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A modified, collagenase dependent, cell Beparation technique to

Abstract

isolate hematopoietic stem cells from three anatomic regions of the mouse

femur has been defined. Cells recoverable from the central marrow cavity
A B B
and endosteal regions were morphologically similar to uﬁieparated bone

iﬁzraw cells, and produced large, speading coloniea in assays for

committed granulocyte-macrophage progenitor cells (CFUc). Cells isolated
from the compact bone were morphologically -similar to those recovered

genetic strain and gender differences. However, the number of CPUc that

could be ﬁarve&ted from compact bone cells was gignificantly lower in

-

‘mice of 6 months of age than mice of 6-12 weeks of age.

* Compact bone-derived CFUc exhibited traits usually associated with
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hypoxic cells. They were sensitive in vivo
the hypoxic cell sensitizer, misonidazole. They were also relatively

radicresistant when cangarzzf;n the radiation sensitivities of CPUc .
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rom cother region® of the femur. Such radioresistance is taken

as indirect evidence of hypoxia. Experiments which demonstrated that .
CFUC can survive brief periods of hypoxia in vitro supported the
posaibility that these cells may be hypoxic in Yivo.

The cells in the compact bone may play a role in the regeneration éf
active hematopoiesis following injury to the marrow. Animals which were °

]

pzaétréatéd with misonidazole, to which compact b&gi CFUC are sensitive,

had a reduced ability to survive chAllenge with i
cyclophosphamide. 1In these studies, deaths were aftributable to

hematopoietic failure.
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It has been assumed that bone marrow stem gells exist in a
uniformly well-oxygenated environment. Thia belief arises from studie

of the irradiation response of hematopoietic stem cells (1-3),

Exponential survival curves of marrow colony farn;ng’gnits indicated

o

that the bone ,marrow contains a homogeneous population of cells. In
addition, the relatively low DQ doses and significant oxygen enhanceme:
ratios observed in these irradiation studies have suggested that the
BArrow is a well-oxygenated tissue. The studiesrdegc:ihed in this
thesis report the identification and partial “haracterization of a sub-
population of hematopoietic aﬁen cells, with characteristics similar ta
those of hypoxic cells. This sub-population of célli‘i, senaitive to
the cytotoxic action of the hypoxic cell serisitizer, giaanié;gale,
These cells are also relatively resistant to the effects of ionizing
irradiation, In addition, they exhibit a unique pattern of growth in
aggays of committed granulocyte-macrophage Progenitor cells (CFUc),
forming smaller, uniformly compact colonies.

: ]

Misonidazole is an efficient hypoxic cell radicsensitizing agent
(4=-10). 1In bcti in yitro cell cultures and in ¥ivo tumor models,
:%;aniﬂgzelé enhances the response of hypoxic cells to the effects of
irradiation, Misonidazole concentrations of 5 mM produce a radiation

—
sensitivity of hypoxic cells which approaches that of oxygenated cells.

]
o
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o

In addition to its radiosensitizing activity, misonidaszole i
;aleativilf cytotoxic for hypoxic cells (11-17). Exposure tg_l = 2 mM
. of misonidazole for a few hours results in gignificant cell ta:ieity for
hypoxic cella, with well-oxygenated cells being spared this effect.

t
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dies which investigated the effects of misonidazole on the
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(le)i ft has been aing?ea tbaﬁ the bone :a::av would be spared’ the

-. cytotoxic and radiosengitizing effects of n‘saﬂiaggaieg because the bone

0y

marrow is considered to be a well-oxygenated tissue,. .
Initial Studies with mouse marrow, usigé donventional assay
T ”

wll

s . . =

& techniques, did not detect any gaﬂiq:gniitisatian or cytotoxjcity. of .

- misonidarole on colony forming units (18). Extensive evaluation of
t . -

1

pluripotential stem cells (CPVe) and CRUC in normal and tumor beariny
mice did not reveal any evidence of misonidazole-associated damage . In
contragt, studies of bone marrav CFUc cbta;ned from patients receiving »
misonidazole have detanstrated that hematopoietic tailéity is associated

with its use (19). This cytgtazicit? may be interpreted as evidence for

L 1

a sub-population of human hematopoietic stem cells that‘is relatively
1]

hypoxic.
- Ll
The variant results obtained from studies of misonidazole's effect.
on human and murine bone marrow have led to A re—evaluation of the

animal data.. The specific ;i- of this thesis was to determine if there
is any evidence Hgich indicates that a sub-population of mouse bone
-a?ro; cells is h?pa:ie_ _ . ;

The géas;bili ty that rodent haﬁé BArrow may contain several

distinct microenvironments is based on the observation that

hematopoietic stem cells are not uniformly distributed in the femur (20-

24). Thraa populations of stem cells gan be sepArated gééardiné to
their gpatialfdiit:ibutiaﬂ within the fa:ur {25). Moast af the stem
cells are located in the central marrow cavity Hﬁich runs pgrill;l to
the longitudinal axis of the femur. Stem cells are also found in close
L]
association with the endosteum which encircles the cavity. A third ,

T



population of stem cells resides in the compact bone. The techniques
which are routinely used to collect cells for Culture retrieve only
those cells which are easib flushéd from the marrow cavity. The
residual populations are seldom analyzed. In these studies, each
pPopulation was examined separately for evidence of hypoxia.

Various methods have been used to accomplish the separation of
Barrow cells according to thfﬁf spatial distribut1055 The most commonly
employed techniques utilize eithd,'physical separati;: of the bone, or
enzymatic digestion of the bone (20-25). Chapter One of this thesis
details the techniques which were developed in order tazaéhie%eigbeufate
and reproducible separations. A description of each'aubsp@puiatian of
he-atopofziic stem cells is provided. This description includes grossg
morphological characterization as wéll a8 an analysis of each “
pPopulation's response in’ tissue cqlfure. . ' ‘ _ .

Chapter Two of this thesis examines the effects of misonidazole, 7
irradiation and hypoxia on the stem Cell populations. Thése probes can .
provide evidence that a given cell population is hypoxic. Cytcta:iﬂitysgfgﬁf

=
"of misonidhzole to any cell population is taken as indirect evidgggiffgr

- . v

hypoxia. When cells are hypoxic, they are also revlaﬁively fesistant to
tﬁe effects of ionizing irradiation (26). These studies demonatrate
that the stem cells which are located in the compact bone are more
sensitive to iison{éazole Cytotoxicity and are more resistant to the
effects of ionizing radiation than are the stem cells in the central
region. Chapter Two also examines the effects of shéftjpéfiéd; of ::!
hypoxia on stem cells. If one theorizes that some stem cells exist in a
relatively hypoxic environment, then one should be able to demonstrate

in vitro that hypoxic conditions are not, incompatible with continued
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cell survi;al. Thus a description of the response of stem cells to
hypoxia is provided.

‘ Chapter Three of this thesis presents data from studies which
investigated the effect of misonidazole pre-treatment on the survival of‘\
animals following whole body irradiation or cyclophosphamide
‘ administration Such studies can provide indications of the possible
role of the fraction of hypoxic stem cells in hematopoietic recovery.

If this fraction perves as/;b;eserve of stem cells, tﬁen damégﬁ to this
population by misonidazole may impair the abil}ty of the host to recover

. 4
from challenges by known myelotoxic agents.
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MATERIALS AND METHODS
Animals
Animals used in these studies were agtiined from breeding stock
“ .
maintained at the University of Alberta Health Science animal

facilities. Mice were housed five per cage with rodent laboratory chow
(Ralston Purina Co.) and water available ad.lib. Mice of the fellowing

strains were studied: C,,B1/10J, Balb/C and EDFlg Except in studies

o]

that investigated the effect o age on the cellular content of the
femur, all animals were between six and nine weeks of age at the time of
experimentation. Only male mice were used in these studies, except for
studies that investigated gender-associated differences in the cellular
content of femurs,.

Media

\ Saline solutions (0.9%) were prepared from reagent grade NacCl
(Pisher Scientific Co.) and distilled water. Saline solutions were
filtered before use with a 110 ml capacity Nalge filter unit containing
a 6.45 um filter (Nalge Co.) Minimal essential media (MEM) used in
these experiments was purchased from GIBCO. Hanks balanced salt
solution (HB3S) was prepared from powdered material with sterile
distilled water and reagent grade iaEEGz (Fisher Scientific Co.)
according to the i;ﬁuf;éturer'i instructions. MEM Alpha was prepared
similarly ?ith sterile distilled water and H;ECDB.E Both 1X and 2X
concentrations were prepared. No additional nutrients were added to
either media, nor we:é any antibiotics used. Prepared media was
filtered with a Millipore all- glass filter apparatus with a 0.45 pum
filter in place (Millipore cgfp,j Media was stored at 4°c prior to use.

Storage time did not exceed three weeks
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L—cell conditioned -media was used as a source of Tolony stimulating
activity. Mouse fibroblasts (L~cells) (Plow Laboratories) were grown ég
a monolayer culture. Twenty thousand cells were added per one ml of
media (1X MEM Alpha with 15% fetal calf ;erug)g‘ Agprg:i:gge(giseé ml
cells in media \ re cultured in a 500 ml capacity sterile §glass bottla.
After seven days incubation at zf?c in a humidified atmos ”eré of 7.5%
in iir. the supernatant was decanted, filtered with S Ka;ge filter

, in air,
)
nit and stored at —ZDQC until used. PFetal calf serum used in these

3

[

studies was purchased from Plow Laboratories and stored at -20°%¢ prior
to use. Horse serum was purchased from GIBCO and stored at -20°C. Two
percent MEM Alpha methylcellulose solutions were prepared by adding 250
ml boiling distilled water to a é?éfile flask containing 10 g Methocel
MC 4000 cP purum grade (Fluka AG). This material was gently stirred
until contents were at room tegpezaté:gg Two hundred fifty ml of
sterile 2X MEM Alpha media was then added, and the,i;xture was éiléweé
to atir at 4°C'until the material haé cleareéd (usuai&y one to two daya),
The methocel solution was then decanted into 100 ml sterile flasks and

held at QQC until use. - *

Dggg and Biologicals

Misonidazole (;i(zénitra—lgin;d;;a;g)ﬁagiethazyEziprapanél) was

cbtained in cystalline form from Hoffmann-LaRoche. Immediately prior to

use, misonjdagole was diluted to the appropriate concentration with 0.9%

Nacl. Collagesnase (Cl. histolyticum) was purchased from GIBCO as a
lyophilyzed powder at a4 concentration of 135 units/mg. Working
solutions of 1 mg/ml were prepared by dilution with HBSS immediately

prior to use. Cyclophoaphamide (200 ®mg/vial) was obtained ih powdered

b

*
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form from Bristod Labs, and was reconstituted with gistilled water -

immediately prior to use.

cell Counts ‘
= O

All cell counts were electronical%y determined with a Coulter
Counter model ZBI (Coulter Electronics of Canada Ltd.yY Coulter Isoton
wvas used as a diluent and Coulter Zap Isoton was used as a lysing agent.

Duplicate counts of each sample were routinely performed, with the

numerical average of six individual counts used as the cell count of the

~

sample. ) —

CPUc Culture

Techniques used fpr the culture oé CPUC werge a modification of
those ;:;;ribed by Pluznik and Sachs (27) and Bradley and Metcalf fza)i
62113 to be plated were suspended in a mixture of 74% MEM Alpha, 15%
fetal calf serum, 10% L—cell conditioned media and 1% methylcellulose.
Pinal cell concentrations ranged from 7.5 X 10‘ to 105 cells per ml.
Eac£ expgtinental éroup was plated in quadruplicate with one ml of

T
Culture material §er 10 X 35 mm tissue culture dish (Corning Glass
Works). All dishes were incubated in a humidified atmosphere of. 7.5%
Co2 in air at a constant temperature of 37°c with a water-jacketed
National Incubator, Model 3331 (National Appliance Co.). After seven
days of incubation, colonies were scored with the aid of a Diavert light
microscope (Wild Leitz Canada) at 40X magnification. Aggregates of 50
cells or more were counted as colonies. The numerical average of four
plﬁres per experimental group was determined and the results were

expressed as the number of colonies) per 105 cells plated and/or the

number of colonies per femur.



Cellular Morphology

Samples of bone marrow wers prepared for morphological examination
by centrifugation with a Cytospin (Shandon’ Southern Products). Slides
were routinely stained with certified Wright's Stain (Pisher Scientific

Co.) and were allowed to air dry bfore mounting with Permount mounting

media (Pisher Scientific Co.). Cellular differential counts were

determined at 1000X magnification using a HM-Lux light microscope (Wild
Leitz Canada), with 500 cells counted per slide.
The morphology of CPUcC vas determined by aspirating individual

colonies with a finely pulled Pasteur pipet and smearing the cellular
*

contents onto 4 glass microscope slide. Wwhen dry, the slides were

stained and:mauﬁted in a manner identical to that used for bone marrow

cell preparations. The predominate cell type present in each colony was

noted upon microscopic examination with a HM-Lux microscope at 1000X
magnification.
Collagenase Practionation

P . . k)
Separation of bone marrow cells according to their spatial i

distribution within the femur was performed according to modifications
of techniques originally described by Kilgore et al. (25). All
fractionation procedures occurred at room temperature. PFemurs were

excised sterilely from animals immediately after cervical dislocation.

Each femur was weighed after removal of adherent tissue. Using a ;D<£;

syringe and a 23 gauge needle, six ml of HBSS wags passed through the
femur two times. This Procedure effectively removed the bone marrow
cells which were in the central core of the femur, and which are

) 4

referred to as fraction I cells. Horse serum (0.6ml) was added to this:

Cell suspension which was then held on ice as further fractionation of

L
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the femur continued. Fraction II cells, which are thought to reside
near the endosteum, were cbhtained by continuous passage of 6 ml Esiﬁ
containing 1 mg/ml tollagenase through thgxigngth of thg femur for 10
minutes. At the end of the second pt@unﬁ, 0.6 ml of horse serum was
added to the cell suspension and fraction II cells were held on ice. In
the final fractionation Procedure which released the cells which are f
thought to be ;g association with the compact bone, the previously
wvashed femur was minced into pieces nof® greater than 1 sm in length
using sterile instruments. The bone fragments were then bathed in 3 ml
. HB33 containing 1 mg/ml collagenase. The suspension was flgariZE;y
mixed at two to three minute intervals for a total incubation time of 15
minutes at room temperature. Horse sefum (0.3 Rml) was then added to the
cgll iuggénsian; The bone free supernakant was decanted and held on ice
until the time of culture. After these ffactlanatlan procedures, the
!bane BAFFow cellé were counted, plated and prepared for morphological

e:a:iﬁatiizfiiprE?i@u;1Y deseriqu.

Nitrogen Chambers

Experiments that required incubation of ce 11s under hypoxic
conditions utilized a series of nitrogen chambers designed by J.D.
Chip-ag et al. (29). Stoppered, side-arm tissue culture flasks were
serially connected with Plastic tubing. Nitrogen (95%) with Cﬂz (5%)

was continuously passed through the flasks. The apparatus was

‘”I‘

ilintlinlz:in a 37°C water bath fitted vith magnetic stirring

capabilitfes Samples were removed through side ports throughout the

course of the experiment without affecting the integrity of the hypoxia.

N
w
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Statistics

These data were analyred by parametric :gthaﬁi including Student's

t-test and Chi Square analysis. Statistical tables found in .

~0 1 _ - -
Biostatistical Analysis (30) were used to determine the levels of

ignificance.
ond

]
")

C itioned Media Dilution Curve

Bone marrow cells were separated into three fractions as described
above . gaéh ﬁrgétian was assayed for CFUc content in the usual manner,
except that the final concentration of L—Cell conditioned media was
varied. 1In addition to the standard concentration of 10% conditioned
media, final concentrations of 1%, 5%, 15% and 20% were also assayed, g
The mean number of colonies stimulated at each concentration was used to
determine a conditioned media dilution curve for each fraction.

Collagenase Cytotoxicity Assay

Praction I cells were removed by passage of 3 ml HBSS through a
femur. After mixing, cells were divided into three tubes {lml/tube),

Additional media with or without collagenase was added to each tube, and

the cells were incubated at zagc as follows: J

' Tube JAdditional Media Pinal Concentration Incubation Time
of Collagenase

A ~ 2 ml HBSS 0 30 min.

>E 2 ml HBSS 1l mg/ml ! — 15 min.

c 2 ml HBSS 1 mg/ml 30 min.

Incubations were terminated with the addition of 0.3 ml horse
serum. Cells were maintained on ice after the addition of the Serum.
Subsequent cell counts and CPUC assays were done as previously

described.

[
o



Assay fg;iiiignidaggleAgjtata:icityfin‘g;§ra

Bone marrow cells were separated according teo their spatial
distribution as previously aes:ribedgi In additon, fraction I cells were
flushed from ancther femur using 6 ml HBSS with 1 mg/ml collagenase.
Thése ;ﬂdit%angl Cells were iﬁéubit%ﬂ at room temperature for 30
minutes. The incubation was terminated with the addikion of 0.6 ml

horse serum and transfer to ice. Pour populations of cells were then

vailable for assay: fraction I control, fraction I with collagenase,

raction I1I and fraction III. Misonidarole was added to the media of

y

M

replicate cultures of each population of cells. The following final

¥

concentrations were ysed: ZSGE 500 and 1000 uM misonidazole. ne
marrow cells were then assayed for CPUc as previously described. The
results of these experiments compared number of CPUc from treatesd
animals with the number of CPUC from saline controls.

Irradiation gréggﬂurgg

_ _ ) . 7

For CFUC assays, animals were irradiated with a 13 Cs source
(Atomic Energy of Canada) calibrated to deliver 104 rads/minute. Por
survival studies, animals were irradiated with a EDE@ source (Atomic

Energy of Canada) calibrated to deliver 134.8 rads/minute.

B T
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Survival Studies ] Jfr

Mice matched for age and weight were injected with misonidazole

(MIS) or physiological saline according to the following schedule:

Group 1 ! Erﬂup i1 *
O hr MIS (0.2 mg/g) NaCl (0.01 ml/g)
1 hr WIS (0.1 mq/g) NaCl (0.01 ml/g)
2 hr MIS (0.1 mg/g) NaCl (0.01 ml/g)
3 hx MIS (0.1 mg/g) Nacl (0.01 ml/g)

At 3.5 hours, animals (20/group) received the following doses of

irradiation:
Group 1 Group I1I
430 rads 530 rads
480 rads 580 rads
530 rads 630 rads
580 rads o 680 rads
630 rads 730 rads

A third treatment group received 510 rads before administration of
multiple doses of misonidazole described for Group 1.”

Animals were housed 2-4 Per cage and observed over a 30 day period.
Cages were inspected twice a day, and careful note was made of any
deaths. }

In other survival studies, animals were treated with misonidazole
or saline as described above. Twenty to forty animals per group
received cyclophosphamide at 3.5 hours, at the following doses: 200,
250, 300, 325, 350, 375, 40Q., 425, or 450 !gfkg; Animals were housed

and observed as in the irradiation studies.

et
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chapter One

RESULTS

Characterization of Bone Marrow Practions

Separation of bone marrow cells with collagenase revealed differences

in cell number, CPUC number and ¢PUC morphology among, the different

fractions of cells. Table I provides a profile of the characteristics of
. " ”'*?"s;_,&
each fraction of cells. The cleaned, excised femurs from which the bone

marrow cells were isolated weighed an average of 44 milligrams,
I S . s .
Approximately 4 X 10 cells were isolated from each femur. 5ixty to

seventy percent of these e:l;b were found in fraction I, with approximately

25% and 15% being in fractian; II and III, respectively. Practions I and 1
II are similar with regard to the proportions of the cell types enumerated.
Praction III contained fmr recognizable lymphocytes as compared to the
other fractions, but this difference was not statistically significant.

When each fraction was assayed for CPFUc content, significant .
differences were noted in the number of CPUc perllns cells plated.
Praction I contained the highest number of CPUc, with agprazi:;ta;% one of
every 800 cells giving rise to a colony. Fractions II and III contained
fewer CPUc, with rqtgyg of one CPUC per each 2000 and 3000 cells

- [ ]

renpcctﬁ;nf;. The size of the colonias Produced by these CPUc also
differedi The colonies arising from CPUC in fraction I and II r;ﬁgeé in
size from 50 cells to in excess of 2000 cells per colony. In contrast, the
.CFUc from fraction III were consistently i::allifE rarely exceeding 1000
Ccells per colony. Doubling the incubation period of” fraction III cells did
not result in the formation of larger colonies, ;ugginting that a
bdifferencc in proliferation rntarﬁij not responsible for the observation of

smaller colony size.
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Characteristics of Cells Isolated from

Table 1

Different Regions of thg Femur

Practien

I

Praction II

‘Potal Cell Number
ggan + SEM (range)

»

FPraction III

A\

7 '»‘
¢._B1/10J 2.9+0.8X 10 ri 0.5 x 10° \Ez £ 0.3 X10
(male) - (1.7 - 4.0) .2 — 15.3). (0.9 - 8.7)
C,,B1/10J 2.3+ 0.2 X 10 8.6 + 0.8 X 10° 2.2 + 0.3 X 10
(?o-nle) L (1.9 - 3.7) (3.6 - 15.9) (0.9 = 7.5)
Balb/C 2.0+ 0.8 X 10 8.3 + 0.6 x 10° 2.7 + 0.6 X 10

(1.6 - 2.3) (6.1 - 10.3) (1.0 = 7.9)
BDF 2.2 £ 0.2 X 10 7.2 £ 0.7 X 10° 1.5 + 0.6 X 10
(1.1 -~ 3.0) (3.1 - 11.1) (0.9 - 2.4)
CFUC/10° cells 123 + 8 (Uqh 6 - 35 + 6
plated - /
—f\\ Average Colony Sie . . » + :
(ragge) ~/,/u (50 - 2000 ) (50 - 2000 ) . (50 - 1000)
( o , :
CPUc/10” ‘cells 147 + 6 43 £+ 13 - 4 t+2
plated (for animals
6 months old) ' I
. -
A —
Colony Morphology
7 macrophage-like 948 %8y - 95y
Upatly myeloid 6% 2% L1
mature myeloid os . . oS . - orccasional
neutrophil
/ \
, 15 o



Differences in colony type were aMo noted® The CPUc of fractions
I and II produced predominately spreading colonies, with some compact

b celaniiixalsa being observed. However, the colonies produced by 3
fraction III CPUc were almost exclusively compact, with few spreading
colonies being noted.

Analysis of individual cells from colonies produced by each
fraction demonstrated that most of the Colonies were composed of
monocyte-macrophages. Colonies of early myeloid cells were occasionally
observed in each fraction. Colonies containing mature nyil@id elements ™
were seen only in cultures of fraction III cells. Eﬂbé??fi this was a
rare observation,

N Three strains of mice were used to determine the characteristics of
the bone marrow fractions described above. No differences were noted
among the strains with respect to any Ef the parameters tested. 1In
addition, no differences were noted when male and fe§ale mice were
compared. However, the age of the animal at the time of assay was one k

factor which altered the results obtained. The .influence of age was

B L
noted in fraction III. As the age of the animals increased, the number
of CPUc found in this fraction decreased. When animals were

~T--—approximately six months of age, only a few CFUc from fraction IIT were
obsérved in culture. Conversely, the number of CPUC isolated in
fractions Iyand II did not vary significantly when 6 wesk or 6 month old

2

animals were compared,
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Chapter One

DISCUSSION

In 1968, Carsten and Bond (31) and Van Dyke (32) indepeédentiy
reported that hematopoietic stem cells could be found near the endosateum
and in the compact bone. Since that time, other investigators have
deﬁcxihed the distribution of hematopoietic stem cells outside the
-edullarzvcavity of the rodent femur. 1In this area of study, it is
difficult to compare the work of different investigators. There appears
to be no agreement as to which apec;fic areas of the femur constitute
unique microenvironments with distinct sub-populations of stem cells.
Most workers regard the marrxow cells in the central marrow cavity as a
distinct l..ﬁlation of cells within a distinct microenvironment (21-25).
Somg workers have isolated the hematopoietic cells near the endosteum as
a second population (21, 23). Others have defined.a third population,
those cells which are within the compact bone (25). Pinally, in some
studies, the populations near the endosteum and in the bone have been
combined and treated as a single population (21, 24).

These differing analyses arise in part from the lack of a
standardized, well-accepted technique for the isolation of bone marrow
stem cells from different areas of the femur. The methods which were
first used for this separation relied on physical techniques for
separation of the cells from the femur. The axial cells were expelled
from the femur with air pressure, or by flushing media through the _
shaft. Cells were removed from the endosteal area by scraping aisplit
femur or by continually washing an intact femur. Cells found in the
compact bone were usually isoclated after the femur had been ground with

a mortar and pestle. In 1978, Kilgore et al. (25) established a
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technique which relied on the dige;tive action of therensyief
collagenase, to disrupt the matrix of the bone and release the
hematopoietic cells. The description of this technique, which has been
published in abstract form, provides only an outline of the method.

This thesis begins with a detailed description of the modifications
which have been applied to the collagenase method of separating bone
rrow cells. These modifications aimplify the technique as much as
possible, while ensuring optimal and reproducible cell yields.

The optimized technique for separation of hematopoietic stem cells
begina with a cleaned, sterilely excised femur. Only femurs which had
not been cracked or split were used. The weight of each femur was
noted. Because the number of cells recovered from each femur is a
function of -femur mass, weighing the femurs before assay allowed for an
objective selection of femur masses. In these axpiringhts, femurs less
than 30 wg were not used. This weighing procedure was included to
mﬂﬁitéé the excision and Cleaning steps. Since animals were wmatched for
age and weight in each experiment, significant differencee in femur
weight due to physiological variation were unlikely.

After the femurs were weighed, fraction I cells were removed from

the central marrow cavity by passing HBSS through the femur. A 23 gauge
needle and 10 ml syringe were chosen for this step. Most routine marrow
washes employ a 25 or 26 gauge needle. In this case, a 23 gauge needle

was chosen because the cells could be expelled more rapidly, and because
the diameter of the needle is such that it fitted snugly into the fewur'

shaft. This snug fit freed the experimenter from the need to sacure the

femur with forceps during the wash procedure,

18



In the second step, which isolated cells from the endosteal region,
the needle was ingerted to a Point near the middle of the femur. Cells
were flushed out by repeatedly drawing wmedia gith collagenase through
the femur. After five minutes, the position of the femur was reversed
and the other Qﬂétvas washed for five minutes. This second washing step
wvas reduced from the 15 minutes :uggeéted by Kilgore et al. (25) with no
reduction in the number of cells harvested per fraction. -

The final step isolated the stem cells from the compact bone. Bone

fragments obtained by gently snipping the femur were bathed in 3 ml of a

[~

collagenase solution. -This volume had been rediced from 6 ml in orde
to increase the final concentration afvcel;s per ml. When tﬁg volume
was reduced, it was no 1aﬁqe; hecessary to centrifuge the sample in
order to obtain ;ﬂquate cell concentrations for the CPUc assay. In
earlier experiments, this centrifugation resulted in a !igﬂ}ficiﬂt loss
of cells from this fraction. The reduction in the volume of collagenase
used in this step (from 6 ml to 3 ml) did not reduce the cell yield.
This third isolation step was further modified by adding a mechanical
disruption to the 15 minute incubation period. At two to three minute
intervals, the b@ne fragments were mixed and crushed with a glass rod. )
This additional crushing greatly increased ce}l yields over tggse
obtained with an undisturbed incubation.

The final modification involved the substitution of horse sarum for
fetal calf serum in the termination of each isolation step. Ihig
jgbstitutigﬁ was prompted by the ingri;q;ng cost and difficulty in
abtginigg fetal calf serum. Horse serum, which is relatively

inexpensive, gave results which were similar to those obtained with

fetal calf serum.
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In summary, these modificatidns sefved to increase cell yidlds,
\ . .

reduce assay time and e the cost of the procedure. This thesis

compares the prope of the cells isolated from different areas of

the femur using the modified collagenase techniqﬁe. This comparison
pProvides evidence to suggest that ;;e hematopoietic stem cells which
exist in unique microenvironments express unique characteristics.

The he-;topoietic microenvironment provides a home for
hematopoietic stem éella "by virtue of containing a stroma that exerts a
determining influence on these cells and processes” (33). In the adult
mouse, hematopoietic microenvironments are found in the spleen and bone
marrow. Prom studies of the development of colony forming units in
irradiated animals, it has been determined that the spleen supports
predominately erythropoiesis, while the bone marrow provides support for
myelopolesis (33). The femur is a major site of myelopoiesis in the
mouse. ‘The architecture of the femur which provides the milieu in which
myelopoiesis occurs has been described in detail (34-38). The following
summary adapte& from these sources (34-38) describes the
microenvironments din which each fraction of bone marrow cells was found.
The central marrow cavity from which fraétion I cells were isolated is_
filled with a neJﬁvork of vessels and reticular fibern'which support” the .

. . .
hematopoietic cells. Praction II cells are located near the endosteal
surface of the bone, which encircles the RAXrow caviéy. Fraction III °
cells reside within the compact bone of the femur, which is
‘characterized by a system of Haversian canals. Because fraction I col%c
constitute the bulk of the\henatopoietic tissue which is found in the

femur, studies of the hematopoietic Process have largely been based on

the response of these cells in various:in yivo and ip Yitrxo assays.
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Thﬁ'characteristic- of the stem cells which are found in other
microenvironments are now compared to those of fraction I cells. As
shown in Table I, most of the myeloid cells were isolated in fraction I.
Of interest is the fact that zones outside the medullary cavity
Contained appreciable numbers of hematopoietic cells. This is shown in
fraction III, which contained up to 20% of the total number of
hematopoietic cells which could be isolated from the femur. lIn some

instances, as many as 8 X qu we olated in this fraction, as

compared to an average of 40 X 106 tofjal cells per feiur.

Similar kinds of cells were found } different areas of the femur.
The presence of similar kinds of cells in diffe
suggested that the stem cells which give rise to these ma
hematopoietic cells could also be found in these microe
However, ' it is p;esentay not possible to identify h topoietic stem
cells by morphological appeaxahce. Therefore, the presence of stem
cells in these areas nﬁst be inferred from the results of in vitro
calony farming assays. The results of CPUc assays of the cells obtained
from different nicroenvir?n-enta are preaentq‘ in Table 1I.

The concentration of CPUc found in different areas decreases as the
distance -from the longitudinal axis of the central caviéy increases.
The conpfsy bone contained the fewest number of CPUc, both in terms of
absolute numbers of CPUC per femur and in terms of the ratio of CPUc to
the number of nucleated cells harvested per area. Tg; Crﬁc in the
endosteal region are nidvay in both absolute number and ratio. These
results are similar to those reported by ﬁord et al. (39). By using

variable pressure to extrude cells from the ferur, these investigators

were able to demonstrate a peak concentration of CPUC well away from the
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surface of the bone. This peak presumably corresponds to the peak of
CPUc which was found in fraction I cells degcfiﬁgd in this thesis. The
reduced concentration of CPUc found by Lord et al. in the endosteal
region corresponds to the fraction II cells of this theais, nlrﬂ and
co—workers did not investigate the CPUC in the compact bone.

Studies by Kilgore et al. (25) more closely parallel those
described ;ﬂ this thesis, and also note a decrease in CPUc concentratiog
as distance from the center Qf the marrow cavity increased. The
modified collagenase technique used in this thesis recovered, on
average, slightly wore CFUC in each fraction than was reported by
Eiléare et al. However, the gradient of CPUc concentration acrgss the
femur was similar.

Fraction I CPUc produced colonies which ranged in size from 50 -
cells to in excess of 2000 cells. Thé colonies were composed of
monocyte-macrophages or early myeloid cells, and tended to be spreading
in shape. These are the characteristica Commonly associated with bone

marrow colonies (40). The colonies from fraction II CPUc displayed

similar characteristics to those from fractiaﬁ I. Bowever, the cé;gnies
produced by fraction III cells were clearly éiffé:@ntg The smaller size
—t .

Eg;d arelu:ivlly compact :h;;g distinguished them visually from the

» E;;;hii: found in other fractions. Compact colonies are not uiua;ly
observed in cultures of murine CPUc (40), but have been noted in
cultures of marrow cglls of other species. Euﬁin bone marrow CPUc can
produce tightf Compact colonies which invariably contain eosinophils
(41). Some neoplastic hematopoietic cells also form tight colonies
(40). When the morphology of the Compact colonies of fraction III was
determined, these colonies were found to contain monocyte-macrophages

' \
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and myeloid cells of the type found in fraction I and II colonies. None
of the colonies cant;inad,ébiinaph;ll or abnormal cell types.

The three strains of mice which were tested in this thesis were had
similar CPUc profiles. Although slightly more CFUcC were noted in the

same relative cell numbers

fractions obtained from §573LXLGJ mice, th
and types of colonies were found in each strain. This is in agreement
with the observation of Metcalf that similar levels of CFUc are found in
the bone marrow of different strains of mice (40). This observation
suggests that variation in genetic strains has little effect on the
Ricroenvirorment of the femur and its ability to support the development
of the hematopoietic stem cells [One exception to this is the S;/sla
mouse in which a microenvironmental defect has been noted (42)].

The profile of the CFUc which were obtained from each fraction was
the same for both male and female ggii;ls. Based on studies of human
CFUc, it has been suggested that males, in general, have a lower

concentration of bone marrow CFUc, but that these CFUc proliferate more

rapidly (43), possibly due to the effects of androgens (44). The

studies in this thesis were not able to demonstrate a gender-apgociated
difference in the concentration of CPUC from any fraction of cells, nor
was a gender-associated difference in the number of colonies per ;DS
nucleated cells noted. These differencés BAY not have bean observed
becauée the murine CPUC were assayed under conditions of BaAXimum
stimulation by L-cell canﬂ;ﬁian;ﬂ media. This may not have bgan—thé
case in the earlier human studies, which used unseparated bone mArrow as.
'the target. Purthermore, a CSA dilution curve was not provided for
e?aluation with the human data, legviﬁg open the possibility that the
culture conditions had not been optimized for these experiments.

.

=
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The final aspect of the CPUC profile to be considered in this
chapter is the observation of an ageing phenomenon which ias g;iaciateﬂ
with fraction III cells. By six months of age, few CPUc could be
isolated from the Eﬁlpiﬂtihéﬂé of the femur. However, the number of
CPFUc found in the other fractions remained the same. Croizat et al.
(45) reported that the absolute number of CPUC per femur increased with
age when animals of 3 and 17 months were compared. Studies in this
thesis could not confirm such an increase in CPUc. Because this work
compared animals of 2 and 6 months of age, a slight increase in CPUc
content :éj not have been l;:;i enough to detect; Croizat et al. make
'ng comment with regard to the CPFUc in thérca!§aet bone. The cbserved
agc:éa:; in the CPUc content of fraction III may represent the firsat

report' of a decline with age of a population of CPUc in a

region of the femur. The possibility that this decrease \tre

'/ysiological decline in CPUc content cannot be excluded. If the

3

process of bone hardening or bone remodelling alters the

microenvironment, it may no longer provide a hospitable milieu for

hematopoietic stem cells. Because the exact conditiona which constitute

=
3

an adequate hematopoietic microenvironment remain unknown, it is
impossible to determine iﬁ what manner the bone turnover pProcess may
altér it® integrity. Another explanation fér this obaerved dzcre;se!in
CPUC may be that the CPUC migrate with time from this area i?ta the
igdullary‘cgvity as a part of the normal hematopoietic process. Such a
migration could contribute to the rise in CFUC observed by Croizat et
al. However, the contribution of each f:gctién of cells and each

-

microenvironment to the overall scheme of hematopoiesis has yet to be



determined. Therefore, thecries concerning the observed decline in the .

In conclusion, the material presented in this chapter has suggested
that three distinct populations of stem cells can be isclated from the
mouse femur according to theiY spatial distribution within the femur.
The cells from each fraction share many of the same characteristics, but
those of fraction III ::;;3):- distinguished by a unique pattern of CPUc
growth. The data discussed in Chapter Two expands the description of
each fraction of cells and presents additional data which suggests that
the CFUc of fraction III respond in a unique manner to the stresses of

misonidazole, irradiation and hypoxia.



Response of Bone Marrow Stem Cells to

Misonidazole, Irradiation and Hypoxia

[
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RESULTS

¥

Collagenase Cytotoxicity Assay

No reduction of CPFUc was pbigfveﬂ when cultures of control cells and

cells which had been exposed jip YitIo to collagenase were compared, 1In

these tests for Cytotoxicity, collagenase was used in concentrations and

incubation times identical to those used in ¢ bone marrow separation

¥

technique. The results of three experimental trials are presented in

( L-Cell Dilution Curve

ction of bone marrow cells was assayed for CPUC growth using

4
Iy
[ ]
B
1]
*
o

a4 range of concentrations of L-cell conditioned media. Each fraction of

cells responded maximally to a final concentration of 10% L-cell

conditioned media (Table IIT). The addition of more onditiconed media to

Yy

the cultures (15% or 20%), d4id not increase the number of colonies over
that obtained with a final concentration of 10%. Reducing the
concentration of conditioned media reduced the number of colonies produced

by each fraction of cells.

Assay for Misonidazole Cytotoxicity jp yitro
When g%ng marrow cells from each fraction were cultured in the
presence of misonidazcle, therd was no significant reduction in the nu:bir
1af CFUc compared to untreated controls. The results of two exparimental
trials are summarized in Table IV. 1In addition to demonstrating that in
¥itro misonidazole was not cytotoxic for CPUC, these data also suggested
' that prior exposure to collagenase dia not have any effect on subsequent
CPUc growth,in the presence of misonidarele. This can be determined by

comparison of fraction I control and Collagenase groups.



TABLE 11

'l

of Pre-Incubation with Collagenase on CPUc Growth

Effect

-]
o
(=]
I
E

Mean CPUC/7.5 X 10%)ce11
Experiment

Experiment
Number 3

. Incubations
¢
Experiment
Number 1 Number 2

.
9s/

Control
100

@
o

Collagenase for 15 min.

i

min.

[w]

Collagenase for 3
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TABLE IIX

I'4 -
Effect of Different Concentrations og
. 4 - L—Cell Conditioned Media _
on CPUc Growth n '
[} .
\ &
Target Cells Final Concentration (%) CPUc
’ -
‘ of L—Cell Conditoned Media . (mean colcom'.ea/lo5 cells)
1
Praction I 1 108
5 139
10 ' . 154
15 i 155
20 p . 156
Praction II 1 ’ 21
5 ‘és
10 ' N 2
15 - : 62
20 ’ 62
. Praction I’ 1 o 34
: ] - 59
10 - P 61
15 ’ 62

20 , 1

b3
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Effect of in vitro Misonidazole on CPUCc Growth -

Concentration of : CFUcC

Hisonidagole (uM) (m®an/10" cell

Fraction I
(Control) Q

L]
Lo Y
L= = o
bt
| 5]

[
o ‘
3
[
o
H\

FPraction I 4] 168
(Collagenase) 250 166

Fraction III

As : 12
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Effects of jip yiyg Misonidazole on CPUc

,
The effect of in vivo administration of single dose of misonidazole

on the growth of bone marrow CPUC is presented in Pigure 1. The mean
number of colonies per 105 cells plated is expressed as a percentage>af
a control group administered only physiologicgl saline. The mean and
standard errors are derived from the pooled results of 10 separate
experimental trials. These data suggest that single doses of

misonidazole had no cytotoxic effect on the CPUC of fraction I. The

Y,

[

same number of colonies were obtained after exposure to misonidazole
were obtained after exposure to equivalent amounts of NaCl. This lack
of cytotomicity for fraction I cells was observed at all doses of
misonidazole. Praction II cells were also relatively resistant to
misonidazole’s cytotoxic effects. At doses of 0.1 or 0.5-mg/g, similar
numbers of CFUC were found in cultures of experimental and control
groups. However, a dése of 1 mg/gm of misonidazole resulted in a
significant cytotoxicity for the cells of fractioﬁ II (p<.05), where
the surviving fraction of CPUc was reduced to approximately 60% of
control values. The cytotoxic effects of misonidazole were the mosgt
pronounced with fraction III cells. At all doses of misonidazole which
were tested, a significant decrease in the number of surviving CFbc was
noted, The érdwth of CPUc was reduced to betvgcn 255 and 408 of control

values for this fraction of bone marrow cells. These results are

significant at the p<.001 level.
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Figure 1. Effect of Misonidazole on CFUc Survival.
Animals receéived a single dose of misonidazole via
intraperitoneal injection. Sixty minutes later,
d animals were sacrificed and each bone marrow fraction

was assayed for surviving CFUc.

@ = fraction I, X= fraction II,
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Effect of iD yivp Irradiation on Cruc

The effect of in vivo administration of a single dose of whole body
gamma irradiation is depicted in Pigure 2. CPUc from fractions I and II
of air breathing demonstrated similar radiosensitivities, with D_ values
of approximately 180 rads. The CPUC from fré%n III were relatively
radioresistant, as compared to thdse of fraction I and II. This is
indicated by the shift in the survival o; this fraction curve to the
right,

When animals were made hypoxic prior to irradiation, the survival
curves of CPUc from'fractions I and II were shifted to the right (Figure

of

3), indicating a resistance of hypoxic cells to the effect
irradiation. In contrast, the‘survival curve of fraction III CPUc was
not significantly altered by the induction of hypoxia prier to

irradiation.

Effect of Brief Periods of Anoxia plus Misonidarzole on CPUc Growth

iferativik capacity of fraction 1 CPUc (Pigure 4). No difference in

CPUC survival noted whén OXiC and anoxic cultures were compared. In
addition, the presence of niaoni&azole during a:%c incubation of CPUc
did not reduce CPUc survival. 1In contrast, when cells were incubated
with misonidazole in anoxic conditons, a significant decrease in
survival was noted after one hour for cells exposed to 2 mM misonidazole

(P < .05). Cells exposed to 1 mM misonidazole exhibited a significantly

reduced survival of CPUc after 2 hours (p < .0l1).

Ll

\
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Figure 2. Effect of Whole Body Irradiation on CFUc Survival in

Air-Breathing Animals.

Animals were sacrificed idmediately following a single

dose of irradiation. Each fraction of bone marrow r

cells was assayed for surviving CFUc. :

& = fraction I, K= fraction II, ® fraction III
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Figure 3 Effect of Whole Body Irradiation on CFUc Survival in
Hypoxic Animals. '
Animals were made hypoxic by asphyxiation and were given
a single dose of irradiation. Each fraction of bone
1 marrow cells was assayed for CFUc imedi;tely fellowing
irradiation. '

@ = fraction I, X = fraction II, &i fraction III
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Figure 4. Effects of Brief Peéiods of Anoxia on CFUc Survival.

Fraction I cells were exposed to air or nitrogen (Nj3)
with or without misonidazole (MIS) in vitro. Cells
were sampled at one hour intervals and assayed for
CFUc survival.

@ = air, 1mM MIS; ® = air, 2 mM MIS;

0 =Ny, noMIS; ©=Nj;, 1 aMMIS; Q= Ny, 2 oM MIS
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DISCUSSION

Chapter Tuﬁidescribes the results of a series of experiments which
have éugge;teﬂ that some cells in the mouse femur exigt in a relatively
less well a:y§enated environment. This conclusion was drawn from

studies of the response of bone marrow CPUc to various challenges, such
as irradiation and ti)e srqu misonidazole. Egcau:;i CPUc are exquisitely

sensitive to small alterations in their culture conditions suwch as

g c=

R

changes in pH or temperature (40), it was necessary to first establish
that the ismolation and culture techniques used in this thesis allowed

for maximum cell proliferation. 1If Culture conditjons were inadequate,

diffgrgnéegrfran~the normal reaporme of CPFuc may have been masked. Only
whén culture conditions are optimized can valid conclusions be drawn
from comparisons betwesn the growth of control and experimental -
cultures.

The CFUc assay used in this thesis has been rigfrgualf tested and
However, two changes in technique were made wiéh regard to ff;etian II
and III cells. Firat, the cells of fraction II and III were exposed to

'
Collagenase during their isolation from the femur, and small ilﬁuntijﬁf
collagenase were transferred to the culture media along with the cells.
Therefore, it was necessary to ascertain whether collagenase could
interfere with subsequent CPUe growth. Second, the cells of fraction II
and III have not been previously Ehgfacteri:ed with ieg;:; to their
response to colony stimulating activity. cColony stimulating activity is

the single most important component of the culture media, as it serves

to promote the growth of cPuUc. 1t was necessary to determine that it



was present in concentrations which were sufficient to allow for maXimum
cell proliferation. The resylts shown in Table IT and ITI indicate that.
the proper culture conditions were attained for these studies.

When testing for possibip collagenase Cytotoxicity, fraction I

Cells which were normally never exposed to collagenase during, th
separation ptﬁe;duzi, were used as target cells. Th;IG cella were
exposed to collagenase for incubation times and at caﬁegntritiang;
similar to those used in the separation technigque. In addition, the
cells were cultured without washing, so collagenase was transferred to
the cultures along with the cells, as was usually the case with fraction
II and III cells. The results depicted in Table II suggest that”
collagenase had no c%tataxic effect on CPUc proliferation. The same
number of colonies were noted in cultures with or without collagenase.
It was therefors assumed that the cells could be separated with
collgqenase without compromising CPUe growth.

In studies which determined the fesponse of CPUC to colony
stimulating activity (CSA), a CSA dilution curve was established for
each fraction of bone marrow cells. The growth of bone marrow CPUc in
semi-solid QL‘E\U{:E: is characterized by'an initial limnear increase in
the number of colonies as the concentration of CSA incr:a:g;i; Plateau

levels of colony growth are then maintained over a range of CSA

L]

4

concentrations, with colony growth falling off at high concentrations of
CSA. This fall off is likgiy due to the presence of inhibitors at high
concentrations of CSA (40). Ideal CPUc culture conditiona inearparate
concentrations of CSA which are within the Plateau range, thereby
enluring>the pProper balance between optimal stimulation and minimal

pPresence of inhibitors. The data presented in Table ITII auggests that

]
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the concentration of CSA used in this thesis provided such )

balance. similar dilution curves were obtained from each fraction of
Cells, suggesting that the CPUc from each fraction res mled in a
similar manner, with each fraction being maximally stimulated with a
final concentratiénhzf 10% L-cell conditioned media.

These two preliminary experiments ensured that the compArison of
control and experimental CPUc culture could be reliably made, as the
culture condision; allowed for the optimum proliferation of CPUC.

The studies which first suggested that some stem cells may be in a
relatively hypoxiC environment utilized the selective hypoxic cell

Cytotoxic e€fect of the drug misonidazole (13-17). The data depicted in

effects of jin vivo inistration of a single dose of misonidagzole on

bone ®mirrow stem cells.\ In these experiments, misonidazcle was used at
telativ;ly low doses. 1In|mice, high da!e§ of misonidazole have been
associated with a lowering of body téﬁé;rituré. heart rate and .
respiration (46,47). By selecting doses well below the acute toxic dose
(range of LDSO/3;;g4i;!B Bg/g) (46, 47), it was possible to investigate
-1aonida;ole'q cytotoxicity for hematopoietic cells without the
complications of whole body side-effects. The results shown in Pigure 1
confirm that small doses of misonidarole are cytaté:ic for some bone
marrow cells. The C?ﬁé from fractions,I and II were relatively
unaffected by misonidazole, with a drop in Crﬁé being noted in fraction
Il with the use of 1 mg/g misonidazole. This decrease in CPUC may
reflect a eenstivity to the cytotoxic effects of the drug which is only

expressed at relatively large doses. .Hall and Roigin-Towle (17) have

described a misonidazole Cytotoxicity for aerobic cells which is
) -_
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associated with high doses of misonidazole. Because the CPUC from
fraction II did not decrease after maller doses éf misonidazole, it is
likely fhat the drop in CPUc associated with a dose of 1 mg/g reflects a
high dose toxicity.

The data obtained from fraction I cells, and from fraction II cells
with smaller doses of misonidazole is in agreement with other published
reports of the effect of misonidazole on Murine stem cells. Turner et
al. could not demonstrate any misonidarzocle-associated cytotoxicity in
normal or tumor bearing animals (18). These observations werse based on
standard CPUc and CFUs assays using fraction I cells and comparable
doses of iiﬁéﬂ;ﬂagéléi In other studies, Pettersen (48) investigated
the effects of misonidazole on the proliferation of CPUs. Using
fraction I cells and doses of misonidazole which were comparable to
those used in this thesis, Pettersen concluded that misonidazole was not
Cytotoxic for pluripotential stem cells. The similar results obtaindd
in this thesis forgfraction I and II cells have prompted the same
conclusion. That is, misonidazole was not cytotoxic for the CPUc found
in the medullary cavity or near the endosteun.

This observation cannot be extended to all of the stem cells in the
Wouse marrow. The CFUc which were isolated fra; the compact bone
Clearly demonstrated a cytotoxic r;;gan:a to in vivo exposure to
:igapid;;ale, A significant decrease in CPUc was noted for all doses of
Rlsonidazole tested with increasing éytatﬁiigity associated with
increasing doses of misonidasole. Only 25% to 45% of the CPUC from
féaetign I1I were able to survive in ¥ivg challenge with misonidazole at
daigslghiéh ranged from 0.1 to 1.0 mg/g (one hour exposure). This
cytata:;city seen with fraction III cells is similar to that described

/
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by Allalunis et al. (19) in a study of human cancer patients receiving
misonidazole. In this clinical study, a decrease in bone marrov CFUC 4

waa noted after ingestion of misonidazole.

The cytotoxicity noted thede studies was cleafly an in vivg

event. A decrease in bone marrow CPUcC could not be demonstrated by
exposing aerobic cells to misonidazole in ¥jitxrc. The data presented in
Table IV illustrate several important points. Pirst, ip Yitro exposure

to concentrations of misonidazole in excess of those attainable jip wivg

(ie. 1000 mM), did not' result in any signifi?ﬁ-@tééaiicit? for CPuc.

Second, no cytotoxicity was observed when the time of sXpoaure to
misonidazole was significantly increased. Mischidazole was present in

the CFUc assay for seven days. 1In contrast, after ip yivg
administration, most of the misonidazole was excfpted within four hours
(49). This increased exposure time Aid not produce any Cytotoxicity.
Third, the presence of collagenase did not alter the action of
misonidazole on CPUC in vitro. This was observed when fraction I cells,
aAssayed with and without exposure to collagenase, expressed no
difference in the number of colonies at the end of the culture period.
Lastly, misonidazole did not demonstrate any selective Cytotoxicity for
any particular fraction of bone marrow cells exposed in yitrg. This
suggests that fraction IfI cells are not inherently sensitive to
misonidazole. In contrast, inp ¥ivo exposure to :il@nidgga;e resulted in
a significant toxicity for fraction III cells,.

These results have suggested that in wivo, fraction IIT cells i;?f ]
reside in a relatively hypoxic microenvironment. The cytoxicity of

misonidagole for hypoxic cells has been well documented (;;—;;3; In

both in wvivo and in ¥itro experiments, the presence of relatively
4 . a
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hypoxic conditions are a prerequisite for the demonstration of
misonidazole cytotoxicity. Only when large doses of misonidazole are
used, can a Cytotoxicity be demonstrated for aercbic cells (17).
Therefore, thgvaegrgajg in CFUc after a small in vivo dose of
misonidazole suggests that those cells could be relatively hypoxic.

II cells were removed from their :icfégnvirqg?ent and

i

When fraction
maintained in aerobic culture, mimonidazole cytotoxicity eauid not be
demonstrated, suggesting that the microenvironment of those cells is
relatively less well-oxygenated. If the cells themdelves were .
inherently sensitive to misonidazole, it would be expected that such a
sensitivity could be demonstrated in vitro as well. This was not the
case,

The exact mechanism which results in the Cytotoxicity sden with
misonidazole is not clear. Varghese and co—workers have postulated that
the binding of the nitro-reduction products of misonidazole to
macromolecules within theig;lli is responsible for misonidazole's
cytotoxic effect (50,51). The formation of these rﬁductién Products has
been closely associated with the metabolism of misonidazole by hypoxic
cells, and is thought to be responsible for the p:eferantial
Cytotoxicity of -ilanida:ale for hypoxic t ues (50, S51). Rowley and
Co-workers have extended these observations to the study of the effect
of nitro-reduction products on DNA (52). They have determined that the
major effects of the reduction products are to induce clesavage of thé
DMR molecule at adenine or thymine bases, and have suggeated that this
type of damage is similar to that -induced by bleomycin. It is also

possible that other vital cellular Btructures, such as the membrane,
: * <

could be a tétget of misonidazole's damage. However, the exact natura‘
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of misonidarocle's Cytotoxicity remains unclear. Studies of the
mechanism of misonidazole's Cytotoxicity have yet to be extended to

hematopoietic stem cells.

The theory that stem cells in the compact bone are relatively

B

‘hypoxic is also supported by studies of the response of these CPUec to
ionizing irradiation. when aerated cells are irradiated, molecular
a:ygén can fix the free radicals which are generated during irradiation,
and prevent the repair of damaged macromolecular structures (54). In
the absence of oxygen, many of the radiation-induced radicals can be
‘}epairgd by rapid Ehemical reactions within the cell,
This oxygen effect has been demonstrated for murine stem cells. 1In
/

- 8separate studies, Till (55), Phillips et al (56, 57) and Turner et al.
(18) Qave compared the surviving fractions of CPUs which ugzé abtained
from animals irradiated in either hypoxic or air-breathing states. The
results demonstrated that the CPUs from animals which were hypoxic at
the time of irradiation were relatively resistant to the effects of
irradiation. This resistance was expressed as an increased survival of
CPUB relative taithe survival of CPUs from air breathing animals. This
de:anitzatiag of nn-axygan effect has been taken as evidence that the
bone marrow is a well-oxygenated tissue.

Studies in this thesis confirm these results, but suggest that this
@b:;rv;tian of an oxygen effect can only be extended to the bone marrow
cells in the medullary cavity and near the enda;ﬁeu:; CPUc found in the
compact bone weme relatively rasigggnt to the effects of irradiation.
The experiments described in Figure 2 show that thgzcrﬁc from fractions

I and II were sensitive to the effects of irradiation, with an

exponential decrease in survival with increasing radiation dose. The D

o



values determined for these two fractions are similar to those which
have been reported by other investigators (58-59). The r;diaﬁian
sensitivity of fraction I and II can be altered by making the animals
hypoxic prior to irradiation. Tﬁil alteration is expressed by a shift
in the survival curves to the right, a phenomenon identical to the
oxygen effect previously described.

In contrast the CPUc from fraction III appeared to be less
sensitive to irradiation. More than 80% of these cells survived

“"irradiation doses of 150 or 300 rads, which were lethal for more than

60% of the CFUc from fractions I and II. In addition, a significant
oxygen effect could not be demonstrated for this fraction. That is, no
change in the radiation sansitivity of CFUc from fraction III was
cbeserved for mice killed minut 8 prior to irradiation. The post
1rradlatlan surv;val of CFUc from hypoxic animals was similar to that
observed from oxic animals. Because most mamalian cella have been shown
to have éiygén enﬁgncé:ant ratios of approximately 2-3 (56, 57), these

results suggest that the CPUc

Q

of the compict bone may be in a relatively

hypoxic microenvironment. If

i

hese cells were well-oxygenated, an

oxygen enhancément should have been demonstrated, as was the case with

fraction I and II CPUC. This suggestion of a relatively hypoxic

microenvironment complements the evidence of hypoxic state of fraction
III from the misonidazole cytotoxic studies—

Other h;-atapﬁlitic ¢lements have been shown to be relatively

radioresistant as ca!pizjﬂ to the medullary CPUc or CPUs. QQ values of

200 to 444 rads have been attributed to bone marrow stromal cells (60—

s

63). These stromal cells are an integral part of the hematopoietic
microenvironment . In addition to supporting hematopoiesis in situ, the

&
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tranafer of stromal elements to hgterstapic 8ites can result in the
regeneration of hematopoiesis. Ihe‘relatianship ;f stromal cell to
other hematopoietic elements is not clear. But the dgggnstratign of
other radioresistant elements in the marrow suggests that radiation
response of the tissue is not as uniform as wag once assumed, and gives
credence to the possibility that sub-populations of hematopoietic cells
mAy express dlfferent radiation sensitivities
Experiments studying the effects of hypoxia on CPVUc also confirmed

that some stem cells may reside in a relatively less well oxygenated

microenvironment. In these stufies, fraction I cells were incubated

e\ aerated or hypoxic conditions.
Fraction I 11; were chosen as the taxget because experiments with both
cells is relatively well oxygenated ip vivo. It was therefore expected
if CFUc survival was incompatible with hypoxic conditiond, :ﬁf
compromise in CFUc growth would be most apparent with this group of

Two conclusions were drawn from the experiments which used nitrogen
— !

chambers wHich are susmarized in Figure 3. Pirst, the data show that

™

fraction I cells could survive brief periods of ‘hypoxia with virtually
no decrease in survival. These results are similar to those described .
by’ Bradley et al. (64). In assays of both human and murine CPUc,

Bradley et al. demonstrated that incubation of cultures at reduced

Colony size. This observation of improved colony growth at lowered

'azygen tensions has prompted other investigators to suggest that reduced

oxygen tensign in theq marrow may serve as a controlling mechanism in the



hematopoietic process (65, 66). By demonstrating that CPUc cgnfgurvive
in the complete absence of oxygen, the results described in this thesis
add additional support for the theory that ip xixg. differences in
BArrow oxygenation can regu;gte the hematopoietic process.

In addition to Ae-onstrating that stem cells could survive in
hypoxia, the results from the nitrogen chamber experiments provided data
which paralleled that obtained from the studies of misonidarzole's effect
- on CPUC, which were described in the first part of this chapter. The
undiminished CPUc surviyal seen after the aerated incubation of fraction
I cells with misonidazole jip ¥itro again suggested that fracticn I cells
are likely to be well oxygenated ip yivpo. Of interest‘ia the rapid and
gignificant decline in CPUc survival which was noted fo§‘9e115 incubated
with misonidazole under hypoxic conditions. A decrease in CFUc survival
was noted after 60 minutes of incubation, with é}ogreaeive détreaggg in
survival being noted over the course of the experiment. This decline in
CFUC survival with time expands the observation of Stratford who noted
that both drug concentration and time of exposure ére important features
of misonidazole's Cytotoxicity (67). Purthermore, the decrease in CPUe
survival noted after exposure to misonidazole under hypoxic conditions
ip vitro was similar to that observed in fraction III cells exposed to
misonidazole in vivg. Such a similarity provided indirect evidence to
suggest that fraction III cells may be relatively hypoxic.

‘Some anatomical studies of the circulation of the bone and bone
marrow have addressed the question of boné mArrow oxygenation. 1In a
study of felines, Misrahy et a1§>de-onatrated that the bone cortex has a
reduced po2 relative to that of the marrow (68). Brooke, using rodent

data, also described a reduced poz in the compact bone, along with an
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elevated pﬂﬂz and a decreased circulation rate (€9, 70). Both of these
works suggest that the Compact bone is oxygenated, but to a lesser
extent than the medullary cavity. The relatively reduced oxygen tension
described by Brooks and Misrahy et al. may be sufficient to account for

the response of CPUc from fraction III to misonidazole and irradiation.
Stratford has shown that misonidazole‘s cytotoxicity is a function of

oxygen tension, and that complete anoxia is not required to demonstrate
misonidazole-associated toxicity (71). Por example, nerve fibers have

been shown to be sensitive to migonidazole's cytotoxic effects. This
=3

e-limiting neurotoxicity (72),

™
[
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ty resulte in the clinical

In this case, it is the relatively reduced oxygenation of neural tissue

s -

which is thought to be responsible for misonidazole associated damage,
In an analagous manner, the reduced oxygen tension of some bone marrow
cells may render them sensitive to migonidazole's cytotoxic properties.
A reduced oxygen tension would also explain the response of fraction 111

CFUc to irradiation, as relative hypoxia has been shown- to decrease th
ﬁ .
sensitivity of cells to the effects of ionizing irradiation (26).
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CHAFTER THREE

Possible Role of a Hypoxic Sub-Population

of Stem Cells in Marrow Regeneration
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Animal Survival After Irradiation

. Pre-treatment with multiple doses of misonidazole reduced the
ability of animals to survive whole body irradiation. Combined results
of two experimental trials are depicted in Pigure 5. When saline and

misonidagzole treated animals were Compared, a difference in the LD 50/30

[+

ose of irradiation was ‘noted [LD 50/30 (saline) = 586 rads; LD 50/30

(Misonidarzole) = 450 rads]. This misonidazole enhancement of

irradiation lethality equals a dose modifying factor (DMP) of 1.3. All

of the animal deaths Qb;!fﬁéé in these studies occurred 7 or more days

following treatment.

Animal Survival After Cyclophosphamille
Pre—-treatment of animals with ?i:éﬁidilﬂl& reduced their ability to

:uéﬁive challenge with cyclophosphamide. Combined results of four

e;ﬁgrizantal trials is presented in Figure 6. Misocnidazole pre—

treatment reduce LD 50/30 dose of ;fClaPhﬁSPhagiﬂe to 340 mg/kg. The LD

50/30 dose of cyclophosphamide was 410 mg/kg for animals which wers pre—
itféitéﬂ with saline. (DMF = 1.2). The majority of the deaths observed

in these animals occurred 7 or more days after treatment with

cyclophosphamide .
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Lethality.
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Chapter Three
DISCUSSION !
The contribution made by each :uh—gaéulatiéﬂ of cells to the
hematopoietic process has yet to be determined. However, the work of
several investigators has suggested that the cells in the compact bone
may be instrumental in the re—establishment of hematopoiesis following
ingult to the marrow. Maloney and Patt were the first to show that the

cells resident in the bone were responsible for the regeneration of

depletion of the femur by irradiation. The same conclusion regarding »
tﬁe local origin of regenerating tissue was reached (74).

The cells raferred to by Maloney and Patt may be related to
fraction II1 cells described in this thesis, since both populations are
resident in the bone. If fraction III cells do contribute to the
process of hEiatapgigtié regeneration, then the combined use of
ii:aniéasala and known myelotoxic agents could result in a compromised
marrow :e%avery. as fraction III cells have been shown to be sensitive
to the cytotoxic effects of misonidaszole.

Misonidazole is currently undergoing clinical trials to determine
its effectiveness as a hypoxic cell sensitizing Agent when used with
irradiation (75, 76) or chédmotherapy (77). Although the architecture of
the human and the murine marrow differs, it has been demonstrated that
the human bone marrow contains a Population of cells which can re-
establish active hematopoiesis following injury to the marrow (78, 79).
Tharéfafg, studies with murine marrow of the effects of combining

misonidazole with irradiation of chemotherapy may provide some
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pPreliminary indication as to whether enhanced myelotoxicity may be
expected iith'this combination of agents in the clinical setting.
In the studies described in this thesis, myelotoxicity was assessed

)(9 means

irradiation or chemotherapy, those which dje between three and five days

f Comparative animal survival. When animals are given

. O

following treatment are thcught to have succumed to gastrointestinal
failure (78). Deaths which are noted after this time are usually
ascribed to hematopoietic failure (78, 79).

The survival studieés in this thesis compared animals treated with
misonidazole or physiological saline before challenge with irradiation
or cyclophosphamide. Careful note was made of the time of death of all
the animals. Pigure 4 depicts the results of misonidazole pre-treatment
on the survival of animals failaﬁing a single dose of irradiation. A
reduction of the LD 50/30 dose of irradiation was noted for the animals
which had been pre-treated with misonidazole. This decreased survival
associated with misonidazole treatment suggested that misonidazole
‘enhanced the lethality associated with irradiation.

This enhancement could have occurred in one of two ways.
Misonidazole has both radiosensitiring and Cytotoxic effects on hypoxic
cells. In studies designed to distinguish between two properties, a
group of animals received multiple doses of :i;anida;éle after
irradiation. If the enhanced lethality associated with -isé’idaga;e use
was due Pti:!:il?rtﬂ its radiosensitizing effects, then the animals
which were treated with misonidazole after the irradiation v;: completed
should have had the same survival rate as those animals which received
saline before irradiation, since when it is given after 1:r;digt§gh,

migonidazole can no longer act as a radiosensitizer. On the other hand,

%



if the cytotoxicity associated with misonidasole was largely responsible
for the observed increase in lethality, then the administration of
misonidaszole after irradiation would be expected to result in the same

survival rate observed in animals treated with misonidazole before

irradiation. As is shown in Figure 4, the observed enhancement of
: Y
-

irradiation lethality was likely due to misonidazole's Crtotoxic
effects. Animals that received misonidazole either before or after
i;raﬂiatinr({& a reduced survival rate (23% and .30% survival at 530
rads) as :ggsiééd to the survival rate of animals that did not receive
misonidazele (50% survival at 530). Most of the deaths in these
experiments occurred after five days, suggesting bone marrow failure as
the likely cause of death. L

Fraction III cells may have been the target of this observed

Cytotoxicity, as experimenta described earlier in this thesis have

demonstrated that these cells are s nsitive ip vivg to misonidazole's
Cytotoxic effects. Another group of animals was incorporated in these
irradiation studies to permit a comparison of the results obtained }n
the CPUc assays and irradiation experiments. These animals received a
single, lg:gg dose of misonidazole before irradiation. This singie dose
group had a survival rate similar to that of animals treated with

multiple doses of misonidagzole. This finding indicated that an extended”
éxposure of misonidazxcle was not neceasary to a;:ﬁnitrate its cytotoxic
effect, and suggested that a single dose of miiéniﬁasala. which reduced
CFUc survival also reduced animal survival.

Although studies demonstrating that treatment with misonidasole
after irradiation reduced ;nin;l survival suggested that misonidazole's

cytotoxic effects were.  largely responsible for the enhanced lethality,



the poasibiligy that‘-i-onidizole may radiosensitize some bone marrow
cells cannot be completely excluded. 1In studies of the effacts of
¢hemotherapeutic agents and irradiation on normal tissues, Phillips and Py
postulated that agents that bind to DNA are capable of sensitiring normal
tissues to irradiation (80). The binding of the nitro—reduction products
of misonidazole has been offered as a mechanisa to explain its cytotoxic
effects in the absence of irradiation (S1). If the observation of
Phillips and Pu cah be extended to these studies, then the binding of
misonidazole's nitro-reduction products may alsoc serve to gensitize some
less veil oxygenated bone marrow cells to the effects of irradiation,
thereby contributing to the decreased survival associated with
misonidazole therapy. Althoagh such a radiosensitizing effect may have
occured it could not have accounted for all of the decreased survival
noted in these experiments, as treatment with misonidarole after
ig;adiation resulted in a similar survival rate as treatment before

: i;radiation.

‘ The findi;g- that animal survival after irradiation was reduced when
animals were treated with misonidazole is the first observation of this
pyono’nnon (8l1). This observation may have important clinical
significance, particularly for half body radiotherapy as previous clinical
and experimental work with misonidazole has been based on the Premise that
misonidazole does not enhance damage to normal tissues when used with
irradiation (82, 83). The bone marrow has been assumed to bhe a uniformly
well oxygenated tissue which would be spared thas Siéjiti;ing affects of
misonidazole. Wwork described in this thesis has djganit:gtéd that this is

*

not the case, and sudgeats that a re-evaluation of earlier studies of the

effects of misonidazole on hematopoietic tigsue may be of value. -

&
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Other experiments described the effects of misonidagzole on the
survival of animals which had received Ccyclophosphamide. These findings
Paralleled those observed in the irradiation survival studies, that is,
pretreatment vith'liaonidazole.re.ulted in decreased animal survival.
Misonidazole treatment reduced the LD 50/30 dose of cycleophosphamide
from 410 mg/kg to 340 :g/kg (Pigure 6). Most of the animal deaths
occurred at day 8, or later, suggesting that failure of the bone marrow
to recov;r from cyclophosphamide-induced damage was the likely cause of
deatﬁ. The cytotoxic effects of cyclophosphamide on the bone marrow are
well documented (83-86). The sensitivity of fractien III cells to
misonidazole's cytotoxic effects has also been established. This
observed increase in mortality seen in mice treated with both
misonidazole and cyclophosphamide was similar to an additive toxicity
which would be expected from the combination of two cytotoxic agents.

Other investigators have d;acribed a similar increase in toxicity
when misonidazole and Chemotherapeutic agents were combined. Using in
yitro (t;nor cell assays, Stratford et al. demonstrated that
preincubation of hypoxic cells with misonidazole resulted inzincrggjéd
toxic effects of melphalan, mustine hydrochloride and Cis-

. ¢

dichloroammineplatinum (II) (84). Using a Le‘!; lung tumor system, Rose

et al. demonstrated enhanced tumor Cell kill when misonidazole WXas

combined with melphalan (85). The studies ﬁy Rose et al. als
an cnhaﬁcod myelotoxicity ;hen -ilonidazoio and melphalan were
but the authors suggested that such myelotoxicity may be accepkab
light of the enhanced therapeutic gain afforded the tumor. Clement et
al. reached similar conclusions in their study'éf misonidarole
enh‘ncenent of the cytotoxicity of various alkylating agents (@6).

N -
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These workers concluded that misonidagole in combjnation with alkylating
agents was not toxic for the marrow. They suggested that the reduced
) o
crus gurvival, n@tgﬂfafter the administration of misonidazole alone, and
the reduction in the LD10 dose of cyclophosphamide administered after
iisanidagcle,!aiﬂ not represent significant toxicities, and were likely
due to experimental error.

The results in thfﬁgthéiij do not support the conclusions drawn by
Rose et al. and Cl3ien£ et al. These workers have suggested that the
bone marrow is at little riak:ihen misonidazole is combined with
chemotherapy. The enh;nécﬂllfelataiiéit? seen with fraction III cells
eéxposed to misonidazole argues against the sgggsitian that the marrow is

not affected by misonidazole. 1In addition, the decreased survival of

animals, treated with misonidazole before irradiation or cyclophosphamide
suggests that damage té this normal tissue cguldvgassib;y offaset any
potential therapeutic gain. 1In related work, Peég:aen et al. could not
demonstrate a therapeutic gain when both misonidazole and
Ccyclophosphamide were administered to mice bearing the Lewis lung tumor
(87). In these gtudies, a significant reduction in survival was noted
in animals which were treated with both agents, as compared to those
treated with cyclophosphamide alone. This ocbaerved aa;;gé to normal
tissue prompted the authors to conclude that aith@ugg the easbinéﬂ use

of misonidazole and &yclophosphamide resulted in a modest enhancement of

tumor kill, the Accompanying damage to normal tissue limited any

therapeutic benefit to be derived from such a combination of agents. -



Other studies by Allalunis et al. demonstrated that misonidazole
pretreatment reduced survival and delayed recovery of bone marrow CPFUc
after relatively small doses of cyclophosphamide (88), Suggesting that
misonidazole enhances damage to the haﬂ- Barrow when used at clinically

relevant concentrations,
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General Discussion and Summary

In cohcluéiﬁn,:theig studies have :ugg;;tg' that a sub-population of
h;-atopoietic stem cells may be hypoxic, and ﬁﬁgt these cells may play a
role in the regeneration of hematopoiesis after injury to the marrow.

The findings described in this thesis Are consistent with those of
other investigatoras who nqted the presence of significant numbers of stem.
cells in areas cutside the medullary cavity. Tha partial
characterization of the cells found in different microenvironments
expanded oaxligx.rgpaft: which were limited to the quantitation of these
cells. 1In addition té describing a method for i:p:avadleell recovery,
this thesis details the numbers and types of cells found in different
ﬂicroenviron-ent;i and compares the effects of age, gender and genetic
/;:tain on these cell populations.

Also included was a description of some features of these cells in

N
tissue culture assays for CPFUCc. Notably, it was determined that while
the celis from each microenvironment respéﬁa;d to colony Stiiulgﬁing
activiéy in the same manner, the CPUc from the compact bone consistently
pProduced smaller, more compact colonies.

The studies in this thesis have also challenged the a;;unétigﬁ that
the bone marrow is a uniformly well oxygenated tissue. Hematopoietic
stem cells from different microenvironments were fagnﬂ to respond
differently to the ﬁ?patic cell sensitizer, ii:anggigﬁlg. and to
irradiation. s;icificailyf the cells in the compact bone were sensitive
to the'cytptoxig effects of misonidazole, and were rglit;valy resistant
to the effects of ir:adi;tian; Both of these responses, common to Elllg

which are hypoxic, suggests that the Cells in the bone may reside 'in an

environment of reduced oxygen tension.

59 -




Control studies which demonstrated that CPUc could survive brief

tive capacity

‘l"l'

periods of anoxia without significant loss of prolife
supported the contention that cells in the bone may be relatively
hypoxic and retain ﬁiabiiity. This tﬁgﬂry was also supported by the
work of other investigators who meisured the gﬂz and bleood circulation
of the compact bone and demo rated that bone is characterized by a
reduced oxygen tension and a reduced blood f;aw.

fhe results which demonstrated that some CPUc are sensitive to the
:ytgtaxié effects of misonidazole were similar to those obtained from a
study of cancer patients who participated in a clinical trial of

n the human studies, a decrease in each patient's bone

E
»
]
=
[ve
o)
&
]
it
i ]
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marrow CFUC was noted after iﬁgestian of misonidagole. A similar
decrease in ¥he CPUc from the compact bone was noted in animals that
were injected with misonidazole. The work in thie thesis is the firat
report of a misonidarole cytotoxicity of murihe hematopoietic atem

ells. Previous studies using unseparated marrow had failed to detect

o]

any significant sensitivity to misonidazole,

The studies in this thesis also expanded the suggestion of other

investigators that the cells in the bone may contribute to the process

(]

of hematopbietic regeneration. By using the sensitivity of fraction I

cells to misonidarzole as a tool, it could be d;te:gingd that when the
cells in the compact bone g?:g partially depleted, animals had an
i:pgirﬁg ability to recover from a challenge with cyclophosphamide or
irradiation. This impairment was reflected in a reduced survival for
;ni:ain that were treated with both misonidazole and another myelotoxic

agent.
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The misconidazole enhancement of ir:aﬂiatiéﬁ lethality describei in
this thesis is the first report of this phenomenon. Previcus in wvivo
studies which combined misonidazole with irradiation facusadgan the
effects of such treatment on tumor burden, and have largely neglected
the possibility of significant damage to normal tissues.

The enhanced cytotoxicity associated with the combined use of
misonidazole and chemotherapy has been previously described. However,
other investigators have suggested that the enhanced myelotoxicity which
was observed in some studies was not :igﬂi{icint. The demonstration in
this thesis that the combined use of misonidazole and cyclophosphamide
reduced the ability of the bone marrow to recover from injury prompts
the conclusion that the enhanced tumor cell kill afforded by such

treatment may be accompanied by asignificant, dose-limiting damage to the

When viewed asm a whole, the studies deacribed in this thesis have

Buggested that it may no longer be appropriate to regard the

'hematgpﬁigtic elementas of the bgneSFeraa as a homogeneous tissue.
‘Differences in the degree of é:y;;natian, response to misonidazole and
irradiation, and recovery from challenge with myelatoxic agents suggests
that a model which separately evaluates the stem cells from each
microenvironment may be more appropriate. The results described in this

thesis have provided the groundwork for future experimentation using

such a model,

61



10.

11.

12.

BIBLIOGRAFE?

McCulloch, E.A. and Till, J.E. The sensitivity of cells from the
normal mouse bone marrow to gamma radiation in yitro and in ¥Yiyvo.
Radiat. Res. 16: 822-823, 1962.

Fred, S.S. and Smith, W.W. Radiation sensitivity and proliferative
recovery of hematopoietic stem cells in weanling as compared to
adult mice. Radiat. Res. 32: 314-326, 1967.

Phillips, T.L. Qualitative alteration in radiation injury under
hypoxic conditions, Radiology 91: 529-536, 1968,

Adams, G.E. BHypoxic Cell Sensitizers for Radiotherapy. 1Int. J.
Radiat. Oncol. Biol. Phys. 4: 135-141, 1978.

Denekamp, J., Michael, B.D. and Rarrie, 5.R. Hypoxic cell
radiosensitizers: Comparative tests of some electron affinic
compounds using epidermal cell survival ip ¥ivg. Radiat. Res. 60:
119-132, (1974).

Fowler, J.F., Adams, G.E. and Deneka‘gi J. Radiosensitizers of

" hypoxic cells in solid tumor. Cancér Treatment Reviews 3: 227-256,

1976.

Sheldon, P.W., Hill, S.A., Poster, ,J.L. and Powler, J.P.
Radiosensitization of C_H mouse mammary tumours using fractionated
o

doses of x-rays with theé drug Ro-07-0582. Br. J. Radiol. 49: 76-80,
1976.

Moore, B.A., Palcic, B.N. and Skarsgard, L.D. Radiosensitizing and
toxic effects of the 2-Nitroimidarole Ro-07-0582 in hypoxic
mammalian cells. Radiat. Res. 67: 459-473, 1976,

Adams, G.E., Flockhart, I.R., Smithen, C.E., Stratford, I.J.,
Wardman, P. and Watts, M.P. Electron affinic sensitization VII. A
correlation between structures, one—electron reduction potentials,
and efficiencies of the nitroimidazoles as hypoxic cell sensitizers.
Radiat. Res. 67: 9-2d, 197¢. ’

Brown, J.M. SelectivYe radiosengitization of the hypoxic cells of
mouse tumors with the nitroimidagzoles métronidazole and Ro-07-0582.
Radiat. Res. 64: 633-647, 1975,

Sridhar, R., Koch, C. and Sutherland, R. Cytotoxicity of two
nittoimidarole radigsensitizers in an in vitro tumor model., Int. J,
Radiat. Oncol. Biol| Phys. 1: 1249-1157, 1976.

Conroy, P.J., Sutherland, R.M. and Passalacqua, W. Misonidazole
Cytotoxicity in wivo: A comparison of large single doses with
smaller doses and extended contact of the drug with tumor cells.
Radiat. Res. 83: 169-189, 1980.

62



13.

la.

1s.

16.

17.

18.

19.

20.

21.

22,

23,

24.

25.

Poster, J.L. Differential cytotoxic effects of metronidazscle and
other nitro-hetrocyclic drugs against hypoxic tumour cells. Int. J.
Radiat. Oncol. Biol. Phys. 4: 153-156, 1978,

Wong, T.W., whitmore, G.F. and Gulyas, S. Studies on the toxicity
and radiosensitzing ability of misonidazole under conditions of
prolonged incubation. Radiat. Res. 75: 541-555, 1978.

Pettersen, E.O. Radiosensitizing and toxic effects of the 2-
nitroimidazole Ro—07-0582 in different phases of the cell cycle of
eéxtremely hypoxic human cells jin yitro. Radiat. Res. 73: 180-191,
1978.

Taylor, Y.C. and Rauth, A.M. Differences in the toxicity and
metabolism of the 2-nitroimidazole migonidazole (Ro—07-0582) in Hela
and Chinese hamster ovary cells. Cancer Res. 38: 2745-2752, 1978.

Hall, E.J. and Roizin—-Towle, L. Bypoxic sensitizers:
Radiobiological studies at-the cellular level. Radiology 117: 453-
457, 1975, :

Turner, A.R., Allalunis, M.J., Urtasun, R.C., Pedersen, J.E. and
Meeker, B.A. Cytotoxic and radiosensitizing effects of
misonidazole on hematopoiesis in normal and tumor-bearing animalsg.
Int. J. Radiat. Oncol. Biol. Phys. 6: 1157-1162, 1980,

Allalunis, J.M., Turner, A.R., Partington, J.P. and Urtasun, R.C.

Effect of misonidazole therapy on human granulopoietic stem cells.
Cancer Treat. Rep. 64: 1097-1102, 1980,

Lord, B.I. Cellular and architectural factors influencing the
proliferation of hematopoietic stem cells In: Rifferentiation of
Normal and Neoplastic Hematopoietic Stem Cells, Edited by B. Clarkson,
P.A. Marks, J.E. Till. cCold Spring Harbor Conference on Cell
Proliferation. cCold Spring Harbor Lab. 5: 775-788, 1978.

Lord, B.I. and Hendry, J.H. The distribution of haematopoietic
colony forming units in the mouse femur, and its modification by x-
rays. Br. J. Radiology 45: 110-115, 1972.

Maloney, M.A. and Patt, H.M. Origin of repopulation, cells after
localized bone marrow depletion. Science 165: 71-73, 1969,

Gong, J.K. Endosteal marrow: A rich source of hematopoietic stem
cells. Science 199: 1443-1445, 1978.

Schoeters, G.E.R. and Vanderborght, 0.L.J. Hematopoietic stem cell
concentration and CPUs in DNA sypthesis in bone marrow from
different bone regions. Experi ia, 36: 459-461, 1980,

-

Kilgore, J.R., Davis,/NM.I,. and Lawson, A.J. Assay of colony forming
units (CFUC) in normal_bone marrow and enzgymatically released cells

from the endosteum and compact bone of mouse femurs, Abstract. Exp.
Hematol. 7(Suppl 6): 118, 1979.

63



26,

27.

29.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Sutherland, R. Basic Principles of Radiation Biology. 1In: clinical

Qncology for Medical Students and Physicians, Sth edition. Edited by p.

Rubin and R.F. Bakemeier, Amer. Can. Soc. p. 305-306.

Pluznik, D.H. and Sachs, L. The cloning of normal “"mast” cells in
tissue culture. J. cellular Comp. Physiocl. €6: 319-324, 1965,

Bradley, R.R. and Metcalf, D. The growth of mousie bone mArrow cells
in vitro. Aust. J. Exptl. Biol. Med. Sci, 44: 287-300, 1966,

Chapman, J,E(g Blakely, E.A., Smith, K.C. and Urtasun, R.C,
Radiobielogital characterization of the inactivating events produced
in mammalian cells by helium and heavy ions. 1Int. J. Radiat. Oncol.
Biol. Phys. 3: 97-102, 1977,

Zar, J.H. Biostatiatica} Analysis. Prentice-Hall Inc., Englewood
Cliffs, New Jersey, 1974, '

-
Carsten, A.L. and Bond, V.p. Viability of stored bone marrow colony
forming units. Nature 219: 1082-1084, 1968. ’

VanDyke, D.C. Distribution of spleen colony forming units in bone
marrow. In: Biology and Megdicine. Donner Laboratory UOCRC-18793,
University of California, Berkeley, p. 38, 1968. -
Trentin, J.J. Influence of hematopoietic organ stroma
(Hematopoietic inductive microenvironments on stem cell

differentiation). 1In: Regulation of Hematopoiegis. Edited by A.S.
Gordon, Apglet@nséenturvﬁczafts, N.Y., 1: 159-184, 1970,

DeBruyn, P.P.H., Green, P.C. and Thomas, T.B, The hicrocirculatibn
of the bone marrow. Anat. Rec. 168:55-€8.

Weiss, L. The Blood Cells and Hematopoietic Tisgues. McGraw-Hill
Book Co., New York, P: 487502, 1977,

Weiss, L. The histology of the bone marrow. 1In: Regulation of
Hematopoiesiw. Edited by A.S. Gordon. Appleton—Century—Crofts, New
York, 1: 79-92, 1970,

Weiss, L. The hematopoietic microenvironment of the bone MAYIow:
An ultrastryctural atudy of the 3?:@3; in rats. Anat. Rec. 186:
161-184, 1976, L0

€relin, E.s, Development of the musculoskeletal system. Clinical
Symposia 33(1): 2-19, 1981.

Lord, B.I., Testa, N.G. and Hendry, J.H. The relative spatial
distribution of CPUs and CPUC in the normal mouge femur. Blood
46(1): 65-72, 197s.

X
Metcalf, D, Hematopoietic Colonies, Springer Verlag, New York,

1972. tos

64



41. Dresch, C., Johnson, G.R. and Metcalf, D. Eosinophil colony
' formation in semisolid cultures of human bone marrow cells. Blood
49(5): 835-844, 1977.

42. Pried, W., Chamberlin, W., Knospe, W.H., Busseini, S. and Trobauygh,
F.E. _Studies on the defective hematopoietic microenvironment of
S1/S1 mice. Br. J. Haematol. 24: 643-650, 1973.

43. Rosenblum, A.L., Bull, J.M. and Carbone, P.P. Parameters of marrow
proliferative Capacity in ¥itxo: Detection of a sex difference in
normal human granulopoiesis. Blood 43: 841-846, 1974.

44. Rosenblum, A.L. and Carbone, P.P. Effects of androgenic hormones on
human granulopoiesis jip ¥Yitro. Blood 43: 351-356, 1974.

v ,
45. Croizat, H., Prindel, E. and Tubiana, M. Long term radiation
effects on the bone marrow stem cells of C3n mice. Int. J. Radiat.

Biol. 36: 91-99, 1975, ’
y

46. Conroy, P.J., Von Brug, R., Passalacqua, W. and Sutherland, R.M. The
effect of misonidazole on some physiological parameters in mice. J.
Pharmacol. Expt. Ther. 212: 47-52, 1980.

47. Gomer, C.J. and Johnson, R.J. Relationship between misonidazole
toxicity and core temperature in C_H mice. Radiat. Res. 78: 329-
333, 1979. 3

48. Pettersen, E.O. Toxicity and the radiosensitizing effect of the 2-
nitroimidazole misonidazole (R0o—07-0582) on murine CPUcC ip vivo.
Br. J. Cancer 37(suppl III): 107-110, 1978.

49. Workman, P. Pharmakokinetics of hypoxic cell radiosensitizers: a
Review. 1In: Radiation sengitirzers: their yge ig the clinical
management of cancer. Edited by L.w. Brady, Masson Pub. USA, Inc., N.Y.,
P.- 192-206, 1980.

50. varghese, A.J., Gulyas, S. and Mohindra, J.K. BHypoxia dependent
reduction ‘of 1—(2—Nitro—1—i-idazoly1)-3—-ethoxy-2-propanol by Chinese
hamster ovary cells and KHT tumor cells dn vitro and jip vivo.

Cancer Res. 36: 3761-3765, 1976. '

51. varghese, A.J. and G.F. Whitmore. Binding to gellular
macromolecules as a possible mechanism for thcfcytofoxicity of
misonidazole. Cancer Res. 40: 2165-2169, 1980, -

52. Rpwley, D.A., Knight, R.C., Skolimowski, I.M. and Edwards, D.I. The
relationship between misonidazole Cytotoxicity and base composition
of DNA. Biochem. Pharmacol. 29: 2095-2098, 1980.

.

53. Testa, N.G., Hendry, J.H. and Lajtha, L.G. The response of mouse
hematopoietic colony formers to acute or continuous gamma
irradiation. Biomed. 19: 183-186, 1973.

65



54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Hall, E.J. The oxygen effect. 1In: Radighiology for the radiologist.

Barper and Row, Hagerstown, Md., pp. 49-62, 1973.

Till, J.E. Quantitative aspects of radiation
7=

lethality at the
cellular level. Am. J. Roegtgenol. 90: 917-92

7. 1963,

Phillips, T.L. and Hanks, G.E. Apparent absence of recovery in
endogenous colony-forming cells after irradiation in hypoxic
conditions. Radiat. Res. 13: 517-532, 1968,

Phillips, T.L. Qualitative. alteration in radiation injury under
hypoxic conditions. ‘Radioclogy 91: 529-536, 1964,

Senn, J.S. and McCulloch, E.A. Radiation sensitivity of human bone
marrow cells measured by a cell culture method. Blood a5: 56-€0,
1970.

Lewis, J.P., 0O'Grady, L.P. and Green, R.A. Patterns of exogenscus
and endogenous hematopoietic repopulation following radiatioen
injury. J. Lab. Clin. Med. &9; 229-239, 1977.

Werts, E.D., Gibson, D.P., Knapp, 5.A. and DeGowin, R.L. Stromal
tell migration precedes hematopoietic repopulation of the bone
marrow after irradiation. Radiat. Res. 81: 20—30, 1980.

Chertkov, J.L. and Gurevitch, O.A. Radiosensitivity of the
progenitor cells of the hematopoietic microenvironment. Radiat,
Res. 79: 177-186, 1979. '

Friedenstein, A.J., Latzinik, N.V., G@r;kafa, U.F. and Sidorovich,
S.Y. Radiosensitivity and postirradiation changes of bone marrow
cologenic stroma mechanocytes. 1Int. J. Radiat. Biol. 39: 537-546,
1981.

Amsel, S. and Dell, E.S. The radiosensitivity of the bone-forming
process of heterotopically-grafted rat bone-marrow., 1Int. J, Radiat,
Biol. 20(2): 119-127, 1971. '

Bradley, T.R., Hodgson, G:5. and Rosendaal, M. The effect of oxygen
tension on hematopoietic and fibroblast Proliferation in witro. J.
Cell Physiol. 97: 517-522, 1978.

Wolf, N.S. The hematopoietic microenvironment. cCliniecs in Hematol.
8: 469-500, 1977. ’

Lichtman, M.A. The ultrastructure of the hémﬂtﬂpﬂiétiﬂ enviromment
of the marrow: A review. Experimental Hematology 9:391-410, 1981,

Conroy, P.J., Sutherland, R.M. and Passalacqua, W. Misonidazole
Cytotoxicity in wivo: a comparison of large single doses with
smaller doses and extended contact of the drug with tumor cells.
Radiqt. Res. 83: 169-189, 1980,

Loyl
o



68..

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Misrahy, G.A., Hardwick, D.P. Brooks, C.J., Garwood, V.P. and Hall,
W.P. Bone, bone marrow and briin oxygen. Amer. J. Physiol, 202(2):
225-231, 1962

Brookes, M. A measurement of the rates of blood flow, circulating
red blood cell volume and velocity in bone marrowsand cortex. Acta
Anat, 69: 201-209, 1968.

C I.J. Split dose cytotoxic experiments with misonidasole.
Br. J. Cancer, 38: 130-136, 1978,

Brookes, M. The Blood Supply of Bope. Bullerworth and Co. Ltd.,
London, 1971. »

Urtasun, R.C., Chapman, J.D., Peldstein, M.L., Band, R.P.,  Rabin,
H.R., Wilson, A.P. Ha:ynawskl,:,ii Starreveld, E. and Shgjtka, T.-
Perlpheral neurapathy related to misonidarole incidence

and pathology. Br. J. Cancer, 37(Suppl. II1I): 271-27%, 1978,

Halaney. M.A. and Patt, H.M. Bone marrow restoration after
localized de epletion. Ce;l_Tigsue Kinet. 2; 29-38, 1969,

Patt, H.M. and llalaney.‘! A. Radiosensitivity of the process
initiating bone marrow regeneration. Radiat., Res. 4]: 500-506,
1970.

Urtasun, R.C., Band, P. and Chapman, J.D. Rabin, H.R., Wilson, A.F.
and Pryer, C.G. Clinical Phase I study of the hypoxic cell
radiosensitizer Rg—ﬂ?—assz, 4 Z-nitroimidaszole derivative,
Radiology 122: 801-804, 1977.

Dische, S., Saunders, M.I. and Flockhart, I.R. The optimum regime
ad-inlitritian of misonidazole and the establishment of multi—centre
clinical trials. Br. J. Cancer 37(Suppl. III): 318-321, 1978,

Sridhar, J., Koch, C. and Sutherland, R. Cytotoxicity of two .
nitroimidazole radiosensitizers in an in vitro tumor model. Int. J.
Radiat, Oncol. Biol. Phys. 1: 1149-1157, 1976.

Bond, ;xi , Pliedner, T.M. and Archambeay, J.0. The effects of
irradiation on the gastrointestinal (GI) tract: The G.I. Syndrome. In:
Mammalian Ragdiation Lethality. Academic Press, N.Y., P.- 231-269,
1965,

Bond, V.P., Fliedner, T.M. and Archambeau, J.0. Effects of
irradiation on the hematopoietic system: The bone RATrow syndrome

In: Mammalian Radiation Lethality. Academic Press, N.Y., p, 159-230,
1965,

Phillips, T.L. and Pu, K.K. The interaction of drug and radiation
effects on normal tissues. Int. J. Radiat. Oncol. Biol. Phys. 4:
59-64, 1978.

\I"“



87.

Allalunis, M.J. Chapwman, J.D. and Turner, A.R. Misonidazole
enhancement of :aﬂiaticn and cyclophosphamide induced damage to bone
marrow. (Submitted for publication. ) =

Clinical é:périénce with
37(Suppl. III): 311-313,

Saunders, M.I.

idazole. Br. J. Cancer 1978.

Wasserman, T.H., Stetz, J. and Phillips, T.L.

misonidarole in the United States. In:

uae in the clinical mapagement of cancer. Edited by L.W. Brady, Masson
Pub, GSA Inc., N.Y. p 187-396, 1980

Stratford, 1.J., Aﬂa;g, G.E., Horsman, M.R., Kandaiya, 5.,

Rajaratnam, S., Smith, E. and Williameon, C. The interaction of
misonidazole with radiation, chemotherapeutic agents or heat.

Cancer Clin. Trials 3: 231- 236, 1980

Rgge, C.M., Millar, J.L., Peacock, J.H. Ehalpi. T.A. and Stephens,
T.C. Differential enhaﬁEE!Ent of nelphalan é&tataxlty in tumor and
tissue by misonidarole. Radiaton sensitizers: Their use in the

e
-
3

Edited by L.W. Brady., Masson Pub.

Catane, R. and Johnson,
alkylating agents by
Res. 40: 4165-4172,

Clement, J.J., Gorman, M.S., Wodinsky, I.,
R.K. Enhan:e;gnt of antitumor activity of
radlatlan sensitizer mlsanlda:ale Cancer 1980.
The value of combining
Proceeding of ﬁanferenee

Key Blgcayne.
Allalunis, M.J., Turner, A.R. and Chapman, J.D. Misonidazole
enhances the c?claphgsphanlde toxicity to bone marrow Proceedings
of Conference on Chemical Modification: Kadlatian and Dru ugs. Key
Elscayna, Florida, 1981 (in prsn;)

Pedersen, J.E., Barron, G., Meeker, B.A.
misonidazole in treating Lewis lung tumor.
gnrghggicgliﬁéﬂificatipﬁ:7 Radiation and Drugs.
Florida, 1981 (in press).

B

]

68

normal

USA,




