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SUMMARY

Little is known of tissue carbon monoxide (CO) changes after acute exposure
because tissue levels are in the order of picomoles per milligram and the
technology to measure such low concentrations has only become available
relatively recently. This study tested three hypotheses: That tissue CO levels (1)
vary among tissues after acute poisoning; (2) change over time; but (3) cannot be

predicted by measuring carboxyhaemoglobin (COHD) levels.

Twenty four healthy male Sprague-Dawley rats were exposed to 2500 ppm CO
in air for 45 min. This non-lethal exposure achieved reproducible COHb values
of 66 to 72%. Animals were allowed to recover breathing air and were sacrificed
at 30 minute intervals for 150 minutes. An additional nine male animals served as
unexposed controls. Accurate measurements of tissue CO levels were made in
blood, brain, heart, and skeletal muscle samples. All samples were prepared using
the validated technique described by Vreman ef a/', and Reduction Gas Analysis
was used to determine the pmol CO per wet weight tissue. Co-oximetry and gas

chromatography were performed on all blood samples.

Predictably, blood CO content dropped following exposure, but tissue CO

content did not follow the same trend in all tissues.

This study supports the hypothesis of (1) tissue and (2) time-related variability of
CO concentration in three body tissues after exposure and (3) documents lack of

utility of COHD for predicting tissue CO tissue values.

Keywords: — CO toxicity; free radicals; reduction gas analysis.
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OPSOMMING

Daar is min inligting bekend oor die veranderlikheid van koolstofmonoksied
(CO) weefselvlakke na akute blootstelling. Sodanige vlakke is in die orde van
pikomol per milligram en tegnicke om dié te kan meet het eers onlangs
beskikbaar geword. Hierdie studie het drie hipoteses ondersoek: Dat CO vlakke
(1) wissel tussen verskillende weefsels na vergiftiging; (2) dat hulle verander met
vetloop van tyd; maar (3) dat hulle nie voorspel kan word d.m.v.

karboksiechemoglobien (COHDb) vlakke nie.

Vier en twintig gesonde manlike Sprague-Dawley rotte is aan 2500 dele per
miljoen (dpm) CO in lug blootgestel vir ‘n tydperk van 45 min. Die nie-
noodlottige blootstelling het tot herhaalbare COHb waardes van tussen 66 en
72% gelei. Die diere is toegelaat om na die blootstelling op CO-vrye lug te
herstel. Die diere is as volg opgeoffer: direk na blootstelling en met 30 min
intervalle tot en met 150 minute. ‘n Verdere nege manlike diere het as kontroles
gedien sonder CO blootstelling. Akkurate CO metings is gemaak in bloed, brein-
, hart- en skeletspier-weefsel. Alle monsters is voorberei op die bewese tegniek
beskryf deur Vreman e al', en reduksie gas analise is gebruik om die hoeveelheid
pikomol CO in vars weefsel te bepaal. CO-oksimetrie en reduksie gas analise is

op alle bloedmonsters uitgevoer.

Bloed CO inhoud het voorspelbaar vinnig gedaal na die blootstelling. Hierdie

tendens was egter nie die geval met alle weefselwaardes nie.

Hierdie studie ondersteun die hipotese dat daar (1) weefsel en (2) tyd-verwante
veranderlikheid in CO konsentrasie in drie weefsels na vergiftiging is, en (3) dit
dokumenteer die onvermoé om weefsel CO konsentrasies te voorspel d.m.v.

COHDbD waardebepalings.

Sleutelwoorde: koolstofmonoksied toksisiteit; vry radikale; reduksie gas analise.

14 -
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CHAPTER 1. INTRODUCTION & BACKGROUND

1.1 CO -THE COMPOUND & ITS DETECTION

Carbon monoxide (CO) — an ubiquitous asphyxiant gas — is colotless and
odotless to the human senses °. It can be formed whenever carbonaceous fuel is
burned in a large range of industrial and domestic circumstances °. Significant
quantities are generated when burning occurs where the amount of available

oxygen is limited relative to the amount of fuel.

Important global sources of CO include automobile exhaust fumes (76.6%),
industrial processes (6.9%), fuel combustion (5.5%) and miscellaneous sources —

including biomass burning (10.9%0) **.

Acute human toxicity is primarily due to accidental, occupational or intentional
exposure to automobile exhaust fumes, domestic gas burning installations, coal
stoves and fires °. However, there are also concerns about the effects of chronic
exposure to CO due to environmental, occupational or social means (ie.,

5712

smoking)

Because CO is undetectable to humans, deliberate safety precautions must be
strictly observed whenever there is potential for CO accumulation, particularly in
unventilated areas. The use of CO detector systems has significantly reduced
accidental domestic exposure to CO . This is likely to have ever increasing
impact as installation becomes mandated and the monitoring devices become
more robust, reliable and less expensive. Current sensor systems for CO
detection include colorimetric; metal oxide semiconductor; electrochemical; and

non dispersive infrared (NDIR) sensors".

Fundamental chemical characteristics of CO, which apply to the equations used

in the manuscript and explain part of its biological behavior, are listed in Table 1.

_15-
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Further detailed chemical characteristics are listed in Appendix D-4 for reference

purposes.
Table 1. Properties of CO 1415
Formula CO
Molecular Weight 28.01
Solubility in Water: 0°C 3.3 mL/100 mL H;O/ATA
20°C 2.3 mL /100 mI. HoO/ATA
37°C 1.83 mL /100 mI. HO/ATA
Ostwald coefficient (0°C) 0.0354

Most households in the colder states of North America are now familiar with
CO detection devices and in several states CO sensors are now a statutory
requirement'’. Fortunately manufacturers of domestic appliances are also
becoming proactive by introducing better gas burning systems that achieve
complete combustion and therefore produce less CO. In accordance with the
provisions of the 1990 Clean Air Act, the U.S. Environmental Protection
Agency limits the maximum CO concentrations for short duration (1-hour) and
average daily (8-hour) exposure to 35 parts per million (ppm) and 9 ppm CO

: 4,16
respectively .

As far as biological systems go, there are an equally large number of ways to

1,17-2
measure CO M7,

Its unique chemical, photometric and spectroscopic
characteristics allow for the use of the following methods **:
¢ Radioactive Carbon (**C) isotope
e Spectrophotometry
e Infrared Absorption Spectroscopy
e  Gas Chromatography, including:
- Flame ionization Detection
- Mass Spectroscopy

- Reduction Gas Analysis

16 -
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There are many good references on these techniques. For the purposes of brief
overview, they are summarized below:

1.1.1 Radioactive Carbon Isotope **'

Radioactive carbon (*C), having an extremely long half life, can be
incorporated into molecules associated with the subsequent production of
CO — such as hemeproteins. This may permit the determination of
endogenously derived CO over long periods of time (e.g., during erythrocyte
turnover).

18,23,28-33

1.1.2 Spectrophotometry

Hemeproteins display optical characteristics: They absorb and reflect
different wavelengths of red and near infrared light depending on their state
of reduction and oxidation and their chemical associations with oxygen and
CO. This is the basis of CO-oximetry. However, this only offers an indirect
measure of CO (ie., as part of hemoglobin or cytochromes) and was
unsuitable for the purposes of this study.

34-36

1.1.3 Infrared Absorption Spectroscopy

CO can be measured with infrared absorption spectroscopy. A tunable (4.61
uM) laser diode can be employed to measure CO in exhaled breath. While
the instrument has great sensitivity (in the parts per billion range), the
equipment’s size and the need for large sample volumes render it impractical

for the intended application.

1.1.4 Gas Chromatography '

Chromatography — in a generic sense — implies separation for the purpose of
measurement. It is a method of separating and identifying various

components of a complex mixture by differential movement through a two-

17-
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phase system: Movement is effected by flow of a liquid or gas (mobile phase)
which then percolates through an adsorbent (stationary phase) or second
liquid phase. Following separation and/or chemical modification, the
constituents are detected sequentially and portray characteristics based on
their respective interactions with the detector. The way in which compounds
“follow” one another through the percolation or separation process and
their subsequent interactions with the detector form the basis of their

identification and quantification.

In the context of CO detection, there are at least three combinations of
separation and detection that may be employed, ie., gas chromatographic
options: (1) Flame lonization Detection; (2) Mass Spectroscopy ; (3) and

Reduction Gas Analysis.

1.1.4.1 Flame lonization Detection (FID) "

Flame ionization converts CO to CH4 which is subsequently quantified by
an FID detector. It requires pre-separation from other hydrocarbons
(particularly CH4) and other volatile organic (i.e., carbonaceous) compounds.
The system has a sensitivity approaching 20 ppb, but requires an experienced
operator for accuracy. This is still the primary method for determining CO in
blood below the threshold of sensitivity for CO-oximetry (ie. <2.5%
COHD).

1.1.4.2 Mass Spectroscopy (MS) '

Mass spectroscopy is a useful alternative in CO measurement when it is
contained within a complex mixture of volatile organic compounds. By
submitting organic vapors to high-energy electron bombardment, as they
leave the analytical column, some become ionized and are subsequently
accelerated within a magnetic field. Based on their respective mass and
electrical charges, these can then be measured as individual compounds by a
detector. Based on comparison to known characteristics, compounds can

subsequently be identified. The carrier gas needs to be carefully selected so

_18-
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as not to interfere with the identity of the compound being detected.

Nitrogen, for example, has similar characteristics to CO and cannot be used.

1.1.4.3 Reduction Gas Analysis (RGA) '

RGA is a type of gas chromatography that uses a heated molecular sieve to
separate gases, based on their respective molecular sizes. It then brings the
gases in contact with a heated mercuric oxide chemical bed where reducing
gases e.g., CO and hydrogen, are oxidized to carbon dioxide and water
respectively, in exchange for a proportional reduction in the mercuric oxide
to mercury vapor. The latter is measured spectrophotometrically in an
optical cell. The sensitivity of the technique associated with the choice of
mercuric oxide lies in the property of high ultra-violet absorptivity of
mercury vapor. The key to the identity of each gas is its unique retention
time in the column, whereas its concentration is determined indirectly
through the measurement of the amount of released mercury vapor (see

section 4.3. for more details).

1.2 CO TOXICITY

CO poisoning is one of the most common and important forms of accidental
poisoning in adults and children in the United States *'. Internationally, it ranks
third amongst adult poisonings, following drugs and alcohol °. Fire, faulty central
heating systems and the exhaust fumes from internal combustion engines are all
significant exogenous sources of CO *.

Endogenous CO is produced during the physiological breakdown of heme “**',
It is also a byproduct of the detoxification of methylene chloride — common in

paint removers — and other dihalomethane compounds 4850

CO resembles closely the chemical structure of molecular oxygen and it
accordingly competes for the same hemeprotein binding sites. Potential targets

include hemoglobin, myoglobin, cytochrome p450 and cytochrome oxidase *' .

~19-
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CO combines more than 220 times as readily with hemoglobin (Hb) than
oxygen, making COHb a useful assessment to confirm exposure . Due to
endogenous production, there is a physiological level of 1 to 3% COHb and an
exhaled breath [CO] of around 2 parts per million (ppm) in non-smokers**",
Smokers may have between 4 and 9% COHb and produce between 6 and 13

ppm exhaled [CO] %%,

Our limited ability the measure cellular and sub-cellular CO makes it difficult to
determine precisely the threshold at which elevated levels of CO levels become
biologically harmful. We do know that when air or breathing gas is contaminated
by approximately 20 ppm of CO, COHb levels become elevated above normal

6

baseline physiological values **. Vascular and rheological effects have been

described at very low exposures to CO and these are believed to be of clinical

. On the other side of the spectrum there are also gaps in our

importance
understanding of overt CO intoxication. Several mechanisms are known to be
involved, including toxic anemia due to COHb formation; histotoxicity via
cytochrome oxidase blockade; nitrosative and oxidative injury; lipid peroxidation;

44,67-69

vasodilatation, and  rhabdomyolysis Nevertheless, the  full

pathophysiological impact of CO toxicity remains a source of ongoing research.

Early mortality due to acute CO poisoning is associated with cardiac injury and
dysrhythmias. Delayed mortality is usually related to cerebral edema,

rhabdomyolysis and renal failure *7

. Long-term morbidity in survivors,
however, is related to neurological injury. In addition to the acute hypoxic
encephalopathy, a syndrome of delayed neurological sequelae (IDNS) may arise
in 15% of severely poisoned patients . DNS develops within 2-28 days
following exposure and runs a variable clinical course “*”. Unfortunately the
correlation of COHb level, clinical presentation, and prognosis are notoriously
poor, suggesting that tissue toxicity — rather than COHb — is the determining

. - 4570-72,74.75
factor in prognosis "
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To date CO elimination studies have focused on changes in COHb and exhaled
CO quantities. CO elimination appears to be biphasic or even triphasic,
suggesting distribution to and from vascular and extravascular compartments
767 However, to date no studies have been performed that have actually

measured CO elimination from tissues over time.

Total elimination time depends on the duration and level of CO exposure.
Although various mathematical models have been proposed, these have found
little clinical applicability *”. Elimination half-times vary greatly and may exceed
3 to 6.5 hours while breathing air. This may be reduced to 23 minutes breathing
oxygen at three times atmospheric pressure (i.e. hyperbaric oxygen) ™. In spite
of this profound difference in elimination, complications of CO poisoning are
not proportionally reduced by breathing oxygen or even hyperbaric oxygen
57815 This has prompted the author to determine the dynamics of [CO] within

tissues. Even small amounts of cellular CO may be highly significant *.

COHb elimination, which occurs relatively quickly following exposure, may not
mirror changes in tissue CO. Indeed few studies have successfully evaluated
elimination of CO from tissue. Sokal et al measured blood, heart, skeletal muscle
and brain CO levels in rats after CO intoxication at different exposures.
However, they were unable to determine brain CO levels beyond those obtained
immediately following the exposure. In addition, they did not specifically remove
all blood, ie., COHb from the samples prior to measurement, thereby

introducing an important source of CO contamination 8

Therefore, for the past 150 years, the prevailing assumption has been that
COHb and tissue CO levels are in some form of equilibrium "***". If so, COHb
values would provide a useful measure of whole body CO toxicity. However,
clinicians have known for many years that COHb values are not prognostic for
morbidity or mortality in CO poisoning ***. Goldbaum e a/ were able to show
in a dog model that neither COHDb itself, nor the resulting functional anemia, is

the primary cause of CO toxicity and mortality; they suggested that pCO was a
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principal factor in CO toxicity and that this led to additional toxic mechanisms

unrelated to COHb concentration *.

Further advances in our understanding of CO toxicity have been delayed by
technical limitations related to measuring cellular and tissue CO concentrations.
Although several authors have performed simultaneous measurements of blood
and tissue CO under physiological or post mortem conditions **, only two
experimental publications have specifically measured blood and tissue CO
following hyperacute, non-lethal poisoning **”. Both groups were only able to
document blood and tissue CO concentrations immediately following exposure
and either did not, or were unable to, track CO tissue levels over time.
Importantly, neither irrigated their tissue samples so that these were probably
contaminated by blood (COHb). Predictably, both studies suggested a
correlation between blood and tissue CO values in orders of magnitude
consistent with their intravascular spaces: spleen > liver > kidney. The lungs had
relatively high values, possibly due to direct CO absorption, but paradoxically the
most metabolically active organs — the heart and brain — had the lowest
concentrations. This relative distribution is at odds with the clinical features of

CO toxicity that primarily affect the latter organs.

1.3 CO PATHOPHYSIOLOGY & PHYSIOLOGY

The toxic properties of carbon monoxide have been known for thousands of
years. Even though the exact mechanism for its toxicity was unknown, Aristotle
in the 3" century BC already suggested that “coal fumes lead to heavy head and
death” and Cicero actually killed people using CO some two hundred years later.
However, the association of CO with hemoglobin as a proposed mechanism for
its biological and toxicological effects, dates back to the original work of Claude
Bernard in 1857 ™. Several years later, John Scott Haldane — perhaps most
famous for his work in the prevention of decompression sickness — examined
the effects of CO (or carbonic oxide as it was known then) on arterial oxygen

85,86
levels **°.
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His work yielded the relationship between oxygen- and CO binding to Hb as is

defined in his first law:

([COHb]/[HbO,]) = M (PCO/PO,)

Equation 1. Haldane Equation for the relationship between CO and O, binding to Hb

Where M, the Haldane coefficient or equilibrium constant for the reaction of

CO and HbO,, varies between 200 and 230 for human Hb .

Since then physiological and pathophysiological studies on CO have revolved
around six interrelated areas: (1) its affinity to hemoglobin and its effects on

97-99,

oxyhemoglobin (HbO,) dissociation ~; (2) its affinity to other hemeproteins

and its effects on aerobic metabolism '*'"'; (3) its endogenous synthesis during

the breakdown of heme '"*'; (4) its vasoregulatory effects '™; (5) its biochemical
ty

properties and interactions with reactive oxygen species and nitric oxide '; and

(6) its neurophysiologic role "".

All these areas of research add relevance and justification to refining methods for
tissue CO detection. This study, however, was only aimed at questioning the
relationship between blood and tissue CO levels following acute exposure to
determine its relative distribution and, in so doing, contribute towards our
understanding of CO toxicity. As such, only the following considerations are
relevant:

» COHDb and CO concentration

» Dissolved CO Concentrations in Plasma

» CO Content In Whole Blood

» CO Concentrations in Tissue

» Physiological and Pathophysiological effects of CO
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1.3.1 COHDb & CO concentration

The concentration of CO in blood is reflected by the following equation (units

modified from the original) '":

COHb (VotHb) = —M-COxac /dL
(9)tHb/dLx1.39
therefore

mL COyy. = COHb (%tHb) x (g)tHb/dL x 1.39

Equation 2. Relationship between %COHb and CO content of red blood cells (RBC).
COHb(%tHb) is the fraction of COHb relative to total Hb (tHb); (gtHb) is the amount
of total Hb and is measured per 100mL blood (dL); and 1.39 is Hiifner’s factor that
describes the molar amount of CO to bind to 1 g of Hb expressed as volume of CO at

standard temperature and pressure (STP) where 22.4 L would represent 1 mole 108,

This formula does not consider the small amounts of dissolved CO in blood at

usual low inspired CO concentrations.

1.3.2 Dissolved CO Concentrations in Plasma

At levels of 2500 ppm CO in air, breathed at 1 atmosphere of pressure (i.e., the
exposure used in this study), dissolved CO quantities become more significant. It
also accounts for the portion of CO entering the body which is not “captured”
or buffered by Hb and is therefore able to diffuse directly into tissues according
to perfusion, metabolic activity (reduced pO,) and the presence of tissues CO

‘sinks’ (e.g., myoglobin and cytochromes).
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To calculate the dissolved CO content as a function of inspired partial pressure
of CO (p,CO) , the following calculation can be used:

mL CO = (P, COx S)xAD

plasma

Equation 3. Dissolved CO in plasma. CO content (molar amount) — exptessed as
volume of CO gas at standard temperature and pressure (STP) — is equal to the partial
pressure of inspired CO (p;CO) multiplied by the solubility factor for CO in plasma at
37°C (S) expressed as mLCO per unit pressure. Due to the addition of water vapor and
COs to inspired air in the alveolar space, there is an inherent dilution effect (AD) on all

inspired gas concentrations. At 1 atmosphere (1ATA) this is approximately 0.89.

1.3.3 CO Content In Whole Blood

By implication, the total blood CO content can be predicted by means of the

following consolidated equation:

[CO]g0a = [COHb(%tHD) x (g)tHb/dL x 1.39]x[(p,CO x S)x AD]

Equation 4. Total blood CO content. This is made up of mL. COgpc (Equation 2) and
Coplasma (EquatiOﬂ 3)

Predicted blood CO values, where listed in this manuscript, refer to the results of

Equation 4.

As in the case of oxygen, there is equilibrium between COHb and a small
amount of dissolved CO in plasma. Increased oxygen tensions in the lung favor
the release of CO from hemoglobin which explains its eventual elimination from
blood by the lungs as well as the increase in COHb elimination by raising
inspired pO,. What is less clear is the transter of CO from COHb and plasma to
tissues and cells as a function of perfusion, pO, and CO S‘sinks’ (i.e., heme

concentration). This was the focal point of our study.
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1.3.4 CO Concentrations in Tissue

CO concentrations in tissue are ultimately the result of contributions from

52
exogenous and endogenous soutces ™.

Exogenous CO reaches tissue almost exclusively by perfusion in the form of
COHb and dissolved plasma CO '". In organs such as the lung, direct

absorption from the environment may also be relevant '

In 1952, Sjostrand published the important discovery that decomposition of
hemoglobin, following hemolysis, led to the endogenous production of CO ',
This discovery ultimately led to the finding of a multitude of endogenous
sources of CO including lipid peroxidation and photo-oxidation reactions "”.
Since then, much has been written on the endogenous sources of CO. In fact, it
was this avenue of research — rather than the pursuit of understanding the
toxicological effects of CO — that rendered the RGA methodology used in this
study " In an effort to measure endogenous CO production as a surrogate for

[heme] released in neonatal hemolysis, Vreman e a/ adapted an industrial CO

RGA detection system to accurately detect CO in tissue .

It should be apparent by now that there might be difficulties in predicting tissue
CO wvalues from blood CO values alone — both in homeostasis and following
poisoning. Moreover, studies evaluating the concentrations of CO following
perturbations of these various interrelated factors emphasizes the need to
control for these. Already, following this study, there has been progress in this
direction using the same methodology "*''*. The latter have not only illustrated
the value of the technique, but its immediate utility beyond the study of CO
toxicity alone. Specifically the effects of variations in pO2 ' and heme

11

concentrations " have been considered. This study, however, has only

considered gross changes in blood and tissue CO following poisoning,.

Much of the important data relating to the distribution and uptake of CO in the

body from exogenous sources comes from the University of Pennsylvania
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through the physiological studies of Coburn et al *>"™!**'"*'** Similarly, a model
to predict transplacental CO transfer was introduced by Hill et o/ in 1977 '*.
However, these models have not been validated so that to date there is still no
universally accepted formula to derive or predict tissue CO levels. The most
recent attempt was by Shinomiya ¢ 2/ who measured immediate post poisoning
tissue CO levels in an effort to correlate these to COHb and derive regression
data ”. However they did not examine subsequent tissue CO changes over time
during CO elimination. Also, their lowest COHb value was in the order of 12%
which means that the relationship between COHb and tissue CO was not
determined within the physiological ranges. By all accounts, the quantity of
unbound CO in tissue remains unknown although, due to its low concentrations
and high affinity to hemeproteins, it is not unreasonable to assume that most of

it is in bound form.

Once CO 1is delivered to tissues, it associates with hemeproteins. Our
understanding of this association is credited to the work of Otto Warburg. In
19206, together with David Keilin ¢ 4/ he discovered a CO-sensitive iron
porphyrin enzyme that catalyzed cell respiration — cytochrome oxidase. This
discovery underpinned the importance of CO as a cellular asphyxiant >*%'%,
Importantly, Warburg published the well known partition coefficient for CO

that defines its affinity to various heme compounds, e.g., myoglobin, cytochrome

P450 and cytochrome oxidase (Equation 5):

K=(n/n-1)(CO/0,)
Equation 5. Warburg equation for the partition coefficient of CO that reflects its relative
affinity for a binding site relative to oxygen. Where n, the fraction of a compound bound to
CO, is equal to 0.5. K is therefore the ratio of CO to O required to saturate a CO binding
site by 50%.

The Warburg equation serves as a means of illustrating the relative affinity of
binding sites to CO and defines the competitive relationship between O, and
CO. Warburg coefficients range between 0.025 to 0.04 for myoglobin , 0.045 for

hemoglobin, and 5 to 15 for cytochrome ¢ **'%.
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Once CO has been absorbed by the lungs and distributed to tissues, the effects
of metabolism and elimination of CO should also be considered. These variables
affect tissue [COJ as well as its potential physiological and pathophysiological
impact. Interestingly, cells seem capable of metabolizing CO. Fenn and Cobb
described the oxidation of CO to CO, in living tissue in the 1930’s '**, but it took
a further 50 years before this was attributed to mitochondria by Young et al "
"2, This introduces yet another variable in tissue CO concentrations. Finally it
must be assumed that following non-lethal exposure, tissue CO levels eventually

return to baseline as a function of CO gradients favoring elimination and a

gradual decrease in COHb levels providing a vehicle for it.

1.3.5 Physiological and Pathophysiological effects of CO

Depending on  particular  tissue  [COJ, various physiological —and
pathophysiological effects may be anticipated. Over the past twenty years they

have included effects on vasoregulation *; platelet agerecation **; inflammation
gu p ggtreg

135-137 : : : : 138-141,
and leukocyte adherence ; oxidative and nitrosative stress ; intracellular

signaling '*'**; apoptosis '*’; and cell proliferation'"’. Indeed, ever since Robert

Furchgott ¢f a/ discovered the role of nitric oxide (NO) as an important regulator

1

of the cardiovascular system # the role of biological gases as signaling
molecules has received ever-increasing attention MO S CO is now known to
be an important cell signaling molecule % it is closely associated with normal
cellular physiology. Recently CO has been implicated as an important vasoactive

106,159,16(

gas and as a neuronal transmitter ) There also appears to be an interactive

. : 46,47,140,149-157,161
relationship between NO and CO ™™ o

Thus the relevance and importance of measuring tissue and cellular CO levels
clearly extends beyond issues of toxicity towards unraveling complex
physiological processes. Importantly, with the exception of four scientific
articles, in which the actual removal of COHb was not specified, the inter-

relationship and exchange between blood and tissue CO remains elusive ***>”>'%,
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As far as toxicity is concerned, our current understanding is that CO toxicity is a
product of the interrelated consequences of hypoxemia and tissue hypoxia
leading to reduced blood oxygen carrying capacity (toxic reduction of HbO,
carrying capacity), reduced oxygen delivery to tissue (left-shifting of HBO,
dissociation curve), and interference with intracellular heme compounds

(myoglobin and cytochrome binding).
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CHAPTER 2. LITERATURE SURVEY

2.1 METHODS EMPLOYED FOR LITERATURE SURVEY

An exhaustive search of the literature was performed in preparation for this
study. The search included a comprehensive Medline and PubMed search from
1965 to 2004, as well as a review of more than 500 articles in textbooks,
symposia proceedings, conferences, and manuscripts. Important references

predating Medline were also included.

A total of 14732 articles and texts were screened for relevance after collating
these in an Endnote® reference library. The latter is appended to this thesis on a
CD-Rom for reference purposes. A reduced database of 3591 was ultimately
used as the primary reference source for this manuscript. Of these, 3402 related
to historic and background information that were not deemed necessary for
inclusion. The balance of 189 cited references were studied in greater detail: 124
of these were reviewed according to their relevance to this paper. Sixty four
references that applied directly to the physiology, toxicology and methodological

aspects of this study were studied in detail.
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2.2 RELEVANCE OF LITERATURE SURVEY TO THIS STUDY

While much is known about the production and toxicity of CO, relatively little is
known about its uptake and distribution within tissues. Variables in absorption,
distribution, metabolism and elimination as well as endogenous production and
varying affinities to heme compounds, pO, ranges make this a complex issue as
delineated in sections 1.3.4 and 1.3.5. Therefore, even though various models
and predictions for CO distribution from blood to tissue have been proposed,

. 163-165
none have been elaborated from actual tissue measurements >

. Accordingly,
in the absence of such experimental or clinical verification, their value and

reliability cannot be determined.

There are many excellent monographs and texts on CO, its toxicity and
environmental and biological impact. For those unfamiliar with the topic,
however, the definitive report by the World Health Organization in 1999 '
provides an invaluable introductory overview, whereas the current trends in CO
research and medicine are synthesized in a recent review article on the biological

chemistry of CO .

Our limited understanding of CO is most evident in observing the known
discrepancies between quantitative CO measurements in blood (COHb) and the

associated range of clinical findings and complications related to CO poisoning.

With the technology now available to measure CO levels in picomoles per
milligram, it has become possible and important to determine the distribution of
CO in COHb-free tissue, relative to blood, following acute CO poisoning.
Equally important is following the movement of CO from tissue after such

exposures.
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2.3 OVERALL SIGNIFICANCE OF THIS STUDY

Both the physiology and toxicology of CO have far reaching implications (see
section 1.3). Accordingly, refining the technology able to evaluate the dynamics

of CO flux at tissue level has great potential.

In South Africa, in particular, CO poisoning is a silent epidemic, particulatly
amongst the previously disadvantaged portions of the population and those in
certain occupations. Examples include: informal housing with unsafe heating
systems (e.g., kerosene stoves or open fires); prolonged transport in unventilated
vehicles or where exhaust fumes are entrained; and working in unventilated areas

where combustion engines are used.

The management of CO exposure and toxicity has depended largely on a
determination of elevated COHb levels to confirm exposure and subsequent
evaluation of metabolic, cardiac and neurological status to determine the
associated risks of mortality and morbidity. At this level of scrutiny and
understanding we are unlikely to delineate the value of avoiding exposure and

the need for, and impact of, actively treating the consequences of such exposure.

The effects of chronic exposure are also unknown, again due to deficiencies in

our knowledge on CO tissue uptake and pathophysiology.

It is the hope of the author that this work will contribute in no small way

towards better understanding the need for this.
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CHAPTER 3. OBJECTIVE & RESEARCH QUESTION

3.1 INTRODUCTION

Untl 1984, when Vreman e a/ first applied a very sensitive, proprietary
measuring technique to study CO in biological systems by using mercuric oxide
reduction gas analysis (RGA), there was no practical way to determine tissue CO
levels in tissue within the picomoles per milligram range '. Their primary
application was to accurately determine CO production as a function of heme
breakdown in neonates suffering from hemolysis and jaundice """, More
recently their technique has been extended towards measuring physiological CO
tissue levels and variability in response to biological manipulation of heme

170,171
oxygenase .

Only two studies were found in which blood and tissue CO levels were
specifically measured following acute, non-lethal exposure, and the tissue
samples were not specifically cleared of COHb — the largest CO reservoir — that
would possibly have overshadowed true tissue CO levels immediately and for

. . 84,93
some time following exposure .

Various techniques for tissue and blood CO detection have been described in
section 1.1. and following sections. However, based on all the factors listed
including practicability, the availability of equipment and recommendations by
the co-promoters — based on their own extensive experience — the RGA

methodology was chosen.

During a clinical fellowship in Diving and Hyperbaric Medicine at Duke
University, Durham, North Carolina, USA, from September 2002 to August
2003, the author had the opportunity to study the use of RGA under the tutelage

of Henk Vreman — pioneer of this application of the RGA technique in
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biological systems — at Stanford University, San Hose, California, USA.
Equipped with this knowledge the author then set up and configured a resident
RGA5 analyzer and acquired the supporting equipment to allow the
methodology to be replicated at Duke University. Although assisted by the
laboratory technologists, acknowledged previously, the author was primarily
responsible for developing competence in the application of the techniques and
establishing them at the Centre for Hyperbaric Medicine and Environmental
Medicine at Duke University Medical Centre: This involved adapting the
previously published technique within a new laboratory environment and
applying it for the purpose of simultaneously assessing blood and tissue CO in
brain, heart muscle and skeletal muscle following exceptional exposure to CO
and following it over time. In response to a specific request, this thesis addressed
the specific technical aspects of the technique in great detail.” While others have
measured post exposure tissue CO levels in tissues 162172 the removal of tissue
COHDb by irrigation and the evaluation of CO concentration in blood and tissues
over time are unique. Further study on the most effective means of eliminating
COHb from tissue samples is recommended and this should also be considered

carefully when reviewing literature on tissue CO.

This study provided an opportunity to validate this analytical technique '; it also
provided an important opportunity to examine blood and tissue [CO]
simultaneously, both immediately following extreme CO exposure and also over

a 150 minute recovery period.

The purpose of this study was to examine the variable relationship between
COHb and clinical CO toxicity by simultaneously measuring COHb and tissue
CO levels in the brain, heart and skeletal muscle following extreme exposure to

CO; to see if a statistical relationship (interaction) existed between blood and

¥ It has been the author’s intention to facilitate the development of similar capabilities within the University
of Pretoria and this manuscript therefore serves this purpose also. In addition — as the study was
petformed off site and away from the direct oversight of the University awarding the qualification — the
technical descriptions are intentionally specific, detailed and may appear repetitive. To the reader familiar
with reduction gas analysis, this approach may seem redundant. However, to the uninitiated it is hoped
that it will offer greater clarity and facilitate replication of the methodology in pursuit of better
understanding,.
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tissue CO; and to determine to what extent [COJ varied between tissues, over
time, following such exposure. The practical research question was whether or
not tissue CO values could be predicted from COHDb values following CO
exposure and during recovery on air. An expanded part of this study has since

investigated the effect of varying pO, ',

3.2 HYPOTHESIS

Due to the large number of wvariables potentially affecting tissue CO
concentrations, this study did not presume the ability to model CO tissue
distribution from blood. It merely endeavored to measure [COJ in blood and
three tissue compartments simultaneously and examine their statistical
relationship. For the purposes of questioning the utility of COHb in predicting
tissue CO levels this approach proved sufficient. Apart from the central
hypothesis, the study addressed the time- and tissue-related variability of tissue
[COJ in an effort to explore variables of CO distribution relevant to individual

tissues.

3.2.1 Null hypothesis (H,):

Following exposure to CO, changes in blood and tissue [CO] do not differ over

time.

3.2.2 Alternative Hypothesis (H,)

Following exposure to CO, changes in blood [CO)] are different to those in

tissue over time.

Testing of this hypothesis was done for CO values using a logarithmic scale in
order to use linear regression in the case of exponential elimination. A p-value
less than 0.05 was considered statistically significant. If this were achieved, it
would support the clinical finding that COHDb levels are unable to predict tissue

CO values at any given time following CO exposure.
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3.3 STUDY DESIGN

3.3.1 Outline of the Study

The study involved measuring blood and tissue (brain, heart and skeletal muscle)
CO levels in twenty four rats, harvested sequentially in groups of 4, following a
45 minute sub-lethal exposure to 2500 ppm CO in air. Nine animals served as
unexposed controls. The CO levels in blood and tissue were measured using
CO-oximetry and RGA respectively. Measurements were made immediately
following exposure and thereafter in 30 minute increments up to 150 minutes to
track changes in tissue and blood [CO] (see Table 2). The objective was to
ultimately determine whether changes in blood and tissue [CO] were similar or
not and to determine whether there were statistical interactions between the

[CO] of the three tissues over time.
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Table 2. Study outline indicating numerical assignments for control and exposed animals and

respective label assighments for tissue samples with the extraction (harvesting) time point

allocations

CONTROL ANIMAL GROUP ASSIGNMENTS

TISSUE SAMPLES BRAIN HEART MUSCLE BLOOD
C1 C1-B C1-H C1-M C1-BL
2 C2B C2-H C2-M C2-BL
C3 C3B C3-H C3-M C3-BL
C4 C4-B C4-H C4-M C4-BL.
C5 Ul’leXpOSCd Controls C5-B C5-H C5-M C5-BL,
6 C6-B C6-H C6-M C6-BL
C7 C7-B C7-H C7-M C7-BL
) C8B Cs-H C8-M C8-BL
C9 C9-B C9-H C9-M C9-BL
EXPERIMENTAL AIR RECOVERY GROUP ASSIGNMENTS
TIME ALLOCATIONS 1} 30 60 920 120 150 BRAIN HEART MUSCLE BLOOD
Al X AlB AlH ATM ALBL
AD X A2B A2-H A2-M A2-BL
A3 X A3B A3-H A3-M A3-BL
A4 X A4-B A4-H A4-M A4-BL
A5 X A5-B A5-H A5-M A5-BL
AG X AGB AG-H AG-M AG-BL
A7 X A7-B A7-H A7-M A7-BL
A8 X A8-B A8-H A8-M A8-BL
A9 2500 ppm X A9-B A9-H A9-M A9-BL
A10 X AI0B ALO-H AT0-M A10-BL
All CO X Al1B All-H ATT-M AL1-BL
Al2 L X A12B Al12-H Al2-M A12-BL
Al3 in Air X Al3B Al3-H AI3-M A13-BL
Al4 x 45 min X Al4-B Al4-H Al4-M Al14-BL
A1l5 X A15-B A15-H A15-M A15-BL.
ALG X A16-B Al6-H AL6-M A16-BL
Al7 X Al17-B Al17-H A17-M A17-BL
Al8 X A18-B A18-H A18-M A18-BL.
A19 X A19-B A19-H A19-M A19-BL
A20 X A20-B A20-H A20-M A20-BL
A21 X A21B A21-H A2IM A21-BL
A22 X A22B A22-H A22-M A22-BL
A3 X A23B A23-H A23-M A23-BL
A24 X A24-B A24-H A24-M A24-BL
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Preparation for the study included:

obtaining approval from the Institute for Animal Care and Use
Committee at Duke University, Durham, NC and the University of
Pretoria, Onderstepoort to perform the study (Appendix C-1 and C-2)
obtaining and configuring the necessary equipment to perform the RGA
measurements
developing a calibration sequence to derive a RGA detector or R value
prior to each experimental and control session
obtaining and configuring the equipment for the animal exposures,
recovery, euthanasia and dissection
developing techniques to permit consistent processing and preparation
of tissue samples including:
» euthanizing animals in Halothane and weighing them
» applying an appropriate technique to ensure the removal of Hb
(blood) from tissue to avoid COHD as a contaminant
» dissecting the rats and harvesting & weighing approptiate
quantities and consistent amounts of tissue
» petforming CO-oximetry of blood samples (calibrated for rat
blood)
» adding de-ionized-distilled water (dd-H,O) with a micro-pipette
to harvested tissue samples according to weight to produce a
standardized homogenate
» dicing and homogenizing tissue samples with instruments and an
ultrasonic sonicator
» centrifuging samples briefly with a micro centrifuge to ensure
that all solvent (water) and solute (tissue) were admixed
preparing reaction vials for the RGA including:
> purging reacton vials with CO-free nitrogen prior to
measurement
» Inserting dd-H,O and 2 pL of 60% sulfosalicylic acid in each vial
» Inserting approptriate amounts and concentrations of tissue
homogenate to permit measurements within the range of the

standard calibration curve
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- Recording of all measurements (triplicate samples of each of the four
tissues types at each of the 6 time points). Excluding calibration, a total
of 432 individual measurements were made.

- Determining tissue [CO] by back extrapolating RGA measured CO
values in the headspace of the reaction vials based on the quantity
(volume) and dilution factor (concentration) of the respective tissue
homogenates added to the vial from which detected CO had been
released.

- Analyzing CO values and the changes in [COJ over time to determine

whether the statistical relationship between tissue and blood [CO].

Although assisted in some aspects of the study — such as the rat dissection and
blood CO-oximetry — the author personally prepared all reaction vials and tissue
samples; performed all RGA measurements; programmed the RGA
measurement sequence; developed competence to perform all aspects of the
study without assistance; and produced a descriptive technique manual that the

Duke Laboratory continues to use.

3.3.2 Study Design

This was an experimental study designed to measure and statistically compare
the change in [COJ over time in blood and three tissues (brain, heart and skeletal
muscle) following sub-lethal exposure using a linear regression of [CO] on a
logarithmic scale. Thirty three animals were used as follows: nine were used as
controls (unexposed; baseline) and the remaining 24 provided four sets of
measurements (i.e., four animals per time point) post exposure (0; 30; 60; 90;
120; 150 minutes respectively) from the moment of ending the exposure to 150
minutes and thereafter while breathing CO-free air. This permitted the
regression and cross-sectional time-series analyses that would allow assessment
of differences in the change of [CO] in blood and three tissues (brain; heart &
skeletal muscle) and a determination of whether these tissues behaved differently

over time, i.e., whether these tissues statistically interacted with time.
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3.4 METHODOLOGY & TECHNIQUE

The methods are detailed in Chapter 4 and separated into the following
methodological categories:
- Reduction Gas Analysis
- Calibration and derivation of a Standard Curve
- Reaction Vial Preparation
- Animal Exposure, Tissue Harvesting and Preparation
- RGA Measurement
- Recording of results
- Calculation of CO Concentration
- Analysis of Results:
» Comparison of Exposed to Unexposed Tissues.
» Comparison of Exposed Blood and Tissue CO Values over
Time
» Compatrison of CO Tissue Concentrations between Tissues over

Time

3.5 ETHICAL CONSIDERATIONS

The study protocol was approved by the Institute for Animal Care and Use
Committee (IACUC) at Duke University as well as the University of Pretoria
Animal Ethics Committee - Onderstepoort. Its justification and acceptability are

considered below:

The study was ezhically justified for the following reasons:

e CO poisoning is one of the most common causes of adult poisoning in
the world. As this study contributes towards understanding the way in
which CO is eliminated, not only from the blood but — importantly --
also from the three target organs of the body (i.e., the brain, heart and
skeletal muscle) it is fundamental to our understanding of this form of
poisoning and the development of effective treatment strategies in

humans.
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A human study would neither be possible nor ethically acceptable. A
rodent study was also considered an important precursor to larger animal
studies.

No computer models exist to accurately predict elimination of CO from
the body tissue. There is multi compartment transfer, both in
accumulation and elimination. All previous studies have evaluated

elimination from blood only.

The study was ethically acceptable for the following reasons:

The selected animal model had been used previously by this laboratory
in several other studies so that wastage could be minimized.

CO exposure is not painful. The gas itself is colorless and odotless (this
is why it is so deadly and its exposure so insidious). Based on previous
experience, animals do not appear distressed during exposure. Feeding
and nesting behavior continued during the exposure.

The number of animals exposed to CO was reduced to the absolute

minimum that would permit valid results and statistical analysis.

All specimens collected for the analysis were used and consumed. Specimens

were only collected from animals after they had been sacrificed. All remaining

animal material was discarded in the way designated by the IACUC.
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CHAPTER 4. MATERIALS & METHODS

4.1 OVERVIEW

This study compared levels and changes in blood, brain, heart and skeletal
muscle CO levels following sub-lethal exposure. These tissues are clinically

associated with the morbidity and mortality in CO poisoning.

The materials and methods involved the following key elements:
- Reduction Gas Analysis (RGA) or Reduction Gas Detection (RGD)
setup
- Calibration and derivation of a Standard Curve
- Reaction Vial Preparation
- Animal Selection, Sample Size, Exposure, Tissue Harvesting and
Preparation
- RGA Measurement
- Recording of results
- Calculation of CO Concentration in blood and tissues
- Analysis of Results:
» Comparison of Exposed to Unexposed Tissues.
» Comparison of Exposed Blood and Tissue CO Values over
Time
» Comparison of CO Tissue Concentrations between Tissues over

Time
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4.2 TERMINOLOGY

The following terms are relevant to the materials and methods section and are
used repetitively. Most are also explained in context, but those relating to
reduction gas analysis (RGA) technique in particular are in need of prior

definition and are provided here:

Analytical Column:
The portion of the RGA where the gaseous components contents of the sample
are separated before detection. Synomyms: Column; Retention Column; Molecular

Sieve; Chromatograph Column (see section 4.3.).

Blanks

Reaction vials not containing tissue or CO for the purposes of determining a
zero value on the RGA. Apart from standardizing the zero set point for the
technique, the silicon septa used for the experiment actually generate CO. By
performing blank measurements before and after an experimental session, it could
be verified that CO production was minimal and this provided a CO quantity
average that was subtracted from all samples to account for this spontaneous

production by the septum (see section 4.5.).

Bunch: (see Sense and Forcebase)

A RGA chromatograph parameter that defines the approximate width of the
peak to be detected. Widths can vary significantly with gas concentration and are
set between minimum and maximum amounts. Maximum amounts prevent
merging of gas identities while minimum amounts improve correct identification
of small peaks. For this study an appropriate bunch setting of 4 was selected to
ensure both accurate identification and avoiding merging with other gases --

particularly hydrogen (see section 4.3.).

Calvarium:
The upper domelike portion of the skull without the lower jaw or the lower jaw

and the facial parts (see section 4.5.2.).
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COHb:
The compound that is formed when inhaled CO combines with hemoglobin,
binding more tightly than oxygen and rendering the hemoglobin incapable of

transporting oxygen.

Carrier Gas:

An inert or non-reactive gas — usually nitrogen or air — used to transport gas
samples into and through a gas chromatograph. In this RGA, the carrier gas
carries the contents of the reaction vial headspace into the detector (see section

43).

Chromatogram:

RGA measurement concludes with the production of a chromatogram. It
contains the following parameters of the detection including — but not limited to
— date; time; Retention Time (RT); Column Temperature; Detector
Temperature; Carrier Gas Flow Rate; Detection curve; Peak Area; R-value; and

ppm CO (calculated).

Control Session:

A complete subset of this experiment for the purpose of determining unexposed
baseline (control) values by euthanizing 4 and 5 unexposed animals in respective
sessions (total: 9 control animals); harvesting tissue; preparing tissue
homogenate; calibrating and setting up the RGA; preparing reaction vials;
introducing appropriate quantities of tissue homogenate into the vials; measuring
the CO content in the consequent 54 and 66 vials respectively (total: 120) with a
107-second programmed cyclical detection sequence on the RGA; recording the
results; providing quality control of the results; and repeating any anomalous
samples. Animals exposed to CO were examined during so-called experimental

sessions (see Experimental Session).
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CO-Oximetry:

A hemoglobin profile monitor that typically measures the respective percentages
of oxyhemoglobin, methemoglobin, and COHb as well as hemoglobin
concentration and oxygen saturation. Modern CO-Oximeters can be calibrated

for animal blood, including rat hemoglobin — as was done for this experiment.

De-ionized, Distilled Water:
Very pure, non-reactive form of water used in sensitive chemical experiments
where charged particles or impurities that may effect measurement or reactions

are minimized.

Detector Response

In the context of RGA it refers to the electrical signal generated by the
spectrophotometric measurement of mercury vapor in the optical cell of the
detector assembly. The released mercury vapor is proportional to the reagent gas
thus providing linearity to the device and a sensitive means of measurement (also
see Reduction Gas Analysis). The term detector response is usually used in relation

to sensitivity of the device (see section 4.3.).

Dicing:
The snipping up of tissue with sharp scissors for the purpose of simplifying

sonication or homogenization (see section 4.5.3.).

Dihalomethane:

A compound — usually used as an industrial solvent (e.g., paint stripper or a dry
cleaning agent such as methylene chloride) or a volatile anesthetic (e.g.,
halothane) — with the characteristic of being metabolized by the body to CO (see
section 4.5.1. and 4.5.2.). However although Halothane was used for the purpose
of euthanasia in this experiment, its metabolism is not instantaneous (within 5
minutes of exposure), has never been deemed to be of clinical importance, and
there is no reason to believe that within the very short duration of exposure
(which was less than 60 seconds) any significant metabolism would have

occurred to introduce any appreciable amounts of CO into tissue.
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Dissection:

The examination of tissues by incision, and / or excision (see section 4.5.2.).

Experimental Session

A complete subset of this experiment involving the exposure of 6 experimental
animals to 2500 ppm CO in air for 45 minutes; euthanizing the animals;
harvesting tissue; preparing tissue homogenate; calibrating and setting up the
RGA; preparing reaction vials; introducing appropriate quantities of tissue
homogenate into the vials; measuring the CO content in the consequent 78
reaction vials with a 107 second cyclical detection sequence on the RGA;
recording the results; providing quality control of the results; and repeating any
anomalous samples. There were four experimental sessions in this study. In
addition nine control animals were processed in a similar fashion, but excluding
the CO exposure (i.e., control session). The total number or Reaction Vials

measured in all experimental sessions was 312.

Euthanasia:
The act of ending the life of an experimental animal by the least painful, most
expedient method while minimizing the effect of or interfering with the

objective of the experiment (see section 4.5.1.).

Forcebase: (see Sense and Bunch)

In RGA, the forcebase command is used to avoid calculating incorrect peak
areas that result from excessively long peak baselines. The latter may be due to
detector noise or drift. Baseline errors are not noticeable when peaks are large
but may become significant as one approaches the limits of detection. An
appropriate force base was chosen but did not significantly affect measurements
due to our appropriate manipulations of homogenate volumes (tissue
concentrations in the reaction vial) to maintain readily detectible CO peaks (see

section 4.3).
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Gas Chromatography:

A form of chromatography (actually completely unrelated to color as suggested
by the name) in which the gaseous substances are transferred by a carrier gas and
separated by differential absorption in a liquid or solid adsorbent or filter (also

see Reduction Gas Analysis and section 4.3.).

Getter:
A material added in small amounts during a chemical or metallurgical process to

absorb impurities such as CO (see section 4.3.).

Hamilton Syringe:
Gas-tight syringe permitting the accurate dispensing of gases, liquids and tissue

homogenate (see section 4.5.3.).

Harvesting:

Removing tissue from animals after euthanasia (see section 4.5.2.).

Head space:
The portion of the reaction vial not filled with liquid or wet samples (see section

4.5).

Homogenization:

The act of making something homogeneous or uniform in composition. In this
case a blending of tissue with solvent (water) to create a standardized tissue
suspension for the determination of average CO levels in tissue (see section
4.5.3). For this study sonication was used for homogenization and therefore the

terms homoggenate and sonicate may be used interchangeably in this particular study.

Irrigation:

In the context of this document, irrigation implies the experimental method of
passing a large quantity of normal saline (60 mL) through the circulatory system
of the experimental animal for the purpose of flushing out blood and —

specifically — hemoglobin from tissues to avoid contamination with COHb while
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performing tissue CO measurements. It is achieved by obtaining needle puncture
access to the left ventricle and flushing the circulation through all tissues towards
the pulmonary artery which is transected to allow drainage of blood and fluid

(see section 4.5.2.).

Parts Per Million:

Concentration of a given substance expressed in quantities per million parts of
solvent or diluent. One part per million is equivalent to 0.0001 %. Accordingly
2500 ppm is equivalent to 0.25% CO.

Parts Per Billion:
Concentration of a given substance expressed in quantities per billion parts of

solvent or diluent. One part per billion is equivalent to 0.000,000,1 %.

Peak Area (PA): (also see Sense, Bunch and Forcebase)

The area under each chromatogram peak.. PA is proportional to the
concentration of the compound being detected. During sample analysis, the
RGA 5 automatically measures peak areas according to the control settings that
are set by the operator by using a calibration gas. Sense, Bunch and Forcebase are

related controls that affect the way the peak is measured (see Chromatogram).

Purging:

The process of flushing a reaction vial with CO-free gas for the purpose of
achieving a near- zero CO baseline (see section 4.3.). In this experiment reaction
vials were flushed at 300 mL per minute for a period of 6 seconds (i.c., allowing
30 mL to flow through the vial) to remove any residual CO. Typical
concentrations of CO in air are 0.5 or 0.3 ppm. Considering the RGA was
calibrated using only 50 to 550 uL of 4.89 ppm CO in the reaction vial, the

importance of purging is obvious.

R-Value:

The R-value or detector value represents the responsiveness of the detector to

CO. It is the ratio between peak area (PA) and the associated quantity of CO and
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— in this expetiment — was expressed in pmol CO/mV.sec. It was determined by
introducing known quantities of CO into the reaction vial; determining the PA in
the chromatogram; and deriving a standard curve. In RGA the relationship
between PA and CO concentration is linear; therefore in the algebraic equation
for linearity: Y = MX +C, with Y representing PA; and X representing CO

concentration; the R value is M.

Reaction Vial:
A 2 mL glass (borosilicate) vial with a perforated cap and silicon septum used in
gas analysis where a reaction precipitates release of the reagent gas — in this case

CO.

Reduction Gas Analysis (RGA):

A specific type of gas chromatography that uses heated molecular sieve or
column to separate gases based on their respective molecular sizes (i.e., varying
retention times); then brings them in contact with a heated mercuric oxide
chemical bed where the gases e.g., CO and H,, are oxidized to CO, and water
respectively, in exchange for a proportional reduction in the mercuric oxide to
mercury vapor. The latter is measured spectrophotometrically in an optical cell at
238 nm. The sensitivity of the technique lies in the property of high ultra-violet
absorptivity of mercury vapor. The key to the identity of each gas is its unique
retention time in the column, whereas its concentration is determined indirectly

through the measurement of the amount of released mercury vapor (see section

43).

Retention Time (RT):

This is the length of time required for a particular gas species, or compound, to
pass through the separation column. In practical terms it is the delay from
injecting the sample to its detection as a chromatogram “peak”. It is unique for
each gas species and is therefore used to identify the type of gas detected. Carrier
gas flow rate, column composition and temperature control the retention time.

To determine the appropriate identity of a particular compound, the parameters
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of each gas’ unique column retention time is determined in advance by means of

a calibration gas (see section 4.3.).

RGA Column:
A stainless steel column, packed with a 5 A or 13X molecular sieve heated to
140°C through which CO-free carrier gas is circulated at a flow rate of 30 to 50

mlL per minute (see section 4.3.).

Sense: (also see Bunch and Forcebase)

This setting in the RGA controls the sensitivity of peak detection and can be set
to coarse, medium or fine. It is performed only once the ‘bunch’ settings have
been performed. In simple terms, the sense setting affects the threshold at which
a peak will be identified. A setting of fine may result in erroneous identifications.
For the purpose of this study a setting of medium was used and as CO values
were always relatively high through manipulation of the amount of homogenate
added to the reaction vials, this never presented practical problems (see section

43).

Sonication:

The process of dispersing, disrupting, or inactivating biological materials by use
of sound-wave energy (see section 4.5.3.). For this study sonication was used to
achieve tissue homogenization and therefore the terms homogenate and sonicate

may be used interchangeably in this particular study.

Zeolite

Any one of a family of hydrous aluminum silicate minerals, whose molecules
enclose cations of sodium, potassium, calcium, strontium, or barium, or a
corresponding synthetic compound, used chiefly as molecular filters and ion-

exchange agents (see section 4.3.).
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4.3 REDUCTION GAS ANALYSIS

There are various laboratory methods for detecting CO (see Chapter 1). The
most sensitive method for quantitating CO in biological systems, however, is by
means of a gas chromatograph (GC) with a mercury vapor reduction gas

analyzer (RGA) or detector (RGD).

The RGA system was originally developed by the Stanford Research Institute
after which it was commercially manufactured by Trace Analytical; Menlo Park,
CA in the 1970’s based on reduction of mercuric oxide to mercury vapor .

They produced various models of which the RGAS5 was used in this experiment

(see Figure.2).

Figure 1. RGA5 manufactured by Trace
Analytical; Menlopark; CA

The principles of reduction gas analysis are relatively simple: Gas samples are
injected into a flow loop attached to the sample injection valve. Upon activation

the sample is injected into the separation column. Upon separation, the gases

¥ Trace Analytical is no longer in business, but similar equipment and setvices can be obtained from Peak
Laboratories, Mountainview; CA
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continue in tandem to a 260 — 270 °C heated mercuric oxide chemical bed where
the ‘oxidizable’ gases e.g., CO and hydrogen, are oxidized to carbon dioxide and
water respectively. In exchange a reduction occurs as mercuric oxide is reduced
to mercury vapor. The latter is measured spectrophotometrically in an optical
cell. The sensitivity of the technique and choice of mercuric oxide lies in the
property of high ultra-violet absorptivity of mercury vapor. The key to the
identity of each gas is its unique retention time in the column, whereas its
concentration is determined indirectly through the measurement of the amount

of released mercury vapor. A basic overview of the system is provided in Figure

2.
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Figure 2. Overview of the Reduction Gas Analyzer. This flow diagram illustrates the path of carrier
gas: It enters the circuit (top right) at a set flow rate (usually 30 to 50 mL per min). A catalytic
combustor removes any traces of CO in the carrier gas after which it is purified. Gas then passes
through a valve assembly that is activated to inject the sample into the circuit. The carrier gas (with or
without the entrained sample) is then passed to the heated column where any injected components
are retained depending on their respective molecular size; the temperature of the column; and the
carrier gas flow rate. After leaving the column, the carrier gas (with the various sample gases now
separated by their respective retention times in the column), passes to the detector where any
oxidizable component gases are oxidized in exchange for a proportional reduction of mercuric oxide
to mercury vapor. The latter is measured in an optical cell after which it is filtered out. The carrier gas
— unchanged throughout — is then discharged to the environment. (Courtesy of Trace Analytical, Inc.

Copyright 1996.)

_50



University of Pretoria etd, Cronjé F J (2006)

The principle elements in this RGA are the heated column (separator); heated
RGD detector; sample valve; carrier gas; and reaction vial double needle

assembly.

4.3.1 Heated Column

This RGA 5 system utilizes a stainless steel column, heated between 100 to
140°C (105°C for this study) packed with a 5 A molecular sieve (see Figure 3).
The molecular sieve temporarily traps gases — based on their respective
molecular sizes — and then delivers them sequentially to the next principal
element, the RGD detector. The delay (or trapping) of reagent gas in the heated
Column is called the retention time (RT). In addition to molecular size, the latter
is also dependent on the temperature of the column and the flow rate of the
carrier gas through it. This is all accounted for during the calibration process (see

section 4.4.).

Figure 3. RGA Column containing a heated molecular sieve.

- 53



University of Pretoria etd, Cronjé F J (2006)

4.3.2 Reduction Gas Detector (RGD)

The RGD contains a 5 mg solid mercuric oxide (HgO) bed heated to 260°C.
Upon oxidizing CO to carbon dioxide and H, to water, an equivalent amount of
mercuric oxide is reduced to mercury vapor. The latter is measured

spectrophotometrically in a 10 cm optical cell (see Fig. 4 and Fig 5B).
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Optical Optical
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Light Guide Seal
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ISipnal Processing |

0-1V 0-10mv
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Figure 4. The RGD Circuit Diagram. This is a close-up circuit diagram showing carrier
gas (previously circulated through the column) entering the oven containing the
detector. It passes into the heated mercuric oxide reaction bed. Once the mercury
vapor is released the latter is measured by an optical cell after which the metcury vapor
and carrier gas passes through an outlet filter to remove the toxic mercury after which

it is discharged to the atmosphere. (Courtesy of Trace Analytical, Inc. Copyright 1996.)
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Mercury has very high ultraviolet light absorptivity — in the 254 nm range —
which is the basis for the high sensitivity of the technique: The RGA/RGD/GC

has a sensitivity of 1 pmol of CO with linearity up to 120 pmols (see Fig. 5.).

Figure 5. The RGD. (A) Shows the entry point to the mercuric oxide bed; (B) is the

UV light detector housing and electronic circuit board and; (C) is the oven cover.

For safety reasons, the mercury vapor is absorbed by a mercury trap before the

carrier gas is discharged to the environment (see Fig. 5).
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4.3.3 Sample Valve

The sample is injected into the RGA circuit by means of a pneumatically

activated sample valve (see Figure 0.).

mf .

Figure 6. The Sample Valve showing various

connections that direct carrier gas through the
RGA or through the reaction vial (i.e., sample

injection).

Timed activation of the valve is by means of a programmed detection sequence.

The specific sequence for this study, using the RGA5, is shown in Figure 7.
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P2=NEW30CC 02-09-04 10:25
0000 PKDET - OFF A 0
0001 SENSE MEDIUM A 1
0002 BUNCH 4 A 2
0003 VALVEl CW 3
0023 VALVEl cCcw 4
0049 FORCEB A 5
0051 PKDET ON A 6
0088 PKDET OFF A 7
0090 FORCEB A 8
0091 ANEND 9
0092 ZSET A 10
0107 END 11

* END REPORT 06/01/05 11:39:17 RUN 0 SERIAL NO.

Figure 7. RGA Sampling and Detection Sequence. This manually programmed sequence —
filed as New30CC under Programme 2 (P2) ran as follows (note that the left column
indicates the run time for each sampling sequence). During a sample sequence of 107
seconds, the following events were programmed: Peak detect turned off initially to avoid
misidentification due to the presence of other gases. Sense set to medium; Bunch to 4. The
sample valve opened at 3 seconds and remained open for 20 seconds allowing 10 mL (based
on a carrier gas flow rate of 30 mL per minute) through the vial. This removed 99% CO
from the headspace and entrained it into the 2.4 mL sample loop. Force base command
ensured that the baseline detection was zeroed before the arrival of the sample. Based on a
retention time of 59 seconds (see figure 5) from activation of the valve, the peak detect was
activated for a period between 51 (i.e., 48 seconds from injection) to 88 (i.e., 85 seconds from
injection). A force base command followed at 90 seconds to ensure a cutoff in case of any
long tailing peaks beyond the probable retention time of any CO after which the analysis was
ended at 91 seconds. The print command followed and the sequence ended after which the

cycle was automatically repeated until manually stopped.

The valve should be opened long enough to permit entry of the complete
sample (reaction vial headspace gas) into the separation and detection loop
circuit; this is based on three factors: (1) the volume of the reaction vial — 2 mL;
(2) the volume of the sample loop connections — 0.4 ml; and (3) the flow rate of

the carrier gas — 30 mL per minute for this study.

Based on exponential elimination principles, a 20 second delay was selected to
deliver a predicted volume of 10 mL through the sample loop. This represented
five-times the internal volume of the reaction vial. By performing a series of

sequential tests with increasing amounts of CO calibration gas added to the
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reaction vial, we confirmed 95 to 99% removal of CO from the reaction vial

headspace with these settings.

Table 3. Effect of 20-second Sample Valve opening with a 30 mL per minute catrier gas
flow rate (i.e., 10 ml)on CO elimination from the Reaction Vial Headspace. Calibration gas

contained 4.89 ppm CO in Na.

Calibration pmol Peak Area %

Gas Volume CO 1st Pass 2nd Pass Retained
50 9.7 481 21 4.4
50 9.7 493 5 1
50 9.7 472 15 3.2
100 19.4 994 30 3
100 19.4 982 49 5
100 19.4 991 35 3.5
200 38.8 1979 25 1.3
200 38.8 1984 20 1
200 38.8 1999 65 33
400 77.6 3923 105 2.7
400 77.6 3947 175 4.4
400 77.6 3932 66 1.7

4.3.4 Carrier Gas

The carrier gas serves three purposes: (1) it provides continuous convection
through the system to keep it clear of contaminants with a stable baseline; (2) it
delivers the sample to be analyzed into the detector loop upon activation of the
sample loop valve; (3) and it removes mercury vapor and oxidized products

from the heated mercuric vapor bed and detector.

To be reliable, a carrier gas needs to be free of any oxidizable components.
Nitrogen and air provide suitable carriers. However CO is a ubiquitous gas and
is invariably present as a contaminant. Because of this, all carrier gases used in

CO studies must be chemically or catalytically filtered. For the purpose of the
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experiment, CO-free carrier gas for the vial purging and for the RGA circuit was
obtained by chemically filtering nitrogen through SAES Getter (PS11-MCl1
Ambient Temperature Gas Purifier — Getter Stabilized Zeolite — SAES Getters
USA Inc; Colorado Springs, CO) see Figure 8. The complete configuration is
llustrated in Figure 9. In addition, the RGA has its own built-in catalytic

combustor (see Fig. 2).

Figure 8. SAES Getter. Used to filter gas for

purging reaction vials prior to instillation of tissue

homogenate to ensure a zero CO baseline.
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Figure 9. Configuration of CO-free gas supply. A SAES Getter
(A) as shown in Fig. 8. Reliable source of compressed pure
nitrogen with minimal quantities of CO (B). As the carrier gas also
purges mercury vapor from the system into a mercury trap it

should not be discontinued (C).
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4.3.5 Double Needle Assembly

To provide carrier gas flow through the reaction vial, a double needle assembly
was used for sampling and purging reaction vial contents. This is illustrated in
Figure 10.

connected to
GC valve

out carrier gas — in out

in=~\| 4 v4
W § "lf 0.0625-in. (1.59-mm) o.d.
4.4 sleeve connectar
CO-free air short side-port needle

f 117 T {18-G, 5-cm long)
needle mount and finger grip
| {18-mm dia.)
septum
) vial screw cap

w -—1— head space

l— amber reaction vial
(12%X32-mm, 2.0 mi}

long side-port needle

G El {18-G, 7-cm long)
[~ reaction medium {60 pi)

P 3

Figure 10. The double needle assembly used to purge (left) and sample (right) the
headspace of the reaction vial. The dissimilar length of the double needle assembly setves a
dual purpose: (1) For purging, flow is from the short to the long needle so that — upon
removal — the flow into the vial is discontinued first allowing it to depressurize to ambient
pressure via the long needle end while avoiding any seepage from atmospheric air. (2)
During sampling, flow is from the long to the short needle to maximize convection over
the gas-liquid interface and to prevent accidental admission of liquid into the RGA as the
short needle stays well away from the liquid content of the reaction vial. (Reprinted with
permission from Vreman H.]. et al., in Current Protocols in Toxicology, p. 9.2.1. John Wiley & Sons,
Ine. Copyright 1999)

The needles were of different length to allow for maximal convection of the
reaction vial headspace during the injection of gas through the sample loop.
Simultaneously this avoids accidentally entraining fluid into the RGA as carrier
gas is circulated from the long to the short needle. When purging the vials with
CO-free air during the vial preparation, however, the direction of flow was

reversed from the short to the long needle so that the carrier gas supply was
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discontinued when extracting the needle assembly — thereby preventing
inadvertent pressurization and preventing seepage from atmospheric air into the
vial during such depressurization because the exhaust loop still contained CO-

free gas if retro flow were to occur (see Figure 11.).

Figure 11. Vial purge assembly. Using a CO free 