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ABSTRACT

.

A recent  study by Garrecht.  and Cha;inan (21), d(‘su'/b(-d the

}

distribution of the ra "'m@-msom(mole in m%’r mi ce.

After mltiple in_jectibn-s_,of drug it was -determined Jising both

autoradiographic and scintillation procedures that the Jevel of 14(‘
x-etainex'\ in the tumor was 2 = 15 times higher than that rftained in all
7

!

other normal tissues except liver. The l@vel of 14(‘, rgtaindd in liver

was similar—to  that found in tur@ﬁ%his thesjs/pr‘esents studies

Y

. designed to det'er'nri',ne: 1f .“t'he increased binding obs‘erved to liver‘ in
vivo was due ,tto decr‘eévlsed‘ liver Qxygenétion or t6 a distinctive (:nzyme
conplemenp assoclated wikth‘ drﬁg toxification. 1In addition, the
feas‘s'ibilri‘ty Ofusnlg ‘th‘e sens'itiier‘ addﬁct technique as a means to

determine the p0, - of tissues at the cellular level was examined.

14

.

An in vitno comparison of the binding rates of "“C-Misonidazole to

EMT-6 tumor Ce_l‘y"ls“, hepatoma cells. V79 cells and mouse hepatocytes
showed. that, at all drug concentrations studied, mouse ’hcpat,rx';yt,vs

exhibited the lowest rate of binding. These'étud,ies suggest that mouse -
» . ) . . ' . ’ !

hepatocytes do not contain a unique complement of nitroreductase

_enzymes, when compared to normal fibrohlast or tumor cells, that would

~account- for their elevated binding observed ﬂ vivo.

Eyidené'e to suppor't. this conclusion was obtained in éxp.er'iments

which examined the binding’ of..MC—Misonidazole to mouse liver, spleen;
heart , ~ kidney, brain and tumor tissue .cubes- un’dér controlled” oxygen

RN >

R P . . ) - . ) .‘ S
‘conditions. The results of these studies showed that theé Km value for

half -maximal binding and the absolute rates (grains/100 um®) observed

o



for liver were not significantly ditfferent from those of other tissues
' : ' S o

such as brain or heart. These results support’ the findings obtained

‘o T A o v ‘

with 1isolated liver cells in that 1t suggests that liver does not

possess a unique complement of nitroreductase enzymes when compared to
. o :

- other normal tissues. Based on these findings, it is likely that the

. : { , ‘
elevated in vivo binding observed to liver is due to the organ existing
in a reduced state of oxygenation when compared to other normal

* tissues. ) -
[ )

< Finally, an evaluation of the sensitizer adduct technique sho\yed

“

"+ that this method has the potential to be a sensitive and reliable
method for the determination of in vivo PO, levels, and that standard
'pOz curves can be generated for ‘most nor'mal tissues. Measur‘ements of

t,he pO2 of llver usu)g this t:echnlque suppor‘ted the conclusion t,hat'

11ver exists at a relatively low p02 in vivo.

e

vi



ACKNOWL EDGEMENT

L]
< . -

NHEL

The developnent, of this pr'()jéct wats, $nade possﬁwyhmugh the
((imnbut,mne of many people, {’mo w1llmg1y sharcd thmh\time and
t,echnlcal knowledge. I would ef Clally llke t,o thanl\ my s‘upe% SOR .

' 5

‘ C .
Dr. J.D. Chapman, for providing me with the oppovr(,unlt‘,y t,o train in

N L3

. _t,héfRadiobiology PﬁogT'axn and attend $evera1 ‘sci‘em,it"'ic metatyi.:\gé. His
iueas, encour‘agement,h and enthusiastic épprdach u‘) resc‘nrch were
‘ ;('x-)nSt;mt? source of inspiration. '
“D~.  Cam Koch gene'rousl‘y " provided his time and (:)H)cr{fisc‘ i‘-'n
- :helping with the hxygen measur‘ement's,~ z;& well as (:hntr'ibm,ing many
helpful suggestions during: the course, ;‘)f the Ipro;je_ct,. Dr. Randy.
Ji'r“le, of the Department of Radiology, Du.ke Uhiv“ersi.ty. provided
invaluable assistance w1th setting up the proceduré for the isolation
of® mouse- hepatocytes. T wohld alsolihk'e to; thank Bert Meeker, .J.an(:
Lee, Bonnie Garrecht and >Janet Sharplih, who provided nnJ,‘ch-appr‘e(-iat(édA
. assistance with various teéhnical aspects of the project. Special
thanks are extended to‘ Jan Steele, who did the histologijc:al sectioning
.\ of tisshes for éutor:adiog‘raphy.j
I would like to thank K. Liesner, J. Spicer and F .L()Cicer‘ol of
the. Audiovisual Départmént at ﬁhéACross’ Cancer Ihstituté fnr .t;he'ir'
';)re.éaratlon of marny gr‘a;hs and sl1des I am espec1ally grateful to
Miss Kar‘en Br'own for typing the manuscript . I would also like to t,hank -
Dr. Jerry Miller' for hi"s photographlc assistance, and Dr. Allan Franko
‘. for his adv1ce and encouragement. | |
These studles were supported by "the Alber'ta Cancer Board and a ‘
‘ scholarship awar'ded by the ANaAtural- Sciences and Englneeg,ilng .ngnc11 of -

= - y P .
Canada.: . ‘ _ / ‘

vii



. TABLY OF /(,‘ONT‘I’,.\”I'.’\' ‘ J
L \ | '
CHAPTER | L ‘ 7 PAGE
{. INTRODUCTION - »n s oo ... e R
2.7 MATERIALS AND METHODS ...\ttt aeananeens . 14
o SECTION I. BINDING OF 3¢ MISONIDAZOLE TO CELL
SUSPENSIONS: IN ﬂTRO - o -
Cell Culture wi........ l. ............ . R 14
Mouse Hépagycyte«Isolation ; ................... e 14
Drugs s ....... e e .o 19
e Misonidazole Binding -« ..eeeeeeeeeenennenenenn.. 20
Calculationlof Binding Rate e, ;.;.;.‘ 21
SECTION IIv. BINDING OF 14C—N[ISON[DAZOLE TO MOUSE
TISSUE CUBES IN VITRO
. 'I4C—Misonidazole Binding ...... e :Q
Histological Processing ....... e ” 424
-Auﬁoradiographic Techniques ......... :.~ ....... B , 24
Scoring of Gr&ins et R e 25
SE/ITON T11. BINDING OF “4C-MISONIDAZOLE To MOUSE
TISSUES IN VIVO - . | S
Wr Line 5}1d Induction ...... een. easeaaea. . 26
ol B4, . : \ ‘ -
.Band;ng'ofba?g:miigildazole I T I fi.. : Zé‘
Dmug Injection t ' .2?
Liquid sé'iﬁcitlat_;on Co@t‘(%ng e 27
'+ Quench’ Correction Curve ........... Cereaees ceen 28
,l~ ) | s ) . . » s
) : _

viii



<

)
1
CHAPTER o PAGE
3. RESULTS AND. DISCUSSION ....... e e e, 3t
Binding of 14C—Misonidazole to'Cell Suspensions
B T S 4 31
4. RESULTS AND DISCUSSION ©.itttnnieanaeneateeannnnenen. 40
. VS ' e g
Binding of ~"C-Misonidazole to Mouse Tissue .
Cubes in vitro ................... Ceeerbeenees e 30
5. RESULTS AND DISCUSSION &ttt eres e eee e neenaaenen, 63
Binding of 14C—-Misnnidazole to Mouse Tissues. )
_iil‘v.i'vo e e e et e e e et 03
. . N
- s : |
6. GENERAL DISCUSSTON AND CONCLUSIONS, . :@.veeunnn. P 70
BIBLIOGRAPHY .. .viire e iiiieennnnnnns e, .77
VITA ...vvennn. ettt e %3
b
. = .
/
-
1 s
-
¥
/ 1x o i O



TABLE

an]

" LIST OF TABLES.

DESCRIPTION o BERER ‘ , PAGE
14 e
Average Blndlng Rate of ~7C- @onldazd’le to -~
Cells at 37 °C in Nitrogen ...w... et de s 38

K_ Values for Mouse Tissues Estimated from A

2_Cur've.,..T ...... e ettt 47

: 2
Average Grain Density/1200 um” Area for
P'Hu-se Tissues Labelled in vivo with 50. uM .
CMlsomdazole.....;......................; ...... 64

Average dpm/100 mg (X 10 ) fo;i'4 use Tissues _
Labelled in vivo with 50 uM “CIMisonidazole .....~ 65

-
Estimated pO2 Levels for Mou%e Br‘aln ‘Liver .
and EMT-6 Tumor .........coceiveuvnenn 67
, , o
oy
[N
L N
\
n {
,. b N



" FIGURE

| 3%

10
11
;12

13 . .

.__-14 o

LIST OF -FIGURES -

- DESCRIPTION

L

. Proposed fReductibnSéheme for Misonida’zole

'

Quench Cor'r‘ect ion Curve (Efficiency vs.

The Binding of 4C -Misonidazole to Mouse

Hepatocytes

The Binding of 4C MlSOnldﬂZOle to Mouse

at 37C

Hepatoma Cells at 37 C

The Rate of

Cells in Nitrogen vs.

The Rate of

14¢_Misonidazole Binding to V79
. Cells in Nitrogen vs. Drug Concentration

. The Rate of ‘4C-Misonidazole Binding to EMT-6
Drug Concentration

14¢_Misonidazole Binding to: -

' Mouse Hepatocytes and Hepatoma Cells in

Nitrogen vs.

The Rate of
Mouse Liver

The Rate of

» '
Mouse Brain

The Rate of
Mouse Heart

The Rh’te of

- EMT-6 Tumor

~ The Rate of

'Ihe Rate: of

-1,‘4C
- Mouse Kldneygv

Drug Concentration

1A‘C Misonidazole Blndlng to -

vs. Tissue pO2

4C~M1<;omdazole andlng to
vs. Tissue pO,,

14¢_Misonidazole Blndmg to

vs. ‘Tissue pO2 ‘ A
v g

1A’C Mlsomdazole Blndlng to
vS. Tissue pOz

s.less,le pO2

e Mlsonldazole Blndlng to

Mouse Spleen vs. Tissue pO2

e Gr'aln Density Over L1ver Tlssue vSss Distance

" From- Tissue Surface :

-Mi somda zole Blndlng to:

34
35

36

41

44

4s

46

6t



VPLATE

Q

10,

1

LiST OF PLATES

DESCRIPTION

e

v

-

Apparatus used for mouse liver perfusion

,P.nr'fused mouse with bl {mc,be-d liven

Alumimm chambers used for degassing of

tissue cubes ;

¢
¢

Grain density at. aurface

.Y - .
incubated in nitrogen

Grain density at surface
incubated in- 30% oxygen

Grain (}énsity at surface
incubated in nitrogen

grai‘n density at surface
ithcubated in 30% oxygen

kA
i

Grain density at surface

- incubated in nitrogen

Grain density at. surface
incubated in 30% oxygen

Grain density at surface
incubated_jn nitrogen
el

Grain density at surface
incubated in 30% oxygen

.Grain density at surface

incubated "in nitrogen

[-° L
Grain density-at surface
incubated in 30% oxygen

. q R - .
Grain density -at surface

incubated in naitrogen
. - 8N

- Grain density -at ‘Stwface

incubated int 30% oxygen
& . -

e

of mouse

of mouse

of mouse
of mouse
of mouse

of¥ mouse

liver

liver

\
cube
e

cube
¢

R

brain
brain

heart

heart

of EMT-6 tumor

of EMT-6
orf mouse

of mouse

of mouse

.of mouse

tumor
kidney

kidney

cube’
L Y
cube
cube
cube
cube
cube

cube

cube

spleen cube

spleen cube

3

PAGE.

1~

54

. €,

~

54

56

56

60



N

GHAPTER 1

INTRODUCTION

' ’/ ~ v ~ . .
The imp()rt,an(:‘? of molecular oxygen tor the existence ot living
1)
organisms was recognized long before i‘s actual discovery. As carly as
545 B.C. Anaximenes proposed the concept. of "pnawma'. which was taken

up bv living bodies during breathing (1). [t has since been il](;‘l‘])l'(‘((“(l

«

that "pneuma" represented early endeavors to elucidate the role of

oxvgen in living processes. In 1669, John Mayvow observed that  the

survival - ot a mouse which had been placed under a glass bell, was
’ N .

shortened by the simultaneous presence of a burning candle (2). From

his observations. Mavow concluded that the room air was ('(@(;sg-d of two
gases. one which was not used in either .combustion or r‘espira(.inn.‘ and
a second. which he termed "nitro-aeréal" spirit, that could support
both processes (2). In 1772, Joseph Priestly discovered a new gas.
which was referred to as "dephlogisticated" {oxygenated)” air (2). It

was not until 1780, however, that Lavoisier demonstrated the process of

oxidation and renamed Priestly's gas "oxygen", meaning 'acid-producer’

(2). . -~ -

Biochemically, oxygen plays a vital role in the metabolism and

~

~ cellular energetigs of living organisms. In a complex organism such as

P

man, individual cells rely on the circulatory system to provide both a

.constant supply of "c;xygen for the generation of energy and adequate’

removal of ‘waste products such as ‘carbon dioxide (CO

2’). In the absence

of oxygen, certain organs, such as smooth and skeletal mscle can
‘ ' . ¢ [ .

i ]
\
v . .
L . a

W , \ S



continue to tunction anacrobically tor short periods of time. Mope

b4 .
sensitive organs, however, such as the brain and heart, cannot fuegtion

. e

without. a constant oxygen supply.

L]

The most important source of energy for the cell is adenosine
triphosphate (ATP), a nuc leot ide consisting of an adenine, a ribose and
a triphosphate unit (3). ATP is an 'energy-rich' molecule because its
triphosphate unit §(>nLains two phosphoanhydride bs)nds (3). when ATP is
hydrolyvzed to either adenosine diphosphate (ADP) or adenosine mono-
phosphate (AMP) the eneryy Iil)(\-"r"at.ed from the hydrolyzed an}\ydri;je bond
is used to do ‘'biological work' such as muscle contra(/:t,ion, active
transport of molecules and ions, and the synthesis of macromolecules
from simple precursors (3). Thus, the overall goal of energy metabolism
1s the continual generation of ATP, a process in which moleéular‘ oxygen
is a vital component.

The generation of ATP within the cell occurs in three major
metabolic  pathways. Glycolysis, is the Séquence of reactions that
converts glucose into pyruvate with the pet production of 2 molecules

of ATP and 1 molecule of nicotinamide adenine dinucleotide (NADH) (4).

" When oxygen i's available, the next stage in the breakdown of glucose is

the oxidative decafboxylation of pyruvate to form acetyl coenzyme A

. -

(acetyl Co A). The acetyl Co A unit enters a series of reactions known
as the tricarboxylic acid cycle, where it is combletely oxidized to C02
(4). The overall result of this oxidation is the production of 4 pairs
of hydrogen - atoms (reducing equivalent.;s) in the form of 3 NADH
molecules and 1 FADH2 molecule (vflavin adenine dinucleotide) (4).

The NADH wand 'FADHZ produced in glycolys;is and the %lbl’].c) acid

cycle are rich in potential ener*gy\d‘i? to the high transfer bot:ential



of «the electron pair contained in cach molecule. In ovidative phos
phorviation, t.hes.c electrons are tr‘nn.%l‘(‘r‘r(‘(l by a sceries of electron
carriers from NADH and FA.DH2 to molecular oxygen to form H 0. 4 process
which ‘r'c*sul‘t,s in the generation of ATP (4)\. Molecular oavgen acts as
t he id_(*ul electron zlééept,()r‘ because of its high aftinity tor the H' ion
and  its associated electrons (§). This affinity results in strong
binding of the H' ion in the water m)l(’;(,‘lxlc, [ll?()h’in{_{‘(.h(‘ Fiberation ot
large quant.it.ie.ﬁ of energy (5).

N,
The complete combustion of 1 mol gluc()quu,ﬂ;.sult,s‘ in the net

i
il

production of 30 mol ATP (4). This process$ isgdepondcntmnn t he
X ) _

. ) 4
availability of large amounts of oxygen. The <~€mhust,fnn ot 1 \mol
"
92,

glucose consumes 6 mol oxygen, which is the amount of M cont.ajned
. - . . l! ) T
. X . . N O |
in 130 1 of puge oxygen gas or in 650 litres of air\(5)."%$ an
. \.

- \1
insufficient amount of oxygen is avdilable. such as in an actively
; )

»

contracting miscle, a small amount of ATP (2 mol) can be produced by

A

glveolysis alone as glucose is broken down to lactate (3). When

compared to the amount. of ATP produced by the complete combustion of

glucose when oxygen is present. it is evident that without an adequate

supply of oxygen the energy needs of an organism would {ﬂot‘, Be met..

" . E,‘ .
- wWith the demands of oxidative metabolism, the question arises as

to how the body deals with the pr‘nblem of transporting sufficient

‘oxygen from the external environment to the tissues at a cellular

level. This transfer of oxygen from the air to the cells involves a

series of steps: 1) the inhalation of air into - an  external gas

exchanger (lungs); 2) diffusion of oxygen into the blood; 3) flow of
. . ¥

. blood to the tissue; 4) diffusion of oxygen to the cells (5). To ensure

. that oxygen containing. blpod_ is distributed to the cells where it is



-

needed, a circulatory svstem has been developed that can be divided
into 4 major components: ) pump: heart., 2) distributing vessels:
arteries. 3) exchange vessels: capillaries, 4.) collecting vessels:
veins.

The circulatory system is composed of two major loops. The
pulmonary ('ir‘(:ulat,ioq begins in the right ventricle of the heart and
ends in the loft,v atr-iluﬁ after p;issage t hrough pqlrﬁonar‘y arteries (carrv
blood away from the heart). capillaries (where reoxvgenation takes
pl;;(‘v in the lungs) and pulmonary veins (carry ()x‘vg_,’(’,nat,(x.i blood I)ﬂ(:i( to
the heart) (5). The systemic circulation, which distributes oxygen rich
blood to the organs, begins in the left ventricle which pumps the blood
into the aorta and to Lhe organs via numerous arteries. Blood depleted
of oxygen is transported back to the right atrium through the systemic
veins. The artpries t,hat’ arise from the aorta form a series of smaller

arterioles. The arterioles branch further to form

branches call
numerous smallf, thin-walled vessels called capillaries, which have a
diameter cloge to that of red blood cells (5).

The /A ransfer of oxygen from the blood to the tissues occurs in a
microvascular unit which is ﬁ\ade up of a network of capillaries.
Studies of sectioﬁs of skeletal muscle suggest thap t,he‘ r;licrovascular
ynit 1is comppsed of 240,000 capillarieé per square centimeter (5).
Capillaries are- somewhat more permeable %l:an the plasma membrane of t‘fhev
cells. Oxygen can easily diffuse through the cagillar’y walls into’ thg
tiésue where it is‘ absorbed by; the cells, while carbon .di()xide,

. . .
nitrogenous wastes and other by-prdducts of metabolism diffuse out of

‘the tidsuei into the blood. Oxygen dép\leté(:i'- blood -(p02 40v mm Hg) leaves



P

[ el

the capillary bed via small venules which drain into the veins that
carry the blood back to the heart for reoxygenation (§).
LS

The problem of how to:transport sufficient quantities ot oxyvgen in

the blood to meet tissue demands has been met by the development of an
~N

oxygen c¢arrier. If the blood was composed of a simple aqueous solution,

one litre would contain only 3 ml of oxygen since oxygen is poorly.
‘ o

- soluble in water (5). To increase the carrying (:aha(:it,y ot the blood

and thereby reduce the blood flow required to supply ‘the cells., 307 of

the red blood cell is composed of hemoglobin (Hb). an iron-containing

protein molecule which binds oxygen (6). Since each molecule of Hb can

o RN

bind 4 molecules of oxygen, this increases the carr‘y\i‘hg' capacity of the

blood by a factor of 30 over a simple aqueous solution (6). The release?
« X - 4

”

of oxygen from hemogiobin is affected by €O, which offers an advant age

2

forf the discharge of oxygen in tissues. As co gener";xted :.b'y the Krebs®

2

b

cycle is taken up by the blood, the oxygen affinity :)f the blood falls,
thus discharging a greater amount of oxygen to the tissue. Thiskﬁcft’('(:t/,
\micﬁ‘is also affected by pH, is known as the Bohr Eft‘e(;ﬁ.

when the rate of ;xygen supply to the tissues lis insufficient to
meet its metabolic requirements, tissue hypoxia occurs, a (:ondi.tinn‘
that causes -altered biochemical and‘mysiological function and is a
very common and serious aspect of many disease pr‘océsses. Tissue
hypoxia can occur as’ a résult of several factors: 1) reduction i\nl _>
blood flow e.g. car‘diogénic, hae‘mor‘r'hgg\i(': shock, \2 ) reduct';ion in
arﬁer‘igl béxygen'conteht e.é.. \lu.entilator"y failure; ’and 3) r'educt;inn’in _

v ; :

arterial oxygen carrying capacity e.g. ‘severe. anaemia or altered

haemoglobin (2).
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- ‘ e, ' 0
The importance of hypoxia-as a problem in the treatment of solid’

tumors with radiotherapy is well documented  in experimental systems.,-
-

R -

b

Solid tumors have been shown to contain regions of necrosis and sé(ver'(:
vascular insufficiency, and it is in thesé :;re‘as that poorly oxy‘ge%t,ed
(hyp());i(:) but. viable (‘t(ellls are 'L()‘(-,‘('lt,(id' (7). Studies have shogn that
hypoxia renders cells less sensitive L(;: the' cytotoxic effects of
radiation, while oxygenat(ad cells ar'e'2.5 - 3 X more sensitive (R).

G

This radiobiological effect has implications for cancer “therapy in that

radioresistant hypoxic cells may survive treatment with radiation and

. subsequently become reoxygenated and repopulate the tumor. In 1963

Powers and Tolmach demonstrated that in a transplanted neoplasm in

rodents, hypoxic cells constitute 10 - 20% (and occasionally over half)

of the total viable cell‘ population (Q).'Ev‘idex:\ce also suggests that
these cells are a factor in the radiotherapy of human peoplasms'as
well. This evidence incluaes the measurement of low oxygen tensions
with electrodes, improvement in local control in some hyperbaric oxygen
trials andv hi'stologies suggestive of hypoxic dreas (7).

L)

Many treatment modalities arlld’ regimens have been tested in an
attempt to solve the problem of tumor hypox‘ia. A vaﬁléty of
fractionated irradiation schedules have béen cievised in attempts to
maximize cell killing (10). Efforts to improve tumor oxygenation have
involved the wuse .of oxygenated perffluor'qche,mical enulusiclms and
hyperbaric oxygen tbeatmng~(ll,12). Other -adjuncts to ‘f‘zaiotherapy;
ihclude hyboxic.cell seﬁsitizers (i3)? as 5@11,as agents selectivgly

toxic to hypoxic cells such as hyperthermia and bioreductive alk};lating

- '
-

agents (14,7).
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’:@he electrode metal (15).

7

The oxygen status of both normal aind tumor tissue is an impott ant’
factor in disease processes, and numerouis attempts have been made to

devise methods for the accurate determination of tissue oxygen tension.

Information about the extent and distribution of hypoxic cells
throughout individual tumors, for example, would be useful to the
oncologist in designing treatment strategy for a particular tumor.

Earlier methods for the study of normal tissue oxygenation involved the

> -

introduction of bubbles of inért gas into various organs (15), Attcr
the bubbles had equilibrated with the p(’)2 of the surrounding tissue
they were withdrawn and analyzed. A further modification of this

pr‘océ_dure involved introducing gas-filled, open-ended microcapillaries

¥, .

into ‘(‘)';‘r'.‘ga‘ns and analyzing the gas in the capillaries after equilibra-
tion had been achieved (15).
: i

More recent attempts to determine the o ern, tension in tissues
mp _OXYyg rk

have involved the use of the polarographic " electrode. The oxygen
Oy :
electrode was ‘initially developed by Daniel in 1897, and was later

applied to tissue studies in 1942 by Davies and Brink (15). These early

electrodes were subject to technical limitations which had substantial

effects on the current reading obtained, raising questions as to the

- accuracy of the results. These factors include variations in the

diffusion coefficient of oxygen in different tissues; the effect of

cijbvement, of tissue fluid near -the electrode tip; and the poisoning

effect of.f"or“eigp materials (e.g. thiols) which may form complexes with

e
' LY

Since its -initial development, there have be@ considerable
v Lo / -

\*ér'iations in the design of oxygen 'qlectrodés in an effort to eliminate

"some of the many problems assoi:‘ia'ted with the system. The recessed



~
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electrode, which was developed by® Daviéj and Brink in 1942 produced
absolute readings despite the diffusion conditions in the tissuc and
al so proved to be vimmme t:() the poisoning effects of foreign substances
(15). The disadvantages that have arisen with this electrode are that
its large size preven}/s measwrement.s from being made continuously and
that it rdsponds slowly to chan,gés iln pOz. As a r‘(;?sult., this tvpe- of
electrode has proven useful for intermittent measurements at the tissue
surface raé.her‘ than internally.

A se(:()r;d type of ele(:t,r'<;de which has heerl.()cveloped tor use in

. -
tissues is the obén electrode (15). Unlike the recessed electrode, the
open electrode is suitable for continuous. measurements ,:‘n;d exhibits a

P ,
-rapid respon%e to va;‘iations in oxygen tension (15). There are several
disédvantages: however, in t,-hat. the current out,p\;t i.s affected by
stirring and dif%ering diffusion coefficients of oxygen in differing
partt.c."()f the tissue (15). A ﬁnmther problem with dpen ele’:(:vtr()des is
that they consume oxygen, a problem in that it affects the conditions

[

that the electrode is attempting to measure.

A development from the open ele;_ctr‘ode 15 the ultra-micro needle
electrode. This electrode, developed by Cater and ,Sil'ver‘ in 1961 has a
cathode surface of 1 - § umz. Electrodes of this size present several
advantéges over lar;ger' electrodes in that they cause minimal d,:;?mage to

¢

tissues in which they are inserted; consumé .very small amounts of

oxygen; exhibit a rapid response * and are relatively insensit\ive to the
_éffects of stirring. The small size does pose some problems, however,

in that these electrodes are easily damaged and are subject to protein

‘deposition (15). while modern microelectrodes could prove potentially



useful in defining the hypoxic state of 'indivi(‘llml hman cancers. the
“

technique is limited for clinical use because it is invasive and the

implantation of the elec\,rode can introduce oxygen and yield false

rmmsurcmenté .

One very promising development in the search t‘(_)r a means to detect,
and determine the hyvpoxic fraction in human tumors is the use of
radiosensitizer adducts as markers for hypoxic cells. Several nipr(y
aromatic drugs, such as. Misonidazole ‘(MISO) have been  shown  to

selectively sensitize resistant hypoxic -mammalian cells to radiation

(16,17). With the exception of a head and neck trial reported bymﬁgf"

Overgaard, the results of clinical trials have shown no sighjficant

1 R
T

improvements in tumor responses and/or.cures from patients treated with
MISO and radiation (18). Further in vitro studies with Car‘bnn—14(l‘jcy
MISO (labelled in the 2-carbon pbsition) showed that adducts of
labelled drug become lgouhd to the acid insoluble fractions of hypoxic
mammalian cells '(5_1?\. -This process‘;_wasblshown to be "iO - 50 X mm'(:v‘
efficient in the absence o:(" oxygen .than in» aerobic cells (_51)4. The
proposed scheme for the reduction of MISO to an‘activatgd Speci@fgwhich
can bind to ..hyponc ccji.lsw outlined in Figure 1 (19). Fu.;thci;fﬁig&ies

‘&r‘«‘ v o
14

showed th: when cells labelled with:

"C-MIS0 under hypoxic &thiﬁ‘?ﬁ)rkg?‘
} R v o E
were mad‘ to pr'ollfer'ate under' aerobic conditions in petri dlshes,, she e

14C MISO adducts were released from the cells w1th a halt llfe of' S(f

55 hours (50). These f1nd1ngs suggested that s¢n51t1zer' adducts ‘co,uéld

be useful as markers for hypoxic cells in solid tumors.

[

'

In additional studies, '4C-MISO was shown to label zones within

multicellular spheroids.and EMI-6 tumors growing in Balb/C mice (20).
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In these studies, C-MISO labelled tissue was visualized by auto-

radiography - of histological sections, and was postalated to coincide -

with viable hypoxic cells (20). Further studies with multicellular
spheroids indicated that the zone of labelling wa;; consistent with the
hyp()‘xic fraction of spheroids computed by oxygen diffusion and
consunpt ion criteria.

Studies by Garrecht and Chapman (21) were designed to determine it
hypoxic tissues in animals selectively bind 14C—M[S() and.> if at times
adequate for clelarance and excr‘etéor'l of unbound drug, large tumor,’

| . . '
4C activity could be measured. After mxlti-pTe drmug

tissue ratios of
iﬁj_ections ity, was determined usiné both autor\adiogr‘aphic aﬁd scintilla-
tion procedures that the level of 14C retained in the tumor was 2 - 15§
times higher than that retained in all other normal tissues except

liver (21). The level of 14

C-MISO retained in liver was similar to that
found in the tumor (21). These studies gave further evidence that
hypoxic cell sensitizers tagged wi_th an appropriate label that could be

"detected by noninvaSivé tegniques could become a clinical marker for
hyp(/)xic tumor cells. In addition, hypoxic cell markers could also be
used to study questions relating to the reoxygenation -of hypoxic tumor
cells, and the oxygenation stétus of cells in non-neoplastic tissues
suffering other disea’se syndromes. ' - , : /

Several other novel techniques have been ér‘opoéed Eor‘ detecvt‘ing
and imaging,fhypoxic' célls in tumor's; ’:"alth.ough most of these are still

Q- ‘ ‘

in the developmental stages. Some of thg\:sﬁ,:pew developments include:
Lo Al.o’v’:v'b

1) Positron Emission Tomography (22). ’

PR

2) Fluorescent-labelled nitroaromatic’ dr'ug;s as hypoxicz"cell markers

23 .



3) Detection of Y*labelllcd sensifizer adducts (4-Br MISO) by Singlc
Photon Emission T(xn()gra‘[;})y
4) The measurement of intracellular ‘“P in ATP molecules by nuclear
magnetic resonance technique (24), o
The further development of n:sw non-invasive techniques for
detection of hypoxia in tumors will have a major‘i impact on treatment
5’(,r‘at(.:gies in clinical oncology.
The studies described in this thesis were designed to address two
‘ ai‘eas"of interest:

Me MISO to liver

‘1) To determine if the increased in vivo binding of
observed in the studies i)y Garrecht and Chapman was due to a) a
distinctive enzyme complement associated with drug detoxification,
b) to the liver existing at a lower pO2 than other normal tissues or
c¢) some other factpr;.

2) To determine: if the sensitizer-adduct technique can be developed as
a probe f‘ojrr"?ce‘allular. pO2 in other normal tissues.

thapter Three describes t':he results of experiments which examined
the aerobic and hypoxic binding rates of 14C—MISO to freshly isolated
mouse hepatocytes, mouse hepatama cells, V79 Chinese hamster fibro-

blasts and EMI-6 fibrosarcoma mouse. cells. Chapter' Four presents the

results of 1labelling experiments with 'mouse tissue, cubes in vitro.

Using autor'adiogra‘;iﬂic techniques, binding curves were obtalned for

mouse 11ver spleen, heart, kldney, brain and EMT 6 tumor as a function

of pOz. 'I‘I'{e’\_lmpllcatlﬂons of the r‘esults obtained in Chapter's 3 and 4

in terms of liver oxygénation are, described. In Chapter Five, the

binding of ,14 C-MISO to mouse tlssues in vivo is’ quantlfled using

autor'adxographlc .and scintillation pr‘ocedur‘es. The standar‘d curves are



utilized in an attempt to determine the cellular ()xygef\ concentrat jon
in selected mouse tissues in vivo. The data is expressed as both.the ¥
oxygen in the gas phase in equilibrium with the tissue (i.e. p0,) and

as mm Hg.

I3
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0 R MATERIALS AND METHODS
B ,
¥ SECTION 1. BINDING OF '4C-MISONIDAZOLE TO CELL SUSPENSIONS IN VITRO -

~
I

CHL1 CULTURE

B4 s .

55‘ 7 Mpuse hepatoma 129P cells were generougly supplied by Dr. Allan

g iy . .
'}o., ! .
- Paterson, Department [ Pharmacology . University of Alberta. Hepatoma
¥, :
cells were cultured Sin suspension in 100 ml bottles (GIBCO) and trans-
¢ 7 _ » : ‘

f‘(rrr(xiﬁ{.wice weeklys Cells were grown' in Sﬁ)jnncrr Minimal Essential

Medium (MEM) (GI'.B‘CO) containing 5% horse serum (Flow Laboratories), 27

1. -
MEM noﬁ—esusentfiafl amino acid (50X concentration), 27 dlutamine, and 1%
RS -
. % .

penici?fn - ‘Streptomycin G(C’IBCO): “For (feli transfer, aplproxin}at,ely 2 x

E 10S ("P ls were . added to 20 ml Spinner MFM ‘ T

“9 L

N

\70 Chmese hamster lung fibroblasts and FMT-6 flbrosar(‘oma mouse

S \

! t,umi)rf cells were cultured as monolayers on 25 cm‘ tissu€ culture flasl@
(C()x'ﬁing). (()nk'ldent cells’ were tr'ypsi:ized and transferred twice
week*l_\" in ‘Standar'd Minimal Essénti'al Medium (GIBCO) or Waymouth's
.hlediijm containing 5% fetal calf serum (GIBCO) r‘esp&:tiQely. A};pPO).('i;
'»‘,mate{v 5 .x 105 cells were added to each flask er cell transfer. All

cell (‘ultures were 1ncubated at 37 °C in a/mm @ted atmosphere  of 5%

.L’ L4
-

CO,, in. adir: o .

. M0US® HEPATPCYTE ISOLATION

I\ITROJ‘LV.‘.“ION R ’ o | ' .

It is well establlshed that 1solated intact manmallan hepatocytes

14

e

s

-~
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represent. a useful svétem tor the stady ot hepatic metabolism (W<435).

During the past 20 years a number ot different  procedures have been

developed for the isolation of hepatocvtes. These include non-pertfusion

' . - . -~ - . . +
techniques- such as digestion of liver picces in tetrapheny lboron, a K-

fzh(-latm' (25) and the use ot enzymes such as trypsin (20,27) or a

mixture of collagenase and ‘hyaluronidase 28,20)  as  dissociating

s
agents.

'

e

[y

A more widely used procedure is the two-step in sit,l? col lagenase
perfusion method, originally iptrodaced by Berry and Friend (3‘0;) cand

subsequently modified by  numerous other investigators (31-39). Various
-

factors, including the concentration of collagené in the perfusate,

a
,

the method of hepatocyte dispersal after perfusion, ithe; force of

isolated cell pelleting, the rate of perfusion, and the composition of

the .perfusate media. have been shown to int luence the yield and vi-

ability of isolated hep}ﬁocytes. In the perfusion technique, the

perquA'te is pumped through vascular pathways, rcshltiné, in dissociated
liver tissue t,hat- can be further dispersed into isola;,cd (:ell: by
simple mechanical means. Hepat(;cytes isolated by this method have been
successfully cultured in both suspension and conventional monolayer
(40-47)._The mouse hepatocytes used jf\}he 14C—Miso¥idazole (l4C—MISO)
5inding studies described in. this} thesis were isolatéd using the
collégenaée perfusion techniqlle developed by Berry and Friend (30) and

. 3
modified by Deschenes et al. (48,49). .

ANTMALS . | o
Female Balb/C mice were supplied by the Small Animal Breeding Unit

‘of the University of Alberta. Mice were housed at' a maximum of §

3

L3



} . . . .
animals pér cage, fed Rodent. Chow (Ralston Purina Co.) and water ad
libitum. and maintained on a 12 hour light ‘dark cvele. Animals weighed

0

9-23 g at( the time of experimentation.
SURGIVAL - PROCEDURLE,

Prior to (‘()mmemvfing surgery, the d()n(;r MOUSE Was anesthetized with
an intraperitoneal injection of Tribromoethanol. A Tuberculin 1 ml
syringe (Becton-Dickinson) ‘zmd a 26 gauge 172" needle (Yale) were used
for injection. The animal was securely pinned to a styrofoam tray and a
midline incision was made to expose the abdeminal cavity. Non-

absorbable silk suture (3-0) (Davis-Creek) was used to securely ligate

- both renal veins. The abdominal branch f the inferior vena cava was

clamped with a hemostat belfw the level of the renal vf*ins.l A loose
suture was tied around the inferior vena cava just. above the hemostat.
During the procgdure the abdominal cavity was kept moist. and clear of

blood by tlushing the reg‘io.n with physiological saline. The inferior

. vena cava was cannulated above the level of the renal yeins with a 20

gauge Quik-Cath teflon catheter and the loose suture tightened to
fasten it firmly in place. The peristaltic pump (Plate 1) was turned on

to begin perfusion of the liver with 50 ml calcium-free.buffer at a
[ 4

rate of .§ ml/min. The portal vein was cut to allow drainage of the

perfusate which was not recirculated. The diaphragm was then cut to

expose the thoracic branch of the inferior vena cava which was clamped
with a hemostat. -

1 . '
One litre of calcium-free buffer contained 0.5 g potassium

chloride (J.T. Baker ¥hemical Co.), 8.3 g sodium chloride (A. & C.

10



PLATE 1
Apparatus used for mouse liver perfusion

r

PLATE 2

- Perfused mouse with blanched liver






< . .
American Chemicals) and ?_4 g 4—(2—!\}*(11'0@(%11}/1)—l—pip(‘r-u/in(-(*thzmv—
.%ulfoni(: acid bufter (HEPES) (Grand Island Biological Co.). The pH of
the buffer was adjusted to 7.4 w1th sodium hydroxide. After conclusion
of the initial perfusion. the bl;t;f‘er‘ was changed to one of identical
composition with the addition of calcium chloride (CaCl, -+ 2H,0) at a
concentration of 74 'mg/li‘tre and collagenase (Type [V, Sigma Chemical
Company ) at a concentr'ati\on of 0.5 mg/ml Aof bufter. The liy:r‘.. was
perfused wi‘th 50 ml of t;hg‘; collagenase solution at a x‘n‘t,evof 5 ml/min.
All b\iffer‘ solutions were maintained at 370(",‘ in a water bath during the
perfusion.

At the end of the perfusion, the complétely blanched liver pieces
(Plate 2) were removed and placed in a sterile beaker containing 30 ml
of calcium-free buffer. The liver pieces were minced with scissors and
the resultant material‘%as filtgred throuéh a Nitex nylon mesh filter
(100 ym pore size, TETKO) to remove cell cluﬁps and debris. The cell
suspension was washed in ice—cold calcium-free buffer and centrifuged
for 2 min at 50 g (700 rpm). This washing procedure was repeatedAtwice§
The total cell yield obtaingd by this procedure was appro§imately 5 x
7

10’ cells/liver. A Trypan blue exclusion viability test indicated that

95 - 98% of the isolated hepatocytes excluded the dye.

DRUGS
Memrso  (1-(2-nitro- 1-imidazole) —‘v3—methoxy—2l—pr‘0pancl)l') labelled
at C-2 of the ;midazo}e ring @as generohsly,providea by Dr.uw.E. Sébtt |
of Hoffman - La Roche (Nutley, N.J.). The specific activity was 230
pCi/mg. 14C—MI§O at a,Specific activity of 86 éCi/mg and 90 pCi/mg was
' : | : L

o5



purchased from SRI (S_t,l.'mfm'd Research  Institute, Palo Alto, Cali-

bl

fornia).

14C-MISOI‘J.IDAZOL[—', BINDING

14C—fslISO binding to different cell types was, determined usiné the
pr'(v>cedur‘e dér‘ibed by .Chapman (50.51). Chinese hamster V79 fibro-
blasts, EMT-6 fibrosarm@ mouse tumor cells, freshly isolated mouse
hepatocytes or mouse hepatoma cells, were suspended in Spinner

. ) i
MEM - (M\g2+ and Ca”~' free) plus 10% fetal calf serum, and the céll

concentration adjusted to § x 166 cells/ml. Six millilitre3~of the cell
suspension were transferred to glass spinner flasks specially
to allow control of the oxygen levels in the gas pl;l;ase (52)l. The
temperature of the cell suspension was maintained at 370C by suspending
the chambers in a heated ;vater béth.l For aerébic conditions cells were
gassed with a hmidifieq gas mixture of 5% CO2 plus air at a flow rate
of 1/2 litre/min. To z{chievg. hypoxia the cells were degassed with a gas
rvnixtur‘e‘ of 5% €0, plus 95% ultrapure. nitrogen at a flow Jrate of 1
litre/min. ‘Fo]".lowi_ng.a 1 hour degassing period, 14C—MISO‘ (specific
activity 86 wCi/mg) was added to the chambers to achieve a dr'ug

concentration of etgjgyiﬁ' 50, 100, 200 or 1000 uM.

At varlous times followxng dr'ug addition, 0.1 ml samples of the

| éél_l ‘suspens;on were removed through the sanpling port in the chamber
and .addqd to t.5 ml 5% cold f-richloracétic acid (TCA) to precipitate
“the mécrmﬁlééular fréction. FSanp’les were vk‘ept, on ice for 15-20 minutes
and filt‘er'ed ‘t'h'r"ough Whatman Glass Microfibre filters (2_4,5 cm) _(Fisher

-

Scientific) using a Millipore filter. The filters were washed twice



-

21
with cold 5% TCA, placed in glass scintillation vials (Fisher Scienti-
iff{c) and/(;r‘ied for 2 - 3 hours in .an oven maintained at 65°C. 10 rrLl ot
scintillation fluid (ScintiVerse I, Fisher Scientific) were added to
each vial. and the 14C activity was det,é‘rmim,d using a Beckman LS 7000
Liquid Scintillation Counter (Program 4). The binding r‘;éte was
calculat’:)d' and expressed as picomoles of lAC-MISO bound per million

cells per hour.

Calculation of Binding Rate - p'noles/106 cells/hr

The binding rate wds calculated using the following method:
N '
1) Subtract background cpm (control sample)

Multiply by 2 X (to calculate for 106 cells) ' A
: 7 ‘
\ ¢ :
2) Convert cpm to dpm - dpm = E%nting eff“?cncy
Assume 90% efficiency, therefore . dpm = ((; 30
' o . d
3) Convert dpm to uCi LuCi = E%Z < 106 dfm/pCi
' ’ ‘ uCi
4) Convert uCi to mg ng =

specific activity of drug
(i.e. 86 pCi/mg)

(MW MISO = 201)

5) Conyer‘t mg to rpolesf . moles = Molecular weight of drug
T S
ther'efore, _ moles = 201
' o . . -12
6) Convert moles to picomoles - 1 picomole = 10 moles



SECTION II. BINDING OF 14CAMISONIDAIDLE TO MOUSE TISSUE CUBES IN VIIRO

]

14 _MISONIDAZOLE BINDING
Female Balb/C mice weighing 20 - 25 g were used for all experi-

ments. ~mouse was Killed- by cervical 4dislocation and the

. [ . R N N
liver, bt , spleen, brain or EMT-6 tumor were removed and

placed  in a.sterile petri dish containing 10 ml of Spinner MEM (low
bicarbonate, 20 mM HEPES, 10% fetal calf serum and penicillin-strepto-
myci;)). The procedure used for EMT-6 tumor implantation is outlined in
Section IIT. Using a sterile r“azdr blade the tissue samples were cut
into ‘Cvubic fr‘aéments with sides of 1 - 2 mm. 'i"issue cubes (10
.ciibes/dis_h)“wereu transferred to 50 mm Pyrex petri dishes (éor‘n.ing)-
_containing § ml of Spinner MEM and 50 pM "4c-mso (séeciﬁc activity
230 or. 86 nCi/mg). One mouse was used in each experiment.

Dishes were placed in specially designed leak-proof alumi nuh
chambers (53) . (Plate 3) along with a%petri dish filled with distilled
‘wat.er‘ to provide humidity. For chambers gassed with pure nitrogen, the
distiiled water was replaced with a .1 ‘M solution of sodium carbonate
and sodium dithioni':te, .which acts as a reduciné. agent to scavenge
oxygen from the chamber. The chambel;'s were sealed and connected to a
- manifold. The air 1n the QﬁamberS' was reblac.ed with gbs ‘containing‘ tile
| desir‘ed—/oxyg“eri poncentration by ‘r'ep‘eate(‘i‘ gas exchanges us&g a vacul\u‘n
punp and- wga | hlixt‘:ure . (6;1ion CarSidé) (73).. The manifold, all
conhections, ‘and ‘the gas. pressure reglilat;or were stainieés steel. The

e

final oxygen concentration in the’ chambers ranged ¥rom 0.1 - 30% (.76 -

228 mn ‘Hg_).

4
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PLATE 3

- . .

Aluminum chambers used for degassing of tissue cubes

B



The scaled chambers were placed on a shaker plate in an environ-
mental chamber at 37OC and shaken at 70 cycles/min. After approximately
30 minut;es,‘ Lh;e media in the petri dishes had equilibrated at 37OC. It
was estimated that by this time the oxygen content of the media was
within 20 ppm of the level in the gas phase (54). Incubation was
continued for an additional 3 hour‘s after which t,he actual % oxygen in

~

the gas phase was measured using a modified Clarke FElectrode (55).

HIS'PODOGICAL PROCESSING \

After 'Completmn of the anubatlon perlod the dishes were removed

©
-

and yplaced on cold metal trays. The tissue cubes were washed 3 X with
saline, 2 X with 10% buffered formalin, and then fixed in formalin for
24 hours. Fixed, tissue cibes were embedded in wax and 4 um serial
sections were obtained. As a control, 10 pul of the radioactive media in
each dish wag added. to a glas$ scintillatioen, viél containing 15 ml (;f‘
Scintillatiom; fluid (ScintiVerse I, Fisher) and the '4C activity

determined in a Beclkman LS 7000 Liquid Seintillation Counter.

AUTORADIdGRAPHIC TECHNIQQES

Dehydrated hlstolo@cal sections were dewaxed prior to aut,or‘adlo—
graphy and stor'ed at 4 °C in dlstllled ‘water. The technique used for
autoradiography is a modification of the procedur‘e ogtlined by Rogers
(56). NIB-2 Liquid Muclear Track Emilsion (Kodak) was melted at 45°C,
diluted. with an equal ‘volume of distilléd water, and poured into a
~b1a$tic dipping pot maintained at ‘459(‘;.‘ ‘Dewaxed. s.l'ides‘ were >ge‘ntly

A v
shaken to remove excess water, dipped into the melted emulsion, wiped



and placed on cold metal travs to gel. After 20 minutes, the slides
were transferred to glass holders, kep;t in a li%t—tight box for 1 172
hours, and then dried in silica gel for 2 hours. When dry. the slidesy

¥

were gvrapped tightly .in cloth and stored i}l a foil-wrapped can. Excess
m;isture was prevented from accmnjlatiqg by blacing a silica gel filled
petri dish in the bottom of the car}.~-51ides were stored in the
refrigerator at 4°C for four toifourteen dayé. Slides were developed in
D19 (Kodak) for 3 minutes, dipped in 3% acetic acid stop bath (Kodak )
and fixed for 3 minutes in Kodak fixer. All‘solutioas were maintained
at 17°C during the developing procedure. Slides were rinsed in cold
rminning water for 4 minutes, wipéd and air dryed fer 24 hours before

~staining with %ematoxylin and eosin.

SCORING 6F GRAINS

Grains were scored under oii immersion using a 10 x 10 pym grid
al&gnéd perpendicular to the edge of Ehe cube.’ Grainslwere scored on
sections chosen }rom'ﬁhe center of the tissue cube. The gf%i;ﬁ%ensity
‘over the outermost ceil layer was determined: for each oxygen
Cdncentra£ion by averag%ng a qla;ge number of single counts and

7 o . \ |
subtracting the mean background grain density.
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SECTION III. BINDING OF '“c-Misonmazole 10 me TISSUES IN VIVO

TUMOR LINE AND INDUCTION ) Ceq

Female Balb/C mice weighing 20 - 25 g were lised for all experi-
ments.. The tumor linelused was the»EM’I‘~6 mouse fibrosarcoma, which is
maintained in culture by alternate passage in vivo and in vitro. For
tumor induction, 2 x lO6 EMI-6. cells in 0.05 ml: Waymouth's medium
(GIBCO) were injected subcutanem;Sly in the animal's flank so that a
small bubblef of cells was visible. A Tuberculin ! ml syringe (Becton
‘Dickson and Co.) and a 26 gauge 3/8" Yale needle (Becton Dickson and
Co.) was used for injection. Afterhlzll days, the tumors grew to about 1
- 2 cm in diameter; Mice with tunnrs exhibiting signs of surface

necrosis were not used in the labelling experiment.
{

BINDING OF '4C-MISONIDAZOLE

Female Balb/C mice -implanted with EMT—()Atumors were injected with
50 p.M 4c_mrso (10 pg/g;n body weight) and exposed to one of 3 dii‘ferent
breathing conditions for a 3 hour period: |
Ai‘r“, 9:‘,% 02 + 5% CO2 (Cerbogen -.Medigas) or >'8% 02.+ .92% N, -
“During the gassing period the mice were housed in a spécially designed

plexiglass. cage. Three nﬁce were used for each different breathing

condition. The gas flow rate was maintained at 1 liti'e/min. .High vacuum

’ v‘gr'ease (Dow Coming) was used to seal the chamber‘ so that no leakage

-occurr’ed During the expemment w1th 92% N, the cage was placed on a
’heating pad ‘kept on' a 10w setting to ‘ensure that the body temperatur'_e
of the , mbuse remained 'iconstant at, 37 °. A r*ectal- then%ometer‘
'(Tele—'Iher’mometer YSI) was used to per'iodically monitor* the body

' temperature of the animal

L
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DRUG INJECTION
14

injection. A drug level of 350 uM was. maintained during the 3 hour

labelling period using the following injection schedule:

time O
time 45 min

time 90 min

time 135 min

25 M !

4

50 wM ‘4c MISO

25 M ¢ MIso

4

4

25 uM ¢ M1S0

C MISO-

C-MISO with a specific activity of 230 pCi/mg was used for

Since the half-life of 'CMISO in mouse plasma is 30 - 40 minutes, the

3 additional injections of 25 wM ensured that the average level of drug

in the animal over the labelling period would remain relatively

constant/at 50 oM. Animals were killed by cervdcal dislocation

approximately 21 hours after injection (to allow-clearance of unbound

drug from the animal) apd the brain, muscle, mey, heart, liver,

spleen and tumor were removed. One-half of each tissue was fixed in 10% _

buffered for‘fnalin, the: rest was processed for liquid scintillation

\

~

counting. Fixed tissues were embedded in Wax and 4 um ser’ial sections

were cut. Dewaxed slides were dipped 1n NTB-2 Nuclear Track Emulsion as

described previously and exposed for

14 days. After developir)g, the

slides were stained with hennatioxylin and eosin. The distribution of

grains over ‘the tissue sections was
using a 10 x 10 pm ocular grid. Grains

area at random places j)ver, the' tissues. Background grains 'werfe- -

-

LIQUID SCINTILLATION CQUNTING

" subtracted from all counts.

determined under oil immersion

wer‘epdunted in a 1200 um square

\

Tissvue. sanple's_ were"minced thoroughly and transferred ‘to pre-

-

\
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M‘fi,‘_’,h(?d glass scintillation vials. '1 N potassium hydroxide (KOH) was
added to cach sample (10 parts KOH to 1 part tissue} and the vials were
S

put on an aut Tnatic,. shaker for 2 .days to facilitate dissolution of the
tissuc. After the tissues were completely dissolved. samples were
neutralized with an equal volume of 1 N hydr‘oc:hloric acfd (HC1). 200 nl
of .the neutralized solutions were added to ;]ass scintillation .vials
. ' . ~

containing 'lS ml Scinti Verse I. Vials wre shaken apd Lhe radio-

T

activity (*mmted in a Beckman LS 700 scintillation Countp/ (Progrm 4).
The radioactivity was calculated for each tissue in terms of dpm/100 mg
tissue (dis'inte'gr‘ations per mimute). The cou'rit,s per minute (cpm)

detected by the scintillation counter varies with the counting

efficiency of each sample which is determined by quenching due cto

"differences in sample colour. Dpm values were calculated from cpm using

. the following equation:

C

dpm - count ing efffciency

B . ¢ - . . - B N
A quench correction curve was used to determine the counting efficiency

[N
’ P

for each sample.

QUFNCH CORRECTION CURVE

A Balb/C mouse was, killed by cervical -dislocation, p[r:d thg} liver

was removed minced and nuxed with blood The blood liver mixture was

tr'ansferr'ed toa 3ml syr'lnge (Begt;on Dickson Co ) and pushed through a

'Ser‘les of succe551ve1y smaller needles until a fine paste was obtained.

< 1

Small amounts. of the blood liver homogenate r'anglng fr'om 0017 - .07 g

we@ put into pr‘ewelghed scintillation vials. 1 ml of 1 N KOH wasL-added

-’?i

“



20
to each vial, and the samples were put. on an automat ic shaker table Por
digestion. Digest;‘ed samples were neutralized with 1 ml 1 N HCl. A known
amount of ‘radioactivity (4.1 x 104 dpm) in a 20 pul volume was added to

. LSS
each vial. I’S ml Scinti Verse I was added, and the samples were count.ed
on program 4. The counting efficiency, calculated as ¢ observed was
‘ ) (;pm éxailcd
plotted on linesr graph paper against the corresponding H' to obtain
the quench .cotrection curve shown in Figure 2. The H# indicates the
O
degree of quenching in a sample and will inc‘r‘ease as the amount. ot
quenching increases and the counting efficiency _decreases. Spc’-(‘it'i—
cally, the H# is the numér‘ical difference between the leading. edge of a

quenched sample photon energy spectrum and that of an unquenched

‘external A-emitting standard.



a0

*SA ADUDIDTJJS) 9AUND YIOUSWS

"(4H 17 TANOIA |
hw*L ,
0S 8y oY 147 vy oy gt  9¢ A% & 0t 0
T T I _ T T _ I T 0
{ : 1
- ajouabowoy sani poojq e — 06
— | —09 5
- . —0 2
— | | —{ 08 m
- ® o e . .. . b - AVO —
* o i
- * . et .m-J_...oo__u_
| _ L | _ | | I [ | ’




CHAPTER 3
RESULTS AND DISCUSSION

14

Binding of "~ "C-Misonidazole to Cell Suspensions in vitro

The uptake of 10 uM l4‘(—MIS() by freshly isolated mouse hepatocyt es
and - mouse " hepatoma cells "labelled in both hyp;)xi(' and aecrobic
conditions at 370(', is shown in Figures 3 and 4. I.‘:’Sp(‘,(‘l,i\l(‘l_va No
significant time dependent uptake of acid-precipitable counts occurred
over a 3 hour period when cells were incubated in aerobic conditions.

Under hypoxic conditions, the binding of 14

C-MISO to the m‘acrrxnoléculm-
fraction of both hepatocytes and hepatoma cells was a.linear function
of the incubation time similar to kinetics observed with other cell
lines (SO).. The linear uptake‘ of 14C—1\'[ISO observed to hepa{’()cytes was
an independent indication that the isolated cells remained viable
during the period ‘that binding was being measured. The procedure u.ﬁ(-xl
for liver cell preparation ‘most likely results in a viable cell
population suiéz;ble for short-term culture experiments.

Binding stlfdi’es utilizing a concentration range of 10 - 1000 M MC
MIS(‘) hfer;;e perfomied with mouse hepatocytes, mouse hepatoma cells, FEMI-6
tun}or' cells and V7'? Chine;Ae hamster fibroblasts. The results of é._evcr:il
independent experirf‘)ents are presented in F.igur.'es 5 - 7. The initial
rate of MC' a’.dduct‘ f{‘o‘r'mation for all cell lines is expressed in units’
'Qf pnoles/lO6 cells"/ll\\{“.” Bc;\ckgr'oun(i counts ﬁ}easured at the 0 time poiﬁt
were subtracted befor\‘c\‘ Birxdiﬁg rates were ;’p.alculated. I£ can be seen
that the initi;alv rate é}f biﬁding of lA’C to. the macromolecular fr‘ac.tion

i

of hy‘poxic cells. incr'egses with‘ increasing MISO concentration. This
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FIGURE 3: The binding of l4C—Mison,idaz_ole to mouse hepatocytes
at 370(3.! Each data. point represents the average of
two counts.
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at 370C. Each data point represents the average of
two counts. - ' *
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Increase  1s consistent with half grder kinetics (in that the binding

rate varies as the square root o{.\‘\ the drug concentration.

Table 1 compares the average binding rates ot mouse hepatocytes,
. Y
hepatoma cells, FMT-6 tumor cells and V79 fibroblasts at 10 pM and '50
1 ~ .-
M 4C~M'IbO. On a per cell basis, EMT-6 cells bound the greatest amount

14

of C-MI50 when compared to the other ¢ell lines. Mouse hepatocytes

exhibited the least amount of binding on a per cell basis, 3 - 4 fold

12

less than EMT-6 tumor cells. This difference in binding rate cannot I

~explained by taking into consideration the relative volumes of the two
cell types since by Coulter Counter volume \a}lalysis it was ‘d(*Levrmi mv,-d
that EMT-0 cells and mouse hepatocvtes are similar in size. V70 ¢ells,
which have a cellular volume approximately one-half that of EMI‘—(#
cells, also exhibit greater l;inding than mouse hepatbcytes.

One question which could be raised ‘concerning the low .r-:ntc of
binding observed to mouse hepatocytes‘, is the 'possibility that. the
tissue culture media used to maintain the cells during l)indiné was not,
adequate in its nutrient content to keep the -cells '\n a fully
functiogal metabolic state. The cells, although viable, may have
exhibited a lower rate of binding as a résult of some deficiency in a
, necessary growth factor or hor'm)i)e{- A survey of the literature,
however, shéws' th‘at»‘ for Shor't—term ‘culture experiments a standard
medium supplem;':;nted with serum is sufficienf for the cell to express a
'coranlete range of biochemical functions (40-47).‘ In_blo'ng—'f,er-m culture
of hepatocytes using collagen—'coated dish,es,‘ a progressive dggrease in

both the number of surviving cells and a reduction in-many of the

metabolic functions (rptably P-450 aétivity) has been noted withi_ﬁ 3 -



AVERAGE BINDING RATE OF 14C—MISONIDAZOLE fb CELLS AT 37°C IN NITROGEN

BINDING RATE (pmles/loé cells/hr)

CELL TYPE 10 M 50 WM
EMT-6 51.5 + 10.8 87.2 + 14.8
Hepauma':‘ 20.8 + 7.5 ° 1 53.6 + 10.9
V-79 ._ 13.5 + 5.4 - » 37.6 + 6.1
Hepatocytes 12.3 + 2.5 C25.1 4 7.6 .

Staﬁdard deviation is shown for all vélues



S days (44). To maint,{in cells for longer periods of time, development
ot improved media has included both refindments in basal media and the

replacement of serum supplements with a variety of hormones, growth

R

tfactors and trace elements (44). Specifically, this includes the

addition ot the hormones insulin, glucagon, prolactin and growth

hormone as well as epidermal growth factor and trace clements . such as

copper, selenium and zinc (44). Since the binding cxperiments with

hepatocytes in this study were carried out imnediately after the cells
were isolated and did not involve long-term culture we have asa;m}xi
that the media used (Spinner MEM & 10% FCS) was adequate to sustain
normal hepatocyte functions over this time. It is unlikely that the low
in yitro binding rate observed . to mouse hepatocytes was due to an

immediate decrease in the biochemical activity of the isolated cells.

S
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CHAPTER 4

"Ny RESULTS AND DISCUSSION

AN

Binding of 14C—Misonid.’:\‘chle to Mouse Tissue Cubes in vitro

.‘/

In addition to. examining the binding of '4C-MISO to individual
liver cells in vitro the o?'ygen dependence of binding to liver tissue
‘cubes  in vitro was also de’ter‘mined. Standard binding curves were
determined for mouse liver, spieen, heart, brain, kldney and EMT- 6
tumor by plotting the dverage;graln density/100 pmz area at the
loutvermost cell layer of the tissue cube vs. the-concentration of oxygen
in the gas phase. These data aré\~§hown in. Figures 8‘ - 13. Each graph
.. shows the resulﬁs of two and, in tl;é‘ case :())f;x\liver, three indepeéndent

\

‘ " experiments. The average grain counts'.were determined with an ocular
: \ :
. _ \ : _
grid by averaging at least 100 individual counts for‘ each peint and .
\
subtractlng, the background counts obtalnqd “over &\the ermlsu)n. The

. ( N
€ \.
st,andar'd error is shown for each value. \ o \

\ \
\
.‘*

Similar binding patterns- were obtained fo \Br‘ain,‘u liver and heart
A ,‘over‘ all oxygen concentr'atlons. Tumor demonstrat‘et{ a b1nd.1ng pattem.
. : L}

’ 3sunllar' to llver but 1n extreme hypoxia - tumor exlubn;ed a 51gplflcantly

hlgher' blndlng rate. ThJ.S r‘esult is. not surprlslng in, llght \6f the in

k)
hY

vv1tr‘o b1nd1ng data dlscussed in Chapter 3. Table 2 shows the. K‘ values"

for‘ each t;lssue. ’Ihe K value is defined as the concentr'atlon of oxygen .
’_4fwher‘e half—max1mal blndlng 1s obser'\lred.\ No dlfference was obser‘ved in
.,"the K values obtalned for br‘am, 11ve13§%heart and tumor ('\' 3%)\ These
‘ »klnetlcs would suggest t:hat these tlssues in v1vo, . 1f at the same
"oxygen ten51on,_ would blnd the -same amount of 4 —MISO. Kldney and “

_spleen had 51gn1f1cantly hlgher' K values than the other‘ tissues,

ca
N
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" FIGURE 8: The rate of 14(:_M'isonidaizole rb_inding to mbqse- iver .

vs. tissue pO,. The pooled data from three individual
experiments are shown. The standard.  error is indicated
for each point. , S ‘
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TABLE 2

Km VALUES FOR MOUSE TISSUES ESTIMATED FROM STANDARD BINDING CURVE

P v
HYPOXIC BINDING RATE 30% 02 BINDING RATE

GRAINS/100 pm® ' GRAINS/100 pm?” K_
BRAIN 22.5 1.5 | 0.4%
KIDNEY | 21.5 . 6.0 ’ 1.0%
LIVER 24.0 ' 1.5 o 0.3%
TUMOR . 400 1.0 "0".37{;
SPLEEN 27.5 1.5 3
HEART 24.0 | 1 | ooy

¥ assuming hypoxic binding as maximsm and 30% binding as minimsm

Kﬁ = half-maximm

3
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although the maximum apd mi n imum bjndirg raﬁes were similar to other
normal tissues. '

The binding pattern of grains in N2 and 30% oxygen is shown for
individual tissues in Plates 4 to 15. Although attempts were made to
apply the emulsion as a single layer this was not always the case,
therefore it was necessary to count grains in all layers of the
mmisions when making an accurate determination. In 30% oxygen féwer
grains: bind at’ the surface of each tissue and the number of grains
increases towards the center of the cube. An example of the increase in
grain density with depth from the tissue surface is shown in Figure 14.
This increase correlates wit;; intracellular oxygen concentration which
is determined by 6xygen diffusion into and consumption by the"vcube.

“In N2 t;her"e is uniform binding of grains throughout the cube right
t;) the cube surface. This indicatés that the outer cells have 'not been
damaged by rftechanical pr‘océdur‘es during handlirg. Thls is an import4ant
observation since it is’'the outer layer of cells that is being used in
the autoradiographic analysis of absolute bin(iing rates.

Due to the inherent‘biological variability that‘is associated with

using autoradiographic techniques it is important that when repeating
' . R . . . . )

‘e’xper‘imen.ts. "ever;y att:empt is- made' .to 'aécurately duplicate all
condit;ions of the’ expér‘imenb to ‘eliminat‘:e possiblé sourcés of error. In
| _tﬁis r‘egar'd it is 'inportant_ that 1) the thickness _o.f. the enulsion on
‘thév slide’ remains consistent; '2‘) the exposure ﬁi:ne. is kept constant; 3)
'_f:he same person does all gram counting to eliminate differerces in the
int;ei‘pr‘etat,ion of grain ‘numbers in heavily lab»elled/ _areas; 4) an

independent check ~using liquid scintillation cou}lting is made of" the



PLATE 4

Grain density at surface of mouse liver cube incubated in nitrogen.
'Cube surface is denoted by arrow. Magnification 1056X. '

PLATE 5

' Grain density at surface of mouse liver cube incubated in 30%
~ oxygen. Cube surface is denoted by arrow. Magnification 1056X.






PLATE 6 \

- ™ —

Grain density at surface of mouse brain cube incubated in nitrogen.
Cube surface is denoted by arrow. Magnification 1056X.

PLATE 7

Grain. -density at surface of mouse brain cube incubated in 30%
oxygen. Cube surface is denoted by arrow. Magnification 422X.
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PLATE 8

*

Grain density at surface of mouse heart cube incubated in nitrogen.
Cube surface is denoted by arrow. Magnification 1056X.

Note: Although it appears that binding decreases at the surface of the
cube, it 1is in fact uniform. It is difficult to show the grains
present in all layers of the emulsion in a single photograph. The
grains in all layers are taken into account during counting.

N

O

PLATE 9 .
' o

Grain density at surface of mouse heart cube inculated in 30%
oxygen. Cube surface is denoted by arrow. Magnification 422X.
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PLATE 10

Grain density at surface of EMI-6 tumor cube incubated in nitrogen.
Cube surface is denoted by arrow. Magxuflcatlon 1056X.

PLATE 11 -

~

Grain dens:Lty at .surface of EMI- 6 tumor cube incubated in 30,0
oxygen Cube surface is denoted by arrow. Magnification. 1056)(
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PLATE 12

Grain density at surface of mouse kidney cube incubated in nitrogen:
~ Cube surface is denoted by arrow. Magnification 1056X.

»

. PLATE 13 o |

Grain density at surface of mouse kidney cube incubated in 30%
oxygen. Cube surface is denoted by arrow. Magnification 1056X.

LI






PLATE 14

Grain density at surface of mouse spleen cube incubated in nitrogen.
Cube surface is denoted by arrow . Magnification 1056X.

PLATE 15 .

- A
Grain density at surface of mouse spleen cube inéubated in  30%
oxygen. Cube surface is denoted by arrow. Magnification 1056X. -
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amount of drug in the petri dishes; §) the size of the tissue cubes

used remains consistent; 6) the exact gas level in the chambers is
accurately measured both before and after the incubation period; 7)
background grains found in the emulsion are quantified and subtracted
from all values; 8):a large number of counts are done sé t.hat an
accurate average determination can be made and 9) the séction thickness
is consistently maintained at 4 pm.

A potential source of error that must be considered when using the
cube technique is ‘the possibility that = cer‘taip amount of discrepancy
exists between ‘the pO2 measured with microelectrodes in the iﬁcubating
mediut‘n and the actual pO2 that exists in the outer cell ‘layer of'phe
cube. While the assumption made in the bindiqg experiments is that
these two valuesl are the same it should be boin;,ed out that in actual
fact the medium pOz is only a maxmum value fdr the outer cell layer.
Studies have shown that depletion of oxygﬁ(n‘/dﬁe to oxygen consumptibn
across the small unstirred layer of medi;x\rxl next to the cube surface
could mean that the p()2 of the 6uter cell layer ié lower than the pO2
of the surr‘oundi-ng medium (57)_. This effect appears to be most
prominent at/low levels bf ~oxygen .wher‘e it 1is calculated that the
, v :

maxumm dlscrégancy is a factor of 3 (57). In terms of the standard
cw;ves which he\e\ determined for the different tissues, thls could

re}ult in a shift o\ﬁ the curves to the left and a- subsequent change in

the K value for‘ the tlssue



CHAPTER 5§

RESULTS AND DISCUSSION

&
L.
B
. . .1 . . \
The Binding ot 4C—Mlsonldazole to Mouse Tissues in vivo
Experiments were designed to determine if the binding of 14(f»—MIS()

to mouse tissues in vivo could be altered by subjecting the animals to
‘, hypoxic or hyperoxygenated conditions during the 3 hour labelling
L \

.‘\pfzi‘iod. After labelling in vivo the excised tissues were cut in half
with one half being used for autoradiographic analysis and the other

for liquid scintillation counting. Thé autor‘adiograph.ic results are
shown in Table 3. No- sign%f_'icant change .in grain density was observed
in brain, liver, muscle or EMT-6 tumor when the breathing condition of
the animal was switched frért; room ai'r‘ to ‘either hypaxic .(8”\’7 0, 02% N:)
or hyperoxygenated (95% 0 + 5% CO ) conditions.

‘ The results obtalned w1th the 1liquid -lscinti(llation countin‘g
technvique are shown in Table 4. A slight iﬁcrease from .8 to 2.0
dpm/100 mg was obser’vedv‘f‘or brain - tissue in‘ ."hypoxic “condity;io'ns.‘ No
significant changes we’r'e observed in phe average dpm/lOQ mg for mou:‘%e
liver, muscle or F:MT—6 tumor. It would appear fr‘()m these results t:hat
the mice were able to- compensate p)hySlologlcally when subjected to
acute envu‘onmental changes in oxygen \ten51on, gver a range of 8”/ —'
95%, so that the actual sz of the tlssues d1d ‘not change. Thls wouLd
explaln why no s:Lgnlflcant differences in 14C'—MISO blndl.ng were
-obser‘Ved. This c'ombensation was most obvioue in hy'poxie con(iitions?
vhere -the Qa‘n_imaisv copse{'vev oxygen by becomlng very -':;_nafltive and

increase their breathing rate to supply an adequate amount of oxygen to

.63



TABLE 3

ES

AVERAGE GRAIN DENSITY/1200 pmz AREA FOR MOUSE TISSUES

LABELLED IN VIVO WITH 50 uM ‘4c_mMrso

TISSUE | | BREATHING CONDITION

95% 0, « 5% CO, AIR 80 0, + 92% N,
Liver 107 + 30 112 + 53 121 + 23
Brain 23 + 11 21 + 5 13:5
Miscle 8+ 2 20 - 14 . . 23+ 10
Tumor ‘ o | ®
Light Label 38 415 42 + 18 16 + 7

Dense Label ‘ 569 + 46 329 + 98 399 + 95
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the tissues. Several other -physi()logi(ral me(:haniems ex1st that enhance
an animal's ability to cope with short-term exposure  to hy;;oxic
conditions. An increase 2.3—diphos;hog.lycerate (2.3-DPG) st,abiliz,es the
deoxygenated form of hemoglobin, resulting in decreased oxygen affinity
of hemoglobin and therefore enhanced oxygen release to the tissues (4).
Enhanced oxygen supply to the tissues can also be achieved by alte‘ring
the blood flow to result in an increased cardiac output (58),

In a second experiment, the in vivo aerobic binding of 14C—MISO to

—_—

brain, liver and EMT-6 tumor was used to estimate the in vivo p()2 of
t;lese tissues using the standard curves obtained in Chapter (4.
Autoradiographic analysis was used to determine Lﬁe average grain
.density/IZOO um2 area for brain, liver an(i- densely labelled or lightly
labelled tumor in vivo ‘(seé Table §5). V;Ie have assumed t:hat‘i the densely
labelled tumor 1_n_ vivo is indicative of chronic hypoxia. Densely
labelled tumor was assigned a value of 1‘.0 'qnd the other values were
expres‘sed as ratios ﬁth r"espeet te hypoxic tumor. The ratios for two
indepenaenﬁ experiments were averaged. To deter'mine the average
‘grains/loo um2 ‘area, a ratio of 1 0 was equated to 40 gra1ns/100um .
the maximum b1nd1ng obser'ved to tumor cubes in M labelled in \12 '
(Flgure 11) The r'atlos obtained for‘ brain, liver and lightly labelled '
' tumor- were. normalized by nultlplylng each value by a factor of 40 to

obtain the average gralns/IOO umz area. These values‘ were then fitted.

Sy

: _. on the appropriate standard curve (Chapte'r 4) and the approximate in

vivq pO2 for each tissue was deterr;ﬂned. As outlined in Table 5 the in

‘vivo ;502 values détermined using this riiethod were: liver - 7% (5.3 mm .

Hg), brain - 20% (152 nin Hg), lightly labelled (aer'oblc) tumor - 10%
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(76 mm Hg) and densely labelled tumor - .1% (.76 mm Hg). For densely
labelled tumor 'it was necessary to estimate an approximate pO2 range
since from the standard curve Figure 10) a maximum binding of 40
gi"gins/loo ‘-an area is possible over a concentrapion of oxygen ranging
from 0.01 - 0.1% (.076 - .76 mm Hg). It would appear that the amount of
'sensiti;zer adduct ‘bound/100 Axm2 area may' be a relatively sensitive
technique for the meas'vur'ement} of in vivo tissue pO, levels if standard
(:ur‘ves can be generated in vitro utilizing short-term tissue culture.
Several fact_ior‘s must be discussed which could affect the precision
of the measurements made usi-ng‘ the sensitizer adduct vtechnique. One
¥  problem, which could affect the comparison between in vivo and in vitro
binding to tissues, is tﬁat; th‘ere is no way to accurately determine
what- the pr'\ecise in vivo drug concentration was duriﬁg~the nulti'ple
labelling experiments. Although we can make‘ a reasonable estimate from
the weight of the mouse and the amount of drug injected to maintain r;vhe
dmg concentration in the plasma at 10 ng/gm (50 am) for 3 hours, it
couid be arglled that the .in vitro and in y_ivg drug qoncent,rations are
. not necessar'lly 1dent1ca1 We do know, howeve'r;,'.fr‘om’biodistr'ibution
studles by Garrecht and Chapnan (21) that the dlstmbutlon of 4C MISO
"in the plasma and other normal tissues for the 3 hour perlod is
appr‘ox_lmately the 'same and that at least ther-e would be no lar'ge ‘

dlffer'ence in the amount of drug to which each t1ssue was exposed in

That this level was equlvalent to 50 um was not determmed

P -‘ In Chapter 4, the pr'oblems assocnated with the assumptlon that, the

[N

pO2 1n the medlum was the same as the pO2 in the outer cell 1ayer of

the tissue cube were dlscussed It was suggested that the maximum error

* \
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. , 0
involved, most prominent 4t low oxygen tensions. was that the pO,l of
the outer cell layer might be up to a factor of 3 lower than the p()2 of
the surrounding medium. It this is the case., tHen the standard curves
would shift to the left at low pO2 ievels with 1ittie change béing
observed in the curve at higher oxygen tensions. This would result in
an error for the Km va}ue of about 504. Since the "in vivo {502 ':alucs‘
werc estimated using' the ;;‘)ar't of the‘%curve that is least affected by
error it is likely that the maxlmum error expected with the sensitizer
adduct technique would be less than 50%. For example, the po, of brain

tissue could exist in a range of 10 - 20% (76 - 152 mm Hef



CHAPTER 6

GENERAL DIscu'ssmri_ AND CONCLUSIONS *

s . . 14

v

In an attempt to determine why mouse liver in vivo binds ~"C-MISO

at a much higher rate than other normal tissues, the studies prescntcd

in this thesis have characterized the binding of 14C—MISO to beth liver

cells and liver tissue cubes in vitro. From the results presented in

Chapter 3 it is evident that the characteristics of metabolec’

binding of 14C—MISO to isolated liver cells is qualitatively shnilar/bd

EMT - 6 tumor cells, mouse»hepatoma cells and V79 flbroblast cells. When

hepatocytes are 1hcubated in aerobic comiitions llttle or no binding of -

drug is observed. It. is thought that the presence of oxygen blocks the

\

metabolic reductlon of. the MISO nitro group thch is & necessary stcp

‘ r~
in the b; ing process (59). When liver cells were‘incubated with MlSO

under extn;mely hypox1c condltlons the binding rates were 1ncreased

? a, .
slgn1f1cantly (average binding rgte at 50 uM = "25.1 pmoles/LO
14

‘) ’J s

cells/hr) A logarithmic plot of . ltver cell binding rate vs.
. &
. RN
concentratlon showed chat the klnetlcs of blnd;ng 1n Nz.wgs con51stent
© . .

C—MISO

UW1th half order klnetlcs as described by Chapman et al.»(SO) and Koch

+

. et al. (60) foka)ﬂ‘b cells and¢V79 Cells Half—onder k1net1cs were

also observed in tﬁeﬂb;ndlng to ‘mouse hepdtoma cells S o

-

When comparlng the absolute late of blndlng determlned for mouse .

llvgr cells to EMT—6 cells, V79 cells or nbuse hcpatoma cells 1t was

L observed that under hypox1c condltlons llver ce]ls exhlblted the Lowest

' blndlng nate at all drug con!%heGEtlons studled These results suggestv,

@v “'o S

that llver cells do’ not possess a unlque«complement of nltroreductase

v

» '" : O : . S e i
» MRS e a [
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o
enzymes, compared to normal fibroblast (‘(ol.ls or tumor cells, that would
account for their elevated binding rate ubsu'vud:_ig_ vivo.
bvidence to support this con(:lusi(,‘;n was obtained in experiments

which examined the binding of 14C—M’ISO to mou.se Liver, spleen. heart,
kidney, brain and EMT-6 t@r tissue cubes under controlled oxygen
conditions lﬂll_u_‘l The results of these studies, wflicﬁ were presented
in Chapter 4, showed that the Km value for half-maximal binding and the
absolute re;t,es (grains/100 umz) observed for liver were not signiti-
cantly rdiffcr‘ent from thoze of other tissues such as brain, heart and
ﬁumor. These results are ’consistent with the data obtained with
*isolated liver cells that suggest t,hat\liver‘ does not possess a unique
complement of njtroreductase enzymes when compar‘eci?—wther normal
tissues. Based on these findings it would be expected that liver in
vivo should c'xhib.it simila'r_i MISO binding charactcristics as heart
"brain, pr‘\ovided that the in vivo pO2 of these tissues was the same.

‘ As described earlier, however, the biodistribution studies of
14C—M'IS(') bindirig in Balb/C mice by Garrecht and Chapman (21) found
“that  in ﬁlﬁ ther'e -was a 4-15 fold elevation' gthe b1nd1ng of
' 14"C -MISO to liver when compared to all other normal tissues. It would
,appe_aar‘ from t-.he r‘esv._).lts of binding studies, at’ l?oth the tiss:e and
M,céllular‘ level in v’itr‘ro that the elevated. bin.ding ob’served to livef in
v1vo is due to some other factor' su<;h as the organ emstlng at a pO2 _
Whlch is- 51gnlf1cantly lower' than other normal . tissues.

The results obtalned with both isolated hepatocytes and liver

cubes seem to favour the 1nterpr'etat10n that oxygen is t;he most

‘.
K

lmpor'bﬂnt f‘actor det;ermlnlng the rate of MISO binding to liver tissue.
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It is important, however, to point out an alternative explanation which
should be -considered. The liver is actively involved in the bio-,
synthesis of lipids and as a result’ there is a high NADPH/NADP ratio in/
the cytoplasm of liver cells. It is possible, therefore, that the
increased rate of MISO binding observed to liver in vivo could be due
to the presence of a highly reduced cytoplasmic environment in
Iindividual cells which- is somehow immediately altered upon tissue
excision and hepatocy‘&cf\})‘nri fication.'

The studies presented in ‘Chapter/S of this thesis examined L‘hc
feasibility of using the binding of sensitizer adducts to n;)u.se tissue
cubes in vitro as a technique to estimate the pO,, of tissues at the
cellular‘ levél in vivo. An examination of the standard curves presented
for six different tlkssues in Chapter 4 shows-that the aucor'adlogr‘aphlc
results of 2 - 3 independent experiments' were reasonably reproduced at
all oxygen concentrations for every tissue studied. When attempting to
r‘f;late the in vivo grain counts to the standard pO,,_.cur‘ves the results
were normalized to a Aknomx‘ point such as -densely labelled and

presumably chronically hypoxic tumor, as outlined in Chapter 5. In

vapd sensitive method ﬁor e3timating tiss"ue‘/p«o2 .at the cellLLiar level
within a factor of 2. In concordance with the conclusmns r\.ached from

~

the m v_itr‘_)cell ’and tlssue b1nd1ng studles, our measuréments
S determlned an in vivo pO2 for liver of 0 77 (5 32 mm Hg). oWh@l’l
compar‘lng tlus value to that obtalned for brain,- Wh.lC.h was appt‘oxlmate-‘f :
ly 20% oxygen (152 mm Hg), it is clear that, 'in M: llver exists at a

. consxderably r‘educed oxygen tension.

-
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There is increasing evidence that some normal tissucs may have
considerably r"(:dug?d in wvivo p02 levels. Alkaline elution experiments
by Meyn and Jenki;LS (61) have measured the efficiency of DNA strand
break formation in normal and tumor tissues of mice in an attempt. to
determine the r‘adi()sbensit,ivit_ u,s of tissues _{_rl vivo and in vitro. when
DNA strand break formation was measured for isolated cells irradiated
in _v_igz it was found that all the cells, includi-ng those from bowe
marrow, spleen, brain, -kidney, testes, liver alnd gut, had similar
sensitivities within experimental error (61). When these same tissues
were irradiated in vivo and the tissues then removed and t:malyi'ed by
alkaline elution, Meyn. f!)un“d that the sensitivities of the normal
tissues were not unifprm but varied by as much as a factor of 2.- 4
(61). The most sehsitive) tissue with respect to single strand break
formation was bone marrow\while the most radioresistant tissues ‘wer'(:

gut and liver. ‘\\

. : .

In comparison to the resilts obtained in vitro, the normal cells
: ()

irradiated in vivo were more resistant to radiation by factors of 2 -

)

4. Since r‘adiopr‘otectién is afforded a - lack of oxygen, Méyn

>

concluded from' these results tl;at” the incrghbed resj bserved in

]«

vivo could be evidence for some normal tissue: xisting at elat,irvely

.

low oxygen tensions. Inper‘e_sﬁingly, out of all the tissugt studied,

- liver and gut were the most radioresistant in vivo (61). These resu"lts )
o DA T . ‘
support our conclusion that liver may exist at a lower p0, than other

T -

'normal tissues. . R v
v R ] ,

Further in vitro evidence supporting the possibility that tissues

exist at low oxygen tensions comes from -studies which examined the
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ef'fect (;t" reduced ()xyéeri tensions on Lhe plating efficiencies of both
normal and neoplastic cell lines in lo'ng and short-term culture. A
comparison of cell culture in standard oxygen conditions (20‘{5) and
reduced oxygen conditions (1 - §%) demonstrated th'at plating ef—
ficiencies could be i;lcfeased when the 1ov\/(er‘uoxygen conditions were
~used. This phenomenon was observed by a number of investigators for a
variety of ceil lines including human melanoma cells (62.63), mouse

embryo cells (64) and vhuman fibroblasts (6§). These results are

interesting in that they imply that cells in normal tissues in vivo

{
have adapted to an environment that has a p()»f con:.xder‘ablv lower that

that of air.

. Other .investigators have also repor'ted findings which suggest that

some normal tissues are at low oOxygen tensions. Hendry, in a recent

review ot the literature describes work showing an increase in the.

.

radiosensitivities of tissues in  animals gr‘eathing oxygen at 1

‘atmosphere or greater pressure duri.ng' irradiation instead of air (66).
- / - ' -
In his review, Hendry notes that these findings.could b& explained if

-

the critical normal cells were at an oxyge_xi tension of abcﬁtﬁ 4 X lower

L
than venous blood. /Sdme critical normal t,issues ‘which have been shown
. .
to be moderate,ly hypoxic r‘adloblologlcally using this method 1nclude
¥
W
the neuraxis in] r'ats and’ laryngeal human cartilage (66). In addltlon to

_these studles, Bohlen has reported mcroelectr'ode measur'ements in the

rat lntest‘lnal mucosa in which penetration of the cells at the base or

‘apex of the villus w1th the electrode tip (2 am in diameter) r‘esulted

.Fm pO2 values of less than 2 mm Hg (0.2% oxygen) (67).

Jf Addltlonal ev1dence to support the exlstence of 1ow pO2 levels in

"e liver' ‘comes from studles r'elated to llver' blood supply. A'lthougﬁ '

L3
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the liver is a well vascularized organ, it is supplied by a varying -

mixture of arterial and portovenous blood in the ratio 25%:75% (6%).
Measurement of the actual p02 of this blood supply shows that while the
average pO, in the hepatic artery is 12.5% (éS mm Hg) this falls to
only 3.l()% (30 mm Hg) in L—he' hepatic‘ vein and 54.05’5 (45 mm Hg) in the
portal vein (68). Clinical 'studje’s which h'ave involved hepatic artery
ligation have observed no hepatic necrosis as it appears that the 1iverj
can function adequately wi;;h only the venous nblood as its sole supply
(69,70). |
, . . !

A study by Lamner't'sma et al. used positf‘on emission tomography to
determine in vivo measurements ofw‘r‘egiorial blood flow, oxygen _uti'lize~
t;ion, oxygen. extraction .ratios asd fractional blood volume"‘{ix""brairm

tumors and surrounding lcerebral tissues (71). These studies-showed that

within the tumors there was no r‘elafionship between oxygen sypply and

utilization. In all casés ‘the blood supply to cerebral tumors was in*

excess of their metabolic requirements for oxygeh. It hds not been
'Q : : +
determined if there are any normal tissues that are uver'per'fused

.

relative to their metabolic util‘iz.'atien"of .oxygen. if “overperfusion

-does occur in liver it could pr'ov1de an explanatlon as to why the ;)()2"..'-

,of the blood supplymg the 11ver is COn51der'ab1y hlgher than the p(’)
value estlmated for liver tissue by thls’ sensitizer adduct technique.:

o * ‘ , - . ./‘

CONCLU‘%IONS

“

(o)

'Ihe studles descr'lbed in thls theSJ.s pr'ov1de 1nd1rect ev1dence_

t:hat liver cel].s m vivo do not possess a: unlque complement of

4. ©

mtroreductase enzymes that é'ould account for its elevated b1nd1ng of

i \ . e
N ‘B B lv
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4C—N[ISO relative to other normal tissues. This suggests that liver in

r

vivo exists at a p0, that is lower than some other normal tissues.

Although admittedly 1laborious, it “éppe@s .t’}'lat the binding of

sensitizer adducts to mouse tissue cubes in vitro can be developed as a

sensitive and reliable measure of in vivo pO2 levels and that standard

7
binding curves can be generated for most normal tissues. The pO2 of .

liver measured using this technique was 0.7% (5.32 mm Hg), which

supports the conclusion that liver exists at a low sz in vivo. The

details \of tissue pOz' at the cellular level measured by'this technique

should prove useful in prediéting the potential of magnetic resonance
.spéct;réscopy (MRS) and positron emission tomography (PET) procedures
being Aeveloped fo?‘ the meésur‘eﬁient of tissue hypoxia. (72). MRS and
PET and other imaging procedur‘és can cur'r'entlyl méas;ur;eg‘sigxal

averages from’tissue voluriles of 0.1 - 1.0 cm3v('108 - 109'cells') (72).

Ny

S

N o:f_‘ .' " | o ) et
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