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Abstract

This thesis investigates a range of techniques designed to measured tumour oxygenation 

in vivo, and their ability to monitor modalities which improve oxygen tension. In 

addition, the relationships between pOi measurements, radiobiological hypoxia, and 

treatment response are also examined.

Oxygen tension measurements are performed in 24 experimental tumour models with the 

Eppendorf p02 histograph. These measurements show that tumour tissue is poorly 

oxygenated relative to normal tissue. Real-time pOz measurements using a prototype 

luminescence-based optical sensor and a pulsed polarographic electrode, demonstrate 

that tumour oxygenation can fluctuate temporally and have microregional heterogeneity. 

The luminescence sensor and the pO% histograph yield comparable oxygen distributions

for the SaF murine tumour, although, the optical sensor readings are significantly higher 

in the low range (<2.5 mmHg) reflecting less oxygen depletion. The pulsed 

polarographic electrode is unable to measure microregional heterogeneity due to a large 

sampling volume, and can be susceptible to oxygen contamination from external sources. 

Under optimal conditions, all three sensors have near identical accuracy, and measure 

similar oxygen tensions in the SaF tumour.

pOz measurements in the SaF and FSaN tumours do not match the radiobiologically 

hypoxic fractions nor the proportion of tumour cells labelled with a bioreductive marker. 

However, carbogen breathing with or without co-administration o f nicotinamide or 

pentoxifylline is shown to improve tumour oxygenation in a time-dependent manner, and 

carbogen alone radiosensitises the SaF tumour. In clinical studies, human tumour pO: is 

comparable with experimental tumours, and relative improvements in tumour pOz with 

carbogen breathing and 2% CO2 / 98% O2 are similar to those seen with the SaF tumour.

BOLD imaging and MRI are shown to have clinical potential to monitor tumour 

oxygenation and blood flow, whilst spectroscopy does not detect any effect on the 

microenvironment of the SaF and CaNT during carbogen breathing.
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Chapter 1: Introduction

1.0 Perspective

By the year 2000, the world-wide incidence of cancer is estimated to reach 10.3 million 

new cases per year. Lung cancer accounted for an estimated 896,000 new cases in 1985, 

equivalent to 1 in 8 world-wide Amongst males, the UK is ranked third in the world for 

incidence of lung cancer; and amongst females, ninth in the world for breast cancer. 

Despite a decrease in the incidence of male lung cancer in the UK, it is still responsible 

for 1 in 3 male cancer deaths. Although breast cancer accounts for 1 in 5 female cancer 

deaths, the incidence of lung cancer in women is increasing, and in 1994 female lung 

cancer deaths in Scotland exceeded those caused by breast carcinoma Figure 1.1, based 

upon statistics for 1994, illustrates the ten most common causes of cancer death in the 

UK {Source: Cancer Research Campaign Factsheets, 22.1 - 22.6; 3.1 - 3.3, 1995).

All neoplasms 160,660

Other
49960

Lung
37130

Breast
14530

Ovary

Bladder Colon
12350

Rectum
5740

Oesophagus \ Prostate
Pancreas 6580 Stomach 9 5 4 0

6510 8540

Figure 1.1: Ten commonest causes o f  cancer death in the UK. (redrccwn from Cancer 
Research Campaign Factsheet 3.1, 1995).



1.1 Origins of cancer treatment

Until the latter part o f the nineteenth century, surgery was commonly used to combat 

malignant disease and in many cases afflicting the extremities amputation was inevitable. 

Unfortunately reoccurrence was uncontrollably high due to métastasés or incomplete 

removal of the primary site. Treatment success was understandably limited.

In 1883 a German scientist by the name o f Fehleisen published a paper on the etiology of 

erysipelas. This is a condition connected with a bacterial infection of streptococcus 

erysipelatis and characterised by a skin rash, elevated body temperature and pulse, 

nausea and vomiting. Experiments with dogs illustrated that erysipelas could be induced 

by inoculating the animals with pure cultures o f the bacterium. Later studies, in which 7 

patients with inoperable malignant disease were inoculated with such cultures, produced 

a significant reduction in tumour burden in 4 o f the patients.

These results prompted William Coley, a surgeon working at the New York Hospital for 

the Ruptured and Crippled, to conduct an extensive series o f trials with sarcoma patients 

(Coley, 1891, 1893, 1906). He initially began by scarifying pure bacterial cultures into 

the tumour lesions and later injected them directly. Patients generally presented the 

symptoms o f erysipelas for a few days before returning to normal health. Repeated 

injections were given several days apart and if successful, tumour regression was 

observed within a few days. In some cases extended periods o f tumour control were 

achieved and several total cures were reported. By 1892 Coley realised, after two 

fatalities, that similar effects could be achieved by injecting the toxins extracted from the 

bacteria rather than the living cultures. This reduced the uncontrollable toxicity 

associated with artificially inducing erysipelas. A number o f toxins were derived from 

various bacterial combinations to maximise efficacy and were in essence the first form of 

chemotherapy. However, results were often inconsistent and eventually this method of 

treating advanced cancer patients was abandoned.

Around the same period a German physicist, Wilhelm Rontgen, was working on light 

phenomena and other emissions generated by discharging electrical current through 

highly-evacuated glass tubes. On November 8 1895 he noted, to his surprise, that when



the tube was charged, an object across the room produced a visible fluorescence which 

flickered synchronously with the discharge. This object was a barium platinocyanide- 

coated screen too far away to be reacting to the cathode rays. Over the next few weeks 

he investigated their properties and called them x-rays to denote their unknown nature. 

On 28 December 1895 Rontgen gave his preliminary report to the president o f the 

Wurzburg Physical-Medical society accompanied by experimental radiographs of his 

wife’s hand. In this report he concluded that the penetrative action o f the new rays was 

several orders o f magnitude greater than cathode rays and was undeflected by a magnetic 

field, thus making them unique.

A month later X-rays had been eponymously named “Rontgen rays” and by the end of 

1896 more than a 1000 articles had been published world-wide. By the turn o f the 

century many papers reported the biological actions of x-rays, especially upon the skin, 

and their potential use in therapy (Harder, 1995).

1.2 Hypoxia and therapeutic response

Following the initial radiobiological studies with x-rays, evidence started to appear 

suggesting oxygen was a major factor in the success of radiotherapy. In 1921 Holthusen 

found whilst studying Ascaris eggs that the radiation dose required to prevent hatching 

was three times greater under anaerobic conditions. Whilst two years later (1923) a clear 

relationship between cellular radiosensitivity and oxygen concentration was reported by 

Petry.

A number of publications around this time demonstrated indirect evidence that oxygen 

was an important factor in radiation response. In two studies investigating skin reaction, 

ice water or firm pressure applied to the site o f irradiation conferred radioresistance and 

diminished radioepidermitis (Hahn, 1904; Schwartz, 1909). Furthermore, Jolly (1924) 

showed reduced tissue damage in guinea pig and rat thymus irradiated whilst the blood 

supply was occluded by ligature. In the same year Mottram also reported a similar 

finding, stating that if the blood supply to the rat tail was stopped prior to irradiation, 

tissue damage was considerably reduced. Others reported that mice and rats rendered 

anoxic, by physical restraint preventing breathing or by gassing with various



nitrogen/oxygen combinations, showed an increased level of radioresistance (Lacassagne, 

1942; Evans et al, 1942; Dowdy et al, 1950).

Other indirect evidence came from studies involving anæmia. Reduced haemoglobin 

levels can lead to oxygen deprivation and subsequently affect radiation response. Clinical 

experience with radiotherapy has highlighted the particularly poor prognosis for anæmic 

cancer patients (Evans and Bergsjo, 1965; Bush, 1986; Hirst, 1986; Dische, 1991). 

Mottram and Eidinow (1932), using the rat Jensen sarcoma, found that if the animals 

were rendered artificially anaemic by removing 1 to 5 ml o f blood via a cardiac puncture 

prior to irradiation, radioresistance was significantly enhanced in the skin and tumour 

relative to normal unbled animals. They concluded that some toxic substance present in 

the blood must be responsible for the tissue damage and that the reaction could be 

diminished by blood removal.

The first suggestive evidence that oxygen was Mottram and Eidinow’s blood derived 

“toxin” was published by Crabtree and Cramer in 1934. Thin sections of a transplantable 

mouse carcinoma were exposed to radium under aerobic and anaerobic conditions. The 

sections were then transplanted into mice and tumour growth rate measured over a 

period o f 28 days. The results clearly showed a pronounced insensitivity to radium 

resulting from the anaerobic conditions. Mottram provided further confirmation that 

anaerobic conditions caused radioresistance (1935a, 1935b) and in 1936 demonstrated 

that tar warts in mice exposed to gamma irradiation showed preferential damage at the 

margins. He suggested that these marginal cells were exposed to a better vascular supply 

and consequently higher oxygen concentrations relative to the hypoxic radioresistant 

central cells.

Real advances in the field were made in the 1950’s when a series of papers were 

published which unequivocally demonstrated the role of oxygen in radiation response. 

The induction of recessive lethal mutations to the X chromosome in Drosophila 

melanogaster was shown to be reduced when the fhiit flies were exposed to X-rays 

whilst in an atmosphere o f low oxygen concentration (Baker and Sgourakis, 1950). This 

highlighted that oxygen could in some way alter the extent of DNA damage induced 

during irradiation. Other studies at the time also highlighted the influence of oxygen on



radiation-induced DNA damage (Thoday and Read, 1947, 1949; Giles and Beatty, 1950; 

Hollaender et al, 1951; Deschner and Gray, 1959).

Irradiating cellular material with x-rays or other electromagnetic radiation such as 

ultraviolet light, visible light, heat or y-irradiation, causes energy deposition in the cells 

and creates ions, free radicals and other excited molecules. The presence of oxygen in the 

tissue at the time o f irradiation can result in the formation of a number of species, for 

example OH*, O2 and H2O2 . The hydroxyl radical in particular has been implicated as 

the agent responsible for over 80% of radiation-induced cell death in both prokaryotic 

and eukaryotic cells (Freeman and Crapo, 1982). A large proportion of the cytotoxicity 

results from reactions with the DNA, causing chromosomal aberrations via base 

modification or strand scission. Other cellular targets for free radical damage include 

unsaturated and thiol-containing amino acids, carbohydrates, unsaturated lipids, 

cofactors, neurotransmitters, antioxidants, protein and hyaluronic acid (for a review see 

Freeman and Crapo, 1982).

Using an in vitro culture of rat lymphocytes, Trowell (1953) showed that cells irradiated 

under anaerobic conditions needed a twelve times greater dose to achieve the same 

degree o f damage as cells irradiated under pure oxygen. This level of enhancement was 

considered abnormally high by some investigators. Deschner and Gray (1959) suggested 

that lymphocytes may not be typical o f most mammalian cells, particularly tumour cells. 

They pointed out that because the lymphocytes in this study had been cultured in vitro 

prior to, during and after irradiation, cellular damage may have been more akin to 

accelerated ageing rather than loss o f reproductive integrity.

A more representative oxygen enhancement ratio (O.E.R.) was presented by Gray and 

colleagues (1953) in a multifaceted paper examining the importance of cellular and tissue 

oxygenation at the time o f irradiation. They examined thej X-ray response of (a) ascites 

tumour cells in vitro, (b) normal tissue and the Ehrlich ascites tumour in the mouse, and 

(c) the degeneration o f chick avian fibroblasts. The sensitivity of the mouse tumour cells 

was shown to be about three times as great when irradiated in a well oxygenated medium 

as when under anoxic conditions. Furthermore they demonstrated that the enhancement



in tumour radiosensitivity, induced by oxygen breathing, was significantly higher than 

that in the skin or hair, and reasoned that this was because normal tissue was well 

oxygenated and thus already radiosensitive and improving oxygen levels could not confer 

fiiither sensitivity. Studies with the chick fibroblasts paralleled these observations by 

showing increased cell degradation induced by x-irradiation under aerobic conditions. 

Similar levels of oxygen enhancement were noted by other investigators using a wide 

range of biological material; mouse tail vertebrae (Howard-Flanders and Wright, 1955), 

Escherichia coli (Alper and Howard-Flanders, 1956), and broad bean roots {Vicia fabd) 

(Kihlman, 1958).

Quantitative evidence for the presence o f hypoxic cells in tumours was presented by 

Powers and Tolmach in 1963. They obtained a biphasic x-ray cell survival curve for a 

mouse lymphosarcoma irradiated in vivo. The curve showed a steeper initial portion at 

lower x-ray doses and a flatter terminal section at higher doses. It was reasoned that the 

steep portion related to the radiosensitive oxygenated cells whilst the flatter portion of 

the curve represented the response of the more radioresistant hypoxic cells. Interestingly, 

the ratio o f the two exponential slopes, 2.3, was typical of the O.E.R.’s previously 

reported.

In 1955 Thomlinson and Gray published a detailed histological examination o f bronchus 

carcinoma providing a rationale for the origin of hypoxic cells. Prior to their study, they 

postulated that the oxygen gradient from the vascular stroma through the tumour tissue 

would be dependent upon the cellular oxygen consumption. Using Warburg’s data 

(1930), a respiratory quotient o f 5.3 |il oxygen/mg dry weight/hour was estimated and 

they calculated that an oxygen gradient could extend for approximately 150 p.m, after 

which all cells would be anoxic and probably necrotic. Oxygen consumption rates for 

other tumour models suggest histological dimensions are probably dependent upon 

tumour type, for example the Walker carcinoma, hepatoma and fibrosarcoma have values 

of 3.3 pl/mg/hr, 5.3 pl/mg/hr and Ipl/mg/hr respectively (Gullino et al, 1967a) whilst a 

human breast carcinoma and a rat mammary adenocarcinoma have rates of 1.9 |il/mg/hr 

and 0.4-0.9 pl/mg/hr respectively (Groebe and Vaupel, 1988; Dewhirst et al, 1992a,

1994).



From the 160 sections examined by Thomlinson and Gray, the general histology showed 

a corded structure with vascular stroma surrounding tumour cells, enclosing a central 

region o f necrosis. These data illustrated that (a) no cord was more than 200 }j,m in 

radius without any central necrosis, (b) necrosis was never apparent in tumour cords less 

than 160 pm, and (c) however great the central region of necrotic cells, the thickness of 

the surrounding sheath of tumour cells never exceeded 180 pm.

Studies o f a mouse mammary adenocarcinoma illustrated that other histologies could 

exist (Tannock, 1968). Tumour sections once again showed a corded structure, akin to 

Thomlinson and Gray’s model, with the exception that a single blood vessel ran along the 

axis o f each cord, surrounded by viable tumour cells. At the periphery large regions of 

necrosis existed. Most cords had radii ranging between 60 and 120 pm and in smaller 

tumours the cords were overlapping appreciably. Studies using a window chamber to 

visualise an adenocarcinoma in Fisher rats have shown oxygen diffusion distances 

ranging between 87 and 286 pm (Dewhirst et al, 1994). Although these values are 

almost certainly slight underestimates o f the actual tumour cord radii they provide further 

evidence o f heterogeneity amongst different tumour types.

Based upon the two distinct histologies observed, Tannock (1972) proposed a model 

that described the oxygen diffusion and distribution amongst corded structures and 

suggested that cellular radiosensitivity was dependent upon the distance from the 

vasculature and that the shape of a survival curve was determined by the presence of 

cells in varying degrees o f hypoxia. This implied that the “two-compartment model”, 

describing a tumour as containing anoxic and well oxygenated cells, was a 

misrepresentation.

Until 1979, the occurrence of radiobiological hypoxia within tumours was hypothesised 

to occur solely from diffusion limitations of oxygen. Little consideration was given to the 

possibility o f perfusion-driven events which could theoretically induce rapid and transient 

regions o f hypoxia. Indeed, studies by Reinhold (Reinhold, 1974; Reinhold et al, 1977) 

using a window chamber preparation of a rat rhabdomyosarcoma provided evidence of 

intermittent blood flow in capillary networks. Based upon these and other findings.



Brown (1979) suggested that acute hypoxia could occur within tumours as a result of 

transient changes in blood flow. He used this explanation to account for his finding that 

in the EMT6 tumour, two radiobiologically hypoxic cell populations could be identified. 

Definitive evidence that transient changes in microvascular flow could occur in 

experimental tumour models leading to radiobiological hypoxia was provided by Chaplin 

and colleagues using cell sorting and dye mismatch techniques (Chaplin et al, 1986; 

Chaplin et al, 1987a; Trotter et al, 1989a, 1989b, Minchinton et al, 1990). Figure 1.2 

illustrates hypoxia arising from limitations in diffusion and perfusion.

Capillary open

Capillary closed

%
VtA

180pm diffusion

normal aerated cell chronically hypoxic clonogenic cell

acutely hypoxic cell anoxic necrotic cell

Figure 1.2: Types o f tumour hypoxia illustrating chronic and acute mechanisms (Re
drawn from  Sagar et al 1993).

More recently, fluctuations in blood flow have been shown in both experimental and 

human tumours using laser Doppler flowmetry (Chaplin and Hill, 1995; Hill et al, 1996 

and Pigott et al, 1996). Dewhirst and colleagues (1996) have also shown convincing 

evidence of perfusion-limited hypoxia using a window chamber preparation of a rat 

mammary carcinoma. Over a period of up to 120 minutes red blood cell flux, 

oxygenation flux, and temporal changes in blood vessel diameter were positively 

correlated.



As well as influencing radiation therapy, hypoxia can also affect the cytotoxicity o f some 

chemotherapeutic agents and the cellular response of some cytokines (Aune and Pogue, 

1989; Loeffler et al, 1992; Sampson and Chaplin, 1994). Bleomycin, procarbazine, 

streptonigrin, actinomycin D and vincristine have all been reported to show preferential 

toxicity under oxygenated conditions in the EMT6  mouse mammary carcinoma (Teicher 

et al, 1981). However in another study, also using the EMT6  tumour, vincristine has 

been shown to be more cytotoxic to cells exposed to hypoxia (Sakata et al, 1991).

A similar paradox exists with another chemotherapeutic agent: adriamycin. It has been 

claimed that this drug is ten times more toxic under hypoxic conditions in the EMT6  

tumour (Teicher et al, 1981), although Smith et al (1980) and Wilson et a l (1989) 

documented that Chinese hamster cells rendered chronically hypoxic showed greater 

resistance to the agent. Other studies with this drug have also shown similar 

inconsistencies. Harris and Shrieve (1979), using another EMT6  cell line, found no 

difference in the toxicity between oxygenated and hypoxic cells whilst studies with the 

murine 16/C tumour and MXl human breast carcinoma xenograft have shown 

differential kill o f better oxygenated cells (Tannock, 1982; Teicher, 1994a). These 

studies indicated that distinct tumour types, although hypoxic, could respond differently 

to the cytotoxic effects o f a chemotherapeutic agent. Although such discrepancies exist, 

it is quite clear that hypoxia is an important parameter in the action of antineoplastic 

agents.

1.3 Determinants of hypoxia

Maintenance of oxygen tension in normal tissue depends upon a controlled balance 

between vascular supply and tissue demand. Normally the supply meets, and usually 

exceeds, the demand. In tumours, however, insufficient oxygen to meet the requirements 

of the tissue is common. This imbalance arises via a combination of, (a) a compromised 

blood supply due to tortuous and inadequate vasculature, and (b) irregular metabolism 

and high cellular proliferation. As a result regions o f oxygen-depletion coupled with 

nutrient and energy deprivation can occur.
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1.3.1 Vascular supply and blood flow

Vascular density, geometry, erythrocyte flux and haemoglobin saturation are all features 

of tissue vasculature which can affect the proportion o f cells existing in a state of 

hypoxia or anoxia.

Tumour growth beyond about 1 - 2  cubic millimetres depends on the development of its 

own blood supply. Folkman and co-workers (for a review see 1976) showed that when a 

small piece o f tumour was implanted into the aqueous humor of a rabbit cornea it 

remained viable but was unable to grow beyond one millimetre in diameter. Cells on the 

surface o f the tumour continued to divide whilst cells in the centre died and a steady 

state o f population dormancy was reached. If the tumour fragment was implanted into 

the iris it rapidly became vascularised and the rate of capillary development reached up to 

1 mm per day stemming from the comer o f the eye. Upon establishment o f a vascular 

supply tumour growth dramatically increased and within four weeks the malignancy was 

as large as the eye itself. Tumour angiogenesis factor (TAF) had previously been 

identified as a soluble molecule, extractable from the cytoplasm of tumour cells, that 

could stimulate neovascularisation (Folkman, 1971). Interestingly, newly formed 

capillaries were shown to originate from small existing veins (Folkman, 1976). This 

observation provided one insight into the origin of tumour hypoxia; supplying vessels 

could originate from the venous side and were therefore carrying less oxygen to the 

tumour compared to nearby arterioles supplying normal tissue.

Tumour vasculature is highly heterogeneous and does not conform to the “normal” 

morphology. In normal tissue, blood flows fi*om the arteries into the arterioles, 

capillaries, venules and finally into the veins. Vessels on the arterial side, with the 

exception o f the capillaries, are surrounded in smooth muscle and are capable of a 

vasoactive response. These vascular beds may be connected either in parallel or in series 

depending upon the organ. For example, in the kidney the glomerular capillaries are in 

series with the tubular capillaries, whilst in the enterohepatic circulation, the capillary 

beds o f the spleen are in parallel with those of the mesentery and in series with the liver 

microcirculation (Jain, 1988).
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Rapidly growing tumours frequently outstrip their blood supply causing large areas of 

hypoxia. New vessels form via one of two routes (a) by recruitment from normal post

capillary venules, or (b) by angiogenesis. Arterial vessels are also present, normally at the 

periphery, where a close association with the host supply exists, and probably contribute 

to the limited vasoactive response often observed. Due to their rapid growth tumour, 

blood vessels tend to be abnormal or poorly developed. These abnormalities include; 

incomplete endothelium, absent or partial basement membrane, lack of smooth muscle, 

tumour cell invasion and lining, and missing structural components of the cell wall.

Tumour vessels are more tortuous and larger in diameter compared to their normal 

counterparts and regions o f avascularity can occur. A large number of arteriovenous 

anastomoses can occur in which low pressure shunts between arterial and venous vessels 

provide bypass routes avoiding regions o f resistance. They can significantly decrease 

tumour blood flow and increase oxygen deprivation.

Lymphatic vessels are rare within the tumour structure, leading to impaired drainage and 

increased interstitial pressure which may cause some blood vessels to collapse, further 

exaggerating hypoxia. Poor vascular drainage results in a mild acidification o f the tumour 

due to lactic acid accumulation. A reduction o f pH from 7.4 to 7.2 causes around 15% 

difference in the oxygen saturation curve thereby inducing red cells to release their 

oxygen earlier and hence affecting oxygen availability at more distal sites. The hostile 

environment also affects red cell deformability which directly alters capillary flow and 

oxygen delivery (Jain, 1987; Jain, 1988; Gulledge and Dewhirst, 1996).

Functional vascular density is often much lower in tumour tissue compared to normal 

tissue and may account for poor oxygen distribution. In a study of human cervix 

carcinoma, vascular densities of less than 24 mm mm'̂  were correlated with median 

oxygen values o f less than 10 mmHg, whilst higher densities generally related to higher 

pOz values (Lyng et al, 1996). Similarly, adenocarcinomas of the rectum have been 

shown to be 2.5 times less vascularised than the corresponding normal mucosa. In 

addition, the distribution o f the adenocarcinoma microvessels was very heterogeneous 

with considerable inter- and intra-tumour variation compared to the regular vascular 

pattern existing in the normal mucosa (Vaupel, 1989a). In a histochemical study of
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human cervical carcinomas, in which blood vessels were stained on histological sections, 

the mean intercapillary distance was found to be 300 pm (Awwad, 1986). Based upon 

the mathematical model of Tannock (1972) this was about twice the maximum range of 

an oxygen diffusion gradient. These studies emphasise that the degree of hypoxia is 

dependent upon the vascular density and that poor vascularisation increases chronic 

hypoxia. Insufficient oxyhaemoglobin saturation in malignant tissue will also affect levels 

of chronic hypoxia. Adenocarcinomas of the rectum and squamous carcinomas o f the 

oral cavity have lower levels of saturation compared to normal mucosa (Vaupel, 1990; 

Muller-Klieser, 1981). Studies of two murine tumours (KHT and RIF-1) and two human 

ovarian carcinoma xenografts (MLS, OWI) have shown similar results, with lower levels 

of oxyhaemoglobin saturation in comparison to skeletal muscle (Fenton et al, 1988; 

Rofstade/a/, 1988).

1.3.2 Metabolism

Tumour perfusion rate and hence oxygen availability is probably the main parameter 

governing hypoxia. However there is evidence to suggest that some tumours have a 

higher rate o f metabolism and thus oxygen utilisation compared to normal tissue, 

resulting in a rapid decrease in oxygen availability for cells distant from the blood supply. 

Nuclear magnetic resonance spectroscopy (MRS) o f malignant tumours generally shows 

spectra with low NTP/Pi ratios compared to spectra obtained from normal tissue. 

This is consistent with a higher rate of metabolism resulting in the destruction of 

nucleotide triphosphates to form inorganic phosphate. Using positron emission 

tomography (PET) with fluoro-deoxyglucose, differential glucose uptake in malignant 

and normal tissue in humans has been reported. In these studies, normal tissue such as 

spinal cord and lung parenchyma had low glucose utilisation rates compared to 

meningiomas, astrocytomas, soft tissue sarcomas and squamous cell carcinomas; only in 

brain, which shows particularly high glucose consumption, did the utilisation rate 

approach that measured in the malignant tissues. (Vaupel, 1989a).

Although metabolic rate may be relatively high, tumour blood flow appears to be the 

principal modulator (Vaupel et al, 1987; Kallinowski et al, 1989a). Kallinowski and
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colleagues (1989b), using tissue isolated preparations of human breast and lung 

carcinomas in nude rats, showed that oxygen consumption was directly proportional to 

oxygen availability, and glucose uptake was directly dependent upon supply. The 

pioneering work o f Gullino et a l (1967b, 1967c) showed similar findings in tissue 

isolated preparations o f a Walker carcinoma, a hepatoma and a fibrosarcoma of the rat. 

They showed that in normoglycaemic animals glucose consumption was high in the 

tumours (particularly the Walker carcinoma) compared to cerebral tissue. They also 

demonstrated that oxygen utilisation was low, suggesting metabolism was primarily 

glycolytic. They went on to show that although oxygen consumption was low it was 

vital; any increase in glucose consumption required a similar increase in oxygen 

utilisation and moreover, when an abrupt deprivation of oxygen was inflicted upon the 

tumour, glucose consumption ceased. If glucose levels were artificially forced towards 

hypo- or hyperglycaemia, all three tumour lines modified their glucose uptake 

accordingly. These studies, and those of Kallinowski et al, also illustrated that glucose 

uptake and oxygen utilisation were directly proportional to lactate production, again 

implying a bias towards glycolysis.

A high rate of aerobic glycolysis and lactate production have become a biochemical 

signature associated with malignant tissue. Tumours also have the capacity for anaerobic 

glycolysis and oxidative phosphorylation (Vaupel, 1989a). Due to a poor lymphatic 

development and high lactate production, hydrogen ions accumulate and tumour pH is 

shifted towards acidosis. Low pH can affect cell proliferation, DNA synthesis, glycolysis 

and cell cycle phase. It can also influence radiosensitivity, response to radiosensitisers, 

anticancer drug cytotoxicity and therapies involving hyperthermia (Wike-Hooley et al, 

1984). Studies with MRS and microelectrodes have shown that tissue pH can be 

dissociated into two components; intracellular (pHi) and extracellular (pHe). Whilst pHj 

(measured by MRS) remains close to neutral in both tumour and normal tissue (6.9 to 

7.4), pHe (measured with microelectrodes) tends to be acidic. In a range o f human 

tumours (including glioblastomas, astrocytomas and squamous cell carcinomas) pHe 

values between pH 5.6 and 7.6 have been reported compared to values of 7.2 to 7.6 in 

normal tissue (Griffiths, 1991). This reduced pH is generally assumed to result from 

increased anaerobic glycolysis and the production of lactic acid. However, lactate
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production from the breakdown of glutamine, and CO2 production from cellular 

respiration, may also be contributing factors (Newell et al, 1993).

1.4 Measurement of tumour hypoxia

1.4.1 Methods of detection

To address the importance of tumour hypoxia in treatment response, a number of 

techniques have been developed. Table 1.1 outlines both direct and indirect procedures 

commonly used to measure or assess tumour oxygen levels. Routine clinical use is 

limited to a few methodologies e.g. oxygen electrodes, histological studies to identify 

intrinsic markers and measurement of hypoxic markers. Non-invasive spectroscopy is 

currently under intense study and should prove to be the technique of choice but has yet 

to be validated conclusively. Indeed, the development of clinically applicable methods for 

identifying hypoxia remains one of the top priorities in the field.

Technique Invasive Clinically
applicable

Parameter
measured

Example
references

Polarographic electrode - 
needle

Yes Yes extracellular pOa Whalen etal, 
1967 

Kallinowski et 
al, 1990

Polarographic electrode - 
fibre

Yes Yes extracellular p0 2 Stohrer et al, 
1992

Polarographic electrode - 
surface

No Yes extracellular pOz Kessler et al, 
1981 

Fleckenstein 
and Weiss, 

1984
Cb^gen-quenched
luminescence

Yes Yes extracellular p0 2 Peterson et al, 
1984 

Young et al, 
1996 

Collingridge 
etal, 1997

Phosphorescence No Possibly
(following

toxicity
studies)

extracellular p0 2  

(via oxygen- 
quenched phosphor 

luminescence)

Wilson et al, 
1996

Radiation response - paired 
survival curve assay

Yes No radiobiologically 
hypoxic fraction

Moulder and 
Rockwell, 

1984
Radiation response - clamped 
tumour control dose (TCD50) 
assay

Yes No radiobiologically 
h>poxic fraction

Moulder and 
Rockwell, 

1984 .
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Radiation response - clamped 
tiimour growth delay

Yes No radiobiologically 
hypoxic fraction

Moulder and 
Rockwell, 

1984
Bioreductive hypoxic 
markers

Yes Yes 
(from biopsy)

e.g. nitroimidazole 
or misonidazole 

binding

Hodgkiss et 
al, 1991 

Evans et al, 
1995

Intrinsic markers Yes Yes 
(from biopsy)

e.g. lactate 
dehydrogenase, 

heme oxygenase, 
VEGF

Anderson and 
Farkas, 1988 
Murphy et al, 

1991
^^PMRS No Yes phosphate

metabolites
Chance and 
Nioka, 1986 
Vaupel et al, 

1989b 
V uetal, 1990

’H MRS (lactate) No Yes water protons Stone et al, 
1993

GRE MRI (flow and 
oxygenation dependent 
[FLOOD] imaging)

No Yes water protons - 
influenced by 

deoxyhaemoglobin

Robinson et 
al, 1995

*^MRI No Yes e.g. fluorinated 
bioreductives, 

perfluorocaibon 
emulsions

Mason et al, 
1994a

i9ppET No Yes fluorinated 
bioreductives e.g. 
^  -misonidazole

Koh et al,
1992 

Groshar et al,
1993

Near-infrared spectroscopy No Yes deoxyhaemoglobin, 
oxyhaemoglobin, 
and cytochrome 

aa3

Delpy et al, 
1987 

Wahr et al, 
1996

lAZA No Yes misonidazole 
analogue binding

Parliament et 
al, 1992

ESR No Yes PO2 - paramagnetic 
probe molecules

Swartz et al, 
1992 

Halpem et al, 
1996

Ciyospectrophotometry Yes Yes 
(from biopsy)

oxyheamoglobin
saturation

Rofstad et al,
1989 

Mueller-
Klieser et al,

1990
Bioluminescence imaging Yes Yes 

(from biops>0
ATP Mueller- 

Klieser et al, 
1990

HPLC of reductive 
metabolites

Yes Yes nitroar\1
fluorescence

Stratford et al, 
1984

Comet assay - DNA strand 
breaks

Yes Yes 
(from biopsy 

after 
irradiation)

radiosensiti\ity Olive and 
Durand, 1992

Alkaline elution assay Yes Yes 
(from biops>' 

after 
irradiation)

radiosensitivity Zhang and 
Wheeler, 

1993
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D>'e difiusion Yes No relative perfusion Chaplin et al, 
1987a

Tumour vascularity Yes Yes 
(from biopsy)

vascular density Awwad et al, 
1986 

Siracka et al, 
1988

Lactate Yes Yes 
(from biopsy)

lactate production Vaupel et al, 
1994b

Tumour interstitial pressure Yes Yes interstitial pressure Roh et al, 
1991

Blood flow - laser Doppler 
flowmetry

Yes Yes red cell flux Chaplin and 
Hill, 1995 
m W etal, 

1996

Table 1.1: Techniques fo r measuring tumour hypoxia: Direct and indirect.

The hypoxic fraction in experimental tumours can vary dramatically between tumour 

type. In a survey o f existing data. Moulder and Rockwell (1984) reported that among 7 

different rat tumours the hypoxic fraction could range between <0.35% and 42% whilst 

in 34 mouse tumours the fraction could be as low as 0.01% and as high as 83%.

Human tumours show a similar degree o f heterogeneity. Hypoxic fractions for human 

breast adenocarcinoma, obtained from needle aspirate biopsies of 7 tumours exposed to a 

palliative dose of 5 - 10 Gy, have been reported (Olive, 1993). Based upon DNA damage 

data obtained from a comet assay, the hypoxic fraction was calculated to range from 

<1% to >40%. PET studies using [̂ *F] fluoromisonidazole in non-small cell lung cancers 

showed pre-treatment fractional hypoxic volumes (FHV) ranging between 20 and 84% 

(Koh et al, 1995), whilst in head and neck tumours FHV’s ranged from 0.2 - 18.9%, and 

in prostate carcinoma, 0 - 93.9% (Rasey et al, 1996). Using another misonidazole 

analogue, labelled with iodine-123 (^^1-iodoazomycin arabinoside), SPECT (single

photon emission computed tomographic) imaging investigations have shown 

tumour/normal tissue ratios o f 2.3 (primary small cell lung carcinoma), 1.9 (primary 

malignant fibrous histiocytoma) and 3.2 (brain métastasés from small cell lung 

carcinoma) thus providing further evidence o f elevated hypoxia in neoplastic tissue 

relative to normal tissue normal tissue (Parliament et al, 1992). These studies are 

consistent with human xenograft hypoxic fractions measured using conventional 

radiation response assays. In a review of 27 human tumours grown in immune deficient 

mice and comprising 6  different histologies, the range was 0.19% (glioma) - 91%
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(melanoma) (Rockwell and Moulder, 1990). These studies are suggestive that the extent 

and range of radiobiological hypoxia in human tumours is similar to that observed for 

rodent tumours.

Human tumour oxygen measurements with polarographic electrodes have also been used 

to estimate the proportion of tumour cells at low oxygen tension. Hockel and colleagues 

(1993), defining 5 mmHg as the cut-off point for radiobiological hypoxia, noted that in 

21 patients with cervical cancer, between 2 and 98% of all tumour readings were less 

than the cut-off In a study o f head and neck cancer in 16 patients, “hypoxic fractions” 

(defined in this case as the proportion of values less than 8  mmHg) ranged between 0 and 

79.9% (Terris and Dunphy, 1994), whilst in soft tissue sarcomas the range of values less 

than 5 mmHg has been reported to extend between 0 - 76% (Brizel et al, 1994) and 0 - 

60% (Nordsmark et al, 1996a).

The relationship between oxygenation and the radiobiologically hypoxic fraction is 

complex and controversial. A number of conflicting reports exist in the literature. When 

oxygenation was artificially altered in the murine C3H mammary carcinoma with either 

oxygen, carbogen, carbon monoxide, hydralazine or by clamping, the measured hypoxic 

fraction directly correlated with the percentage of oxygen readings less than 5 mmHg. 

However neither o f these parameters related to bioenergetic status (Horsman et al, 

1993a, 1994a; Nordsmark et al, 1995). Comparisons across tumour types show lesser 

degrees of correlation. Comparing 6  murine tumours (RIF-1, SCCVII, C3H, KHT, 

CaNT and SaF), Horsman and colleagues (1994b) demonstrated that as the hypoxic 

fraction increased, the mean, median, percentage of values less than 5 mmHg and 

percentage less than 2.5 mmHg, showed a non-significant trend towards poorer 

oxygenation.

In a series o f studies using the murine mammary carcinoma, EMT6 , and two human 

xenografts, NA11+ (melanoma) and HRT18 (rectal adenocarcinoma), treatment with 

various combinations o f carbogen, nicotinamide and perflubron to artificially alter 

tumour hypoxia, yielded the following conclusions: (a) a correlation between 

radiosensitisation and percentage of oxygen values less than 7, 8 , 9, or 10 mmHg; (b) a 

non-significant trend between the percentage o f hypoxic cells and pO: measurements
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when taking into account values between approximately 2 and 5 mmHg; and (c) a 

correlation between radiosensitisation, reduction in transient perfusion (acute hypoxia) 

and pOz values less than 10 mmHg for the murine tumour (Martin et al, 1994; Thomas et 

al, 1994, 1995, 1996).

In contrast, Kim et a l (1993), in a study of SCCVII and RIF-1 tumours, showed that it 

was not possible to predict radiobiologic hypoxic fraction from oxygen partial pressures 

or misonidazole binding. Similarly, Sasai and Brown (1994) showed that if SCCVII and 

CH3 bearing mice were allowed to breathe either air or 10% oxygen, the hypoxic 

fraction and misonidazole binding increased, whilst median pO] and percentage of 

readings less than 5 mmHg showed no change. This study highlighted that increases in 

radiobiologic hypoxic fraction produced by lowering oxygen levels may not correlate 

with polarographic measurements of tumour oxygenation.

Measurements o f tumour hypoxia by misonidazole binding, paired survival curve assay 

and polarographic pOz assessment across five murine tumours (SCCVII, B16F1, KHT- 

C, KHT-LPI and RIF-1) provide further illustration of the problems of readily 

associating these parameters. Across these tumour lines no significant correlation was 

seen between oxygen partial pressure and hypoxic fraction, and the same was true when 

measurements were made on the same individual KHT-C tumours. However, a 

correlation was observed between bioreductive binding and hypoxic fraction (Kavanagh 

eta l, 1996).

It has been suggested that the fraction o f clonogenic cells in anoxic and oxic 

compartments o f a tumour may provide an underlying explanation for the poor 

correlations described above. Using a mathematical model, that assumes, (a) tumours are 

comprised of just anoxic and oxic subpopulations and (b) fully oxygenated cells have 

negligible survival following irradiation, if a fraction of a tumour is anoxic but contains 

variable clonogenicity, then direct measurements of tumour oxygenation may not 

represent the radiobiologically hypoxic fraction. Put simply, if all the anoxic cells are 

clonogenic, then the hypoxic fraction will be identical to the fraction of anoxic cells. 

However, if the number o f clonogenic anoxic cells decreases, then the hypoxic fraction 

will also decrease, even though the amount of anoxia determined by oxygen electrodes
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would appear to remain the same. If a subpopulation o f oxygenated cells is non- 

clonogenic the picture becomes even more complicated. An increase in this population 

would overestimate hypoxic fraction without changing tumour oxygen levels (Fenton, 

1995).

Although these discrepancies exist, tumour oxygenation can be a good prognostic 

indicator in a number o f situations. Repeated measurement of oxygen tension during 

radiotherapy in human breast cancer has shown that treatment failure is indicated if the 

values remain unchanged (Pappova et al, 1982), whilst high pre-treatment pOz in head 

and neck and cervical cancer has been shown to indicate local control following 

radiotherapy (Kolstad, 1968; Hockel eta l, 1993; Nordsmark et al, 1996c). For example, 

over a median follow-up period of 19 months, patients with cervical carcinoma showed 

significantly lower survival and recurrence-free survival if the median tumour pOz was 

less than 10 mmHg prior to treatment compared to those patients with better oxygenated 

tumours. Likewise, the oxygen distribution in squamous cell carcinomas and their 

métastasés has been shown to play an important role in tumour response to radiation 

therapy and may allow separation of patients into subgroups who would most benefit 

from procedures designed to circumvent the hypoxic effect (Gatenby et al, 1988; 

Okunieff et al, 1996). Tumour oxygenation can also predict for distant métastasés and 

survival in patients with soft tissue sarcomas. Brizel et al (1996) reported that 

metastasising tumours had a median pOz of 7.5 mmHg compared to 20 mmHg for non- 

metastasising tumours. Furthermore, a review by Dachs and Stratford (1996) has shown 

that hypoxia may upregulate a number of genes encoding certain growth factors, 

cytokines, and other factors important in tumour viability and metastatic cascade.

1.4.2 Measuring oxygen partial pressures in vivo: The oxygen cathode

At present the only clinically relevant tool for measuring oxygen tension in situ is the 

oxygen electrode. Other techniques, as described in the previous section, are either based 

upon indirect associations with oxygenation or have yet to proven conclusively.

Prior to oxygen electrodes, techniques for measuring tissue oxygen tension were limited 

One method was to withdraw samples of arterial and venous blood and measure the
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oxygen content by chemical analysis. However this method had several drawbacks, (a) 

limited to organs whose rate o f capillary circulation could be measured accurately, (b) 

unsuitability to malignant tumours because of the difficulty o f obtaining representative 

samples o f venous blood, and (c) it only measured gross estimates of tissue oxygenation 

(Urbach, 1956). The nearest approach to a satisfactory method was one in which gas 

bubbles, introduced into the tissue or the blood stream, were allowed to equilibrate with 

the oxygen content (Campbell, 1931). They were then withdrawn and analysed for gas 

composition. However, this also had a number o f limiting factors including; errors due to 

vascular compression, inability to measure rapid changes in pOi, inability to estimate 

oxygen tension in small volumes o f tissue, and no possibility of making continuous 

measurements.

The development o f oxygen electrodes started with Danneel (1898) who discovered that 

during electrolysis, the current between platinum electrodes at a potential of -0 . 0 2  volts, 

was approximately proportional to the concentration o f dissolved oxygen. This 

phenomenon was encountered again by Heyrovsky and Shikata (1925), whilst 

developing a new technique called polarography with a dropping mercury electrode. This 

method was first applied to biological material to study oxygen exchange in plants 

(Blinks and Skow, 1938). To avoid the possibility o f tissue poisoning, the mercury was 

replaced with platinum and found to give identical results. When the cathode (the active 

surface of an oxygen electrode) was polarised with respect to the anode at a constant 

voltage o f -0.5 V, the residual current was closely proportional to the oxygen tension. A 

length o f coiled platinum wire acted as the cathode and was dipped into a small glass 

tube filled with sea water and lined with the murine alga Ulva. A salt bridge connected 

the cathode to a calomel electrode acting as the anode. A galvanometer and potential 

source were connected in series and completed the circuit. The current was shown to 

increase when the alga was illuminated, thus demonstrating oxygen evolution during 

photosynthesis. Similar results were also obtained using a mercury cathode and leaves 

from the pondweed Potamogeton, and the castor bean Ricinus. Winzler (1941) also used 

the mercury electrode and measured the rate of respiration of baker’s yeast, 

Saccharomyces cerevisiae, as a function of oxygen tension.
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Based upon Blinks and Skew’s modification of the dropping mercury electrode to a 

stationary platinum electrode, Davies and Brink published a fijndamental paper in 1942. 

They described two types of platinum electrode suitable for measuring oxygen tension in 

animal tissues. One type had the platinum wire recessed within a cylindrical glass tube 

and could be used to measure absolute oxygen tensions every five minutes, whilst the 

other type was a blunt ended, or open type, electrode with the end of the platinum wire 

directly exposed to the outer medium and could be used for continuous measurement. 

Dissolved oxygen was reduced at the cathode surface and depending upon the 

environment followed either a 2  electron reaction;

2 H  ̂+ O2 + 2 e~ —> H2O2

or a 4 electron reaction;

2 H  ̂+ O2 + 2 e~ H2O2,

2ir+ H202 + 2e‘ ^2H 20

giving currents which were linearly proportional to the oxygen tension of the solution if 

suitable potentials were applied.

The current-voltage curve was multi-phasic. Initially, as the polarisation voltage was 

increased from 0 to —0.3 V, the current steadily increased and was dependent upon the 

applied potential. At higher voltages the current plateaued because the rate at which 

oxygen could diffuse through the solution to the cathode surface had become the limiting 

step. If the voltage was increased above -0 . 8  V the current again began to rise due to a 

secondary reaction (the reduction of ionic hydrogen to molecular hydrogen) taking place 

in addition to the original reaction. Based upon these observations the polarisation 

voltage was selected at the mid-point of the plateau region (-0 . 6  V) because essentially 

oxygen was the controlling factor and not the potential o f the system, i.e. any small 

fluctuations in potential would have minimal eflfect upon the measured oxygen value. The 

plateau regions were less well defined with the open type electrodes or if the recessed 

electrodes were miniaturised from the original geometry o f 0.176 mm for the bore
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diameter and 1.0 mm for the recess depth, to 25 pm for the bore diameter and 0.53 mm 

for the recess depth. However, oxygen measurement remained reasonably reliable. The 

stability of the recessed electrodes could be improved further, preventing any slow drift 

in the calibration, if a thin semi-permeable membrane, such as collodion, was attached to 

the tip and the recess filled with distilled water.

A further variation of the platinum electrode was described in 1948 by Hill who 

measured the oxygen tension and respiration of a frog’s leg muscle. The muscle was 

immersed in a bath o f Ringer’s solution and an electrode suitable for sampling the region 

of medium just above the tissue was necessary. A glass capillary tube was drawn out in a 

micro-flame to a diameter o f approximately 50 - 100 pm. A 60 pm platinum wire 

insulated in a glass tube to within 2  cm of the end was inserted into the capillary tube 

along with a 100 pm silver wire. This was essentially the first combined electrode 

comprising both the anode (silver) and the cathode (platinum) within the same structure 

and was termed the flow electrode. The open tip of the capillary tube was immersed in 

the Ringer’s solution at a point close to the muscle and the medium drawn up at a 

constant rate. As the solution passed the cathode the oxygen was reduced and a current 

proportional to the oxygen tension flowed. This electrode reduced oxygen according to 

the 4 electron reaction.

Longmuir (1956), using an open type gold electrode to measure respiration rate as a 

function o f oxygen consumption in a range o f bacteria, also found evidence o f a four 

electron reduction, although a few years earlier platinum electrodes had been reported to 

proceed by 2 electron reactions (Laitinen and Kolthoff, 1941). These disparities between 

Laitenen and Kolthoff (1941), Hill (1948) and Longmuir (1956) can be explained by the 

observations of Delahay (1950a, 1950b). At lower potentials oxygen is reduced on a 

platinum surface with a two electron reaction, whereas at higher potentials (>-0.7 V) 

hydrogen peroxide is not produced and a four electron reaction is usual. Since most 

biological applications o f oxygen cathodes employ voltages between -0.6 and -0.75 V 

four electron reactions are most likely. Although the transition from two to four electron 

involvement is relatively smooth and would not invalidate the use o f oxygen electrodes 

for qualitative measurements if it occurred.
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Hill (1948) also described a micro-electrode with an 80 |im internal diameter containing 

a 40 |im platinum wire, recessed to a depth o f 120 - 150 |im. This particular electrode 

was covered with a collodion film at the tip to prevent “ageing” (a slow progressive 

decrease in electrode current over a period o f several hours when an electrode is in 

contact with living tissue), and was moved in steps o f 125 |im between readings by 

attachment to a microscope rack, presumably to minimise measurement underestimation 

due to regions of oxygen depletion caused by the electrode.

In the early 1950’s, a group at the University of Pennsylvania described the use of 

platinum cathodes for rapid assessment of oxygen tension in human skin (Montgomery 

and Horwitz, 1950), dog heart (Saÿen etal, 1951) and rabbit leg muscle (Montgomery et 

al, 1954). Skin measurements were made using an open type platinum electrode with a 

tip diameter of approximately 0.4 mm. The detection circuitry was similar to that 

previously reported (Davies and Brink, 1942) and electrode calibration was achieved by 

inserting the tip into excised, dead skin immersed in solutions of known oxygen 

concentration and corrected for temperature variation. Tissue readings were made by 

inserting the electrode at an angle o f 45° to a depth of 2 - 3 mm into the skin o f the arm, 

toe or finger o f normal volunteers and patients with peripheral arterial disease. 

Corrections for skin temperature were made by using measurements from a 

thermocouple located at a site close to the electrode. The authors demonstrated that 

normal vasodilated skin (induced by heating pads) had an average pOz of 87 mmHg and 

could be increased to 474 mmHg by breathing 100% oxygen. Moreover, if a pressure 

cuff was used to vasoconstrict the vasculature the average oxygen tension fell to 34 

mmHg, whilst 100% oxygen could only induce an increase to 294 mmHg. Patients with 

peripheral vascular disease had much lower levels of oxygenation and an average value 

of 19 mmHg when vasodilated.

This type o f platinum electrode was also used in studies of the left ventricle o f the dog, 

during coronary occlusion and hyperoxia. In these experiments up to 10 electrodes were 

included in series to enable multiple simultaneous measurement. Continuous electrolysis 

was performed to obtain real time oxygen measurement, however, as found by Davies 

and Brink (1942), continuous measurement could only yield relative values with this
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particular electrode design. Following occlusion of a coronary vessel, the epicardium was 

shown to have a gradient of oxygenation, increasing from the point o f occlusion but 

remaining lower than normal epicardium. Breathing 100% oxygen improved the 

oxygenation with and without occlusion, however measurements close to an ischaemic 

region were generally unaffected by 1 0 0 % oxygen. Following removal of the occluding 

mechanism, recovery initially showed pronounced hyperoxia, consistent with reactive 

hyperaemia, before stabilising at a normal level.

To investigate a condition known as immersion foot (neuromuscular dysfunction 

following exposure o f a limb to cold water) by examining the effect o f hypothermia on 

the oxygen tension o f the leg muscle in the rabbit, two further modifications were made 

to the electrodes. Firstly, they were miniaturised even further to have sharpened tips of 

0 . 2  mm, and secondly, to enable greater sensitivity to lower oxygen tension, electronic 

amplification was substituted for the galvanometer. As with the heart measurements, 

continuous electrolysis precluded absolute measurements o f oxygen tension and data 

were expressed in relative terms.

These early studies illustrated five types o f electrode: (1) recessed, (2) open type, (3) 

microelectrodes, (4) membranised, and (5) the flow electrode. Since the 1950’s much 

work has focused upon developing the field for clinical use, aiming to achieve two 

prerequisites; improved oxygen sensitivity and miniaturisation. This has given rise to a 

number of electrodes that incorporate several features of two or more of the five types. 

Figure 1.3 illustrates schematically some typical examples o f electrode design.

The open type electrode has been used to measure oxygenation in a number o f malignant 

and normal tissue types in both humans and rodents (Cater et al, 1956; Urbach, 1956; 

Urbach and Noell, 1958; Cater et al, 1959; Cater and Silver, 1960; Cater, 1964; 

Jamieson and van den Brenk, 1965, Kolstad, 1968). In these reports the electrodes were 

constructed from a variety of transition metals (platinum, gold, rhodium, palladium, 

composites o f platinum and iridium) and had external diameters ranging from 2 0 0  pm to 

330 pm. All systems used an external reference anode o f silver/silver chloride and 

generally showed lower levels of oxygenation in tumour tissue relative to normal tissue.
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Furthermore they illustrated oxygen enhancements following hyperoxia (breathing 100% 

oxygen) or upon completion of a radiotherapeutic regime. Kessler and Grünewald (1969) 

reported a modification to the open type electrode which facilitated multiple 

simultaneous measurements. The electrode, which was flush ended and covered with a 

cuprophane membrane, comprised 8 platinum wires fused together inside a glass tube. 

The overall external diameter was 0.5 mm, thus allowing assessment of microregional 

variation over a tissue area of 0.2 mm .̂ However, the circuitry was complex, 

incorporating 8 nano-ammeters, 8 potential sources plus a data collection system 

consisting of a frequency counter and paper tape punchers.

optional membrane alternative shapes fluid flow

silverplatinum
silver

stainless
steel

araldite 

rhodium plating
araldite platmum electrolyte

collodion 
filled recess membrane

Figure 13: Some cathode designs (not to scale): (i) recessed electrode, (ii) open type 
(stationary or flush-ended) electrode, (Hi) flow electrode, (iv) needle microelectrode (tip 
diameter < 1 pm), (v) Whalen microelectrode (tip diameter 1 - 2  pm), (vi) Fatt 
microelectrode based upon Clark-type (tip diameter ~ 1 pm), (vii) Clark electrode, (i) - 
(v) require external anode (usually Ag AgCl); (vi) and (vii) are combined electrodes.

A major improvement in performance and reliability followed the innovation of Clark 

(1956), who constructed an electrode which contained both the anode and cathode 

bathed in an electrolyte behind an electrically insulating but gas permeable membrane 

(polyethylene). This provided a more stable environment for the electron reaction and 

allowed improved definition of the diffusion conditions. Miniaturisation to a diameter of 

1 |im was shown to have a number of further advantages (Fatt, 1964). 95% of the drop
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in diffusion gradient in the medium around the tip of the probe was reported to be within 

6  diameters of the electrode. Thus, to within 5%, this electrode detected a 6  pm layer of 

oxygen. This is about the same thickness as a stagnant boundary layer on a solid 

submersed in a liquid. Therefore, except for very high velocities when the boundary may 

be tom off, the 1 pm electrode was, in theory at least, almost insensitive to velocity of 

oxygen flow in the medium whether caused by stirring or convection. It was also 

relatively resistant to mechanical pressure on the membrane because of very small surface 

area, and 200 psi only caused a 20% reduction in current, thus Fatt suggested that it 

could be suitable for chronic implant and that the pressure o f growing tissue would not 

influence oxygen measurement.

Whilst the reasons above illustrate some very clear advantages of the Clark-type 

electrode over bare platinum electrodes, the difficulties o f making micro-Clark models 

convinced Whalen and colleagues (1967) to construct an ultramicro electrode based 

upon the principles o f a stationary platinum type. It had a diameter of 1 - 2 pm, was 

made from a drawn capillary tube containing a gold plated cathode and had an external 

Ag/AgCl reference anode. To improve the sensitivity, it incorporated a recess o f 1 0  - 30 

pm filled with collodion. As demonstrated by Fatt (1964), the influence of stirring was 

small and because o f the collodion coating, current usage and thus oxygen consumption 

was very low (1.5 x 10*̂  pl/min ). This was consistent with the findings of Cater et al 

(1959) who predicted that the oxygen consumption rate of an open type electrode would 

be about 1.1 x 10'̂  pl/min. Other advantages included reduced influence on the current 

flow resulting from changes to the cathodal surface and a possible reduction in ageing 

and poisoning (see next section) because o f the membranised recess. The main 

disadvantage was the fragility and to a lesser extent detection of the very low currents 

over and above the background noise within the circuitry- extreme care was essential in 

shielding and grounding the system. Also, the electrodes were not very easy to make. 

However, a number o f reports exist in the literature, demonstrating the design and use of 

micro- and/or membranised electrodes in a variety of situations: rat subcutis (Cater et al, 

1959); skin flaps and cerebral tissue in the rabbit (Cross and Silver, 1962; Achauer et al, 

1979); human skin and leg muscle (Evans and Naylor, 1966; Spence and Walker, 1976;
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Ehrly and Schroeder, 1977); C3H mammary carcinoma (Kruuv et al, 1967); dog skeletal 

muscle (Whalen et al, 1976).

Whalen and co-workers have stated that the specific geometry o f recessed electrodes 

leads to inherent operating advantages over the non-recessed open type (Whalen et al, 

1973a, 1973b). Schneiderman and Goldstick (1978) produced a computer simulation of 

the steady state operation of a Whalen-type (Whalen et al, 1967) recessed electrode to 

provide a mathematical model to demonstrate the oxygen concentration field induced 

around the cathode surface. The simulation showed that a recessed electrode detects 

oxygen according to a three dimensional concentration gradient based upon Maxwellian 

co-ordinates. The easiest way to visualise this is to think o f a cylinder representing a 

volume of oxygen within the recess o f the electrode and above this a spherical region 

representing the oxygen gradient extending into the environment in fi-ont of the probe tip. 

By applying the model it was shown that if the ratio between the recess depth and the 

cathode diameter (1/d) equalled zero, i.e. an open type electrode with no recess, then the 

pOz isobars extended significantly into the external medium, reaching 95% of P~ (the 

measurable partial pressure extending fi-om the cathode surface to infinity) in 4.8 cathode 

diameters. The effect o f even a shallow recess was shown to be relatively significant, 

with the 8 8 % isobar contained within the recess if the 1/d ratio was only 2.54. In the case 

of the Whalen electrode, 1/d was 9.94 and consequently the 96% isobar was predicted to 

be entirely contained within the recess, with the 99% isobar not far outside. Whalen and 

colleagues filled the recess with collodion, however, based upon these calculations the 

membrane probably did not have a marked effect on electrode performance, since there 

was very little disturbance to the external medium, with 96% of the measurable oxygen 

contained within the recess. The purpose o f the membrane would have been to prevent 

foreign material contaminating the cathodal surface. Furthermore, the model confirmed 

Fatt’s (1964) prediction that the influence of stirring would be minimal on 

microelectrodes, and for the Whalen electrode the maximum stirring artefact was 

calculated to be between 1.5 - 6 %.

Many electrode designs incorporate glass capillary tubing which obviously makes them 

inherently delicate, particularly when miniaturised. However, more robust recessed
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electrodes have been reported by a number of investigators, using a hypodermic needle 

to form an outer shaft and containing a recessed cathode and external Ag/AgCl anode 

(Whalen and Spande, 1980; van der Kleij and de Koning, 1981; Fleckenstein, 1982; 

Fleckenstein and Weiss, 1982; Pappova et al, 1982; Weiss and Fleckenstein, 1986).

Weiss and Fleckenstein (1986) reported upon a novel technique for manipulating a 

needle electrode to improve versatility and accuracy in tissue measurement. In their 

system, the electrode (see figure 1.4 for electrode design) was attached to a micro

manipulator which moved the probe forward by 1.12 mm and backwards by 0.32 mm, 

giving an effective forward step o f 0.8 mm. This movement was performed to minimise 

tissue compression artefacts. One second after the end of each movement a single local 

pOz value was measured, taking 40 ms to obtain. The system was automated to allow 

multiple measurements along tracks of between 2 0 -3 0  mm into the tissue and as a result 

acquisition o f 2 0 0  readings took only 6  minutes.

To calibrate the system, usually before and after a series o f readings, a chamber 

consisting of two compartments separated by a membrane, was used. The chamber was 

filled with physiologically balanced saline (0.9%) and the upper compartment 

equilibrated to nitrogen and the lower compartment to air. When a stable probe current 

was achieved in the upper compartment, the electrode was pushed through the 

membrane into the lower and allowed to stabilise. The current values were used to obtain 

a two point calibration curve and the stirring artefact was shown to be < 4%.

The entire measuring set-up was mounted on a trolley to allow easy bedside 

measurement in the clinic and included the micro-manipulator driving unit, the calibration 

chamber, the calibration gas flasks, a computer for automation and data processing and a 

graphic printer. This system is now commercially available and has been applied to many 

clinical and experimental studies (Kallinowski et al, 1990; Vaupel et al, 1991); 

manufactured by Eppendorf of Germany it is more commonly known as the pO] 

histograph (see section 2 . 1 . 1  for further details). The device has been shown to have 

considerable reproducibility and accuracy (Yeh et al, 1995) and has no detected adverse 

effects upon metastatic spread (Lartigau et al, 1992).
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Figure 1.4: Hypodermic needle oxygen electrode (redrawn with modifications from 
Vaupel et al, 1991).

Using a similar needle probe, quantitative continuous measurements have also been 

reported (Fleckenstein and Maas, 1989). The cathode in this situation was made of gold 

(diameter; 0.0125 mm) and insulated in glass. It was inserted into a spring steel casing, 

thus forming a type o f hypodermic needle and was polarised with respect to the anode at 

a voltage of -0.63 V. The stirring artefacts were < 2% and it had no sensitivity to pH 

between 6.5 and 9.5. Where previously, continuous measurement was limited to relative 

terms, absolute values were obtained in this case by measuring the probe current every 4 

seconds, storing them electronically and performing recalibration calculations between 

each measurement.

1.4.3 Summary of electrode characteristics

The ideal electrode is one which has minimal oxygen consumption and therefore causes 

minimal disturbance to its environment. This is particularly important when the oxygen
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diffusion coefficient or oxygen solubility is low. It is also important in tissue with a poor 

vascular supply and low metabolic rate, where oxygen usage is normally minimal. The 

electrode geometry is particularly important for in vivo investigations, so as to keep 

tissue damage and compression to the absolute minimum. Furthermore, an ideal 

electrode should have a fast response to pOz changes, be sensitive to oxygen only, have a 

spatial resolution appropriate to its application, be easy to calibrate, stabilise quickly 

when activated and show minimal drift. To a certain extent small recessed membranised 

electrodes achieve the best compromise amongst these criteria.

The current produced by an oxygen electrode is dependent upon a number o f factors, the 

most important o f which are; ( 1 ) the oxygen tension of the environment, (2 ) the surface 

area and geometry o f the probe, (3) the diffusion coefficient of oxygen in the medium, 

(4) whether the medium is still or stirred, (5) the temperature at which the measurement 

is made (membrane covered oxygen probes have a temperature coefficient o f ~ 2%/°C 

(Fatt, 1964)), (6 ) the barometric pressure (which affects oxygen dissolution), (7) the 

ageing process at the electrode surface, (8 ) the presence or absence of substances that 

may “poison” the cathode surface, (9) the magnitude of the voltage, (10) the material of 

which the electrode is constructed, and (11) the efficiency of the insulation (Vanderkooi 

eta l, 1991).

Electrode poisoning involves contamination of the active surface in one o f two ways. 

The first alters the cathodal reactivity through deposition or incorporation o f foreign 

materials such as heavy metals, especially silver from the anode in combined electrodes, 

or through the complexing of the surface with sulphydryl compounds of biological origin 

(e.g. glutathione). This type o f poisoning often results in a progressive increase in the 

baseline “zero current” and hence a gradual or marked upward drift in output. The 

second form of poisoning is caused by deposition of proteins (e.g. fibrin, haemoglobin 

etc.) and other “inert” materials on the probe which alter the diffusion path for oxygen 

and usually cause a reduction in current at any given pOz The addition o f a membrane 

can reduce poisoning to a certain extent and in the case of Clark-type electrodes an inner 

water permeable membrane may be used to hold electrolyte against the surface of the 

cathode to trap silver ions diffusing from the anode.
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1.5 Modification of tumour oxygenation

In 1934 Crabtree and Cramer demonstrated that carbogen (95% oxygen, 5% carbon 

dioxide) could significantly enhance the level of cell kill caused by radium exposure 

compared to cells under anaerobic conditions. Furthermore, carbogen had also been 

reported by this time to have been used in a radiotherapeutic regime (Fischer-Wasels, 

1930). In 1952 this particular gas was demonstrated to enhance radiosensitivity over and 

above the level achievable under normal aerobic conditions (Hollcroft et al, 1952). In 

this experiment it was found that the regression of a murine lymphosarcoma, produced 

by a given dose of x-irradiation, was greatest when the mice breathed carbogen, 

intermediate when they breathed air and least when they breathed 92% nitrogen and 8 % 

oxygen, at the time o f irradiation.

Breathing oxygen under normobaric or hyperbaric conditions can also yield improved 

response in the clinic (Churchill-Davidson et al, 1955; Dische, 1979). Du Sault (1963) 

reported a series o f studies with a spontaneous murine mammary adenocarcinoma in 

which the sensitisation induced by air, carbogen, normobaric (latm) and hyperbaric 

(3 atm) oxygen breathing was compared. The experiments showed that carbogen 

breathing was preferable to the other gases. Hyperbaric oxygen breathing caused 

convulsions if the length of administration was not carefully controlled, and a higher 

proportion o f early deaths at both 1 atm and 3 atm were observed. However carbogen 

had no systemic effects. Furthermore carbogen resulted in the same level o f sensitisation 

as hyperbaric oxygen and could be administered via face mask, replacing the need for a 

hyperbaric pressure chamber. Whilst both o f these gases have been proven clinically to 

increase pOi (Evans and Naylor, 1963; Falk et al, 1992; Martin et al, 1993), the length 

of time for which they are administered prior to irradiation (the pre-irradiation breathing 

time or PIBT) is particularly important in achieving maximal radiosensitisation (Inch et 

al, 1970; Suit et al, 1972; Siemann et al, 1977). Failure to recognise the importance of 

PIBT may be a reason why initial studies with carbogen were disappointing (Rubin et al, 

1979).

The mechanisms by which these gases improve tumour oxygenation are slightly different. 

Pure oxygen breathing ensures complete oxyhaemoglobin saturation and under
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hyperbaric conditions probably also saturates the blood plasma. Moreover, oxygen 

breathing can vasoconstrict normal tissue (Johnson, 1971), consequently affecting 

tumour blood supply. The two components of carbogen are synergistic - the relatively 

high proportion of carbon dioxide stimulates vasodilation, tachycardia and increased 

respiratory drive (Du Sault, 1963). Maximal oxyhaemoglobin saturation and oxygen 

dissolution in the plasma is consequently attainable because o f the high oxygen content 

of the gas. Furthermore, induced changes in pCOz and pH can shift the oxyhaemoglobin 

dissociation curve to the right, (the Haldane and Bohr effects), resulting in the earlier 

release of oxygen (Bock et al, 1924). Carbogen-induced perfusion changes have been 

reported in the C3H and RIF-1 murine tumours (Kruuv et al, 1967; Honess and Bleehen,

1995) but this has not been substantiated in another C3H line (Grau et al, 1992), or in a 

series o f patients with advanced malignant disease (Powell et al, 1996).

A number o f other strategies have been devised to modify tumour oxygenation and/or 

tumour blood flow to improve the efficacy o f both radiotherapy and chemotherapy (see 

tables 1 . 2  and 1.3). As noted previously a number of chemotherapeutic agents are more 

effective under well oxygenated conditions. Conversely, bioreductive drugs rely on low 

oxygenation for activation and hence tumour selectivity (Chaplin and Acker, 1987b; 

Bremner, 1990; Wood et al, 1994) and some conventional chemotherapeutic drugs are 

also enhanced under hypoxic conditions (Stratford et al, 1987; Chaplin et al, 1989; 

Skarsgard et al, 1992). Many strategies involve the alteration o f tumour blood flow or 

other vascular components to modify tumour oxygenation. Changes in tumour blood 

flow can reflect pOi changes (Vaupel et al, 1994a; Dewhirst et al, 1996) and have been 

shown to positively improve treatment outcome.

Agent Mode of action Example references

BW12C Decreases pÛ2 by preferentially 

binding to oxyhaemoglobin 

resulting in a high affinity for 

oxygen and preventing its 

release to the tissues

Adams et al, 1986; Falk et al, 

1995

Caibogen Increases pOg by saturating 

haemoglobin and blood plasma

Inch et al, 1970; Suit et al, 

1972; Siemann era/, 1977
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Carbon monoxide Decreases pOz by irreversibly 

binding to haemoglobin

Grau et al, 1994a, 1994b

Haemoglobins Increase pO: by improving 

haemocrit and hence oxygen 

carrying capacity of the blood

Teicher et al, 1994b; Robinson 

et al, 1995; Nozue et al\ 1996

Oxygen Increases pOi by saturating 

haemoglobin and blood plasma

Inch et al, 1970; Suit et al, 

1972; Siemarmeta/, 1977; 

Dische, 1979

Pentoxifylline Increases pOz by a combination 

of (i) increased red cell 

deformability and leucocyte 

filterability and (ii) decreased 

blood viscosity

Ward and Clissold, 1987; Lee et 

al, 1994; Honess e/a/, 1993, 

1995a, 1996

Perfluorocarbons Increase pOa by acting as an 

artificial oxygen carrier 

bolstering haematocrit with a 

fluorocrit. Effect most 

pronounced when combined 

with a high oxygen content gas

Song et al, 1987; Vitu-Loas et 

al, 1993; Thomas et al, 1995

Table 1.2: Modifiers o f blood oxygen carrying capacity.

Combining two or more agents can have additive effects, enhancing the level of 

modification to a greater extent than is achievable with either agent alone. Many groups 

have shown significantly improved radiosensitisation by combining perfluorocarbons with 

carbogen breathing and have shown it to reflect increased tumour oxygenation (Song et 

al, 1985, 1987; Rockwell, 1985; Vitu-Loas eta l, 1993). Perfluorocarbons act as artificial 

blood substitutes with substantial capacities for carrying oxygen. Oxygen does not bind 

covalently to the compound, in contrast to haemoglobin, and is carried by simple 

dissolution. Furthermore the carrying capacity follows a linear relationship, unlike the 

‘S’-shaped curve o f oxyhaemoglobin saturation (Riess, 1991). Supplementing the 

existing haematocrit with a fluorocrit improves the totd oxygen carrying capacity of the 

blood and hence increases the effectiveness o f carbogen breathing.
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Agent Mode of action Example references

Adriamycin Decreases tumour blood flow Chaplin and Horsman, 1992

Angiotensin II Increases tumour blood flow by 

vasoconstricting normal tissue

Hemingway ef a/, 1992

Bradykinin Decreases tumour blood flow by 

vasodilating normal tissue 

causing “vascular steal” from the 

tumour

Dewhirst e/n/, 1992

Cytokines (e.g. Interferon, 

Interleukin-1, TNF-a / TNF-p 

(lymphotoxin))

Decrease tumour blood flow 

through endothelial cell- 

mediated activities causing 

micro-vascular failure

Edwards et al, 1991; Kluge et al, 

1992

Flavone acetic acid Decreases tumour blood flow 

via vasodilation of normal tissue 

and anti-vascular effects

Chaplin and Trotter, 1991a

Flunarizine Increases tumour blood flow by 

affecting normal tissue 

vasoacdon and other blood 

cellular components

Wood and Hirst, 1989; Chaplin 

and Trotter, 1991a; Wood et al, 

1992

Glucose Decreases tumour blood flow by 

hypovolemic haemo- 

concentration

Okunieff et al, 1989

5 - hydroxytryptamine Decreases tumour blood flow 

possibly by a vasoactive 

mechanism

Chaplin and Trotter, 1991a

Hydralazine Decreases tumour blood flow by 

vasodilating normal vasculature

Horsman er <3/, 1995; Nordsmark 

et al, 1996b

Hyperthermia Increases tumour blood flow by 

vasodilating normal vasculature 

present in the tumour, then 

causes subsequent decrease in 

tumour blood flow induced by 

vascular damage

Iwataeffl/, 1996

Mannitol Decreases tumour blood flow by 

hypovolemic haemo- 

concentration

Okunieff e / <3/, 1989
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Nicotinamide Normalises tumour blood flow 

by reducing acute hypoxia 

possibly via combination of (i) 

reduced leukocyte adhesion and 

increased filterability and (ii) 

inhibition of nitric oxide 

synthase production decreasing 

normal tissue vasodilation and 

improving tumour blood flow

Chaplin et al, 1990; Hiromatsu 

et al, 1991; Pellat-Deceunynck 

et al, 1994; Hill and Chaplin, 

1995; Honess et al, 1996

Nitre - L -arginine Decreases tumour blood flow by 

inhibiting nitric oxide synthase

Horsman et a/, 1996

Pimonidazole (Ro-03-8799) Decreases tumour blood flow Chaplin and Horsman, 1992

cis-Platinum Increases tumour blood flow 

possibly by hypertension

Chaplin and Horsman, 1992

RSU 1069 Decreases tumour blood flow Chaplin and Horsman, 1992

Sarafotoxin (SX6c) Increases tumour blood flow by 

vasoconstricting normal tissue

Bell et al, 1996

Figure 13: Bloodflow modifiers.

Another effective combination, carbogen breathing with the vitamin B3 analog, 

nicotinamide, has been shown to have significant radiosensitising effects in many 

experimental tumours (Kjellen et al, 1991; Rojas et al, 1992a, 1996a; Chaplin et al, 

1991b; Horsman et al, 1994c;). Carbogen breathing increases oxygen delivery to the 

tumour thereby decreasing diffusion-limited (or chronic) hypoxia whilst nicotinamide 

reduces perfusion-limited (or acute) hypoxia by several mechanisms. Nicotinamide can 

normalise tumour blood flow (Chaplin et al, 1990; Hill and Chaplin, 1995) possibly by 

preventing transient vascular blockage via increasing leucocyte filterability (Honess et al,

1996) and down-regulation of leucocyte adhesion molecules (Hiromatsu et al, 1991). It 

has also been shown to inhibit the induction of nitric oxide synthase mRNA in activated 

macrophages (Pellat-Deceunynck et al, 1994). Nitric oxide is an endogenous modulator 

of vascular tone (Moncada et al, 1988) and inhibiting its synthesis could result in normal 

tissue vasoconstriction thus improving blood flow to the tumour. However, nitric oxide 

inhibition, with nitro-L-arginine, has been show to reduce tumour blood flow in two 

murine models (Horsman et al, 1996). Finally, nicotinamide may also enhance
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radiosensitivity by promoting DNA damage via repair inhibition following irradiation 

(Rojas a/, 1996b; Ohson et al, 1996).

Clinical experience with nicotinamide has shown that at the drug doses used it can induce 

side-effects such as nausea, vomiting, headaches (Saunders and Dische, 1996) and renal 

dysfunction (Kaanders et al, 1995). These unexpected effects have stimulated an interest 

in evaluating agents with potentially similar modes of action. One candidate is 

pentoxifylline, this agent has been used for many years in treating peripheral vascular 

disease and cerebrovascular disorders and preliminary studies suggest that it may be 

useful in a number o f other conditions (Ward and Clissold, 1987). It is usually well 

tolerated with gastrointestinal symptoms being the most common complaint, although 

these and other adverse effects have been shown to occur at a frequency no higher than 

with patients receiving placebo treatment. Pentoxifylline acts primarily by increasing red 

cell deformability, by reducing blood viscosity and by decreasing the potential for platelet 

aggregation and thrombus formation (Ward and Clissold, 1987). It can also increase 

leucocyte filterability (Honess et al, 1996). These features allow oxygen delivery to 

regions of tissue supplied by tortuous vasculature, potentially reducing acute hypoxia. 

Mouse studies have shown significant improvements in radiosensitisation with this drug 

potentiated by elevated tumour oxygenation and perfusion (Honess et al, 1993, 1995a, 

1996; LQeetal, 1993, 1994; Song et al, 1992).

1.6 Project aims

This research project was initiated to examine a range of techniques designed to measure 

tumour oxygen levels in vivo and explore how tumour pO: could be modified to improve 

therapeutic response. In parallel, it was necessary to investigate the relationship between 

pOz, radiosensitivity and radiobiological hypoxia.
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Chapter 2: Measurement of Oxygen Partial Pressures I: The

Eppendorf pOz Histograph

2.0 Introduction

It is well established that tumour oxygenation affects the efficacy of many conventional 

and biological therapies designed to control malignant growth. Cells irradiated under 

conditions o f oxygen deprivation are more resistant to ionising radiation than well- 

oxygenated cells. A typical “k” curve, in which relative radiosensitivity is plotted against 

oxygen tension, shows almost full sensitisation above approximately 30 mmHg and has 

half-maximal sensitivity at about 3 mmHg (0.5% O2) (see figure 2.1). Cells existing at 

oxygen tensions below this value are generally referred to as radiobiologically hypoxic to 

infer their inherent resistance to radiation-induced damage.

3.0-,
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1  2 .0 -
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Figure 2.1: Dependence o f radiosensitivity on oxygen concentration. The
radiosensitivity under anoxic conditions is arbitrarily assigned a value o f unity. Under 
fully oxygenated conditions radiosensitivity is improved by approximately a factor of 3. 
Most o f  the change in radiosensitivity occurs between 0 - 3 0  mmHg, increasing the 
oxygen concentration any further has very little effect. A sensitivity halfway between 
anoxia and fu ll oxygenation occurs at about 3 mmHg. Oxygen values below this are 
generally referred to as radiobiologically hypoxic (Adaptedfrom Hall, 1978).
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The vascular supply to a solid tumour may originate from either host arterial vessels or 

by recruitment from the venous side. Arteries have an oxygen saturation o f over 90 

mmHg, whilst a mixed venous supply can be around 40 mmHg. Thus, even for a tumour 

receiving its blood supply from a predominately venous origin, full radiosensitivity 

should be achievable. However, due to the growth and development characteristics o f  

many solid tumours, regions o f radiobiological hypoxia still occur. Studies have now 

shown that oxygen-deficient cells exist in most animal solid tumours (Moulder and 

Rockwell, 1984; Guichard et al, 1980), and there is convincing evidence to suggest that

hypoxic cells can also be found in experimental human tumours (Moulder and Rockwell, 

1987; Guichard, 1989; Rockwell and Moulder, 1990).

Cells existing at or around oxygen tensions comparable to radiobiological hypoxia also 

show resistance to some chemotherapeutic agents (Teicher, 1994a) and the action of 

certain cytokines (Aune and Pogue, 1989; Loeffler et al, 1992; Sampson and Chaplin, 

1994).

Recently, routine measurements o f tissue oxygenation in situ have been possible using a 

commercially available automated polarographic electrode (the pOi histograph, 

Eppendorf). This device offers a reliable technique for measuring oxygen tension in 

accessible tissues, does not have any adverse effects (Lartigau et al, 1992), and readings 

are highly reproducible (Yeh et al, 1995). It has facilitated routine measurement of 

tumour oxygenation during therapy, and studies have shown pOz to be a useful 

prognostic indicator o f treatment response in carcinoma of the head and neck, soft tissue 

sarcoma, and cervical carcinoma (Nordsmark et al, 1996c; Brizel et al, 1996; Hockel et 

al, 1993).

There are many reports illustrating hypoxia, as determined by pOi histography, in 

malignant tissue. Kallinowski and colleagues (1990) recorded median pOz values ranging 

between 6  and 15 mmHg for a mouse fibrosarcoma, and between 2 and 5 mmHg for a 

mouse mammary adenocarcinoma. pOz data obtained in xenografts of a human squamous 

cell carcinoma and in a human high grade glioma revealed medians of 14 mmHg and 18 

mmHg respectively. All o f the tumours showed a significant proportion o f values less 

than 2.5 mmHg. In comparison, readings in normal tissue were much higher; mouse
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skeletal muscle and thigh subcutis had median pOi values of 31 mmHg and 33 mmHg 

respectively, whilst rat liver had a median pOz of about 2 1  mmHg. This differential 

between normal and tumour tissue has also been shown in humans (Vaupel, 1989a). For 

example, the median pOz for metastatic lymph nodes has been measured at 9 mmHg, (5 

mmHg for the primary tumour). However, the corresponding normal tissue was reported 

to have a median pO: o f 43 mmHg (Lartigau et al, 1993). Furthermore, in a study of 

human breast carcinoma, 6  of the 15 breast cancers examined had pOz values ranging 

between 0 and 2.5 mmHg, i.e. regions o f tissue with less than half-maximum 

radiosensitivity (Vaupel et al, 1991). Importantly, these studies and others (Nordsmark 

et al, 1994) have demonstrated that tumour oxygenation varies at both the intertumoural 

and intratumoural level.

One disadvantage of electrode measurements is the lack of discrimination between cell 

viability, i.e. whether the region of cells sampled are clonogenic, non-clonogenic, or 

necrotic. It has been suggested that correcting for necrosis in some tumour types provide 

more reliable estimates o f tumour oxygenation (Khalil et al, 1995).

The aim of this section o f the project was to determine the oxygenation status o f a range 

of experimental tumours, to illustrate the level o f hypoxia commonly existing in 

neoplastic tissue, and to examine the influence o f necrosis upon pOz measurements. For 

comparison, oxygen measurements o f normal tissue were made. The effect o f anaesthesia 

on tissue p O z and the accuracy of the Eppendorf histograph at measuring zero oxygen 

tension in vivo were also investigated.

2.1 Methods and materials

2.1.1 Measurements with the pOz histograph

2.1.1.1 The device

The histograph is an automated polarographic needle electrode allowing rapid 

assessment o f tissue oxygenation (see figure 2.2). It is based upon the development work
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of Fleckenstein and Weiss (Fleckenstein and Weiss, 1982; Weiss and Fleckenstein, 1986) 

and became commercially available in 1990 (Kallinowski et al, 1990).

Figure 2.2: The Eppendorf p02 Histograph.

2.1.1.2 Measurement principle

The machine utilises stainless steel hypodermic needle-type polarographic electrodes 

with a mean shaft diameter of 300 pm. The tip is bevelled at approximately 45° and 

covered with a teflon membrane to reduce electrode poisoning. A gold micro-cathode 

(diameter: 17 pm) is recessed and polarised to -700 mV with respect to a Ag/AgCl 

reference anode which is attached to the skin or underlying musculature near the site 

where the probe is inserted. Oxygen is reduced at the surface of the cathode and 

depending upon the environment, the process of reduction results in the production of 

OH" or H] and requires a source of electrons supplied from the anode. The resulting 

current (0.01 to 2.00 nA) flowing in the measurement circuit is proportional to the 

oxygen partial pressure in the tissue (or electrolyte) at the electrode tip.
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Acidic electrolyte: O2 + 4e* + 4H  ̂-> 2  H2O2

Neutral/Alkaline electrolyte: O2 + 4e‘ + 2 H2O 40H"

In order to make more reliable and reproducible statements on the tissue oxygen supply 

the electrode is automatically moved through the tissue, thus registering as many values 

as possible in a few cubic centimetres. The microprocessor controlled manipulator moves 

the electrode in a stepwise, or “Pilgrim”, fashion. The configuration used in these 

experiments was 0.9 mm forwards and 0.3 mm backwards. This process eliminated any 

artefacts attributable to tissue compression.

The local p0 2  was measured 1.4 s after the backward step, whilst the actual 

measurement was attained within 40 ms. This minimised any significant effect on the 

recorded oxygenation brought about by oxygen consumption at the cathode.

The electrode can drift by up to 5%/h during measurement and thus values were 

corrected for temperature (2.4%/°C; generally a decrease in temperature results in an 

increase in PO2) and time-dependent linear interpolation between precahbration and 

recalibration (see below). The dissolution of oxygen, hence PÔ2 , can also be affected by 

atmospheric pressure and pH. Values were corrected for barometric pressure (decreasing 

pressure results in a decrease in PO2), correction for pH was not necessary because the 

electrode has no significant pH dependence between 6 . 8  and 7.5, i.e. in the physiological 

range.

2.1.1.3 Calibration

Calibrating before and after each series of pÛ2 measurements enables comparisons from 

sample to sample. The device was automated to calibrate in cycles of five minutes. 

Sterile filtered air and nitrogen were alternately bubbled through physiologically balanced 

saline solution (0.9%) in a calibration chamber in which the electrode was placed. The 

temperature of the calibration chamber was automatically monitored. Air was bubbled 

(-160 mmHg at 1 atm) for 2 minutes to determine the first value o f a two-point
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calibration curve. This was followed by 3 minutes of nitrogen determining the zero point 

(0 mmHg). Barometric pressure was accounted for prior to calibration.

2.1.1.4 Data analysis

Raw data were converted into a PC format using cpm-reader software (p0 2 -pool, 

Eppendorf, Hamburg), and imported as an ASCII file in to Microsoft Excel for data 

handling.

From the data obtained for each animal, the median and the percentage of values less 

than 2.5 mmHg were calculated. These were then averaged for all the animals in the 

treatment group and a standard error o f the mean determined.

The pooled data from all the animals within a treatment group were used to calculate the 

oxygen distribution. Histograms were plotted using Microcal Origin (a Windows- based 

graphics package).

The histograph has an error of ± 2.5 mmHg, for this reason readings less than -2.5 

mmHg were excluded, on the assumption that they were artefacts, probably induced by 

pressure on the electrode tip. For histogram calculations any values between 0 and -2.5 

mmHg were treated as 0 mmHg, whilst the precise value (whether negative or not) was 

used in the calculation of any statistical parameters, e.g. median, % < 2.5mmHg.

2.1.1.5 Rationale for data expression

Earlier the ‘k’ value for half-maximal radiosensitivity was shown to be ~3 mmHg {cf. 

Figure 2.1). Throughout this thesis, oxygen data will be summarised using several terms, 

one o f them being the percentage of readings less than 2.5 mmHg. This parameter is 

usefial because it is below the ‘k’ value, and should be representative of radiobiological 

hypoxia. Where appropriate, oxygenation is also expressed as the percentage o f values 

less than 5.0 mmHg and 10.0 mmHg, or as cumulative plots, to illustrate that the 

percentage of readings less than 2.5 mmHg are generally reflected in these other
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parameters. In several places the oxygen status is also described using a median p0 2  The 

median is useful since it is not influenced by a small number of readings significantly 

different to the majority.

2.1.2 Oxygen measurement

2.1.2.1 Animals and tumour types

Twenty-four experimental tumours o f differing histologies and growth rates were used in 

these studies. They were of mouse, rat and human origin, and were grown in several 

different mouse and rat strains. A list of these tumours, their characteristics, and details 

of their maintenance can be found in Appendix I.

2.1.2.2 Rat anaesthesia

All rats were anaesthetised using a combination of hypnorm and hypnovel. Hypnorm 

comprises two components, fentanyl citrate and fluansone. These agents were given at a 

concentration o f 0.315 mg/kg and 10 mg/kg respectively. Hypnovel (otherwise known as 

midazolam) was given at 5 mg/kg. Practically this was achieved by mixing equal volumes 

of hypnorm and hypnovel to 2  parts water and injecting an intraperitoneal (i.p.) dose of

3.2 ml/kg. The proportion of hypnorm was reduced by 25% for CBH/Cbi rats because of 

particular sensitivity to the anaesthetic.

2.1.2.3 Mouse anaesthesia

Generally, all oxygen measurements in mice were performed on unanaesthetised, 

restrained animals, unless specifically stated otherwise within the text. However, when 

anaesthesia was used it was achieved by giving i.p. injections o f diazepam (a muscle 

relaxant) and ketamine (à pain killer) at doses of 20 mg/kg and 45 mg/kg respectively.
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2.1.2.4 Jigging arrangements

All mice were restrained in perspex jigs. A small portion of the jig was removed to allow 

access to the tumour, or other tissues as necessary. Jigs were placed on a electric thermal 

barrier to minimise changes in body temperature.

A nose cone was attached to the front end of the jig to allow administration o f gases 

when necessary. Gas flow was regulated via a flow meter at a junction between the gas 

cylinder and the nose cone.

For procedures involving rats, the anaesthetised animal was laid on its side, directly on 

the thermal barrier, and taped into place. In all experiments taping was kept to an 

absolute minimum to avoid excessive constriction which could alter tissue oxygen levels.

2.1.2.5 Experimental procedure: Normal tissue

Subcutis measurements were made upon both unanaesthetised (restrained) and 

anaesthetised animals by making a small incision in the skin through which the electrode 

was introduced.

Internal organ measurements were performed on anaesthetised rats. An incision through 

the skin and muscular layer of the abdomen above the approximate position of the organ 

minimised gross tissue manipulation and stress. Handling of internal organs was minimal, 

and carried out using cotton buds.

The region o f skin overlying the tissue or organ, in to which the pOi probe was to be 

inserted, was shaved and cleaned with 70% ethanol. A reference Ag/AgCl electrode was 

attached to a site nearby. To ensure a good electrical contact, this region was also 

shaved and cleaned, and any residual hair was removed using a scalpel blade.

At least five randomly chosen animals were used in each treatment group. The path 

length for the histograph was adjusted according to the geometry of each individual case, 

whilst the standard step lengths indicated in section 2.1.1.2 were used. Between 4 and 6
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tracks were routinely made, obtaining up to 1 0 0  pOi measurements in about 5 - 1 0  

minutes. Tracks were made parallel to each other to avoid crossing a previous 

measurement site which, as a consequence of tissue damage caused by electrode 

insertion, would be an inaccurate representation o f the remaining tissue.

The tissue temperature was recorded following pOz measurement using a single junction 

thermocouple and used for data recalibration. A single 5 minute cycle of recalibration 

was sufficient to account for probe drift and temperature change.

2.1.2.6 Experimental procedure: Tumour tissue

As for the normal tissue measurements, the skin overlying the tumour and a site nearby 

were shaved and a reference electrode attached. Three incisions were made through the 

skin to allow electrode insertion into the tumour. The probe was manually advanced by 1 

mm into the tissue and thereafter it automatically advanced in the standard step length 

increments. The average path lengths were slightly longer than the tumour diameters, 10 

mm for mouse tumours and 15-20 mm for rat tumours, to allow manual control over 

track termination. Figure 2.3 shows a tumour bearing mouse in a typical pOi 

measurement experiment.

Generally 4 - 6  parallel tracks were performed obtaining up to 100 measurements in each 

tumour. A minimum of 4 animals were included in each treatment group. Following 

measurement, data were adjusted to account for tissue temperature.

2.1.2.7 Baseline pOi measurements with the sarcoma F

To assess the accuracy o f measuring zero oxygen tension with the histograph, a group of 

sarcoma F bearing animals were asphyxiated with nitrogen 10 minutes prior to 

measurement. Readings were then performed as described in section 2.1.2.6.
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►
Figure 2.3: p02 determination in a sarcoma F tumour.

2.1.3 Necrotic fractions

Necrotic fractions were obtained by excising the tumours, fixing them in formaldehyde, 

embedding in paraffin wax and cutting 4 pm sections at 3 levels throughout each tumour. 

Sections were then stained with heamatoxylin and eosin and mounted on a glass slide for 

histological examination. The percentage of necrotic cells per section was calculated at 

2 0 x magnification on a light microscope, using an eye piece graticule in the form of a 

100 square grid. Each section was systematically scanned, and the percentage of the 

graticule comprising condensed nuclei-containing cells calculated. This was performed 

for three sections per tumour and averaged. 4 - 6  tumours were examined for each 

tumour type, and the necrotic fraction was expressed as the average for the group along 

with a standard error of the mean.
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2.2 Results

2.2.1 Accuracy of the pOi histograph

The Eppendorf histograph is reported to have an error of ± 2.5 mmHg. To test this, a 

group of 5 SaF bearing mice were asphyxiated with nitrogen, and the pOj measured in 

the tumour and rear dorsum subcutis 10 minutes later. Figure 2.4 illustrates the 

frequency histograms of the pooled raw data for all the animals. There is a normal 

distribution of readings around 0 mmHg. All measurements recorded in the tumour tissue 

are within the reported confidence limits and there are no values less than -1.5 mmHg. 

99% of readings in the subcutis are less than 2.5 mmHg and do not exceed -2.0 mmHg. 

These data are concordant with the confidence limits stated by the manufacturer for the 

histograph.

2.2.2 Normal tissue

Table 2.1 shows the oxygen levels recorded in the subcutis, liver and kidney. Subcutis 

measurements are shown for four different strains of mice and have median pOi's 

ranging between 30 and 40 mmHg. Subcutis values recorded in three strains o f rat have 

median’s ranging from 23 to 27 mmHg. It should be noted that all rat measurements 

were performed under anaesthetic, and it is likely that this may explain the difference 

between the range of values in the mouse versus the rat.

Tissue Animal Strain Sex N n Median
(mmHg)

Values < 2.5 
mmHg (%)

Subcutis Mouse CBA/GyfTO M 5 358 40.0 (±4.6) 0.003 (±0.002)
Mouse C3H/GyfBXC/2 M 5 410 40.3 (±5.6) 2.6 (± 1.4)
Mouse WHT/GyfC57Bl F 5 345 29.7 (±3.7) 5.0 (±3.3)
Mouse SCID/Gy f  balb-c nu M 5 365 33.5 (±2.8) 5.2 (±2.6)

Rat CBH/CBi F 4 465 22.6 (±6.3) 10.1 (±2.9)
Rat Wistar Furth F 5 647 26.5 (±3.2) 3.0 (±2.8)
Rat BD9 M 6 594 25.4 (± 1.2) 1.9 (±1.1)

Liver Rat BD9 M 5 368 15.5 (±2.0) 12.3 (±6.7)
Kidney Rat BD9 M 5 322 15.5 (±2.7) 7.8 (± 5.8)

Table 2.1: Oxygen tension in a range o f normal tissue. Number in brackets are s.e.m's. 
N  = number o f animals, n = number o f measurements. Rat measurements made under 
anaesthetic (see Methods and Materials).
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Liver and kidney measurements in the BD9 rat both have median pOi values of 16 

mmHg, and all normal tissue measurements have a very small fraction of readings less 

than 2.5 mmHg. Subcutis, liver and kidney measurements for the BD9 rat are illustrated 

as histograms of the pooled raw data in figure 2.5. The three histograms show a wide 

range of pOz values between 0  and 70 mmHg. Subcutis measurements are normally 

distributed, whilst liver and kidney are skewed to the left.

2.2.3 Tumour tissue

The oxygenation o f twenty-four experimental tumour lines of differing histologies and 

growth rates (see Appendix I) are shown in table 2.2. The values illustrate that 23 o f the 

24 tumours exist in an environment of very low oxygenation. The median values for 

these tumours range between -1 and 9 mmHg, and the fraction of values less than 2.5 

mmHg ranges from 34% to 89%. This could be interpreted to imply that most cells are 

situated in a radiobiologically hypoxic environment. Figure 2 . 6  highlights the difference 

tumour pOi and normal tissue measurements. The cumulative plot shows that at all 

oxygen tensions between 2.5 and 60 mmHg, CBA subcutis has a far lower relative 

frequency than the SaF tumour indicating a higher level o f overall oxygenation.

The rat P22 tumour, however, has oxygen levels comparable with liver and kidney 

measurements {cf. Table 2.1) made in the same strain of animal. It has a median pOz of 

17 mmHg and only 20% of values less than 2.5 mmHg. The data also show that human 

tumour xenografts have levels o f hypoxia comparable to both rat and mouse 

experimental tumours. The data are presented graphically in figures 2.7a and 2.7b.

Tumour Tumour
Origin

N n Median (mmHg) Values < 2.5 mmHg
(%)

P22 r 6 513 17.4 (±2.4) 19.6 (± 3.4)
CaGM m 5 246 8.7 (±5.9) 51.3 (± 13.6)
MHp r 4 500 6.4 (± 2.1) 34.0 (± 8.7)
CaX m 5 213 3.1 (±1.0) 46.3 (±6.0)
MST m 8 423 2.9 (±1.0) 49.9 (± 7.3)
CaGF m 5 225 2.9 (±0.5) 47.9 (±11.3)
FSaR m 5 220 2.8 (±0.4) 52.0 (± 8.0)
GH3 r 5 827 2.8 (± 1.2) 47.0 (± 12.1)

L1210 X 6 230 2.6 (± 0.6) 53.8 (± 7.7)
RIF-1 (nude) m 4 152 2.5 (±0.8) 59.1 (±6.2)
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CaNT m 10 503 2.5 (+0.5) 52.0 (± 5.2)
CaRD m 5 207 1.7 (±0.4) 65.5 (± 7.9)
HT-29 X 4 210 1.7 (±0.6) 66.3 (± 7.6)

SaF m 35 1891 1.4 (±0.3) 68.8 (± 4.6)
RIF-1 (St.G) m 18 1040 1.3 (±0.3) 67.6 (± 4.0)
RIF-1 (Har) m 11 544 1.1 (±0.8) 70.9 (±6.6)

CaWW m 5 325 1.0 (±0.5) 73.6 (± 10.8)
FSaN m 5 241 0.4 (±0.1) 89.4 (± 5.8)
SaS m 27 1342 0.4 (±0.3) 83.3 (± 4.0)

CaHAL m 7 265 0.3 (±0.1) 89.0 (± 1.5)
sccvn m 4 261 0.3 (±0.6) 71.3 (± 7.1)

MDA-231 X 5 292 -0.1 (±0.2) 68.7 (±3.3)
CaAY m 4 196 -0.3 (±0.2) 87.7 (±4.6)
HSN r 4 521 -1.2 (±0.1) 84.1 (±8.8)

Table 2.2: Oxygen tension in a range o f experimental tumours. Numbers in brackets are 
s.e.m's. N  = number o f  animals, n = number o f measurements, m = mouse, r -  rat, x 
xenograft. A ll rat tumours and MST measurements performed under anaesthetic (see 
Methods and materials). RIF-1 (St.G) = RIF-1 tumours originating from NMR group, 
St. G eorge’s Hospital; RIF-1 (Ear) RIF-1 tumours originating from MRC Radiobiology 
Unit, Harwell; RIF-1 (nude) = RIF-1 tumours grown in nude mice. See Appendix I  for  
tumour characteristics.

2.2.4 Influence of necrosis on measurements of oxygen tension

Polarographic electrode measurements do not discriminate between live and dead cells 

that may be viable but non-clonogenic. One way of taking the proportion of dead cells 

into account is to measure the fraction of necrotic cells from histological sections. Since 

the fraction of values less than 2.5 mmHg will include readings made in areas of zero 

oxygen tension, it is reasonable to assume that the proportion o f necrosis will be included 

within this parameter, and thus can be accounted for.

Table 2.3 shows the necrotic fraction in 4 murine tumours and 1 xenograft, and its 

influence on the percentage o f values less than 2.5 mmHg. Necrotic fractions range 

between 0 .1 % for the SaS tumour, and 8.3% for the SaF tumour. The corrected oxygen 

values show that these necrotic fractions are too small to have any major effect and have 

little impact on the results obtained. For example, the fraction of values less than 2.5 

mmHg for the SaF tumour is 6 8 .8 % (s.e.m ± 4.6), whilst ehminating 8.3% (attributable 

to necrosis) brings this value down to 63.1% (s.e.m ± 4.6). Clearly, these two values are 

not significantly different (p = 0.05) and thus the large proportion of values less than 2.5
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mmHg can not be due to sampling large regions of necrosis. These results illustrate that 

necrosis does not have a major influence on the overall oxygen distribution in these 

tumours. Consistent with the previous section, these results also demonstrate that the 

human tumour xenograft (HT-29) is indistinguishable from the murine tumours in terms 

o f pOz distribution.

Tumour % Necrosis Values < 2.5 mmHg (%) Values < 2.5 mmHg (%) 
Correcting for necrosis

SaF 8.3 (±0.5) 68.8 (±4.6) 63.1 (±4.6)
SaS 0.05 (± 0.01) 83.3 (±4.0) 83.3 (±4.0)

CaNT 4.3 (±0.7) 52.0 (± 5.2) 49.8 (± 5.2)
FSaN 0.3 (±0.1) 89.4 (± 5.8) 89.1 (±5.8)
HT-29 7.4 (±4.8) 66.3 (± 7.6) 61.4 (±8.3)

Table 2.3: Oxygen tension offive experimental tumours after correcting for necrotic 
fraction. Numbers in brackets are s.e.m ’s.

Figure 2.8, showing the histograms for two of the murine tumours (CaNT, SaF) and the 

human tumour xenograft (HT-29), illustrates the proportion o f readings attributable to 

necrosis. There is a distinct shift in the distribution curves to the left {cf. Figure 2.5), 

indicating that many cells exist under hypoxic conditions, and that readings made in 

necrotic regions of the tumour have very little influence.

2.2.5 Influence of anaesthesia on tissue oxygenation

Table 2.4 shows the combined effect of diazepam and ketamine on the oxygenation of 

the SaF murine tumour and the subcutis for the same strain of mouse. Anaesthesia 

reduced the oxygen levels in both the tumour and the normal tissue. The median value 

for the tumour (1.4 mmHg) is reduced to 0.1 mmHg under anaesthesia, and the fraction 

o f values less than 2.5 mmHg increases from 69% to 91%. Similarly, subcutis 

measurements also show decreased levels o f oxygenation under anaesthesia; the median 

pOz is reduced from 40 mmHg to 33 mmHg.

Figures 2.9 and 2.10 show the p O z frequency histograms of normal and tumour tissue for 

restrained animals versus anaesthetised animals. The distribution curves are clearly 

shifted to the left; consistent with reduced blood flow, ventilation rate, and heart rate 

associated with anaesthesia.
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Tissue Restrained 
Median (mmHg)

Restrained 
Values < 2.5 
mmHg (%)

Anaesthetised 
Median (mmHg)

Anaesthetised 
Values < 2.5 mmHg 

(%)
Subcutis 40.0 (± 4.6) 0.003 (± 0.002) 33.1 (± 2.3) 4.0 (± 1.6)

SaF 1.4 (±0.3) 68.8 (± 4.6) 0.1 (± 0.1) 91.2 (±2.4)

Table 2.4: Effect o f  anaesthesia on p02. Numbers in brackets are s.e.m ’s.

2.3 Discussion

It is well established that the oxygenation of tumour tissue compared to normal tissue is 

considerably lower. The data presented in this chapter are in agreement with this 

observation, with 23 o f the 24 tumours exhibiting median pOi values of less than 1% 

oxygen (7.6 mmHg). In contrast, the median pOi for unanaesthetised mouse subcutis 

averaged approximately 30 mmHg, whilst normal tissue measurements in three strains of 

anaesthetised rat indicated median pO:  ̂o f greater than 15 mmHg.

The rat P22 tumour had an oxygenation status comparable with that obtained for the 

liver and kidney in the same strain of animal. This suggests that it has either a strong 

angiogenic influence on the host vessels, or it’s metabolic activity is low compared to the 

other tumours, whose rate may be higher than subcutis. Tumours have been reported to 

have higher rates o f metabolism and thus oxygen utilisation compared to normal tissue 

(Vaupel, 1989a), and this may explain low extracellular oxygen tensions. Although the 

P22 was comparatively well oxygenated, the results did indicate that regions of cells 

were existing in radiobiological hypoxia (20% readings <2.5 mmHg).

Oxygen data obtained for the murine RIF-1 tumour provides indirect evidence of 

angiogenic activity. Tumours are known to release angiogenic factors (e.g. TAP, 

Folkman, 1971) which can stimulate neovascularisation, and without a developing blood 

supply solid tumours can not grow beyond 1 - 2  cubic millimetres. Table 2.2 shows pOz 

values obtained for RIF-1 tumours grown in a nude strain o f mouse and two different 

sub-strains o f C3H mice. Since it is reasonable to assume that the consumption o f these 

cells would remain constant irrespective of the host, the fact that the oxygenation values 

are not significantly different may suggest a similar vascular supply, i.e. a level of 

angiogenesis that is dictated by the tumour and not the host.
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Data within this chapter highlight the importance of anaesthesia on tissue oxygenation. 

All mouse measurements were performed without anaesthetic, however, an assessment 

of the effect o f combining diazepam with ketamine (a combination used in some 

experiments in later chapters) was shown to reduce CBA subcutis median p02 by 17%, 

whilst the corresponding reduction in the SaF tumour was much higher at 93%.

Diazepam and ketamine have been reported to reduce blood pressure and heart rate in 

C3H Km male mice, cause radioprotection in the RIF-1 tumour (Cullen and Walker, 

1985), but radiosensitise the C3H mouse mammary adenocarcinoma (Tozer et al, 1984). 

Similar findings have also been reported for DS-carcinosarcomas in Sprague-Dawley 

rats, were diazepam alone reduced mean arterial pressure and tumour vascular resistance 

but had little effect on tumour blood flow (Menke and Vaupel, 1988). Studies by Nias et 

al (1986, 1988) are in agreement, diazepam and ketamine are shown to have little effect 

on the perfusion of C3H tumours, whilst increasing perfusion of the gut, liver and 

kidney. Furthermore, the report also provides evidence that tumour metabolism is 

decreased under anaesthesia, but this may be due to a combination o f both cellular and 

thermal effects. The two agents are shown to reduce core temperature of the mouse by 

10°C within 60 minutes, and it has been suggested that metabolism decreases by 6% for 

every °C fall in temperature (Little, 1972). Thus the anaesthetic effect on cellular 

metabolism may be caused by anaesthesia-induced hypothermia. However, it should be 

noted that the doses used in the above studies were different to those used in this 

chapter, and moreover the investigations were performed on different tumours and host 

animals. Thus the results may not necessarily be comparable.

There are three possible explanations for the effects of anaesthesia seen in the SaF and 

CBA subcutis in this chapter. (1) Poiseuille’s law states that blood flow is related to the 

mean arterial pressure divided by the vascular resistance (Levick, 1992). The studies 

above showed increases in normal tissue perfusion under diazepam and ketamine, and 

this is consistent with the fact that some anaesthetics cause vasodilation. As a 

consequence vascular resistance is decreased, probably to a larger extent in normal 

tissues because of the greater abundance o f vasoactive blood vessels. As mean arterial 

pressure is constant, albeit lower than in unanaesthetised animals, a larger decrease in
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normal tissue vascular resistance relative to tumour tissue will result in higher blood flow 

to the normal tissue. Thus pOz in the tumour will appear lower than in the skin. (2) Nias 

and colleagues (1988) showed that tumour metabolism was decreased by anaesthesia, 

however they did not examine the extent of the reduction in comparison to the normal 

tissue. Some normal tissues are known to have lower metabolic activity than tumours 

(Vaupel, 1989a) and thus the effect o f anaesthesia may appear even more pronounced in 

these tissues. Therefore the oxygen consumption could be less in the normal tissue 

resulting in an apparently higher extracellular pOz compared to the tumour. (3) Tumours 

are poorly vascularised compared to normal tissue. For example, rectal adenocarcinoma 

is 2.5 times less vascularised than normal mucosa (Vaupel, 1989a). Thus a small effect 

on normal vessel dilation could translate into a larger effect on the tumour, possibly 

resulting in a vascular-steal reducing pOz relative to the normal tissue.

pOi measurements with needle electrodes may overestimate hypoxia if the tumour 

contains large regions o f necrosis. Khalil and colleagues (1995) reported that an increase 

in necrotic fraction o f a mouse mammary carcinoma correlated with increasing tumour 

size and decreasing tumour oxygenation. A reduction in tumour pO: with increasing 

tumour size has also been reported in other tumours (Kallinowski et al, 1989a). The 

necrotic fractions examined in this chapter ranged from 0.1% to 8.3%, and did not 

significantly alter the proportion of values less than 2.5 mmHg. The size of the murine 

tumours used in all these studies were stringently maintained between 100 - 400 mg, 

whereas in the Khalil study, the largest necrotic fractions (40 - 50%) were seen in 

tumours approaching a mass o f 1 g. The five tumour models examined here, have 

inherently lower necrotic fractions than the C3H tumour, and the fact that all 

experiments were performed on a narrow range of tumour sizes is probably the main 

reason why the influence of necrosis was not significant.

The accuracy o f the Eppendorf pOi histograph was assessed by performing 

measurements in nitrogen asphyxiated animals. Readings in the SaF tumour did not 

exceed -1.5 mmHg, and in the skin, -2.0 mmHg. These values are in agreement with the 

manufacturers reported error for the machine o f ± 2.5 mmHg. Although this confidence
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limit suggests that pOi readings are not absolute, because the error is a constant factor, 

the measurements retain intercomparability.

2.4 Summary

This chapter demonstrates the use of the Eppendorf pOz histograph in vivo and data are 

presented to show that the accuracy of the machine is within the manufacturers claims. 

Twenty-four experimental tumours were assessed and shown to contain oxygen tensions 

compatible with radiobiological hypoxia. Comparatively, subcutis, liver and kidney were 

shown to be well oxygenated. The influence o f necrosis on oxygen measurements in 5 

murine tumours was not significant, but the use of a general anaesthetic could 

dramatically reduce tissue pOi It is recommended that pO] measurements should be 

performed on conscious subjects whenever possible to eliminate a major source of 

artefact, which can be variable according to individual anaesthesia schedules.
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Figure 2.4: Oxygen Tension in the SaF tumour (upper panel) and CBA rear dorsum 
subcutis (lower panel) 10 minutes after nitrogen asphyxiation. Upper panel: N  = 5; n = 
306; Median -0.1 mmHg (±0.04); values < 2 . 5  mmHg = 100%. Lower panel: N  = 5; n 
= 139; Median = -0.2 mmHg (±0.1); values <2 . 5  mmHg -  98.7% (±0.8). Numbers in 
brackets are s.e.m ’s. N  = number o f animals, n = number o f  measurements.
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Figure 2.5: Oxygen distribution o f the liver (upper panel), kidney (middle panel), and 
rear dorsum subcutis (lower panel) o f  the DB9 rat. See table 2.1 for pÜ 2 values.
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Figure 2.9: The effect o f  anaesthetic on the oxygen distribution o f the rear dorsum 
subcutis o f  the CBA mouse. Upper panel: Pooled data for unanaesthetised restrained 
animals (N = 5; n = 358). Lower panel: Pooled data for anaesthetised animals (N = 5; 
n = 285). N  = number o f  animals, n = number o f measurements. See table 2.4 fo r  p02  
values.
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Chapter 3: Measurement of Oxygen Partial Pressures II: 

Other Sensors

3.0 Introduction

Transient fluctuations in tumour blood flow (Chaplin et al, 1987a; Chaplin and Hill, 

1995; Pigott et al, 1996) can cause regions o f perfusion-limited hypoxia. Window 

chamber preparations o f a rat mammary adenocarcinoma have demonstrated that 

variations in red cell flux may lead to concurrent changes in pOz, thus providing evidence 

of temporal heterogeneity (Dewhirst et al, 1996; Kimura et al, 1996). These studies also 

demonstrated that spontaneous fluctuations in tumour microvessel flow rate can modify 

vessel oxygen tension sufficiently to cause intermittent radiobiological hypoxia.

The ability to measure oxygen levels continuously at the microregional level is useful in 

understanding of the origins of perfusion-limited hypoxia and its influence on treatment 

response. Continuous measurements may also be useful in the development of modalities 

designed to alter tumour oxygenation. It is well established, for example, that timing is 

particularly important in achieving maximal tumour radiosensitisation and oxygenation 

with both oxygen and carbogen breathing (Inch et al, 1970; Siemann et al, 1977; Falk et 

al, 1992), and that a similar dependency exists for several other oxygen modifiers: 

nicotinamide (Hees and Sotak, 1993), pentoxifylline (Honess et al, 1995a), and 

hyperthermia (Iwata et al, 1996).

Conventional polarographic electrodes measure “snap-shots” of tissue oxygenation. The 

Eppendorf histograph, for example, is usefiil for determining the oxygen distribution 

across a tumour, but yields little information regarding temporal change. The accuracy of 

repeated measurements, with respect to time, within the same specimen using needle 

electrodes is difficult to assess, because of the unknown level o f tissue damage caused by 

the previous measurement episode. Indeed, to measure such events, multiple time- 

staggered treatment groups are usually required.
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Recently, a commercially available polarographic electrode has facilitated continuous 

measurement o f tissue oxygen tension. The LICOX oxygen sensor is a flexible catheter- 

type electrode, which was originally designed to record continuous measurements o f pOz 

in the cerebrospinal fluid of patients with intracranial haemorrhage (Fleckenstein and 

Maas, 1989). It allows multiple measurements to be made every minute, and can be 

implanted at a single site for extended periods o f time.

There are several advantages associated with polarographic electrodes; for example, (a) a 

linear relationship between current and pOi, (b) specificity towards oxygen, and (c) 

decreased probe contamination in vivo. The last two points are achieved by optimising 

the polarisation voltage, the recess depth (in the case of the Eppendorf histograph), and 

the addition o f an oxygen permeable membrane. However, there are two clear 

disadvantages; oxygen depletion resulting from electrochemical reduction, and the 

potential difficulties involved in measuring small currents above the background noise of 

the system, particularly if the electrode geometry is miniaturised.

Theoretically, these limitations can be overcome using fibre-optic sensors, which utilise 

luminescent dyes that are quenched by oxygen. These sensors rely on the measurement 

of the oxygen-quenched lifetime of a luminescent molecule immobilised at the tip o f an 

optical fibre. Work at the Gray Laboratory has resulted in the development o f a 

prototype optrode which can record continuous pOi measurements and has recently been 

used to demonstrate temporal pOz flux in a murine sarcoma (Young et al, 1996).

The aim of the work described in this section was to use the LICOX oxygen sensor and 

the fibre-optic sensor to; (i) measure temporal changes in tumour oxygenation at a single 

site, (ii) compare the measured pOz distributions with those obtained with the Eppendorf 

p O z histograph, and (iii) assess the accuracy o f the devices at measuring zero oxygen 

tension.
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3.1 Methods and materials

3.1.1 Measurements with a LICOX oxygen sensor

3.1.1.1 The device

The LICOX oxygen sensor measures continuous readings of oxygen partial pressure, 

allowing the acquisition of temporal traces. Like the Eppendorf pOi histograph, it utilises 

polarography and was also developed by Fleckenstein and colleagues (Fleckenstein and 

Maas, 1989). The device, which became commercially available in 1996, is shown in 

figure 3 .1.

Figure 3.1: The LICOX oxygen sensor.

3.1.1.2 Measurement principle

Oxygen measurement is made with a flexible catheter p02 micro-probe (CMP). The 

CMP is a Clark-type polarographic electrode with an outer diameter of <500 p,m and a 

polarisation voltage of -700 mV. It has a 5 mm oxygen sensitive region, starting 7 mm 

from the probe tip. The oxygen sensitive region is composed of polyethylene (thickness:
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80 |im), which has a reasonably high resistance to oxygen diffusion. This minimises 

oxygen consumption by the probe. Enclosed within the outer sheath there is a silver 

anode and a gold cathode bathed in buffered electrolyte. Oxygen reduction within the 

sensor, and the resulting probe current, are related to pO] in a linear manner. There is a 

temperature dependence of approximately 4.5%/°C, and this can be compensated for by 

either monitoring tissue temperature continuously via a thermocouple, or, if the 

temperature is stable, a fixed value can be entered at a numeric switch prior to data 

acquisition.

3.1.1.3 Calibration

Sensors were precalibrated by the manufacturers; taking into account the temperature 

coefficient for the probe, the barometric pressure, the oxygen content of the calibration 

gas (usually 20.9% i.e. air), the probe current in air, the probe current in an oxygen free 

environment and the temperature at which the calibration was performed. These values 

were entered into a series o f numeric switches on the device and the temperature o f the 

CMP monitored continuously in its calibration chamber. Once the CMP had reached 

room temperature, a stable reading between 146 and 156 mmHg was displayed. Sensors 

were kept at 4°C to prevent them from drying out, and generally took up to 30 minutes 

to reach room temperature.

If the sensor was out of range after 30 minutes at room temperature, a manual calibration 

could be performed by entering the current air pressure, temperature of the calibration 

chamber and the probe current in air. A linear extrapolation to 0 mmHg was 

automatically calculated and a new calibration curve (current vs. pO]) determined.

3.1.1.4 Experimental procedure

Temporal pOz assessment was performed on 14 sarcoma F murine tumours. Animals 

were unanaesthetised and jigged as previously described in 2.1.2.4. The tumour 

temperature was measured with a single junction thermocouple, and used as a fixed value 

for the duration o f each experiment.
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The CMP was inserted into the tumour using a 21G needle, and fixed into place ensuring 

that the 5 mm sensitive region was fiilly enclosed within the tumour (see figure 3.2 for 

typical experimental set-up). Data acquisition was at a frequency of one reading every 5 

seconds, and measurements made for a period of 60 minutes. Two 60-minute 

acquisitions, in different locations, were made per animal.

Figure 3.2: Continuous monitoring of SaF oxygenation with the LICOX CMP.

3.1.1.5 Sensor offset accuracy

To measure the accuracy of the sensor at zero oxygen tension, 18 SaF bearing animals 

breathed air for 30 minutes, followed by exposure to nitrogen (which caused 

asphyxiation) for a further 30 minutes. It was suspected that because of the large 

sampling volume associated with this electrode, measurements in the standard size of 

tumour, used throughout this thesis, might be susceptible to contamination from the 

subcutis and/or the atmosphere if the sensing region was not fully enclosed within the 

tumour. To test this hypothesis measurements were also made in larger tumours, and 

animals were separated into two groups dependent upon tumour size, -100 mg or 300- 

400 mg The jigging and nose cone arrangement allowed nitrogen to be administered in a
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manner which ensured there was a flow of gas over the back of the animals. This reduced 

the possibility of atmospheric oxygen diffusing into the tumour

3.1.1.6 Data analysis

All data were continuously stored in the form of ASCII files and imported into Microsoft 

Excel for data processing. All data superfluous to the 60 minute acquisition window 

were eliminated from analysis. For baseline traces, any data associated with times after 

30 minutes but prior to nitrogen asphyxiation were similarly eliminated. Temporal 

heterogeneity was considered by comparing measurements made at individual sites, 

whilst overall tumour oxygenation was determined by calculating the mean of all the 

sites, at each time point, and a standard error o f the mean. Data were extracted at 2 

minute intervals and plotted in Microcal Origin. Oxygen parameters, (median, fi-action of 

values less than 2.5 mmHg, 5.0 mmHg, and 10.0 mmHg), were calculated based upon all 

the readings within the acquisition window for each animal (accounting for sensor 

stabilisation), and averaged for the treatment group.

3.1.2 Measurements with a time-resolved luminescence based optical sensor

3.1.2.1 The device

Recent work at the Gray Laboratory Cancer Research Trust, by Drs. B. Vojnovic, W.K. 

Young and P. Wardman, has resulted in the development of a prototype fibre-optic 

sensor which can measure, in real-time, continuous oxygenation changes in vivo (see 

figure 3.3). Unlike the LICOX CMP, it does not rely on polarography. Instead it utilises 

a luminophor, tris(4,7-diphenyl-1,10-phenanthroline) ruthenium chloride, whose 

luminescence is inversely proportional to oxygen concentration.
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Figure 3.3: The luminescent oxygen sensor.

3.1.2.2 Measurement principle

Oxygen tension is measured by the change in lifetime of the luminescent (excited) state 

of the ruthenium chloride luminophor. The dye is incorporated in a silicone rubber 

polymer attached to the tip of an optical fibre resulting in an outer diameter of 230 pm.

The luminophor is excited by 450 nm excitation light from a Nz-pumped dye laser, and 

the luminescence emission at 600 nm detected using a photomultiplier tube. Oxygen has 

a quenching effect on the lifetime of the luminescent molecule thus giving rise to an 

inverse relationship between the two parameters.

Oxygen tensions are obtained by comparing the observed lifetime (x) to that obtained in 

the absence of oxygen (x o ) ,  using a modified Stem-Volmer model as described by the 

equation below;

To 1
—  = -----------------------  (Carraway, 1993)
T Ai A2

1 +  Ki [O2] 1 +  K2 [O2]
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where Ai and A2 are weighting factors and Ki and K% are quenching constants.

3.1.2.3 Calibration

The luminescent sensor was calibrated against the following combination of gases, N%, 

0.5% O2, 2% O2 , 5% O2 and 21% O2, by placing the sensor into a series of deionised 

water solutions each bubbling with the appropriate oxygen concentration. Calibration 

measurements were made in a thermostated bath set to 30°C to approximate the average 

tumour temperature. The resultant lifetimes were used to obtain the coefficients for the 

model (described in the previous section) using a non-linear least square method (figure

3.4 shows a typical calibration curve). The calibration would normally last for 

approximately 20 hours o f use before recalibration was needed. Before each 

measurement session, the lifetime at 0% O2 , To, was measured, and used in the model to 

estimate the oxygen tension.

4 .0

3.5

3.0

2.0

0.0 2.5 5.0 7 .5  1 0 .0  1 2 .5  1 5 .0  1 7 .5  2 0 .0  2 2 .5  2 5 .0

O xygen(%)

Figure 3.4: Calibration curve for the fibre-optic oxygen sensor (courtesy of Dr. W.K. 
Young).
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3.1.2.4 Experimental procedure

All experiments were carried out using the sarcoma F murine tumour. All animals were 

unanaesthetised and jigged as described in 2.1.2.4. A black plastic enclosure was placed 

over the jig to act as a support for the fibre-optic. It also minimised any visual 

stimulation to the mouse which could result, via movement, in either the sensor being 

pulled out of its insertion site, or, as an artefact, excessive temporal pOz heterogeneity 

(see figure 3.5). The sensor was introduced into the tumour via a small puncture hole in 

the skin made with a 25G needle. Data were collected at a frequency of 15 readings per 

minute.

Figure 3.5: Measuring the pÛ 2 o f a sarcoma F tumour with the fibre-optic sensor. 

3.1.2.5 Obtaining an oxygen distribution

Each tumour was assessed at 12 different insertion sites and a temporal trace recorded 

for a minimum of 6 minutes at each site. This was sufficient time to allow the sensor to 

equilibrate to the oxygen tension, and obtain a few minutes of stable measurement. This 

was repeated for 20 SaF tumours.
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3.1.2.6 Measurements to assess temporal fluctuations in tumour oxygenation

To assess the temporal heterogeneity of pOi in the SaF tumour, the fibre optic was 

inserted at a single site, and fixed into place. pOi measurements were made in 10 

tumours over a period of 60 minutes.

3.1.2.7 Sensor offset accuracy

The baseline trace was performed in an identical manner to that used with the LICOX 

CMP. The sensor was inserted at a single site in each tumour (N = 10), and the animals 

allowed to breathe air for 30 minutes. Subsequently they were switched over to nitrogen 

breathing, (inducing asphyxiation), for a fijrther 30 minutes. As in 3.1.1.5 the nitrogen 

was allowed to flow freely over the backs o f the animals to minimised atmospheric 

oxygen diffusing into the tumour.

3.1.2.8 Data analysis: Oxygen distribution

Data processing was performed in Microsoft Excel following importation of the raw data 

in the form of ASCII files. An average pOi value for each 6 minute trace was obtained 

after allowing for sensor equilibration and stabilisation at each site, thus yielding 12 pOz 

values per tumour. From these readings, the median, % <2.5 mmHg, % <5 mmHg and % 

<10 mmHg were calculated and averaged for the group. The oxygen distribution, plotted 

using Microcal Origin, was expressed as a histogram based upon the pooled data from all 

the animals.

3.1.2.9 Data analysis: Temporal traces

Data were analysed in the same way used for the LICOX CMP acquisitions. Average 

values were calculated for each time point across the treatment group and a standard 

error of the mean determined. Data were extracted from Microsoft Excel and plotted at 

2 minute intervals in Microcal Origin. Median values were calculated for each animal 

based upon all the values in the acquisition window (accounting for sensor stabilisation), 

and averaged for the group.
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3.1.3 Statistical analyses

Oxygen parameters, calculated for each animal, were separated into groups according to 

the oxygen sensor used to obtain the data. Comparisons between measurements made 

with the Licox CMP, the fibre-optic sensor, and the Eppendorf pOz histograph were then 

performed using Student’s t test for two independent populations. Significance was set at 

95% (p = 0.05).

3.2 Results

3.2.1 LICOX oxygen sensor

3.2.1.1 Sensor offset accuracy

Figure 3.6 shows the temporal traces obtained for SaF tumours, separated according to 

size, during air breathing and nitrogen asphyxiation. The data illustrate that oxygen 

tension is dependent upon tumour size, with small tumours better oxygenated than larger 

tumours. Whilst the animals are alive, the median oxygen tensions for the two tumour 

groups are 3 mmHg and 39 mmHg (large vs. small). Following asphyxiation, the oxygen 

levels take approximately 10 minutes to fall to their minimum levels. The median values 

for the large versus small tumours are 0.2 mmHg and 10 mmHg respectively during 

nitrogen gasing, and indicate the offset accuracy of the device. The data indicate that 

electrode accuracy is considerably better measuring large tumours compared to smaller 

tumours.

3.2.1.2 Measurements of temporal pO% heterogeneity

14 SaF tumours were assessed for temporal oxygen variation in two different sites. 

Figure 3.7a shows the mean response of all the sites measured over the 60 minutes 

acquisition period. The sensor takes approximately 10 minutes to settle after initial 

insertion into the tissue. There is some evidence of temporal pOi variation from mouse 

to mouse, however, an examination of the individual measurements at each site (data not 

shown) suggest that the middle region o f the trace (20 minutes - 45 minutes) is probably
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attributable to sensor movement in several of the 28 sites. Two sites in particular, show 

increases from ~1 mmHg to 40 mmHg, and from ~20 mmHg to 105 mmHg in about 15 

minutes. These are highly suggestive of the tumour moving, and the sensing region 

becoming exposed to a contaminating source. Figure 3.7b displays the pOi trace after 

eliminating these two sites, and shows a temporal measurement with increased stability.

3.2.1.3 Comparison with the Eppendorf pOi histograph

Based upon all the measurements obtained during the assessment of temporal 

heterogeneity (figure 3.7), key oxygen parameters were calculated. A direct comparison 

of the oxygen values obtained with the LICOX electrode and the Eppendorf pOz 

histograph for the SaF tumour are shown in table 3.1.

Licox oxygen 
sensor

N n Eppendorf pOi 
histograph

N n

Median (mmHg)“ 6.5 (± 1.7) 14 20188 1.4 (±0.3) 35 1891
% < 2.5 mmHg“ 42.0 (± 7.7) 14 20188 68.8 (± 4.6) 35 1891
% < 5.0 mmHg® 55.6 (±7.4) 14 20188 78.7 (±3.1) 35 1891
% < 10.0 mmHg 79.6 (± 6.6) 14 20188 88.7 (± 1.6) 35 1891
Dead (median; mmHg) 0.2 (± 0.1)^ 8 2880 -0.1 (±0.04) 5 306

Table 3.1: Measurement o f SaF oxygenation using two polarographic electrodes. 
Numbers in brackets are s.e.m ’s. N  = number o f animals, n = number o f measurements. 
“ Values are significantly different (p < 0.05).  ̂Dead measurement from large tumours.

The overall values broadly show that the oxygenation o f the SaF, as determined by the 

LICOX, is slightly higher than that obtained using the Eppendorf histograph. The 

median, % < 2.5 mmHg and % < 5.0 mmHg, obtained with the two electrodes, are 

significantly different (p < 0.05), whilst the % < 10 mmHg is not. Both electrodes have 

similar accuracy, if the comparison is made using LICOX values from large tumours. 

Although the LICOX measurements are different to the histograph they are still 

suggestive o f a significant proportion o f radiobiological hypoxia in this tumour, albeit to 

a lesser extent (fraction o f readings <2.5 mmHg = 42% vs. 69%).
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3.2.2 Fibre-optic sensor 

3.2.2.Ij Sensor offset accuracy

Sensor accuracy was measured in a comparable experiment to that performed with the 

LICOX electrode (figure 3.8). During air breathing, the small fluctuations in pOz are 

suggestive of temporal intertumoural differences, and the median pOz, after allowing for 

sensor stabilisation, is 1 mmHg. Upon nitrogen asphyxiation the temporal variation is 

minimised and the median value falls to 0.3 mmHg. Oxygenation reaches its lowest value 

approximately 15 minutes post-nitrogen gasing.

3.2.2.2 Measurements of temporal pOz heterogeneity

Temporal pOz flux was recorded over a period o f 60 minutes, at a single site, in 10 SaF 

tumours. Figure 3.9 show individual traces obtained for three different mice. Mice (i) and 

(ii) show dramatic changes in oxygenation in the first 20 minutes o f measurement, whilst 

all three mice show small changes of approximately ± 1 - 2  mmHg throughout the 60 

minute period. As with the LICOX data, combining all the traces (figure 3.10) results in 

an average recording showing minimal fluctuations with respect to time and the settling 

time for the optrode is approximately 15 minutes.

3.2.2.3 Comparison with the Eppendorf pOz histograph

Figure 3.11 shows the oxygen distribution in the SaF tumour as measured with the fibre- 

optic sensor and the pOz histograph. Both the histograph and the luminescence sensor 

identify a range of oxygen tensions from 0 to 70 mmHg, however a majority o f the 

values are in the range 0 to 5 mmHg, consistent with the existence of radiobiological 

hypoxia. A direct comparison of values obtained with the fibre-optic sensor and the 

histograph is shown in table 3.2 and the cumulative plot o f figure 3.12. It can be seen 

that the overall values are broadly comparable, including the accuracy of the two devices. 

Indeed, the percentage o f values less that 10 mmHg and 5 mmHg are nearly identical.
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However, the median pOz obtained with the fibre-optic sensor is higher than that 

measured with the histograph, and the % < 2.5 mmHg is lower for the fibre-optic sensor.

Luminescence 
oxygen sensor

N n Eppendorf pO% 
histograph

N n

Median (mmHg)® 2.8 (±0.5) 20 240 1.4 (±0.3) 35 1891
% < 2.5 mmHg® 49.6 (± 7.6) 20 240 68.8 (±4.6) 35 1891
% < 5.0 mmHg 75.4 (± 4.1) 20 240 78.7 (±3.1) 35 1891
% < 10:0 mmHg 82.9 (± 3.2) 20 240 88.7 (± 1.6) 35 1891
Dead (median; mmHg) 0.3 (±0.1) 10 2410 -0.1 (±0.04) 5 306

Table 3.2: Measurement o f SaF oxygenation using polarography and fibre-optic 
technology. Numbers in brackets are s.e.m ’s. N  = number o f animals, n = number o f  
measurements. “ Values are significantly different (p < 0.05).

3.3 Discussion

This chapter has described the use o f two alternative oxygen sensors to the “gold- 

standard” Eppendorf pÛ2 histograph. Both devices are capable of measuring tissue 

oxygenation in real-time, and have the potential to monitor the dynamics o f pO: flux at a 

microregional level.

Initial experiments with the LICOX electrode examined temporal changes in p02 over a 

60 minute period, and used the standard treatment sized tumour. These studies 

highlighted a degree of intertumoural heterogeneity which suggested that the electrode 

may have become contaminated by extra-tumoural sources of oxygen. To assess this, the 

accuracy o f the device was measured by recording the oxygenation in two groups of 

different sized SaF tumours, prior to, and during, nitrogen asphyxiation. The median p02 

values pre-asphyxiation were 39 mmHg and 3 mmHg for the small and large tumours 

respectively. The small tumours weighed on average 100 mg, equivalent to a GMD of 

approximately 5-6 mm. The oxygen permeable sensing region for this electrode is also 5 

mm, and thus measurement of tumour pÛ2 may potentially become contaminated by a 

region o f the sensor in subcutaneous tissue, or extending out of the skin into the 

atmosphere. In contrast, large tumours with GMD’s greater than 5 mm, have an 

improved probability of enclosing the sensing region entirely within tumour tissue. 

Measurements following asphyxiation are in agreement with this hypothesis. In the group 

of small tumours, the median p02 fell from 39 mmHg to 10 mmHg during gasing with
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nitrogen, whilst in the large tumours, the median value decreased from 3 mmHg to 0.2 

mmHg. Data from the large group are in closer agreement with values measured with the 

Eppendorf pOz histograph and the fibre-optic sensor, suggestive that the oxygen 

permeable region was totally enclosed within the tumour. Conversely, following 

asphyxiation, the initial drop in pOz in the smaller tumours is more likely to reflect 

subcutis contamination, whilst the remaining oxygen tension in dead animals is probably 

derived from the atmosphere. A contaminating artefact is the most likely explanation for 

the significant differences between oxygen measurements made with this electrode and 

Eppendorf pOz histograph {cf. table 3.1).

Temporal traces measured within individual SaF tumours showed very little evidence of 

p0 2  fluctuation, in fact, the only changes seen were too large to be accountable as 

natural phenomena and were more indicative of sensor movement relative to the tumour 

(data not shown). The 5 mm long sensing region effectively measures oxygen tension 

across an area o f 8 mm ,̂ and assuming a typical cell has a cross-sectional diameter of 20 

|im and the electrode samples a volume extending to a depth of 4-5 cells, this would be 

equivalent to sampling a region of approximately 1-2 x 10̂  cells (B. Vojnovic, personal 

communication). With a sampling volume of this magnitude it is not too surprising that 

microregional changes in oxygen tension were not detectable.

The LICOX electrode has a longer settling time than the Eppendorf pOz histograph. The 

histograph acquires a reading 1.4 s after each backward step. However, figures 3.6 and

3.7 illustrate that this electrode takes approximately 10 minutes to settle upon insertion 

into the tumour. The design characteristics of the LICOX are such that it’s oxygen 

consumption is reported to be lower than the needle electrode of the histograph. The 

polyethylene covered sensing region has a high resistance to oxygen diffusion and the 

polarisation voltage is pulsed in square-wave formation, these features reduce the degree 

of oxygen depletion by (i) restricting the amount of oxygen reduced at the cathode 

surface, and (ii) enforcing intermittent reduction of oxygen molecules. As a consequence, 

atmospheric oxygen taken into the tissue upon insertion of the electrode, would take 

longer to dissipate than in the presence o f a continuously polarised needle electrode with 

a less resistant Teflon membrane.
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Although the response time for the fibre-optic sensor is very fast (in order of 

nanoseconds) (Young et al, 1996), the settling time is longer than the LICOX electrode. 

Oxygenation in the SaF tumour reached its lowest point 15 minutes after asphyxiation of 

the host mouse, and took a similar length of time to stabilise following initial insertion 

into the tissue (see figures 3.8 and 3.10). It is reasonable to assume that quenching o f a 

luminescent dye should consume very little oxygen, if any, and thus a very small oxygen 

depletion is one potential contributing factor for the extended settling time. Elimination 

o f atmospheric oxygen carried into the tissue upon optrode insertion would be 

dependent, to a large extent, on cellular respiration rate.

The final results section compared the fibre-optic sensor with the Eppendorf pOz 

histograph. Both sensors have similar external diameters of 200-300 |im, and therefore 

their insertion would be expected to induce a similar amount of tissue damage. The 

sampling volume for the Eppendorf needle electrode has been estimated as a region of 

50-100 cells (Stone et al, 1993), however, this calculation was based upon the original 

cathode diameter of 12 |im. Recently, manufacturing difficulties have forced the diameter 

to be increased to 17 p.m (C. Paarmann, Eppendorf, personal communication), and this 

will have increased the sampling volume to approximately 100-200 cells (B. Vojnovic, 

personal communication). The sampling volume for the fibre-optic sensor is difficult to 

estimate accurately. The effect of the outer polymer coat is anticipated to be small (W.K. 

Young, personal communication) and thus oxygen measurement should be confined to 

the sensor tip. Coupled with the low/no oxygen consumption the sampling volume 

should be less than that o f the histograph.

The small sampling volume might be expected to facilitate measurement o f the 

heterogeneity of microregional pOz Indeed, measurements in individual sites within SaF 

tumours showed small fluctuations of ± 1-2 mmHg over a 60 minute period. This is 

consistent with temporal changes in pOz observed in window chamber preparations o f rat 

mammary carcinomas (Dewhirst et al, 1996) and measurements of microregional blood 

flow heterogeneity (Chaplin and Hill, 1995; Hill et al, 1996; Pigott et al, 1996).
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Despite the differences in the methods of oxygen detection and probe 

insertion/movement, both the fibre-optic sensor and the histograph measured very similar 

oxygen distributions in the SaF tumour. However, there were some slight, but 

significant, differences between two of the oxygen parameters measured. The median 

pOz obtained with the histograph was lower than that measured with the fibre-optic 

sensor, reflecting the greater number of readings detected less than 2.5 mmHg. Whilst 

this might be due to sampling differences (the stepper motor facilitating a greater number 

o f sampling sites with the needle electrode than achievable without such a device with 

the fibre-optic sensor), the probable reason is the difference in the level o f oxygen 

consumption. The Eppendorf histograph has a greater capacity for introducing a small 

region o f oxygen depletion, and thus slightly underestimating pOz

Work is ongoing at the Gray Laboratory under the direction of Drs. W.K. Young and B. 

Vojnovic to improve the fibre-optic sensor in four areas, (i) decreased fragility, (ii) 

miniaturisation to reduce tissue damage, (iii) expansion into a multichannel device to 

allow more detailed analyses of microregional heterogeneity, and (iv) incorporation o f  a 

stepper motor similar to the Eppendorf histograph to facilitate more rigorous assessment 

o f oxygen distribution.

3.4 Summary

Two oxygen sensors, one based on fibre-optic technology and one polarographic, were 

demonstrated in this chapter. Both were able to record oxygen tension in real-time, 

although the design and performance characteristics of the fibre-optic sensor also 

allowed detection of microregional heterogeneity. Results were compared to equivalent 

data obtained with the Eppendorf pOi histograph. The fibre-optic sensor measured a 

similar oxygen distribution in the murine SaF tumour as that recorded by the histograph, 

and had a comparable level o f accuracy (median pOi following nitrogen asphyxiation; 

optrode; 0.3 ±0.1  mmHg, histograph; -0.1 ± 0.04 mmHg). A median pOz of 2.8 mmHg 

was slightly higher than that measured with the histograph, and probably reflects a lower 

level o f oxygen depletion. In contrast, the LICOX electrode was influenced by tumour 

size, because o f a large sensing region. Comparable accuracy (median pOi following
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nitrogen asphyxiation: 0.2 ±0 .1  mmHg) and SaF oxygenation measurements (median 

pOi = 3 mmHg) were only achievable in large tumours. It is suggested that tissue 

measurements can be contaminated from atmospheric or subcutaneous sources with the 

LICOX electrode.

The last two chapters have concentrated on measuring tumour oxygen tension in vivo 

with three different oxygen sensors, it is now appropriate to ascertain how this type of 

measurement compares with assessments o f radiobiological hypoxia.
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Figure 3.6: Oxygen tension in the SaF tumour during 30 minutes o f a it breathing and 
30 minutes o f nitrogen flushing measured with the LICOX oxygen sensor. Upper panel: 
Tumours -100 mg; N  = 10; Median (air) = 39.1 mmHg (± 10.3); Median (N2)  - 9 . 7  
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±  1 s. e. m.
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Chapter 4: Measurement of Radiobiological Hypoxia and its 

Relationship to pOi

4.0 Introduction

The search for clinically applicable approaches to detect hypoxic cells has led to the 

development o f a number of hypoxia-dependent, bioreductively metabolised, derivatives 

of 2-nitroimidazole. Various radioactive labels have been proposed for one such 

derivative, misonidazole: (Chapman et al, 1981; Franko and Chapman, 1982;

Garrecht and Chapman, 1983); (Raleigh et al, 1985); ^̂ Br, ^̂ Br, ^̂ Br (Rasey et al, 

1985) and (Raleigh et al, 1986). ^H-misonidazole, administered to a small number of 

patients with differing metastatic solid tumours, identified hypoxic fi’actions of 6 % in a 

malignant melanoma, and 10% in a small cell lung carcinoma (Urtasun et al, 1986). 

Immunological detection o f 2-nitroimidazoles is far more desirable clinically, and several 

approaches have been described. A hexafiuorinated 2-nitroimidazole, related to 

misonidazole (CCI-103F), has been used to detect hypoxic cells in EMT6 /Ed spheroids 

and a Walker 256 rat tumour (Raleigh et al, 1987). A pentafluorinated derivative of 

etanidazole (EF5) has been used to measure the proportion and distribution of hypoxic 

cells in EMT6  spheroids, and in vivo, in a Morris 7777 rat hepatoma, an EMT6  mouse 

mammary carcinoma, and a rat glioma (Lord et al, 1993; Evans et al, 1995; Koch et al, 

1995). This marker has also been used to predict radiation response in individual rat 

gliomas (Evans et al, 1996).

A novel 2-nitroimidazole compound (NITP) with an immunologically detectable side- 

chain, theophylline, has also been used to identify hypoxic cells (see figure 4.1) 

(Hodgkiss et al, 1991). In one particular study, the compound was used to label hypoxia 

in three murine tumours, the carcinoma NT, sarcoma F, and carcinoma RH (Hodgkiss et 

al, 1991). Hypoxic fractions of 29% (CaRH), 23% (CaNT), and 19% (SaF) were 

reported, and drug binding was shown to be significantly reduced, in all three tumours, 

following carbogen breathing; consistent with improved oxygenation. NITP binding was 

also significantly reduced following oxygen breathing or nicotinamide administration in 

the CaNT murine tumour (Rojas et al, 1992b; Hodgkiss and Wardman, 1992).
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Figure 4.1: The structure of7-(4'-(2-nitroimidazol-l-yl))-theophylline (NITP).

In the initial studies with NITP, the compound was administered in a solution o f peanut 

oil and 10% dimethyl sulphoxide (DMSO), because of its very poor water solubility. 

Whilst this formulation was acceptable for experimental tumour models, it would be 

unsuitable for clinical use. In a later report, an aqueous preparation of the marker, using 

a modified derivative of a p-cyclodextrin, 2-hydroxy-propyl-p-cyclodextrin (Molecusol), 

was shown to be equally effective at achieving bound NITP metabolites in the murine 

CaNT tumour (Hodgkiss et al, 1995). P-cyclodextrins consist of seven glucose units 

joined together in a ring conformation. The ring contains a hydrophobic cavity into 

which “guest” molecules of a suitable size can fit, and may be used to improve the 

solubility o f lipophilic compounds (Hodgkiss et al, 1995).

The classical method of assessing tumour hypoxia experimentally is by measurement of 

the radiobiologically hypoxic fraction. There are three methods, applicable to 

experimental rodent tumours, that can be used to perform this measurement. The first 

compares the survival curves for tumours irradiated under air breathing conditions with 

tumours made anoxic by the application of a metal D-clamp, or by cervical dislocation of 

the host animal prior to irradiation (known as the paired survival curve assay). The 

second analyses the radiation doses necessary to control tumours irradiated under air 

breathing and anoxia (known as the clamped tumour control dose (TCD50) assay), and 

the third compares the growth of tumours irradiated under air breathing and anoxia
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(known as the clamped tumour growth delay assay). These techniques are based upon 

several fundamental assumptions. For example, the paired survival curve assay (Hewitt 

and Wilson, 1959; van Putten and Kallman, 1968) assumes that following enzymatic 

digestion, the resulting cell population is representative of the initial tumour cell 

population, and that no subpopulation has become selectively enriched or lost during the 

cell processing. It also assumes that the survival of naturally occurring hypoxic cells is 

the same as that o f cells made hypoxic prior to and during irradiation (for a review see 

Moulder and Rockwell, 1984).

Several groups have attempted to compare bioreductive labelling of hypoxic cells with 

the radiobiologically hypoxic fraction, and polarographic measurements of tumour 

oxygenation. Sasai and Brown (1994) reported that the hypoxic fraction, measured by 

paired survival and ^H-misonidazole binding, o f SCCVII tumours was increased if the 

host animals were allowed to breathe 10% oxygen. However, this did not correlate with 

electrode measurements o f tumour pOi

Consistently, labelling o f hypoxic cells with ^H-misonidazole has been reported to reflect 

the radiobiologically hypoxic fraction across five transplantable murine tumours; but a 

correlation with polarographic pOz measurements did not exist (Kavanagh et al, 1996). 

Indeed, if pOz measurements and paired survival measurements were made on the same 

individual KHT-C tumours, it was again found that there was no correlation between the 

two measurements o f hypoxia. A similar conclusion can be drawn from studies using the 

SCCVII and RIF-1 murine tumours, where a qualitative, but not quantitative, agreement 

between ^H-misonidazole binding and hypoxic fraction (by paired survival curve assay), 

with tumour oxygenation was reported (Kim et al, 1993).

However, Horsman and colleagues have demonstrated that a correlation between 

radiobiological hypoxia and pOz may exist within the same tumour type, when the 

proportion of hypoxic cells is artificially manipulated, but electrode measurements are 

not good indicators o f tumour hypoxia across different cell lines (Horsman et al, 1993a, 

1994a, 1994b; Nordsmark e /a /, 1995).
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The aim of this part o f the project was to examine whether a relationship between 

hypoxia and pOi measurement could be detected in two murine tumours. Two studies 

were performed to address this:

(1) A comparison o f the radiobiologically hypoxic fraction, measured by paired survival 

curve assay, with the oxygenation of the sarcoma F and fibrosarcoma N  assessed by 

pOz histography.

(2) An assessment o f tumour hypoxia, using three techniques, in each o f 30 individual 

SaF tumours. Techniques compared were, (i) a modified paired survival curve assay, 

(ii) binding o f the bioreductive probe, NITP, and, (iii) pOi histography.

4.1 Methods and materials

4.1.1 Hypoxic fractions

4.1.1.1 Tumour irradiation

All irradiations were carried out at room temperature using a 250 kV Pantak X-ray 

machine set at 240 kV and 15 mA. The mean dose rate to the tumour was 3.7 Gy/min. 

Mice were either unanaesthetised air-breathing or anoxic during irradiation. Anoxia was 

induced by sacrificing the animal by cervical dislocation 10 minutes prior to irradiation.

The general procedure for all irradiations was based upon the method described by 

Sheldon and Hill in 1977. Mice were restrained in lead jigs designed to expose only the 

tumour-bearing portion o f the rear dorsum. The front, or head, end of each jig contained 

an adjustable perspex window with air vents to allow adequate accommodation for each 

mouse. A face plate, with 3 collimated apertures, was fitted to the head o f the X-ray 

machine. Mice were mounted on the face plate as 3 pairs and irradiated at four doses, 10 

Gy, 15 Gy, 20 Gy, and 25 Gy. To ensure uniform dosing, they were turned through 180 

degrees and exchanged between diagonal portals, halfway through each irradiation. Pairs 

o f unirradiated tumours were used as controls.
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4.1.1.2 Clonogenic survival assay

Immediately following irradiation, tumours were excised aseptically by swabbing the 

back o f the mouse with 70% ethanol, and removing the tumour with sterile dissecting 

scissors and forceps in a class 1 safety cabinet. Each treatment group consisted o f at least 

3 pairs o f animals.

Each pair o f excised tumours were pooled, and added to pre-weighed universals to 

determine their mass. The tumours were then finely minced by cross-scalpeling and 

digested in 10 ml MEM, (Eagle’s minimal essential medium), containing 2 mg/ml 

collagenase type IV (activity: >I25U/mg [collagen digestion units]; 0.5 - 2.0 

FALGPA/mg [hydrolysis units] and 0.2 mg/ml DNase type I (activity: 420 U/mg solid; 

400 U/mg protein), for 45 minutes at 37°C on a rotating wheel.

Meanwhile 10 cm petri dishes were prepared for culturing the processed tumour cells.

To each dish, 10 ml of MEM , (MEM containing foetal calf serum, see section 4 .1.1.5),

containing 2x10^  V79-379A cells, to act as a feeder layer, was added. The V79-379A  

cells were heavily irradiated with ®̂Co for 5 minutes (dose rate; 47.1 Gy/min) prior to 

use.

Once the digestion had finished, the enzymes were neutralised by adding 10 ml of  

MEM^. The samples were syringed with a 21 gauge needle, and filtered through a 35 |im 

mesh to obtain a single cell suspension.

The filtered samples were centrifuged at 179g for 5 minutes, the supernatant discarded,

and the pellet resuspended in 10 ml MEM^. Viable cell numbers were determined by

trypan blue exclusion, adjusted to a known number o f cells per ml, and serially diluted. A  

known number o f cells was then added to the petri dishes in quadruplicate. The dishes 

were incubated at 37°C in a humidified incubator gassed with 2% 0%/ 5% CO2 / 93% N 2 

for 7 - 10 days.
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4.1.1.3 Colony visualisation

Following 7 -10 days incubation, colonies were fixed and stained with 0.2% crystal violet 

in 70% ethanol for 5 minutes, rinsed in tap water and allowed to air dry. Stained colonies 

were counted using a colony counter.

4.1.1.4 V79-379A feeder layer

The V79-379A line was derived from an isolate of Chinese hamster {Cricetulus griseus) 

lung fibroblasts. The original isolation in 1958 was used in genetic studies and designated 

the V strain, they were later sub-cloned twice before arriving at the Gray Laboratory via 

Dr. O C A. Scott in 1968 with their current designation.

4.1.1.5 Cell culture medium

The V79-379A cells were cultured in a modified form of Eagle’s minimum essential 

media containing 10% foetal calf serum (MEM ). The constituents o f 500 ml o f this 

medium were:

• 380 ml sterile water

• 50 ml 1 Ox MEM

• 14 ml sodium bicarbonate (7.5%)

• 5 ml glutamine

• 0.2 ml penicillin (600 mg)

• 0.25 ml streptomycin (1000 mg)

• 50 ml foetal calf serum

4.1.1.6 Maintenance and passaging of V79-379A cells

1.8 X 10̂  cells were added to 20 ml MEM^ in a 150 ml flat tissue culture flask and

incubated in 20% oxygen at 37°C. The doubling time for these cells was approximately 

22 hours and confluency usually occurred within four days.
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Cells were passaged by tipping off the medium, washing once with MEM, adding 10 ml 

of 0.5% typsin, and re-incubating for a further 5 minutes. After re-incubation, the

enzyme was neutralised with an equal quantity o f MEM^, and the suspension centrifuged

at 1000 rpm for 5 minutes. The supernatant was decanted off and the pellet resuspended

in 10 ml MEM^. The cells were counted using a Coulter counter and re-seeded at a

density o f 1.8 x 10̂  cells/flask.

4.1.1.7 Calculation of surviving fraction

The colony forming efficiency (CFE), or plating efficiency, was calculated by counting 

the number o f colonies to develop on each petri dish and dividing this by the number of  

cells originally seeded. The CFE was averaged for at least 4 replicate petri dishes. The 

number o f clonogens per 100 mg of treated tumour was calculated by multiplying the 

average CFE, by the tumour cell yield.

The surviving fraction (SF) was determined by dividing the number of clonogens per 100 

mg treated tumour by the number o f clonogens per 100 mg of control tumour. A 

standard error o f the mean was determined based upon the multiple repeats o f each 

treatment group.

4.1.1.8 Calculation of hypoxic fraction

The SF’s o f the aerobic and hypoxic treatments were plotted on a semi-log scale 

depicting radiation dose versus SF. The best linear fit for the hypoxic data was 

determined and superimposed on the aerobic data. The hypoxic fraction was obtained 

from the vertical displacement o f the aerobic curve from the hypoxic curve according to 

the following equation (Moulder and Rockwell, 1984);

log (hypoxic fraction) = log (SFaerobic) - log (SFhypoxic)

To obtain an error on the hypoxic fraction, the ratios of the four dose points were 

averaged and the standard error of the mean calculated.

1 0 0



This calculation is based upon the assumption that tumours contain two populations of 

cells; an aerobic component with maximal radiosensitivity, and a anoxic component with 

full radioresistance.

4.1.2 Relationship between hypoxic fraction, labelling of hypoxic cells and pOz

4.1.2.1 Experimental design

This study was designed to obtain an assessment for the hypoxic fraction o f 30 individual 

SaF tumours by three techniques; cell labelling, pOz and paired survival curve assay. The 

protocol included the following sequence o f events: (1) each tumour was irradiated for 

the paired survival curve assay, (2) tumours were labelled, in situ, with a hypoxic cell 

marker, 2-nitroimidazole-theophylline (NITP), (3) tumours were assessed for pOz, and 

(4) tumours were excised and processed to quantify the radiobiologically hypoxic 

fraction and the NITP labelling index.

Radiobiological hypoxia was determined at a single dose, based upon the assumption that 

a single pair o f hypoxic and oxic cell survivals would be representative of a linear fit 

displacement applied through four different doses. Control groups included 9 randomised 

untreated SaF tumours and 9 anoxic SaF tumours for SF calculations, 9 untreated SaF 

tumours for NITP analyses, and a further 20 SaF tumours for oxygenation studies (see 

below). The following sections are laid out in accordance with the running order o f the 

study.

4.1.2.2 Tumour irradiation

All animals were irradiated, as previously described in 4.1.1.1, at a single dose o f 20 Gy. 

Anoxia was induced 10 minutes prior to irradiation by cervical dislocation.
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4.1.2.3 NITP formulation and dosing

A formulation suitable for oral dosing was used. 10 g o f a p-cyclodextrin derivative, 

molecusol, was dissolved in 7.2 ml o f double distilled water at 37°C. 100.8 g o f NITP 

was added and the solution returned to the water bath. Dissolution of the NITP generally 

took upto 48 hours.

Doses were given to each mouse, dependent upon weight, by orally feeding 0.022 

ml/gram of mouse. This was equivalent to approximately 0.91 |imol.

4.1.2.4 pOz assessment

All oxygen measurements were performed using the Eppendorf pOi histograph on 

unanaesthetised animals as outlined previously (2.1.2). Control groups, each containing 5 

animals, included; untreated, subcutis, 20 minutes post-irradiation, and 120 minutes post- 

NTTP administration.

4.1.2.5 Tumour excision

120 minutes after NTTP administration, animals were sacrificed and the tumours 

aseptically excised, digested and a known number of cells plated in petri dishes with a 

feeder layer. The procedure for this clonogenic assay has already been described in 

section 4.1.1.2. Remaining cells were centrifuged at 1000 rpm, resuspended in 1 ml 

phosphate buffered saline (PBS), and added to 9 ml of ice cold 70% ethanol. Fixed cells 

were then stored at 4°C until required for immunohistochemical staining.

4.1.2.6 The hypoxic probe: 2-nitroimidazole theophylline

In vivo, 2-nitroimidazole is metabolised by nitroreductases under low oxygen 

concentrations. Cellular binding is nuclear, and probably to the DNA. The 

theophylline side chain facilitates labelling with specific antibodies which allow 

identification and thus quantification of the degree o f cellular hypoxia. NITP, at a
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concentration of 100 jiM, has a ‘k’ value, in vitro, of 0.3% (2.3 mmHg) for SaF cells 

(L.Webster, PhD Thesis, pg. 125, University of London, 1994) and V79 Chinese hamster 

cells (Hodgkiss et al, 1991). This describes the oxygen concentration which achieves half 

maximal binding of the anti-theophylline antibody.

4.1.2.7 Immunohistochemical staining of theophylline adducts

Labelling o f the theophylline adducts was carried out via a two step antibody protocol 

compatible with flow cytometry. FACScan resolution was improved by preparing nuclei 

suspensions to eliminate cellular debris. All samples, including the 9 untreated control 

tumours, were processed according to the following protocol:

1. Using a haemocytometer count cells in ethanol. Aliquot 2 x 10̂  into centrifuge tubes.

2. Add 5 ml PBS and centrifuge at 358g for 10 minutes.

3. Resuspend in 2.5 ml o f 2M hydrochloric acid with 0.1 mg/ml pepsin (activity: 3200 

U/mg solid; 3500 U/mg protein) to prepare nuclei. Incubate at room temperature for 

20 minutes.

4. Wash three times with PBS (358g, 10 minutes each).

5. Add 1 ml PBS containing 0.5% Tween 20 and 0.1% normal goat serum. Vortex and 

incubate for 15 minutes.

6. Add 5 ml PBS and centrifiige (358g, 10 minutes).

7. Resuspend in 0.25 ml mouse monoclonal raised against theophylline. Vortex and 

incubate for 60 minutes.

8. Add 5 ml PBS and centrifuge (358g, 10 minutes)

9. Resuspend on 0.5 ml PBS containing 0.5% Tween 20, 0.1% normal goat serum and 

25 pi FITC-conjugated goat anti-mouse serum. Vortex and incubate for 60 minutes.

10. Add 5 ml PBS and centrifuge (358g, 10 minutes).

11. Resuspend in 2 ml PBS containing 1 mg/ml RNase I. Add 80 pi propidium iodide 

(1 mg/ml solution). Vortex.

12. Analyse for FITC and PI fluorescence using the FACScan.
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4.1.2.8 Flow cytometry and the operation of the FACScan

Flow cytometry is, by definition, a process by which measurements o f physical and/or 

chemical characteristics of biological particles flowing in a fluid stream through a 

measuring apparatus can be made. The Becton-Dickinson FACScan is an automated 

Fluorescence activated cell sorter attached in parallel to data acquisition and analysis 

software. It is capable o f measuring five optical parameters simultaneously; forward 

scatter, side scatter and three spectral regions of fluorescence. It has three high 

performance photomultipliers, with band pass filters of 530 nm (green fluorescence e.g. 

fluorescein isothiocyanate (FITC)), 585 nm (red fluorescence e.g. propidium iodide (PI)) 

and >650 nm (also red fluorescence e.g. 7-aminoactinomycin). The FACScan has an air- 

cooled 15 mW argon-ion laser with a single excitation wavelength o f488 nm.

Single cells are passed through the detecting unit, the flowcell, under pressure in saline. 

The flow rate can switched between 60 pl/min and 12 pl/min depending upon personal 

preference, although the lower flow rate provides a higher degree of resolution, because 

of the increased probability o f achieving a single file o f cells flowing past the detector. 

Particle velocity in the flowcell is 6/msec.

Upon passing through the flowcell, each particle generates five signal pulses 

simultaneously from the optical detectors. These pulses are processed by an analog- 

digital converter, stored, and then analysed for single or multiple parameters.

4.1.2.9 FACScan data acquisition and analysis

Three software packages were used; Lysys II, WinMDI and CellQuest. Lysys II is the 

Becton-Dickinson FACScan support software, which allows data acquisition, instrument 

control and data analysis. WinMDI (PC) and CellQuest (Macintosh) are data analysis 

packages.
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4.1.2.10 Data acquisition using Lysys II

The FITC signal was collected in FLl (515-545 nm), and PI in FL3 (>650 nm). This set

up eliminated spectral overlap between the fluorochromes. To ensure only single cells 

were measured, the doublet discrimination mode was used. This allowed the DNA signal 

to be processed as pulse height, area and width. The area of the light pulse is a better 

indicator of the total fluorescence than pulse height, whilst pulse width is proportional to 

particle size and is determined by the length of time it takes a particle to pass through the 

laser beam. Doublets were therefore removed by gating around the singlet population on 

an area versus width plot o f the DNA signal.

For each sample, data for 10,000 single cells were collected for analysis. Lysys II 

allowed the data to be displayed as histograms or dot plots, in real time, during 

acquisition.

4.1.2.11 Analysis of NFTP profiles using Cell Quest software

10,000 nuclei were analysed from all the samples using DNA staining to discriminate 

single events. Control samples came from animals which had not received NITP, but 

whose tumours had been processed in the same way as treated animals, including 

antibody labelling. Thus a level of fluorescence indicating non-specific background 

staining was obtained.

Figure 4.2 shows how various hypoxic parameters were quantified by the addition of 

regions upon the plotted data. The discrimination o f doublets and debris via DNA 

staining is illustrated in figure 4.2A by applying a region, R l, to the data. (A similar 

region was derived for the NITP treated samples (R3), but is not shown in the figure).

The FITC labelling for the controls was then plotted against the DNA content following 

discrimination (shown in 4.2B). A region (R2) was defined so that the average for all 9 

control samples equalled approximately 1% of events from R l. R2 was then applied to 

all the NITP samples to quantify the proportion o f NITP incorporated nuclei, i.e. hypoxic 

nuclei (4.2C), over and above the background level. Finally R2 was separated into R4
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and R5 to apportion the hypoxic events to either the diploid or aneuploid component of 

the tumour. Figure 4.2D shows the DNA profile from a NITP treated tumour, and Table 

4.1, below, summarises the regions, and illustrates the values obtained from each in the 

example shown in figure 4.2.

Region Represents Control sample 

% hypoxic labelled events

NITP treated sample 

% hypoxic labelled events

R l Discriminates against doublets 

and cellular debris from control 

samples

R2 Defines a region above the 

background containing a 

maximum of 1% non-specific 

staining

0.2 27.4

R3 Discrimination of doublets and 

cellular debris from NITP 

treated samples (not shown in 

figure 4.2)

R4 NITP labelled diploid cells 

(immune cells)

0.02 3.3

R5 NITP labelled aneuploid cells 

(tumour cells)

0.18 24.1

Table 4.1: Region definitions and proportion o f hypoxic cells within each (cf figure 
4.2).

4.1.2.12 Analysis of pOi and radiobiological hypoxia data

Oxygen data were analysed (as in 2.1.1.4) to obtain median pOz values for each animal, 

and the fraction of readings less than 2.5 mmHg, 5.0 mmHg and 10.0 mmHg.

Radiobiological data were analysed as previously described in 4.1.1.7. Briefly, the 

average SF for the control group, and the tumour cell yield, were used to calculate the 

SF/100 mg at 20 Gy (SF20) for each individual tumour. The hypoxic fraction at 20 Gy 

(HF20) was calculated, by applying the equation given in section 4.1.1.8, using the 

average SF for the hypoxic group and each individual SF20 value.
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4.1.3 Statistical analyses

Comparisons between groups of data were performed using Student’s t test, for two 

independent populations, with a significance o f 95% (p = 0.05).

4.2 Results

4.2.1 Radiobiological hypoxia and pOz

Paired survival curve assays were performed on the sarcoma F and fibrosarcoma N. The 

survival curves are shown in figures 4.3 and 4.4. The sarcoma F has a hypoxic fraction of 

67% and the curves show a linear response between decreased surviving fi'action and 

increasing dose. The fibrosarcoma N has a hypoxic fraction of 22%. If the errors are 

compared it can been seen that the hypoxic fi'actions of the SaF and FSaN are not 

significantly different.

Table 4.2 compares the radiobiologically hypoxic fractions to various pOi parameters for 

the two tumour models. The oxygen data are reproduced from the results o f the control 

studies described in Chapter 2.

% Sarcoma F Fibrosarcoma N
Hypoxic fraction 66.5 (± 15.0) 23.4 (±8.4)
Readings < 2.5 mmHg 68.8 (± 4.6) 89.4 (± 5.8)*
Readings < 5.0 mmHg 78.8 (±3.1) 93.8 (±2.8)*
Readings < 10.0 mmHg 88.7 (± 1.6) 95.0 (±2.3)*

Table 4.2: Comparison o f radiobiologically hypoxic fraction and oxygenation in two 
murine tumours. ^Oxygen values are significantly different to hypoxic fraction (p < 
0.05). For oxygen data: SaF- N  = 35, n = 1891; FSaN- N  = 5, n = 241. Numbers in 
brackets are s.e.m ’s.

The table shows that the hypoxic fraction of the FSaN, calculated radiobiologically, is 

significantly different to the oxygenation. The fraction of values less than 5 .0 mmHg is 

94% compared to a range for the hypoxic fraction of 15 - 32%. However, the hypoxic 

fraction o f the SaF (67%) is not significantly different from the three oxygen parameters 

presented.
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4.2.2 Measurement of hypoxia in individual SaF tumours with three techniques

The degree o f hypoxia in individual SaF tumours was assessed by measuring the pOz, the 

binding of a bioreductive probe (NITP), and the radiobiologically hypoxic fraction as 

measured at a single irradiation dose.

Figure 4.5 shows the histograms of the oxygen distributions for the p02 control groups, 

and table 4.3 summarises the oxygen values. The oxygenation of untreated tumours 

ranges from 0 - 7 0  mmHg with a median pOz o f 1 mmHg, 90% of readings are less than

2.5 mmHg. The distribution o f the subcutis histogram for the SaF-bearing mouse is 

effectively normal, has a median of 30 mmHg, and only 6% of readings less than 2.5 

mmHg.

Treatment group Median pOz 
(mmHg)

Fraction values < 
2.5 mmHg (%)

N n

Control 0.8 (±0.1) 89.5 (± 1.6) 5 355
Subcutis 30.3 (± 4.8) 5.8 (± 4.8) 5 340
20 minutes post 
20 Gy irradiation

0.3 (± 0.04) 95.2 (± 2.6) 5 371

120 minutes post 
NITP oral dose

0.3 (±0.05) 95.9 (± 1.7) 5 371

Table 4.3: SaF oxygenation control groups in a experiment comparing three techniques 
for measuring tumour hypoxia. Numbers in brackets are s.e.m ’s.

To assess the stress imposed upon the animals, and its effect upon tumour oxygenation, 

two further pOi control groups were performed. The running order of the protocol 

dictated that tumours were assessed for p0 2  20 minutes after irradiation, and assessed 

for tumour hypoxia by the other techniques, 120 minutes post-NITP administration. The 

control group o f 5 SaF tumours whose oxygen levels were measured 20 minutes after a 

single dose o f 20 Gy show a median p02 of 0.3 mmHg. The fraction of readings less than

2.5 mmHg is 95%, indicating that the treatment has had some effect on tumour 

oxygenation compared to the untreated tumours. Similar results are observed for the 

group o f SaF tumours measured 120 minutes after an oral dose of NITP.

Figures 4.6 - 4.9 show the relationship between oxygenation, binding of NITP to hypoxic 

tumours cells and the radiobiological data for individual tumours. These plots show no
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relationship between any o f the parameters, even when oxygenation is considered at 

three levels. The average hypoxic fractions, calculated by each of the three techniques, 

for all the tumours studied are summarised in table 4.4.

SFjo HF20

(%)
NITP
(total
cells)
(%)

NITP
(immune

cells)
(%)

NITP
(tumour

cells)
(%)

pOj
median
(mmHg)

pOz
values
<2.5

mmHg
(%)

pOz
values
<5.0

mmHg
(%)

pOz
values
<10.0
mmHg

(%)
Value 0.018 38.1 9.0 1.5 7.6 0.3 89.7 94.0 96.0
s.e.m. 0.001 2.4 1.8 0.3 1.5 0.04 3.1 0.9 0.7

Table 4.4: Hypoxic fraction, measured by three techniques, in the murine sarcoma F  
tumour (N = 29). Radiobiological data: SFio = surviving fraction a t 20 Gy; HFjo = 
hypoxic fraction at 20 Gy. NITP labelling: total cells = region 2 (R2) ; immune cells -  
region 4 (R4); tumour cells = region 5 (R5) (cf. Figure 4.2). Oxygen data: n = 2194.

The values in the table clearly show the discrepancies that exist when comparing different 

methods o f measuring hypoxic fraction. The average radiobiologically hypoxic fraction is 

38%, whilst NITP labelling and pOz readings less than 2.5 mmHg, measure it at 8% and 

90% respectively. The measurement o f radiobiological hypoxia at 20 Gy is not 

significantly different to that obtained in the previous section (4.2.1) which was 

calculated upon the linear displacement through four doses. Furthermore, the overall pOz 

data are similar to those measured in the control groups.

4.3 Discussion

This chapter compared the radiobiologically hypoxic fraction with the oxygenation of 

two murine tumours. Although there was no significant difference between the hypoxic 

fractions of the two tumour models|(SaF: 51.5% - 81.5%; FSaN: 15.0% - 31.8%), the 

large range observed for the SaF complicates a confident comparison with the absolute 

p O z value. In comparison, the FSaN p O z data did not compare with the radiobiologically 

hypoxic fraction. The FSaN also appeared poorly oxygenated relative to the SaF, and 

this was in contrast with the low hypoxic fraction and slower growth rate relative to the 

SaF {cf. Appendix I). These discrepancies are in agreement with other studies in the 

literature, as previously discussed in the main introduction (Kim et al, 1993; Sasai and 

Brown, 1994; Kavanagh a/, 1996).
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Hypoxic fraction may vary from tumour to tumour because of inherent differences in 

growth rate, vascular supply, cellular and metabolic activity, and its ability to remain 

clonogenic under hypoxic conditions. One possible explanation for these discrepancies 

could be the 2.5 mmHg uncertainty when measuring oxygen tension with the Eppendorf 

pOi histograph, and its inability to discriminate against necrotic non-clonogenic cells. 

However, whilst the uncertainty may be a contributing factor, chapter two showed that 

the influence o f necrosis on measurement o f oxygen tension was not significant in these 

tumours {cf. table 2.3). Another source | o f difference may derive from a fundamental 

difference in the two assays. A clonogenic survival assesses the growth potential of all 

cells harvested fi’om a tumour digest. Thus a calculation o f hypoxic fi’action is based 

upon all cells yielded from the digest with clonogenic capacity. In comparison, assuming 

an average cell yield o f 4 x lOVmg, and 100 pOz measurement sites each samphng a 

volume of 100-200 cells, the oxygen tension o f a 300 mg tumour will be based upon 

measurements made in 0.1 - 0.2% o f the tumour mass (this sampling percentage is 

probably an underestimate since a digestion protocol may not yield 100% of the tumour- 

associated cells). With such a small sampling volume compared to a clonogenic assay, it 

may be possible that the pO: assessment it not entirely representative. However, the 

same may also be true for the clonogenic assay when one considers the assumptions 

upon which the calculation is based.

The triple-approach assay examining individual SaF tumours also highlighted the lack of 

consistency between radiobiological and oxygenation data. There was no correlation 

between pOz, hypoxic fraction or binding o f NITP to tumour cells. NITP has a reported 

‘k’ value o f 2.3 mmHg for the SaF, and therefore the number o f tumour cells labelled 

should correspond to the fraction o f pOz readings less than 2.5 mmHg. However, 

overall, 8% of SaF cells were bound to NITP adducts, whilst 90% of pOz values were 

less than 2.5 mmHg. Binding of NITP in vivo to SaF tumours has been reported to range 

between 19 and 24% (Hodgkiss et al, 1991; L. Webster, PhD Thesis, University of 

London, 1994). Passage variation and differences in the mode of NITP delivery (a carrier 

vehicle of molecusol in this study, a combination o f dimethylsulphoxide arid peanut oil in 

the reported studies) are probably the main reasons for the slight differences in NITP 

binding between the present study and those previously reported.
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As outlined above, and in chapter two, the values of pOz measurable in experimental 

tumours are at the precision limit of the Eppendorf histograph, and this may be a 

contributing factor to the lack of correlation with other techniques designed to assess 

hypoxia. However, in addition, other factors o f may also play an important role. The 

level o f non-protein sulphydryl has been shown to influence the concentration o f oxygen 

necessary for half-maximal radiosensitisation, because free -SH groups can compete with 

oxygen to react with radiation damaged molecules (Cullen et al, 1980; Walker and 

Cullen, 1987; Solen et al, 1989). Thus the pOz value that should be used for comparison 

with the paired-survival assay may vary from tumour to tumour. Consequently, a tumour 

with an apparently low p O z, but high thiol level, could yield a low hypoxic fraction from 

a clonogenic assay. In this instance, the concentration of a chemical species other than 

oxygen has potentially caused the clonogenic assay to underestimate the level o f hypoxia.

Nitric oxide is another endogenous cellular factor which may have an identical effect on 

the inter-comparabihty o f a clonogenic assay with other hypoxia-measuring techniques 

Jenkins et al (1995) have suggested that nitric oxide may have a dual pro- and anti

tumour activity depending upon its local concentration. Nitric oxide synthase can be 

upregulated under chronic hypoxia (Xue et al, 1994; Wang et al, 1995), and the radical 

has been shown to radiosensitise Shigella flexneri (Howard-Flanders, 1957), Ehrlich 

ascites cells (Gray et al, 1958), human liver cells (Dewey, 1960), Chinese hamster V79 

lung cells (Mitchell et al, 1993) and SCK tumour cells (Griffin et al, 1996). But, Kim et 

al (1993), studying isolated rabbit and human corpus cavemosum, have shown that 

oxygen acts as a substrate for nitric oxide synthase, and thus whilst the enzyme may be 

upregulated under hypoxic conditions it may be inactive, or operating at a very low level. 

The level o f NO* needed to achieve half maximal radiosensitisation in V79 cells is -9000 

ppm (= 6.8 mmHg) compared to -2500 ppm (= 1.9 mmHg) for oxygen, and millimolar 

concentrations o f a NO* donor are required to achieve significant levels o f hypoxic cell 

radiosensitisation during irradiation (Mitchell et al, 1993). However, NO* synthase 

activity in human breast carcinoma has been reported to be range between 1 and 9 pmol 

min'̂  mg'  ̂ protein (Thomsen et al, 1995), and at around 20 pmol min* mg'  ̂ protein in a 

genetically engineered human colon adenocarcinoma xenograft (Jenkins et al, 1995). 

Furthermore, NO* biosynthesis in breast carcinoma over a 24 hour period has been
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measured to range between 1 and 4 nmol mg'̂  protein depending upon tumour grade 

(Thomsen et al, 1995). Similar levels have been measured in the sarcoma F using HPLC 

to determine nitrate/nitrite production from a 24 hour explant (D.R. Collingridge, data 

not shown). Thus, whilst these concentrations are about 1 order of magnitude different 

to those used by Mitchell et al (1993) to achieve radiosensitisation, it is possible that 

different cell lines and tumour types may have distinct sensitivities, and consequently a 

tumour in which measurements o f pOz are low, might not yield corresponding 

radiobiological data if there is a high enough concentration of NO* during irradiation to 

fix DNA damage. Although it is interesting to note that nitric oxide synthase produces 

NO* at the expense o f consuming oxygen, and could, if present at high enough 

concentrations, facilitate increased oxygen utilisation and thus tumour hypoxia.

Finally it should be noted that the data within in this chapter does not contradict that of  

Horsman and colleagues (Horsman et al, 1993a, 1994a, 1994b; Nordsmark et al, 1995), 

who showed a linear relationship between hypoxic fraction and pO% Radiation response, 

indices of NITP labelhng, and measurements of oxygen tension have all been reported to 

refiect gross induced-changes in tumour hypoxia and, in agreement with the Horsman 

studies, would be expected to correlate with each under such conditions. The 

complexities appear when attempting to cross-correlate the three techniques during 

measurement of intrinsic tumour hypoxia, rather than during induced-pOz modifications.

4.4 SUMMARY

This chapter demonstrated that the radiobiologically hypoxic fraction of two murine 

tumours (SaF, FSaN) did not compare with oxygenation status. Furthermore, examining 

a cohort of 29 individual SaF tumours with three techniques; paired survival assay, pOz 

histography, and tumour cell labelling with the bioreductive marker NITP, also showed 

no correlation. However, taken individually, each of these techniques has been shown 

previously to predict treatment response and usefully evaluate new treatment efficacy. 

The next chapter examines modalities designed to improve tumour oxygenation with the 

aim o f enhancing radiosensitisation and thus therapeutic response.
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Chapter 5: Modifying Tumour Oxygen Levels and the Effect 

on Radiosensitivity

5.0 Introduction

Chapters 2 and 3 demonstrated three techniques that could be used to ascertain tissue 

oxygenation. In this chapter these techniques will be used to study modalities designed to 

improve tumour pO] and potentially enhance therapeutic outcome. There is growing 

interest at Mount Vernon Hospital and other clinical centres in agents that can modify 

diffusion-limited and perfusion-limited hypoxia prior to irradiation, these presently 

include, carbogen breathing, nicotinamide and pentoxifylline.

Carbogen breathing is recognised as a potent agent capable of increasing tumour 

oxygenation (Falk et al, 1992) and radiation response (Du Sault, 1963) by synergism 

between its two components, carbon dioxide and oxygen, on the cardiovascular system. 

However, it is also well recognised that the length o f time for which carbogen is 

administered prior to therapy can drastically alter its effect (Inch et al, 1970; Suit et al, 

1972; Siemann et al, 1977). The combination of nicotinamide with carbogen has been 

reported to eliminate the dependence on pre-irradiation breathing time (Chaplin et al, 

1993), and provide extra radiosensitisation in addition to that achievable with carbogen 

alone (Kjellen et al, 1991; Chaplin et al, 1991b; Horsman et al, 1994c). However, the 

unexpected side-effects associated with the clinical use of nicotinamide (Saunders and 

Dische, 1996; Kaanders et al, 1995) have stimulated interest in pentoxifylline as an 

alternative candidate with the potential to reduce perfusion-limited hypoxia (Honess et 

al, 1995a).

In this chapter, the importance of the pre-irradiation breathing time of carbogen will be 

investigated in four tumours, and focusing on the sarcoma F, the effect of carbogen on 

tumour radiosensitisation will also be presented. In addition, the effects o f combining 

nicotinamide and pentoxifylline with carbogen breathing, and the role o f carbon dioxide 

in high oxygen content gases on tumour pÛ2 are studied.
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5.1 Methods and Materials

5.1.1 Assessing the effect of inhalation of high oxygen content gases on tissue pO:

5.1.1.1 Eppendorf pOz histograph studies

Three murine tumours, SaF, SaS and CaNT, and one human tumour xenograft, HT-29, 

were used in these studies. Mice were unanaesthetised, restrained in perspex jigs, and 

administered gases, as appropriate, via a nose cone attached to front o f the jigs. Oxygen 

measurements were made as previously outlined in 2.1.2.

Carbogen (5% CO2 /  95% O2) was delivered to SaF tumour bearing mice at a variety of 

flow rates and for different lengths o f time (prebreathing time) prior to p0 2  

measurement. At least 5 animals were used for each combination. The air breathing 

group described in chapter 2 served as the control in these experiments.

Upon determining an optimum flow rate, the dependency of p02 on carbogen breathing 

time was also investigated in the other three tumours (SaS, CaNT and HT-29). As for 

the SaF, treatment groups contained at least 5 animals.

To address the effect o f varying the percentage of carbon dioxide in oxygen balanced 

gases on the oxygenation o f the SaF; oxygen alone, or balanced with either 1%, 2.5%, 

5% or 10% carbon dioxide, was administered to groups of at least 5 animals. The choice 

of flow rate and breathing time was based upon the carbogen studies.

5.1.1.2 Using the LICOX CMP to monitor the effect of carbogen breathing

The use of this device in vivo was previously described in 3.1.1. In these experiments, 10 

SaF tumours were selected according to size, and were on average 300-400 mg. This 

size o f tumour reduced the possibility o f contaminating artefacts in the p0 2  

measurements (cf Chapter 3). Animals were unanaesthetised, restrained, and allowed to 

breathe air for 30 minutes prior to 60 minutes of carbogen breathing. Data were 

collected at a frequency o f 12 readings per minute.
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All data were imported into Microsoft Excel for processing. At each time point an 

average value for the treatment group was calculated along with a standard error of the 

mean. Values were then plotted at 2 minute intervals using Microcal Origin. Median pOz 

values and the fraction of readings less than 2.5 mmHg were calculated for each animal, 

based upon all the readings in the acquisition window pertaining to air breathing (after 

accounting for electrode settling time), or carbogen breathing. These values were 

averaged for the group and expressed with a standard error of the mean.

5.1.1.3 Using the Luminescent Oxygen sensor to monitor the effect of carbogen 

breathing

The technical details and in vivo use of this device have previously been explained 

(4.1.2). 20 SaF tumours were used. The animals were unanaesthetised and restrained in 

perspex jigs. The fibre-optic was inserted at a single site randomly chosen in each 

tumour. Mice were allowed to breathe air for 15 minutes prior to 80 minutes o f carbogen 

breathing. Acquisition frequency was 15 readings per minute.

Data analysis was very similar to that described above for the LICOX. Briefly, the raw 

ASCII files were imported into Microsoft Excel for data manipulation. An average for 

each time point across the treatment group was calculated, and the uncertainty expressed 

as a standard error o f the mean. Data were plotted using Microcal Origin at 2 minute 

intervals. Oxygenation parameters, (median, % < 2.5 mmHg), were calculated as 

described above in 5.1.1.2.

5.1.2 Use of carbogen breathing to improve radiosensitisation

Animals with SaF tumours were irradiated at 3 doses; 10 Gy, 15 Gy and 25 Gy, as 

described in 4.1.1.1. Each treatment group, containing 3 pairs o f animals, received either 

irradiation alone, or a combination of carbogen breathing and irradiation. To ensure a 

similarity with the oxygenation studies examining carbogen breathing, each lead jig was 

modified to include a nozzle at the head end, replacing the adjustable perspex window. 

Each mouse was individually fed carbogen at 1 litre/min for either 5, 45 or 60 minutes 

prior to irradiation. 2 pairs o f SaF tumours were used as untreated controls. Cell survival
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was determined by performing an in vivoHn vitro excision assay, described in sections

4.1.1.2 to 4.1.1.6, and the surviving fraction per 100 mg of tumour calculated according 

to the procedure outlined in 4.1.1.7.

5.1.3 Other oxygen modifying agents

Nicotinamide was administered at a dose of 500 mg/kg (i.p.), 45 minutes prior to oxygen 

measurement. Mouse data in the literature suggests that 45 minutes after injection, 

tumour and plasma concentrations of nicotinamide should still be close to their peak 

values, and 500 mg/kg gives a significant radiation enhancement ratio in combination 

with carbogen breathing (Chaplin et al, 1993; Horsman et al, 1993b; Rojas et al, 1993, 

1997 submitted). Pentoxifylline was given at a dose of 20 mg/kg (i.p ), 15 minutes prior 

to pOz measurement based upon the data o f Honess et al, (1995a). Treatment groups 

contained at least 5 tumours, and pOi measurements were made on restrained, 

unanaesthetised animals using the Eppendorf pOi histograph.

The effect o f combining these agents with varying lengths of carbogen prebreathing (at 1 

litre/min) was examined in the SaF, and the effect of nicotinamide in combination with 

carbogen breathing was also examined in the SaS, HT-29 and CaNT tumours.

Drugs were administered via a peritoneal catheter to all animals assigned to treatment 

groups in which carbogen breathing exceeded the timing for the drug (45 minutes for 

nicotinamide, 15 minutes for pentoxifylline). Mice were anaesthetised with Metofane, 

and approximately 1 cm of a 10 cm length o f polythene tubing (diameter: 0.4 mm) was 

surgically introduced into the abdominal cavity and sutured to the peritoneal muscle. 

Mice were allowed to fully recover from the anaesthetic before receiving any treatment.

5.2 Results

5.2.1 Effect of carbogen breathing on tissue oxygenation

To maximise the efficiency of the breathing set-up, the initial studies concentrated on 

optimising the delivery o f carbogen to the mouse. Figure 5.1 shows the effect of
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changing the gas flow rate on SaF oxygenation after 5 minutes carbogen breathing. The 

fraction of values less than 2.5 mmHg is at its lowest (49%) when carbogen is 

administered at 1 litre/min. If the flow rate is increased to 4 litres/min, there is no 

enhancing effect on tumour pOz compared to air breathing control animals, 68% versus 

69% (values < 2 . 5  mmHg) respectively. Extending the fixed prebreathing time to 10 

minutes did not achieve any fiirther increase in pO% at any o f the flow rates (data not 

shown).

The lower panel o f figure 5.1 illustrates the effect o f altering the prebreathing time, 

whilst keeping the flow rate constant at 1 litre/min. The prebreathing time reflects the 

time for which carbogen is administered prior to pOi measurement, and is equivalent to 

the pre-irradiation breathing time (PIBT) referred to in radiosensitisation studies. The 

figure clearly shows a time dependency, whereupon the proportion of values less than

2.5 mmHg is reduced with 5 minutes prebreathing, but returns to pre-treatment levels if 

the prebreathing time is extended to 30 minutes. However, continued breathing, up to 45 

minutes, significantly increases tumour pOi compared to air breathing controls (t = 0), 

(% < 2.5 mmHg = 32% versus 68% respectively), although 60 minutes has no effect. 

Increasing the carbogen prebreathing time between 5 minutes and 60 minutes at two 

other fixed flow rates (300 ml/min and 4 litres/min) did not achieve any greater 

enhancement in tumour p0 2  (data not shown).

The significant enhancement in oxygenation at 45 minutes, compared to air breathing 

animals, is illustrated in figure 5.2. The cumulative plot shows that the relative frequency 

of readings is significantly lower than in the air breathing group at all oxygen tensions up 

to 100 mmHg. This suggests that carbogen breathing is effectively oxygenating the entire 

tumour with no discrimination against any particular subpopulation of cells.

The effect of carbogen breathing at a fixed flow rate of 1 litre/min, is shown for three 

other tumour models in figure 5.3. The murine sarcoma S and the human 

adenocarcinoma (HT-29) respond in a similar fashion. Maximal oxygenation is achieved 

in both tumours following 5 minutes prebreathing, and, as seen in the SaF, an extension 

to 60 minutes has no effect on pOz. The initial improvements in oxygenation are 

effectively lost in the SaS and reduced in the Ht-29 by increasing the breathing period to
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20 minutes. In contrast, carbogen breathing does not improve oxygenation in the CaNT 

tumour with prebreathing times up to 120 minutes. However, at 10 and 120 minutes 

significant reductions in tumour oxygenation, compared to air breathing controls, are 

seen (p < 0.05). The peak prebreathing time of 5 minutes is compared to air breathing 

controls for the SaS, CaNT and HT-29 in figure 5.4. The cumulative frequency curves 

clearly demonstrate the significant improvement in SaS and HT-29 pOz, whilst showing 

the non-response in the CaNT.

Table 5.1 shows the effect of carbogen breathing on CBA subcutis. 5 minutes 

prebreathing causes a two-fold increase in median pÛ2 from 40 mmHg, for air breathing 

animals, to 81 mmHg for carbogen breathing animals. Increasing the prebreathing time to 

30 minutes achieves the same level of increased pOz. These results suggest that normal 

tissue responds differently to carbogen breathing than neoplastic tissue.

Treatment Median (mmHg) Fraction of values 
<2.5 mmHg (%)

N n

Air breathing 40.0 (±4.6) 0.003 (±0.002) 5 358
Carbogen breathing 
(5 minutes)

80.8 (± 13.5) 1.6 (±1.1) 5 369

Carbogen breathing 
(30 minutes)

84.8 (± 10.3) 0.8 (±0.8) 5 242

Table 5.1: Effect o f carbogen breathing on CBA subcutis oxygenation. Numbers in 
brackets are s.e.m's. N  = number o f animals, n = number ofpO 2 measurements.

5.2.2 Role of carbon dioxide content in oxygen balanced gases on tumour pOz

Figure 5.5 shows the effect of altering the carbon dioxide content of oxygen balanced 

gases, from 0% to 10% on the level o f oxygenation of the SaF tumour. Two 

prebreathing times were examined, 5 minutes and 45 minutes, and the gases administered 

at 1 litre/min. The graphs illustrate that only one gas combination, 10% CO2 / 90% O2 

for 5 minutes, is ineffective at improving tumour oxygen levels relative to the air 

breathing control. At a prebreathing time o f 5 minutes, reducing the carbon dioxide 

content fi’om 5% to 0% does not significantly alter tumour p02 However, with a 

prebreathing time o f 45 minutes 5% CO2 /  95% O2 (carbogen) and 10% CO2 / 90% O2
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are slightly more effective at increasing oxygen levels than gases containing 2.5% CO2 or 

less.

5.2.3 Measuring the effect of carbogen breathing in real-time

5.2.3.1 LICOX CMP

Licox measurements were performed on SaF tumours approximately 300-400 mg in size 

to reduce the contribution from contaminating artefacts connected with atmospheric and 

subcutaneous oxygen {cf. figure 3.6). Figure 5.6 (upper panel) shows the effect of 

carbogen breathing on SaF oxygenation following a 30 minute air breathing episode. The 

settling time for the electrode in vivo is approximately 10 minutes, and the median pOz 

during the following 20 minutes o f air breathing is 6 mmHg- consistent with the value 

reported in earlier LICOX studies {of Table 3.1). Upon switching to carbogen breathing 

the median oxygen tension measured over the 60 minute period is 25 mmHg, and the 

fraction o f values less than 2.5 mmHg is reduced from 28% to 9%. This suggests that 

carbogen breathing has reduced the proportion of radiobiologically hypoxic cells by a 

factor o f 3. The large error bars indicate the range of intertumoural variation in pOz 

during carbogen breathing as measured by this device, and that oxygenation constantly 

increases, and does not reach a plateau during 60 minutes of carbogen breathing. 

Averaging the response o f all the tumours over the 90 minute acquisition period 

minimises evidence of temporal heterogeneity, in agreement with results in chapter 3.

5.2.3.2 Luminescence-based optical sensor

The effects o f carbogen breathing on SaF oxygenation, measured with the fibre-optic 

sensor, are shown in the lower panel o f figure 5.6. Settling time for the sensor is similar 

to the LICOX CMP (-10 minutes), but the median pOz during the initial 15 minutes of 

air breathing (after allowing for sensor settling) is much lower at 2 mmHg. This value is 

not significantly different to that reported in the temporal heterogeneity studies {of table 

3.2) and is in a similar range to measurements made with the pOz histograph. During 

carbogen breathing this value increases to 8 mmHg, and the fraction of readings less than

2.5 mmHg is reduced from 69% to 42%, suggesting that a reduction in the proportion of
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radiobiologically hypoxic cells has occurred. This fraction of values is not significantly 

different to those measured with the histograph after 5 minutes or 45 minutes carbogen 

prebreathing. However, unlike the histograph results, the fibre-optic measurements 

plateau within approximately 5 minutes of carbogen administration, and remain 

reasonably constant throughout the 80 minute acquisition window. Table 5.3 summarises 

the carbogen results obtained with the LICOX and fibre-optic sensors.

Air breathing 
LICOX CMP

Air breathing 
Fibre-optic 

sensor

Carbogen 
breathing 

LICOX CMP

Carbogen
breathing

Fibre-optic
sensor

Median (nrniHg) 5.9 (± 1.8) 2.1 (±0.3) 25.3 (±8.8) 7.8 (±2.2)
Fraction of values 
< 2.5 mmHg (%)

28.2 (± 12.8) 68.6 (± 7.8) 8.5 (±8.4) 42.4 (± 9.8)

N 10 20 10 20
n 2410 3000 7205 23697

Figure 5.3: Effect o f  carhogen breathing on SaF oxygenation measured with two real
time oxygen sensors. Numbers in brackets are s.e.m ’s. N  = number o f animals, n = 
number o f  p 0 2  measurements.

5.2.4 Effect of carbogen breathing on SaF radiosensitisation

To assess whether the effect of carbogen on tumour oxygenation was reflected in the 

radiosensitisation o f the SaF, tumours were irradiated at three doses following exposure 

to 5, 45 or 60 minutes carbogen breathing. Figure 5.7 shows the survival curves, and 

illustrates that carbogen breathing induces nearly an extra log of cell kill relative to 

irradiation alone. Surviving fraction decreases with increasing dose, but there is no 

carbogen PIBT dependence, and a similar level o f cell kill is achieved at each dose with 

all of the carbogen pre-irradiation breathing times.

5.2.5 Combining carbogen breathing with nicotinamide: Effect on SaF pOz

Figure 5.8 shows the effect of combining nicotinamide with carbogen breathing on the 

pOz of SaF tumours. For reference, the response o f the tumour to carbogen alone at 1 

litre/min is replotted. Nicotinamide alone (t = 0) does not have a significant effect on 

tumour pOi compared to air breathing control tumours (t = 0 on the carbogen replot), 

however, upon increasing the carbogen prebreathing time, nicotinamide eliminates the
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time dependency, resulting in elevated pOz at carbogen prebreathing times of 30 minutes 

and 60 minutes; times at which carbogen on its own has no effect. For example, 60 

minutes o f carbogen breathing results in a fraction of values less than 2.5 mmHg 

indistinguishable from air breathing controls (64% vs. 69% respectively). However, by 

combining nicotinamide, 45 minutes prior to pOi measurement, with 60 minutes 

carbogen breathing, the percentage o f values less than 2.5 mmHg is significantly reduced 

to 48%.

Tumour Control
Median
(mmHg)

Control 
% < 2.5 
mmHg

NAM
Median
(mmHg)

NAM 
% < 2.5 
mmHg

SCB
Median
(mmHg)

SCB 
% < 2.5 
mmHg

SCB + 
NAM 

Median 
(mmHg)

SCB + 
NAM 

% < 2.5 
mmHg

SaF 1.4
(±0.3)

68.8
(±4.6)

0.7
(±0.2)

72.4
(±7.4)

0.5
(±0.3)

72.6
(±6.2)

5.7
(±3.1)

48.1
(±3.8)

SaS 0.4
(±0.3)

83.3
(±4.0)

-0.6
(±0.2)

89.3
(±4.0)

-0.5
(±0.3)

76.7
(±5.1)

-0.6
(±0.1)

79.1 
(± 1.8)

HT-29 1.7
(±0.6)

66.3
(±7.6)

-1.3
(±0.3)

75.1
(±5.8)

1.6
(±0.6)

55.6
(±5.6)

3.8
(±2.8)

53.3
(±9.4)

CaNT 2.5
(±0.5)

52.0
(±5.2)

1.7
(±0.2)

57.4
(±2.6)

-0.7
(±0.4)

73.5
(±5.2)

9.5
(±6.5)

45.9
(10.7)

Table 5.4: Effect o f nicotinamide and carhogen on three murine tumours and one 
xenograft. NAM  = nicotinamide (500 mg/kg; 45 minutes prior to measurement). SCB = 
suboptimal carbogen breathing: 60 minutes a t 1 litre/min for SaF, SaS and HT-29; 120 
minutes at 1 litre/min fo r CaNT. Numbers in brackets are s.e.m ’s.

The effect o f nicotinamide to potentially improve the effect of a suboptimal carbogen 

prebreathing time in three other tumours is shown in table 5.4. The values indicate that 

nicotinamide alone does not significantly alter the proportion of regions at less than 2.5 

mmHg in any of the tumours, and does not have the ability to reverse the suboptimal 

effect o f 60 minutes carbogen prebreathing in the murine SaS or human HT-29 

xenograft. Interestingly, 120 minutes o f carbogen prebreathing causes a reduction in 

CaNT oxygenation, but nicotinamide restores the percentage of values less than 2.5 

mmHg to a level comparable with air breathing controls.

Figure 5.9 shows the cumulative frequency distribution curves for the oxygen status of 

the SaF tumour following suboptimal carbogen breathing with, and without, co

administration of nicotinamide. The graph shows that nicotinamide affects the 

distribution o f mid-range oxygen tension in this tumour, causing a reduction in the
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proportion of values between approximately 10 and 40 mmHg. The plot also shows that 

60 minutes of carbogen breathing improves tumour oxygenation, although the 

percentage of values less than 2.5 mmHg, 5 mmHg or 10 mmHg do not hilly reflect 

these changes. Combining nicotinamide with carbogen significantly reduces the 

frequency o f readings at all oxygen tensions compared to air breathing, consistent with 

an improvement in tumour oxygenation and a movement of cells from regions of 

radiobiological hypoxia.

5.2.6 Combining carbogen breathing with pentoxifylline: Effect on SaF pOz

Combining pentoxifylline with carbogen breathing affects SaF oxygenation in a time 

dependent manner. Figure 5.10 shows that pentoxifylline alone does not significantly 

alter the proportion o f values less than 2.5 mmHg relative to untreated air breathing 

animals. When combined with carbogen, it has no added effect at prebreathing times of 5 

and 60 minutes, but reverses the ineffective carbogen prebreathing time of 30 minutes, 

reducing the percentage o f values less than 2.5 mmHg fi'om 69% to 44%.

5.3 Discussion

These studies have examined modalities designed to target both perfusion- and diffusion- 

limited hypoxia. Carbogen breathing increases the level of blood oxygen saturation, 

reducing chronic hypoxia. The effect o f breathing the gas on the oxygenation o f four 

experimental tumours was examined. The gas elevated the pO% in the sarcomas F and S, 

and the HT-29. However, it mediated no enhancement in the oxygenation status o f the 

CaNT, which is in contrast to the significant increase in cell kill reported by Rojas and 

co-workers in the same tumour model (Rojas, 1991, 1992c; Kjellen et al, 1991) 

Generally, changes were seen with short prebreathing times, and decreasing the amount 

of carbon dioxide from 5% to 1% in carbogen-type gases also yielded a similar reduction 

in radiobiological hypoxia (% values <2.5 mmHg) when administered with a PIBT of 5 

minutes in the SaF. Studies with the Eppendorf pOi histograph revealed a time 

dependent increase in tumour pOz in the three carbogen-responding models. The 

existence o f a prebreathing time dependence in these tumours is in agreement with other 

investigators (Inch et al, 1970; Suit et al, 1972; Siemann et al, 1977; Falk et al, 1992;
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Chaplin et al, 1993), and interestingly reports exist describing non-responding tumours 

during carbogen breathing (Falk et al, 1992; Guichard et al, 1994).

A vascular response in the tumour bed caused by hypercapnia and hyperoxia is 

one possible reason for the complex PIBT dependence observed in the SaF. 

Furthermore, carbon dioxide is known to be a potent vasodilator which can increase 

tissue perfusion. The lack of normal tissue vasculature with smooth muscle in tumours 

predetermines that a majority o f the vascular response will be upstream of the tumour. 

pOi and pC0 2  can affect the production of endothelium-derived contracting and relaxing 

factors. An increase in pCOz has been reported to cause nitric oxide-mediated 

vasorelaxation in rat mesenteric arteries (Carr et al, 1993), and nitric oxide-mediated 

increases in rat cerebral blood flow (ladecola, 1992). Consistently, elevated pC02 can 

also increase the production o f nitric oxide in perfused rabbit lungs (Yamaguchi et al, 

1996). Presumably, hyperoxia may also upregulate nitric oxide production because 

oxygen has been identified as a substrate for nitric oxide synthase (Kim et al, 1993; Abu- 

Soud et al, 1996). Studies examining the response of an endogenous vasoconstrictor, 

endothelin, to hypercapnie stimuli are limited. However, Yoshimoto and colleagues 

(1991a, 1991b) have shown endothelin levels decrease in pig brain microvessel 

endothelia during elevated pC0 2 , and this is consistent with a vasodilatory effect during 

carbogen breathing.

p0 2  measurements in the subcutis during carbogen inhalation suggested that normal 

tissue responds differently to neoplastic tissue. A similar level of increased oxygen 

tension was measured with 5 and 30 minutes carbogen prebreathing indicating no PIBT 

dependence. Furthermore, the same response has also been seen in the subcutis o f C3H 

mice bearing RIF-1 tumours (D. Honess, personal communication). Normal tissue 

vasodilation during carbogen breathing would explain a sustained improvement in 

subcutaneous p02 However, improved normal tissue blood flow could also result in a 

steal-effect from the tumour, decreasing it’s supply o f oxygen. Hence one could 

speculate that during the first few minutes o f carbogen breathing, tumour p0 2  appears to 

increase until the vascular response, mediated by hypercapnia and hyperoxia, take effect. 

Vasodilation o f normal tissue could result in an oxygen steal from the tumour, reducing 

the efficacy o f carbogen breathing in the tumour tissue but not in the normal tissue.
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However, this does not explain the second transient increase in SaF pOz seen with a 

prebreathing time of 45 minutes. This theory is based upon the assumption that the 

histograph pOz measurements are representative, and the sampling size is adequate. 

Although, in support of the Eppendorf histograph, is the fact that the results were 

reproducible, and that the carbogen prebreathing dependencies shown in figure 5.1 at 30, 

45, and 60 minutes were, in each case, the pooled results from two separate groups of 

animals from different passages.

Interestingly, real-time pOi measurements with the LICOX CMP and the fibre-optic 

sensor did not reveal any PIBT dependence consistent with the Eppendorf histograph 

data during carbogen breathing in the sarcoma F. Instead, both sensors showed an 

increase in oxygenation which was maintained for the duration of the breathing episode. 

In chapter 3 the LICOX electrode was shown to be susceptible to contamination fi'om 

atmospheric and subcutaneous sources of oxygen. Although larger tumours were used in 

these studies, and bearing in mind that the Eppendorf data were very reproducible, skin 

contamination is probably the most likely reason for the discrepancies between the two 

electrodes. Such contamination could explain, (a) a higher pO: reading during carbogen 

breathing compared to those measured with the fibre-optic sensor or the Eppendorf pOi 

histograph, and (b) no PIBT dependence. However, contamination can not explain the 

lack o f PIBT dependence measured with the fibre-optic sensor. The sample size for the 

fibre-optic sensor was a lot smaller than that of the histograph. For each time point, at 

least 5 tumours were measured during the histograph studies, and with between 50-100 

individual pOi measurements in each tumour, the sample size was therefore o f the order 

of several hundred measurements. In contrast, the fibre-optic studies were performed at a 

single insertion site in 20 tumours, thus large sampling differences between the two 

investigations exist. However, the tight error bars for the fibre-optic data {cf. figure 5.6) 

possibly argue against this conclusion.

In addition to measuring changes in oxygen tension, this chapter has also shown that 

radiosensitisation can be improved in subcutaneous sarcoma F tumours by breathing 

carbogen. A comparison o f the radiosensitisation data with the oxygenation status, as 

judged by the percentage o f values less than 2.5 mmHg, shows a qualitative, but no 

quantitative, agreement. Based upon the p02 data one might have predicted an improved

133



radiation response with 5 and 45 minutes carbogen prebreathing, but in reality no PIBT 

dependence was seen in the radio sensitisation studies. A lack of PIBT dependence for 

tumour irradiation response during host carbogen breathing is in contrast with other 

tumour models (Inch et al, 1970; Suit et al, 1972; Siemann et al, 1977). It is possible 

that the absence o f a direct quantitative correlation between these measurements may 

reflect the fact that radiosensitisation is determined by the oxygenation status o f the cells 

yielded from a digest in a clonogenic assay, whereas pOz values are obtained from a 

finite number o f regions in each tumour. Thus the sample size for a clonogenic assay is 

probably 1 or 2 magnitudes larger than for the pOz histography. In addition, these 

discrepancies could reflect the fact that the measurements were performed on different 

groups o f tumours, although this is less likely, since the results presented here have been 

reproduced, and mirror those reported by others (Hill et al, 1997, submitted)', indicating 

very little inter-passage variation in the sarcoma F. One final possibility can be derived 

fi’om the speculation regarding nitric oxide in chapter four. If the concentration o f nitric 

oxide had been increased by carbogen to a high enough level to cause direct DNA 

damage fixation, then measurements of oxygen tension may not necessarily reflect 

surviving fi-action.

Other studies in this chapter have also shown the response of tumour pOz to carbogen 

breathing when in combination with two modifiers o f perfusion-limited hypoxia. In 

combination with nicotinamide, the pOz-PIBT dependence was reduced in the SaF. 

Furthermore, the suboptimal effect o f breathing carbogen for 60 minutes was reversed in 

the SaS and HT-29, causing increases in pOz following the addition of nicotinamide; this 

is also suggestive of an elimination of a PIBT dependence in these two tumours. This in 

agreement with the studies of Chaplin et al (1993) who showed that nicotinamide could 

reduce the critical importance o f carbogen PIBT in SCCVII murine tumours. 

Improvements in tumour oxygenation should be related to nicotinamide’s ability to 

normalise tumour blood flow (Chaplin et al, 1990; Hill and Chaplin, 1995) facilitated at 

least in part by inhibiting leukocyte adhesion (Hiromatsu et al, 1991) and increasing 

leukocyte filterability (Honess et al, 1996). This would prevent transient blood vessel 

blockage leading to acute hypoxia. Normalisation o f tumour blood flow alone would 

probably lead to changes in oxygenation beyond the resolution of pOz histography, and 

indeed pOz measurements made following administration of nicotinamide on its own in
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all four tumours showed no significant difference to untreated controls. Nicotinamide 

may also inhibit transcription of the nitric oxide synthase gene, and prevent translation of 

existing mRNA transcripts (Pellat-Deceunynck et al, 1994). This could reduce normal 

tissue vasodilation, improving blood flow and oxygen delivery to the tumour.

The combination o f pentoxifylline and carbogen breathing has been reported to improve 

tumour oxygenation and perfiision (Teicher et al, 1993; Honess et al, 1993, 1995a, 

1996; Lee et al, 1993, 1994; Song et al, 1992). Studies have shown that pentoxifylline 

can act as a vasodilator (Kaapa et al, 1991; Kaye et al, 1996), increase red cell 

deformability, reduce blood viscosity, decrease platelet aggregation and thrombus 

formation (Ward and Clissold, 1987), and increase leucocyte filterability (Honess et al, 

1996). The studies presented in this chapter are in agreement with these observations: 

SaF p02 was shown to increase following 30 minutes carbogen breathing in combination 

with pentoxifylline. However, this was the only combination o f the two agents to achieve 

a therapeutic improvement in oxygenation (indicated by a decrease in the fraction of 

radiobiological hypoxia), and interestingly, a dose of pentoxifylline reduced the 

effectiveness o f 5 minutes carbogen breathing alone. These results are both surprising 

and difficult to explain, since one might have expected a sustained increase in tumour 

p0 2  similar to that observed with nicotinamide and carbogen breathing.

5.4 Summary

This chapter has shown significant improvements in oxygenation in the sarcomas F and 

S, and the human tumour xenograft, HT-29 are achievable by host carbogen breathing. 

p02 levels in the carcinoma NT, however, did not improve during carbogen inhalation. 

The increases in p02 were time dependent supporting the existence of a pre-irradiation 

breathing time dependence, although, radiosensitisation with carbogen breathing in the 

sarcoma F had no PIBT dependency.

A carbogen prebreathing dependency was not seen in p02 measurements in the SaF made 

with the LICOX electrode or the fibre-optic sensor, although p02 values did significantly 

improve. However, practical and/or technical limitations with these sensors may have 

potentially masked the possibility of measuring an effect similar to that seen with the
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Eppendorf pOz histograph. Combining carbogen breathing with nicotinamide eliminated 

the PIBT dependence in the SaF, causing increased pOz with previously suboptimal 

levels o f carbogen administration. A similar result was seen with 60 minutes of carbogen 

breathing in the SaS and HT-29. In combination with pentoxifylline, a carbogen PIBT of 

30 minutes caused a reduction in the fraction o f readings less than 2.5 mmHg in the SaF.

The influence of the carbon dioxide content in carbogen-type gases was also investigated 

using the sarcoma F. With a PIBT of 5 minutes, reducing the CO2 content from 5% to 

1% was shown to cause comparatively similar increases in tumour oxygenation.
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Figure 5.1: Effect o f carbogen breathing on the sarcoma F. Upper panel: Dependence 
o f tumour p02 on carbogen flow rate at a fixed prebreathing time o f 5 minutes. Lower 
panel: Dependence o f tumour p02 on length o f  carbogen breathing at a fixed flow  rate 
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Chapter 6: Clinical Studies with High Oxygen Content gases

6.0 Introduction

The previous chapter showed that carbogen breathing could significantly improve the 

oxygenation o f some experimental tumours. However, it is important to assess if similar 

changes are induced in human tumours. There are previous reports in the literature that 

have examined the influence of carbogen breathing in patients. Falk and colleagues 

(1992) studied the effect o f carbogen breathing on tumour pOi in 17 patients. 12 

tumours showed significant increases in median pOz, whilst 4 tumours showed no 

response. Carbogen breathing caused increases in oxygen tension of up to 300 mmHg in 

some patients, reducing the fraction o f values < 1 0  mmHg, thought to be consistent with 

radiobiological hypoxia. In 3 patients, the fraction of values less than 2.5 mmHg were 

eradicated. The study also showed that significant increases in median pOz occurred 

within the first 10 minutes of gas breathing, and maximum median values were recorded 

between 8 and 12 minutes.

In a similar study, Guichard et al (1994) examined carbogen breathing in 20 patients 

suffering from untreated squamous carcinoma of the head and neck. All p02 

measurements were made on metastatic lymph nodes, and 18 patients had oxygen values 

less than 10 mmHg. A response was seen in all but 3 patients, resulting in increased 

median pOz's, and a reduction in the proportion of low values. A study of the time 

course showed maximal effects were obtained within 6 minutes of carbogen breathing.

Carbogen breathing is usually well tolerated, however, some patients complain of 

discomfort due to large changes in tidal volume and headaches (Powell, personal 

communication). Prolonged exposure to high inspired levels o f CO2, up to 13%, has 

been shown to cause a number of complaints ranging from headache, nausea and 

vomiting to unconsciousness and amnesia (Sechzer et al, 1960). The addition of carbon 

dioxide increases respiratory and cardiac output, but little work has focused on 

optimising the percentage of CO2 required to obtain a balance between carbogen efficacy 

and patient tolerance. Increasing the amount o f carbon dioxide from 0 to 10% in an
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oxygen balanced gas has been shown to proportionally increase the pOz in a murine 

mammary carcinoma, and oxygen tension was shown to increase approximately 8 times 

with 10% CO2 compared to air breathing animals (Olive and Inch, 1973).

In this chapter, the effect of a short carbogen prebreathing time on the oxygenation of a 

group o f human tumours is studied. A comparative study of patients administered 2% 

CO2 / 98% O2 is also presented. The lower CO2 containing gas was investigated in an 

attempt to improve patient tolerance, whilst maintaining a therapeutic level of oxygen 

enhancement.

6.1 Methods and Materials

Patients were selected according to tumour accessibility and were only included in the 

study following informed consent. All measurements were performed as part o f a 

collaborative project with Prof. M. Saunders and Dr. M. Powell of the Marie Curie 

Research Wing at Mount Vernon Hospital (Northwood, Middlesex, UK). Dr. Powell 

was present during all patient measurements and was responsible for electrode insertion. 

Table 6.1 lists the tumour histologies o f the patients involved in the study and the site of 

PO2 measurement.

PO2 measurements were made with the Eppendorf histograph prior to, during and 10 

minutes after breathing either carbogen or 2% CO2 / 98% O2 (both administered at 15 

litres/min). Prior to electrode insertion a small subcutaneous bleb o f 2% lignocaine was 

injected locally to anaesthetise the site. A small nick was made approximately 1 cm from 

the tip o f a 20G cannula, and the cannula was inserted into the tumour. The electrode 

was then inserted into the tissue through the nick. The reference Ag/AgCl electrode was 

attached to the skin, close to the site o f measurement.

Path lengths, and thus number of measurements, were determined according to the 

geometry o f each case. A minimum of 100 readings were made, under each of the three 

conditions, by multiple track insertion at slightly different orientations each time. Tumour
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temperature was estimated at 37.5°C and barometric pressure at 760 mmHg. Data 

analysis was performed as described for the animal studies in section 2.1.1.4.

Patient Sex Primary histology Site of 
measurement

Size
(cm)

Study

1 M Undifferentiated
nasopharyngeal

carcinoma

Skin metastasis 2.5 Carbogen

2 M Non-Hodgkin’s
lymphoma

Axillary node 3.0 Carbogen

3 M Non-Hodgkin’s
lymphoma

Groin node 10.0 Carbogen

4 F Breast carcinoma Primary 7.0 (Zarbogen

5 M Non-H od^n’s
lymphoma

Neck node 3.5 Carbogen

6 M Non-Hodgkin’s
lymphoma

Neck node 3.0 Carbogen

7 M Oropharyngeal squamous 
cell carcinoma

Neck node 6.0 Carbogen

8 M Colon carcinoma Skin metastasis 3.0 Carbogen

9 F T cell lymphoma Groin node 4.0 Carbogen

10 M Bladder carcinoma Small metastasis 
on chest wall

3.0 2% CO2 / 98% O2

11 M Non-Hodgjdn’s
lymphoma

Axillary node 6.0 2% CO2 / 98% O2

12 M Bladder carcinoma Skin metastasis 2.5 2% CO2 / 98% O2

13 F Ovarian carcinoma Peritoneal nodule 3.0 2% CO2 / 98% O2

14 M Transitional cell 
carcinoma of the ureter

Supraclavicular 
lymph node

4.0 2% CO2 / 98% O2

15 M Non-Hodgkin’s
lymphoma

Neck node 5.0 2% CO2 / 98% O2

16 M Non-Hodgkin’s
lymphoma

Axillary node 3.5 2% CO2 / 98% O2

Table 6.1: Human tumour histologies and the site o f  pÛ 2 measurement.

6.2 Results

6.2.1 Effect of carbogen breathing on tumour oxygenation

The ability o f breathing carbogen to modify oxygen tension was studied using pOz 

histography in accessible tumours of 9 patients. Figures 6.1, 6.2 and 6.3 show a series o f  

histograms obtained from patients 6, 9 and 2 respectively. The upper panels in all three
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figures represent air breathing, or pre-carbogen, oxygen distributions. The middle panels 

are distributions measured during carbogen breathing, and finally the lower panels reflect 

the oxygenation 10 minutes after carbogen cessation. All three patients show some 

response during carbogen breathing. The tumour of patient 6 (figure 6.1), shows a 

marked increase in pOz with the median changing fi’om -0.9 mmHg to 228 mmHg. 10 

minutes after the gas is switched off, the oxygenation returns to approximately the pre- 

carbogen level (median = 1.1 mmHg). A large proportion of the values during air 

breathing are less than 2.5 mmHg (64%) and these are eradicated with 5 minutes 

carbogen breathing. In contrast, figure 6.2 shows the data for a tumour which retains a 

proportion o f low oxygen values during carbogen administration (10%), reflecting the 

persistence o f regions o f cellular resistance to conventional radiotherapy. Figure 6.3 

shows a patient whose tumour is well oxygenated prior to carbogen breathing and has no 

values less than 10 mmHg. However, during carbogen administration the oxygen status 

improves further, with the median pOi increasing fiom 45 mmHg to 141 mmHg. As seen 

in the other two patients, 10 minutes after discontinuing carbogen breathing the oxygen 

tension o f the tumour falls to a level comparable with that measured during air breathing 

(median pOi = 43 mmHg).

Figure 6.4 shows two cumulative frequency plots to highlight the effect o f carbogen 

breathing on a highly responsive tumour (patient 6) and a lesser responsive tumour 

(patient 2). The distribution curves prior to, and following, carbogen breathing overlap 

on both graphs, indicating that the effect of carbogen on tumour pOi is short lived, and 

oxygenation returns to pre-carbogen levels within 10 minutes. During carbogen 

breathing, the distribution curves are shifted to the right in both graphs, more 

dramatically in the upper panel o f patient 6, showing that carbogen improves the 

oxygenation o f cells at all levels o f pOz within the tumour. Table 6.2 shows the effect of 

carbogen on all 9 patients, and the data are summarised in figure 6.5 by showing the 

histograms o f the pooled pOz readings. The table shows that human tumours have range 

of oxygenation, with median pOz’s varying between 0 and 35 mmHg. 7 of the 9 tumours 

have values less than 2.5 mmHg, and 8 have values less than 10 mmHg. Administration 

of carbogen increases the oxygen tension in every case, completely eradicating the 

fraction o f readings less than 2.5 mmHg in 2 patients.
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Patient Median
pOz

pre 5 ’ post

% change 
in median 

pOz

% < 2.5 
mmHg

pre 5 ’ post

% < 10 
mmHg

pre 5 ’ post
1 35.5 92.2 56.7 + 160 8.5 0 0 14.6 0 0
2 45.1 141.4 43.4 + 214 0 0 0 0 0 0
3 -0.6 0.8 7.0 + 900“ 73.1 55.8 44.0 87.6 71.3 59.0
4 24.3 73.0 20.4 + 200 42.4 35.3 45.2 45.5 38.7 46.0
5 35.1 41.1 9.3 + 17 0 4.5 35.7 2.2 6.3 51.8
6 -0.9 227.8 1.1 + 900“ 63.6 0 56.6 75.2 0 73.8
7 -1.7 15.8 -1.7 + 900“ 89.2 41.6 83.8 91.2 45.6 86.9
8 -0.2 16.8 6.7 + 900“ 67.7 35.8 41.1 82.3 44.7 60.5
9 20.3 29.9 16.4 + 47 21.1 9.7 32.5 32.9 20.4 42.5

Table 6.2: Effect o f carhogen breathing on 9 patients with accessible tumours. Median 
p02 is in mmHg. ° Greater than 10-fold increase in p02 (arbitrarily assigned), pre  = air 
breathing; 5 ’ = 5 minutes carbogen prebreathing; post = 10 after carbogen cessation.

6.2.2 Effect of breathing 2% CO2 / 98% O2 on tumour oxygenation

Table 6.3 shows the oxygenation of 7 patients administered 2% CO2 / 98% O2 5 minutes 

prior to p02 measurement. The pre-treatment values show significant proportions of 

readings less than 2.5 mmHg, consistent with radiobiological hypoxia. Breathing the 

lower carbon dioxide-containing gas, increases tumour pÛ2 in all cases, and reduces the 

proportion o f low values- eliminating the fraction of readings less than 2.5 mmHg in 2 

patients. 10 minutes after gas cessation, the oxygenation status is lower than during gas 

breathing, but has not returned to pre-treatment levels.

Patient Median
pOz

pre 5 ’ post

% change 
in median 

pOz

% < 2.5 
mmHg

pre 5 ’ post

% < 10 
mmHg

pre 5 ’ post
10 6.1 16.8 6.1 + 175 48.5 25.7 42.7 64.4 43.4 56.7
11 0.1 112.6 40.6 + 900“ 86.5 7.1 5.6 89.7 7.9 7.9

.12 0.1 68.8 18.3 + 900“ 75.2 0 40.7 79.6 0 47.2
13 - 39.7 19.0 + 109'’ - 16.0 34.0 - 22.0 39.0
14 19.4 22.8 9.6 + 18 3.0 17.7 28.7 20.8 33.6 50.0
15 7.7 73.2 33.0 + 851 39.6 0 1 53.8 0 5.0
16 36.7 81.2 44.6 + 122 0 0 0 0 0 0

Table 6.3: Effect o f 2% CO2 /  98% O2 breathing on 7 patients with accessible tumours. 
Median p02  is in mmHg. " Greater than 10-fold increase in p02 (arbitrarily assigned).  ̂
Based upon post-carbogen value, pre = air breathing; 5 ’ = 5 minutes carbogen 
prebreathing; post = 10 after carbogen cessation.
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Figure 6.6 compares the pOz distribution cumulative frequencies for patients 12 and 14. 

In both graphs the post-2% CO2 / 98% O2 breathing curves are slightly transposed to the 

right o f the pre-2% CO2 / 98% O2 curves, illustrating that the oxygenation of the 

tumours has not completely returned to pre-treatment levels 10 minutes after the gas is 

discontinued. The 2% CO2 /  98% O2 curve for patient 12 shows a greater increase in 

tumour pOz than that of patient 14.

The oxygen distributions o f the pooled data for all the tumours in the 2% C O z /  98% O z 

breathing group are shown in figure 6.7. As with the carbogen studies, the histograms 

show, that on average, human tumours have a proportion o f low oxygen values which 

can be reduced, but not eliminated, by breathing 2% C O z / 98% O z The effect o f the gas 

appears to be slightly longer lived than carbogen, because the p O z distribution 10 

minutes after carbogen cessation is not totally comparable with the pre-treatment 

histogram.

Table 6.4 compares the effects o f the two gases by pooling the data obtained for the two 

groups o f patients. The table shows there is very little difference in the action of the two 

gases on modifying tumour pOz Moreover, there is not a significant difference at p = 

0.05 between the median values, the fraction of readings less than 2.5 mmHg, 5 mmHg, 

or 10 mmHg between the two groups o f tumours during gas administration.

Treatment Median
(mmHg)

Fraction of 
values < 2.5 
mmHg (%)

Fraction of 
values < 5 

mmHg (%)

Fraction of 
values < 10.0 
mmHg (%)

N n

Air breathing 17.4 (±6.2) 40.6 (±11.4) 44.1 (±11.8) 47.9 (± 12.4) 9 1208

Carbogen (5 minutes) 71.0 (±24.6) 20.3 (± 7.2) 22.2 (± 7.8) 25.2 (± 8.7) 9 1047

10 minutes after 
carbogen cessation

17.7 (± 6.6) 37.7 (± 8.7) 39.7 (± 8.9) 46.7 (± 9.9) 9 1115

Air breathing 10.9 (±6.0) 44.0 (± 14.9) 47.3 (± 15.3) 52.8 (± 14.5) 6 679

2% CO2 /  98% O2 (5 
minutes)

62.2 (± 12.6) 7.2 (±4.0) 9.1 (±5.1) 12.1 (±7.0) 7 799

10 minutes after 2% 
CO2 / 98% O2 cessation

24.5 (±5.7) 21.8 (± 7.5) 24.3 (± 7.8) 29.4 (± 9.1) 7 791

Table 6.4: The effect o f carbogen or 2% CO2 /  98% O2 breathing on human tumour 
oxygenation. Numbers in brackets are s.e.m's. N  = number o f  patients, n = number of 
pÜ 2 measurements.
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6.3 Discussion

In this chapter, two groups of patients with accessible tumours were asked to inhale 

either carbogen or a low carbon dioxide-containing oxygen-balanced gas (2 % C0 2 /9 8 % 

O2). The aim of the study was to improve patient tolerance whilst retaining a suitable 

capacity for oxygen modification. This study and others at Mount Vernon Hospital, have 

shown that during prolonged carbogen breathing some patients experience 

breathlessness, breathing discomfort, or headaches. Carbon dioxide is added to oxygen 

to improve oxygen delivery to the tissue by altering the rate o f respiration. This is 

mediated by pCOi and receptors that co-ordinate with the medullary respiratory 

centre. However, there has been little work concentrating on the actual proportion of 

carbon dioxide needed to achieve increased inhalation and improved tumour oxygen 

tension, and consequently, for historical reasons, studies have usually used 5% CO2

The oxygenation in all the tumours increased following administration of either gas. 

There was no additional benefit associated with a particular histology, although the 

degree o f improvement in median pÛ2 ranged fi*om 17% to >900% with 5 minutes 

carbogen prebreathing, and 18% to >900% with 5 minutes 2% C02/98% O2 

prebreathing. Only two tumours responded minimally in the carbogen group (changes in 

median p0 2 : +17%, +47%), and a single patient in the 2% 002/98% O2 group (+18%), 

however, the fraction o f values less than 2.5 mmHg was eliminated in two patients fi"om 

each group, suggesting that therapeutically relevant enhancement ratios would be 

achievable.

The pooled data for each arm of the study, showed an average increase in median p0 2  of 

4-5 fold irrespective o f gas type, and the effect of the gases was short-lived following 

termination. Tumour oxygenation returned to pre-gas administration levels 10 minutes 

after carbogen cessation, and the data suggests, slightly longer than 1 0  minutes after 

terminating 2 % CO2 / 98% O2 breathing. Thus potentially, breathing 2 % CO2 / 98% O2 

could broaden the therapeutic window by slightly reducing the importance o f the PIBT.
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6.4 Summary

The results indicate that oxygen-balanced gases with 2% carbon dioxide are just as 

effective at improving tumour oxygen tension, and compare with increases induced by 

carbogen breathing. Furthermore, greater tolerance was observed breathing the low CO2 

gas than seen amongst some patients in the carbogen arm of the study.
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Figure 6.1: Use o f carbogen breathing to modify the oxygen tension o f a Non-Hodgkin’s 
lymphoma metastatic neck node (patient 6). Upper panel: Air breathing. Middle panel: 
5 minutes prebreathing carbogen. Lower panel: 10 minutes post gas cessation. 
Carbogen flow  rate = 15 litres/min. See table 6.2 for oxygen values. Note different y- 
axis scale for middle panel.
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Figure 6.2: Use o f carbogen breathing to modify the oxygen tension o f a T cell 
lymphoma metastatic groin node (patient 9). Upper panel: Air breathing. Middle panel: 
5 minutes prebreathing carbogen. Lower panel: 10 minutes post gas cessation. 
Carbogen flow  rate = 15 litres/min. See table 6.2 for oxygen values.
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Chapter 7: Non-invasive Methods of Measuring Carbogen- 

Induced Changes in Tumour Microenvironment

7.0 Introduction

A clinically applicable non-invasive method of monitoring the response of individual 

tumours to various modifying agents would have an obvious advantage over the invasive 

electrode-based procedures described in the previous chapters. The rationale for this 

section o f work was to investigate the effect o f a clinically-used modifier, carbogen 

breathing, with magnetic resonance spectroscopy and imaging, to ascertain whether 

changes in the microenvironment could be detected via a non-invasive technique.

Chapter one, and the introduction for chapter six, highlighted that carbogen breathing 

can improve tumour oxygenation, but its effects on blood flow are less well defined. 

Chapter one also presented a possible mechanism for carbogen-induced changes in 

tumour pOz An MRI technique called BOLD imaging has recently been reported to 

reflect changes in tumour blood flow and oxygenation. Robinson and colleagues (1995, 

1996) have reported large increases in signal intensity following carbogen breathing in 

three rat tumours (G3H prolactinoma, mammary adenocarcinoma, Morris hepatoma 

9618a), no change in a rat Walker carcinosarcoma, and a transient fall in the murine RJF- 

1 and a human adenocarcinoma xenograft. Furthermore, increases in image intensity have 

also been seen in human tumours during carbogen inhalation with this technique (Taylor 

etal, 1996).

Magnetic resonance spectroscopy may provide an indirect non-invasive method of 

determining tumour oxygenation by investigating phosphate metabolites (Vaupel et al, 

1989b; Fu et al, 1990). Carbogen has recently been shown to improve metabolism in the 

Morris Hepatoma, possibly by an oxidative mechanism (facilitated by the increase in 

pOz), or an increase in glycolysis (because o f an increase in levels of glucose) (Stubbs et 

al, submitted). Similarly, hypercapnia can improve tissue glucose and decrease tissue 

lactate in rat brain, consistent with an increase in cellular metabolism (Folbergrova et al, 

1972; Miller et al, 1976).
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In this chapter, magnetic resonance spectroscopy and functional magnetic resonance 

imaging are used to determine the effect of carbogen breathing on the bioenergetic status 

and perfusion/oxygenation of the SaF and CaNT murine tumours. The effect on tumour 

lactate levels are also examined in the SaF.

7.1 Methods and Materials

7.1.1 Nuclear magnetic resonance

7.1.1.1 Collaborators

All NMR experiments were carried out as part o f an ongoing collaboration between the 

Tumour Microcirculation group and Professor John Griffiths’ NMR group at St. 

George’s Hospital Medical School, London. Instrument operation and data acquisition 

were performed by Drs C. McCoy and S. Robinson.

7.1.1.2 Basic theory of NMR

Nuclear magnetic resonance offers a non-destructive technique for studying intact living 

tissues, providing complementary information to that obtained using conventional 

methods. The use of NMR to study rodent tumour models has rapidly increased since it 

was first described (Griffiths et al, 1981), and has since become well established in 

clinical practice.

NMR utilises the natural phenomenon that certain atomic nuclei, having either an odd 

number of protons or an odd number of neutrons (or both), are intrinsically magnetic, 

and have a net magnetic dipole moment and nuclear spin (e.g. Ĥ, ^̂ N, and ^̂ P).

Biologically relevant nuclei can take up one of two spin orientations (0 and 1 8 0 - 0 ,  

where 0 is in degrees), and in an undisturbed environment, the heterogeneous mix o f spin 

orientations gives rise to an equilibrium magnetism (called Mo or longitudinal 

magnetism). If an external static magnetic field is applied (Bo), Mo will align with it, and 

the direction o f alignment is conventionally designated the z axis.
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Mo is difficult to measure when aligned with the externally applied Bq, because Bq is 

much stronger. To observe this magnetism, the system must be perturbed from its 

equilibrium. For any chosen dipole, the energy difference between the spin orientations is 

proportional to B q, and a transition between the states can occur if the nucleus absorbs 

electromagnetic radiation of an appropriate frequency. By applying a second magnetic 

field, Bi, oscillating at a specific frequency for the nucleus under observation (for 

example, the resonance frequency for in a 10 Tesla field is 172 MHz), a torque is 

produced that tips Mo towards the xy plane generating transverse magnetism, M, for a 

short period of time (~ a few microseconds) before decaying and returning to the 

equilibrium state. These magnetic changes induce an oscillating current in a receiver coil 

that can be detected (this is the NMR signal).

The resonance frequency for a given nucleus may not always be the same, and is 

dependent upon the arrangement of the electrons, bonds and other atoms around the 

nucleus. Consequently, nuclei in different chemical environments absorb energy at 

slightly different resonance frequencies, an effect called chemical shift. These separations 

are expressed in fractional units (parts per million) relative to a standard compound. A 

typical NMR spectrum for a murine tumour will therefore show a series of peaks at 

different positions, representing distinct phosphorus-containing molecules in the tissue, 

whose individual chemical shifts allow their identification (see figure 7.1).

7.1.1.3 Relaxation effects

The decay of the signal back to equilibrium occurs as a result of two types of relaxation 

effects. Longitudinal relaxation describes the time taken for M (in the xy plane) to revert, 

or decay, back to Mo (in the z plane). This rate of recovery is described by the spin- 

lattice relaxation time, Ti, and is the amount o f time taken for approximately two-thirds 

of the longitudinal magnetism to recover along the Bo direction.
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Figure 7.1: spectrum obtained from an SaF tumour. APP: 3-
aminopropylphosphoric acid, PME: phosphomonoester, P,; inorganic phosphate, PCr: 
phosphocreatine, yATP: y-adenosine triphosphate, pATP: P-adenosine triphosphate, 
oATP: a- adenosine triphosphate.

The second type of relaxation is concerned with transverse magnetism. During 

resonance, with time the dipoles lose phase coherence with some resonating faster and 

some slower due to the local magnetic environment. This loss o f phase coherence causes 

a decrease in the net transverse magnetism (M), and an irreversible loss in signal. It is 

described by the spin-spin relaxation time, T% T% is the time required for M to decrease 

to approximately one-third of its original value due solely to dephasing effects. For most 

tissues T2 is much shorter than Ti, and is usually independent of the applied magnetic 

field. In some situations the time constant governing dephasing is not T2, but a shorter 

T2*, which describes the rate of decrease in transverse magnetism due to both irreversible 

spin-spin dephasing, and potentially reversible dephasing due to magnetic field non- 

uniformity.
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7.1.2 Bioenergetic studies

7.1.2.1 Magnetic Resonance Spectroscopy

MRS studies were performed using SaF and CaNT tumours to assess the effect of 

carbogen breathing on tumour metabolism. Treatment groups included 12 SaF and 10 

CaNT tumours for the carbogen arm of the study, and 5 tumours of each type for the 

control air breathing arm. Mice were anaesthetised, and given a 0.008 ml/g i.p injection 

of 3-aminopropylphosphoric acid (3-APP) made-up at 128 mg/ml in saline to act as an 

exogenous marker for pH« calculations. This was equivalent to a concentration o f 12-15 

pmol/g body weight (McCoy et al, 1995). The 3-APP signal was apparent in the spectra 

for the entire duration of the experiments.

Anaesthetised mice (see section 2.1.2.3) were placed on a glass bottle containing 

recirculating warm water to maintain the core temperature at 37°C. The tumours (GMD 

range: 7 - 1 1  mm) were positioned so as to totally occupy a 1 or 2 cm coil (depending 

upon tumour geometry) placed above them. Air or carbogen was administered at 1 

litre/min via a nose-piece, equipped with a scavenger (used to ensure that any excess 

carbogen was removed from the bore of the magnet).

MRS measurements were made on a SISCO 200-330 spectrometer at 4.7 Tesla using 

non-localised spectroscopy. This was used in order to avoid distortions due to a chemical 

shift artefact. Magnetic field homogeneity was optimised by tuning on the H2O proton 

signal from the tumour. Typical ^̂ P parameters for optimum signal/noise included a 45° 

pulse angle, 5 kHz spectral width, 144 transients with a repetition time of 2.18 sec for a 

total acquisition time of 5.2 minutes. Two 5.2 minute blocks o f data were acquired pre- 

carbogen breathing, and 5.2 minutes blocks were continuously collected for either 1 hour 

(SaF tumours) or 2 hours (CaNT tumours) during carbogen breathing.

The MR spectra were analysed using standard SISCO software for baseline correction 

and integrals. Integrals were obtained for each 5.2 minute block of data. Individual 

carbogen integrals were compared to the average of the two pre-carbogen blocks o f data
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to observe whether there was a change in the phosphorus metabolites over time. pH; and 

pHc were also determined for each block of data. pH; was measured from the difference 

in chemical shift between inorganic phosphate and a-NTP at -7.57 ppm, and pH, 

measured from the difference in chemical shift between the exogenously administered 

pHe probe (3-APP) and a-NTP (McCoy el al, 1995). Data were averaged for the 

treatment groups at each time interval and expressed with a standard error of the mean.

7.1.2.2 Blood oxygen level dependent imaging (BOLD)

Gradient-recalled echo magnetic resonance spectroscopy (GRE MRI) was used to assess 

the effect o f carbogen breathing on the murine SaF tumour. This form of imaging is 

obtained using GRE sequences that are sensitive to T2* relaxation times. The 

paramagnetic properties of deoxyhaemoglobin create large magnetic susceptibility 

variations in the proximity o f blood vessels and shorten the T2* o f water protons. In T2*- 

weighted images, regions close to deoxygenated veins and capillaries appear dark. GRE 

images o f tumours can therefore be used to monitor changes in the concentration of 

deoxyhaemoglobin whether associated with blood flow or desaturation of blood oxygen. 

Thus deoxyhaemoglobin acts as an endogenous contrast agent. Oxygen itself is also 

paramagnetic, and changes in plasma oxygen tension may also contribute to image 

contrast (Berkowitz, 1996). Furthermore, water in fresh blood flowing into the selected 

imaging slice, is not subject to saturation from the previous radio-frequency pulse, so it 

produces a stronger signal than that obtained from static water in the tissue. 

Consequently an increase in tumour blood flow can also result in an increase in GRE 

signal (Duyn et al, 1992).

Animals were immobilised by anaesthesia, and placed on a flask containing recirculating 

warm water to maintain the core temperature at 37°C. Tumours, with a GMD range of 8 

- 10 mm, were positioned within a 1.2 cm coil. Air or carbogen was administered at 1 

litre/min via a nose-piece, equipped with a scavenger to prevent the leakage of 

paramagnetic oxygen into the magnetic bore which could produce spurious image 

intensity changes (Bates et al, 1995).
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MRI was performed with a Spectroscopy Imaging Systems Corporation (SISCO, Varian 

NMR Instruments, Palo Alto) 4.7 Tesla, 33 cm bore system, equipped with a 10 G/cm 

high performance gradient insert. The GRE imaging sequence was according to 

Robinson et al (1996) and each image took approximately 3 minutes to acquire.

3 baseline images were acquired during air breathing, and an average pixel intensity was 

obtained over a region o f interest (ROI) comprising the tumour, but excluding the skin. 

Animals were then allowed to breathe carbogen for 21 blocks (= 63 minutes), and the 

intensity expressed relative to the baseline images. An average relative intensity, with a 

standard error of the mean, was calculated for each time point for the group.

A control group of 4 mice bearing SaF tumours breathed air for comparison with 5 

carbogen treated animals. As a further control, all mice were dosed with 3-APP, 

although it was not necessary for GRE MRI. This was undertaken to ensure parity with 

the MRS studies.

7.1.2.3 Measurement of total tissue lactate production

Following MRS studies all tumours were freeze clamped with liquid nitrogen cooled 

tongs and extracted by adding 1 part tissue to 4 parts 6% perchloric acid. Samples were 

then centrifuged at 4°C to remove the protein, and the supernatant neutralised with 

potassium hydroxide at the same temperature. The lactate assay was then performed as 

outlined in the protocol below.

• Per cuvette: Add neutralised sample to 1 ml Tris hydrazine buffer pH 9.5 (made from 

5 ml hydrazine hydrate, made up to 100 ml with 0.2M Tris to pH 9.5 plus 100 mg 

EDTA) plus 0.1 ml 2% NAD and make up to 2 ml with water.

• Read cuvettes at 340 nm on a spectrophotometer.

• When readings are stable add 20 pi lactic dehydrogenase (activity: 550 U/mg) and 

mix.

• Leave for 20 - 40 minutes at room temperature until readings are stable and re-read 

absorptions at 340 nm.
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The amount of lactate was calculated by subtracting the background absorption and 

multiplying this value (AE) by the molar extinction of pyruvate (6.22). This gave values 

in |imol per cuvette. To relate back to pmol per gram wet weight, the neutralisation 

factors, and the initial 1 + 4  dilution, were taken into account. Finally, to normalise all 

the values, a blank with no sample was also measured and subtracted from each AE. 

Values were then averaged for each group of tumours and the standard error of the mean 

determined.

This protocol is in accordance with Bergmeyer (1974) and is based upon the fate of 

glucose during glycolysis, in particular the final conversion of pyruvate to lactate as 

illustrated by the equation below:

Pyruvate + NADH <-> Lactate + NAD

The reaction favours pyruvate to lactate, so the high pH used in the protocol was to 

force the reaction in the opposite direction, whilst the hydrazine was to trap the pyruvate 

as hydrazone.

7.2 Results

7.2.1 Effect of carbogen on tumour bioenergetics: MRS

Figure 7.2 shows spectra obtained from an individual SaF tumour during carbogen 

breathing. In comparison to the air breathing spectrum, the inorganic phosphate peak (Pi) 

is reduced following 30 minutes carbogen breathing and continues to fall during a further 

30 minutes. Concurrently, the NTP peaks increase, consistent with the generation of 

nucleotide triphosphate from cellular Pi reserves. These types o f changes in NTP/Pi were 

not seen in the spectra obtained for all the SaF tumours studied (data not shown), and 

this is reflected in the mean NTP/Pi ratio at various carbogen breathing times (figure 

7.3). The change in NTP/Pi with respect to breathing time is similar for both air and 

carbogen breathing animals.
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The metabolic response of the CaNT tumour to carbogen breathing is similarly non

significant compared to air breathing. The response curves however, are inverted 

compared to the SaF, with NTP/Pi slightly lower in the carbogen treated group.

Both tumours show a gradual increase in NTP/Pi over the first 30 minutes o f either air or 

carbogen breathing, and this possibly reflects cellular stabilisation to the anaesthetic, or a 

moderate decrease in the influence of the anaesthesia.

Treating the animals with 3-APP prior to spectroscopy allowed the determination of 

extracellular pH in addition to pHi. Figures 7.4 and 7.5 show the effect of prolonged 

carbogen exposure on the pH of the SaF and CaNT tumours. The graphs do not show 

any significant change with respect to time in either tumour. Table 7.1 summarises the 

results of the bioenergetic studies as average values over the time courses studied. In 

agreement with others (McCoy et al, 1995) pHc is lower than pHi, but overall, NTP/Pi, 

pHi, and pH* are not affected by carbogen breathing in either tumour.

Tumour Air
NTP/P,

Air
pH,

Air
pH.

N Carbogen
NTP/P,

Carbogen
pH,

Carbogen
pH,

N

SaF 1.2
(±0.1)

6.8 
(± 0.03)

6.8
(±0.02)

5 1.3
(±0.05)

6.8
(±0.01)

6.7
(±0.03)

12

CaNT 1.6
(±0.1)

7.0
(±0.03)

6.8
(±0.03)

5 1.5 
(± 0.06)

7.1 
(± 0.03)

6.8
(±0.02)

10

Table 7.1: Effect o f  carbogen breathing on tumour metabolism and pH. Numbers in 
brackets are s.e.m ’s and N  = number o f animals.

7.2.2 Tumour lactate levels following exposure to carbogen

Immediately following the MRS, all tumours were freeze clamped and assayed for levels 

of lactate. Table 7.2 shows the results comparing air breathing with carbogen breathing 

for the two tumour models.

The table shows that the lactate levels are slightly, but not significantly, lower in tumours 

of carbogen breathing animals, relative to air breathing controls. These data are 

suggestive o f increased metabolism, driving pyruvate into Kreb’s cycle and oxidative 

phosphorylation, rather than glycolytic termination at lactate.
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Tumour Air breathing N Carbogen breathing N
SaF “10.4 (±2.3) 5 9.6 (± 0.8) 11

CaNT 10.9 (± 1.3) 5 8.8 (±1.2) 10

Table 7.2: Change in lactate production in two murine tumours following carbogen 
breathing, “values are in fjmol / g  dry mass. Numbers in brackets are s.e.m ’5  and N  = 
number o f tumours analysed.

7.2.3 GRE MRI (BOLD imaging)

BOLD imaging has been reported to reflect changes in tumour oxygenation and blood 

flow. Figure 7.6 shows an SaF tumour prior to, and during carbogen breathing. The 

periphery o f the tumour shows an increase in signal intensity during carbogen inhalation, 

particularly highlighted by the subtraction image. Figure 7.7 shows a second tumour, 

whose response to carbogen is minimal, although again any change is located at the 

tumour periphery, but the overall image intensity, for an ROI surrounding the entire 

tumour, does not change from image (A) to image (B). In comparison, figure 7.8 shows 

a control tumour, and illustrates that air breathing has very little effect, and the small 

changes seen within regions of the tumour mass probably represent non-induced 

temporal fluctuations in perfusion and pOz

The mean normalised image intensity over a 60 minute acquisition window is shown in 

figure 7.9. There is an initial increase for both the air and carbogen breathing groups. 

After 15 minutes the response separates, and the air breathing group continues to 

increase by an additional ~5% relative to the carbogen group, suggesting that carbogen 

has reduced the level o f tumour perfusion/pOz. However, the large error bars reflect the 

variation in response from animal to animal in the two treatment groups, and the 

differences between the air and carbogen breathing animals are not significant. As for the 

MRS studies, the initial change in intensity in both groups may represent changes in the 

depth o f anaesthesia.

7.3 Discussion

An ideal instrument for monitoring treatment progress in a clinical setting should be non- 

invasive, and there are currently a number of techniques under investigation. In the
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present chapter, magnetic resonance spectroscopy was used to monitor the efifect o f host 

carbogen breathing on the bioenergetics of two murine tumours. The relative change in 

NTP/Pi (indicative o f cellular metabolism) was shown to increase during the first 30 

minutes o f gas inhalation for both tumours, before reaching a plateau for the remainder 

of the experiment. However, more importantly, this response was near identical in both 

treated and untreated animals. This suggests that the initial improvement in metabolism 

may have been due to a reduction in the depth and influence of the anaesthesia on the 

tumour cells, and therefore carbogen breathing had no effect on the metabolism of these 

tumours. Indeed, total lactate levels were not significantly different between air and 

carbogen breathing animals. Tumour energetics have been shown to correlate with 

oxygen tension (Vaupel et al, 1989b; Rofstad et al, 1988), but the relationship could be 

fortuitous. Several reports in the literature have shown that oxygenation and metabolism 

are dependent upon tumour blood flow (Gullino et al, 1967a; Kallinowski et al, 1989a; 

Vaupel et al, 1981, 1987), but glucose delivery is the principal modulator of metabolism 

(Eskey et al, 1993). Eskey et al (1993) showed that perfusing an isolated mammary 

adenocarcinoma with a hypoxic solution did not alter the value o f NTP/Pi, but acute 

glucose deprivation significantly reduced this ratio. Therefore, measurements of  

oxygenation and metabolic status may not reflect each other, even in a tumour with a 

high blood supply and good vascularity. This may provide one reason for the apparent 

disagreement between the changes in oxygenation induced by carbogen breathing shown 

in chapter five, and the metabolic status during carbogen breathing shown in this chapter. 

However, there are two other important points to bear in mind when comparing the pOz 

data with the MRS data. Firstly, the pOz experiments were not performed under 

anaesthesia, and hence the combination o f ketamine and diazepam used for the 

spectroscopy may have been suppressing the metabolic capability of the tumour cells. 

Secondly, sampling differences could result in electrode measurements being less than 

representative. In chapter four the sampling volume for a needle electrode was calculated 

to represent about 0.1 - 0.2% of the tumour mass, whilst MRS analyses determine the 

average concentration o f a phosphate metabolite throughout the entire tumour.

The MRS studies also showed that carbogen breathing did not affect extracellular or 

intracellular pH in either tumour. The stable pHi is not particularly surprising since cells 

have a number of homeostatic processes designed to maintain intracellular integrity
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during insult. However, pĤ  has been reported to acidify during carbogen breathing in a 

rat hepatoma (Stubbs et al, 1997, submitted), and this is in contrast to the results shown 

here. In the Stubbs et al study, the acidification was not explainable in terms of lactate (a 

major source o f protons) because metabolism also increased during carbogen breathing 

and hence reduced lactate, in addition to increasing glucose (which may have caused the 

metabolic increase) and the ratio of NTP/Pi. They suggested that an alternative source of 

protons, possibly fi'om the conversion o f arginine to citrulline during nitric oxide 

production, may have been induced under elevated pCOz, thus driving tumour 

acidification. In the present studies, tumour lactate did not change during carbogen 

breathing, nevertheless, one might have thought that the increased pCOz would increase 

the concentration o f carbonic acid which could also lower pHg. However, the lack of 

change in pHe suggests that this route of acidification is probably less important.

110 T
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Figure 7.10: Effect o f carbogen breathing on blood flow in the murine sarcoma F  as 
measured by laser Doppler flowmetry (courtesy o f Dr. S. A. Hill).

Functional MRI, or BOLD imaging, was also used as a non-invasive tool to visualise the 

response o f SaF tumours to carbogen breathing. This technique has been reported to 

reflect changes in blood flow and pOz, and in these studies small changes in image 

intensity during carbogen breathing were generally associated within the periphery o f the
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tumour - a site of greatest vascular density. The average image intensity for 5 SaF 

tumours was compared to a similar ROI placed upon the images from 4 air breathing 

animals. The intensity was shown to decrease, albeit non-significantly, by about 5% in 

response to carbogen breathing. This small decrease is consistent with laser Doppler 

flowmetry studies in the sarcoma F which have shown a 20% reduction in tumour blood 

flow during carbogen inhalation (S.A. Hill, unpublished data, see figure 7.10). Since 

carbogen did not reduce the pO: {cf. figure 5.1) it is reasonable to assume that, in this 

case, a majority of the BOLD effect was probably due to water in fresh blood flowing 

into the image slice.

7.4 Summary

This chapter has demonstrated the use o f two non-invasive NMR-based procedures to 

assess the effect of carbogen breathing on the metabolism, perfusion and oxygenation of 

two murine tumours. MRS studies showed that carbogen had no effect on the 

bioenergetics o f the SaF and CaNT tumours, and this is in agreement with published 

literature. BOLD images of SaF tumours obtained using functional MRI, showed 

transient fluctuations in image intensity at the tumour periphery, and probably reflect 

changes in blood flow and p02 in areas of higher vascular density. Furthermore, is it 

suggested that the small decrease in image intensity during carbogen breathing was likely 

to be a consequence of a reduction in tumour perfusion.
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Figure 7.2: ‘̂P spectra from an SaF tumour following carbogen breathing. Upper 
panel: Air breathing (5.2 minutes), middle panel: Carbogen breathing (31.2 minutes), 
lower panel: Carbogen breathing (62.4 minutes).
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Figure 7.3: Effect o f  carbogen breathing on the metabolism o f two murine tumours.
Upper panel: SaF. Lower panel: CaNT. (-■ -) carbogen breathing, ( -# - )  air breathing.
Error bars are ±  1 s.e.m.

178



7.0-,

6 . 9 -

6.8 -

4
6 . 7 -

6 .6 -

6 .5
G 10 20 3 0 4 0 5 0 6 0

Air Breathing (minutes)7 .0 - ,

6 . 9 -

6.8 -

4
6 . 7 -

6.6 -

6 .5
0 6010 20 5 03 0 4 0

Carbogen Breathing (minutes)

Figure 7.4: Effect o f  carbogen breathing on pH  o f SaF tumours. Upper panel: air
breathing. Lower panel: carbogen breathing. (- ■ -) pHg, (- •  -) pHi. Error bars are ±  1
s.e.m.
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B:

Figure 7.6: BOLD image o f an SaF tumour responding to carbogen breathing. A: prior
to carbogen, B: during carbogen, C: subtraction image (B-A).
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B:

Figure 7.7: BOLD image o f an SaF tumour not responding to carbogen breathing. A.
prior to carbogen, B: during carbogen, C: subtraction image (B-A).

1 8 2



B:

Figure 7.8: BOLD image o f an SaF tumour during air breathing. A: Initial image, B:
-45 minutes later, C: subtraction image (B-A).
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Figure 7.9 .Variation in normalised BOLD image intensity in the SaF murine tumour. 
(-■ -)  carbogen breathing, ( - # - )  air breathing. Error bars are ±  1 s.e.m.
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Chapter 8: Non-invasive Determination of Tumour 

Oxygenation

8.0 Introduction

Perfluorocarbons (PFC) are organic molecules in which all the hydrogen atoms are 

substituted with fluorine. Code-named “Joe’s stuff’, they were developed as part o f the 

Manhattan Project in World War II to refine Uranium-235 and hence construct the 

fission bomb. More recently PFC’s have been used as artificial blood substitutes because 

they are chemically inert, can dissolve and deliver large quantities of oxygen and are well 

tolerated by animals. This high tolerance has even permitted complete blood replacement 

in rats (Geyer, 1975).

Following intravenous injection, PFC emulsions are cleared fi’om the vasculature by 

circulating macrophages (over several days), and captured by the reticuloendothelial 

system of the liver and spleen. Approximately 90% of the administered dose is 

sequestered in these organs whilst the remaining proportion is taken up by abscesses and 

tumours which have a high macrophage content (Dardzinski and Sotak, 1994).

Fluorine offers a strong NMR signal, second only to protons, making it a useful 

candidate for non-invasive imaging. Importantly, only externally administered fluorine 

can be imaged, since trace skeletal and dental fluorine is incorporated into a rigid matrix, 

and hence exhibits a T2 value too short for normal imaging experiments (Fishman et al, 

1987).

One of the unique applications o f PFC emulsions in biomedicine involves the use o f these 

compounds to non-invasively measure oxygen tension. The spin-lattice relaxation rate 

(1/Ti) of vascular and tissue-sequestered PFC is linearly related to dissolved oxygen 

concentration (Parhami and Fung, 1983; Fishman et al, 1987; Akber, 1989; Sotak et al, 

1993; Dardzinski and Sotak, 1994; Thomas et al, 1994). Thus shortly after infusion, 

PFC’s may be used as contrast agents to measure pOz in tissue vasculature, and later, 

when the compounds are sequestered, tissue oxygenation.
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Images o f the cardiovascular system of Sprague-Dawley rats have been obtained using 

an emulsion o f perfluorotripropylamine under conditions of both air- and 100% oxygen- 

breathing (Joseph et ql, 1985; Fishman et al, 1987). These images clearly identified the 

liver, spleen, heart and lungs, and image intensity was shown to dramatically increase 

during hyperoxia. Corresponding image-derived pOz values showed splenic oxygen 

tension increased from 82 to 467 mmHg, and lung pOi similarly increased from 73 to 

443 mmHg. McGoron and colleagues (1994) studied the biodistribution of 

perfluorotributylamine and perfluorooctylbromide in rats, dogs and pigs. Their studies 

also showed that the PFC was primarily compartmentalised into the spleen, liver and 

lungs in decreasing quantities. Several other studies have also utilised NMR to 

quantify major organ pOi including cerebral blood oxygenation. For example, the oxygen 

tension o f porcine lung, liver and spleen has been reported to range between 7 and 44 

mmHg, and the anterior cerebral artery territories o f normal feline hemispheres at over 

200 mmHg (Eidelberg et at, 1988; Holland eta l, 1988; Thomas etal, 1994).

A number o f studies imaging tumour oxygen tension are reported in the hterature using 

various PFC emulsions (Hees and Sotak, 1993; Dardzinski and Sotak, 1994; Mason et 

al, 1994a; Mason and Antich, 1994b; McIntyre et al, 1995; McCoy et al, 1996). Mason 

and Antich (1994b) obtained an average image-derived pÛ2 value of 47 mmHg for a rat 

prostate adenocarcinoma, and oxygen tensions ranging between 0 and 40 mmHg have 

been reported for the murine RlF-1 tumour (Hees and Sotak, 1993; Dardzinski and 

Sotak, 1994; McIntyre e/a /, 1995).

Distribution o f PFC within solid tumours is dependent upon the macrophage content. A 

study o f 20 human tumour biopsies of differing histologies detected between 1 and 28% 

infiltrating macrophage cells (Svennevig et al, 1979). Other studies have shown the 

macrophage content of a group of murine carcinomas and sarcomas to range between 9 

and 83% (Milas et al, 1987), whilst a study of the murine SCCVll squamous cell 

carcinoma identified 20 - 60% tumour associated macrophages (Olive, 1989). Using flow 

cytometry, Olive also demonstrated that the macrophages were randomly distributed 

throughout the tumour, a very important characteristic if imaging is to be 

representative o f the entire tumour. A study by Bucana and colleagues (1992) o f seven 

human tumour xenografts and five murine tumours has also investigated differential
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macrophage infiltration. Regardless of histological classification, macrophages were 

uniformly distributed throughout the murine tumours, however, in the human tumour 

xenografts, the macrophages were found at the periphery of the lesions and in association 

with fibrous septae.

In addition to macrophage dependence, poor tumour vascularity can affect PFC dehvery. 

It has been suggested that multiple doses of an emulsion enhances its concentration, and 

thus tissues which accumulate little PFC, such as tumours and the heart, may be 

efficiently investigated (Mason, 1994c). Other groups have improved the uptake by using 

carbogen breathing immediately after infusion (McIntyre et al, 1995; McCoy et al, 

1996).

In this chapter, a range o f murine tumours are assessed for the proportion and 

distribution o f infiltrating host cells, using a non-specific polyclonal antibody (IgG), and 

the proportion and distribution of tumour associated macrophages, using a specific 

monoclonal antibody directed against the F4/80 antigen (Hume and Gordon, 1983; 

Hume et al, 1984; Lee et al, 1985). MR-imaging is performed on the sarcoma F and 

compared to pOz measurements made polarographically.

8.1 Methods and Materials

8.1.1 Tumour macrophage content and distribution

A range o f murine tumours was assessed for infiltrating immune cells, by antibody 

labelling and FAC Scan analysis. To maximise the cell yield, two enzyme cocktails were 

utilised. Schedule 1 was used for hard collagenous tumours, such as the SaS, and 

schedule 2 was used for tumours more easily dissociated (e.g. SaF).

•  Schedule 1: 10 ml HANKS medium

20 mg collagenase (type II; activity: >125 U/mg [collagen digestion 

units; 0.5 - 2.0 FALGPA/mg [hydrolysis units])

2 mg DNase (type I; activity: 420 U/mg solid; 400 U/mg protein)
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•  Schedule 2; 10 ml HANKS medium

200 mg dispase (activity: >6 U/mg)

2 mg DNase (type I; activity: 420 U/mg solid; 400 U/mg protein)

Tumours were excised, weighed, finely minced by cross scalpeling and digested using the 

appropriate schedule for 30 minutes at 37°C. Enzymes were neutralised by adding 10 ml 

HANKS with 7% foetal calf serum. Samples were then syringed (25G) and filtered 

through a 35 |im mesh to ensure a single cell suspension. Following centrifiigation at 

300g for 5 minutes, the pellet was resuspended in 5 ml phosphate buffered saline (PBS) 

and stored on ice for antibody labelling and preparation for flow cytometry. Storage on 

ice was necessary to inhibit monocyte phagocytosis and improve the efficiency of 

antibody labelling.

8.1.1.1 Protocol for antibody labelling of tumour-infiltrating immune cells

•  Resuspend in 1 ml PBS and add 9 ml ice cold 70% ethanol.

•  Incubate on ice for 60 minutes.

•  Centrifuge at 300g for 5 minutes and resuspend in 5 ml PBS.

•  Adjust cell number to 0.75 x 10̂  cell/ml.

•  To 2 ml samples add 20 fil neat goat anti-mouse FITC-IgG to label entire host cell 

content, or 80 |il o f rat anti-mouse FITC-F4/80 (diluted 1:4 in 20% Trizma buffer 

solution) to label specifically macrophages.

•  Incubate on ice for 5 minutes for IgG preparations or 30 minutes for F4/80 stained 

samples.

•  Centrifuge at 300g for 5 minutes.

•  Resuspend in 2 ml PBS and syringe samples with a 25G needle.

•  Add 1 mg/ml RNase (type I; activity: 50 - 100 U/mg) to each sample.

•  Add 40 |il propidium iodide made-up at a concentration of 1 mg/ml. Vortex.

•  Analyse for FITC and PI fluorescence on the FACScan.
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8.1.1.2 Data Analysis using Lysys II

10,000 nuclei were analysed from all the samples and figure 8.1 shows how regions were 

applied to the data to quantify the degree of specific antibody labelling. The difference 

between the background stain, non-specific labelling of tumour cells and specific labelling 

of immune cells was visualised by plotting the FITC signal against side scatter 

(proportional to cell size) as shown in (A). Converting (A) into a histogram (plot (C)) 

allowed the addition of markers to quantify the proportion of events. A marker was set 

(M l) to exclude the background, and then separated in to two, to apportion labelled 

events to either tumour cells (M2), or infiltrating host cells (M3). Figure 8.1 also shows 

that discriminating for single events by applying a gated region (R l) on the DNA width 

versus area plot (B), a sharp DNA profile could also be obtained (D) from which similar 

regions could be drawn to determine the proportion of host cells. This was only 

applicable to aneuploid tumours with clear diploid (immune cells, marked by M3) and 

aneuploid peaks (tumour cells in G1 and G2 of the cell cycle, marked by M2). However, 

for greater specificity, all data presented in this chapter were derived from antibody 

labelling. Standard errors of the mean were calculated from the pooled values for each 

tumour.

8.1.1.3 Assessment of immune cell distribution

Host cell distribution within the SaF and FSaN was determined using the perfusion dye, 

Hoechst 33342. This penetrates the tumour tissue producing a gradient of fluorescence 

(visible in the u.v. range), which can be used to identify the position of cells in situ 

relative to any functional tumour vasculature (Olive, 1989).

Fluorescence intensity was analysed using a Becton-Dickinson Vantage cell sorter. The 

advantage o f this machine is its ability to distinguish cells upon fluorescent labels which 

excite in the ultra-violet range of the electromagnetic spectrum, (detected via a band pass 

filter o f -424 nm), in addition to the five optical parameters performed by the FACScan.

Animals were given 0.1 ml i.v injections of Hoechst 33342 (concentration: 4mg/ml) 20 

minutes prior to tumour excision. Tumours were then processed as outlined in the
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previous section to differentially label the immune cells. SaF cells were labelled with IgG 

and FSaN cells were labelled with F4/80.

8.1.1.4 Analysis of Vantage data

Samples were collected as green fluorescence (FITC) against u.v. fluorescence (Hoechst 

33342) and gated to represent either tumour cells or immune cells. Using these gates, 

histograms of the Hoechst 33342 distribution amongst the two cell populations were 

derived.

8.1.2 Magnetic resonance imaging

8.1.2.1 Collaborators

All MRI was performed as part o f a collaborative project with Professor J. Griffiths’ 

NMR group, St. George’s Hospital Medical School, London. Instrument operation, data 

acquisition, and image derivation was performed by Drs. D. McIntyre and C. McCoy.

8.1.2.2 ” FMRI

6 sarcoma F bearing animals with a range of GMD’s fi'om 6 - 1 4  mm were used in these 

studies. Animals were given an i.v. injection of Fluorovist (LI3106) at a dose of 17.6 

ml/kg 5-6 days prior to imaging (~ equivalent to 25% of the total plasma content). The 

timing was chosen to ensure that the perfluorocarbon had become sequestered within the 

tissue and cleared from the vasculature. Warm air was blown into the bore of the magnet 

to keep the anaesthetised animals warm for the duration of the experiment, and body 

temperature was monitored with a rectal thermocouple (average temperature prior to 

imaging = 3 1.8°C; average temperature post-image acquisition = 33.2°C).

All experiments were performed on a SMIS 1.9 T 33 cm horizontal bore animal 

imaging/spectroscopy MR system, using either a dual-tuned ^^/^H birdcage volume coil 

of diameter 25 mm or a single-tuned surface coil o f diameter 18 mm, which could be de-
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tuned from the frequency to the frequency. Tumours were positioned to totally 

occupy the surface coil. The birdcage was more sensitive than the surface coil and 

allowed entire animal imaging including the overall distribution of the perfluorocarbon. 

Proton scout images were obtained for anatomical positioning of the field of view for the 

fluorine images.

Fluorovist has the property that the reciprocal of the spin-lattice relaxation time (Ti) 

varies linearly with oxygen concentration at a constant temperature, as given by the 

formula below:

1 /  Ti = a + b.pOz (McIntyre et al, 1995)

where a and b are constants. An imaging sequence (McIntyre et al, 1995) based on the 

SUFIR sequence o f Canet et al (1988) was used to obtain two images which were 

differently weighted by Ti. These were then used as the input for a Turbo C program 

which calculated the Ti at each pixel using the formula:

Ti =  -T  / In (1-(S2 / Si)) (McIntyre et al, 1995)

where x is the interpulse delay in the imaging sequence, and Si and S2 are pixel 

amplitudes in the first and second images. The resultant T1 maps could then be used to 

calculate the p02 at each pixel. The images obtained had fields of view of 27 mm for the 

surface coil, and 60 mm for the volume coil, giving pixel sizes of 850 |am x 1700 )im or 

950

8.1.2.3 Post-imaging oxygen determination

Immediately following removal of each mouse from the magnet, the pÛ2 of the tumour 

was measured using the Eppendorf pÛ2 histograph as previously described in 2.1.1. At 

least 100 measurements were made in each tumour.
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8.2 Results

8.2.1 Immune cell content

Figure 8.2 shows typical antibody-labelling profiles for the sarcoma F and carcinoma NT 

tumours. Both green fluorescence plots show similar distributions, with a scatter 

resembling the letter ‘F’. The upper concentration of dots represents cells that are 

specifically labelled with either IgG or F4/80, and are therefore the immune component 

of the tumour. The lower population represents non-specific labelling of tumour cells, 

whilst the mass at the origin of each plot reflects unbound antibody in the sample, 

forming a background level of fluorescence. The figure also shows the DNA profiles for 

these tumours, illustrating aneuploidy - characterised by a diploid peak and two 

aneuploid peaks. By applying regions to the histograms obtained fi'om the dot-plots, the 

proportion o f tumour infiltrating immune cells was calculated. Table 8.1 shows the 

values obtained for 9 murine tumours.

Tumour Immune content (%) 
IgG

s.e.m Macrophage content (%) 
F4/80

s.e.m DNA
content

CaNT 36.1 2.6 34.2 2.0 Aneuploid
CaRD 50.4 3.4 - - Aneuploid
CaX 19.9 1.6 - - Aneuploid
FSaR 33.9 6.3 - - Aneuploid
RIF-1 51.0 1.9 - - Aneuploid
SaF 39.8 2.2 27.5“ - Aneuploid
SaS 19.4 1.2 - - Aneuploid
CaWW 47.7 4.4 - - Diploid
FSaN 51.0 2.1 51.4 5.6 Diploid

Table 8.1: Immune cell content in a range o f murine tumours. Minimum o f  3 tumours 
per determination, except a  = average o f  two tumours.

The table shows that the immune cell content o f these tumours ranges between 20% and 

50%. Moreover, the data suggests that this subpopulation of cells is comprised entirely 

of macrophages in the FSaN and CaNT. The proportion o f immune cells calculated from 

the DNA profiles o f aneuploid tumours were in agreement with the IgG determinations 

(data not shown).
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8.2.2 Immune cell distribution

Immune cells were gated to separate the IgG labelled events in the SaF, and F4/80 

labelled events in the FSaN. The distributions of these populations were then assessed by 

measuring the Hoechst 33342 fluorescence by flow cytometry. The level o f u.v. 

fluorescence of any given cell indicates its relative distance from a functional vascular 

supply at the time of injection of the Hoechst stain. Figure 8.3 shows normal 

distributions for the tumour cells and the immune cells of the SaF. This suggests that the 

distribution o f immune cells is uniform throughout the tumour. Similar results are also 

seen for the macrophage population in the FSaN tumour (figure 8.4).

8.2.3 ‘’FM RI

Six SaF tumours were imaged using Fluorovist as a contrast agent. Immediately 

following image acquisition, the p0 2  in each tumour was measured polarographically. 

Figure 8.5 shows images obtained fi'om 3 of the 6 tumours. The tumour was located by a 

proton scout image based upon the resonance of hydrogen atoms in water molecules. 

Since water is present in all the tissues, these images reflect the anatomy of the mouse. 

The tumour can be seen on the left hand side of each image, and the brighter regions to 

the right are internal organs. The Ti-weighted fluorine images o f identical shces also 

show the tumour, and qualitatively indicate a level of oxygenation. The images also show 

a large concentration of perfluorocarbon sequestered in internal compartments, possibly 

the liver and spleen.

Table 8.2 shows the post-imaging histography for each tumour. Median pOz values range 

from 0 mmHg to 9.4 mmHg, and the fraction of readings less than 2.5 mmHg range from 

40% to 90%. The values do not correspond with the intensities o f the fluorine maps in 

figure 8.5 - the images suggest that mouse #2 has the highest oxygenation, whilst the 

histography identifies mouse #3. The slightly low pOi values, compared to those shown 

in chapter two for this tumour model, reflect the effect of the anaesthetic used during the 

MRI.
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Tumour Median pOz (mmHg) Fraction readings < 2.5 
mmHg (%)

n signal visible in 
tumour

#1 1.1 88.1 101 Yes
#2 1.4 .71.7 106 Yes
#3 9.4 40.0 110 Yes
#4 1.1 80.2 106 Barely
#5 0.1 80.6 108 No
#6 -0.1 89.3 103 No

Table 8.2: Oxygen status o f SaF tumours which underwent MRI. Values measured 
by pÜ 2 histography immediately after imaging, n = number o f pÜ 2 measurements made 
in each tumour.

8.3 Discussion

This chapter investigated a novel non-invasive method of imaging tumour oxygenation 

using MRI. Ti-weighted images with Fluorovist are directly proportional to oxygen 

tension (McIntyre et al, 1995), however, visually the images did not correspond with 

pÛ2 measurements acquired immediately following MRI. Tumour pOz values were not 

obtainable from the Ti maps because the oxygen tensions were too low for the current 

resolution o f the system. However, qualitatively, the image intensities o f the liver and 

spleen were comparatively higher than the tumours in all six animals. This is entirely 

consistent with a higher oxygenation state in normal tissue {cf. table 2.1; and Vaupel et 

al, 1989a; Joseph et al, 1985; Fishman et al, 1987) and a large subpopulation of 

macrophages involved in primary clearance of perfluorocarbon emulsions (Dardzinski 

and Sotak, 1994).

A signal was not seen in two of the six tumours. This may have occurred because of 

two possibilities, firstly, an extremely low tumour oxygenation beyond the resolution of 

the system (identified by the post-imaging histography), or secondly, a problem in 

delivery o f the Fluorovist to the tumour. Some groups have reported difficulties 

achieving good tumour sequestration, and have suggested that multiple doses, or 

carbogen breathing, may enhance uptake (Mason, 1994c; McCoy et al, 1996). Carbogen 

breathing has also been reported to improve uptake of other drugs into tumour tissue 

(Rodrigues et al, 1997), however, in the present studies, Fluorovist was injected as a 

single bolus without the aid of carbogen, and if the vascular supply of these animals was
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in some way compromised, or if a majority of the PFC was immediately cleared by 

liver and spleen, very little signal would be present in the tumour.

the

The clearance of perfluorocarbons from the vasculature following infusion is dependent 

upon circulating phagocytes, and its uptake into tumour tissue is therefore governed by 

the proportion and distribution of tumour associated macrophages (TAM). A low TAM 

content and/or uneven distribution would lead to an unrepresentative ^^-image. The 

proportion o f infiltrating immune cells was determined for nine murine tumours in this 

chapter. The results showed that between 20 and 50% of the total cell yield could 

contain host-derived cells, which could be entirely macrophagic and evenly distributed 

throughout the tumour. These results are in agreement with previous studies in the 

literature (Milas et al, 1987; Olive, 1989), and highhght that murine tumours have a high 

capacity for macrophage recruitment.

The infiltration o f macrophages into neoplastic tissue is a complex interaction between 

both tumour and host. Host-mediated infiltration is induced to evoke an inflammatory 

response and tumour regression, whilst a tumour-mediated infiltration is thought to 

reflect a requirement for continued angiogenesis, since macrophages can release a 

number of angiogenic factors (Mantovani et al, 1992). Milas and colleagues (1987) 

presented data that supported this theory of tumour-mediated infiltration. They showed a 

trend between increased TAM and radioresistance, suggesting that a radiobiologically 

hypoxic tumour was stimulating angiogenesis to improve nutrient supply and drainage. 

Figure 8.6 shows the fi-action of immune cells calculated for the murine tumours in this 

chapter plotted as function of tumour oxygenation {cf. table 2.2). By excluding a single 

outlyer (SaS), these data support this theory by showing a linear relationship between 

increasing immune cell content and decreasing oxygenation. Interestingly, these results 

indicate that an assessment of TAM content in biopsy material could prove to be another 

indirect method of determining tumour oxygenation clinically {of. table 1.1). Also, in the 

context o f MRI, these data suggest that poorly oxygenated tumours should have a 

higher PFC sequestration, thus making them exquisitely suited to this technique, 

provided PFC delivery is optimised.
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8.4 Summary

This chapter has shown the potential of a non-invasive MRI technique for measuring 

tumour oxygenation, and images of the murine sarcoma F were compared with 

electrode pOi measurements. The uptake of image contrast agents, such as Fluorovist, 

have been reported to be dependent upon the tumour macrophage content and 

distribution. A study of nine experimental murine tumours using flow cytometry, showed 

macrophage cells were evenly distributed, and could account for approximately 20-50% 

of the tumour mass.
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Figure 8.5: MRI o f the sarcoma F murine tumour. Mouse numbers refer to table 8.2
which details the oxygenation o f these tumours.
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Chapter 9: Concluding discussion

The irretrievable loss of cellular control can cause irregular and disorganised neoplastic 

development. Insufficient vascularity, intermittent erythrocyte flux, lower 

oxyhaemoglobin saturation and high interstitial pressures (Vaupel, 1989a; Chaplin and 

Hill, 1995; Fenton et al, 1988; Jain, 1987) are just a few features of the tumour 

microenvironment that can cause, as a result of perfusion and diffusion inadequacies, 

regions o f poorly oxygenated tissue. Indirect evidence at the turn of the century was 

highly indicative o f oxygen deprivation having a major influence on therapies directed 

against malignant tissue (Hahn, 1904; Schwartz, 1909). Since then, evidence has 

accumulated to unequivocally prove the existence of hypoxia in animal and human 

tumours, and the role of oxygen radicals in radiosensitisation and DNA damage 

following radiation therapy (Gray et al, 1953). Furthermore, hypoxia can modify the 

efficacy o f some chemotherapeutic drugs (Teicher et al, 1981), the action of certain 

cytokines (Aune and Pogue, 1989; Loeffier et al, 1992; Sampson and Chaplin, 1994), 

and the regulation o f other cellular factors which could potentially affect treatment 

efficacy (Kim et al, 1993; Gray et al, 1958; Dewey, 1960). The first report of a 

multiffactionated radiotherapeutic regime treating epitheliomas of the throat concluded 

that only 20% of cases were symptom-free during a 5 year follow-up (Coutard, 1932). A 

recent meta-analysis o f 9315 patients in 72 clinical trials involving some form of hypoxia 

modification prior to, or during, radiotherapy, showed that significant enhancements in 

local control and survival were achieved, particularly in head and neck carcinomas 

(Overgaard, 1992). This study underlined the influence o f hypoxia on treatment success. 

Clearly, a technique that would facilitate routine measurement o f tumour oxygenation 

prior to therapy could allow individually planned regimes for each patient and potentially 

improve prognosis. Furthermore, such a system could be used to follow modalities 

throughout the course o f treatment and allow the identification of protocols most suited 

to specific types o f tumour.

The aim of this thesis was to investigate techniques designed to measure tissue

oxygenation, and their ability to monitor modalities that target tumour hypoxia

Measurements of tumour oxygenation were obtained both experimentally and clinically
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and compared to (i) conventional measurements o f radiobiological hypoxia, and (ii) 

radiosensitisation to examine the therapeutic predictability. Since the results obtained in 

this project have been discussed previously within the text only a brief conclusion will be 

given here.

The first two chapters concentrated on three oxygen sensors. Two were polarographic 

electrodes and one was a prototype luminescence-based optical sensor which, unlike the 

others, did not rely on electrochemical reduction of oxygen. Under certain conditions, all 

the sensors had comparable accuracy and could record pOz values to within ± 2 .5  

mmHg. The LICOX catheter microprobe was easily contaminated by subcutaneous or 

atmospheric sources o f oxygen leading to p0 2  overestimation, and could only achieve an 

accuracy o f ± 2.5 mmHg if the sensing area was totally enclosed within the tumour. This 

electrode was calculated to have a large sampling volume of approximately 1-2 x 10̂  

cells and consequently it was unsuitable for measuring microregional heterogeneity. In 

contrast, the other polarographic system, the Eppendorf pOz histograph, had a sampling 

volume o f just 100-200 cells, and the fibre-optic device is predicted to sample an even 

smaller volume. The histograph and fibre-optic systems were shown to measure similar 

pOz distributions in the murine sarcoma F, and small differences between the median pOz 

and fraction o f values less than 2.5 mmHg were consistent with the needle electrode’s 

comparatively high level o f oxygen consumption. Also the characteristics of the fibre- 

optic sensor facilitated measurements of temporal and microregional pOz heterogeneity.

The median oxygen tension in tumour tissue was measured in a range of experimental 

tumour models and shown to be less than 1% oxygen (= 7 .6  mmHg), whilst median 

values in normal tissue, whether under anaesthesia or not, were greater than 2% oxygen. 

Whenever possible pOz measurements were made on restrained, unanaesthetised, animals 

since a general anaesthetic (diazepam/ketamine) was shown to reduce both tumour and 

normal tissue oxygenation. A study of four murine tumours and one human tumour 

xenograft showed that needle electrode measurements were not influenced by necrosis in 

100-300 mg tumours.
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These studies illustrate that the choice of oxygen sensor clearly depends upon the 

particular requirements of the investigation. Each device has its advantages and 

disadvantages and these will be discussed briefly. The Eppendorf pOi histograph is a 

rapid automated instrument which can measure tissue oxygen distributions within a few 

minutes. It is a polarographic electrode, which means it measures the current resulting 

from the electrochemical reduction of oxygen at the cathode surface. The relationship 

between current and pOi is linear, and this has the advantage of maintaining a constant 

error on the measured pOi value, although it should be appreciated that an uncertainty of 

± 2.5 mmHg has more influence on a measurement o f low oxygen tension. The 

construction and geometry o f the electrode tip, and it’s polarisation voltage, ensure good 

sensitivity to oxygen, reduce the level of contamination from other species, and keeps the 

samphng volume small. However, two main disadvantages exist with this system. Firstly, 

it is invasive, and hence causes tissue damage. Although needle electrodes may not 

promote metastatic spread (Lartigau et al, 1992), patient discomfort to needles, and 

other indirect problems associated with needles (e.g. bleeding, possible septicaemia etc.), 

limit its long-term clinical suitability. Secondly, electrochemical reduction results in 

oxygen consumption and pOz underestimation. Furthermore, the instrument is unable to 

accurately measure temporal p0 2  heterogeneity, and composite profiles, similar to the 

carbogen prebreathing dependence in chapter 5, have to be constructed.

The LICOX CMP and fibre-optic devices can measure temporal fluctuations in tissue 

oxygen tension. The LICOX catheter is again a polarographic electrode which consumes 

oxygen and therefore underestimates the actual pO: However, unlike the pO% 

histograph, the polarisation voltage is pulsed, which reduces the level of oxygen 

depletion and improves accuracy. The pulsed voltage permits multiple measurements of 

p0 2  at a fixed site, since the timing between the pulses allows the oxygen tension to 

recover from the previous measurement episode. This facilitates real-time measurement, 

but microregional heterogeneity is not measurable because of a large sampling volume. 

This volume can expose the electrode to oxygen from sources other than the site of 

measurement. The fibre-optic sensor has a much smaller sampling volume because it 

consumes considerably less oxygen, and has much smaller geometry. The sampling 

volume is expected to be confined to an area concordant with a cone-shaped zone of
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luminescent dye immobilised at the tip of the optical fibre. The smaller diameter of the 

fibre-optic, compared to both the LICOX catheter and the pOz histograph, should also 

result in less tissue damage. With a low oxygen consumption, and a small sampling 

volume, this instrument can detect microregional heterogeneity. Additionally, the sensor 

also has good oxygen sensitivity because of the ruthenium chloride dye, and increased 

accuracy at low oxygen tensions, but, like the other two devices, it remains invasive and 

comparatively fragile. Furthermore, without a stepper motor, the sensor is limited to 

measurements at a single-site, and determining a pOz distribution is time-consuming, 

requiring multiple insertion sites causing greater tissue damage than a single pO% 

histograph needle track. Experience with these devices leads one to conclude that whilst 

they all have good p02 sensitivity, the Eppendorf pOz histograph remains the instrument 

o f choice. However, the fibre-optic system could ultimately prove to be the most 

versatile pOz sensor provided the ongoing development programme is successful {cf. 

chapter 3).

Interestingly, the conventional view o f radiobiological hypoxia, measured by the paired 

survival curve assay, did not correlate with measurements of tumour oxygenation 

(chapter 4). This was demonstrated by comparing the radiobiologically hypoxic fi âction 

of two murine tumours with their respective oxygen tensions, and by comparing the level 

of NITP labelling, with pOz and hypoxic fraction at 20 Gy in individual sarcoma F 

tumours. These investigations, however, were in agreement with other reports in the 

literature (Sasai and Brown, 1994; Kavanagh et al, 1996), and it is possible that 

fundamental differences in the techniques, and the existence o f certain cellular species 

(e.g. non-protein sulphydryl and nitric oxide), not measured by pOz histography but 

influential in clonogenic assays, may explain these discrepancies.

Targeting perfusion and diffusion-limited hypoxia with carbogen breathing either alone 

or in combination with nicotinamide or pentoxifylline can improve radiation response 

(Rojas, 1991; Rojas et al, 1992c; Kjellen et al, 1991; Chaplin et al, 1991b; Honess et al, 

1993). In chapter 5 carbogen breathing was shown to improve the oxygenation o f the 

sarcoma F at two time points (5 minutes and 45 minutes). This implied that the gas could 

radiosensitise this tumour, and indeed sensitisation studies using 3 x-ray doses showed an 

extra log o f cell kill induced by host carbogen inhalation. However, the length of
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carbogen prebreathing prior to irradiation had no major influence, and similar levels of 

cell kill were achieved with 5, 45, and 60 minutes. It was suggested that sampling 

differences between the two assays, or possibly an upregulation of nitric oxide, might 

explain the discrepancies between these studies.

Carbogen breathing was also shown to improve the oxygenation in the sarcoma S and 

the human tumour adenocarcinoma HT-29. A prebreathing time o f 5 minutes was 

optimal, inducing large increases in pOz. It was discussed that a vascular steal from the 

tumour, caused by normal tissue vasodilation induced by elevated nitric oxide and 

decreased endothelin levels, could be responsible for the short-lived effect. Interestingly, 

carbogen breathing did not improve the oxygen tension of the carcinoma NT and this 

contrasts with previous studies showing significant radiosensitisation in this tumour 

(Rojas, 1991; Rojas a/, 1992c; Kjellen a/, 1991).

To target perfusion-limited hypoxia, nicotinamide and pentoxifylline were examined in 

combination with carbogen breathing. Although neither drug alone caused any change in 

the oxygenation status of the sarcoma F, when in combination with carbogen, the 

prebreathing dependence on pOi levels determined with the histograph was altered. With 

nicotinamide, this dependence was eliminated, and elevated p0 2  was achieved with any 

period o f carbogen breathing. It was suggested that this was consistent with a 

normalisation in tumour blood flow caused by nicotinamide administration (Chaplin et al, 

1990; Hill and Chaplin, 1995). Nicotinamide was also shown to reverse a suboptimal 

carbogen prebreathing time of 60 minutes in the sarcoma S and HT-29, resulting in 

significant increases in oxygen tension. These findings were suggestive that the 

importance o f a prebreathing dependence may be reduced with nicotinamide co

administration in these tumours as well. In contrast, pentoxifylline only increased tumour 

p02 at a single carbogen prebreathing time of 30 minutes.

Studies at Mount Vernon Hospital have shown poor patient tolerance with carbogen 

breathing if it is administered for longer than 10-15 minutes. This has stimulated interest 

to examine whether tolerance can be improved without affecting treatment efficacy. The 

carbon dioxide component of carbogen is responsible for respiratory drive, and its 

reduction would ease breathing difficulties. Studies with the sarcoma F showed that with
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a prebreathing time o f 5 minutes, the percentage of CO2 in an oxygen balanced gas could 

be reduced from 5% to 0% without significantly affecting the level of pO% enhancement. 

Although, the improved pOz status was not maintained over extended breathing times if 

100% O2 was used. In support of this data. Hill and colleagues (1997, submitted) have 

shown 5 minutes breathing of 2.5% CO2 / 97.5% O2 can radiosensitise the sarcoma F to 

a comparable level achieved with carbogen breathing.

pOz studies in a range of human tumours showed a large degree of heterogeneity, 

although generally they were poorly oxygenated (in agreement with the animals studies) 

prior to treatment. Carbogen or 2% COz /  98% Oz was breathed for 5 minutes to mirror 

the length of time given prior to conventional radiotherapy at Mount Vernon Hospital, 

and for comparison with the animal studies. Both groups o f patients showed similar 

increases in tumour pOz following administration of either gas. However, the systemic 

life-time o f carbogen was shorter than 2% COz /  98% Oz, following termination of 

treatment. Ten minutes post-carbogen cessation most tumours had returned to levels 

similar to pre-treatment, yet 10 minutes post-2% COz /  98% Oz the level o f tumour 

oxygenation was higher than pre-treatment. These results suggest that increased patient 

tolerance, without comprised efficacy, can be achieved by reducing the percentage of 

carbogen-containing carbon dioxide to 2%. Furthermore, breathing 2% COz /  98% Oz 

may increase the therapeutic window, reducing the critical importance of the PIBT.

The final two chapters of this thesis examined the use of several non-invasive approaches 

to measure tumour oxygenation and the effect of hypoxia-modifying modalities. Changes 

in the proportion of phosphate metabolites have been reported to correlate with tumour 

oxygenation, but this relationship could be fortuitous (Vaupel et al, 1989b; Rofstad et al, 

1988). In the present study, carbogen breathing, shown previously to increase sarcoma F 

pOz, did not significantly affect the metabolism of this tumour, nor the levels of 

intracellular and extracellular pH. This was in contrast to a report showing increased 

NTP/Pi ratios in a Morris hepatoma during carbogen breathing (Stubbs et al, 1997, 

submitted). However, strong evidence exists indicating that glucose deficiency is the 

principal modulator of tumour metabolism (Eskey et al, 1993), and therefore changes in 

bioenergetics may not necessarily accompany pOz modification if the nutritive blood flow 

remains the same. Furthermore, it was suggested that sampling differences between pOz
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histography and MRS, and the fact that the MRS studies were performed on 

anaesthetised mice, may Anther complicate direct comparison between oxygen tension 

measurements and phosphorus spectroscopy.

An MRI technique known as blood oxygen level dependent imaging has been reported to 

reflect changes in oxygenation and blood flow (Robinson et al, 1995, 1996). BOLD 

images o f the sarcoma F were shown to change in intensity during carbogen breathing, 

mainly at the tumour periphery (an area of high vascular density). The average change in 

image intensity was shown to decrease, albeit non-signiflcantly, relative to air breathing 

control animals, and this was in agreement with decreases in tumour blood flow 

measured by laser Doppler flowmetry during carbogen administration. Another MRI 

technique, with the potential to non-invasively image tumour oxygenation, was also 

investigated using the sarcoma F (chapter 8). MRI relies on the sequestration of 

perfluorocarbons into tumour tissue. Following inflision of these compounds they are 

cleared fi'om the vasculature within a few days by circulating macrophages, and taken up 

by the reticuloendothehal system of the liver and spleen. The remainder become 

sequestered to the macrophage population in abscesses and tumours. A linear 

relationship exists between the Ti relaxation time o f fluorine and oxygen tension, and 

thus maps o f tumour oxygenation can be constructed. A range of murine tumours were 

shown to have a high proportion of infiltrating immune cells, and an extended study in 

two tumour models showed that this subpopulation consisted entirely of macrophages. In 

the sarcoma F and fibrosarcoma N, these cells were also shown to be evenly distributed, 

thus indicating that representative MR images could be obtained. Ti-weighted maps of 

CBA mice showed that the liver and spleen were better oxygenated than the SaF tumour 

in each animal, however, qualitative assessment of tumour image intensity did not 

compare with pOz histography measurements. Interestingly, there was a positive 

correlation between tumour oxygenation and the proportion o f infiltrating immune cells, 

suggesting that poorly oxygenated tumours, because o f a higher fraction of 

macrophages, should be ideally suited to MRI. Although actual pOz values were not 

obtained from the MR images, these studies have clearly demonstrated the potential to 

non-invasively measure tumour oxygen status.
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In summary, this thesis has demonstrated a range of techniques that can be used to 

measure tumour oxygenation and monitor the effect of modalities which improve tumour 

pOz and radiation response. The benefits and limitations of the techniques have been 

examined, and the potential to non-invasively measure tumour oxygen tension 

demonstrated using BOLD imaging and MRI. The development and calibration of 

these imaging systems will in turn require MR-compatible sensors, and fibre-optic 

devices, such as the one described in this thesis, being non-magnetic and non-conducting, 

are ideally compatible with MR technology. Measurement of tumour pOz could aid 

development of more effective strategies targeting hypoxia, and help the clinician 

determine the most beneficial treatment for individual patients.
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Appendix I: 

Experimental tumours.

APl.O Tumour types

Throughout the course o f this study 24 different tumours were used. A significant 

proportion originated within the Gray Laboratory mouse colonies over the past 40 years, 

whilst others were donated by various groups in a number of collaborative efforts. Table 

API hsts these tumours, and as far as possible includes several important characteristics 

associated with them; including the host species and strain, the year in which they 

originated and their histology (data were collated from various sources).

Tumour Host
Species

Host Strain Year
Arose

Histology Latency “Td

SaF mouse CBA/Gyf
TO

1957 Anaplastic sarcoma 6 days 2 - 3
days

SaS mouse CBA/Gyf
TO

1979 Round-celled sarcoma 1 month 8-10
days

FSaN mouse C3H/Gyf
BXC/2

nr Fibrosarcoma 1 month 3 - 4
days

FSaR mouse C3H/Gyf
BXC/2

nr Fibrosarcoma ~ 5
weeks

5 - 6
days

CaHAL mouse WHT/Gyf
C57B1

1979 Mammary
adenocarcinoma

2 -3
months

8-10
days

CaAY mouse CBA/Gyf
TO

1980 Adenocarcinoma 2-6
months

7 - 8
days

CaWW mouse CBA/Gyf
TO

1980 Adenocarcinoma 1-2
months

~  5 days

CaNT mouse CBA/Gyf
TO

1968 Adenocarcinoma 14 days 2 - 4
days

CaRD mouse WHT/Gyf
C57B1

1980 Squamous
adenocarcinoma

1 -4
months

4 - 6
days

CaX mouse CBA/Gyf
TO

1979 Adenocarcinoma 2-8
months

5 - 7
days

CaGM mouse CBA/Gyf
TO

1980 Adenocarcinoma 2-8
months

6 - 7
days

CaGF mouse WHT/Gyf
C57B1

1980 Adenocarcinoma 1-2
months

6 - 7
days

RIF-1 mouse C3H" 1980 Radiation induced 
fibrosarcoma

10 days 2-3
days

RIF-1 mouse nu/nu 1980 Radiation induced 
fibrosarcoma

10 days 2 - 3
days

see vn mouse C3H/Gyf
BXC/2

nr Squamous cell carcinoma 7 -9
days

~  4 days

MDA-231 mouse SCID/Gy f  
balb-c nu

1974 Human breast 
adenocarcinoma

1 month nr
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HT-29 mouse SCID/Gy f  
balb-c nu

1964 Human colon 
adenocarcinoma

2 - 3
weeks

~ 7  days

L1210 mouse DBA nr Human leukaemic ascites 
grown s.c.

5 - 1 2
days

nr

MST mouse T138 ■ 1990 Spontaneous mammary 
adenocarcinoma

8 - 1 8
months

9-10
days

HSN rat CBH/CBi 1973 3 -4-benzpyrene-induced 
chondrosarcoma

7 days ~ 7 days

GH3 rat Wistar Furth 1965 Prolactinoma ~ 3
weeks

3 - 4
days

MHp
(9618A)

rat Buffalo 1965 Hepatoma 4 - 6  2 x 2 x  
weeks 2 cm 

to reach
P22 rat BD9 1986 Carcinosarcoma 7 - 1 0

days
~  2 days

Table API.l: Characteristics of experimental tumours used in this study, nr = no 
records available, latency = time for tumour to become visible from implantation. “ 
Tumour volume doubling time, f  Various C3H-derived strains depending upon institute 
of origin.

API.l: Tumour Maintenance

API.1.1: Murine Tumours

With the exception of the spontaneous mammary carcinoma (MST) all tumours were 

initiated by introducing cells subcutaneously to the rear dorsum or flank. Tumours were 

passaged from mouse to mouse for a maximum of 10 passes, after which the line was re

started from frozen stock.

Tumours were frozen as excised pieces in a mixture o f saline and 10% 

dimethylsulphoxide (DMSO) and preserved in nitrogen cryostasis. To initiate a tumour, a 

single vial o f material was rapidly thawed, chopped into smaller pieces and introduced 

using a trocar into the subcutis of 12 - 16 week old mice. From these tumours animal to 

animal passaging was carried out; a donor tumour was excised, minced with scissors and 

a few millilitres o f saline added to form a crude suspension, of which 0.05 ml was 

injected subcutaneously. The main deviation from this procedure involved the sarcoma S, 

whose passaging was always carried out via trocar.
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Treatment size was between 5 - 8  mm GMD (geometric mean diameter) (=100 - 400 

mg) for all experiments, except NMR protocols. In these investigations tumours ranged 

between - 8 - 1 2  mm to ensure a good signal to noise ratio. Actual GMD ranges for the 

NMR experiments have been stated in the appropriate chapters.

The GMD for any given tumour was determined by measuring 3 orthogonal diameters 

and calculated by applying the values to the equation below:

GMD = a X b X c

APl.1.2: Rat Tumours

Rat tumours were maintained by introducing a small piece of tumour material (-1 mm )̂ 

into the flanks of 8 - 12 week old animals via a small skin incision. As with the murine 

tumours, animal to animal passaging was performed for maximally 10 passes before 

being re-started from original frozen stock. A treatable size was considered to be 

between 1 - 2  grams, equivalent to a GMD of approximately 1 0 - 1 5  mm including skin 

thickness.

AP1.2: Animal Care

All animals were housed and cared for by Mr. P. Russell and his staff according to the 

guidelines stipulated by the Animals (Scientific Procedures) Act of 1986. Cages were 

changed weekly, and food and water issued ad libitum.
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Appendix II:

Suppliers of Reagents and Materials

Material Supplier

Equipment

Colony counter

Flow cytometers, FACScan & Vantage 

Gases

KIMOC 6650 pOi histograph 

LICOX CMP oxygen sensor 

Luminescent oxygen sensor

NMR magnets

Plastics

Silver/Silver chloride reference electrodes 

Thermal Barrier 

X-ray machines

Stuart Scientific

Becton-Dickinson

BOC

Eppendorf

Actamed

Drs. B Vojnovic and W.K. Young, 

Gray Laboratory 

Spectroscopy Imaging Systems 

Corporation

Bibby Sterilin Ltd. And Coming Inc.

Medicotest

Vetko

Pantak

Enzymes

Collagenase (type IV) 

DNase (type I) 

Dispase 

Pepsin

RNase (type I) 

Trypsin

Sigma

Sigma

Boehringer Mannheim

Sigma

Sigma

Integra Biosciences
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Anaesthetics

Diazepam

Hypnorm

Hypnovel

Ketamine

Lignocaine

Metofane

Phoenix Pharmaceuticals

Roche

Roche

Parke-Davis

Antigen Pharmaceuticals 

C-Vet and Janssen Pharmaceutica

General Reagents

3-amino propylphosphoric acid

Benzylpenicillin

Crystal violet

Dimethylsulphoxide

Eagle’s minimal essential medium (lOx)

Ethanol

FITC-conjugated anti-mouse IgG 

FITC-conjugated goat anti-mouse serum 

Foetal calf serum 

Glutamine (2mM)

Hoechst 33342 (bisBenzimide) 

Hydrazine hydrate 

Lactic dehydrogenase 

Molecusol

Mouse monoclonal against theophylline 

Nicotinamide

Nitroimidazole theophylline

Nitro-L-arginine 

Normal goat serum 

Perfluorooctylbromide

Sigma

Britannia

Sigma

BDH

Gibco BRL 

BDH 

Sigma 

Sigma

TCS Biologicals 

Integra Biosciences 

Sigma 

Sigma

Boehringer Mannheim 

Pharmatec 

Medix Biotech 

BDH

Synthesised by Lancaster Synthesis for 

Drs. RJ.Hodgkiss and J. Parrick 

Sigma 

Sigma

Alliance Pharmaceuticals

246



Phosphate buffered saline tablets 

Propidium iodide 

Rat anti-mouse F4/80 

Saline (0.9% w/v)

Sodium bicarbonate (7.5%)

Streptomycin sulphate

Trizma buffer solution

Trypan blue

Tween-20

Water for injection

Oxoid, Unipath

Sigma

Serotec

Antigen Pharmaceuticals

Gibco BRL

Evans

Sigma

Sigma

Sigma

Antigen Pharmaceuticals
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Appendix III:

Oxygen conversion table

Oxygen mmHg % ppm atm kPa

1 mmHg 0.13 1.32 X  10̂ 1.32 X Iff’ 0.13

1 % 7.6 1.0 X  10" 0.01 1 . 0 1

1 ppm 0.76 X 10"* 1 . 0  X  1 0 - " 1 Ox 10““ 1.01 X 10"

1 atm 760 1 0 0 1.0 X  10̂ 101.3

1 kPa 7.5 0.99 9.87 X 10̂ 9.87 X  10’

(N.B: 1 mmHg = 1 torr [at OX!]).
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Appendix IV: 

List of publications

Published

Collingridge, D R , Young, W.K., Vojnovic, B., Wardman, P., Lynch, E.M., Hill, S.A. 

and Chaplin, D.J. Measurement of tumour oxygenation: A comparison between 

polarographic needle electrodes and a time-resolved luminescence based optical sensor. 

Radiat. Res., 147, 329-334, (1997).

Horsman, M R , Chaplin, D.J., Hill, S.A., Collingridge, D .R, Radacic, M., Wood, P.J. 

and Overgaard, J. Effect o f nitro-L-arginine on blood flow, oxygenation and activity of 

hypoxic cell cytotoxins in murine tumours. Br. J. Cancer, 74, (suppl XXVII), S168- 

8171,(1996).

Submitted

Bremner, J.C.M., Hill, S.A., Collingridge, D .R , Stratford, I.J. and Adams, G.E. An in 

vivo model to modulate the level of oxygenation within experimental tumours in a 

controlled and reproducible manner. Submitted to NMR in Biomedicine.

Hill, S.A , Collingridge, D .R , Vojnovic, B. and Chaplin, D.J. Tumour radiosensitisation 

by high oxygen content gases: Influence of the carbon dioxide content of the inspired gas 

on pOi, microcirculatory function and radiosensitivity. Submitted to International 

Journal Radiation Oncology, Biology and Physics.

Robinson, S.P., Collingridge, D .R , Rodrigues, L M , Howe, F A , Chaplin, D.J. and 

Griffiths, J.R. Tumour response to hypercapnia and hyperoxia monitored by FLOOD 

magnetic resonance imaging. Submitted to NMR in Biomedicine.
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Stubbs, M., Robinson, S P , Rodrigues, L M , Parkins, C S , Collingridge, D R ,  

Griffiths, J.R. Perturbations o f tumour metabolism and pH gradient in Morris Hepatoma 
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Cancer Research.
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Measurement of Tumor Oxygenation; A Comparison between 
Polarographic Needle Electrodes and a Time-Resolved 

Luminescence-Based Optical Sensor

D . R. Collingridge, W. K. Y oung, B. V ojnovic, P. W ardman, E. M. Lynch, S. A . Hill and D . J. Chaplin

The G ray  L ab o ra to ry  C ancer Research Trust, P. O. B ox 100, M ount Vernon H ospital, N orthw ood, M iddlesex H A 6 2JR, U nited K in gdom

Collingridge, D. R., Young, W. K., Vojnovic, B,, Wardman, P., 
Lynch, E. M,, Hill, S. A. and Chaplin, D. J. Measurement of 
Tumor Oxygenation: A Comparison between Polarographic Nee
dle Electrodes and a Time-Resolved Luminescence-Based Opti
cal Sensor. Radiat. Res. 147,329-334 (1997).

A novel oxygen sensor which does not rely on electrochemical 
reduction has been used to measure the oxygenation of the 
murine sarcoma F in a comparative study with an existing 
polarographic electrode that is available commercially. The 
prototype luminescence sensor yielded an oxygen distribution 
comparable with readings made using a pOj histograph. The per
centage of regions detected that had a pÛ2 less than 5 mm Hg 
was 79 and 75 using the Eppendorf pO; histograph and the lumi
nescence fiber optic sensor, respectively. These values were com
patible with a measured radiobiologically hypoxic fraction of 
67% in this tumor. The polarographic method detected more 
regions with a pÛ 2 of 2.5 mm Hg or less (69%) compared with 
the optical sensor (50%) (P < 0.05). This could reflect differences 
in the oxygen use of the sensing devices. This initial assessment 
indicates the potential of a fiber-optic-based oxygen-monitoring 
system. Such a system should have several advantages including 
monitoring temporal oxygen changes in a given microregion and 
use with NMR procedures. © 1997 by Radiation Research Society

INTRODUCTION

M icroregional oxygen  d efic ien cy  in hum an tum ors is 
regarded as a m ajor contributing factor in local radiation  
response (7). In particular, the proportion  o f  cells existing  
at oxygen tensions betw een  0 -1 0  mm H g will be o f im por
tance, since rad iosensitiv ity  varies from  its m inim um  to 
near m axim um  value over this range. Indeed, nearly three 
times more radiation dose is needed to kill hypoxic cells rel
ative to normally aerobic cells (2). T he m easurem ent o f tis
sue oxygenation  is therefore o f  great clin ical interest both  
as a pred ictive assay and as a m eans o f  understanding  
tum or P O 2 , which m ay aid future treatm ent d evelop m en t 
for both radiotherapy and chem otherapy.

A t present, the m ost com m only used com m ercial system  
for the m easu rem en t o f  tissue o x y g en a tio n  in v ivo  is an

electrode designed for rapid assessm ent o f oxygen  distribu
tion throughout a tissue; the E pp endorf p 0 2  h istograph
(3). This instrum ent relies on polarography. C lear advan
tages exist using this m ode of m easurem ent, for exam ple a 
linear relationship betw een current and /7O 2 , and by o p ti
mizing the polarization voltage along with the addition o f  a 
T eflon  m em brane at the probe tip, contam ination  in v ivo  
from m olecules other than oxygen is reduced significantly. 
How ever, technically there are several potential lim itations 
which can be minim ized but not elim inated. T h ese  include 
the consum ption  o f tissue oxygen  by e lec troch em ica l 
reduction, which can introduce underestim ation to the o x y 
gen  value. It should  be noted  that the E p p en d orf h is to 
graph is d esign ed  to m in im ize this by incorporating a 
recessed tip electrode, a feature exam ined by W halen et al.
(4), and by m oving the electrode progressively through the 
tissue. N everth e less, oxygen  dep letion  w ill still occur, 
albeit low er than that resulting from blunt-ended n onm ov
able electrod es of, for exam ple, the original Clark design
(5). A  second technical problem  involves the difficulties o f  
accurately detecting the very small currents associated with 
low  oxygen  concentrations over and above the general 
background noise. This problem  becom es m ore im portant 
as electrode geom etry is miniaturized.

T heoretically , these lim itations can be overcom e using  
fiber-optic sensors which use dyes whose lu m inescence is 
quenched by oxygen. Essentially, these sensors rely on the 
m easurem ent o f  the oxygen-quenched  lifetim e o f a lu m i
nescent m olecule im m obilized at the tip of an optical fiber. 
T he optical fiber is used to guide the excitation and e m is 
sion light transients to the measurement system . H ow ever, 
as with the d evelopm ent o f polarographic e lec trod es for  
routine use in living tissue, several technical challenges had  
to be overcom e. These included the identification o f a su it
able lum inophor, attachment o f this to a fiber optic and the 
developm ent o f real-tim e signal analysis m ethods. R ecent 
work at the Gray Laboratory has resulted in the d e v e lo p 
m ent o f  a prototype device which uses the fluorophor. 
tris(4,7-diphenyl-l,10-phenanthroline) ruthenium chloride 
Technical details and som e preliminary m easurem ents with  
the device have recently been reported (6, 7).
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T he fiber-op tic  sensor op erates m ost e ffec tiv e ly  in the 
0-15  mm H g /7O 2 range with fast resp on se  and settling  
times ( < 2  s). T he object o f the current study was to evalu
ate the applicability o f the device for m easuring tumor oxy
gen tension  and to com pare the m easu rem en ts to  those  
obtained using the E ppendorf p O i  histograph as w ell as to 
radiobiological m easurem ents o f hypoxia.

MATERIALS AND METHODS

Tum or M odel

The tumor used in this investigation was the sarcoma F (SaF) murine 
tumor transplanted subcutaneously into the rear dorsum of female 
CBA/Gy f TO mice. These tumors were serially maintained by injecting 
0.05 ml of a crude cell suspension and selected for treatment when they 
had reached 5-6 mm in diameter.

M easurem ent o f  R adiobio logical H ypoxia

Tumor irradiation. All irradiations were performed using a 250 kV Pan
tak X-ray machine set at 240 kV and 15 mA. The mean dose rate for these 
series of experiments was 3.6 Gy/min. Tumors were irradiated in a similar 
fashion to the method originally developed by Sheldon and Hill (8). The 
mice were unanesthetized and exposed to either breathing air or hypoxia 
during irradiation. Hypoxia was induced by sacrificing the tumor-bearing 
mouse by cervical dislocation 10 min before the start of irradiation.

Clonogenic survival. Full details of this procedure have been published 
(9). Briefly, after irradiation the tumors were immediately excised, 
weighed, chopped and enzymatically digested (each dose point consisted of 
data from the pool of two tumors). After cell recovery and counting, known 
numbers of cells were dispensed into petri dishes and incubated at 37°C in 
a humidified incubator gassed with 2% 02/5% €02/93% Nj for 7-10 days. 
The colonies were fixed, stained with methylene blue and counted.

Calculation o f  hypoxic  fraction. Colony-forming efficiency (CFE) was 
calculated by counting the number of colonies on the petri dish and 
dividing this by the number of cells originally seeded. Three dilutions 
were made of each sample and each dilution was duplicated; thus the 
average of six samples gave the average CFE for each group and a stan
dard error on the mean was calculated. The surviving fraction (SF) was 
determined by calculating the number of clonogens per 100 mg of treated 
tumor and dividing this by the average number of clonogens per 100 mg 
of control tumor. The SFs of the aerobic and hypoxic treatments were 
plotted on a semi-log scale (radiation dose as a function of SF) with the 
best linear fit for the curve for hypoxic cells calculated. This fit was 
superimposed on the data for cells under aerobic conditions and the 
hypoxic fraction obtained from the vertical displacement of the curve for 
aerobic cells from the curve for hypoxic cells (10). To estimate the uncer
tainty on the hypoxic fraction, the ratios of the four paired dose points 
were averaged and the standard deviation of the mean was calculated.

P O 2  M easurem ents: E p p en d o rf H istograph

P rinciple o f  m easurem ent. Full details are described elsewhere (11), 
but a brief description is given here. Oxygen partial pressure (tension) is 
measured by a 17-pm gold polarographic microelectrode contained in 
the recess of a 300-pm beveled steel needle probe which is covered by a 
Teflon membrane. It is polarized to -700 mV with respect to a Ag/AgCl 
anode which is attached to the skin or underlying musculature near the 
site where the probe is inserted. Oxygen electrodes work on the principle 
of electrochemical reduction of oxygen at the cathode (probe surface). 
The process of reduction results in the production of O H ' ions and 
requires a source of electrons supplied by the anode (12). The resulting 
current is proportional to the oxygen partial pressure at the electrode tip.

M easurem ent procedure. Unanesthetized tumor-bearing animals were 
restrained in Perspex jigs. Using a p O i  histograph (Eppendorf KIMOC 
6650, Hamburg, Germany) with a net step length of 0.6 mm, 40-70 meas
urements were made from 6 tracks through each tumor. The reference

Ag/AgCI electrode (Medicotest UK Ltd., St. Ives, Cambridgeshire, UK) 
was attached to a shaved region on the back of each mouse to ensure a 
good electrical contact.

PO 2  Measurements: F iber-Optic Sensor

Principle o f  m easurem ent. Full details have been reported recently 
(6), but a brief summary is given here. Oxygen tension is measured by 
the change in lifetime of the luminescent (excited) state of a ruthenium 
luminophor incorporated in a silicone rubber polymer attached to the tip 
of an optical fiber with an external diameter of 230 pm. The luminophor 
is excited by 450 nm excitation light from a N2 -pumped dye laser and the 
fluorescence emission at 600 nm is detected using a photomultiplier tube. 
The lifetime of the luminescent signal is inversely proportional to oxygen 
tension. Oxygen tensions are obtained by comparing the observed life
time (t ) to that obtained in the absence of oxygen ( t q ), using a modified 
Stern-Volmer-type model (13).

Calibration. The luminescence sensor was calibrated against the follow
ing combination of gases, N2 , 0.5% O2 , 2% O2 , 5% O2  and 21% O2 , by 
placing the sensor into a series of deionized water solutions each bubbling 
with the appropriate oxygen concentration. Calibration measurements 
were made in a thermostatted bath set to 30°C to approximate the average 
tumor temperature. These lifetimes were used to obtain the coefficients for 
the model using a nonlinear least-squares method. The calibration would 
normally last for approximately 20 h of use before recalibration was 
needed. Before each measurement session, the lifetime at 0% O2 , tq, was 
measured and used in the model to estimate the oxygen tension.

Measurement procedure. Unanesthetized tumor-bearing animals were 
restrained in Perspex jigs. The fiber-optic sensor was inserted into the 
tumor through a small skin incision made with a 25-gauge needle. Each 
control animal was assessed at 12 different insertion sites. Measurements 
were performed for a minimum of 6 min at each site, which was sufficient 
to allow the sensor to equilibrate to the oxygen tension prior to obtaining 
a stable reading for the site. Data collection was made at a frequency of 
15 readings per minute.

Data Analysis

P olarographic data. From the pO? values obtained for each tumor, 
the median and the percentage less than 2.5 mm Hg. less than 5 mm Hg 
and less than 10 mm Hg were calculated and averaged for the 35 animals 
involved. The oxygen distribution, expressed as a histogram, was calcu
lated from the pooled data for all the animals.

Luminescence sensor data. An average p O i  value for each 6-min trace 
was obtained, after allowing for sensor equilibration and stabilization, at 
each insertion site. This yielded 12 p 0 2  values per tumor which were 
then analyzed in the same manner outlined for the polarographic data.

Statistical analyses. After the preliminary data analysis outlined 
above, each tumor had four oxygen values associated with it: median, 
percentage less than 2.5 mm Hg, percentage less than 5 mm Hg and per
centage less than 10 mm Hg. By pooling these values for each of the oxy
gen parameters, a comparison between the polarographic and lumines
cence sensor data was performed using Student’s t test for two indepen
dent populations with a significance of 95% (P  = 0.05).

Necrotic Fractions

Tumors were excised, fixed in formalin, processed and embedded in 
paraffin. Sections 4 pm thick were cut at three levels throughout each 
tumor and stained with hematoxylin and eosin for histological examina
tion. Using an eyepiece graticule and 20x magnification on a light micro
scope. the percentage of necrotic cells per section was calculated and 
averaged for a group of six tumors.

RESULTS

Figure 1 show s the radiation response data for tumors 
irradiated in air-breathing m ice and for tum ors rendered
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FIG. 3. pO; histogram representing the oxygenation of the sarcoma F 
murine tumor as determined polarographically. N  = 35; n = 1981. {N  = 
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FIG. 1. Survival curves for SaF tumor cells irradiated in vivo. ( • )  Sur
vival in tumors made 100% hypoxic during the radiation procedures (n = 
8). (O) Survival in tumors unperturbed during the radiation treatment (n 
= 12). Hypoxic fraction, calculated from the displacement of the two lines 
as described in the Materials and Methods, equaled 66.6% (± 2.79). n = 
number of experiments. The data points are the mean ± 1 SEM.

100% h y p o x ic . It can b e  seen  that th e  S aF  tum or has a 
rad iob io log ica lly  hyp oxic fraction , assessed  from  the d is
placem ent o f  the tw o survival resp onses, o f  67% . In clin i
cal rad iation  o n co lo g y  such m easu res o f  ra d iob io log ica l 
hypoxia  are im p o ssib le , and a sse ssm en t has to  be m ade  
using o x y g en  sen so rs. In the p resen t stu d y , w e have  
assessed  the oxygen  ten sion  in SaF  tum ors using tw o d if
ferent oxygen  sensors, nam ely the com m ercia lly  available  
E p p en d o rf p O j  h istograp h  and an in -h o u se  fib er -o p tic  
lu m in escen ce sensor. T he ca libration  curve for the latter  
is show n  in F ig . 2. T h e curve illu s tra tes  a n on lin ear

response and is thus quite d ifferen t from  the w e ll-e sta b 
lished  linear re la tion sh ip  b e tw een  current and p 0 2  

obtained with polarographic m easurem ents. T his n on lin 
earity highlights an in teresting feature o f  the fib er-op tic  
device. T he error in the lifetim e ( t )  reading will attribute  
varying degrees o f error to the oxygen  reading. A t low er  
oxygen  va lu es o f  less than ab ou t 5% , the errors w ill be  
sm aller than those attributed to readings o f  21% oxygen: 
hence an in creased  accuracy at low er o x y g en  ten sio n s. 
H ow ever, th is d o es m ean  d ecrea sed  accuracy at h igher  
oxygen  lev e ls . (T h e linear resp on se  o f  a po larograp h ic  
electrod e en sures the sam e d egree  o f  uncertainty at any  
oxygen m easurem ent.)

T he h istogram s o f  p O ] va lu es o b ta in ed  from  SaF  
tumors using the E ppendorf p O i  histograph and using the  
fiber-optic lum inescence sensors are show n in Figs. 3 and  
4, resp ective ly . B oth  the h istograph  and lu m in escen ce

4.0-,

3 .5 -

3 .0 -

2 .5 -

2 .0 -

Oxygen (%)

FIG. 2. Calibration curve for the fiber-optic oxygen sensor.

Ô 5 10 15 20 25 30 35 40 45 50 55 60

Oxygen Partial P ressu re  (mm Hg)

FIG. 4. The oxygen distribution of the sarcoma F as determined with 
the fiber-optic oxygen sensor. N  = 20;n = 240. (N  = number of animals; n 
= number of measurements.)



332 C O L L I N G R I D G E £ T / l L .

TABLE I
M easurem ent o f O xygenation o f  SaF Tum ors Using Polarography and Fiber-Optic T echnology

Eppendorf /7O2 electrode 
(N  = 35 ,n  = m i )

Value SEM

Median" (mm Hg) 
Percentage <2.5 mm Hg" 
Percentage <5.0 mm Hg 
Percentage <10.0 mm Hg

1.4
68.8
78.7
88.7

0.3
4.6 
3.1
1.6

Luminescence sensor 
{N  = 2 0 ,n  = 240)

Value SEM

Note. N  = number of animals; n = number of measurements.
"Luminescence sensor and Eppendorf electrode measurements are significantly different {P  <  0.05).

2.8
49.6
75.4
82.9

0.5
7.6
4.1
3.2

sensor id en tify  a range o f  o x y g en  te n s io n s  from  0 to  
60 mm H g. H o w ev er , th e  m ajority  o f  v a lu es  are in the  
range o f  0 to  5 m m  H g, co n sisten t w ith  th e  e x is te n c e  o f  
radiobiological hypoxia.

To assess w hether the high proportion o f  values less than 
2.5 mm H g m easured by both o f these techniques could be 
attributed to sam pling large regions o f  necrosis, a histologi
cal study was perform ed. From  this the n ecrotic  fraction  
was found  to be very low  at 8.3%  (S E M  ± 0 .5 ) and thus 
would not be ex p ected  to  have a m ajor in flu en ce  on  the  
overall oxygen distribution.

A  direct com parison o f  values obtained  with the E ppen
dorf histograph and the fiber-op tic  sen so r  are show n in 
Table I. It can be seen  that overall the va lu es are broadly  
com parable. In d eed , the p ercen tage o f  va lu es less than  
5 mm H g (con sid ered  to  be a m easu re o f  rad iob io log ica l 
hypoxia) is a lm ost identical and furtherm ore is sim ilar to  
the m easured rad iob io log ica lly  h yp ox ic  fraction  in this 
tumor. H ow ever, the m edian value ob tained  with the fiber
optic sensor is h igher than that o b ta in ed  w ith  the E p p en 
dorf histograph.

DISCUSSION

H ypoxia is know n to be a key  factor resp on sib le  for 
tumor resistance to radiation. In vitro  studies have also indi
cated that it can induce resistan ce to ch em oth erap eu tic  
drugs (14-16)  and alter the cellu lar resp on ses to cytokines  
(17-19).  T he advent o f  the E p p en d orf / 7O 2 h istograph has 
enabled  c lin ica l m easu rem en ts o f  tu m or o x y g en a tio n  to 
be m ade. T h ese  stud ies have show n that h ypoxia  ( p 0 2  <  
10 mm H g) is a com m on feature o f solid  tum ors in humans 
(20). M oreover, hypoxia has been show n to be a prognostic 
indicator for local contro l after rad io th erap y  in head and  
neck and cervical cancer (2 1 ,2 2 ) .  L ik ew ise , recent studies  
indicate that hypoxia can predict for distant m etastasis and 
survival in patien ts w ith soft tissue sarcom as (23). T h ese  
studies have show n  that rou tin e m easu rem en ts o f  tum or  
hypoxia could be an im portant clinical assessm ent. T he only  
device currently availab le  for clin ica l m easu rem en ts o f  
tumor oxygenation is the E ppendorf histograph, which uses 
polarographic tech n iq u es for o xygen  d e tec tio n . R ecen t

technical develop m en ts have ind icated  the potentia l o f  
fiber-optic-based oxygen sensors (6 ,7 ) .

The present study has provided the first d irect in vivo  
comparison betw een a recently d evelop ed  fiber-optic oxy
gen sensor and the estab lished  “gold  standard” p o laro
graphic oxygen electrode, the E ppendorf histograph. The  
machines use two totally different processes to measure tis
sue oxygen tension . T he calibration  curve for the fiber 
optic, shown in Fig. 2. illustrates that, w hile m easurem ents 
of oxygen tension over the physiological range are possible, 
increased accuracy at low oxygen tensions (< 5 % ) is a fortu
itous consequence o f the luminophores calibration behavior.

The electrode and the fiber-optic sensor both have sim 
ilar d im ension s w ith external d iam eters o f  2 0 0 -3 0 0  pm. 
T he insertion o f  these sensors w ould be expected  to result 
in sim ilar tissu e  perturbation . T h e  vo lu m e o f  m easu re
ment has been  estim ated for the E ppendorf as a region o f  
50-100  cells around the probe tip (5 ). T he sam pling v o l
um e o f the fiber-optic sensor is d ifficult to estim ate accu
rately. Further w ork is on go in g  to exam in e the effect o f  
the outer polym er coa tin g  upon the accuracy o f  oxygen  
m easurem ent; h ow ever, it is ex p ec ted  that its con tribu
tion will be sm all and as such probe m easurem ent should  
be confined primarily to the sensor tip. C oupled  with the 
exp ected  low er oxygen  con su m p tion  by this tech n iq u e, 
the sam pling vo lu m e sh ou ld  be less than that o f the 
E ppendorf histograph.

D espite the d ifferences in the m ethod  of oxygen detec
tion  and the d ifferen t m ethods o f  probe insertion  and 
m ovem ent, the instrum ents provided very sim ilar oxygen  
tension profiles in the murine sarcom a F. B ased on previ
ous radiobiological data, radioresistance is associated with 
p O i  values less than 10 mm H g and often  less than 5 mm 
H g. It can be seen  that, if com pared with the 67% radio
biologically hypoxic fraction actually m easured, both sen 
sors recorded  p ercen tages o f  va lu es < 5  mm H g alm ost 
identical w ith this (79%  for E p p en d orf histograph and 
75%  for the op tica l sen sor). H ow ever , there are som e 
slight but sign ifican t d ifferen ces in the m easurem ents  
made by the tw o sensors when other param eters are com 
pared. For exam p le , the m edian p 0 2  ob ta in ed  for the 
tum ors using the fiber optic or the E ppendorf are signifi
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cantly different (2.8 com pared to 1.4 mm Hg). This reflects 
the fact that significantly more readings in the 0-2 .5  mm Hg 
range are d e tec ted  using the E p p en d o rf po larographic  
electrode. W hile this may be due to sam pling differences, 
oxygen  use m ay be an other con trib u tin g  factor, particu
larly w hen com paring a process o f  m easurem ent that can 
induce a sm all degree o f depletion  with one w hose oxygen  
consum ption is probably lower.

This in itial study has d em onstrated  the feasib ility  o f  
using fiber-optic sensors for detection o f  tissue oxygenation. 
Further work is now  required in o ther system s to d em on 
strate their utility. It is clear that a fiber-optic-based system  
could o ffer  severa l advantages over  a polarographic  
m ethod. T hese include the ability to  adapt the system  to a 
m ultichannel d ev ice  enabling the d e tec tio n  o f  tem poral 
changes in tum or oxygenation on  a m icroregional scale, an 
application that is difficult because o f  the oxygen use associ
ated with polarographic electrodes.

In sum m ary, these results indicate that the sam e degree  
o f accuracy regarding oxygen  m easu rem en t can be  
obtained with lum inescence-based  optica l oxygen  sensors 
as with polarographic electrodes. T he optical sensor used in 
the current study had an external d iam eter o f 230 pm com 
pared with the E ppendorf needle electrode (300 pm). H ow 
ever, it is possible to develop fiber-optic probes with smaller 
diam eters, thus reducing the d eg ree  o f  tissue dam age  
induced by probe insertion and m ovem ent. A t present the 
fiber-optic sensor is not autom ated to  advance through tis
sue in a m anner com parable w ith  th e  E p p en d orf h isto 
graph. W hile this aspect is a major drawback since sam pling 
differences m ay contribute to a less rigorous average o f the 
overall tissue oxygen ation , w ork is o n g o in g  to a llow  the  
addition o f  a stepper device similar to the histograph. Fur
therm ore, with the expansion  into a m ulti-sensor arrange
m ent, the instrum ent could  p rovide an oxygen -sen sin g  
device w ith im proved clinical p oten tia l. H ow ever, as with  
the Eppendorf, the m easurem ent process remains invasive, 
even if sm aller-diam eter probes are used. Clearly, the ideal 
routine clin ica l procedure sh ou ld  b e  n on in vasive . M uch  
effort is ongoing into the develop m en t o f such procedures, 
particularly using m agnetic reson an ce (M R ) im aging {24, 
25). If such efforts su cceed , the d ev e lo p m en t and calibra
tion o f  these im aging procedures will, in turn, require M R- 
com p atib le  sensors. F ib er-op tic  d ev ices , such as the on e  
described here, being nonm agnetic and nonconducting, are 
ideally com patible with M R technology.
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Effect of nitro-L-arginine on blood flow, oxygenation and the activity of 
hypoxic cell cytotoxins in murine tumours

MR Horsman', DJ Chaplin^ SA HilP, S Arnold^ D Collingridge^ M Radacic', PJ Wood^ and 
J Overgaard'

'Danish Cancer Society, Department o f  Experimental Clinical Oncology, Norrebrogade 44, Bldg. 5, DK-8000 Aarhus C, Denmark; 
^Gray Laboratory Cancer Research Trust, Mount Vernon Hospital, Northwood, Middlesex HA6 2JR, UK; ^MRC Radiobiology 
Unit, Chilton, Didcot, Oxon OXI I  ORD, UK.

Summary This study was an investigation into the ability of nitro-L-arginine to change blood flow, 
oxygenation status and the activity of hypoxic cell cytotoxic agents in two different transplanted murine 
tumours. The tumour models were the C3H mammary carcinoma grown in the feet of female CDF I mice and 
the SaF grown on the backs of CBA mice. Treatments were carried out in restrained non-anaesthetised animals 
when tumours were about 100 to 2(X) mm  ̂ in size. Blood flow was monitored using laser Doppler flowmetry; 
oxygen partial pressure {pOi) distributions were obtained with an Eppendorf oxygen electrode; and response to 
treatment with hyperthermia (43.5°C; 30 min) and RB6145 (250 mg kg“ '; i p.) assessed using a tumour growth 
delay assay. Nitro-L-arginine (10 mg kg"'; i.v.) significantly reduced blood flow by around 40-60% within 
15 min after injection in the C3H tumour and by 30 min in the SaF. However, nitro-L-arginine had absolutely 
no effect on tumour p O i measured at the time of maximal blood flow reduction in both tiunour types. It also 
failed to enhance the response of the C3H tumour to heat, but did produce a small yet significant increase in 
the response of the SaF tumour to RB6145.

Keywords: nitro-L-arginine; laser Doppler flowmetry; Eppendorf oxygen electrode; hyperthermia; RB6145

Nitric oxide is an endogenous vasodilator that is released 
from the vascular endothelium to maintain cardiovascular 
homeostasis (for review see Moncada et al., 1991). Limited 
experimental studies have indicated that agents which can 
inhibit nitric oxide synthase, such as nitro-L-arginine, nitro-L- 
arginine methyl ester and monomethyl-L-arginine, are capable 
of reducing tumour blood flow (Andrade et al., 1992; 
Dworkin et al., 1995; Tozer et al., 1995). This effect on 
blood flow may explain why nitro-L-arginine can increase 
radiobiological hypoxia and decrease energy metabolism in 
certain tumours (Wood et al., 1994a,6) and enhance the anti
tumour activity of at least one bioreductive drug (Wood et 
al., 1994a).

The aim of our current study was to demonstrate that 
nitro-L-arginine could modify blood flow in two well 
established tumour models, a C3H mammary carcinoma 
and the Sarcoma F. In addition, we also investigated whether 
or not these changes could influence the oxygenation status 
of these tumours and their subsequent response to hypoxic 
cell cytotoxic agents.

Materials and methods

Tumour models

Two transplanted murine tumour models were used in this 
study, a C3H mammary carcinoma grown in the right rear 
foot of female CDFl mice, and the Sarcoma F (SaF) grown 
on the backs of female CBA mice. Details of their derivation 
and maintenance have been previously described (Overgaard, 
1980; Denekamp et al., 1983). All treatments were carried out 
in restrained non-anaesthetised mice when tumours were 
about 100 to 200 mm̂  in size.

Drug preparation

Nitro-L-arginine (Sigma Chemical Co., St. Louis, MO, USA) 
was dissolved at different concentrations in a sterile saline
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(0.9% NaCl) solution immediately before each experiment. It 
was injected intravenously (i.v.) into mice at between 0.004 to 
0.02 ml g“‘ body weight. RB6145 was obtained from Parke 
Davis Pharmaceutical Research (Ann Arbor, MI, USA), 
dissolved in sodium lactate buffer at pH 4.0, kept on ice and 
injected intraperitoneally (i.p.) at 0.01 ml g"' mouse body 
weight.

Tumour blood flow

Blood flow was measured using laser Doppler flowmetry. In 
the C3H mammary carcinoma this measurement was 
performed with a TSl Laserflo Blood Perfusion Monitor 
(Vasamedics Inc., St. Paul, MN, USA) and in the SaF 
tumour with an Oxford Array Laser Doppler System (Oxford 
Optronix Ltd., Oxford, UK), the details of both techniques 
having been described earlier (Horsman et al., 1992; Hill and 
Chaplin, 1995). Readings were obtained from probes inserted 
into the tumours of restrained non-anaesthetised mice. After 
stable recordings had been achieved nitro-L-arginine was 
injected through a previously inserted i.v. line and flow 
monitored for a further 60 min. Throughout the experiment 
mice were kept warm by heating.

Measurements o f  tumour oxygenation

Oxygenation status of tumours was assessed using a 
computerised fine-needle polarographic oxygen electrode 
probe (Eppendorf, Hamburg, Germany), the exact details of 
which have been previously explained (Kallinowski et al., 
1990). The electrode was inserted up to a depth of about 
1 mm into the tumour and then moved automatically 
through the tissue in 0.7 mm increments, followed each time 
by a 0.3 mm backward step before measurement. Between 4 -  
7 repeated parallel insertions were performed in each tumour 
giving an average of 69 pO i values.

Hypoxic cell cytotoxic treatments

For the C3H mammary carcinoma the hypoxic cell cytotoxin 
used was hyperthermia (43.5°C; 30 min). This was adminis
tered locally to the tumour by immersing the tumour-bearing 
leg of restrained non-anaesthetised mice into a circulating
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i water bath (type TE 623, from Heto, Birkerod, Denmark). 
Tumour response was assessed as the time taken for tumours 
to reach 5 times their treatment volume. For the SaF the 
hypoxic cell cytotoxin was RB6I45. It was i.p. injected as 
earlier described and tumour response determined by 
calculating the time taken for tumours to achieve the 
pretreatment size plus 4 mm.

Data analysis

All results are shown as means (±1 s.e.). For the pO] 
measurements a number of parameters can be selected to 
reflect tumour oxygenation, but we decided to show only the 
median pO i and percentage of pO j values ^ 5 mmHg, 
because while the former is indicative of the overall 
oxygenation status, the latter is likely to include all the 
radiobiologically hypoxic cells in the tumour. Statistical 
analysis of all data was performed using the Student t test, 
with P = 0 .0 5  used as the level of significance.

Results

The effect of nitro-L-arginine on blood ffow in the C3H 
mammary carcinoma is illustrated in Figure 1. Immediately

after drug injection blood flow was reduced reaching a 
maximum significant decrease of around 50-60% within 
15 min, and being maintained at this level for at least I h 
after injection. Similar results were seen in the SaF tumour 
(data not shown), although the maximum reduction was not 
seen until 20-30 min following injection. By 30 min after 
injection of NLA blood flow was found to be 41% less than 
that measured at the same time in control tumours (Table I) 
and this decrease was again significant. '

Figure 2 shows the effect of different nitro-L-arginine doses 
on the oxygenation status of this C3H mammary carcinoma, 
measured when the blood flow reduction was maximal. There 
is a suggestion that tumour pOi actually increased with drug
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Figure 1 Relative change in blood flow in a C3H mammary 
carcinoma as a function of time after drug injection. Flow was 
measured by laser Doppler flowmetry for 5 min before and for 
60 min after i.v. injection with either saline (O) or lOmgkg"' 
nitro-L-arginine (NLA, # ). Results are means (±1 s.e.) from 5 
mice per group.

Table 1 The effect o f  nitro-L-arginine in SaF tum ours grown on the 
backs o f  female CBA mice

Treat men
Relative 

TBF (% )^

Tumour pO / 
median T G r

(m m H g) %  ^ 5  m m H g (days)

Control 93 ±8 ' 2 ± l 79±8 6.4 ±0.2
NLA 52±4 3 ± l 89±3 -

RB6I45 - - - 7.4 ±0.2
RB6I45 + NLA - - - 9.0 ±0.6^

“Mice were given either no treatment (controls); nitro-L-arginine 
(NLA; 10 mg kg '; i.v.); RB6I45 (250 mg kg*'; i.p ); or RB6145 
30 min before NLA. “Tumour blood flow (TBF) measured by laser 
Doppler flowmetry. Results shown are values obtained 30 min after 
injection and are expressed relative to pretreatment values. Tumour 
pO i estimated 30 min after injection using an Eppendorf oxygen 
electrode. Tum our growth time (TGT; time taken for tumours to 
reach treatment size plus 4 mm). 'Results show mean values (±  1 s.e.) 
from 4-5  mice per group. “̂ Significantly different from RB6145 alone 
(P<0.05).
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Figure 2 The effect of nitro-L-arginine dose on the oxygenation 
status of a C3H mammary carcinoma. Measurements of tumour 
p O i, made with an Eppendorf oxygen electrode, were started 
15min after i.v. drug injection. Results show means (±1 s.e.) 
from an average of 7 mice per group.
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Figure 3 Variation o f  nitro-L-arginine dose and its effect on the 
response o f  a C3H mammary carcinoma to heat. Mice were i.v. 
injected with nitro-L-arginine 15 min before local tumour heating 
(43.5°C; 30 min) and the tumour growth time (time taken for 
tumours to grow to 5 times their treatment volume; recorded. 
Nitro-L-arginine alone (O ): nitro-L-arginine and heat ( # )  
Results show means ( ± I  s.e.) from an average o f 18 mice per 
group.
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dose, but these changes were not significant. A similar non
significant efiect of nitro-L-arginine on /;0i was observed in 
the SaF tumour (Table I).

The ability of nitro-L-arginine to influence the anti-tumour 
activity of heat or RB6145 is shown in Figure 3 and Table I, 
respectively. In the C3H mammary carcinoma none of the 
nitro-L-arginine doses tested alone had any influence on 
tumour growth time, nor did they change the tumour 
response to heat (Figure 3). However, in the SaF tumour a 
single dose of 10 mg kg~' nitro-L-arginine did produce a 
small yet significant increase in the growth response of this 
tumour to RB6145 (Table I).

Discussion

Nitro-L-arginine at a dose of 10 mg kg"' significantly 
reduced blood flow in our C3H mammary carcinoma and 
SaF tumour models. The maximum reduction was around 
40-60% and this occurred within 15-30 min following drug 
injection and was still apparent after 60 min. These results 
are consistent with the significant (>50%) decrease in blood 
flow observed in subcutaneous P22 rat tumours, measured 
20 min after i.v. injecting 10 mg kg~' nitro-L-arginine (Tozer 
et a i ,  1995).

Despite the substantial changes in tumour blood flow we 
were unable to show any effect of nitro-L-arginine on the 
oxygenation status of either the C3H or SaF tumours. This is 
perhaps not surprising because our earlier studies with 
hydralazine in the C3H mammary carcinoma suggested that 
blood flow reductions of much more than 50% were 
necessary to change significantly the level of radiobiological 
hypoxia (Horsman et a l ,  1989). A previous study using the 
end points of tumour energy metabolism and radiation 
response reported results indicating that 10 mg kg"' nitro-L- 
arginine produced substantial changes in tumour oxygenation 
in the SCTCVIl and RIF-1 tumours and to a lesser extent in 
the KHT tumour (Wood et al., 1994û). Tumour blood flow 
was not measured in that study, but the results suggest that 
in those tumour models nitro-L-arginine must have produced 
decreases in blood flow that were quite substantial and 
certainly greater than we observed.

In the C3H mammary carcinoma nitro-L-arginine also 
failed to enhance the antitumour activity of hyperthermia. 
Hyperthermia is a treatment which is preferentially toxic to 
hypoxic cells (Overgaard and Bichel, 1977; Gerweck et a!., 
1979), an effect which is not due to hypoxia per se, but rather 
because of the decrease in pH that results from the metabolic 
changes associated with long-term hypoxia (Overgaard and 
Nielsen, 1980). Several studies have clearly demonstrated that 
the response of tumours to heat can be significantly increased 
if tumour blood flow is decreased (Suit 1975; Hill and 
Denekamp 1978; Horsman et a!., 1989; Kalmus et at., 1990). 
However, to see this enhancement the blood flow reduction 
must be extensive and certainly greater than the 50-60% 
reduction we found in this C3H mammary carcinoma 
(Horsman et al., 1989; Kalmus et al., 1990).

Reducing tumour blood flow is also known to enhance the 
anti-tumour activity of bioreductive drugs (Chaplin and 
Acker, 1987; Bremner et al., 1990). In our SaF tumour 
nitro-L-arginine produced a small yet significant increase in 
tumour response to RB6145, an effect which is entirely 
consistent with the effect reported for nitro-L-arginine and 
RB6145 in KHT tumours (Wood et al., 1994a). However, 
this enhancement of bioreductive drug activity, following a 
reduction in tumour blood flow, is generally believed to be 
the result of a subsequent increase in tumour hypoxia, which 
we did not observe in the SaF. It is possible that the 
reduction in tumour blood flow by nitro-L-arginine in the 
SaF was actually sufficient to increase retention of RB6145 in 
those tumours, thus extending the effective exposure time and 
producing the small increase in tumour response that we 
observed. This suggests that combining nitro-L-arginine with 
chemotherapeutic agents in which response is dependent on 
exposure time rather than hypoxia per se may be an 
alternative approach.
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