~. - \ -
- L4
. ’ ) M . . B '
. CANADIAN THESES-ON MICROFICHE
. : . : . . . . ‘\\.a\ ] L o ] . : .
Lo S _ _ I e . o : ok
THESES CANADIENNES SUR MICROFICHE ~ - ST |
R \ T &
- N » , P ‘ g e ' ) ‘ o e
. e ’ N . L : . . 4
l* Nahonal lerary of Canada " - Blbhothéque nationale du Canada v 4‘ o
-Collections Development Branch . = < Dlrectlon du développement des collections SRR e
Canadlan Theses on O o Servx:e des theses canﬂrennes : , _ o “ :
Mlcroﬁche Servuce : o sur mncrofrche B , B o .
Lo RS ! . \ PR X . . y , °
‘Ottawa, ‘Canada - 4 S T B
/KA ON4 S ST i e e
+ V K . ‘Jv ‘
3 N & E
L] - N ' *
| NOTICE o b AVIS e
. The qualrty of this mrcroﬂche is heavily dependent upon the La quallté de cette mrcroﬁche dépend grandement de Ia quahté
S qualrty of the original thesis Submitted for mrcrbfllmmg Every . de la thése soumise au microfilmage. Nous avons tout fait pour '
. - effort has been made to ensure the hrghest quallty of reproduc- assurer une qualité supérieure de. reproduction.
honpossrble S = o _ T Gl B AR
Af pages are missmg, contact the umversrty whlch granted the / S il manque des pages veuillez commumquer avec l umver
- degree PR T o ‘ . o sité qur a conféré Ie grade .o :
. Some pages may have mdnstnnct pnnt espemally uf the ongmal ~la quallte d lmpresswn de certames pages peut larsser a_., - "
' ges were typed with a poor typewnter ribbon or |f the univer- désrrer surtout siles pages originales ont été dactylographrees :
s;ty gent us an inferior photocopy . : . S raide-d’ ‘ury ruban. usé ou si |umversrtg nouys a: fart parvemr
. LA ‘ g une: photocopre de QUahté mfeneure

Prevuously copynghted matenals (journal artlcles pubhshed Les documents qur font déja I‘objet d’un droit d' auteur (artncles

Ny

_tests, -etc.) are noet frlmed - R s RIS de revue, examens pubhés etc. ) ne sont pas mrcrofllmés
B \Reproductron in fuII orin part of this film is governed by the ’La reproduchon méme partlelle dece mrcrofllm est soumrse
‘Canadian Copyright Act, R.S.C. 1970, c. C-30. Please read 8 ~alaLoi canadrenne sur le droit d'auteur, SRC 1970, . C:30.

the authonzatlon torms which accompany thns thesus . vVequlez prendre connaissance des formules d autonsahon qui
= _accompagnent cette these '

THIS DISSERTATON LA THESE A ETE

HAS BEEN MICROFILMED - -~ MICROFILMEE TELLE QUE .
EXACTLY ASRECEWED ~ NOUS L’A_VQNS REpUE

Canad"'

S L339 (1. 85/00) ‘ ' . o .



\ v
. )
o s

Natigpal tibrary -

orCanada

'

Blbhotheque natnonale
du Canada

1

R s .
’L/ﬁ‘/%:vémcan?da N  '

v

e Please print or type - Ecrire en lettres moulees ou dactylographier

s

7 1/3

“lisBN e ";‘

‘ j

' CANADIAN THESES ON MICROFICHE SERVICE ~ SERVICE DES THESES CANADlENNES SUR MICR(%CHE
oo - PERMISION TO MICROFILM - AUTORISATION DE MICROFILMER

F

Ny

R R ~ AUTHOR - AUTEUR

. Full'Na4n“e_ of Auvt‘hor‘—. or\;\. c;'m';p’@ de "30"9‘.’:‘ T '\ | ) |
m J ‘\/ ﬁ[/\bﬁ[__ur\/'s .)/“Qﬂjék »t : - - ’ ,0 \

3

.. Date of Blrth Date denalssance : : : R . : Canadian(fmzen—Cntoyen canadien ’ S
529 bQC_ 47 , ' v BYES‘OUI e ‘ [W] No . Non:
‘ Couﬁtry of Birth — Lieu de naissance - N . Permanent Address = Res:dence fnxe“ . d # N
e ! : . - !
usn . g T 0.3
AL L Ed oo 48 7STILS ‘,
T = ™. THESIS-THESE . R L
Tme ofThesns T|tre de la mese I . : : S ; to B
E,leoblé/oa'fa—/ CAM&L&?LV’ZMW 0{ Ta/c) o R
PO’LD(A,/Q;HQVLS % /I//ur/r\b ém MWO"‘/ RS | ,
. [ N : . e
\ ' i \ S . .
- o N
' begree for which thesis was presented . ' . ‘ Xea, m‘; dgtg,e'e codnferred o o s
. Gr: depour S ‘- _ l/Année d'obtention ecegra e e
: [T /$8S "

quuel cefte these fut présentée ﬁ/? . D .
" U’r—uversny Unlversné ' , - T ‘ e . Name of. Supérvis‘;c Nom:du directeur de thése
U 0/{ '4’/56/"/‘41 e J Ddﬂa/c/ Chq,fmm

o o . e AUTHORIZATION AUTORISATION

\ _ - L

L)

I Permnssuon is hereby granted to the NATIONAL LIBRARY OF CANADA to.
microfilm. thsé thesis and to lend-or sell copues of the film. -

'L autonsatnon est, par la presente accordee ala BIBLIOTHEOUE NATtONALE
DU CANADA de microfilmer cette thése. et de préter ou de.vendre des ex-
’ emplalres du film o PR .

a

/

"The author: reéerves other publlcatlon ngh% and nelther the thesis nor exten
sive extract J from it may be printed. or otherwnse reproduced‘wnhout the

author's written permussuon

- Lauteur se réserve les autres droits-de. publlcatlon ni Ia these ni de longs ex-
R oo : traits de celle-ci- ne doivent étre imprimés ou - autrement reé)roduns sans
-k ’ I'autorisation écrite de Iauteur '

~

ATTACH FORM TO T,HESIS VEUILLEZ JOINDRE 'CE FORMULAIRE A LA THESE

S s Canad"'




THE ’UNIVERSITY OF ALBERT(}\ ! . Lo
B k8

. v - i . -
< ° ) : - T o . . bl . g
- . L R
; ; i
Q. . ’ " ‘ . : °
. - RAD&OBIOLOCICAL CHARACTERIZATIOQ OF TWO. POPULATIOkéw P |
N U X
Y \ ,on - % i
/ OF MUi?INE BONE MARROW CELLS R o ‘

" e

~

- by . PR S -

o | M. JOAN ALLALUNIS-TURNER

) ‘ ' ' ot . . ’ . .

\\‘ ) ! .

~ LY - >
I) - ) \ A ‘
* 4 .‘ i
S o
; Dy

. A THESIS - a T
B SUBMITTED TO THE ' FACULTY OF GRADUATE STUDIES AND: RESEARCH o
. o ’ M Py S . .
N W PARTIAL FULFILMENT OF THE RLQUIREMENTS FOR THE DEGREE SR
| -/, . UF DOCTOR OF PHILOSOPHY " e
,~ a : :“ P '/I ' ) , ) . .
: o o [/ - IN Cie } e ) _-,-" .
MEDICAL SCIENCES |

N [RADIOLOG¥“AND U[ACNOSTIC TMAGING] o
- '»i . . e Lo “ - . a)v- ) ‘ '~‘ ‘ ‘ \

s el - EDMONTON, ALBERTA - " o
AR - SPRING, 1985 | |




. “¥HE UNTVERSITY OF ALBERTA -
n N . " . ‘ vl. : ‘ o

- RELEASE FORM S

co ¢ ;'. . r_"‘ - o dt
NAME OF AUTHDR .".: M. Joan Allafonis Turner‘

: TITLE OF THESIS K Radlobiologlcal Chanaqgerlzatlon of Two."

Populatlons of Murlne Bone Marrow'Cells

.~ DEGREE FOR WHICH THES]S WAS PRESENTED Doctor of\Philosophy
. - R \\‘ . »

'_- YEAR THIS DEGREE GRANTED o oees

4

o Perm1s51on is hereby granted to THE UNIVERSITY ' OF ;
ALBERTA LI§RARY to reproduce 51ng1e copies of thls _}. ¢
thesis and toflend or sell such.coples for_prlvate,

*scnolarly or. scientifie'research purposes.only.

The author. reserves other publlcatlon rlghts, and
.'nelther the thesis or exten81ve extracts from it may f”

!

- be printed or otherwise~reproduced w1thout'the author'sr'

" written permission.
s :

v,'h‘> - )7(2}L¢4x6225b2«u1,4¢oo~¢1

: PERMANENT ADDRESS* : 75054 183A Street

¢

Edmonton, Alberta

DATED > - April 1, (1985

-~ :

=



b

G‘

? N .
b - - ’) , 4 %
C mE UNIVERSITY OF ALBERTA ’
FACULTY OF GRADUATE STUDIEé\\Nﬂ)RESEARCH
' . L) . \  ~'
v s } & - -
The undersxgned certlfy that-they have read and >'°

- :

rec0mmend for acceptance,' a thesis entltled "Radi bLolog1cal ‘
@ ! A :

Characterlaatlbn of Two Populatlons nf Murlne ane Marrow Gells

’ submltté@ bL,M/ Joan Allalunls—Turner

in. partlal fulfllment of the requlrements for the degxee of (:-
" . ' ) /‘?‘;“ \ . . .
Doctor of Phllosophy : St oS : . 7

in Med1ca1.Sc1ences [Radlology and Dlagnostlc Imaglng]

D # , Vf’ e
. : ' - R )
LT v N ' W;ﬂf’)«“é‘*‘-;«-
, » 7
S : Superv1sor
| r
ﬁ?’
¥ “
' L 3
, \
S . L : _ j E&ternal/ExamlneKi:;N‘\  o
( R o | .
Date April 11, ‘1985

° - R ‘



o
B
2
.
"
o
-
v
o
: 4
[
.-
1

-
L]
-
.
.
@
\
1

°
w N

N -
'
»
"
B

.-
. .

' .

13

s 5
oy "
B
'
1
1
N
-
‘ -
.

. DEDICATION -

"

S,
- b




O o ‘ :
T amsmact e ot
Co [ ! ' o . e |-
v

"
o

K

Thls the51s presents studrgggperformed to \characterlze cells

T

obta1ned from the central: marrow cav1ty (Fractlon 1) and the compact

N

bone (Fractlon 3) of murlne femurs.

\ v

& !
radlore51stant. as compared 4‘_
mlsonldazole (MISO) before 1rrad1at10n abrogated the radloréslstance

' &
of Fraction 3 ‘and did not effect the sen51t1v1ty Fﬁ Fraction 1. When

o

removed from the1r m1croenv1ronment and 1rrad1ated in v1tro, the

aerobic. sen51t1v1t1es of Fraction 1 and Fractlon 3 CFU- -GM  were

B

similar; the tradlore51stance whlch had been demonstrated for

e

Fraction 3+in vivo was no 1onger ev1dent.' When _irradiated under

hypoxic conditiona, a lower oxygen enhancement ratio (OER) was
P . :

K]

obserVed 'fonw Fraction 3 CFU- GM compared w1th Fractlon 1 CFU-GM.

i

These results‘suggest that the in vivo microenvironment of Fractlon 3

may be relatlvely hYpoxrc.
FractLon 3 cells were twice as sensitive as Fraction l cells to
/ » '
the ‘cytotoxic effects oﬁ/MISO under hypOX1C condltlon% in vitro.

This increased .sen51t1v1ty to MISO cytotox1c1ty and the decreased

N

“radiobioldgical OER observed for Fractlon 3 may Be explalned in part

- by the lower levels of intracelluiar glutathione found in Fractlon

3 cells, 'f\_ V A" ' .

In vitro cultures of Fraction 1 and Fraction 3 in reduced oxygen

tensions demonstrated,'that onfy a - small increase in plating:

&F

. When 1rrad1ated in v1vgﬂ; ; ,tk:”“” ‘HU —GM were relatively.

.
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efficiency, could be ‘attributable_oto the reduction in oxygen
' e o I o N
concentratlon. A However,\ slgnnflcant‘numhers‘ of CPU—GM' survived b
1ncubat10n under ex(remeLv hypox1c COnd]tloﬂb (O 67, oxygen) S N
1‘ s Y B
Under hvpoxlc CDndlthﬂSb ‘bone mar row cell " bound ' approc1ab1e
B B » " . oo
~gmounts - of* MTSO. thtle blndlng was observed Jor well, oxygenated -,
marrow "cells. Autoradlognaphlc analys;a nf in vivo binding patterns' »

in normal marrow demonstrated that more MISO was bound to Fraction 3 -
| : S

equivalent anatomic areas than was bound to Fraction 1 equivalent
areas. Uniformly elevated b1nd1ng was: observed for both Frackion | X

and. Fraction 3 areas in regeneraling marrow.

The repopulation kinetics of Fraction 3 CFU-GM wer?”
those “of Fraction 1 ioilowing a snb—lethal dose of otal 'bodv.» R gbjﬁ
irradidtion. | For both populations, pre- treatment nlth\disqﬁenhanced
cell kill one to two days after irradiation ‘and ‘may have zlmpaﬁred

~— s ° ' . 4‘
recovery at latter times. .
& . : o
Fraction 1 and Fractlon 3 cell populations were shown to contain /
ells with self- renewal potentlal as measured by in Xltrg_re platlng
assays. Both cell fractions could efficiently restore hematopoietic
function to lethaily_irradiated mice with Fraction 3 cells being more
.effieientf

Fihallyt"an evaluation ot<the‘radioprotective abilities of an
eXgerimental' agedt, ddethyldithiocarbanate (DDC), ~suggested that
this cohpoundnis aAnon-specific'stinulant of the hematopoietﬁc systenf\
in general and w111 be of limited cllnlcal use. . , |

In conclusion, these studles have demonstrated that populatidhs

of murine hematopoietic cells can be separated on the basis of their

a

vi



»spatinl‘distfibution within the femur. ~The finding that compacr~ll;n?

associated cells were relatively xadioresjstaﬁt; sensitive to MI1S0,

associated with elevated MISO binding in vivq and prolifefated at low

these cells may=be reiativély‘hypoiic.~ The finding that Fraction 3

reserve.

: L 4
oxygen tensions in vitro suggests that the formal microenvironment of
——— St e »

.

cells restored hematopoietic function more efficiently than Fractian

1* cells suggests that this microenvironment may serve as a stem cell

At

oy

vii.
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Ce .. CHAPTER ONE ' '
Introduction . 3 -

-
. Y
¢

The discovery of X-rays by‘ Roentgeh in 1895 caught  the
' : L . “

'1mag1nat10n of sc1entlsts, physicians»and hobbyists alike, By 1896,

X- -rays . were belng used in. med1c1ne to locate forelgn bodles, . treat

.

tuberculosis and infectious,diseases, detect tooth deCay, and in

industry “to _check the integrlty of'iron,castings and dlstlngulsh

~

genuine from fake diamonds (Brecher and Brecher 1969). Initjally,

X-rays and other fradlatlons were . con51dered harmless. Early

e

determinations of X- ray output were sometlmes based on estlmates of

the.relatiye‘amounts of erythema produced on the operator s hands and
forearms (Mould . 1983) The severe radlatlon hurns and skin

.

ulceratlons which were later reported were thought by, some to have

arisen ~from the statlc dlscharge of the electrlc c01ls or from the

" generation .of an’ _ozone layer near the sk1n (Brecher and . Brecher
Y

a

1969).' However, more astute abservers blamed the rays themselves

'for the sk1n damage and were qulck to Iecognlze that dlseased tissues

s

,would be better targets for the deleterlous effects of «the rad1at10n.‘

.

’1897 marked the f1rst documented case of the use of X- rays in‘ the

treatment “of 1noperab1e cancer (Mould 1983) "This was ‘soon followed

by other' attempts to control or cure. tumors. However, ‘ten years-

¢

 elapsed before shleldlng 06 X-ray tubes became standard practace. Asﬁrt

a result, . the r1sk of normal t1ssue damage was cons1serable for both

_ the'patient'andethe,physician.'

C
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In ‘the years-td'follow, sradiation as used to treat'a variety

/

of - acite and chronic disorders, As late as 1942, X-rays were

reported -as bedné_'effective therapy‘fo such relatively"benign

Conditions} as warts, _nersistent'nosebleed , hayfever, ,sinusjtis,

conjunctiyitis and psoriasis (Brecher. ang- Brécher 1969). - The
( ‘ . \

epidemiological studies of the 1950's and 196

is‘nhieh descriﬁed many
wlat@ effectsblof' irradiation including sterilitysand induttion of
C r . ) ' S
maiignancies sqon halted . the indiscriminate ?se; of radiation in
' nenign disease; ' - ' . A .i" |
Radiptheraﬁy,rasRpracticed.today;: combines'a.respett for normal
"tissue damage with the realization thatrtumor.cdre ’may ‘also be

achieved.' Indeed the ma jor goal of radiotherapy is to optimize the
therapeutic ratio by delivering the maximum dose to ‘the tumor wh¥le
not exceeding the tolerance_of the normal tissues.

Despate advances in computerized treatment .planning, ~ the

increasing use of high energy irradiation, and the use of intricate

S . . ' - . S
shielding techniques, radiosensitive normal tissues are often

~unavoidably - exposed during standard radiotherapy. One of the goals.

of ~radiobiology has been to establish the response of these tisSEeS'

Iy ' .

to ionizing radiation. - The effects” of radiation ~on -rapidly
k “,.’ B . ' : .
self-renewing tissues - such. as the bone marrow. and ~the

gastr01ntest1na1 system were among ‘the first to be studied

Many of the early experiments with bone marrow‘ attempted to
e N

define the tolerance of this organ.to acute, whole body‘irradiatidn.,

Failure of‘ the hematop01et1c system was recognized ‘as the probable ~

cause of death in animals dying eight to thirty days after moderate -
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b ' g ~
doses of ‘irradiation (Quastler 1945). Consequently, many of ' the
early studies used tomparisons. of survival rates and LD50/3O doses to

study the influence of varibus factors on bone marrow, {elated

‘1ethality. Kohn and Kallman Q1956) were among the first to observe

that senSitivity to whole body dirradiation was under geneticICOntrol;f
Their studies. noted differences in LDgg/0g doses which ranged from
5.44 Gy»to 6.65 Gy for five strains of mice tested. Djerassi et al.

(1960), = using .fou} ‘different strains of mice, also observed

\

differences in LDgp/28 doses

Age and gender differences were other factors identified as

':influencing radiation toleranceu Lindop and Rotblat (1962) studied
- ' . h .

the acute radiation sensitivity of mice which were irradiated at ages
. - . * - . ,d

ranging from one day to 108 weeks. Theirtstudies demonstrated an

early 'peak in radiosen51t1v1ty at four weeks of age: and a decline to

; maximum,-radioreSistance at '40 weeks followed b\ . a steadil\

1

increasingv sensitivity in older animals. They also noted'that after
10 weeks of age, - female mice were less radiosensitive,than were male
mice, a finding noted earlier by Kohn and Kallman (1956)

\ ;
Acute\lethality studies were also -used in 1nvest1gations ~which

explored the @blllty of exogeneous agents to modify radiosen31tivity

- The sensitizing, effects» of molecular oxygen, and the  protective

effects of hypoxia, ‘were first described for bacteria by Alper and

Howard—FlandErs (1956). Attempts> were ' . made to alter"tne

radiosen51t1v1ty of -'mice ‘by allowing-them to breathe'nitrogen; 5%

oxygen, ar @ure oxygen at one atmosphere shortly before 1rradiat10n

Significant increases in LD50/3O»va1ues were observed in«the hypox1c
° : J . ’ . ', - .



‘importance, these areas have received relatively less attention than

animals (Dowdey et al. 1950, erghtﬁlghO, Phillips and Ainsworth

1969). Howgver, attempts to sensitize animals with one atmosphere

"of oxygen were not successful (Lindop and Rotblat 1962) .

In vivo studies such as ﬁhpéé_described above continue to be
< c

used to assess the effects of radiation and radiation modifiers on
the hematopoietic system. These assays offer. the advantage of

allowing the naturally occuring interactions among hematopoietic

s

cells, long, and ‘short range growth factors and the hematopdietic

-

environment, to be preserved relatively unperturbed after

©

. - . \‘ - . - .
irradiation. For this reason, .in vivo studiesrhave the potential to

é

provide ~information which may be more clinically relevant than in

vitro assays of single colony types.

o

A complementary approach has been to evaluate the effects of

.

radiation -on the individual components of ‘the hematopoietic system.

These studies attempt to provide an insight into the mechanisms which

dictate the host's response to radiation. Although understanding the .

.

radiation effects on the production of and response to growth factors

and” -on. the hematopbietic microenvironment are. of fundamental

the effects of radiation on the hematopé&etic stem cells and their
committed progeny. ‘
4 - .

In 1961, clonal assays were first used to diréctly assess the

effects of »irradiation'oh hematopoietic cells.” Till and McCulloch

a S . . .
“(1961) were the first to develop a system to enumerate the number of

pluripoténtial stem cells in mouse bone marrow. Lethally irradiaté%

mice were injected with syngeneic marrow cells, and their spleens

s s
. b
i

4
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were removed eight to, ten days later. The number of visible nodules,

o

or "colonies", was linearly related to the number of the cells

injected .and was shown to corre$pond to the number of stem cells

‘a - ". Al o~
contained in the innoculum.

N

In vitro colony assays were developed shortly thereafter, and

allowed for the qua"ification of marrow colonies consisting of
myeloid cells (Bradley and_Metcalf 1966), .erythroid cells (MclLeod et ' f

al. 1974, \Iscove et al. 1974), . megakaryocytes (Metcalf et al.

1975a), T-cells (Roszenszajn et 1. 1975), and B-cells (Metcalf et

. al. 1975b). T | : e

‘ ‘j' . . .
U51ng these in vivo and in v1tro clonal asays, radiobiologists

were able to directly assess the effects of radlatloh on the

hematopoietic cells. The si&gle hit 'multi—target' theory was
frequently' used to construct radiation survival curves. In this
model, survival equals 1—(1—e"kD)n,> where n equals target number ,*

;DO equals the dose, ‘measured on the exponeniial portion‘ of the
surv1val curve, which reduces surv1va1 from 1 to 1/e, where e eguals
the natural 1ogar1thm, and K equals 1/DO The sen51t1v1ty of CFU-S°

'(McCulloch and Till 1962 Till and‘McCulloch;1963 ‘and .1964) :and.

/7 CFU-GM (Senn and McCulloch 1970) were soon determlned using estimates .
~of Dg values. Determlnatlons of the oxygen enhancement ratio (OhR) Ty C\“/’Nf

‘ e
(Phillips 1968, Hendry and Howard 1972, Hendry éﬁ_vf&. 1975),

b_repair. capacity (Till-and McCulloch 1963 and 1964), and‘, reldtive

¥ . :
biological effectiveness (RBE) of neutrons to gamma radddt ions

(Hendry 1972, Feola et al! 1974, Phillips et al.. 1974, Maruyaﬁa et

4 —_—

al. 1983) were.also éade. In all cases, the survival curves . were

[nd



‘were rélétively~radiosensitive (DO = 0.5 Gy).

- W

described to have small initial shoulders followed by exponential

slopes., The relatively straight curves observed over two Lo three

decades of cell kill suggested that the bone_ma ek~ RTTOT 0

response to irradiatd
\\/" N
e ¢ .

. Recent studies, however, have sugpested that sub-populations
’ ‘
v « . . ‘. ) . . : s . .
of " hematopoietic cells may express different radiosensitivities.

Santos Mello and co-workers (1974) have studied ‘the “induction of
t : : .
chromosome aberrat10n% in PHA-responsive human T-cells following

acute or chronic irradiation. Their results have demonstrated a:

[

blphdS]C response to 1rrad1at10n consistent with the existence of two

sub-populations of T cells ‘differing in- their ‘radiosensitivity.
) . ) b

These  results have been Supported bv the work of Ekstrdnd t .al.
»

. — —
el

(1982) who described dlfferences in TaleSEﬂSltl\JL\ among Pﬁ;and TB
Sy ’

sub—bopulations.

Similar varlatlons in radlosenQitivity»have been noted for large
human monothe;. Kwan and Norman (1578) 1dent1f1ed monccyies ‘by.
their abilﬁty‘ to phagocytize 1atex particles. Thev',ir}adiated
monocvtes withv.varying‘hdoses of gamma. rays and assessed their

; : : : )
surv1val after four days 1n_j%1ture Their resulté indicated that
although most of the cells were radlore51stant (DO 6.5 Gy), ' 25%

~These dif ferences in radiosensitivity are not limited to. the

mature blood -cells.. Shvéts (1983) rqported the results of ‘a

histological = survey of. spieens, femurs, and illiac crests obtained

s

from "mice after whole body irradiation. The miceé were rescued Wit

¢ . . . '
bone marrow that had been previously irradiated with various doses of

P

v




gamma irradiation, when regenerating toci (;annjes) Qf erth}oid,
myelo;d, and ,megakuryo&ytold cclls‘wereﬁscordd und piuttﬁu as
surviving fractions, biphasic curves Qere‘obtainéd for all 0(  the
. colony tybes. The Dy values for all of vthé radiqsensitive
populations ranged from O.f to 0.5 Cy. In"bone marrow andi sp]een;'
o ' t -
radloresistant populations Qéth Dy values rangiﬁg from 1.15 to 2.1 Gy
*and 1.15 to 1. SRGv,”respéEtiﬁe]y,";were n0£ed. /A;//"
Biphasic survi ival curves obtained éfter in vivo irradiétion of
mice were intérpreted.by M]llard and Blackett' (1981) ﬁs ev1dence of a*
radioresistant sub-population of marrowACFU—GM. These ‘investigators
theorized that ‘the observed radioresistance may have redeged from | ; K
the cells residing in(ékspatially disginct microenvirohmentkwhfch was

relatively hypoxic. . : ’ ; ¢ #

Studies by Allalunis_g&_g}. (1983) directly tested the in vivo

radiosensitivity of murine CFU—GM Which were,,harvested as* three )

%

populations according to their spat1a1 dlstrlbutlon within tﬁé mouse - o
femur. The CFU—GM of the central marrow cav1ty (Fraction 1) and the

endosteal region (Fraction 2) expressed radlosen51t1v1t1es 51mllar ‘to
N )
teo ' that . described by other workers for,unseparatéd marrog. ‘CFU~GM

isolated from the»éompact bone region of the femur (Fraction 3) were

\

relatively radlore51stant. Fraction 3 cells were also .sensitive, in

//mWZOT (MISO). o , e ] .
- ~ ' “ ’ cL - e . v . .

The studies described in this thesis have extended the .initial

v1»o, . to the. cytotOX1c effects-of~ the hypoxic cef} ‘gensitizer,

o ¥

@2 o . ; . 5 , ¢ . . ' ,
report by Allalunis et al, (1983) and have attémpted to  provide ‘a .
biological profile 'of thesé‘ . radiosensitive and radioresistant
> - ®
" ) 1
.\\\ -
W\ . : f “



populations of bone marrow cells. Chapter Three describes  the
, «

results ol experiments which used basic radiobiology techniques to

) investigate the sensitivities of these cells,  Included  among  the
. ;,) ‘ N . ‘4

investigations were determinatidns  of  the résponse  ta in o vitro

irradiation under controlled oxvgenation condit ions and the in vitro
, BALIAE IS
sensitivity to MISOL '
Chapter Four presents the results ot o series’ ol  experiments
' y ' s Y

which used radiobiological tectmiques to address o question ot

. cirrent clinical interest, The abilityv of-a thio phosphate compound,
[y « ’
WR-2721,  to protect normal t-issues during radiotherapy is currently

being investigated in Phase 1 clinical tridls sponsored by the RTOG.
Several additional compounds, intluding diethyldithiocarbapate
(DDC), have been propdsedpas\beihg radioprotectors of normal Lpésuég

in radiotherapy procedures; Laboratory studies which evaluated .the
-~ .- . . - 2
effects -of DDC as a marrow radioprotector are reported in this
I - &
section. : L .

Chapters Five and Six,addréss-questions of a more theoretical
nature, - specifically, do radioresistant Fraction 3 sub-populations
N .

play - a role in the maintainance of hemétopoiesis. Data is presented
2 N . .

which was obtained from studies-of(the role of Fracﬁion 3 cells in-

.
s

marrow reggneratién after sSub-lethal  doses of irradiation. , The

. . g . L v .
effects of low oxygen tensions on in vitro, growth are considered.

_The - binding of radiolabeiléd MISO~t0’marfoy cells is discussed. The
P _ : - o

‘. ' ability; of ~ Fraction 1 and Fraction 3 cells to . produce in vitro
¢olonies: with self-renewal potential is also compared. " Finally,
evillence - which suggests - that Fraction 3 cells may';éérve ‘as a

hematopoietic reserve is considered. ]

. “ - . -
- « .
R ) . EN . - )
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' CHAPTER TWO .

Materials and Methods
i

.

,/

Animals
The C5 7Bl/lOJ mice used in theq¢ studies were obtained from two

The Small Animal Breeding Unit of the University of Alberta
expefiments, |
a.

sour;&<.'
supplicd ‘male and {emale mice which were used for most
y b ’ N «
ijf’f Howéver,/ syudles of the effecty of animal age on in vitro colony.
. / l
growth /requxred large numbers ot age-matched mice. These experiments
/ .
mice from- Jackson

neces7ﬁtated the purchase of/ additional
wefe housed five per cage with Purina lab

Laboﬂétorles. All animals
Chow ‘and water available ad Albltum. A 12 h&dr light/dark cycle was
weeks

mice were six to twelve
b

Unless otherwise noted
: Animals of the same gender were

miintained.
* o <
/ ‘ !
at the time”of experimentation.

v

P Y

used 1n each experiment. /
bone marrow

(’) / ’
- Three month old /female C3H/HEJ mice Sed in the
Small Animal Breeding

!
/ o
/ [ /a
/, radioprotector studies were obtained from th
/1 Upit of the Universivé o# Alberta.
; -
/ - ‘ . -
J—
/ -/ Media . / _ .
/' ) ' MEM Alpha medium (Flow Laboratories) was reconstituted from
powder with distilled water and supplemented Qath sodium blcarbonatg L
/ "according to manufacturer's instructions. No antibiotics or
added. All media were filtered through 0.45n

~antimycotics were
(Nalge Corporation) and stored at 4°C for periods not

filter . units




~

e o

,ﬁ'ereeeding three weeks, ~.Alpha medium (1 % concentration) with 10%

[

fetal calf' serum (Flow_Laboratories) was used for all routine cell

handllng procedures ‘ Alpha medium at'2x concentration was -uSed to

_ prepare the meth\lcellulose solutlon requlred for in v1tro ‘cultures.

. Boiling distllled water (250 mL) was added to 9 gm of pre\1ously

a

r-autoclaved methylcellulose (Fluka) The mlxture was st1rred until
:room.‘temperature‘ was achieved. "Following the addltlon of 250 mL

‘alpha medium (2x concentration), the mixturevwas stlrred'at &#° C

2

"untll the medium was clear (usuall\ 74 hours) . ‘The - methvlcellulose

.- o »

was poured into sterlle 17 x 100 mm culture. tubes (Falcon) and stored.'

”at ~20°C until further use.

Mouse lung condltloned medlum was used to stlmulate the in v1tro

‘prollferatlgn- of CFU-GM (Sherldan and Wetcalf 1973) Lungs. were
“excised, rlnsed free of clots wlth sterlle sallne and flnelv mlncedd
'uslng surglcal scissors and forcepsp' One nlL alpha medium was added

- to each 40 mg lung tissue contalned 1n 17 x 100 mm culture tubes. The

tissue was 1ncubated at 37 C in a humldltled atmosphere of 3%-C02 in
air-for 48 hours. After 1ncubat10n, the supernatant :was removed

heat' inactlvated (56 C for 30 min. ), then centrifuged ~to remove

,'ddebris, (3000 rpm x 20 min. ) The medlum was. then dialyzed against

-distilled.vWater at A°C for 2A hours, centrlfuged (3000 rpm  x 20

min-. ), filter Sterilized through a O.A5p filter, poured into 17 x

100 mm culture tubes and stored at —20°C untll requlred
Mouse spleen cell condltloned medlum (Metcalf an Johnson 1978)

" was. used to stlmulate the in vitro growth of "~ h1g : proliferative

potential /colony forming units (HPP—CFU) Mouse spleens were . gently

AR

10



: - .
pressed ‘thrpughu-a sterlle metal screen in order to obtaln a -single

cell suspension; .Cells Were then" electronlcally counted (Model ZBI
Coulter Electronlcs) and dlluted to 107 cells per ml with alpha

medium-mcontainlng 10@ fetal calf serum and O 257 pokeweed mitogen

-b(GIBCO) o These cultures were . 1ncubated in tlssue4 CUluure flasks

(Cornlng) at 37°C in a- humldlfled atmosphere of 5% €05, in air for
2

five days., Follow1ng ;ncubatlon, the med 1 um 'waS' decanted,

cengplfuged (3000 rpm X ‘20 min.), filter sterilized -and stored

s
frozen.

Ce11 Harvest Techniques
Bone marrow cells were -removed from different anatomic . regions

of moﬁse‘ femurs iusing E nmdificationsz of previously: described
technlques (Kilgore et al 1979; Allalunls et al. 1983) , Cells fmom
the central. marrou cav1ty (prev1ouslv de51gnate§ Fractlon 1) and from.

,the endosteal reglon (prev1ously de51gnated Fractlon 7) were isolated

together .by, flushlng ‘the exc1sed femur w1th 4. .5 ‘mL collagenase (1

ng/mL) GIBCO) in alpha medlum for elght minutes: = The aetion of*+

&

‘collagenase was 1nh1b1ted by the addltIOﬂ of 0. 5 mL fetal calf serum.

»

~ The 'resultant celI suspen51on, de51gnated as Fract10n 1, - was,

transferred ‘to a sterlle tube and held on icg. The femurs from which

 Fraction 1 cells had been~Temoved were flnely m1nced with Surglcal

. scissers. and 1ncubated in the presence of 2. 5 mL fresh collagenase

e

solution in alpha medium for 15 mlnutes The bone’ fragmentS'Awere

il

vigorously stlrred at five  minute . 1ntervals -This incubag}on

¢

procedure was termlnated by the addltlon of 2 5 mL fetaL calf serum

11



‘and the resulting cell suspension (Fraction 3) was transferred to. a
L

sterile dilution‘tude and held on ‘ice.

Drugs and BlOlOglCd]S

MTQO (1-(2- nltro l 1m1da20]e) 3-methoxy- 2 propanol) was a glft‘

ofd Hoffman La Roche (Etoblcoke, Ont ). 14C MISO 1abe11ed in the 2
: %

: R -
Ap051t10n of rhe 1m1dazole ring, was generouel\ pro\]ded b\ Dr-. W E.

Seott of Hoffman La Roche (Nutle\ N.J. ) at a spec1f1c act1v1ty of 230

pCi/mg. The sodlum salt of DDC was obtalned from §1gma Co. Ltd. and

was. used. w1thout further : ' purlflcatlon ’ WR-2721

v(@—’—(B Amlnopropvlamlno) ethxlphosphoroth101c ac1d) (lot~AJ—682) wash

sa gift of the \ational Cancer Institute (USA)..All drug’ so]utions

were fprepared 1mmed1ate1\ before usg with Sterlle dlstllled water or

sterllc‘ )rogen free Sallne as requ1red

HematopddetiC‘Cell_Assa&S.
CF[ ~GM were assayed u51ng modifications of technlques orlglnall\

descrlbed by Bradlev and Metcalf (1966). Bone marrov or spleen cells

were’ cultured ih, a mlxture : of . alpha medium containing 1.L%

~7

’“methvlcellulose, 20% fetal calf serum and 10%  lung codditidned
medium.d~Four to elght repllcate tissue culture plates (10 x 35 mm)
'gFalcdh),i each‘contalnlng one mL medla, were used per exper1menta1
grdup. : All plates were_incubated in a humidified atmosphere of SZ
COQI‘in air at 37°C Afeer seven days, ‘aggregates of 50 cells"Or

. . & .
more were scored as colonles with the aid of an inverted microscope.

HPP—CFU colonles were assayed using a modlflcatlon of the .

s

v



&

\"

technlque or1g1nally descrlbed by Johnson (1983) Bone marrow cells‘
were cultufed in alpha medium containing I. 2% methylcellulose, .20%

fetal calf serum, 10% spleen cellocondltloned médium, 2% HEPES ‘

a
2

buf fer (lM) and 7 5 X lO’SM Z’mercaptoethanol (Kodak) Four te. e1ght

replicate oplates were 1ncubated as descrlbed above. Colonles of 50

“

o

or more cells were counted seven and fourteen days after platlng

°

For experiments in wh1ch individual colonies wére re—cultured

o AN

a mlcroplpet equlpped with sterile t1ps was used to remove colonies

)

from the orlglnal culture and to resuspend them in 0 A mL fresh med1a‘

,u
0

contalned in each well of a 24 well mlcrotlter plate (Falcon) After,

bt

[N N

‘each.'Well was mlcroscoplcally examlned to‘ensure that the colonies

v

were resuspended and'free of clumps; . the plates were 1ncubated"as»'

°
[

”described “abave for an addltlonal seven to ter days. .The number‘.of‘

o

wells contalnlng secondary colonles was then scored R
.0 W B - . B ’ . o

Ind1v1dual colonles were also scored accordlné to morpholog) byv

remoxlng each colony w1th a mlcroplpet equ1pped w1th dlsposable tlpS "
o i 'y ;
-The . -colonieg were smeared onto glass m1croscope slldes and examlned

o

'after.,staindng' with panoptlc (erght S hematoxylln and -e051n)

7 . o r,,

‘histochemical specific stains (leukocyte perox1dase/ '"oC-hawthyll

)
¢

acetate esterase, napthol AS D chloraeetate esterase) S
. ‘,‘ - . ST "” T Y

o . CFU-5 were assayed accordlng to tecthQues descrlbed

CTill and McCulloch (1961) Lethally 1rradlated (see' below) three

ER

.month old. mice were. 1ntravenously 1nJected w1th bone 'marrow cells”

'suspended “in O 5 mL alpha medlum. Spleens were removed elght days

‘later _and preserved in Bouln s flxativeﬁ lnleldual spleen COlOﬁleS’

. . . N . .
o . . . B L
ot

were enumerated. . LRI, T BN

3
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lrradiation Procedures -

A 137C§ Unit (Picker) waslused for all in vitroh'irradiation

procedures The dose rate dellvered to a flask placed in the"middle"

of the 1rrad1at10n ‘field was g, 86 Gy/mln as determlned by a V1ctoreen»

ionlzatlon, chamber (model 500) Suspen51qns (6 mL) of cells (2 x

o’

yradloblologlcal studles (Chapman et al 1977).'Chambers were gassed

with a m1xture of 5% C02 in n1trogen (<5 ppm. 02) or 5% C02 in air. at.

a flou rate of one llter per m1nute for 60 minutes. before 1rrad1at10n

irradiation exposure. ThlS procedure was more than adequate to

produce‘ conditions of extreme hypox1a ar aerobic conditions. as
1. ) '

measured radloblologlcally (Chapman et al. 1977);‘ Cells were sampled

through 51de vports and held on ice untll cultured Cell survival

s

‘(Glllesple.g_ 1. 1975) e ‘ . R

—— %

For assays of CFU S, mice were irradiated with,an X-ray unit

mm- copper) Unanesthetlzed m1ce ‘were placed in a- c1rcular plex1glass

also , performed the dos1metry Space fllllng wax phantoms were

: used to enhance the effects of 1rradlat10n scatter. The surface dose

received 'by the mice was O 443 Gy/mln as measured by TLD capsules;

106/mL) were. slowly stlrred 1n glass flasks spec1ally de51gned for-

- commenced. Gas flow‘was malntalned at this rate throughout ‘the ;

-

'data “was fit to the llnear quadratlc model w1th a, computer program‘

(S1emens) operated at 300 kV and 12 ma (half value layer equal to 3.4

| jig deSIgned by Mr. Rick- Crllly of the Cross Cancer Institute, WhQ,

Dose varlatlon across the Jlg had a total dev1at10n of 17 as measured:

,

- by film density. The‘percent dose drop across the abdomen was 6% as

t [

|
|

14
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measured by TLD capsules. .

5

A 137Cs unit was used to 1rrad1ate mice for etddies\;of DDC -

‘radioprotection and for studies Which'measured‘the regeneration of
CFU-GM' after irradiation. . Unanesthetized mice were restrained .in

ventilated 'peiyprOpylene tubes and irradiated with gamma rays at a

dose rate of 1.42 Gy/min’as determined by a_‘Victereeh ionization

°
2

chamber.

-

Animal.Survival'Seudies.

An experiments'ﬁhich comparedathe abilityvof,Fraction 1 andt

Av‘ 1]

Fractlon 3 cells- to rescue lethally 1rrad1ated anlmals, ‘three month

old male mice were’ 1rrad1ated with 9 Gy X- rays as descrlbed above.

" Fraction 1 and Fraction 3 cells were.is:ijﬁﬁﬁ; washed - free of
,collagenase; Fesuspended - in alpha mediu and injected. into a

pre-warmed -lateral = tail "vein of recipient mice. Animals were

“monitored forvsdrvival for 30 days.

\
<

Evaluatlon of DDC as a Radloprotector
In studles vh]ch evaluated the effect of a- 51ng1e dose of DDC
miceh;received 15 'or 30 mg DDC 1ntraper1t0neally 15 min before

exposure. to 2, 4, 6, or 8 Gy gamma radlatlon. In gtudies..of ‘the

effects eoiﬁmultipie-doses of,DDC _mice recelved 15 mg DDL at 48 hr,
an

24 hr- 15 »mln before irradiation. Control anlmals nrece1ved

equlvalent volumes of pyrogen free sallne or DDC w1thout 1rrad1at10n =

CFU-GM or CFU S surv1va1 we'S. assayed 1mmed1ate1y after 1rradlat10n

in a parallel series of'experimenes,'_mlce recelved 600 mg/kg WR-2721

1t



7]
. K

30 minutes before “irradiation. = CFU-GM survival was assayed as

described above. ' e

In these experiments,!‘;he surviving fractions were calculated -

as follows. The colony'enhancement ratio (CER) was determined by

dividing the number of colonles obtained from. unlrradlated control

L)

animals treated w1th e b\ the number of colon1eé' obtained from

unirradiated control mice treated w1th sallne. DDC sur»lval values
‘»‘were obtained by cdmparlng the number of colonles obtalned ‘from. .-DDC

treated 1rrad1ated mlce w1th the number of colonJes obtalned from

a

saline treated 1rrad1ated mlce These values were then normallzed to
. ‘\ -

account for the CFR obser\ed in DDC treated unirrad1ated ,mlce

(Allalunls Turner and Chapman 198A) Dose modifying factors .(ﬁhF)

‘were determlned By leldlng the irradiation dose requ1red to produce

o

37% survival 'in DDC treated anlmals b) the dose requ1red to produce

37%: sur\1val in saline treated animals.

In stud1es which measured the kinetics of the increase in CFU-GM

i

following treatment with DDE or WR 2721 anlmals recel\ed a. snngle*

‘dose of DDC (5, 15, or 30 mg) or WR-2721 (200 400, or 600 mg/kg) at

.0 hr. Bone marrow and spleen cells or bone marr ow cells only were

16

obtained from C57Bl/10J and C3H/HhJ mice respectlvely and were -

4

assayed for CFU GM surv1va1 at various times follow1ng- t;eatment.
‘Animdls injected with equlvalent volumes of saline served as Controls

1

in these experiments. ‘ - ' S

o LA

In Vitro Cytotoxicity of MISO

Experiments”uere designed to determine the effectsAof MISO on



b

'y

v

bi .
+ - . - . ' n

-,the surv1va1 of Fraction 1 and Fractlon 3 cells malntalned in aerobic

or hypoxic conditions. Bone marrow cells were isolated as prev1ously
. / .

.described, placed',in glass spinner flasks at 37°Cd and de—gassed.

using procedures 1dent1cal to those descrlbed above for irradiating

cells’ in vitro under aerobic . or hypox1c COndlthﬂS.. ngh
" . concentrations "-of MISO were added after pne_.hour of ~de—gassing,

_resulting -in " final concentratiOns which ranged fron 120’ to 1200 |

s

pg/mL. Cell sanples were obtainedvffom‘the flasks at various times

. \ . 7 . .
‘after the addition of MISO &nd the survival of CFU-GM was determined.

e 7

il
i

Effects of Low Oxygen on Bone Marrow CFU- GM

. Studies were de51gned whlch oompared the survival of CFU-GM

incubated in a convéntional ‘manner w1th the .. survival §btained

‘following 1ncubat10n under condltlons in Wthh the concentratlon of
oxygen 'in the incubation chambers was prec1seLy 'controlled at

various levels. .Fraction 1 and Fraction 3 mar;pw’féils were isolated”

as' described. above. Aliquots offeacn'p65nlation were ncultured in

[

standard growth media and incubated at 37°C for seven days in a

humidified =~ atmosphere - of 5% COy in air. These ‘cultures served - as

<

¢ontrols. ~Other Fraction 1 and Fraction 3 cells were cultured under

defined 6Xygen‘conditions in the following manner. . Four mL cells in
modified - growth media® were added -to 50 mm ,glass dishes. '(A

modification of the'medium consist&ng of the addition of 20 mM HEPES

- buffer and the reduction of sodium bicarbonate to 2072 of normal

. . , _ o
levels was necessary to maintain normal pH balance in the cultures in

17
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o

‘ the‘ absenée of COZ in thé gas mixtures used inhthese Ghamberé,) The

cu&tﬁr; dishes, ‘aloné with a similar g]asé dish filled with
distilled water tbl‘p;oyide humidity,~ were placed ia épecially
designed, air—ﬁi;h(i aluminum éhgmbers (Kochrgg_gl.‘ ;979).¢ C'Tﬁe

" chambers were sealed and the air was evacuated and replaced with four

* changes of nitrogen gas containing precisely determined amounts of

. exygen which ranged _from 0.2 to  18%.- Following  the gaséing

procedure,. the‘cbambe§5ﬂwe(g placed in a 37°Cti@cuﬁator for seven
days; At the end of the incubation, ph@'oxygea levels inside the
chamber were determined using a polarograph&c{exygen‘eleCtrode (Kéchf
1984).. Colonies were sc;reg andlthe'piating’efficiency was co@pared

to that of .control cuPtufes.

14c_MISO Binding“sﬁudiés

The binding of 14C labelled MISO to bone -marrow cells was
determined 'bv 99VPFJ1 mothodb. ‘In.studies wh)ch dctermlned t%e Fatef
of vbindingv%g;vitro, Fréctlon 1« bone marrow cells were incubated in

glass spirnner flasks or aluminum.chambers‘with L4c_M1S0 (10 to 100

-

‘ pM) at 37°C under aerobic or hypoxic conditions identical'po’ those

described earlier. After the addition of MISb, the cell éuspensions

]

_weré “Sampled over a three’ hour period. The. method of Koch et al.

{1984), descrlbed below, was used to determlne ‘the  binding rate.

oy

Duplicaté -samples "which had been 1abe11ed for various times were
.washed féur times  Qith ice cold phpsphate buffered ,s;iime‘\(PBS).
\Following -the;if;dffh wash, #he cell pellet was resuspénded in 100
‘pL:?BS‘to,whéc%‘wés éddéd iOb'.valOZ trichloroacétic'acﬁd._“Thé cell

B
el

18



A 4

&

3

‘lysate was held on ice.fer 20 .min, transferred to small centrifuge
tubes and spun at 5000 rpm':for two mlﬁutes. Thef'resultant
supereatant (acid soluble fraction) Q£§’decanted , added to a
plastic scintillation vial (Fisher) contéiningILO mL Sclntiverse 1
(Fisher). The acid insoluble pellet was disolved in 100 pL‘lN NaOH
’ .

for 30 minutes, neutrallzed with 100 yL IN HC1, and added to 10 ml,

_scintillation: fluid as above. All sample v1als were thoroughly

" mixed, wiped clean and counted in a Beckman liquid scintillation

counter (Model LS7000)-programmeq to record.disintegrations over an
energy range of zero _to 156 kV. Following. the .subtraction of

background counts, the binding rate was calculated and expressed in
14 T ] T
terms of moles of *7C- MlSO’béuﬁa “per million cells per hour.

»

. P
- The in vivo binding of rad1olabel]ed MISO to - normal and

. - regenerating bone marrow cells was also determined. A three month eld. ‘ll

ale mouse which had received 9 Gy irradiation plus 100 Fraction 1

bone. marrow cells nine da)s before served as a source Qf_regeneratiﬁg

¢

bone marrow ¢ An untreated three month. old male mouse"servea as
control. l4C- MISO was: 1nJected accordlng to the follow1ng Echedule:

50 pM at -180 minutes; 25 -pM at 4135, -90, ‘and -45. minutes. .
: . . . v S-S a
Anim815v were .sacrificed at O min. The femurs, humerii .and ‘the.
T N
,,,,,, S ‘
'decalc1f1ed ‘(femur and humeruS) and’lmbedded in paraff1n blocks’. Four -

B

spleen were removed ,flxed in, 107 phgephate ‘bUfféfgai:fézfgiiﬂiﬂ””””“ﬂﬂmg

>

mlcron serlal sectlons were obtalned from each block for histological

_examination and autoradiography.



De—waxed, dchvdrayted hxstologlcdl sections were prepared fn}
aueoradiograpﬁy using techniques de%crlbed by Ulborg et al, (fﬂ' )
Liquid nuclear emulsion (NBT-2 Kodak) was melted: at Aj °-C, diluted
withe an eque] volumeoof di;fjiled weter and»50ured inte ~a_ plastic
dipping pof and held at 43°C., Glass slfdes’were dipped \verticelly
into the emulsion, gently removed and al]owed to gel on chilled metal

trays. Slides were then drled 1ur two to, three hours in a 11ght ~tight

dessicator bbx, 'wrapped in foil, placed into a llght-tlght contalner

S

~and 'stofed at 4°C for 7 to 38 da)s. QIldes were deVeloped with DIY

(hodak) for Lhree mlnutes, rlnsod in an acet1c aCJd stop bath, f;xed

fp}' six minutes in commercial fixative (Kodak), - then rinsed in

o
! 3

-running water for five minutes. After air drying, slides were
‘stained with hematoxylin and ‘eosin. . The distribution . of Iabelled

MLSO .in the tissue sections was determiqed'miérosdopically.'{v'for

[

@uanti&ative grain eountb, the number of grains per huelei'gn a 100

¢ e

o pm2 area of interest was determined. - , o ' W
- A N R B ) R " .
5 . .

Age Survey -

~

— -”Onefhund*eé“€57BTTTU(ﬂmale weanllng mice were used to determlne

S /

I

Vt@é/,eﬁﬁeets--of ----- age - on the growth .6f Fraction 1 and Fractlon 3 bone“f

° . o -‘cd» g

'mafrowJ Bone marrOchells were. sampled at 1ntervals two " to foqf

a3

v M : P

- efflolency was determlned as was the number of secondary olonles

o

sectioned for hlstologleal examination.

weeks ‘aé the mice aged to 12 months . The relatlve CFU- GM platlng?

?generaged from HPP CFU * Femurs were also removed decalcxfled and.u



GSH. - . ' T

' y \ A

Glutathione (GSH) Measufement : !

technique described 'By Tietze (1969). Marrow cells were washed in

ice-cold phosphate‘buffered saline, pelleted, then re*suspéﬁded.jn

‘one ml tricholoracetic acid (TCA) (5% TCA “in 0.0IN HCL with 0.5 mM

EDTA). The cell lysates were centrifuged to remove debris,

aspi?éted,, then frozen in glass tubes.. Immediately before assay,

cell lysates were extracted five times with'gdual volumes of ether.

To prepare gcells for spectrographic analysis, a 200 upL aliquot of

the :lysate yas‘added to a two mL cuvette Cdntaining NADPH (200 pM);
DTNB (IOU ﬁﬁ)} aﬁd'GSH.reduc;ase (}.57‘un§ts/mL) in buffer (O;lM
KHQPOA). "The,'absorbénfe. at 412 nm was measﬂred in a .Beckﬁan
spectrophotometer ‘(Model DU~7). vFur each ;ample, GSH content was

deté;mined by comparison to standards containing-known.  amounts. of

< “ . /‘/,ﬁz‘ -
'

s

Statistics
. N

2 .

A Student'sf;—ﬁest was used to evaluate the differences observed
: _ @
between expe?imental"groups (Zar 1974). -

s

I . . ‘ e .
- ~ T{ritracellular GSH was measured using modifications. of a
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CHAPTER THREL

Results ' .

"

“Effeétswof MISO on‘CFU—GM SurvivaT_AfLer [rradiation In Vivo
Mice were .injected with a Sipgle dose of MISO (1 dmg/g) or

pyrogen free saline '(6}01 mL/g) 30 min before irradiation with a

;137Cs source. The surV1va1 of Fraction 1° and Fraction 3 CFb GM was

" determined immediately after irradiation or within,K one hour. Table 1
presents the podled,results of eight separate experimental triaTs.

A1l of  the dafa were expressed as a pecentage of the dnirradiated‘

control values. MISO had no radiosensitizing effect on Fraction 1

- CFU-GM  in vivo, as the survival of Fraction | cells "obtained from

MISO treated animals yas'comparable to that observed with Fraction 1

cells from saline treated animals. However, Fraction 3 cells were

N

sensitized ‘to MISO At all radﬁatlon doses tested CEU-GM survival

following MISO treatment was reduced as compared to that of saline

’»

treated controls.

CFU-GM Survival After JIn Vitro Irradiation
. . | .
Survival data for Fraction 1 and FréctiQn 3v1CFU—GM“after

-

irradiation 1in vitro are shown 1n Flgures 1 and_ 2, respectively.

r

The aerobic radiosensitivities of,Frattian 1 and'Fraction 3 cells

were . similar. However,- undér hypox1c conditionsy: Fraction 3 cells

!

. were 31gn1f1cantly -more radlosen51t1ve than were Fractlon 1 cells

The ngen enhancement ratlos (OER) (determlned at the 10% surv1val

-



Taple |

Effects of Misonidazole on CFU-GM Survival
"~ Following In Vivo Irradiation

Dose (Gy) CFU-GM Survival as % Control
‘ Saline ' Misonidazole
Fractiot 1 0.75 53 £ 5 46t 2
| 1.50 32 % 4 30 £ 5
3.00 23 % 4 19 £ 3
4.50 | 11 + 4 9 3
Fraction 3 0.75 83 + 18 24 £ 11 73
. 1.50 42 + 8 16 £+ 9 *
3.00 . 54 %5 5.+ 3 *
4.50 74 341

r

~* Differences between mean values are significant at p < .001°

R

£
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FRACTION 1

: Fro.crit')n' (CFU- GM)

~ Surviving
S

e
S 25 5 15 10 125 15
o DOSE(Gy)

.~ Figure 1 : The in vitro radlatlon sensitivity of Fraction 1~ .
: CFU GM in a1r or in nltrogen Thé‘in vivo sensitivitv

of- Fraction 1 CFU-GM is deplcted by the dashed line.
Standard errors are, prov1ded for p01nts at vhnch three

" or more determinations were made.
’ ‘e
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Figure 2 : The in vitro radiation sen51t1\1t\ of Fraction 3
CFU-GM in air-or in nitrogen. The in v1\o sen51t1\1t\
. of Fract1on 3 CFU-GM is deplcted by the dashed line. :

Standard errors are provided ‘for points at whlch three

or more separate determ1nat1ons were made



level) for ‘Fraction TAand Fraction ¥ wefe 2,2 and 1.5, respeefive]y.
. . N e

For. comparlson, the 'irradiation inactivation data which was -

previouSlv determlned for Fractlon 1 and Fractlon 3 CFU GM obtained

v,

from anlmals 1rradlated in vivo are - 1ndlcated in each flgure b\ the

dashed line. ' Best fit values of e<and ﬁderived fréom . the ‘11near

¢

“‘quadratic ~ model .of radiaton inactivation are Shown in Table. 2 for

o~

Fraction 1 and’ Fraction 3 cells. &]n this model ' survivalmeduals<xD-

>

+ ﬁ Dy where<x defines the probab]llt} of rad1ation“ inactivation -

belng produced bv a 51ngle track lethal event and ﬁ; defines the

probab111t\ of the induction of a two track 1etha1 event.

C}totoxlc Effects of MISO In Vitro - ‘ 4
. A v

- The. surv1va1 of Fractlon 1 and - Praction 3 CFU-GM. after‘v

«

ineubatipn"in hypoxja with MISO is 'shown in Figures. 3 and é;

respectively. ‘Noi'decrease in CFU—GM survival was observed  with

contraof populatlons of . these cells ‘ 1ncuhated vwith"various

o

N

conCentrat;Ons of MISO in alr, nor .in- n)trwgen unthout added MISO
for the exosure tlmes Jnvestlgated Sdrviving fractLons,wére computed
and CFU GM sufvivaT was found ‘to decrease both as h\pnxic \exposure

time and he Loncentratlon of MISO was 1ncreased ‘ Tho relatlve,

: cytotox1c1tv ‘off different' hypoxic' cell sen81L1/ers has been

' qpfeyidusly' compared by plottlng the rec1proca1 of - theutlme  required

B}

tdu kiilh the same proportlon of cells by varlous concentrations of

B

" each drug (Chapman et al 1979).. - In Figure 5, the reC1proca1 of time

reqdﬁred to k111 50% of Fractlon 1 and action 3 CFU-GM is plotted:

versus the concentratlons of MISO 1nvest1gated These data. ~indicate

3

. 0



Table 2’

ok and'B Values from the Llnear Quadratlc ﬁ%del

-of Radlatlon Inactlvatlon of Fractlon 1 and L ‘ .

* Fraction 3 CFU—GM,£27V1tro

o Gy hy BT

b{.\‘:.l (s . ) .
) . \ IR ', T v
Fraction 1 . oL e . A

CAir . T 0.35 % 0.14 0.072 "% 0.041

" 0.0059. £ 0.0057

-~

+
e
o
~
w

Ny R T T

“Fraction 3~
v &

e . 05400087 . 0.019 - 0.016

e

Ny o T v 0460071 . -
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Figure 3 :

. € , .
Poocled resuylts from three separate experimental

trials.

nitrogen ngh varioug)goncentrations of misonidazole.

28
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§/50 CFU-GM

1 L

10 .A,’depg/m|M6' <v‘ B
‘ B = 600pg/ ml MIS \_/ :
C: 900ug/ml M \
D+ \700-pg/m'. MIS \
o ‘ .
| C
- 20 40- 60 80 100 120
HYPOXIC EXPOSURE TIME {min]
Figure &4 : The survival of Fragtibn 3 CFU-GM ebated in

“nitrogen with various conceqtrations ofvmisonidazole.-

[3

Pooled results from three separéte éxperimental :

trials.
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) 1o

that Fraction 3 cells were approXimately two times more sensitive to

the cytotoxic action of MISO in vitro than were Fraction -1 cells.
Measurement of Intracellular GSH Levels

\Intracellular GSH levels were determined for duplicate samples
of both Fraction-l and Fraction 3 cells.. The GSH content of Fraction

l" ’ .
3 cells was approximately 42% of that measured in Fraction 1 cells.”

The results are presented in table 3.

31



Sample 1

. -‘SémplgIZ

Table -3 S

" Intracellular Glutathione Levels in - - . ;

Fraction 1 and .Fraction 3 Cells

Glutashione ( molfloécelis) :

32

. Fraction.l -~ ~ Fraction 3
wox 107 T g x10nt0
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Discussion

o

, . L § .
Investigators in Great Britian and Canada were among,the first

to. promote the use- of oxygen miﬁetié drugs in an attempt’ to

radiosensitize - hypoxic tumor cells (Adams 1973, Chapman et al 1974, -

Begg et al. 1974, . Denekamp et.al. 1974). Many' compounds with

varying eleétron affinities and pé;titibn)coefficients Have been

synthesized and tested. kThevchemistr? of  these compqunds, “along

wi;h their mechanism of action, pharmacokinetics, efgecté on hormai
’ !

and tumor tissues, and interactions with radiation and chemotherapy

have been the subject of several recent.research symposia (Hypoxic

Cell Sensitizers 1in Radiebiology and Radiotherapy 1977, -

Radiosensitizers : ‘Their Use in the Clinical Management of Cancer

- 1979, Conference on Chemical Modifiers :.Radiation/’and Cytotoxic

Drugs 1981, Chemical Modifiérs of Cancer Treatment 1983). In

addition, the National Cancer Institute (USA) currently funds an
active synthesis, pre-clinical screening program and clinical trials.
One  of - the most promising agents to emerge from the basic and

clinical investigations has been the 2-nitroimidazole compound,

MISO. MISO has been shown as an effective hypoxic. cells sensitizer in’
in vive and in vitro tumor models although early clinical trials have -

reported no significant therapeutic gains (Fowler et gl, “1976,

-

et al. 1981,

Denekamp and.Fowler 1978, Chapman et al. 1979, ‘Chapﬁan

Phillips, et al. 1982). . Because of the wealth of laboratory and

N -

clinical data generated with this drug, it has bécome the benchmark

33 .



“Most of the axial cells canr be remOved using this technique. Longer

-

}«)_wh{ch the effectiveness 0f~obher,ﬁen51ti/ing Jagents  must  be

compared,

Becduso the bone sarrow has been generdll\ assumed to. be . a

.

well—oxygenar ed ‘tﬁésue;_ “there has been~re1atively~ llttle conceérn

A
..

_that - MISO Mlll have an\ mveldtoxic~effec¢s.'.However' ‘contfadjetory.

¢

results‘ were obLalned uhen the ef{e(ts of MlSO on the‘ hehatopoietic

. 6 -

__.i.

system were investigated. Turner et (108() “in their survey - of

. . v © . . - N ..<
the effects of MISO on hematopoiesis in "normal and  tumor-bearing

mice,. found no evidence.of radiosensitization “or cytotoxicity.

Similar results were obtéined by Clement t"l. (1980) and by Rose et

al. (1980) using the CFU S assa) in normakt mlce.‘ Howevep; in- the

only study to date on the effectq of MISO on - human bone marrow,

‘Allalunis et al. {1980) noted cvtotoxic effects on- CPU GM following

o

in vivo administration. When MISO was combined with chemotherapeutic

agents, ~enhanced marrow damage was noted ‘by .Tannock (1980),

Allalunis et al. (1982) and"Pedeféen et al. (1982). Thisvfinding led

2

" these workeré to-conclude that , because of incresed marrow damage, a

w

therapeutlc beneflt may not be obtained with MISO.

The above studles were all performed with unseparated

populations of marrow cells. The most common procedure for isolating
‘ o

these cells is to flush several passages of media thrdhgh a . mouse

‘femur. , This is partlcularly easy 1in the mouse as the central marrow

o

bévity of. the femur 1s relatlvely free of trabecular bone extensions.

or more vigoroﬁs‘-washing of the femur will also remove the cells

which are located in the irregularly shaped niches of the endosteal

T34



area, . However, considerable numbers of cells are left behind,

confined to dlscrete 1slands within the compact bone (Chan and

°

¥ *

Metcalf 1972, ° .Meck and Mel 1973). A collagenase-: wash  technique

described hy.Ki lpore et gl, (1979) and modified by Allalunis et al.

(1983) facilitates the recovery of hemarnpoletlc cells from spatially

‘on marrow radiosensitivity. "All animals were irradiated 30" min after

distinct microenvironments within the mouse  femur, Prellmlnar\

wi

studies suggested that the- sensitivities ~of ‘the compact: bone

associated cells to irradiatiom and the effects of the hypoxic cell

‘.seneltlzel, . MISO, were : significantly- different from the

n%1t1v1r]eq observed for peoled central cav1tv and endosteal reglon

cells. A more COmp]ete,radiobiological profile is per1ded in this

report.

EE.ViVO Effects of MISO

When the effects_df‘MISOth compaét bone associated marrow.cells

were determined in Vivo, "a dose related cytotoxicity was observed

(Allalunjsﬁ'EE_gL. 1983). * The results preseﬁted in this thesis have

*

extended that original report to include an estimate of MISO's>effect
injection with MISO, & time which chresponds to the peak plasma
levels of the drug (Conroy 32_313‘1980, Workman 1980).

For Fraction, 1, 'MISO had no radiosensitizing effect, ‘as

sur\1v1ng fractlons determlned from saline and MISO. treated.mice were

comparable. These\results are 31mllar to those reported in the first -

surveys of MISO's effect on, the bone marrow and suggest that Fraction

1 cells ‘are relatlvely well oxygenated
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In contrast "y l*‘ructio;x 3 cells were }‘adinr';s“ist. ant  in o vivo.
This radioresistance has been ,previously described (Allalunis et al.
1983)J and is in agreement witﬂ,phé reports of Millard:and Blackett
(1981) and’ dreenbgrge;' et al. (1980) wha notéd a rad{oresistant
suﬁ—popu]apion Qf‘CFQTGM in murine marrow. Pre—trea£hent with MIS0
.was asle to abrogage thishradioresisténce. A dose modifying factor

:(DMF);‘of 13 was es;ihateq at the 37% survival 1evé1!r This valué is
“somewhat greéte}-thén phaf ob;erved'by other workers who studied the
radioéensiciziné effects of MISO in murine tumor models (Denekamp'
1&74, - Brown 1975).' However, ,the DMF obserQed fqr_Fraction 3 may
ﬂréf]ect 'boﬂh ﬁhe vradibsensiti?ing/’énd the pfeviouély described

- cytotoxjc effecfs of MISO for tHis.populatién of cells.

Misoﬁidago]e has»aléo been reported ‘to sensitize other normai

rodent tiésues inctuding skin (Brown 1975, Sté@art_gi al. 19825,

spermatogenic §£em Zells'(SQzuki et al. 1977)'and spinal cord (Yﬁhas

1979). . These findingé suggest that a range of oxygen tensions may

exist within normal tissues, and that «mildly hypoxiec populations of

normal cells may be -at risk when hypoxic cell sensitizers such as

MISO are employed.

8

In Vitro Radiosensitivity

The aerobic response of Fraction 1 and Fraction 3 cells to

irradiation was similar to that described by other workers. Senn and

McCulloch (1970) and Testa et al.” (1973) have reported Dy values
which raﬁge from 1.6 to 1.8 Gy. The aerobic sensitivities reported

here fall within that range.: For comparisbn, . the - radiation
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-

inactivation of  Fraction 1 and Fraction 3 ¢ells obtained  ftrom air

& .
breathing animals irradiated jn vive was provided. For Fraction 1,

in vivo and in vitro radiation sensitivities were not significantly

different. In contraﬁ}, the sensitivity of Fraction 3 cells

0

irradiated in vivo was consideratfly less than that’ observed for

Fraction 1 cells (Allalunis et al, 1983). This result has suggested

that part of/{he radioresistance observed for Fraction 3 cells in

k]
microenvironment, Misrahy et al. (1962) and Brookes (1968) have

described a reduced p0, and blood flow for this region of the femur,

factors ~which could combine to produce a migddly hypoxic environment
for these cells. ' ) b
‘ 4

The irradiation of Fraction 1 cells in vitro under conditions of

extreme hypoxia = produced

ioresistance, yielding an average OER
value of 2.3, § Earlier sty Rusing unseparated murine bone marrow

cells have reported OEN J-ranging from 2 to 2.6 (Till 1963,

Blackett et al. 197A)l - In_contrast, when Fraction 3 cells were

e § . : .
irradiat®4" in vitro under conditions of extgyeme hypoxia, an average

OFR of 1.5 was obtained. A difference between Fraction "1 and
Fraction 3 cells irradiéted in hypo#ia suggests an difference in
inherent radiQseﬂSitiyity. A similar,pattern‘of radiation reséonse
has- been observed for GSH deficient cells. Comparéble sensitivities
- were obsérved when normal fibroblasts and fibroblasts obtained from
patients .wifh 5-oxyprolinuria (a geneéic d;seaée' char?cterized by
decreased leyels of intracellular GSH) were irradiated under ‘*aerobic

conditions. However, when irradiated under hypoxic conditions, the

.

L

ivo may be attributable to the relative hypoxia of their.
: J
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GSH"defiCient»Léells were relatively more sensifive and3 therefore
exhibited - a lower -OER:(Deschavanne et al. IQSI,‘Malgise 198§1 Astor -

"1984) . Increased sensitivity to irradiation under hypoxic conditions

has also been described for normal cell which had been artificially

deplétedr of GSH with diethylm;leéte, . an agéng which binds GSH (Bump 

et al. 1982). ' ‘These results support the - competition - theory. of
radiatioh;‘damage (Chapman et al. 1973). In this mode;,‘ electron
affinic.'speciés which oxidize free radicals ébmpeLe . with  hydrogen

s

"~ donating species which reduce free'radicals. The oxidation of free

radicals. results in ~damage fixation, whereas - radical, reduction

-

results ' in damage repair. In this case, a reduced concentratior !

intracellular GSH suggests that fewer hydfogén dohatiné species would

be available to repair‘radiatiom,induced radicals in critical targets’

(Midander et al. 1982). These unrepaired lesions Qoﬁld»tontributéAL

the enhanced cell kill which is manifest as a lowér’OER. The aerobic

-

sensitivity ~is  not . as affected since thiols’ do not compete as
. A ‘ kN o ' v ~

effectively, as oxygen for target radicals (Biaglow and Varnes -1983).

The in vitro results obtained in this study are compatible with. the

N . . ,

competition - model of radiation damage. Fraction 3 cells were found
. [ ’ . e

to contain approximately one half the conecentration of intracellular

' vGSH' as was found in Fraction 1 cells. It is therefore likely that

the increased sensitivity of cells irradiated under hypoxic

"conditions may, in part, be due .to their reduced GSH content.
. : . : . A .

Misonidazolé Cyto;oxocipy . |

B

Tha'results obtained when the cytotoxic effects of ‘MISO “were

38
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“

assessed in;vitrorsuggest that anfinherent difference in sensitivityﬁ

»
¢

‘may ~also. contribute to the response of Fraction 3 to MISO. Nhen,

J‘_———

Fraction 1 and Fraction 3 cells were exposed to MISO in’ vitro under.

aerobic L,conditions,' no, decrease in GFU-GM survival was” observed

When cells were/incubatedUWith MISO under hypOXic'conditions, CFU- GM

surVival deCreased both as the drug concentration and the exposure

&

‘time - increased. When the relative senSitJVities of each populaion

- 4

were evaluated by comparipg the time required to kill an _egu1va]ent'

s’

proportion .of cells, it was observed that Fraction 3 fcells were

1

.approximately twice ‘as sensitive- to.MlSO prOle tox1c1t)\as wvere

Fraction 1 cells. o : S 3 :

- + .
.

The factors which contributed to the differences in in; Vitro and-

in vivo radiosen51tiv1t\ and C)tOtOXlClty observed for FraCtion U and

=%

‘Fraction 3 cells have yet tQ be eluciéﬁtedp lt‘is' unlikely .that

i
I :

K

2

differences in cell cycléf parameters hav , conbributed . to ithese

”effects. Chapman et! al. (1971), bfin, studies of 979' cells;‘

‘“established that the OER lS constant fdr all phases of the cell cvcle‘

with the exception of ’ mitotic cells (Chapman et al. | 1979) As

‘regardss,the difference in sensitivity to'MISO 3 cytotoxic, effects,

h-one' may postulate that differences in. the quantitv oF comp051tion of

3

nitro;eductase enzymes could contribute to the observed differences.‘

' . NS

- Ry '
However, . the more probable explapation for the difference in both

/

radiosensitiviq@ and¥ CytOtOX1C1ty observed between Fraction 1 and

Sw B !

g

ﬁi ttion 3 cells is the difference in their respective intracellular

“BSH contents.; Astor et al (1983) haVe shown that human cell lines

which are deficient in GSH are more sensitive to .MISO' s',cytotOxic

‘. e



Y
effects., , . Similarky, normal cells which have been depleted of GSH
’,with'fdiethfl ‘maléate also express an enhanced sensitivity to MISO
‘ (Bump ef B1.1983). . - -
A2 -" . These :idata have _led us to postulate that somc bone. marrow cells.
o T o . :
yhich reside in a relatively hypoxic microenvironment within compact
bone -may acqﬂ;re a léevel of endogengus thiols which is significantly
» . Jower than. is foundéin marrow cells which reside in' the central
. .- - -,' .4»( * ) . - . 4 . v : . N
' egions of ,the .femur,  Further studies may ‘identify additional
‘ Factors whigh contribute to: the -® difference in inherent
o - radiosensitivity and drug sensitivity of Fraction 'l and Fraction 3
K 3 ‘,/ o ' ‘;, . l‘» . - .
i Lo ;pells._ R : : ,
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CHAPTER FOUR

. Results ' o

Radloprotectlve Effects of (DDC)
The effects of a single dose of DDC (15 mg) on the radiation
survival of Fraction 1 CFU-S and_CFU-GM are presented in Figures 6

and >7, . respectively. Dose modifying factors (DMFs), measured at

the 37% survival level, ranged from 1;4,%@ 2.9 when DDC and saline

tréated animals were compared. However, when 'the °DMFs were
rd

°

calculated using - normal1@§$&.vaiues obtained from DDC treated,

- 430 9 to 1.6 was observed ‘Similar

-0

results were obtained when a sxngle dose of 30 mg DDC was- used with

unlrradlated anlmals,

the dose modlfylng factors’ calculated from normallzed ‘data ranglng
from \b 9 to 1.1. In a companlon experiment which calculated the
‘effects of WR 2721 on CFU- GM surv1val calculations of dose modifying®
ﬁ;factOrs based on normallzed data yielded range of 1.9 to 3.4. These
4 results are depicted ‘in Flgure 8.
Flgure 9 presents the increase obserued in Fractlon 1 CFU-GM
‘follow1ng .treatment kwlth WR-2721 or-DDC. A 51mgle'dose of DDC  (
mg) resulted"ln an -increase of CFU-GM obtalned from C57B1/1OJ bone
‘marrowi (CERk4=2,5) and spleen,(CER‘=.3.9); and} from C3H/Hed bone
marrow (CER =’1 95‘ A single dose'of‘WRh2721 (AOOimg/kg).resulted in, °
‘a CER of 1.3 for C57Bl/1OJ marrow cells. | |

The radloprotectlve effects afforded by multiple doses of ﬁDC

. are  shown in Figure 10. Follpwihg multiple doses of DDC, mice were

refractory to -its stimulatory effects on CFU-GM ‘proliferation (CER =
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CFU S Survwol aAﬂer
DDC (15 mg) and Irradiation

——DDC (DMF=17)

Normalized DDC
(DMF= 13)

J
!

Controls ——

b ' \
‘\
A
107 4 — : — \\
..“)’ y
O b 2 A 6 o 8
. Dose (Gy)
8 ‘ ‘
Figure 6 : The survival of bone marrow CFU-S after in vivo

treatment with a single dgse of DDC and_irradiation.
A representative experlment from three separate trials
is shown. Reprinted with perm1ss1on [Int. J. Radiat.
Oncol « Biol. Phys. 10:1569, M.J.Allalunis-Turner, J.D.
Chapman, Evaluation of DDC as a radioprotector of bone

marrow.] Copyright 1984 Pergamon FPress, Ltd.



CFU-GM SURVIVAL AFTER DOC (15mg)
and IRRADIATION

-t _]
0 <« DDC (DMF = 1.9)

o)
"
~ ]
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107~ -Normalized DDC
5 (DMF=1.2)
Control
107 .
(ot — — + + e
2 . 4 6 8 I0 Dose (Gy)
Figure 7 : The surv1va1 of bone marrow CFU= GM after in v1\o}
' treatment with a 51ng1e dose of DDC and 1rrad1at10n
. A representatlve expérlment from six separate trials
% . - 1is shown. Reprinted with permission from {Int. J. Radlat

- Oncol. Biol. Phys. 10:1569, M.J.Allalunis- Turner, J.D.
Chapman, Evaluation of DDC as a radioprotector of boneb_

marrow) Copyrighf 1984 Pergamon Press, Ltd.
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Figure 8 : Thé sui‘vival of bone marrow CFU-GM after in vivo
‘treatment with a single dqge of WR-2721- and
“‘irradiation. The pooled data from two separate

*trials are shown.’
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Figure 9 : The survival of bone marrow and spleen CFU-GM after
S in vivo treatment Qith a sihgle dose of‘DDC or WR—272L.
The pooled data from four separate trials are shown.
\ Reprinted with permission from [Int. J. Radiat. Oncol.

Biol. Phys. 10:1569,_M.J.Allalunis—Turner, J.D.Chapman,

. Evaluation of DDC as a.radiqprotectbr of bone marrow])

Copyright 1984vPergémon Press, Ltd.
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Figure 10 :

Dose (Gy)

The survivél of boné marrow CFU-GM after in vivo
treatmént with multiple doses of DDC followed by

irradiation. The pooled data from.two separate

trials are shown. Reprinted with permission [Int. -

J. Radiat. Oncol. Biol. Phys. 10:1569, M.J.

Allalunis-Tuner, J.D.Chapman, Evaluation of DDC as

. radioprotector of bone mé}rowj.\Copyright 1984

Pergamon Press, Ltd.
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1.1 to 1.3). In addition,

(DMFs = 1.0 to 1.2).

4

little or no radioprotection was observed
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o Discussion._ oo s

In 1949, Patt and colleagues reported that {reathent with

cysteine betore irradiation protected rats from bone marrow related

~death. Sinte that time, there has been an active search for other
agents which would be selectively radioprotective for normal-tissues

with little protectiop for tumors. Because the bone marrow is often

the dose limiting organ when large fields of irradiation are

required, many studies have employed hematopoietic -damage as the

¥

biological endpoint. &
Search for marrow radioprotectors have evolved along two

.

,distinct ‘paths. The first approach has been to modulate the
post-irradiation .recovery and proliferation of-hematopoietic cells.
Treatments as divérse - as pést—irradiation“bleeding (Boggs"gi al.

1972) or pre—irradiapion injettion wjtﬁ_ endotoxin (Hanks and
Ainsworth 1964:v Smith EE.E&T 1966a and i966b,‘ Boggs et Elf 1968,

Stevenson et al. 1981), éolchiéine (Bfeéher éf.éif 1967), carbon

particles (Mori and.Nékamura 1670, Nakamura 1972, Fujita et al.

1983),‘ cytosine arabinoside (Millar et al. 1978 and 1982),

methotrexate (Millar et al. 1978) and cyclophosphamide (Blackett and

“Aguado 1979) have been reported.to protect the hematopoietic system

from irradiation, Among the indicators of enhanced recovery noted by’

the above workers were post-irradiaton increases inb mérroy_ CFU-S,
CFU-GM, endogenous  CFU, . marrow cellularity, LDsp/30 ‘survival

rates, serum CSF and spleen iron uptake.
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An alternative approach to the use of biological modifiers of

hematopoietic response has been the attempt to protect normal’ tissues

»

at the molecular leve] by promotlng the fepai} of radiation induced T

free radicals. Compounds containing a hydrogen- -donating species,

such as sulfhydryl amines, can effectively reduce free radicals.

Cysteamine (Devik and Lothe 1955, Nelson.gg al. 1963, Smith\fi_él.

1966¢),  cysteine (Devik and -~ ‘lothe = 1955) and AET:

(amihoethylisothiuréa dihydrobromide) ,(Vittorio.g& El. 1969) were

effective in chemical systems and in some animal models. However .

the large doses which ~ were. often required to produce effeqtive
{ ~ .
radioprotection 1in vivo were also associated with unacceptable

systemic toxicities. In the eafly 1960's, the Anti-Radiation Drug

Developméht Program of the’United States Army begg; .a systematic
searchn for fompounds wﬁich would be effective“ radioprétéctors at
physiologically tolerable concentratiqﬂs. WR—27Zi was among the most
prqmising compounds ‘devgloped. Early screening in miic = carrying a
traﬁspléntable mammary cartinoma demonstrated dose modifying factors
.of 2.4 for skin and 2. 7 for bone marrow in the absence of appreciable
tumor protection (Yuhas and Storer 1969). .Thls initial" repoft 'was
sooﬁ‘ followed by many others describing the'éffectiveness of WR-2721
both as a radioprotector and as a chemoprotector (reviews by Phllllps
1980, Yuhas ét al 1980; Yuhas~1982).

| Whlle experlmental and clinical trlals with WR- 2721. continue,

;

the screening of other protective compounds is proceedlng Early

studies by ‘Vah ' Bekkum (1956) - suggested  that analogues of

dithiocarbamic aCLd were effective marrow radloprotectors. Based on

/s
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this observatdon, several investigatovs have proposed that DDC could
offer selective normal tissue protection (Fvans et al, 19873, Milas

et al, 1984). The studies in this thesis have evaluated the ability

*

of. DDC to protect normal murine marrnQ'und have éompafed its effects
to those of WR-2721.
Radioprotective Effects of DDC . ®
"The radioprotective effects of singlé or multiple doses of DDC
aré - modest  as compared | to . £h05? &) vobsefveq for WR—f721
(Allalunis—Turne} aﬁd Chapman 1984).— Average DMFs of 1.3 and 1.2
were qbserved for'CFU—§ and CFU-GM, respectively. Tﬁese‘valuesiwére
lower than those obsér?ed by othef‘investigators who Jsed estimates
“of D50 /30 dose or CFU-S survival as endpoints (Evans;EE_qi: 1983,
Milés_g}_gl. 1984). These valﬁes were also markédiy lower than those
reportea . by Phillips ;g} El: (1973), Yuhas ,EE,'El: (1980) and
Wasserman ~ €t El; (1981) in their studies of Wk—272L. .This find;ng
suggests that WR-2721 will afford greatér marrow p;otection in
radibtherapy protocolé in whigh the bone marroQ is the: dose 1imitiﬁé

organ. _ S

N

The differences in DMF observed in this stud; and ,the

values reported by other workers was 11ke1y due to the resorutxénjo

. ) S
two separate effects of DDC on the bone marrow. A 51ngle dcse ‘of

caused -a marked- increase in the number of bone mémrow7
CFU-S ~and CFU-GM. The post— 1rradlat10n surv1v1ng fractﬁpn mus%fbl

normalized to account for this non- spec1f1c stlmulatﬁgn Wﬂ; stem SR

cells. Consequently, the resultant estimates of the ra&gq

-



(\(itg'lﬁ of DDC were significantly lower than those observed by other
lHVDS(lgdlnls. lD“U/%U assays or anogonnus colony assays used by
others cannot dist fhguish thxs stimulatory eftect, as un—irrudi&ted.
DDC treated cohtroi animals canfot be incorporated into the design of
these experiments. ; For this rea®on, "the direct _radioprotective

eitects of DDC on bone mdrrow stem cells were possibly overostlmdlvd

N

“The non-specific Stlmulatlon of hemdrop01ot1g stem (ell by DD(
was similar oto that described for marrow cells @tlmuldted by

non-thiol agents such as endotoxin and carbon particles. The

s [}
mechanism by which DDC stimulated hematopoietic ‘cells has yet to be

determined. One possibleexplanation’could be its ability to trigger

“

cells into cycle and thus into a more radioresistant phase. This

effect has been described for endotoxin (Smith et al. 1966b,

3 . —— —_—

Quesenberry et al. 1972 and 1973) but remains to be established for

N . ,

bDC. Similarly, an increase in growth factor production could
enhance the post-irradiation repopulation of stem cells (Fujith et
al. 1983), a phenomenon which also awaits investigation. .

It is unlikel{ that the effects of DDC are due to endotoxirn,

contamination. When C3H/HeJ mice were challenged with DDC and

. } ’ .o L. 2 3 ¥ " * o

assayed for CFU-GM survival, a smalf&increase was observed. Becaﬁ%é
: - PR .

"C3H mice are genetically incapable of reéponding to endotoxin

(Sultzer 1968), these results suggest that endotoxin contamination

was not responsible for the effects.ébserved with DDC. |
An additional factor thch would limit the usefulness é% DCC in

fractionated radiotherapy protocols was its lack of effectiveness in

a multi-dose treatment schedule, Little radioprotection or
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(I 3

F\J ' ‘ ' - '

“hematopoietic cell stimulation was seen in mice which had‘ thr%e‘

d"\) :

‘consecutive daily treatments with DDC, 1In, contrast, WR-2721. is able

“to offer equiva;ent or only slightlv‘reddcedmprotection when used in-
: @

I3

a ten dose schedule (Utley et al, 1976)
L

The small radloprotectlve act1v1ty which can be observed with

5

DIC  is 1ikely due to the presence of thiol groups.‘- Stromme and- -

‘lEldjarn (19683 have identified metabolites of DDC,. inciﬁding free

- thiol - groupé, bound to 1iven;andispleen nuclei, ;mitochondfia and

microsomes, .’ ‘and have suggested that a concertration of hydrogen:

donatirng species in the sub-cellular fraction may offer ‘protection’™to

target molecules.

b2

"In conclusion, these'spudies ;uggest?that DDC will be of

limited use as a tlinical }adioprotecﬁor.n -An enhanced prollferatlon'
of stem cells s1mular to that observed for hematop01et1c cells™ may

. o ;
not- - be ,observed for other normal tissues whose stem cell renewal

.

systemé possess a different hierarchical structure. In addjtion,‘

,

Milas et _é}. (1984) have reported that DDC ~has é )small protectlve

r\

effetg‘ on* the FSa tumor and its.. mierometastaees; . Because the
nordalized valuesl for DDC marrow protectdoni}dfe also ’relatively
small, it is unlikelyﬁthat a‘siznifjcanp tderapeupiC»gain could be
acheived. Finally, .‘fhe reports that"DDC has radiosensitizing
effects on neotroyhils (ﬁigas_ef E}' 19785, T—cellsk(Rigas Eﬁ"él'
1980) and .erythrocftes:KStone EE.E}-1978)»édd a eautionar§ notée  to

-

the contemplation of the ciinicalluse of DDC.



. CHAPTER FIVE
;Results

Bone Ma&row Regeneratlon After Total Body Irradiation

ThlS serles of experlments compared the klnetlcs of the’“

o L 'regeneratlon of Fractlon 1 and Fractlon 3+ CFU GM follow1ng total body.

\,

'1rrad1at10n w1th 3 Gy X= rays The effects péil

before, 1rrad1at1on were also evaluated

, 124

}experlmental tr1als are presented in Flgures 11 12, '.and 13,

oFractlon l and Fractlon 3 CFU-GM were decreased to comparable 1eve]s
' one; to two days followlng 1rradlat10n An abortive rlse;ln colon)
bnumber was observed at days’ three to four,, followed by a further

decline in ~colony number to. less than- lO% of control values : Except

oot o
iﬁﬁ 'ﬁ@dr a 51ngle peak at day l7 observed w1th Fractlon 1 cells, . both

Fraction~ 1 and Fractlon 3 CFU GM - remalned below control levels for

!

the 65 dav span of the experlment The effects of pre 1rrad1at10n

treatment w1th MISO on CFU-GM surv1val is deplcted in Flgures 12 and

~enhanced cell klll was observed for both Fractlon 1 and. Fractlon 3

N £

CFM4Gﬂ” obtained from anlmals which had been treated w1th MISO SAt

: L
: \latter recovery tlmes (days 4 to 28) no 51gn1f1cant dlfferences

tment ‘with MISO

13. 1In .the 1n1t1a1 perlod after 1rrad1atlon (days 1 to 3), an

‘results of three

’

were noted between sallne and'MlSO treated groups. waever, the data -

obtained ‘on days’&3 to 65 suggests that long term recovery may have
been comdromlsed by MISO treatment ‘ |
/;:///;//The ablllty of Fractlon 1 and Fractlon 3 bone marrow cells to
/>*”// _repair potentlally lethal damagecln Xiig_ls presented in’ Flgure l;.
_— 3 '

The ,surv1v1ng fractions of CFU-GM were obtalned at 30 mlnutes, . six
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F-igiure 14 The_‘svurvivabl of Fraction 1 and Fraction 3.CFU—'GM

measured at various times after total body
irradiation (3 Gy). The pooled results from two

separate trials are shown.
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hours and 24 hours after 3 Gy irradiation. No evidence of repair was
noted in the first six hours following irradiation, an amount of}
time which has been described as. sufficient for  potentially lethal

damagé repair to occur (tittle t al.. 1973). 'Some evfaencé of

" recovery. or repopulation was noted at 24 hours for Fraction 1 and .
N . g '

.Fraction 3 celli{%ﬁ?is indicated by the increased survival.
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Marrow Regfmeratlon After Total B y Irradiation

The effects of irradiation on the hlstologlcal appearance of the
‘bone marrow have beéh we{l described (Casarett»l98oa, Harris 1981).
The éarly effectsA‘,which occur within minutes or hours, include a
GZ block of prollferatlng cells, disruption of the microvasculature
/ w1th hemorrhage and. clot formatlon,; reproductive death of
radioééﬁ§itive cells fbllowing recovery from Gé and'mifotic block,
cellular and chtomosomal?aﬁbrrations, and lysis of damaged . cells.
The iﬁtermediate_'phase; | occurring a . few -days later, . ié
characterized .By the femoval of cellular debris and clotted material
aﬁd réSulté .in a marrow.of‘ﬁypoplést;c éppearance. Radioseqsitive
.céllé :Continue to undé;go m1tot1c death, mature blood elements
become depleted, ‘and small, abortive foci of regeneratlng colonies
~appear . ‘fhe final.fecbvery phase, follqwing a dose,dependent period
of ﬁypoplasia;. is usually accompaniéd ’by an '"overshoot" of
regenerating'célls; with a gradual return of differéntiated cells, to

. : = \
normal limits within a few weeks.
A similar.patﬁernAof damage and regéﬁerétionvhas been descfibed

for both pluripotential and cgpmitted ﬁematopoietic cells following
‘singf;' doses of wﬁole body irradiation. The resultsv presénted in
this chapter compare the regeneratlon kinetics of Fractlon 1 and
Fraction 3 CFU-GM follow1ng a sub-lethal dose of whole 'body
%rradiation. | | |

The regeneration pattern of Fraction 1 CFU-GM was similar to



thgt described by other workers (Hall ]969, Chen and Schooleg 1970,
Chan and Metcalf 1973, Sugavara and Shikita 19825, Specifically
noted was a rapid initial decline in CFU-GM, followed by an abortive
‘rise which Qas one half the valﬁe of the Subséquent~ recovery peak
(Harris 1981). The recovery to control levels was foi10wéd by a
_ . ;
‘gradual decline to a characteristic sub-normal values (Covelli “and
Metalli 1973, Ainsworth et al. 1074).
A somewhat different pattern was observed for F%action,B CFU-CM.
Thé initial nadir was délayed for 24 hours. Similafly,.afhe final
recovery ~peak was déléyed relative to ﬁhat obseryed7foth§action 1
cellé.'k The differences observed between Fraction 1 éndAFréct;op’ 3

cells suggest that Fraction 3 cells may have a lower mitotic

frequency. Casarett (1980b) has. postulated ghat although mitotic

linked cell necrosis is dose dependent, ‘the relative frequency of,

cell division (or 1length of interphase) is also reflected in the

estimate of cell death following irradiation. If Fraction 3 cells
‘. !

have a lower mitotic frequency, they would require more time for the

initial .damage to become expressed. Simhlarly,\_aAlongerAperiod' of

time would be required for cells to regenerate to ‘pre-irradiation

1eVels. Both of these phenomena have been observed Wiﬁh Fraction 3

cells, as initial damage was manifest 24 hr later and the recovery
peak was not acheived until 11 days after that of Fraction 1 cells.

The diminished 1e§els after recovery observéd for Fraétion 1 and

Fraction 3 cells at later times (four to nine weeks post irradiation)

are consistent with ‘the results of Ainsworth et al. (1974), - who
néied perSistant, Jate CFU-S depression (approximately ,é?% of
: g
; : R by

s

6Hi)



control values) following [ractionated or single doses of neutron or

gamma irradiation. These workers have conclgdeﬁffﬁat the direct

. A7 )
effects of stem cell killing were largely féépbnsible for the reduced

number of CFU-S observed as 1at; as one year after irradiaton, -Their
. concommitant studies of the effects of irradiation on the
miérovasculatu;e were inconclusivé.i'Howéer, other studies support
the post&late' that damage to the stroma and microvaéCula;ure of
marrow COntribdte to many of the late effects observed after
irradiation . (Chamberlin et al. 1974, Nelson et al. 1974,  Bentley
1982). Reduced blood flow (Pitkanen aﬁd Hopewell 1983), progfessive
aIterioio—capillayy fibrosié (Casarett 19808), "venous aﬁd arterial

~

tortuosities (AinsworthVEE’gl:/1974)‘and teléngectasia'(Rubin 1984)

have been described as late consequences of irradiation. In

-additjon, stromal damége measured as failure to, support ectopic
marrow (Chertov and Curevitch 1979) or deletion of ' stromal cells
(Werts et al. 1980) ‘ha$ been observed. Because maintainance of

hematopoiesis requires an intact stroma and microvasculature (Trentin

1971, Bentley 1982) the above factors . may contribute to the

diminished survival observéd for Eraction 1 and Fraction 3 cell! in
the final weeks aftef“irradiaxién.

The effects of MISO on marrow regeneratioﬁ have also been
e;aluated for Fraction 1 aﬁd.Fraction 3 cells. No. radiosensitizing
effects have been previously noted for unseparated marrow (Tupné; et
al. 1981) or for Fraction 1 cells (Allaiunis et al. 1983) assayed

immediately after irradiation. In these studies, when CFU-GM

survival was assayed 24 to 48 hours after irradiation, enhanced

b '
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damage as measured by a‘decreasod survivnl was noted for both cell
fractjons;- Because the survival level measured at 24 hours is a
function nf -dose (El—Négar et al. 1984), the effects of  MISO was
equivalent to having administered» a larger initial dose of
“irradiation (ratio of colony surviving fractions equal to 2.3 and 1.8
for Fractién 1 and Fraction 3 respectively measured at 24 hours). A
similar enhancement of damage by MISO has been described for marrow
recovering’ foliowing ‘treatment with cytotoxic agents. In  these
studies, mice treated with MISO in addition to cyclophosphamide or
BCNU had an impaired recovery as measured by thie_blood cell - count
(Tannock 1980), CFU-GM (Allalunis Eﬁ,ﬂl' 1982), or hDéO/éo survival
(Pedersen gi»gl, 1982, Allalunis et al. 1983); In the chemotherapy;
studies,’ an alteration ih drug pharmacokinetiés may have COﬁtfibufed

to the enhanced marrow damage. In the case of irradiation, MISO's

02

cytotoxicity and radiosensitizing ‘properties must be considered. The

enhanced damage of MISO to Fraction 3 CFU-GM is. consistent with
earlier descriptions of .their sepsitivity to.MISO. The décfeased
survival ,of Fraction 1 is iess readily éxplained.. Previous studies
haye'described MISO's ability to inhibit repaif of pétentialiy 1étﬁal
damagé (PLD) (Sakapoto and.Aritake 1981,‘ Brown EE.Elt 1983). The
question ;f whether normal bone marrow celis have the capécity £o
repair PLD reméiné controversial, H6Weyér, the observation that
=misonidz§1e diminished Fraction 1 CFU-GM recovery at 24 hours is:
consisten£ with the interpretatign that some form of marrow recovery

or fepair was inhibited. In the intermediate phase of

post-irradiation ‘recéyery, thére was no difference between MISO and



saline treated animals., . Recovery peak values were also . comparable

for each group. Howeve¥; in the latter phase of the observation
: -t - :

peribd,' a decreased CFUfGM'survival was observed in MISO treated

animals, suggqsﬁfng that a greater primary damage to the stem cell
. o

compartment was incurred and was. manifest as a diminished

s

repopulation capacity. Alternati?ely, it mav be postulafed that
. MISO enhanced damage to.the sﬁroma and microvasculature and resulted
in a diminished ' capacity to support hematopoiesis.'.H0wever, to
hate,, there have been no reports of MISO enhancing ejthe; the__écute
or late effeﬁts of low doses of‘irradiation on the suppoﬁtiné stroma
or microvasculature of bone marrow. |

Another possibility which must be considered‘is that HiSO has
diminished the producfion Qf grdwth.fagtors. In their vsfhdies of
marrow fegéne;ation'after irradiat}on, Morley fﬂ.fﬁ: (1971) ana Chan
and. Metcalf (1973) have ﬁoted a duse dependent increase 1in serum

colony stimulating = factor (CSF) which preceded'the regeneration of

CFU-GM.  In addition, Chan and Metcalf (1972) have demonstrated the

production- of CSF by bone associated.cells.after tHe marrow had been
removed froT the central cavity :of the femur. The produgtion of this
CSF  was _ﬁot sigﬁificantly impaired by moderate dosés ofv radiation;
The ‘nafufe of this radiorésistance'waé not explored, but it is
pdssible that the ~samé factors which ,confep radiofésistance_ on
Fraction 3 cellsl may also have contriﬁdted'to‘the'radi\resiétance of

the CSF producing cells. As such, these may have been.a target for

the sensitizing effects of . MISO. Although investigators have

. 3
. demonstrated that MISO does not interfere with the aerobic production

’
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of CSF by human mononuclear cells;(Allalunié

v

vivo effects have yet to be investigated.
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CHAPTER STX

Results -

~ Growth of CFU-GM Under Cgﬁfrolled Okygen gﬁnditions

. .
Fraction 1 and Fraction 3 CFU-GM were incubated in a

o

conventional manner and under experimental conditions in which the

oxygen . concentration in the gas phase was precisely regulated. The '
A .

oxygeh gqncentration of the air mixture used to gas thev reference
. . "
laboratory incubator was 18%. The range of oxygen eoncentréﬁions
ghich were initially established in the experimentel, chambers are
shown in table 4, Therxygen concentrations which were measpred in
the experimental chambers at the termination of the experiment are
also pfovided for"compafison. A slight 1eek was detected in chamber 2

as was\@indicated by the small increase in oxygen at the end of the

experiment. ¥ . 7

T PR N v

¥
" ,Table % shows - the plating efficiencies of CFU-GM
following,incﬁbation‘under normal or reduced oxygen tensions. Two

e

expeﬁiménfalstrials were performed. For both Fraction 1 and Fraction

oox
S

.

" .3 cellsy incubation’ in 1§Z oX¥ygen (balance nitrogen) under

. L T _ . .
eiperimengal conditions improved the plating efficiency over that

"

[‘ﬁobéepéed " with standard incubation conditions. This improvement, ‘was
. J'; .._ : ' ! ) 5

B

2

A ST C . o

. -greater for.Fraction 3 cells, which were ingreased to ‘more than three
) ,' .\L &:‘ ‘. ‘ ‘.' . N ” :?. : } ‘ )

' - times the standard coﬁt;el values. The plating efficiency of Fraction

Il

By e s .
e L o SN i :

3. celld was slightly 1Tproved by culture at reduced oxygen tensions,
with: approximately three to four times more colonies proliferating in

tensions of 2.0 to 0.6% than were obtained under standard

;QfY§€

-
0

»
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2

‘Chamber‘l'

Initial

£9)
66
B
(1
o w
» Table 4
and Final Oxygen‘Conéentrations
in;Experimental Chambers
- Initial o .Fiﬂal
18.0°% . 18.3" %
6.6 86
2.1 - 2.1
0.6 0.65
0.21 0.19
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~

Table 5 -

/
/

o

.Effect of Various Oxygen Concentrations .

.;on»C%U—GM Growth

: U
Oxygen Concentration

A;'Fraqtion 1 Cells
| | Air ’
- 18.0 %
6.0
2.0
0.6 Q

¢ 0.2 '

. B. Fraction 3 Cells ‘ ©

N

CAir

Ty

18.0 2

o o . ]
. * Estimates of error = ~Jn/n ;.n =

~ e

\v
0028 £ .0002
0045 + .0003
©.0040 £ .0004
. .v), ) . ‘3" ) . ;,,‘.9‘
L0038 £ 1005
.0039 % .0004 *
o

: Pléting Efficieﬁcy *

0024 % .0003

-

.00024 + .00005

.00079 % .00509
©.00079 t. .0QPOY

C gono 00010
.00094 % .00010

.00065 * -.00008

total colonies counted

67



L e

| :

| , , ™3
incubatiop conditions. A similar magnitude of increase at low ongen
tensjfns w®s not observed for Fraction 1 cells. Also of interest is
¥
the'
severn davs) stlll permltted the prolnferatlon of Slgnlflcant numbers

&

of CFU—GM_ (51%v and 71% of-control values for Fractlons 1 and-: 3

éﬁspectlvel))

%

5

The 1ncreased plating eff1c1ency observed. for bone‘ marrow
cultufed in modﬁ@ied media in anlatmosphere of l8%loxygendin nitrogen
»'prompted an lin;estigation. of whelher‘ - marrow: cultune ‘under
*conventional incubation_cenditions could be inbroved b;fsimilar media
changes. The.modified_media did’not‘sgpport ﬁhe growt /dof 'CFUeGM
when the. cultufes were incubated under:standard condlt'oné (data noﬁ
R
_was qupp]emenﬁed wi ih HEPES buffer (1 molar solution, pH = 7.3) used
in. experimental conditions, an increase in pla@ﬂng efflcienéy. wae

obsérVed for both“Fraction 1  and Fractlon 3 cells (Table 6).

Subsequent to this observation, all CFU-GM cultures, were supplemenﬁed

with ZO'yL HEPES buffer B%r plate in order to ensu;e Optlmum growth

: S o
conga-tions. R o [
S ol ) L » . e . ’
L . : S

‘lB1nd1ng of MISO to Hematop01et1c Tlssues ln Vltro

‘The’ rate of blndlng of radlolabelled MISO to bone marrcmf cells

+

was determlned follow1ng incubation - under aeroblc or hypox1C‘

condltions in vitro. Table 7 presents the blndlng ratés whlch were

. obtalned u51ng two dlfferent systems. The b1nd1ng rates presented in

'VPart’ A ere calculated from data obtained using glass flasks which

observation that cond1t1ons of severe h)poxla (0.2% oxygen for

shown) However, when the sLandard formulatlon of MEM alpha medium

- 08
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Table 6
\\\\\4 ' Effect of HEPES Supplemented Media on
. CFU-GM Growth

Fractiqn 1

Fraction 3

———

. o
L

HEPES (pl/plate) ‘

-

0
10

15

©20-

"y

% Control

100
159 |
179

;89'

200 .

NI
PRI
Wt

. .
'
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A

":"l B . h' ' . . ! Ky
were continuously gassedyunder conditions which were identical

those described. for the MISO in vitro cytdtoxicitygstudie

S,

to

- The.

blndlng rates presented in Part B were calculated from data obtained.

using alumlnum chambers 1dent1cal to those us!ﬁ for the ‘low ox

'plating efficiency stud}es. ‘These chambers were - also

used

ygen

to

establlsh atmospheres contalnlng small, controlled amounts. of oxygen,

\dv

o

in which the binding rates presented in Part C were- determ1

ned

All

of the rates are expressedgas moles of MISO bound to ~ one million

‘cells per one hour of ‘drug egposure time. B

—
Little blndlng to aeroblc cells was observed in these

studles.

o . oy
Under anoxic.condaitions, si'gnificantly 'greater bipXs ‘a&hleved

The: rate of blndrﬁg was 1ndependent of the met

severe: hyﬁbx1a, _as the values obtalned 1n ."’:; ¥4 B

comparable. The results pr

‘binding rate was increase
' ‘ l o

1 . S
cells was increased. The's

. . i il AN S
: .,,ﬁhalf order klnetlcs. . o

Thewblndlng rates presented in Part C were obtai

experiments designed to determine the effgets of small amounts of

oxygen on . the binding ~of MISO to-

e " L4 N >
‘bofie ‘marrow - cells.

to

ned

n Parg‘B also 1nd1cate that the

<

the

. this increase was consistent with

from

Q&ygen

‘concentrations of 4.5%, 1%,_. and'O.ZSZ'inhibited\MISO’binding, as

the binding rate was increased'ogf; 1.6 times that observed'for cells

. exposed under aerobic tonditions. The removal of al
L Svﬂ yn% - , - .

. increased . the rate of binding’to‘approximately eight ti

“observed for aerobic cells.

‘ 8
. ¢

mes

that

-

‘~

1 oxygen

!

! o
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Autoradiographic Analysis of MISO, Binding Lﬂfllvo
’ ’ . T Cu

‘Histological sections of hematopoietic tissues -were examined

. ) . . . - . . . “L
using autoradiographic i techniques 'to - determine the pattern of

radiolabelled- MISO bihding following ih wivo.exposure to the .drug.

e

Other studies whlch have examined the binding patters of 14C MISO m~

| &Y
V79 or EMT6 spheriods have establlshed that binding occurs és a
S, _
function of the oxygen tension of theotissue,, with the ‘greatest

Vo

amount of label being concentrated in the hypoxic regions'(Fréhko and

Chapman 1982, Franko et al. 1982). In the studies in 'this thesis,

-

quantitative grain counts were obtained for histological sections of

“normal or :regenerating femurs, * humerii, and spleens. When bones

were. examined, counts were made in anatomic areas which corresponded
4 ‘ . < 5

y - . ]

to the presumed‘locatlon of Fractlon 1 (cencﬁﬁlxmafrow cavity) -or

4

Fr@%ﬁ&gn . (compact bone assoc1ated) cel%&r The»lcoﬂnts‘ were

'calculated both as the number, of 5581“8 in a 100 pmzﬁarea or as the

number of grainSvper.nuclei contained in -a 100‘pm .area. S

Table 8 shows the binding patterns fore both no

. &
- .- 4 [t

regenerating tissues. Approx1mately two to three tlmes the nuW#
S8

2

gralns were  found per-cell in the.Fractlon 3 equ1valent areas  as

%

gompared to the number of gralns counted in the' Fractlon 1 equ1valent

Y

¢
areas of normal bone. The normal spleen was unlformly 1abelled ﬂf@

H

~In regenerating,tissues, greater amounts o§ label were found in

regenerating Fraction 1 equivalent argas when compared to Fraction 1

P B

_equivalent areas of‘normal tissues. Fraction 3 equ1valent areas were

also heav1ly labelled

In tissue sections obtalned from ‘regenerating spleens,  “the

o
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Te

. 's:»_: ﬂz&

L

e

* Areas of the spleen associated with hematop01et1c cells

By .

o,
3

uw
Table 8 :
lh Vivo Binding of 1Z’C Mlsonldazole.to
Hematopoietic Tissues 4
3
Tissue Gyain,Counps (grains/lOOzﬁi)
- Fraction 1 .+ Fraction 3
. \N*fkf{?'
Normal Femur 443 x 62 711 + 59
Regenerating Femur S 903 + 54 826 £ 50
hormal Spleen 299 = 42 % 390 = 31
Regeﬁeratlng Spleen 337 # lf‘* — 904 171**
v ~ : :

Normal Femur -

Regenerating Femur

* Red pulp areas of the splee“

[

Averale Grains / Cetll

0.1

3.4

9 %

0.03

£.0.5

0.64 4 0.03

1

.99 *

0

.10

73



amount of label confined to the red pulp areas was similar to that
observed in the normal spleen. However,. approximately three times
more label was found associated - with foci of repenerating

[}
hematopoietic cells.

In Vitro Estimates of Self-Renewal Potential -

.

L The effect of animal age on the:ability of Fraction 1 and

Fraction 3 cells to generate CFU-GM and HPP colonies was

‘ investigétedﬁk.foge ranging in age from six weeks to 12 months were

studied. The number of colonies obtained from these animals is shown
’ LA

in table 9 . A small variation ‘in the absolute number of CFU-GM was
o N W . . o

: » .observed ovgr "thé® course of the experiment. This is -presumed "to
T e ¥ ® T - “"’ﬁ;&

Tagh . . . L . . -

' reflect inter-animal biological differegces. No significant decreases

in CFU-GM we?§§§y%d for either Fraction 1 or Fraction B,Cells as the
5 .

age of the mide increased. ' )
. L ™ ' +
L )}I\i P N
N ~ HPP "¢olonies were recognized by the presence of erythroid,

myeloidl and megakaryocytoid cells within the same colony and by their °

ability to genefﬁté secondary colonies in replating assays, as is
l_vpreSented ih“_Tablg' 9. These results suggest that the relative

~§;proporniohs of both-Fraction 1 and Fraction 3 HPP-CFU decline with
. v . . * B : : . . S . )

age. - ~‘i: "
L
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Demonstration of Day 7 and Day‘la CFU-GM
S

"Two sub-sets of CFU-GM colonies can be recognized by their

different rates of growth in vitro. Representative plate maps which
‘ N : . . ‘ . o n - Q
depict  the relative location of Fraction 1 ‘and Fraction 3 colonies

follbwing 7 and 14 days of culture are shown in Figures 15 and 16.

In these maps, the colonies present at day 7 are indicated by the

"Y" gymbol. The colonies present at day 14 are indicated by the "O"

— .

dymbol . In the'inétaﬁce'in which.a colony was observed at the same
nlocationi\on both day 7 and 14, the symbols are superimposed. | The
"X" .and ﬁO" symbols which stand alone represent colonies which were
present. at day 14 but not at daf 7 ("0" symbols), sor conversely,
coloniggkwhich weré¢p;¢sén€g%£ day 7 énd not at day 14 ("X" symbols).
VIp these studies, the ;8Ionies on seven dif}érent plates of Fractiqh
,ﬂ. and Frac£ion 3 CFU—GM.were\mabpedi For these pooled data, ~ an

Fraction

'averagévof 28 and 297 of the colonies present in cu
ce .
. ) - R <
.1 and Fraction 3 CFU-GM could be identified as day 14 nies.
, o A

Rescue of Lethally Irradiated Mice by Fraction 1+ and. Fraction 3 Cells '+

A comparison of the ability of Fraction 1 and Fraction .3 cells
to rescue lethally irradiated (9 Gy) mice is.shown in Table 10.

Between 10 and 30 animals.were used in eachvgronp. Animals alive 30

P K

- . . M . :
days after irradiation and marrow transplant. were considered to have

. o
received a. successful marrow transplant. Control animals wRich

received irradiation without -marrow rescue did not survive to 30

days. The resylts in these experiments suggest that Fraction 3 cells
EEERN : :

were more efficient than Fraction 1 cells in restorin ' hematopoiesis.

N

70



A

77
e
| 2 3 4 5 6 7. 8, 9 10
As | @0 ®O 000
B. 0 @y @@ .®  ®AX @XXX X
¢ XXX BREXX 0 @ B8O G 000 * X
D. ,
BEREO- XXX ® X
B R’ &y ®
o2y XXX 8 ®
G. , v v
REX X X BRXX ®X
H. gy 06X
1. 3
B @ . 8
J. g )

Figure 15. A plate map which represents the relative locatién . .
' of Fraction 1 CFU-GM is illustrated. Th@ "X" symbols ot
and "0" symbols represent the locations at which a oo
colony was observed at day 7 or day 14 respectively. .
Where symbols are superimposed, a colohy was observed
at both day 7 and 14. In this plate, there were 108
colonies on day 7 and 83 colonies at day 14. Of this
number, 25 colonies (=29%) could be identified as
day 14 colonies. 4
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A plate map which represents the relatlve location
of Fraction 3 CFU-GM is illustrated,. The "X" symbols
and "0" -symbols represent  the locations at which a
colony was observed at day 7 or dayw 14 respectively.
Where symbols are. superimposed, a cdlony was observet-

~ at both day 7 and. 14, In this plate, there were 78

colonies at. dav 7 and 60 colonies at day 14. Of this -

" number, 25 colonies (=41%) could be 1dent1f1ed as

day 14 colonles T
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Comparison of Animal Surviwal Rates Following
'Whole Body Irradiation’ and Rescue With
Fraction 1 or ¥raction 3 Cells
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»:Effect of\Low Oxygen on CFU =GM In V1tro

It has been sugggsted tﬁat the in v1tro prollferalon of tbotﬁ

. ’ g. o

'~normal and tumor cells may be 1mproved by culture at lowered oxygen
- # '

. . tensions. - When studles were conducted whlch compared standard (18%

09) and, . reduced 1(1—52) oxygen levels,‘v increased platlng

efficiencies were obse}vedﬂat the}lower»oXygen cOncentxations 4for
" human - fibroblasts (Taylor_etrall 1974, Balin et al. 1976), - murine
‘fibroblasts (Rlchtek et al. 1972, Bradley et al. 1978), - CFU-GM.

¢ v ; - : o , Sl e
(Bradley ‘et /al: 1978), =CFU—E~(Rich and\Kubanek 1982), " rat:ofetal"

=
:lung cells (Tanswell 'et al. 198&) and chlck embryonlc -myOcardial

-

cells (Hollenberg 1971) Thls phenomenon has also been obser\ed Mlth

”cultures of Erllch ascites tumor cells (Gupta and Eberle 1984), Bl6-,

-~

_elanoma cells (Courtney 1976),.human.melanoma celLs (Gupta - and

,"Krlshan 1982 Joyce and Vlncent 1983) and other freshlv exc1sed human
' Vtumor samples (Srldhar et ﬁl 1983)

The results reported in th1s the51s 1dent1fy a factor other than

SN

_oxygen whlch may 1nfluence in v1tro platlng eff1c1enc1es For both .

Fraction 1 and Fractlon 3 CFU GM, a minor component of the 1ncreased

plating eff1c1ency was attrlbutable to reduced oxygen ten51ons The

1argest' component of ‘the observed increase in prollferatlon was “the . ..

{

result of an overall improvement ‘in platlng eff1c1ency whlch

accompanied a change in culture media.

80
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In the studies cited above,‘pH balance was maintained bv
atmosphere of 5 10% C02 with sodium bicarbonate in the culture med1
T in‘

e

\

the studies in thlS the51s,
sodivm bicarbonate

: v of

.8

C02 was not used

maintain

o

the concentration
lwas reduced and HEPES buffer w
pH balance.
A ‘

"% a

/as added_ to
When FR\CL]OR 1 -and" Fraction

were
¥
of

tot three times mor e colonies were observed as compared to” the numb
colonies

[ 2

3 “CFU-GM
cultured in modified media in an«atmosphere of 18% oxygen in N2,

two
| er ,
obtainéd
atmosphere of 18% 0X2

: £ P
from cultures grown “in - standard média

in - an
en Mlth 5@ C02 These results suggest that the
1mprovement in plating efflClenC) was largely attributable to changes
: 55 method;\\used\to regulate prbalance.
Fyei

- tension

\

’

A reduction in the
in the experimental chambers resulted in no ehancing

oxygen
effect_"
for Fraction l CEU- GM!and a small enhancing effect for Fraction. 3
~ CFU-GM.

These results were: unexpected‘Since the premise behind these
’experiments and

'ten51on

it

those c1ted abO\e predicted that a
would

reduced oxygenk;' .
prov1de an enVironment which morea closeix resembles N
. I // . .
that encountered in_Vivo where the venous pOy 1s 1n the range of 5 65
et al 974) ‘

“However,

(Wintrobe

‘ studies
v z
than atmospheric oxygen ten81on c

the results of these
1ndicate that this s1mple hypotheSis 1s.1nadequate,
“other‘
on CFU GM proliferation.

and that factors"
an exert a controlling effect

The 1ncreased plating eff1c1enc1es observed both ~in standard
cultures Qith culcures maintained
‘ ‘in HEPES modified media

experimental

added HEPES buffer and in
<

in
chambers that the‘:“‘
addition . |

suggest
of HEPES per se was. responSible for 'the
proliferation. underlying

.

1ncreased cell :
-8
mechanism which - controls this

e



¢ e »
I

hydrogen_'ion ‘buffer» which has been shown to; offer equivalent or
: ’ -

increased proliferation remains to .be determined. HEPES " is ea’

f$u.1mproved buffering ~capac1ty to low and high den51tyi cultures’ of .

_ | ) ]
vmammaldan cells or SV- 40 transformed cells (Eagle 1971, Itagaki and

Kimura ' 1974) ~It has been assumed that. the addition of HEPES buffer

Lo

.in thesev cultures has prov;ﬁed adequate, if’ not superior, .pH'

y;regulation. o An 1ncrease in 1ntrace11ular pH is- known«to accompan\

1DNA synthe51s and m1t051s, alfhough a causative relationship has yet'

’to be established (Nucc1te111 and Heiple 1982) ~The <p0551b11tv

L . 4t
therefore ex1sts that the additlon of HEPES to the media resulted in

. . . . < "
- slightly elevated pH and a SUbsequent 1ncrease in m1t051s This,'

»
v

hypothesqs remains to be tested

)
~ °,
2 [ -

It is unclear why the’ use of a different buffer ssystem would
.6‘ : ‘l‘

E obliterate' the stimulatory effects on cell proliferation Wthh ha\e

beenl prexiously reported for low exygen tensions. \hat is' clear,

« . -
y B

hoWever, ~.'is the observation that other varlables in addition to

s L . n . S X 4

N ’ P
‘ atmospheric ‘oxygen tension may exert a controlling effect on- cell
Lo . :\I;\ B ) . . '

growth in vitro. g T o o - . e .

[ —— F [N B e N . .

- : - . - “ e

o
'MISO Binding Studies

The presence £ hypoxic cells 1b experlmental tumors has been
E? P

.\-- !

well established (Tannock 1976 . Chapman et al. 1983b Suit 1984)

Analysis of survival curve data, .recently\reVIMed by Moulder ,and 4}

: : e SR ,
Rockwell (1984), prOVideghwjindirect ‘ewidence that significant

proportions of many experimental tumors are hypox1c The ability of
k“fhypoxic cell-sehsitizers such as MISD to modify tumor cell kill ‘and

'f\\\‘ .. ‘ .‘ N ’/I .
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“direct iv1sualliat10n of hypox1c reglons in. EMT 6. tumors labelled in

.

1nf1uence cure rates prov1des addltlonal ev1dence Lhat the prQSenceH
a o PR
of hypox1c0c31ls mav'modlfv hnlmal tumor response to therépy (Sheldon
o \

et al. 1976;» Denekamp 1980 Law et.al 19%1 Slemann 1987) ‘ The

L

_ development 'of radlolabelled hypoxlc cell compounds ha5“~allowed a

Ta

'

d . "

83

Erd .

uivov_(Chapman : t l 1981a,, Garrecht and Chapman 1983), . V79 andf.

- EMT-6, spheriods labelled in- v1tro (Frankd et al 1982 Franko uand

\

Koch" 1984 Franko et al 1984) and human tumor EXplants labelled in

vitro- (Franko‘ and Koch 1984 S Franko et al\ 1984) In- ach case,

-'s

the: b1nd1§£ of radlolabelled MISO was conflned to areas of the tumor

3 ‘

which: ‘yere presumed to be, Hypoxlc based on calchlatléns of. the oxygen

N

diffusion d1stance or the absence of an)'h1stolgg1ca11y 1dent1f1ab1e }~‘<‘

.

venods structures These' above studles hav ’ gonﬁlrmed in”'tlssue

EMT-6 (Miller et al. 1983, Chapman e ol 1983>-4’f' v79 Ccells

'(Chapman" t al. 1983) 1ncubated with MISO Ain vitro under aeroblc or

hypoxic cdnditions;

A feature common to a11 of the h15tolog1ca1 studles noted aboxe

was the demonstratlon that normal tlssues generall; b1nd MISO at a

ﬁtissues; . Garrecht and Chapman (1983) noted two to six tlmes ]ess

Ny

. i . M (
binding in most normal'tlssues when compared to EMT 6 tumors 1abe11ed

r

in the same anrrimal.  The 1iver; wh1ch retalned 51gn1f1cant amounts

w

* of MISO,, was an exception Franko et al (198&) also reported that

v

normal: stromal tissues . associated with tumors _had_ 51gn1f1cant1y

reduced Uptake' of MISO. ‘These results were consistent with -the

-~

- " * « R . . 3 N .
samples observat1ons orlglnally : ade us1ng 51ngle suspen51ons of - .

-much 1ower rate. In the1r study which 1nc1uded a surve) of 13 normalw



’l-—’;lnvest1gate the presumed hypox1a of Fractlon 3 cells.

o §

assumption that most normal tlssues are relatlvely well oxygenatedi‘€~
and - would therefore not be expected to blnd'MISO However, . .the ;

studi‘es)r réported in th1s the51s have suggested that SOme bone marrowf

ells may “be’ relatfvely hypox1c.' The following studles have used the

fpreferentlal b1nd1ng of MISO to. hypox1c tlssues" as +a tool toﬂ

iR

S

1

marrow cells was 51m1lar to that descrlbed for other types of cells

\ . .
’

.

.(Chapman 193 al. T983a, Mlller et al 1983 'Koch‘ et al(:‘1984)..

~ binding’ rate“atllO pm = 0.6 x 10'13M/1'O6 cells/hr); as the presefice

of -oxygen is thought to block the metabol1c reductlon of - the::MISO

..

. nitro group whlchi is a 4necessary step in - the b1nd1ng process

v " «

_(Varghese ‘et-_gl.‘1976). When marrow cells'were"incubatedfwith MISO

‘under“‘extremely hypoxic conditions, = t"' binding rate‘ were
vslgnificantly increased;.(average‘ binding rate at 10‘pM 7.4 x
o . R

'-“10"13M/106 cells/hr) However, the rate ‘of bindlng Wthh was

: observed for marrow cells was approx1mately 30 to 50 fold less than7:

'that observed when EMT-6 cells (Chapman et al. 1983) or' hepatoma'

) g : : . ) : : B Vb;_,r. w

The pattern of metabollc b1nd1ng of 1l’C MISO to murlrL bone B
b %

Little drug was bound to marrow cells 1ncubated in air (average

84;

: cells. (Chapman 1984, 'unpdblishéd 4.‘data) were *incubated with, [f

o - »

equlvalent amounts of the drug under hypox1c cond1t10ns These"

results suggest that a qualltatlve and/or quantltatlye d1fference in

,n1troreductase

cells Altern

® .
\ 3

- »levels or redox et@te may have colggsbegrd to the observed difference -

in results (Ollve\\1984) Because b1nd1ng ratesvhave yet"to be

5i

0

ex1st between normal marrow and- tumor

dlfferences “in; cellular energy



LI .

.o
Rl

‘by Chapman et al (1983) and later conflrmed bv Koch«et al (1984)

e cells Wlth half order k thS., A 1ogar1&hm1c plot of marrox b1nd1ng

‘ Ly b o - ,
: determlned for othgr normal tlssues, there,ls no information as . to

o . AR . o ¢ : . .

whether a s1mllarly reduced rate of binding relatlve to  that. of
‘- .‘,_- . L ,';‘ ‘ in . . S
“tumors will' also be ohserved R ‘,lb' S : : -

Desplte the re]atlvély smaller amounts of MLSO whlch were bound

. oA C '

»

»
by Coe e

‘ the klnetlcs of the reactlon were 51m11ar to those descrlbed earller

for EMT 6 and V79-WNRE*cells{‘ When oxygen is absent, MISQ/U(hds Lo

R \

.. Sy

iy

ratest versus MISO ntratlon‘ was. con51stent wrtbf‘half order'
- g ' i . Co

“kinetics. . vThe“ studies by Koch et al ,have.'lndicated’ that‘ythe~

Lo . ' . s ) . . . .' ) .7 . A. : . et . . K
kineties 'd? “this, reaotionv is * highly . dependent upon . oxygen
concentration.f A change to.a flrst order reactlon was noted when

- cells plus MISO were 1ncuba£ed,}ﬁ the presnce of 2 pM oxygen. v A

second 'aquyet uncharacteﬁlzed change in klnetlcs was observed Tat

*

’oxygen concentratlons. wh1ch approached those of air. A similar

oxvgen*.depehdence of MISO b1nd1ng to marrow cells has 'yet,*to: be -

e ——— R

n»est1qated f --f f' 3 . e >: - 4.h 4
s sy . - . . .\' X
The in v1vo blnduﬁg pattern of 14C MISO to hematop01et1c tlssues‘
. «

?

'kwas 'assessed by autorad10graph1c technlques.' In normal femurs -and‘

humer11,' approx1mately two to three‘tf’es more label was assoc1ated

- ~

w1th the hematop01et1c cells locallzed in: the sponglosa reglbn of the

diétal_hends ~of the long bones or 1n the’compact bone. These "areas

are presumed to 'be the sites: from whlch Fraction 3 cells are .

Harvestedp This flndlng prov1des ndlrect ev1dence that the

e

'mlcroenv1ronment of these cells may. be relatlvelﬁ hypox1c as compared

to that- of the central marrow cav1ty. The magnltudev of the



© these tWO populatlons ‘of cells may be 1ess than 2% ;

-

thlS hypothe51s.

- ; ' [ S '?)
,,Admfference in ‘the amount of MISO bound to Fraction l..and Fract1on.'3

a “ E

”cekls is con51stent w1th the stumptlon that the difference in pOo . oi

.

A
e -
\ .

b bt v .

When the binding to regeneratlng thsues was determlned both1

v o

Fractlon 1 and Fraction 3 equ1valenn areas were heav1ly ~dabelled‘
s . ® Y
This suggests that relatsive marrow hypox'

ot ed disrdptionﬁbdn

- the marrow m1crovascu1ature follow@‘»; V"“nﬂyxih would SUPPOWE
. T X

>

N ~
Argas of 1ncreased 1abe1 density were also noted,in sdctions of
¥

4 -
. ’

? .
regenerating spleen. In this case, more label was associated  with

¢ o
foci. of hematopoietic cells. This observation, coupled with the

uniformly increased 1dbe111ng pattern observed in regenerat1ng marrow
has suggested that the process . of marrow self—ren wal and

differentiation which occurs durlng regeneratlon may be fac1111tated

-

by " an environment of a relatlvely reduced pOy. An analagous period

R

of 1ntense marrow prollferatlon “which occurs durlng fetal development
<

is known_ to _ proceed- at ra p0y Wthh is lower - than °that of . the

post—natal ‘or ‘adult condltlon "~ The proposed miniaturization of:

>

highly sensitive oxygen electrodes (Koch 1984) would allow this

B
-

hypothe51s to be. dlrectly tested

-

exist ’durfng the

r

B6

Nt

.o



.

i

. In V]tro %elf Renew:l Potentldl
. YITTO

’ s R 2 . R

N\

The hematopmletlt syqtem has been - exLen51vely studled at the

tissue, cellu]ar and molecular level, and hdS been the sub]ect vof

.

several = recent comprehens1ve reviews (Flil and McCul]och 1980, Till

1982,“ ‘BrQXmeyer 1983). Whast emerges. 15 a .picutre of exceedlng
eonplzaity and heterogeneity ' For example, within the, class of
CFU—S,‘ dlfferences in bouyant oens1ty and cell 51ze°(Worton eg Hgl.
1969), self rpnewal potential (Monette andk Stockeﬂ 1982)

expré551on of certain antigenic determlnants have been descr1bed (van

2
P

den Engh and Golub 1974, Monette and Stockel 1981) A similar range

of phy51cal and biolOgical differences has' been descrilyie®s
1 2 . :

hematopOJetlc cells whlch are assayed in vitro (Broxmeyer 1983)
\
In addition tq differences in blologlcal pr ert1es, several
’ -

1nvest1gators have described d1fferences in the phy51cal dls;rlbutlon-

of 'hema;Qp01et1c cells. Hendry .and Lord (1972) have descrlbed a.

A §patiél_ distribution of CFU-S within the mouse femur, In thgir
, ( -

model, CFU-S are concentrated along the endosteal surface of bﬂe.,

bone and decrease in number with the square of the distance away “from

¢

the bone. A eimilar pattern has been described by ‘Gong (1978) for

rat bone marrow. These results complement those of Shackney et al.
: . » it

(1975) ~yho descrlbed a kinetic gradlent across mouse - femurs in which

. the ‘highest'“proliferation rate was observed in the sub- endosteal

0

region.. These observations have suggested that anatomic zones within
the femur differ im their stem ' cell content and in their

. . oo .
proliferative actdvity, and that Fraction 1 cells may differ from

‘ : ) : ; \
Fraction 3 cells in other biological parameters as a result of their.

b

I



)

¥

physically distinct locatlon w1th1n Lhe lemux A full hiydogiynl

. comparison of Fraction 1 ‘and Fract1on 3 co]lb, complete with

T W A 4 o . e :
estimates oﬁﬂ7Ce11 size, density and Cell cyle ,characteristics

@

‘remains to be investigated. Instead, oo Wmall windows ! ofg

(Y

comparisbn were chosen. The first o{ these determined if Fraction 3

cells contain any céﬁls’capable of giving rise to’ HPP-CFU, and

~

compared the self-renewal potential of these colonies with that
. . R
observed for Fraction 1 cells. - The ‘gecond Ccomparison between
“ N : ‘ .

Fraction 1 and Fraction 3 cells estimated'the frequency of day 14

¥

CFU-GM in. each fraction .

“ .
HPP' colonies have been described by several 1nvest1gators and

sare thought' - to be the in vitro equivalent of :CFU—L (Till ;and
McCulloch 1980) 'HPP in vitro colonies share a similar range of
size,a cell c/fle parameters (Baines .et al. 1982 and 1984),

sensitivity to rabblt anti-mouse brain serum (Monette and Stockel

1981) amd sensitivity to h)droxyurea and 5-fluorsuracil as do\'CFU—S

(Keller et gl. 1984). In addltlon, they have been shown to exh1b1L

a considerable fange in self renewél probability, as measured by ‘the

ability of. primary colonies to generate secondary colonies in

‘re-plating .ﬁssays (Johnson et al. 1982). Experiments in this thesis

have attempted to detemine whether HPP colonies can be identified

among Fractlon 3 cells and whether the self renewal probability %f,

S . o - .

these »COlonies*is equivalent to that of Fraction 1 cells. pIn these

. . . L
experiment, = the proportion. of primary colonies forming secondary .

| T : . . .
colonies was approximately 20 to 24% for boﬁh Fraction 1 and Fraction

3 cells derived  from young'adult_mice. For both populations of

K -

Ny

tols!



=

, . o . |
cells, the number of HPP colonies decl

.

“whjch hnd” not \been previously reporte

s

3

suggcst thdt plur;pntentxal cells'can be

1

and that the1r numbers are approxlmat

Fractlon 1 cell

. ' B .
A

. The . second aapect pf these studies’

5 “ o\

tWo »known sub- populatlons of CFU GM e

Fractign 3 cells and to %etexmlne ‘thei

]
I3

which are wusually . assayed 1n in v1tro

4

thought "to arise from somewhat leSs

whlch do . not appear’ in cultures untll
Id »

day 7 and 14. These results indicate that 28 and 297 of the ,totai.

stem- and pr@genitdr cells. Although a CFU S and CFU-GM gradlent may’

:x\v

ined with aga, a phegomenon

‘”A 1' N , E
found among'Fractlon 3 cells

ely equxvalent “to (thosa . of
L3

sought to determine whether

d. These studies therefore

K9

xist 1n both FYéitlon 1 and

b)

r relatlve tjequgncv. CFUfGM

cultures & ~day sewen are

. ' .
v ‘.‘ o'

magure populatlons 'Qf .cellq .

day ]2 or later (Jacobsen et

al. 1979, Aglletto et al. 198&)\. In ‘these experlments, piate maps

-

were. constructed after 7 and Y& dsvsﬁgncubatlon for both Fractlon 1

and Fraction 3 CFU-GM. In the represen

be observed that gome colonles afe Skesent only at day 7 and chers

rative maps provided, it can

El

3

only at day l4. 1In some locatlons, colonies were counted at. -both

number of colonies of-Fraction'l_and FractiOn 3 cells counted 4t day

14 were not present at day seven. These results are consistent with

the interpretation that both«sub populatlons of CFU-GM are present in

both fractions of cells. Theseiobservations and those obtained from

9

<

the HPP- CFU assay suggest that hematop01etic cells located within the

compact bone do not differ s1gn1f1can

exist for hematopoietic cetls confined w

tly from those found in the

central cavity’ w1U& regard to these two estimates of ~hematopoietic

ithin the central core of the



femur, these rasults

| Co
significantly

supgest

whert

are made.

Survival of Lethally Irradiated Mice

that compact bone cells do not

. !

differ

estimates of HPP-CFU}and day 14 CFU-GM colonies

i

" The-ability of transplanted bone marrow cells to rescue lethally

irradiated recipiepts was first

{Lorenz et ‘al. 1952}

been
reqls' r‘ed
Doherty

hematopoietic
on engrafment (Sharkis_gg al.

within the marrow ”ifself (Salner e

" accepted

function of the number of

transplanted. It has, also

transplantation assay is the -only

presence of totipotent hematopoietic

1982,  Phillips 1984). This ‘rescue
1nvest1gate whether fract;on 3 cells
their

2

demonstrated over

Congdon et al.

to ensure surv1val (Kurnxck and Nokay 1965; Doherty
and Smith 1969), the repopplatlng eff1c1en61es of

tlssues (Rabotti 1964),

donor

been

30 . years ago

1952). Much information has

subsequently obtained concerniné the nhmber of cells which are

1969,
various

the 1nfluence of lymphocytes

1978) and the patterns of repopulatlons

al. 1982). It is geherall}\

that following lethal doses of irradiation,, survival is a

o ' )

‘been

!

“cells thch‘.have

suggested that . the marrow

<

va11d assay to establish' the

stem cells (THSC) (Boggs et al.

-

assay;yas therefore’ uchosen to

contain THSC, and;if‘sdm ‘were

numbers comparable to those féund among Fractlon 1 cells=

d‘ "
These studies havé establlshed the’ fact that.Fractlon 3“cells do

°

11

contain THSC as_ measured by ‘the ablllty of Fractlou 3 cells to ensure

" animal

The comparative rates,

survival

surv1val for a perlod of at least 30 days (Bond et al

based on a -

@

1965)

comparlsonV of the

Y
4



.funcfion of cells other than THS&.

)

absulute number of cells required to rescue animals, or based on the

L
.

relative number of ¢lonogens in each fraction, suggest that Fraction
i cells werﬁ more efficient that Fraction l-cells in their uht]ity to
restore marrow function, However, _this.lntter observation must  Re
cautiously interpreted. At least two other factors should be

¥

considered as having the potential to modity the results of these
4 ' ~

studies. The first concerns the observation that factors other than

“the _number of THSC may influence marrow engrafment. Thése‘ include

the prééence of accessory cells such as thymocytes (Lord and

Schofield 1973) and anti-theta sensitive cells (Sharkl et al. 1978)

in the donor transplant material. Therelore, these experiments

cannot* exclude the possibility that Fraction 3 contains

~

proportionately more accessory cells than does Fraction | cells, and

that the enhanced animal survival rate observed for thése cells is a

+ &

"Finally, it must be recognized that the harvest procedure
differs between Fraction 1 and Fraction 3 cells. Both populations
}- .

were exposed to equivatent® concentrations of collagenase for

equivalent periods of time. However, Fraction 3 cells were removed

from the femur by the répeated grinding of small pieces of bone. TE}S

mechanicé] d1srupt10n was not controlled for as Fraction 1 cells were

L -

not subjeét to the same type of agltatlon. The p0531b111ty exists

that the relative numbers of THSCFor accessory cells could have been

art1f1c1ally enhanced in Fractlon 3 cells.

>
°

In spite of these cautionary notes, the prellmlnary indication

that Fractlon 1 and Fractlon 3 cells may differ in their ability to

i 4
\ ’ i . a

"



reconstitute Yhematopoienis

vonsiderat fon,

im an intyiguing vne worthy
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CHAPTER SEVEN

& ' . Summary

The ‘studies reported in his ‘thesis. -have ﬁrovided a
‘radiobiological characterization of two ! pohulations of marrow CFU- GM
Compact bone assoc1ated cells differed from central marrow cav1ty
cetls in their radiosehsitivitv, sensitiv1tv to MISO, 1ntracellular
liglutathiohe‘ content; uptake of lac_ MISO and their. ability hto
rescue lethally[irradiated mice. Some of these differences,’ such as |
the' radiationr,and. MISO‘Lsensitivities; can .be explained b) the
“hybdthesis ‘that thel microenV1ronm%nt:vef {Fraction_ 3 cells is
frelatively hypoxic M‘AHowever, differences in phy51olog1cal oxygen
”‘ tehsion do not readilv explain relative differences in GSH content;
It is-not known whether chronicallv h)deic cells become depleted of
GSH. ”‘However, studies with cells made acutely hypox1c for several
hours hayef‘demOnstrated no redgction‘in intracellular GSH levels
-_(Koeh; ‘ persdnal. commanicatienilQBS). Tﬁéfefofé;' 'm;chanisms ,in'
addition‘~to the“.relatiVe intracellular coheentrationS'of .GSH = ‘may
contribute to these observed results E
The presumed hypox1a of Fraction 3 cells may also have little
direct ihfluence‘on the relative, ability of Fraction l and Fraction 3
cells td resCUe,lethally irradiated animals. In both experigental
Studies and iclinieal practice, a dirgct correlation cani be made
vbetween' marrew engraftment andw‘the' "humber' - of " donor cells’

administered. - These studies  suggest that Fraction -3 cells may
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contain proportionately more THSC. ' However, other factors such as

3

the number of accessory cells in each‘population may modify this

interpretation. ) T '

v

In addltlon to comparing some of the blologlcal properties of

Fraction 1 and Fractlon 3 cells, the studies in thls thes1s have

examined Atwo toplcs of current 1nterest in the f1e1d‘of experlmentalv

oncology. The flrst of these concerned the proposed use of DDC as a

marrow radloprotector." Experlments in this the51s were ble to

d1st1ngulsh between the st1mulatory and protectlve effedts of DDC,on'

bhematop01et1c stem cells. ~This. resolutlon of the mode of actlon ~of
thlS drug has prompted the conclus1on that DDC w111 be of 11m1ted

clinical value as a marrow radloproteotlve agent. ThlS ~ohservation

is . in contrast to the conclusions reached by other 1nvest1gators who

©
8 ! -~

have nottresolved‘the st1mu1at1ng effects of DDC on the hematop01et1c

‘system. : Sk o S B

The second topic has QuestiOned the role of"‘okygen and pH

halance in the culture of normal and neoplastlc cells. The addition

"

‘of HEPES buffer to standard tlssue culutre medla was shown to result

a

in  an 1ncreased platlng eff1c1ency for Fractlon 1 and Fractlon 3

g : .
CFU-GM. A subsequent reduction in oxygen ten51on did not enhance the

number of Fraction 1_colonies,’ and resultedwin ‘a»relatlvely small/

ey

. ) ' S . , & o
1ncrease : Fractlon 3 colonies. These results are in contrast FO.

v

the observatlons made by several other investigators using a varlety‘
'of_ normal and neéplastic cells; and suggest that ' other factors,in

" addition to relative oxygen concentratlon may “control cell

proliferation in vitro.
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4
e7ﬁst between two populatlons ‘of murine CFU GM. However, the most

[

/ .
/strlklng dlfference between these two populations is the fact that

' tbey ‘reside _1n phy51cally dlstlnct 1ocat10ns w1th1n the femur.~ In

Thls thesis has descrlbed several b1olog1ca1 dlfferences which’

other Stemvcell renewal systems, - such as the 1ntest1ne and the skln,¢

2

the- stem cells are conflned to a- 51ngle anatomlc 1ocat10n:% In " the

gut, = the stem cells occupy the 1ntest1nal crypts,_ whlle.,in ‘the

skin, the’stem,cells are 1ocated in the center of a circle of 10 ll'

basal ‘nucleated cells'(Potten»l974); The marrow,is_nnique tn that

» . e . N

its stem .cells .can exist in more . than “one. physica&ly distinct

©

microenvironment'

Py

The 1nf1uence of the marrow env1ronment on hematOpoiesis has

yet - to be’concluSiyely'established. Several stnﬁges have ~suggested
that - short .range promoterstand'lnhibitbrs of . hematopdietic cell
"prollferatlon are locally ‘produoed in“the martow and  that ‘the

relative proportlons of. each may vary significantly over*distances. of

al few tens of microns (Wolf 1978 : Lord and erght 1984) According

v

. to this model, one mlght expect that the cells in Fractlon 3 are

.

subject_‘to',slightly;different prollferatlve controls than- aré the.

-
-

cells of Fractlon 1. SR : R /,f

In contrast to the above model in whlch 1ocally re51dent cells

exert a regulatory, 1nfluence on hematop01es15, ~the p0551b111ty

!

ex1sts that the m1croenv1ronment is relatlvely pa551ve. If,this were -

the :case, . marrow cells mlght lodge in any . of several availableb

hd o

niches within the bone. 'This model sees the matf0w- as a highly'

adaptable ‘otgan w1th self regulatory propertles 1ndependent of its

LIRS



’future'studiesvof SUb—populatlons of hematop01et1c cell may

i

physical support System.,
The influence of growth factors on the maintainance of
L. . e . .

.

molecular ‘level.  The possible modulating effects_ of different

physical' marrow ‘environmehts-on‘the‘interactions of Nhematopoietic

stem cells w1th the1r regulatlng factors remains t@ be determlned

-

P

From an anatomlc p01nt of v1ew,.‘the 'phy51cal, locatlon of

Fraction 3 'marrow cells may more closely resemble that “of human

 marrow cells, as human marrow in the adult 1s:largely confined to

-

¥

the blologlcal propertles wh1ch have been attrlbuted to Fraction 3

cells would ‘also be observed w1th populat1ons of human marrow cells.

/

cher "studies"have ‘shown that ' human marrow- CFU—GM _express a

¥

K

senSitivity?itooMISdQcytOtbkicty which was similar to' that described‘

for Fractloh‘3}cells“(Allalunis t l »lQSOj;c A comparisbni between

- the response’ of: homan harrow CFU GM and murine Fractioh ‘13 and

Vo

Frabtion» 3. CFU-GM to other cytotox1c drugs w1th a known specifibity
for hypox1c cells would be of 1nterest,

~In conclusioh, .the studles descrlbed in’ thlS thes1s have ralsed
. : r :

Y

several iﬁteresting.-questions\ about ~ the =~ radloblology ‘of the
hematopoietic system; While - many of these\ questlons’ remain'
- unanswered, these experlments have prov1ded a framework uppn which

be based‘

areas of trabecular bone. lt remains to be .Seen ‘whether 'some of

96

_ hematopoiesis has. been well characterized on both the cellular and- -
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