fluxes of these ions in heart tissue following the exposure to CO. The ratio of
calcium to magnesium (Ca*'/*Mg?") were 1.67 + 0.28, 1.41 + 0.28, 1.58 + 0.18, 1.92 +
0.23, and 2.39 + 1.13 for the O (contro!), AO control, 0.01 and 0.05% CO, and 0.05%
CO+AO groups, respectively. These values showed no significant difference between
each treatment group compared to the controls and may suggest that no sodium or
calcium loading occurred. The 0.05% CO+AQ treatment increased this ratio, however, it

were not signficant.
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4.3.6 Osmolarity of Heart Perfusate

The osmolarity (a measure of the osmotic pressure} of the collected perfusate was
determined (at a later date). The perfusate samples for each fraction were stored frozen
prior to measuring its osmolarity. The mean osmolarity for each treatment group is shown
in Table 4.5A. No significant differences (in osmolarity) were found between the CO-
treated and control groups, nor between the two CO exposed groups. The osmolarity of
the perfusion buffer were also measured before the start and after the perfusions (Table
4.5B). No significant differences were found in the osmolarity between the two groups.

The perfusate osmolarity was not determined for hearts perfused with antioxidants.
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A

Time Osmolarity (mmol.kg™)
(min) 0% CO 0.01% CO 0.05% CO
{n=23) (n=10) (n=26)

-12.5 257 + 25 270+ 17 275+ 18

7.5 283 +13 258 £ 19 278+6

-2.5 261 + 28 266 £ 22 278+3

25 262 + 39 268 £ 30 28017

7.5 255+ 35 261124 279+13

12.5 28315 270+ 17 278+ 5

17.5 282+ 12 264 1+ 15 275 £ 11

22.5 254 + 28 253 + 32 253+ 36

27.5 266 + 18 265+ 18 277+9

325 28815 259 + 32 266 + 20

40 262 + 24 258 + 35 260 t 31

52.5 2651 33 269 1+ 19 262 + 23

70 264 + 44 237 £47 27416

100 28612 260 + 36 268 + 11

B
Osmolarity of 0% CO 0.01% CO 0.05% CO
perfusing buffer (n=23) (n=10) (n=6)
(mmol.kg™"

Pre-perfusion 261 +43 269 + 27 279+ 4
Post-perfusion 278+ 21 270 + 22 28013

Table 4.5 Osmolarity in the coronary perfusate of rat hearts exposed to CO (A). The
collected perfusate was stored at -20°C (after noting the necessary measurements and
taking sample aliquots for biochemical analyses) prior to determining the osmolarity. The
samples were thawed and kept on ice to minimise any evaporation to reduce inaccurate
measurements. The osmolarity of the perfusion buffer before and after perfusing the
hearts with CO is also shown in (B), pre- and post-perfusion, respectively. The data

shown is the mean + SD for the number of hearts (n) in each treatment group.
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4.4 Discussion

The carbon monoxide (CO) treatment had a direct effect on the heart rate (HR) of isolated
perfused rat hearts. CO exposure reduced the HR in the CO-treated hearts relative to the
control group (not exposed to CO). A decrease in HR during CO exposure was also
shown by McGrath (1984) using the Langendorff preparation. Their findings showed an
immediate decline in HR during the CO-treatment, however, this decrease was
significantly dose-dependent. Normoxic conditions were used during the experimental
period using perfusion buffer equilibrated with 21% oxygen, whereas, McGrath (1984)
used different levels of CO (0-95%) balanced with oxygen. The different level of oxygen
used during CO exposure may have confributed to the reduced HR resulting from
introducing hypoxia (as addressed previously in 3.4). The HR post-CO exposure was not

reported by McGrath (1984) to compare with our findings.

CO is shown to reduce the cerebral energy metabolism during CO exposure in vitro
(Rogatsky et al., 2002). This could suggest that a reduction in HR during and after CO
exposure may be caused by a reduction in the cardiac energy metabolism. The further
reduction in HR during the exposure to 0.05% CO with AO may be due to the inhibition of
cylochrome ¢ oxidase (or Complex 1V). CO binds to the reduced haem centre of
(ferro)cytochrome a; (Piantadosi, 1987) and could suggest a reduction of Complex IV by
ascorbate (from the AO-treatment). CO can behave as a reductant, although this is
reported to be ‘far too slow’ to inhibit cytochrome ¢ oxidase (Morgan et al., 1985). Early
damage to mitochondrial function occurs during myocardial ischaemia (Kay et al., 1997)
and may contribute to the cardiotoxicity following severe CO poisoning in vivo where the
incidence of hypoxia may be more likely than in the conditions used here. Whether any
disruption in myocardial energetics occurred at the cytosolic or mitochondrial level needs

further investigation to clarify the nature of events in CO poisoning and the heart rate.

An increased sodium content in heart tissue is shown to depress the contractile activity

during anoxia (McGrath & Bullard, 1970). The decrease in HR could suggest that tissue
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loading of sodium occurred in the heart during and/or following CQO exposure. The

contraction of rabbit papillary muscle disappear after ischaemia (Dekker et al, 1996)
suggesting that the CO-treatment may have resulted in ischaemia responsible for the
decreased HR. This ischaemia-induced contracture is shown to increase the intracellular
calcium. However, neither increase in sodium or calcium were found here (discussed

betow).

The intoxication of CO in vivo is shown to produce tachycardia to compensate for the
depressed oxygen tension of the blood (1.4.1). However, bradycardia was observed in
isolated hearts exposed to CO. The absence of these in vivo homeostatic mechanisms
suggests a direct effect of CO in the isolated heart under normoxia. The bradycardia
observed here is also shown in severe cases of CO poisoning where heart block is found
to occur (Shafer et al., 1965). Low levels of COHb (as low as 9% in blood) are associated
with death following cardiac arrhythmia’s (Dolan, 1985). The observed incidence of
arrhythmia’s in the hearts following CO-treatment (4.3.1) suggest that heart failure may
have occurred if a longer period of CO-treatment and/or CO-free period were used. A
major cause of death associated with acute CO intoxication is cardiac arrhythmia {Dolan,
1985). CO exposure produced an irregular beating of the heart similar to that described by
Ehrich et al. (1944). These workers also found changes in the electrocardiogram (ECG)
such as a decreased amplitude of the T-wave, inversion of the T-wave, elevation of the R-
T segment, and later atrioventricular (AV) heart block. These ECG changes following CO
poisoning are also found to occur during anoxia (Ehrich et al., 1944, Middleton ef al,,
1961). The observed irregular heart beats and fibrillation cannot conclude these were
arrthythmia's as no ECG recordings of hearls were taken following CO exposure.
However, it may be reasonable to associate those other findings with these found to
suggest that CO may have resulted in anoxia (or ischaemia) within the myocardium.
Although CO may have a different cardiotoxic mechanism than that of
ischaemia/reperfusion (I/R) injury, the observed reduction in HR were similar to that of
globally ischaemic hearts (over the same period as the CO exposure, i.e. 30 minutes).

These findings may support a mechanism of I/R-like injury in the cardiotoxicity of CO.
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However, ischaemia is not shown to reduce the HR in either isolated heart preparation

(Chambers et al., 1991).

In vivo a wide variation in blood PCO; and pH can affect the susceptibility of the heart to
fibrillation (DeBias et al., 1976). The altered HR in hearts (exposed to CO) cannot be
explained by changes in PCO; (or pH) as these were constant throughout the perfusions.
The chronotropic changes and arrhythmia's/fibrillation’s may be due to an impaired
coronary perfusion of the contractile components. The exposure to 0.01% CO in monkeys
(for 6h) produced T-wave inversions that increased in incidence when infarcted monkeys
were similarly exposed to CO. The energy requirements of the myocardium are greatest in
the subendocardial layer of the LV, therefore, the inner wall is most likely to shown signs
of reduced contractility in LV dysfunction (Einzig et al., 1980). Patients with LV dysfunction
(failure} have been shown to have an accompanying endothelial dysfunction and an early
reduced myocardial perfusion during the transition from LV dysfunction to heart failure (de
Jong et al., 2003). The negative chrenotropic response may indicate left ventricular
dysfunction and the reduced coronary flow after CO exposure suggests that it could

produce heart failure in this manner.

The in vivo positive chronotropic change following CO exposure arises from homeostatic
changes to maintain adequate oxygenation of the tissues (above). Although an in vivo
human study using humans exposed o high levels of CO (of 3.56%) found no significant
increase in HR (Stewart et al., 1973). The isolated heart may amplify any cardiac changes
shown here as no other tissue compartments were present. Therefore, the findings from
this study may be extrapolated to an in vivo setting associated with exposure to lethal
levels of CO (Chapter 3). The use of a working heart preparation instead of the
Langendorff preparation could have produced different results due to differences in
myocardial energetics (3.1.2). Investigation of the change in HR during I/R (1.6) with both

preparations of isolated rat heart has shown that the Langendorff preparation is more
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resistant to ischaemia than working hearts in the time taken to attain a similar negative

chronotropic level (Galinanes & Hearse, 1990b).

The observed order of events suggests that CO has a negative chronotropic effect that is
produced before reducing the coronary flow (CF; 4.3.3). The permanently reduced HR
following the 0.05% CO exposure suggests that some irreversible damage may have
occurred in the contractile apparatus of the heart and account for the decreasing CF
observed post-CQO. Some hearts in the 0.01% CC-treated group had a recovery, whereas
others showed a depressed HR with no sign of recovery post-CO suggesting an
irreversible effect of CO. Histological change(s) in these tissues remain to be determined
to identify any component(s) of the impaired heart activity. These changes appeared to be
irreversible in this study, however, McMeekin & Finegan (1987) reported this impairment

to be reversible using one patient.

The aftered HR (following the CO exposure) may suggest an early causal role of heart
failure by CO (Szatkowski et al., 2001). The appearance of microscopic focal lesions were
observed in the myocardium of adult rats exposed to 0.05% CO in air (Thomas &
O'Flaherty, 1982) and supports the direct in vivo effect of CO that has been illustrated on
several occasions in this study. Myocardial lesions as haemorrhage foci were observed in
the ventricle tissue (4.3.1) and also shown in other cases of acute CO poisoning (Marek &
Piejko, 1972). Necrosis is found in the reperfused canine myccardium after prolonged
ischaemia (Becker et al., 1999). Necrosis could have occurred in some of the myocyles
and produced the contractile changes, however, this remains to be confirmed (in the
ventricle tissue) using electron microscopy. These observed zones were predominantly
found in the outer wall of the ventricle and support the transmural gradient driven by the
perfusion through the coronary arteries (Griggs Jr. et al., 1972). The lack of coronary
obstruction (as found using coronary angiogram) in a patient exposed to acute CO
(Marius-Nunez, 1990) appears to rule out the no-reflow phenomenon and supports the
increased permeability of the coronary vasculature as a possible cause of the depressed

coronary flow.
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The change in HR by CO is similar to that reported for tobacco smoking and may be
associated with the clinically recognised tobacco angina (Ayres et al., 1970). Smoking
tobacco produces initial tachycardia and shows a common flattening of the T-wave of the
ECG trace (Oram & Sowton, 1963). The contractile changes described here may have
resulted in an altered ECG recording during the period of CO exposure. Furthermore, the
inverted T-waves found in ischaemia/reperfused hearts (Kolb, 2002) have been observed
by other workers examining myocardial function following CO poisoning (McMeekin &
Finegan, 1987). This may suggest that similar mechanisms and/or possible CO-induced
ischaemia could be responsible for producing the CO-associated morbidity in heart tissue.
Although the work of De Bias et al. (1976) showed an increased P-wave amplitude and T-
inversion in the hearts of monkeys exposed to 0.012% CO (for 24 weeks), they concluded
this was a result of non-specific myocardial stress rather than ischaemia (World Health

Organization, 1979).

The changes in HR following the exposure to CO may be accounted for by ischaemia
possibly at an intracellular level. Myocardial ischaemia as in a heart attack can kill cardiac
cells (Sussman, 2001) and produce an altered ventricular function that can reside in two
conditions: hibernating and stunned. The hibernating myocardium refers to viable
myocardium that has become impaired following ischaemia, however, it is akinetic and
may recover its function after adequate revascularisation (Siebelink et al., 2000). The
hibernating myocardium represents left ventricular dysfunction and can persist for several
months to years (Kloner et al.,, 1989). The stunned myocardium represents a prolonged
myocardial depression (Liss et al., 2002). The myocardium can be salvaged by coronary
reperfusion that exhibits transient postischaemic contractile dysfunction and lasts for
hours to days (Patel et al.,, 1988). The 0.05% CO-treated group had a depressed HR after
CO exposure and may indicate a stunned myocardium. The 0.01% CO-treated group of
hearts showed a recovery during the CO exposure, although the decline in the post-CO

period may be attributed to a hibernating myocardium that may have shown recovery at a
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later stage. Myocardial blood flow is impaired in the hibernating myocardium {Liss et al.,

2002) and stunned myocytes show an impaired transport of calcium (Kloner et al., 1989).

The coronary flow (CF) had a dose-dependent decline after the CO-treatment and
suggests that CO may have direct effect(s) on the coronary vasculature. The coronary
microvessels play a significant role in the determining the supply of oxygen and nutrients
to the myocardium by regulating the CF conductance and substance transport (Komaru et
al., 2000). A similar reduction in blood flow is shown for rat lungs subjected to I/R (Vural &
Oz, 2000). However, previous studies using whole animals exposed to CO, specifically
rats, have shown that CF is increased in isolated perfused hearts taken from rats exposed
to CO (Lin & McGrath, 1989; McFaul & McGrath, 1987). This is thought to be an adaptory

response that occurs in vivo to maintain adequate oxygenation of the heart.

Heparin immediately increases the levels of hepatocyte growth factor (HGF) and this has
a role in angiogenesis and growth of the collateral vessels (Matsumori et a/., 1998). Using
heparin may have masked the changes observed in CF and could play a crucial role when
examining the findings of other studies investigating the effects of ischaemia and CO in
vivo. However, it is unlikely that any released HGF (if heparin had been administered)
could evoke the described changes (above) in the period prior to perfusing the isolated

heart.

The work by Bischoff et al. (1969) investigated the myocardial ultrastructure in dogs,
rabbits and rats maintained at high altitude (4,300m for 5 months) and showed that the rat
appeared to be the most resistant species by showing minor changes (Kjeldsen et al.,
1974). In light of this, the direct effect of CO on the coronary vasculature (found here) may
be significant in man and could contribute to atherosclerosis, if not reversed before
causing any myocardial damage. Work by McGrath & Smith (1984) showed that CF
increased dose-dependently with CO levels below 50%, however, their study was limited
by the introduction of hypoxia unlike here. Collateral flow is reduced following myocardial

reperfusion after an ischaemic episode (Becker et al., 1999), therefore, supporting the
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notion (1.7) that intracellular hypoxia may have occurred following CO exposure in the
presence of normoxia. Ischaemia has been shown to reduce the coronary vasodilator
reserve (Fernandez et al., 2002) and suggests that the depressed CF after CO exposure
may have arisen following intracellular ischaemia (produced from CO binding with
myoglobin and limiting the diffusion of oxygen into the myocardial tissue). Isolated rat
hearts subjected to global ischaemia (by clamping the aortic cannula for thity minutes)
have also shown a decline in CF after the ischaemic episode (Galinanes & Hearse,

1990a).

The arterioles, venules and capillaries of rabbit hearts exposed to 0.018% CO in vivo (for
two weeks) showed similar swolien characteristics (Kjeldsen et al.,, 1974). This swelling
was possibly due to the absence of elastic membranes in the observed region. These
workers also found a small accumulation of erythrocytes and thrombocytes and inferred
petechiae, however, this tissue damage may have been caused by an inflammatory
response. The autopsy of human hearts following acute CO poisoning showed acute
circulatory failure in 45% of deaths (Marek & Piejko, 1972). Histological examination of
these myocardial specimens showed similar changes of hyperaemia and lesions in the
muscle fibres. Endothelial damage is attributed to the oedema found in the muscles of CO
poisoned cases (Finley et al., 1977). Endothelial cells may be sensitive to CO (Brenner &
Wenzel, 1972) and the underperfusion of muscle tissue may contribute to the

myonecrosis observed in CO poisoning.

The presented findings and evidence (above) suggest that CO intoxication may produce
oedema. The vasodilatory effect of CO is possibly a direct effect and the normoxic
conditions here rule out the involvement of any ischaemia-induced vascdilation. Rats that
survived cyanide treatment showed no oedema, whereas CO produced significant
cerebral oedema (Salkowski & Penney, 1995). The direct effect of CO must be considered
in CO toxicity as oedema (produced through vasodilation) may be mistaken for cell

swelling and indicate celltissue damage. The presence of a swollen vasculature appeared
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to be largest for the 0.05% CO-treated hearts relative to the 0.01% CO group at the end of

the perfusion period.

The profile of the CF post-CO may indicate some early damage prior to eventual heart
failure through the cessation of myocardial perfusion. However, it has been shown that a
reduced coronary blood flow of 60% lowered the oxygen consumption by 30%,
accelerated the rate of glucose utilisation and increased the levels of lactate (Neely et al.,
1975). The reduction in CF could impair the oxygenation of the heart itself (depending on
the dose and duration of CO exposure). The likely vasodilation following CO exposure
found here may be mistaken in vivo as a compensatory mechanism to deliver more
oxygen to the vasculature. The presence of excess fluid could limit the availability of
oxygen (also other essential nutrients and impair the removal of waste) from the increased
diffusion space produced between the capillary bed and localised tissues (Kjeldsen et al.,
1974). This may also be a protective measure to limit the delivery of CO within the
myocardium. These myocardial changes are not restricted to the vasculature as other
workers have also shown swelling in mitochondria and a complete disintegration of
myofibril substructures. These swolten mitochondria have associated deposits of glycogen
following acute CO poisoning and are suggested to represent myocardial cells incapable
of using energy substrata (Tritapepe et al., 1998). Blood flow determines the degree of
oxygenation to the tissues in vivo. A reduction in oxygen availability in heart tissue could
produce chemical ischaemia and may contribute to the no-reftow phenomenon or a
myocardial infarct. One case has described an AMI attributed to acute CO poisoning
{Ebisuno et al, 1986). Serum enzymes, electrocardiogram and technetium-99m
pyrophosphate scintigrams led these workers to conclude an AMI. In another similar case,
the coronary arteriograms one week later showed no significant narrowing suggesting
reversible coronary dysfunction (Marius-Nunez, 1990). It may be reasonable to state that
CO may affect the coronary vessels to an extent that produces a direct AMI, although this

needs further investigation (Chapter 8).
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The work of Adams et al. (1973) showed that the coronary blood flow increased linearly
with COHb in conscious dogs that were breathing 0.15% CO-air mixture for 30 minutes
(through a tracheostomised preparation). These workers also found no significant
changes in POz, PCO7 and pH during the exposure to CO, therefore, the presence of the
air mixture may have ensured chemical normoxia here. Despite the contrary change in CF
by these workers compared to our findings, vasodilation was attributed to their observed
increase in CF. Vasodilation of the coronary vasculature may be a direct effect of CO that
continues to persist after the CO exposure and could be responsible for the oedema.
Vascular CO is thought to inhibit vasoconstrictors by a mechanism involving stimulation of
the tetraethylammonium (TEA)-sensitive potassium channel that is independent of cGMP
{Kaide ef al., 2001). The likely vasodilation of the coronary vasculature by CO could
account for the reduced perfusate flow. However, the dose-dependent effect of CO was
present after CO exposure had ceased. The recently reported production of NO and the
hydroxyl radical during reperfusion after ischaemia (Maczewski & Beresewicz, 2003) may
suggest that NO may produce vasodilation and/or endothelial damage (initiated by the
hydroxyl radicals) in the coronary vasculature. The swelling of capillary endothelial cells is
reputed to be a sign of ischaemic injury (Chiavarelli et al., 1988) and suggests that the CO
exposure in this study may have produced ischaemia (possibly by binding to intracellular

myoglobin as no haemoglobin was present).

Based on the above evidence it is possible that CO exposure may produce a condition
similar to myocardial infarction from the reduced delivery of oxygen to the myocardium
that could eventually lead to heart failure. This highlights the severity of CO poisoning in
people who have a cardiac disorder or are unknowingly predisposed to developing
coronary disease (Scharf et al., 1974). A primary factor in the rate of development and
size of a myocardial infarct (produced from occlusion of the coronary artery) is the
coronary collateral circulation (Maxwell et al, 1987). The change in CF following the
exposure to CO could account for the CO-induced AMI described in several cases

(above).
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Oedema is reported to occur when using perfusion buffers of low osmolarity and is also

shown to decrease LV filling (Starr et al, 1999). Using crystalloid solutions of low
osmolarity to perfuse hearts can induce myocardial oedema (Starr ef al., 1999; Takoudes
et al., 1994), however, no significant differences were found in the osmolarity of the
perfusing buffers of the CO-treated hearts relative to the control group. This suggests that
the oedema characterised as swelling in the vasculature may be produced directly
following the exposure to CO. Coronary constriction in open-chest dogs also showed no
changes in the tissue water content relative to control animals that were cannulated
without constriction (Griggs Jr. et al., 1972). This suggests that the depressed CF could
not be responsible for lowering the perfusate osmolarity and producing oedema. The
normal osmolarity of the blood ranges from 290-310 mOsm.I"" and taking a normal level
as 310 mOsm.I'"* (Starr et al., 1999) suggests that the osmolarity of the perfusion buffer
used may be marginally lower here. This could account for the increase in wet weight (by
inducing oedema) in hearts following their perfusion. However, the absence of oedema in
the coronary vasculature of control hearts suggests that oedema may be a direct effect of
CO. The water content (ca. 82%) of ventricle tissues were similar to that reported by
Amirhamzeh et al. (1997) of 81% who used a perfusion buffer (called Plegisol, 289
mOsm.l") with similar osmotarity. The nonsignificant increase in water content in all
treated groups could suggest thal this is attributed solely to the minor hypotonic nature of
the perfusing buffer. This may have influenced the degree of oedema observed following
the CO exposure and may suggest that the dietary intake of salt could influence the
coronary response following CO exposure. The vasodilatory effect of CO may be
responsible for the reported lowering of blood pressure (Penney & Chen, 19886). The
decreased gain in HW following CO-treatment (relative to control group) may suggest
some loss of the myocardial content occurred and could indicate tissue damage produced
by CO (Chapter 5). An increase in water content was anticipated in light of the swelling
observed in hearts exposed to CO, however, this absence may suggest that the loss of

myocardial content following CO could be greater than the gain in HW (4.3.4).
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In brief, a significant flux of one electrolyte will produce other electrolyte fluxes, especially
when specific cellular ion exchange mechanism(s) are impaired such as in heart failure
(Schwinger et al., 2003). Some changes that occur in ischaemia/reperfused hearts have
been mentioned here to discuss the findings (4.3.5) in light of the hypothesis (1.7). The
electrolyte content was determined using inductively coupled plasma mass spectrometry
(ICP-MS) to examine any flux(es) in heart tissue exposed to CO. The electrolytes
measured are of physiological importance and by comparing suitable ratios it is possible

to determine any ion fluxes due to CO poisoning.

The work of Gelinas et al. (1992) also used ICP-MS to determine the normal inorganic
content (of varicus elements} in several tissues of Sprague-Dawley rats including the
heart. Although their work did not cite the type of heart tissue used in determining the
electrolyte distribution, i.e. heart ventricle tissue was used here; and their values were
used as a comparison to identify any ion flux(es) following the exposure to CO in the
isolated heart. The electrolyte content determined by Gélinas et al. (1992) for the heart
was 68, 220, 0.13, 12, 5, 0.25 and 0.02 mg.g' (wet tissue) for sodium, potassium,
calcium, magnesium, iron, copper, manganese, respectively. The results (shown in 4.3.5)
were expressed per gram of dry tissue with the water content of the tissues ca. B2%

(4.3.4). The electrolyte levels were proportional to those of Gélinas et al. (1992).

The maijor electrolytes in heart tissue are sodium (Na), potassium (K), magnesium (Mg}
and calcium (Ca). These metal ions play a vital role in the contractile function of the heart.
The sodium/potassium ratio can provide information regarding the conduction of action
potentials responsible for regular contractions 