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ABSTRACT

&

Jodoacetamide has been 'shown‘ by others to be a radiation
sensitizer for bacteria and for certé.in mammalian. cells tested in
vitro. This work describes an examination of thq effectiveness of
iodéace’tar_n’ide used Em Survival of ascites tumor cells main-
tained in fide peritoneal cavity of mice was used as an indicator of
sensgitization. Survival was asseéséd using TDgy and total tumor
cell population determina;tion methods. A comparison of results
obtained by these methods is‘made..' The effects of oxygen tension
and radiation dose rate upon results was examined. Iodoacetamide
was found to be effecﬁve as a radiation sensitiéer under all conditions
althouéh to a lesser degree than that reported by others for in vitro
.experiments with bacteria.

Radioactive tracer studies indicate that iodoacetamide has
rapid a.l;1d total access to most if not all tissues of the body. This
fact coupled with the observation of a sensitization in an in vivo system
where the anoxia so prevalent in well developed tumors was present,
suggests the pussibility of clinical usefulness of iodoacetamide in

cancer radiation therapy.
—_— i |
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Certain observations are réported on the effect of various
cell and host treatment procedu}res upon cell -pOpula.Ltion growth .
kinetics seen subsequent tb inoculation of hosts with the cells. A
hypothesis is presented which can account for éhe obse: vations made
by the éu'-cho‘r and'aiso f.oi' those made b.y' some qthers v'ho report
‘that large. inocula, i.e., greater than 10 cells? are recuired to give
rise to a lethal tﬁmor in isologous hosts of the strain ol tumor origin.
The hypothesis may also aécount for what is known in the literatufe

as the "Hybrid Effect. '
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CHAPTER I
INTRODUCTION

Radiation Modifiers

- The search for modifiers of the aptions of electromagnetic and
particulate radiation began only a few months after the discovery
X-rays. Walsh (1) wrote his observations on the matter of prevention
of radia‘;ion sickness, mentioning the efficacy of lead shielding.
Interest in means of modification other than the purely physiéal ones
of shielding, geometry, etc. also began soon after X— rays came into
regular use., In 1909, Schwartz (2) observed that isclemia served to
protect the skin from radium and X-radiation effects. Crabtree and
Cramer (3) examined in some detail the effects of anoxia and other
means of altering respiratory mechanisms. This work was done in
an effort to discover any relationship between what is now known as
the Crabtree effect and radiésensitivity. TtheseA authors found that
anaerobiosis decreased radtation sensitivity while treatment with

HCN or low temperature increased sensitivity.

Chemical Protection

The work of Dale (4) beginning in 1940 with experimental obser-
vations on X-ray inactivation of enzymes showed that the resultant

1



inactivaﬁon‘ was not only proportional to radiation dose but also was
concentré.tio'n dependent. This same investigator in collaborationA
with other workers showed that enzymes and other molecules are
protected in aqueous solution if other compounds are also in the solu-
tion at the time of irradiation (5,6, 7). (Protection will be defined for
the purposes of this discussion as a lessening of the deleterious
effects of iénizing radiation due to the pres.ence>of'the prolecting agent
at the time of i;radiation. It will not include beneficial effects
derived from any post irradiation tréatmént.)

The work of Dale logically stimulated a search for protective
chemical compounds and classes of compounds. There were very
practiéal reasons for such a search. It was hoped that people might
be profected from radiation sickness and mortality following large
‘doses such as might result Ifrom nuclear warfare or from clinical
treatment of tumors. The possibility existed that substances capable
of protecting normal tissue while not protecting cancerous tissue
might be found. Latarjet and Ephrati (8) looked at the efficacy éf
various compounds in protecting a bacteriophage against X-ray
i.nactiv#tion and found that cornpouuds‘of Lwu classes, sulphydryl and
amino, were effective. Investigatioh by Patt (9) and collaborators
showed that the afnino acid cystgine was quite effective as a protective
substance in aqueous solution whereas cystine, which is the disulfide

formed from two cysteine molecules, is quite inactive. Bacq (10) and



cowcinlkers‘ -syﬁthesized B-Mercaptoethylamine (cysteamine) in 1951 by
removing the carboxyl group from cysfeine and found that this com-
pound was rﬁore active than cyste.ir;e'. In addition, it was ‘found that
the disulphide (cystamine) was also active in contradistinction to the

facts with cystine.

The Me‘ch'anism of Chemical Protection -

Inhibition of the Oxygen Effect

A number of hypotheses have been set forth to account for
chemical protection (11,12,13,14,15) and the lAis‘Ac seems to grow with
the list of protective agents. A few of the more popular ones will be
discuséed in a cursory way he;‘e. If one idea could be considered to
be the most widely héld, it would likely be the supposition that
protection is due to a reduction or elimination of the oxygen effect.
The térm, o'xygenA effect, refers to the observation fhat biological
systems which are irradiated while well supplied with oxygen are
more radiosensitive than the same systems irradiatec while in an
anoxic state. In cellular systems, the magnitude of this effect is such
fhat tv;/o 'té three times as much radiétion may be réquired to result
in a specifié surviving fraction under anoxia as that requirgd in an
oxygenated state. 'Perha;.;.s protective chemicals somehow prevent
damage t-oAcellular constituents which occurs due to the presence of
oxygen; This hypothesis is easily tested. If protection is in fact partial

or total abolition of the oxygen effect then (1) no protection should be



6bservéd :When anoxic systems ;'ire irradiated with the protective
substance being present, and (2) protec;tion shdqld never éxceéd the
magnitudé of the oxygen effeét.

Qf tk;e many chemical protectors examined for the above men-
tioned cl;iteria, a large number are found to conform. It is found that
there are important exceptions, however. A number of sulphydryl
compobunds protect anoxic syst’efns and the compounds cysteamine and
cysteine give dose reduction factors Whi.vC'h are considerably larger

than the_maximum' obtained with anoxia (16).

The Mechahnism of Chemical Pfotection - Toxicity

A second hypothesis is tha',t protective chemicals function because
of thei.r'_toxicity. The idea‘beving that protection results when some
normal cellular précesses are inhibited. It lis true that protectors
seem to be toxic without exception but if is not true that all toxic
compounds protect.

Of interest is the oBservation that radiation sensitivity is a
function of the phase of a cell cycle in which the irradiation’is done
(17, 18).‘ With certain 'mar_nmalian cells, a \}ariation o_f abogt the same
magnitﬁde as that. of the oxfgen ‘effec.t. is observed with cclls being.
moét sensitive in Gl, the timg preceding DNA synthesis, decreasing
in sensitivity throu-gh the S phaée to a minimum in G2, the post

synthetic phase. Sinclair (19) has recently shown that cysteamine



tends to, abolish this variatién and that the survival of the cysteamine
treated cells is always superior to the survival of the most radio-
res‘istari_t' é‘tage of the untreated cells. It then appears unlikely that
protectors could by some toxic action cause cells to revert to some

radioresistant stagve thereby effecting protection (20).

T_he Mechanism of Chemical Protection -

Free Radical Inactivation

A 1‘:hibrd hyéothesis has been that protéctive compounds somethv’
prevent reactive species formed by ionizing radiation from reacting
with lsensiti've target molecules. The existence of such free radical
formation haé been known for some time (21). Dale (2l2, 23, 24)
showed that the presence of molecules of a type o;cher than th;at to be
protected,. produced competition for the radicals thereby protecting
the molecule of interest. But this idea is of gré‘atér scope than simple
c-:ornpeti_tion. Eldjarn et al. (25) found that the inactivation of free
radicals by cystamine in a cell free environmént was considerably less

than that necessary to produce the protective effect observed in vivo

‘and conlcluded that the 12 vivo protection, if due fo free rad‘ic;al inacti-
vation, reqﬁired selective concehtration in organs, cells and subcellular
structures most probably'on the surface of the target proper. Of coulrs:e
there are vast differences between living and 'n'onliv'mg systems, and,
such a selective concentration remains to Be sHown. The above men-

tioned conclusions may for these reasons be unwarranted.



If would seem that the existence of an undérlying mechanism
common to all chemical protectors has yet to be show:.. Perhaps
there is ’néne. By analogy, there are many ways to kiil cells, e.g.,
radiation," .starvation, mechanical disruption, non-physiological
temperature, pH, osmotic pressure, etc. It certainly is difficult to
imagine a mechanism common to all these methods. In v'yew of the
fairly vﬁdé spectrum of protectors, it would not be surprising to also
find a plurality of mechanisn“ls_ of protection and as will later be

discussed, a plurality of mechanisms for sensitizers.

Chemical Sensitization

Some definition of just what constitutes radiosensitization or a
radiosensitizer is in order. For the purposes of this discussion,
radiosensitization is the condition in which the 1;es:ults of exposure to
ionizing radiation are increased. A radiation sensitizer is defined
to be an agent which when presént at the time of irradiation results in
the above defined condition. In general, a further restriction is
applied‘to the class known as sensitizers. It is that the presence of a
sen'sitig.er at the time of radiatioﬁ results in a gréate_r efféct than the
simple sum of the effects of radiation and the sensitizer administered
alone. That is to say, sensitizers are not simply additive in their
action, but are synergistic.

There are considerably fewer chemical sensitizers than protectors



known (26,27). Representative compounds and th'eir classification
are shown below:
1. Oxygen

2. Antibiotics.
Actinomycin D, Mitomycin C

3. Synkavit (Z-me‘thyl—l, 4-naphthohydroquinone diphosphate) -
~and related compounds '

4, DNA Base Analogs
5 Iododeoxyuridine, 5 Bromodeoxyuridine, 5 Flurouracil

5. Sulphydryl Poisons
N-ethyl maleimide, ethylmethane sulphonate,
P-chloromecuribenzoate, Iodoacetamide
6. Halogen containing compounds ,
Iodoacetamide, lodoacetic acid, Potassium Icdide,
Chlorohydrate, Trifluroacetaldehyde, "P-chloromecuribenzoate.
1. Oxygen. The first classification consists of oxygen in
reference to the well-known oxygen effect where the presence of
oxygen at the time of irradiation results in more radiation induced
damage than will occur in anoxic conditions. The magnitude of the
effect is such that thelres‘ull‘_c of a radiation dose in the presence of
6xygen may be equivalent to that obtained with two to three times the
radiation dose used under anoxia. The effect is clearly a sensitization
since the oxygen may be present in the physiological condition where

it produces no toxicity of its own.

2. Antibiotics. The antibiotic Actinomycin D has been shown

to react with DNA (28, 29) and to sensitize cells to X-irradiation. The



mechanism apbears to be an intérference with repair processes (30).
Elkind et al. (31) have shown the effect to be a function of cell age with ‘
the greatest interaction between A'cti'norn.yci’n D and X-rays occurring
in late S phase. Interaction results when X-irradiation precedes
Actinomyc?n or vice versa. Another antibiotic which has been
reported as a sensitizer is Mitomycin C (32). The use of this agent
either prior to or immediately following X-irradiation produccd a
n1uch' gréater decrease of mitotic index for a rat saréoma carried
interperitoneally than that du_e to either X-rays or Mitomycin C alone.
It appears then that both of these agents act to inhibit repair of
radiatioﬁ damage and are not sensitizers in the sense of 'm(::reasing

the effectiveness of the radiation in producing damage.

3. Sznkavit. Synkavit is a compound closely related to the K
vitam'ilns. It and related compounds have been extensively investigated
by a large grou;ﬁ led by J. S. Mitchell. These investigators have-
found Synkavit to be an effective sensitizer in bo‘;h ,1abor§tory and
clinicél trials using a variety of endpoints for cc;m‘parison (33, 34, 35, 36).
Synkavit was found to be of low toxicity and to seleétively éoncentfate'
in some ?ypes of tumor cells. The 1after proberty i‘ve'd M'Ltchell and
his coworkers to prepare tritium labeled Synkavit and to Qse it to -
selectﬁively irradiate tumor cél]_.s in 'clinical trials. This has resulted

in some success. Synkavit seems to have a complex biochemistry,



one interesting aspect of which is its interference with aerobic
lec()ly»s'is in tumor cells thereby forcing them to increase respiration
if pdssible. Warburg has sAhown a high ratio of aerobic glycolysis to
respiration to be a common if not u-niversalldistinguishing feature of

tumor cells (37, 38, 39).

4. DNA Base 'Anal%s». The class of radiation sensitizers which

are DNA base analogs seem to act in a singular manner. These
analogs are incorporated into the DNA molecule where they replace
bases n'orndally present (40). The mechanism of sensitization to X or
Gamma'tlrracz_lliation is not known positively at prgsent. However,
there is reason to suspect sensitization occurs by either or both of
the following mechanisms: (1) weakening of the sugar phosphate
backbone of the DNA strand, or (2) inhibition of repair (41,42). The
anélogs dilffer in their dimensions from normal bases and their
presenée could put some considerable stress on the backbone. The
resulting strain could result in an increase in the frequency of

lesions. This same strain might render repair enzymes of systems

incapable of operating in the region of the base analogs.

5. Sulphydryl Poisons. The class of compounds called
sulphydryl poisons or sulphydryl binding agents has been found to
contain members which are true sensitizers. Recall that sulphydryl

compounds were found to be radiation protectors. It then would seem



10
likely that’é.r.ﬁ:agonists might at least abolish protection and perhaps
act as sensitizers. While sulphydryl poisons havé indeed been found
to sensAitilzeb, the mechanism of action has not been clearly elucidated.
There is .e"viden’ce that sensitization by theée corn:épunds may not be
intimatel.y' l'inked to their sulphydryl binding properties (43). More
will be saia ;bput the mechanism involved in the conclusions section

of this work.

Studies in a Whole-Animal System

A fa.i'rly'large amount of investigation into this class of compounds
has bee'n done. A number of assay methods have been used and results
confirmirig radiosensitization have been the rule. Perhaps the earliest
report on a member of this class of compounds was that of Patt ﬁ.
(44) in which the effect of administration of p- chloromecuribenzoate
(CMB) upon radiation lethality of mice given w'hol.e body X-irradiation
is discusséd. The authofs found an additive effect only. They also
found that the port}on of the lethality due to CMB alone is prevented by
the presence of cysteine before or after administration of CMB. Other
investigations ﬁsing lethality of a whole animal as an endpdint have |
been dpne by Moroson and Spielman (45). These authors. tested a
numbe;‘ of compounds finding sodium iodoacetate (IAA), iodoacetamide
(IA), 'hydroxymecuribenzoate (HMB), and p—cbloromec.uribenz_oate

(CMB) to increase mortality over that due to radiation.only, but little

hy



difference due to use of N,—ethylmaleim‘ide (NEM). The last compound

was uséd in a lesser quantity because of its greater toxicity.
Moroson-and Spielman also performed exper&ments to aScertain
whether 'the drug and radiation effects were synergistic or jﬁst simply
additive. It was found that postix}radiation injection of CMB or IAA
produced no significant increase in mortality over that of post-
'irradiatiqn saline injected controls. It is to be inferred then that for
the conditions of this experiment at least, CMB and IAA are radio-
se'n:sitizei"‘si.

'AI'he" gystem chésen for étudy by the above mentioned authors is
. a very difficult one to use for quantitative purposes. The death of an
anirna.]; lfglipwing an injury such as is inflicted b&r radiation has many
possible contributory causes which can complicate any quantitative
intérpretations one might wish to make. Many workers have chosen

to reduce these complications by using cellular systems.

Studies with Bacteria

Two groups have examined sulphydryl bindirig agents for radio-

sensitization using the very radioresistant organism, Micrococcus

radiodurans. Lee et al. (46) tested NEM and IAA on this organism
finding no effect by NEM but a decrease in the D37 (dose of radiation

resulting in 37% survivors) for the organism from about 300 kilorads

11

to 100 kilorads, giving a dose modifying factor DMF of 3 when IAA was



12
used. The concentration 6f the chemicals was 10_4 molar in both
cases aﬁd' irradiation was carried out in air at ;atfmdspheric pressure.
Dean and:<Alexande'r (47,48) tested iodoacetamide on this same
organism.‘ They obtained a DMF of 7 using IA bat'-3 x ].0_4 molar and
a}.’i’)MF 'of 90 Whe;l‘the IA was used at 103 molar concentration. It
.sh'o'uld be noted that Lee et al. (49) found NEM and.IAA to be toxic to
Micrococcus radiodurans when used in concentrations above 1.5 and
3.5 x 1@44 molar respectively and when incub_ate-:d for a period of 4
‘hours.\ bean and Alexander (50) observed ncé tbxicity due to IA .attllo;3 |
molar for 1. hoﬁr and exposéd cells to this corﬁpound for a maximum of
2 hours. It may bé expected, however, that the threshold of toxicity

was appfoached by these authors. Dean and Alexander (51) did use

NEM at 10”3 molar in tests with Micrococcus sodenensis in a compari-

son with other sulphydryl poisons at the same concentration. No
statement as to chemical toxicity was made. The DMF's estimated
from these data at 0.1% survival are given below with reservations
as to th,e‘ contribution to them due to drug toxicity.

‘(.Quite obviously iodoacetamide 15 the best sensitiz_er if the
DMF's are relatively free of the influence of drug tovicity. Recall
thét a DMF of 3 is about ‘the best that may be expected with the oxygen
ef:fect and nofc that IA is the ‘onlyAc~:Aompound in Tab]Te.l which gives

an appreciably greater DMF.l




TABLE 1

X-ray Dose Modifying Factors for Some Radiation
Sensitizers of Micrococcus Sodenensis

Compound - . DMF B
NEM : 1.4
Il')ivinyl Sulphone 2.1
CMB | 3.0
Aiodobenzoic-Acid 3.6
1A 18.0

Studies with Mammalian Cells In Vitro

Two groups of workers have worked with in vitro mammalian
cell sySfem.s. Bianchi et al. (52) examined the effects of some
sulphydryl poisons upon 1'$.bbit erythrocytes. Two endpoints used
were: 'pota.ssiurn loss as measured immediatel'y after irradiation and
hemolysis as measured 22 hours after irradiation. The results as
ob'gained at 158 Kr of 200 Kvp X-rays are presented in Table 2. The
relative potassium lqss and hemolysis are with re#pgct to'values
: obta,ine'd without the presence of the compound. These values are not
doAse modifying factors. The effect of the compounds themselves upon
potassium loss is said to vb.e negligible as used. No statement as to

effecl upon hemolysis is made.

13



 TABLE 2

The Effect of Some Sulphydryl Poisons on Potassium Loss
"and Ilemolysis of Irradiated Rabbit Erythrocytes

Concentration R'elativg loss of
Compound : (Molarity) K Hb
- Iodoacetic Acid 1.3 x 1074 5.6 2.0
6.5 x 1074 10.3 4.6
Iodc')‘acetamide 1.3 x 1074 9.6 3.0
6.5 x 10~ 21,6 . 4.7
1.3 x 103 21.5 . 4.4
Bromoacetic Acid = 6.5 x:10-% 15.7 2.0
| 1.3 x 103 18. 7 2.6

6.5 x 1073 21.5 3.2

Thetse data sugg.est‘ iodoacetamide to be the moat effective ol
the thfee lsubstances at 6.5 x 10-4 molar, the qnly concentration at
which éil three were tested. The data also. indica(ie ‘that the maximum
effect \;vith iodoacetamide was obtained at 6.5 x 1 0"4. molar; no
furthex} increase resulted from cioubling the con(;ehtration.

When all of the above mentioned studies Wit'h sulphydi'yl binding

agents are considered, it'is seen that several are sensitizers but.

that iodoacetamide seems to be superior in this respeét.

14




6. 'Halogen Containing Compounds. - Many of these have already

been discussed, especially under the class of sulphydryl poisons.
For this _reéson, the consideration of the class of hélogen containing
compounds will be limited té those that are not merﬁbers of one of
the'pfece&ing groups except to compare them with compounds already
discussed.

Dean énd Alexander (53) examined the‘effect of some halogen

compounds on the radiosensitivity of Micrococcus sodenensis. Values

of the DMF for three of them are given in Table 3. Drug concentration
is 10-3 molar in each case. Compare these values with those in

Table 1 which were computed using data obtained under identical

TABLE 3

X-ray Dose Modifying Factors for Some Halogen
- Compounds Used with Micrococcus sodenensis

Compound S DMF
Trifluoroacetaldehyde Al .0
Chloral Hydrate 1.3
Potassium Iodide | 3.0

circumstances by the same authors. It is seen that the simple salt,
potassium iodide is a fairly good sensitizer, as good or better in fact

than some of the sulphydryl agents. Note also that possession of a

15
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halogen atom does not necessarily confer the radiosensitizing
property(ies) upon a compound nor can it explain the remarkable

sensitization produced by iodoacetamide under identical circumstances.

The Choice of an Assay System

A number of systerﬁs have been used to assay radiation sensitiza-
ﬂion. 'I‘.hé list includes the following:
1:. Cell free systems (54, 55, 56)
2." Bacteria (57,58, 59)
.3. Whole Animals (60, 61, 62)
4'.‘ Mammal;xan cells in vitro (63, 64, 65)

5. Mammalian cells in vivo (66,67, 68).

1-. Cell-free Systems. Cell free systems are, of course, the

simplest of systems to use. However, data obtained from the use of
such systems is of limited use in the study of biological problems since

biological systems are so much more complex.

2. \4Bbacteria. Bacteria offer a useful means of studying radio-

sensit'ization. The resﬁ.lts obt.ained from bacteriail systems are of
value both as an aid to understahding the mechanism of action of
radiosenS'}tizers and, of course, may be Qf immediate p.rac.tical use
in solving problems such as sterilization. But if one is interested in

extrapolating conclusions to mammalian situations, one must be aware



of the considerable differences between bacteria and mammalian cells,
three of which may be easily observed. They are: the lack of a well
definedihu'c.léu's and the prt;,sence of a more impérmeable mefnbrane
_in the bacteria and the difference in cell cycle t.imes b'etweenltypical

bacteria and mammalian cells. -

3. Whole Animals. Whole animal systems are at the opposite

pole of complexity when compared with cell free systemé. Because
of this, data obtained using such systems can be extremely difficult

to interpfet, a fact which diminishes the value of such data.

4. Mammalian Cel'ls In Vitro. The in vitro mammalian cell

system gfﬁers the same desirable features of ease of handling, relative
simplicity and amenability to quantitation as possessed by bacterial
syster?ls and in addition offers thg relevancy of ‘responses of
mammalian cells to clinical problems. Cértaiq difficulties arise

when one wishes to extrapolate results to the situation existing ir. an

intact animal, however.

5. Mammali_an Cells In Vivo. In vivo systems have the greatest

potentialufor providing the experimenter with quantitative clinically
relevant data, but some of the systems used do not yield quantitative
data. An example of-this is the assay of radiation sensitization by

linear dimensions or mass of solid tumors (69). In addition to the

17
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difficulty of measuriné a body of irrégular shape, there are the
problems of estimating the poftion of the mass ‘which consists of
tumor cells rather than fibrous tissue, and the wéll-knowh fact that
solid tumors become ‘necro'tic in their interiors..j:hereby altering
growth cha_r_acter‘istics in some complex way.

Th,e ascites tumors do not share the above mentipned disadvan-
tages (70). These tumors alre a free floating suspension of cells main-

tained in and through the agency of ascitic fluid formed in the peritoneal

cavity of the host. They may be thought of as in vivo cell cultures.

Measurement of Ascites Tumors

‘TDsg

There are at least two means of obtaining quantitative data from

ascites tumors; the vfirst is determination of the TDgqo (71, 72) and the

" second is determination of tumor cell number in a recipient (73, 74).

TDgy determination consists of 'f,i.nding how many c.ells are neceded in
an ave‘ragef‘ tumor dose to give 50% incidence of tumors arising in-a
large group of mice. For tumors which have arisen in highly inbred
animal sf!ré.ins and have been tran_sblanted in same, the TDg can be
quite small, e.g., 2 or 3 cells. Tumors which differ genetically from
their hdsts may have TDg, values of several‘ thousand or more since.
the hosf's immune system is able to recog.nize the tumor as foreign

and act to reject it. Hence the fact of tumor development in such
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systems is the outcome of a racé between tumor 4ce11‘ production and
cell ‘re_rndvvgl by immune mechanisms. It is desirable to avoid this
last complication unlesé one wishes to study immunity.

If ..tumor cells are treafed with lethal agents, the TD50 obtainéd _
from thé, récipient animals will be incfeased. The increase in the
réquired number of-tumor cells is due to a decrease in the fraction
of competent célls. As an examplé, consider a control TDSO of 3 cells
and é T,DSO for treated cells equal to 9 cells. If we state that a tumor
will ariseA from one competent cell, then one out of three cells
produc'edv'the tumor in the contrqls. .. This is often expressed as a
competence efficiency (C. E.) which in this case is 0.33 or 33%. The
C.E. f_-or' the treated cells is one in nine or-11%. The surviving frac-
tion, a fe’rrh referring to the relative number of treated to control cells
“and denoted as Sx/so’ can be computed as taie ratio TDSOO/TDSOX
or as C.E. /C.E._ . In this example, Sx/So is 3/9 or 0.33. The
above éalculations are based on two assumptziéns. First, it is neces-
sary that the nuﬁbep of competent cells be independent of the number
of inc.ompetent cells present; and second, it is necessary that the
‘shape‘ of the cumulative mortality curves for both control and treated
célls reflect Poisson sé.rﬁpling statistics.

vHeiwAitt and Wilson (75) tested the first point by adding radiation
killed cell‘s to competent cells and observing.the TDgg as a function of

the ratio of killed to competent cells. They found that there was no
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significa:r}t change in TDSO when this ratio of kil"ledl to competent cells
“varied from 6.4 x 103 to 6.4 x lO6 indicating that .tile cémpetence of
cells was néf significantly influenced by immune, nutritional or
phySioloéical factors. This work was don;e with geﬁetically isologoﬁs
mice and tumor cells. Suqh a result may well not be obtained under
other ééﬂditions.

The éecond condition insures that the lnorfality results only from
the ihnocu]:ation of 6ne or more competent cells. When the shap¢ of
the rnortaility curve reflects Poisspn sampling statistics for treated as
well as cvontrol c;,ells, the surviving fractioﬁ is equal to the ratio of the
TD50's as stated above (76).

'I“Déo determination has been widely gsed. Here at the Donner
Laboratory, iose Feola et al. have used it extensively for assessing
the éffe‘cts‘ of various radiations upon tumor cells (77, 78,-79). It seems
to give 1;e1i.a.ble and reproducible results. But the method does not
give any information about events involving the'tumor cells and their
hosts _be‘tw‘een tHe time of tumor innoculation and the external rr;anifes—
tation of a fully developed tumor. Some such inforrn_a'.tion may be
obtairiéd if- one aésays the total tumor cell ‘p.o‘pu_lation as a function of

v

time.

Measurement of Ascites Tumors - Determination

of Tumor Cell Population

Cvc’mSider the following typiéal growth curve of cells in culture.

oot



There is often an initial lag phase with nearly constant population
followirg the introduction of cells into a medium, particularly if the

" initial concentration is low.

Figure 1: Growth Curve of Cells in Culture

LOG CELL NUMBER

el 0g—~<~—-»L0g Phase—»’«Sfaf/bnary phase—

TIME

The log pha_tse follows the lag phase, if ahy, and is characterized by

logarithmic population growth with time, i.e.,
N(t) = Nyekt | . (1)

-Where: N(t) is the cell population al litue t
No is the initial (t=0) cell population

e is the base of natural logarithms

21
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k is a proportionality constant which has units
of reciprocal time and is a measure of the rate

of change of N with respect to time.

t is time elapsed since t=0 in log phase.

Note that equation (1) describes a condition where N(t) is
direotl'y prooortional to Ny for any given value of time with the
proportionality constant being eXt, That is to say, the value of N(t)
willl be fouod to b.e a fixed multiple of Ny for any given time and is
indeperident of the value of N,. - The fixed multiple is equal to ekt,
Experimentally, t is easily determined as the time lapsed between
the forfrn:ati.on of the ini.tia.l population N, and the measurement of
N(t). N(t) is measured by certain techniques to be described. The

value of k may be obtained by measurement of N(t) at times t; and

tZ_ sinc.e:'_v
Nt,) = N(tz)ek(tz'tl) (2) -

If the values of t, N(t) and k are known, 'No may be calculated
using equotiOn (1). In the case where all of the original cells survive,
the value of N, obtained from the use of (1) will be equal to the
actual riurriber of cells initially pfesent. This last.quantity can be
determined at the time the initial population is formed. However,
when the initial population is given some treatment such that only a

fraction of the cells survive and grow exponentially, then use of (1)



will yield a value of N, which is not equal to the initial population of
cells btit;,'i"ather is equal to that number of the initial cell population
which survived treatment and produced progeny capable of exponential

growth. "tl“hése‘ populationsAare related by equation (3).

SNy = N, | (3)

Where: S is the fraction of N, surviving trcatment

and No| is the number of cells in the initial population
which survived treatment

In log phase growth:
N(t)' = N,'ekt - o (4)
Where: N(t)' is the population at-time t arising from Ng'.

Using (1) and (4):

N(t)) Ny'e

N(t) N_ ekt

N(t)' N
N(t) N,

(5)

I
1}
wn

or.

So it is seen that the surviving fraction is unchanged with time and
~ may be assayed at any &t by obtaining the ratio N(t)'/N(t). In fact,
any in»itial population modifying factor will be preserved allowing one

to select the time and population on the log phase growth curve at
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which he .a‘ssay-_s. 'Co'nsidAer thé'condition whefe one starts with a
pOpulat;lo'n to be treatel.d that is ‘A tvimes that ;)f'the control pOpulétion.
Then fhe' 4't’1'-'eated pc;pulation will aiways be A time.s: that whicﬁ would
have feéulted from a population equai to the contrbl population and
this may be normalized to the contrél popu’latiqn by dividing N(t)'

by A yielding:

N(t)'! _ .o |
N(t) - AS . . A . ! ' (6)

An alternate and useful means of accounting for differing initial
populations is conversion to per unit dimensions. This is accomplished

by rearrangement of (1) and (4) to:

N(t) . okt | o (1a)
N, : |

N(t)' = ekt ' :

No e ' : (2a)

The use of per unit quantities is an aid in conétr_ucting a growth
cur‘ve'for cell populati.on‘ where, for practical reasons, the p0pulé.tioi1_
assayed mﬁst not vary mu;h even though é.ssa.y takes place over a-
time in Which populations will increase by orders of magnit.ude. This
is effécted by adjusting initial populations of cultures to be.as'sa'.yed
at later times downward wifh respect to those to be assayed soon after

time equal to zero.



25

Measurement of Ascites Tumors -

Some Special Considerations

Figﬁ‘r‘e' 1 indicates that thle-log phase is followed by the plateau
or stationary phase. Th;s is a bhase in which popuiation growth ;s
inhibited bf space and/or nﬁtritional limitations. Commonly, a
population will decline somewhat from a maximum attained on entering
the plateéu and will remain relatively cons’l;ant thereafter. It is
difficult to assess the effects of treating cells in a quantitative manner
when they enter this phase.

The z-lscites tumor lends itself quite nicély to a total cell assay
as it is in 'e'ffecf an in vivo cell culture using an uﬁdefined but nutritiou§
and adequate medium. The cells are uniformly dispersed in a fluid,
hence the total population may be obtained by fin&ing the cell concen-
tration and the total fluid volume, then multiplying these factors
togethc;r. Certain complic‘ations arise in the carrying out of such
;neasuremeqts. For example, we estimate that a free peritoneal cell
population of about 107 cells normally exists in the LAF; mouse.

This valﬁe is substantiated by Kornfeld and GreAénman (80). These
authors ‘fé'und an average of 2.4 x 106 macrophages and 5.4 x 106
lyrnpho.cytes present in the peritoneal cavity of LAF .  mice. These

1

cells will result in a high background concentration unless one of two

BN
b :
procedures is possible. First, one can somehow discriminate between

tumor and normal cells by size, shape, stained color, etc., or,



secondly, one can arrange the ekperimental conditions so that the

ratio of tumor to normal cells is high, thereby making the background
contribAutiAcAin as small as possible. In practicg, it turns out that the
first option can be difficult or tedioﬁé to do, especially if the only
method Aav{a_i{lable is the making qf differential cell counts from a

smear pre'paratic.m. The second opfion has a r;thef low practical
limit to its usefulness since the tumor ccll population in the Illogse will
enter sfati.onary phase at a value of about‘ 108 cells thereby ending the

" system's usefulﬁess as a quantitative assay system. But by exercising

both options, a situation is obtained that is of practical value.

Statement of Purpose

‘With the information presented above in mind, the author set
about to study in detail the action of radiation sengitizers in general
and io‘d.o.étcetamide in ‘p'art“icular in the in vivo ﬁ’igus;e ascites tumor
sys;tema“‘ ‘That which follows is an account of. thé dbservations made
and theilmethods used to obtain them. Briefly, it may be stated that
iodoacetamide was found to be a sensitizer when present at the time
of irradiation. This conclusion was reacheci by two methods of deter-
rn'ina_tjon; TD50 and total tumor cell assay. - While the magnitude of
the effect is not as large as that observed in ba'cte'ria.l sirstems, it is
not negligible. Surviving fractions of cells prétreatgd with iodo-

acetamide were commonly reduced by a factor of two over those given
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iodoacetamide as a post-irradiation treatment. In the course of

A}
measuring the growth of cells some observations were made of
factors effecting -such growth. The factors involve the cell holding

temperature and medium during transplantation and the condition of

the host.

il



CHAPTER 1II

METHODS

Animals and Their Care

All animals were female LAF] (C57L % x A/He ) obtained
from the Jackson Laboratory, Bar Harbor, Maine. Animals were
housed 10 to a cage and were given chlorinated water and food

pellets _a_.ci'libitum.

" Tumor Types and Transplantation

'fwo turnors were used, the L2 Lymphorna; and the TA3 Mammary
Carcinorr;a. Both were obtained from Mr. Jose M. Feola of this
laboraté,fy; The original source of the L2 tumor is Dr. Emma
Sheltén (81) of the National Cancer Institute, Bethesda, Mar.yland and
that of the TA4 tumor is Dr. T. S. Hauschka (82) of Roswell Park
Memorvia,l Instit?ute, Buffalo, New York. The L2 Lymphorna was fouﬁd
in 1946 in a 6-month old strain A fermale that had been exposed to 400 R
whole body X-radiation on the date of birth., It was carried by sub-
cutaneéﬁs. transplantation of tissue in strain A or CAF) hybrids for
mote t>han 100 generations before convers'ion‘ to ascites form in the

1950's. Hauschka found the TA3 mammary adenocarcinoma in a strain
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A female in 1949. It was carried as a solid tumor for 34 transplant
generations in A mice before conversion to ascites form in 1951..

Since these tumors arose in the strain A mouse they are there-
fore compatible with that strain and all F'|; hybrids thereof. Tumors
were carried in the LAF; mouse. Carriers were given an interperitoneal
injection of approximately 106 cells in a 0.1 cc volume. After a period
of growth, | usually 6 to 7 days, carriers were harvest:d for use from
the péritoneal cavity by means of a 1 cc tuberculin syringe inserted into
the ca;\ri,ty. The gut was held asibde when necessary to provide a
collection site using a device which we have called a Ciut Paddle. The
paddle rﬁ;y be described as a small flat version of the straining s»oon
so prevalent in household kitchens.

I?: was not important to know the number of Acells given to carriers
with aﬁymore accuracy than about a factor of 2 which was obtainable
by an edué‘ated guess, but when cells were given to experimental
animals, -2 much Better knowledge of cell number was required. In
these circumstances, the cell concentration was obtained using a Model

: ) ‘
B Coulter Counter. This device and its use will be ciscussed presently.

General Chemical and Radiation Treatment Procedures

"Most experimental animal groups were given an interperitoneal

(IP) tumor inoculation. The volume of the inoculum was generally

*Coulter Electronics, Hialeah, Florida.
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0.10 cc. é.nd was irijected using a 0.25 ce glass sYriﬁge and a
25 g x5/8" 4needle. The nuxnbéi' of éells given to animals was identical
~within an experirrigntal group but varied from grou;) to group depending.
upon the treatmen; to beAa.dm"mistered and also ;che time elapsing until
assay o'f.the‘tumor cell population. In general, animals to receive
chemic_al .a'n‘d/or radiation treatment were given more tumor cells
than cdhtr;)ls.' Animals which were examined later in th-e eXperirnent.
were g'ﬁzén fewer cells than those examined ea'rl'ier. The absolute
number of cells to be given was determined lb.’)r' a measurement of cell
concentration in ascites fluid.vpooled from several carrier donors.
The ceils. were enumerated with a Coulter Counter. Once the cell
conceﬁtrqtion of the pooled donor ascites fluid was l;nown, it was a
simple matter to make dilutions such that 0.10 cc of the inoculum
conté.'méd a known éppropriate nimber 6f cells for any gi_.veh group of
recipiént.animals.

After a time lapse of from minutes tov days follcwing inoculation,
the animals were given chemical and/or radiation ijeatment. ‘Five
groups of animals were created. First, tumoi‘ controls wc‘ar_eA given a
1.00 cc IP injection of isotonic saline. Secondly, a group of animals
was ﬁéﬁaliy created to measure drug effects on the tumor cells.

These _a.lnimals received a 1.00 cc injection of the drug in ;ppropriate
concéntration using isotonic saline as the diluent. Thé third group of

mice was used to measure the effect of the radiation only on tumor
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cells. These animals received a 1.00 cc IP injection of saline prior
to radiation treatment. Two other groups were usually included;
one which received a drug injection prior to radiation exposure, and
one which recei;véd a drﬁg injection after radiation exposure.

All irradiation was done with the 1400 Ci Co®? air source

located m Building 74 of the Lawrence Radiation Laboratory, Univer-
sit); of California at Berkeley. This source is nearly a point source,
at leas-t as viewed at distances greater than 10 cm, and provided an
exposufe '&ose rate of about 30 roentgen per minute at a radius of 1
meter from the source. Dose rates of from 20 to 40 R/min were used
in these experiments. Such dose rates were high enough that the well
known Dose-Rate Effect was not a consideration in evaluating the ._
results obtained at differing dose rates (83). Mice were confined
within tubular cages héld in a vertical cage rack. Eight cages were
used; each cage usually containing 5 mice. The design of the individual
cage is shown in Figure 2. No food or water was provided for the
animals during irradiation since the total time involved was less than

one hour.

General Assay Procedure

Experimental groups usually consisted of 10 individuals which
were examined in subgroups of 5. A subgroup was consigned to a jar

containing anesthetic ether (Squibb). Upon the death of the animals,
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they were individually laid out on absorbent pap‘e‘r., Each animal was
given an 'interperitoneal injection of 1. OO'-cc of a solution made up of
isotonic éali’ﬁe + 4% by weight of Bovine Seruva'lbumin (BSA) fractior;i
V (Pentex Inc.) + 1 pc of hurﬁan. Rad'i‘o—Iod'inated Sei'um Albumin

(RISA bylMallinckfodt)'. ' Ir;jectibns were given using a ]! cc syringe
V;/'i.th a 2.5 g x 5/8" needle.

The Sody of each mouse was gently massaged for 20-30 seconds
to mix the injected ‘ﬂuid with that already present in the cavity.. Next,
a 70% ethyl alcohol solution was applied to the abdomen for the purpose
of holding the fur in place as an incision-'was made. Surgical scissors
were then used to make an opening along the midline of the abdomen.
While the iﬁcision was held open, a 1 cc disposable syringe without a
needle was inserfed into the cavity and a volurr.le of 0.2 - 1.0 cc of
fluid obtained and transfered to a test tube. Mice were, at this point,
disposed of.

When smears were required, they were prepared at this time.
A drop of the fluid contained in a test tube was transfered by means of
a disposabie pipette to a clean glass slide. After spreading the drop
with another glass slide, the slide was dryed as rapidly as possible
with a hair dryer. Methyl alcohol was used as.a fixative. After 5
minutes in the fixative, slides were rinsed in tap water and placed in
a stain bath. The stain used was Giemsa blood stain, original azure

blend type (Scientific Products). About 5 minutes in the stain was
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usually adéquate. In the event that destaining was required, it was
done with fnethyl alcohol.

Twenty microliters (pl) of the fluid in the test tubes were
pipetted "}nt'o al/2zx2" plasfic vial (Lermer Plastics) containing 1 ml
of distjlllvé.'d water. An additional 20 pl was pipetted into a 7 dram
plastic:vial (Armstrong Piastics) which contained 10.0 ml of isotonic
saline (Cutter Laboratories) + 4% by weight of BSA. BSA served to
increase fluid viscosity thercby markedly reducing settling of the
larger cells. At this‘ point, a new subgrc;up of 5 mice was consigned

to the ether jar for use about 10 minutes in the future. Mixing of the

Acontent_s of the 7 dram vials within the individual vials was effected

as unif.ormly and gently as possible by simultaneous repeated inversion

of the vials by hand.

Next, the cell concentration of the suspension in the 7 dram
vials was obtained using the Coulter Counter. Two readings were
obtained; one with each polarity. On occasion, several trials were
required owing to aperture blockage by debris. When a prolonged
time was required, vial contents were mixed to resuspend any settled
cells. |

After all groups were examined, the conte_ﬂts of the 1/2" x 2"
vials were counted to find their 1131 cohtent compared with that of
standard vials into which 20 pl of the RISA‘ containing injection solution

had been pipetted. Counting was done using a well type Nal cystal



35
scintillatiqn counter.. Once tumor cell concentration data from the
Coultef Cpunter and data giving thé RISA cbn'centratién of the fluid in
the periton}g.'al cavity were known, total cell numbers were obtained as
the prodx.lc:t‘ of the cell coflceﬁtration and the volﬁme as calculated on
the basisv:of 131 éontent of the 20 pl samples of fluid ¢.s compared to

that of the I!31 content of the standard.

Accounting for Normal Cells

Since ascites-turnor cells are resident in the peritoneal cavity
of mice, and as has I;een mentioned, the population of cells normally
present in fhe cavity is of the order of 107 cells, any determination
of cell number necessarily must include a discrimination between
tumor and normal cells. The resident cell population in both number
and type of cell, dep.ends’upon the treatment given the host. The
resident cells present in sufficient numbers to affect ¢ell number
determination under any of the circumstances studied are given in
Table 4.

Kornfeld and Greenman (84) found th'at the normal peritoneal
population of LAF;] mice consisted largely of 2.4 x 1c6 macrophages
and 5.4 x 106 lymphocytes. Approximately h;lf or 2.7 x 109 of.the
lymphocyfes were of thé small type. Their data indicate that
‘e,xp'oosure‘ to 90-590 R of X-rays does not alter the macrophage popula-

tion appreciably for at least 2 weeks; a period of time longer than



tﬁat of interest in the present's_tl.idies. However, theseAauthors found
that the lymphocﬁe population changed markedly in a few hours
follo‘winvg radiation exposure. The greatest effect was on the small
lymphog;lrte's. These cells decreased to a few percenf of normal levels
for X-ray exposure of 290-690 R. At the same time, the medium

~ lymphocyte levels show no changeat290 R but de.crease to about 30% of
non-irradiated levels at a dose of 690 R. I.:yrnphpcyte levels begin to
return to__.nc{;rmal about 2 weeks after irradigti(;n.': We concludéd that
macrophages especially would present a problem regardless of
radiati'o‘n.tx;eatment of the hosts. Lymphocytes éould be expected to

cause less difficulty with animals given radiation exposure. -

TABLE 4

Major Constituents of the Free Peritoneal
Cell Population h

- Volume of Cell
Range of Cell Mean Having Mean

Cell Type Diameter Diameter Diameter
: ‘ (Microns) (Microns) {Cubic Microns)
1.2 IJwﬂphpmé . 1,8-25 20 4180
TA3 Carcinoma 22-32 27 | 10300
Macrophage 22-217 23 6340
Gran'ulo'cyte ' 10-12 11 696
Small. lyr-nphocyte : 6-7 6 115

Medium lymphocyte - 8-10 9 380
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Accounting for Induced Granulocytes

In the course of examining peritoneal cell smears, it was dis-
covered that iodoacetamide administration produced a remarkable
increase in peritoneal granulocyte levels, and that this increase
occurred independently of treatment other than iodoacetamide admin-
istration. Such cells are rare in normal animals but seemed to
constitﬁte about a third to a half of the ’celll population when at
maximum levels in iodoacetamide treated animals. The maximum
granulocyte population was reached about 2 days post-treatment and
returned to low levels by 4 days. Assuming that the population of
cells normally present in the cavity was not changed by iodoacetamide
administration, the maximum granulocyte level was between 4 and
8 x 106 cells. While radiation Valone does not mobilize these granulo—'
cytes, it must affect the granulocytic response to iodoacetamide.

The magnitude of this effect is unknown.

Differentiation of Cell Types

Table 4 indicates that a way of discI:imination between the various
cell types is by size. Diameter alone is enoﬁgh to enable one to
discriminate between the tumor cells and the granulocytes and
lymphocytes which areA all considerably smaller cells. In addition,
if one prepares a smear, utilizing appropriate staining techniq\ies,

various other morphological characteristics aid in discrimination.
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Determination of Cell Concentration

W_hilé an examination of a slide will yield data on the relative
abundance of cells‘, it can yield only very uncertéin ‘data on cell
concentrations. Such data may be obtained using the hemocytometer.
However, tﬁe .errors inhei‘ent in the use of this device due to physical
effects and the statistical error that is associated with the practical
limit on the number of cells .to be counted, are quite large (85, 86, 87).
Probable errors of 10-15% may be expected. The method is tedious
and if applied in an experimenfal situation where cell concentrations
from a large number of aﬁimals is required,. it becomes the limiting
factor in the experiment.

Clell concentration determination can be accomplished with
greater accuracy and speed using an electronic cell counter. The
particular apparatus used in.these expefi.mer{ts was a Model B
Coulter Céunter. * The principie of operation is quite s‘imple. Intact
cells have an electrical resistance that is.orders of magnitude greater
than that of commonly used bathing media such as isotonic saline.
Cells are made to pass thr.ough.a small orifice (100 microns in our
usage). This orifice serves as the limiting fluid and electrical
'irn‘pedanges in a circuit frorﬁ the outside to inside of a glass tube con-

taining the orifice. Passage of a cell through this orifice results in a

>kCoul‘ter Electronics, Hialeah, Florida.
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momentary increase in circuit impedance. The pui’s.e change of
electrical.i;’i.lpedance is capacity coupled to amplifying and pulse
height disérimination circuitry. Inasmuch as it is the rate of change
of impedance rather than the change of impedanée which is seen by
the electronics, it is necesséry to eliminate velocity of the cell ¢ s a
variable. This is accomplished in the Coulter Counter by drivin;; the
fluid through the orifice with a constant pressure head during the time
of measurement.

The pulse height obtained with the Coulter Counter is proportional
to the volume of a cell. Table 4 indicates that volume discrimination
is better than discrimination by diameter. Macrophages still present
a problem, especially with the use of the L2 tumor. The TAj tumor
cells are usually somewhat larger than the macrophages. Experi-
mentation with discrimination between TA3 cells and macrophages
showed that discriminator settings which allowed count of a relatively
small and constant number of macrophages were easily obtainable thus
making the preparation and scanning of smears unnecessary. For
this reason, most of the data presented here was obt;a.ined using the
TA3 tumor.

Standard procedure u;ing’ the Coulter Counter was to place
20 pl of the extracted fluid from the peritoneal cavity of a mouse into

10 cc of the diluent and rnix the two. Célls contained in 0.500 cc of

this mixture were automatically counted hence the cell count obtained
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was equal to that in 1 ul of peritoneal fluid. Cell concentrations
were coﬁverted to units of cells/cc simply by multiplying the Coulter
Counter reading which was in cell/pl x 103 pl/cc (the small difference
between units of ml and cc being ign‘ored)‘. The Coulter Counter
discrimination circuitry was used to eliminate the ;ount'mg of debris
and red blood cells. Ip the case of the TA3 tumor, it was possible
to discriminate against most of the lymphocytes as well. It may be
assumed that a certain fraction of tumor cells. were not counted due
to small size although a good c‘orrelaltion between Coultér Counter
cell numbé‘rs and those obtained with a hemocytometer was obtained.
Howex)er, if the size distribution of cells remains fairly constant, a
fixed fraction of the tumor cells wi.il be counted and comparison of
cell nurnbe'rs is not impaired. The important consideration then, is-
the reproducibility of cell counts rather than accuracy in measuring
absolute cell numbers.

A test of the reprodﬁcibility of cell counts was made by obtaining
one count each from each of 20 samples prgpared by pipetting 20 pl
of tumor fluid from 'on.e aﬂimal into 10. 0 ml of diluent. ' The result
was a mecan cell count of 13026 and a standard error of 178, tﬁus the
error in reproducibility attri,bu‘tablev to pipetting and counting with the

Coulter Counter is about 1. 4%,

Determination of Tumor Volume

The datum desired from a mouse was the total tumor cell
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population.in its peritoneal cavity. As has already b_e‘en mentioned,
this inforfnafion is obtained by measﬁring the volur'nt;. of the peritoneal
cavity and the cell concentration. The volume measurement is indirect,
since divrectAmeasuremenj: of this complicated geometry is impractical.
The method used was the isotopic' dilution method first used by Kelly
et al. (8.8)" for this purpose. In this method, a'known volume of a
‘ radiqactive',fjluid is added to the unknown VOlumé. After mixing the
known and unknown volumes thoroughly, a quantity q of the mixed
volume, X, is removed. The specific activity, SAy of g may be

expressed as:

X Vo
and since Vy =V, + Va (2)
Where: A, is the total injected activity

Vi is the injected volume

V.. is the unknown volume

u
. A
It follows that SAy = ——1 _ (3)
o VH-Vu :
NOW, A Ai = ViSAi (4)
o Vi SA;
So that, . SAyx = - Co (5).
V. .
SA.: Vv ' ’ ' »
or - = = A _ (6)
SAx Vi -
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)

Since. V.1 is known, V,

or V, may be foundAif the ratio of
specific éctiyities can be found. T};is "LS‘ easily accomplished in
practic}e by obtaining the count;-rate from a saméle quantity q and
an equal sample vplume of the fluid .used for injections. If counting
geomet;r‘y'- is | identical, |

SA = k Count-rate _ (7)

Where k is a constant

so (6) becomes o
‘ Count-rate; v .
i _ ¥Yx , (8)

Count-rate, .V-1

Wlth the apparafus éfnd animals used, it was convenient to have
Al approx"lxmately equal to 1 pc of RISA, V; =.1.00 cc, 'q = 20 pl washed
into 1 cc of distilled water. The count-rates inl(S) were corrected for
backgrﬁound. Coincidence correction was not a consideration w‘ith our
counting’ sys’tem at the count rates used. It is imperative in any
dilution _technique that the substance to be quantitated not be capable of
leaving thé unknown volume by diffusion or any bther means of
transport. If this occurs, results will be in error (high values for
volume). RISA is ideal fpr this purpose in biological systems since
the radioa_ct‘iv.e atom, 1131 s bound to albumin; a large molecule which
is not easily transported across biological boundaries. Evide%nce for
this.a_né for the accuiacy of RISA injection, pipetting and cbunting

technique is seen in the result of injecting 20 normal mice with 1.00 cc
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of RISA solution and obtaining V, for these animals. V_ was found
to be 1.005 cc with a standgrd error of 0.010 cc. ’I'He standard error
is then only about 1% with this technique. The result of this measure-
ment‘alsok A'm‘dicatgs that the fluid volume of the perifoneal caQity of a
normal fnouse is essentially zero since equation (2) yields
Vg =1.005 - 1.00 cc.

Recall that the total cell number was obtained by multiplying the
volume V_ obtained from equation (8) by the cell concentration in
cells/cc.. Since the errors in these procedures are independcnt, the
standard error expected for the product should be 1%‘Z + 1. 4%2 =1.7%.
Such a low standard error due to measurement technique gives some
confidence that the larger standard errors often found for data obtained
from a group of animals ‘is largely due to biological variation rather

than to measurement technique.



CHAPTER II1

RESULTS OF IA STUDIES

1. Whole Body Effects of Iodoacetamide énd Radiation

A study of the toxicity of iodoacetamide when given to the LAF,
mouse wa's made. Lethality was the endpoint.i 'Tablé 5 presents the
results obtained when iodbacetatﬁide was gfven IP in 1,00 cc of
isotonic s'_élline. Results of combining 'iodoa‘a.vcet_amide with 600 R
Cob0 treatm‘ent are also shown. Mouse survival was measured at
30 days after treatment. The data of Table 5 indicate that lethality
increased when iodoacetamide and 600 R of Cob0 gamma rays were
used. SLX hundred R of Co®? gamma alone produces no acute
lethality'.

Table 6 presents data obtainéd in a second test for lethality.

In this experiment, radiation exposure dose was varied while iodo-
acetanm»i‘d'e dose was held constant. The data show the small lethality
due to O. 370 mg iodoacetamide used with gamma radiétion and also
indicates that the LDSO, | i. e., the dose of radiation which is a lethal
dose to 50% of the recipients, is between 7 and 9 hundred roentgen

exposure. A better estimate of this value is obtained in Section 3
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TABLE 5

Long Term Survival of Treated Mice

Treatment

Mean Time of

. 555 mg Iodoacetamide
. 648 mg Iodoacetamide
. 740 mg lodoacetamide

. 833 mg Iodoacetamide

. 555 mg Iodoacetamide
. 648 mg lodoacetamide
. 740 mg Iodoacetamide

. 833 mg Iodoacetamide

+ 600 R

+ 600 R

+ 600 R

+ 600 R

Survivors Death’
at 30 days . for Decedents

(days)
l0/10 -
10/10 -
8/10 5
l/lb 2
9/10 9
6/10 7
4/10 2
0/10 2
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- TABLE 6

Long Term Survival of Treated Mice

Mean Time of

A Survivors Death
Treatment S at 30 days - for Decedents

- ' (days)
-7001 R ‘ L 5/10 25
800 3 : o | 6/10. . 23
90}0’_R : | § " 3/10 » 20
1000 R | | ©0/10 19
1100 R - , 10/10 13
600 R + 0.370 mg Iodoacetamide 9/10 19
700 R + 0.370 mg Iodoacetamide - 8/10 | 29

SOO'R + 0.370 mg _,Iodba;etamide 6/10 25

900 R + 0.370 mg Iodoacetamide - 3/io 19 |

1000 R + 0.370 mg Iodoacetamide  0/10 | 18
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which follows. An LDgq as high as this is testimony to the good
physical condition of the mice and assures one that the complicating
effects of infection should not affect data obtained with these and like

animals.

2. Whole Body Effects of Iodoacetamide and

Radiation Upon Tumor Bearing Animals

The effect of treatment on the sqrvival of animals which carry a
well developed tumor was examined. Results are presented in Table 7.
All tumor bearing animals were given 107 L2 tumor cells just before
treatment. Radiation and iodoacetamide were administered as
indicated in the table. The various non-tumor bearing controls were
included Aas indicators of the lethality of the treatfnent procedures
alone. It is seen that use of 0.648 and 0. 740 mg of iodoacetamide in

60

conjunction with 600 R Co®”" whole body radiation were the only treat-
ments of those given that were effective in prolonging survival of
mice inoculated with this large dose of L2 tumor. | It must also be
noted that these treatment combinations seem to be approximately
LDgg's for non-tumor bearing mice. It is not necessary to nearly kill
the host with the treatment in order to inhibit tumor gi‘owth. The
treatments given were wlf;ole—body in scope. Had the radiation been
localized to the tumor site, the untoward effects on healthy tissue

could have been reduced. The lethal contribution of the gamma

irradiation alone cannot be deduced from the results presented in
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TABLE 7

Effect of Treatxeat on the Short Term Survival of Mice Given LZ Cells

: Survivors at Indicated Day Post Treatment

167 cells + 0.833 mg Iodcacetamide + 600 R

0/6

Treatment 1 2 3 4 5 6 7 8 9 10 ]:1 12 13 14 15 16 ,

107 cells  No treatment 5/5 3/5 175 0/5

107 cells -+ 0. €48 mg lodoacetamide 5/5 4/35 3/5A 1/5 0/5

107 cells + 0’. 740 mg. Iodoacetamide . 5/5 3/5 2/5 1/5 0/5

107 cells + 0.833 mg lodoacetamide 1/5 n/5

107 cells + 0 555 mg Iodoacetamiqle +_606 R 3/5 L/5.0/5

107 cells +0.648 mg.lodoacetamide + 600 R.- 5/5 4/5 3/5 1/5 0/5

107 cells + 0. 740 mg Iodoacetamide +600 R 5/ 4/6 1/6 0/6

‘ 5/6 1/6

8%
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‘Table 7. Such information is obtainable from the data in Table 8.
Table 8 presents the results from an experiment in which the
TA3 mammary carcinoma was used. All groups initially contained

irradiation were as indicated.

60

10 animals. Iodoacetamide and Co
The last hérizontal'entry in ’i‘able 8 indicates that 600 R Cob0 was

not of i’;se;lf, a.cutel.y'lethal.' When given in combination with iodo-
acetamide in various dosages, lethality of non-tumor bearing animals
was observed as before. Lethality began to appear at an iodoacetamide
dosage of 0.555 mg and was quite in evidence at 0. 740 mg. This
finding co.rrelates well with the data of Table 7.

The inoculation of 1(_)'7 cells resulted in 50% survivors at 5 davys
post-injection and 0% survivors at 6 days. The correspondir.g tirr;eS
for the L2 tumor were 9 and 11 days respectively and this in spite of
the fact that the L2 cells exhibit a doubling time of about 11 hours
when in logarithmic phase as compared to 15 hours for the TA3 cells.

Table 8 shows that the time to which 50% of tumor bearing
animals survived was increased by 2 days when animals received
600‘R and that the 0% survivor time was increased by 7 days using
this treé£n1ent. The effect of giving 0.370 mg of iodoacetamide was
an increase of 2 days for 50% survival and 3 days in the timc to 0%
survival. Thus this dose of iodoacetamide was approximately the
equivalent of 600 R in its effectiveness at prolonging life of the an'un;.l.

Table 8 indicates that the administration of iodoacetamide followed by



TABLE 8

Effect of Treatment on the Short Term Survival of Mice Carrying the TA3; Tumor

Survivors at Indicated Da.y‘ Post Treatment

Treatment 1 2 4 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 ;7 28 29
107 cells No treatment 10 10 5
) 107 cells + 0.378 mgy Iodoacetamide + 600 R 10 10 9 8 6 & & 4 0
107 cells + 0.555 m3 lodoacetzmide + 00R 9 9 9 8 6 & 0
107 cells + 0. 7;‘10 mg Iodoacetamide + 600 R . 8. 6 6. 4 4. 2 1 1 0
107 cells + 0.925 mg lodoacetamide +E00R 10 5 4 4 3 2 2 1
1'07 cells +0.370 r;‘xg Iodoacetamide 10 10 71 0
107 cells + 0.553 mg Iodoaéetamide 9 8 7 74 3 3 0
107 cells + 0. 740 mg lodoacetamide 9 7 75 1-0
107 cells + 0. 923 mg Ipdoaé;tamide- 9 5 4 3 1 0
107 cells +€00R 10 109 6 2 1 1 0
No turhor 600 R. 10 19 }6
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600 R Co®9 resulted in an increase of time to 50% survival by 11 days
and the time to 0% survivors by 12 days. Using either time measure,
the result of using both agents is considgrably greater than the sum
of the effects of each ag‘ent aione. The time 'of survival for 50% of
the anin’ial; over that of cont.rols is expected to be 4 days if effects
were sirhplsr additive whereas it was actﬁally 11 days when both agents
were used. In similar fashion, one would expect 0% survivors to de
attained some 10 days later than controls but the result of using both
treatments was an incz;ease of 12 days. It should be recalled that the
tumor is ;1 very rapidly dividing one. Then the significanée of an
increased survival time is more fully appreciated.

The data of Table 8 indicate that the greatesf increase in 50%
survival time of treated animals is obtained using 0.370 mg of iodo-
acetamide in conjunction with the 600 R Cob0 exposure dose. However,
longer survival times of a few animals in groups which received
0.740 mg or 0.925 mg of iodoacetamide followed by 600 R were
obseﬁred. Table 7 ;Lndicates that us-e of 0,648 or 0.740 mg of
iodoacetamide with 600 R was optimal for the L2 tumor 'Bearing animals.
Whethervthese differences are tumor specific is not known. The mean
lethal dose of iodoacetamide given alone to healthy LAF, mice is about
0.8 mg as indicated in Table 5. It is usually desirable to r'naintain as
high a therapeut{c ratio as possible yet obtaining a beneficial effect.

With this thought in mind, the largest part of the studies to be
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described in which the tumor cell surviving fraction was obtained

were done with 0.370 mg iodoacetamide per 20 gm mouse.

3. Whole Body Effects Assessed by the TDgg Method

T_hé data presented in Section 1 of this chapter may be subjected
to statist_ic;"a.l ané.lysis in order to determine the mean dose of an agent
or combination of agents required to result in animal"mortali'.cy. Such
aldose. is termed a LDgg (lethal dosg to 50% of animals), an EDgy
(mean effective dose) or in the case \%/here the agent is in the form of
an inocl'ulum of tumor cells, the dose is termed a TDSO (mean tumor
dose). | THe determination of this parameter was done with the semi-
graphical method described by Litchfield and Wilcoxon (89).

'W‘hen iodoacetamide was administered IP in 1 cc of isotonic
saline, the resultant mortality seen over an 8 week period of observa-
tion was as presented in Table 5 Analysis of this data vields a mean
lethal dose of 0. 79 mg of iodoacetamide with a 95% confidence interval
of 0. 76 to 0.82 mg. Table 5 also ShO\-?VS the toxicity of a combination
of 600 R of radiation and é. dose of iodgacetamide. Un,d.er(\these.
conditions, the mean 1ethal" dose ié reduced to 0 69 mg with a 95%
confidence interval of 0.62 to 0.77 mg.

Table 6 presented data on radiatiop lethality of mice with and
without a pre-irradiation injection of 0.370 mg of iodoacetamide.

The LDg, of mice given iodoacetamide is found to be 830 R with a 95%



confidence interval of 740 to 930 R. The corresponding values for
radiation exposure only are 760, 660 and 880 R. Quite plainly, these
LD50 values may be considered to be identical. Hence, the effect of

0.370 mg iodoacetamide upon radiation lethality is negligible.

4, Jodoacetamide Distribution

An examination of the distribution of iodoacetamide givgn by 2
routes' was made using 1131 labéled iodoacetamide. The iodoacetamide
wé.s given éither interperitoneally or intravénohsly as indicated in
Table 9. Administration was accomplished in the latter case using a
27 gauge x 1/2 inch needle withla 0.25 cc syringe containing 0.10 cc
of 4.5 x 1072 molar iodoacetamide in isotonic saline. Injection was
made intd one of the lateral tail veins of the mouse. IP injections
were of the same volume and concentration as the IV injections.
Animals were sacrif.iced by cervical dislocation at certain times after
injection. Table 9 contains data obtained by counting severé.l organs
of the animals. The values given are expressed as a percent of the
injected dose. (The standard was a 20 cc saline solution containing an
amount Ao_f. ‘labeled iodoacetamide eéual to that giveﬁ the 20 gm mice.
The standard was contained in the same type of vial as were the>mice
and their organs.)

' Th.evdata preseﬁted in Table 9 may be subject to some consider-
able error since each measﬁrement presented r‘epresents data on only

one mouse. However, some qualitative conclusions might be drawn
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TABLE 9

D.istribut.ion of Il 3_1 Labeled Iodoacetamide m tke LAF] Mouse
: as a Fanction of Time After Injection

131 Activity as a Percent of Standard

Iodoacetamide Time after Gl . : Rema'mdef
Injection Route Injection Tract Liver Spleen Thyro.d Femurs Tumor of Carcass

v 5 min 9.7 5.9 0.7 0.2 0.6 2.8 83.3

v 12 min 9.4 4.9 0.7 0.1 0.4 3.0 76.7

v 20 min 11.2 4.8 0.7 0.3 0.8 2.5 71.3

v | 30 min  10.9 4.6 0.6 0.2 0.6 2.8 72.9

v 99 min 13.5 2.9 C.5 0.2 0.4 2.0 54.5

v 129 min 13.1 4.9 0.9 0.2 0.6 2.0 90. 6

v 240 min 19.7 4.9 0.5 0.6 0.5 1.9 63.5

IP ' 1 min 24.7 9.8 0.8 0.1 0.3 63. 1

IP 2 min 16.2 11.0 0.8 0.3 0.7 76.1

1P 5 min 13.7 8.7 0.6 0.4 0.7 85.5

IP 10 min 12.2 5.4 0.7 0.5 1.0 91.5

IP 20 min 13.6 6.9 0.6 0.2 0.8 ' 83. 1

14’
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from the'data. It ma};' b‘e.concluded that iodoacétafnide is- probably
retained in the Body considefabiy ldnger than 4 houl;s. The
iodoacetamide is well distributed in a few minutes after injection by
eithevr route. The animals given an IY injection had been given a
-subcutaneous _inje;ction of 10§-L2 cells in Athe neck some 10 days
previou‘sl)'r and had,  at the time of iodoacetamide irjection, a solid
tumor of about l"gm rﬁa'.s}s. The data show that iodoacetamide reached
the tumo"r in less than 5 minutes and remained there. The thyroid
data are Aalso of interest. They indicate that the iodine atom was
firmly bound to the iodoacetamide molecule for if this were not the
case, 'this"organ would have contained a large fraction of the 1131,
This would be the case since the thyroid of a mammal typically con-
tains from 10 to 100 times as much iodide as i; _présent in the blood
and also concentrates each day an amount of iodide approximately equal
to the total amount found in the blood.

"TheA data of Table 9 indicate that iodoacétamide is widely dis-
Vtribﬁted.‘ _However, since the organs listed are of \;'arious masses,
one can say nothing as to the relative concentrations of‘iodoac‘:etamide
_in differing organs. Table 10 presents the specific activity of the
labeled iodoacetamide in liver, spleen and tumor tissue of the same
animals from which fhe da£a of Table 9 were obtaiﬁed. The ldata i
indicéte that the concentration of iodoacetamide probably becOrnes.

nearly constant throughout the animal soon after administration and



TABLE 10 .
i3l Specific Activity in the LAF; Mouse as a

Function of Time After InjectiOn

‘ ' ' ' ' Specific Activity (CPM/g
Iodoacetamide Time after  Specific Activity ( /gm)

Injection Route Injection " Liver ‘ Spieen ' Tumor
IiV | 5 min | 20 459 464
IV 12 min 370 5.0 -_ 599
v 20 fnip B 1 ) 468
1%/_ 30 min . 340 311 619
v 90 min 222 | 3.9 360 
v 120 min 397 . a2 667
IV  2a0min 435 . 54 734
P : 1 min . - 1084. " 1529
IP 2 min | 886 | 1110
P | 5 min ) 797 922
IP o : 10 nl;n | 516 1010

IP 20 min 624 - GIL
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that the concentration in the subcutaneous tumor was equal to or

greater than that in the liver and spleen.

5. The TDgg of Tumor Cells Treated with

Radiation and Iodoacetamide

Tlhe‘ ‘expe'rime.nt‘s described below were dbne' in collaboration’
with Jose Feola of this iabératdry. L2 lymphéma cells were injected
IP into ferale LAF| mice. Dilutions \;ver‘ev made into Medium 199
with Hanks balanced salt solution Bﬁffered'with NaHCO:.; (Microbiological
Associat‘e’s,i Beth'esda., Md.). The medium was cooled in an ice-water
bath befére-and during usé..' Results of an experiment in which 0.37 mg
iodbacefa’mide and 250 R 6060 exposure were administcred to tumor
bearingv hosts ;Lre shown in Table 11. The hosts were sacrificed
ilnn'lediai;ely after treatment and cells were harvested, diiuted and
injected into recipients within approximately 1 hour of the treatment.
Cells were injected in a 0.10 cc volume into ex'perimeﬁtal groups con-
sisting of- '1.0 anirﬁals. TD50 and the 95% confidence interval obtained
from t.his‘data are as shown in Table 117 Table 12 gives the results
of TD50Adétermination expériments for AO. 37 mbg iédpacetalnide used
~with a ‘500 R radiation dose.

Table 13 gives a summary of the TDSO vélues of Tables 11 and
12 norrﬁalized to the TDSO of the control groxip for each experirnex;xt.

The inverse of these values should be a measure of the surviving
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_ TABLE 11

The TDg of L2 Cells Treated with 0.37 mg
Iodoacetamidé and 250 R '

: # Cells o _ o .
‘Treatment Injected Survivors . ‘.TDSO (95% CI)
Control 0.8 8
4.0 2 _
. . 3 (1 - 8)
20 2
100 .0
IA 5 3
25 3
12 (6 - 25).
125 4 .
625 1
250 R 2
10 . 5 :
Lo - 10 (5 - 20)
50 . S22
250 1
‘250 R ¥ 60 6
IJ.A.I. ' : . )
T 300 . - 4 . 4
o L ‘135 (64 - 285) . -
1500 - 0

- 7500 )
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TABLE 12

The TDgq of L2 Cells Treated with 0.37 1ag
Iodoacetamide and 500 R '

# Cells.

Treatment Injected Survi\'rbrs ‘ - T“)50 (95% CI)
Gontrol C 0:i4 10
| | 2.0 . 10
10 | 5 10 (3 - 30)
50 1
250 ' 0
A 0.4 10
| 2.0 10
10 - 8 © 1.0 (50 - 610)
. . ; T
250 4
500 R 4 10
20 7
100 3 0 (35 -190)
500 3
2500 0
500 R+IA 8 10
40 10
2000 1000 (330 - 3000)
" 1000 5 o <
5000 1
25000 0
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fraction of competent cells (see Introduction). Thé surviving fractions

appear in the third column.

TABLE 13

Surviving Fraction Obtained by the TDgy Method

Normalized TDgq Surviving

Treatment : (Cells) Fraction
Control . g 1.0 ~1.000
1A : 4.0 0.250
250 R 3.3 T 0.300

250 R+ 1A 45 . 0.022
Control | . 1.0 - 1..000
IA s : ~0.056
500 R T S I 1

500 R + IA A 100 . 0.010

.The.data of Table 113 indicatell ?hat £he p;;esence of iodoacetamide
at the time of radiéti.on .reduced the surviviné fraé’;ion of cells by a
factof of approximately 13 for bpth doses. It is also clear that |
iodoacetamide as used was of itself toxic té the L2 cells. There
appears to be some considerable difference in the magnitud‘e of this
effect 'ull these two exp:\eriments. WeAhave found quite a variation in

drug effect in other studies as well.

il



61

The data of Table 13 i"ndicatev the possibility of a”synergistic
cffect between iodoacétamide and radiation. One Woula vexpect thet
- the result of using two agents togetiqer which act independehtly wc ald
be a surviv{hg fraction equal to the prodgct of thg surviving fractions
which ‘re'sAult from the use of each agént singly. On this basis,v one
would exfiect a surviving fraction of 0.075 for the use of'250 R +
iodoacetamide and one of 0.007 for 50'0 R t+ iodoacetariide. The : ctual
value for 250 R + iodoacetamide is some 3 times sma ier and that for
500 R + iodoacetamide is 1.5 times larg'er than the va.ues one mi tht
predict. Thus, at the least, the agents appear to be iidependent in
their mode of action, and if the data at 250 R is the more typical of
that to be.'expected, then a synergism exists. A fu;‘th-zr indication of
synergism would be a smaller.sul"viving fraction of cellé resulting
- when cells bare irradiated in thé presence of iodoacetamide than
resulvts.when the compound is supplied after ir‘raaiavtbioAn. Such studies
were n(;t done With thé TDISO method. .T};ey were done, .hAowever,' with

the total cell assay method as reported in the next section.

6. Results Obtained by Measurement of
Total Tumor Cell Number

Growth Curves

Figure 3 shows some typical results of measurement of total
L2 tumor. cell number. in LAF; hosts which received the indicated
treatment. All cell populations are normalized to that expected from

an initial cell population of 1.48 x 107 cells. This number of cells was
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in fact the number given to most experimental groups. Exceptions
to this ar-e' groups that w.ould be expected to yield populations in
stationary phase at the‘time‘of examination if 1.48 x 107 cells had
been theA‘act'ual initial population. Tﬁe control groups of mAice yie:ldirig
data on da’ys 3'and 4 are typicall exceptl:.ic‘)ns. ‘'They were given
1.48 x 106 cells which grew to actual populations of ‘.15 x 107 and
2.74 x 108 cells. These Vﬂal'lie-s are multiplied.by 10 to estimate what
would Hayé been the result of exponentilal growth of 1.48 x 107 cells
were it not for the limits set by the onéet_ of stationary phaée. In
spite olf this adjustment in initial population, the datum of control
cell populaﬁon at day 4 shows that those cells had begun entry into
stati»o_nary phase.

.Figure :4 shows data obtained w'ﬁ:h TA3 ‘ttimor cells. These
data are nofmalized to those expected from an inoculum of 7.80 x 106
cells. A significant difference exists betwéen data from animals given
ivdoacetamide before irradiation and data from animals given a post- .
irradiation injection of i.o'doacetamide. This is strong evidence of a

synergism between radiation and iodoacetamide present at the time of

radiation, -

Survival Curves

If data such as that presented in Figures 3 and 4 are obtained at

several radiation doses, one can plot survival curves such as those of
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Figure 5. 'I;he;e curves were constructed with 1.2 tumor cell data
obtainedA 3 day,s after treétmént. Three days post treatment is an
especially.g‘ood time to.a_sses.s_cell nurnbér because it appears that
all cells killed by the treatment have been removéd at this time and
less adju‘s-}tfnent of initial cell pOpulatibn is required at three days
than is tﬁe case at longer times. .'

'Figu_r"‘e 5 shows qﬁite 'ciearly that a synergism exists between
iodoacetamide and gamma radiation. The .adm'mist.ration of 2 pmoles
(0.370 ing) of iodoacetamide some 20 minutes after irradiation
reduces the surviving fraction by a factor of 5 to 20 over that due to
radiation alone with the greatef réductioﬁ occurring at higher radiation
doses. A fu_rther reduction by a factor of.Z to 5 is obtained if iodo-l
acetamide is.supplied 20 minutes before radiation exposure.

It is of interest to compare the surviving fractions of Figure 5
with those obtained by the TDg( method as shown in Table 13 of
Section 5. Table 14 contains a comparison of the results of these two
methods.v Values at 250 R from the total tumor cell assay are esti-
mates from extrapolation of the curves where necessary.

‘Table 15 presents the percent survival of L2 cells for several
treatments as measured over thé first four days following treatment.
Figure 5 was constructed from the data shown fqr day 3. Errors are

standard errors.
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TABLE 14

A Comparison of Surviving Fractions Obtained
by Two Assay Methods A

Surviving Fraction of L2 Cells

Treatment ‘ Total Tumor Cell
TDsgp Method Method

Controls - 1.000 1 000

250 R 0.30 | 0.5

500 R | - 0.125 ©0.047

250 R + IA . 0.022 0.03

500 R + IA 0.010 0.010




TABLE 15

L2 Cell Survival as a Percent of Controls

Percent Survival

IA only

Treatment - Day1 Day 2. Day 3 Day 4

300 R _ 63 14 50 b 36.8 *2.8 45.2 13,7
300 R preceded by IA 16  +1.5 .3 10.3 1.32 +0.23 - 3.96 10.20
300 R followed by IA 4.3 10.5 6.0 11.0 16.0 1.9
IA only 10.8 *1.2
400 R 42.7 *4. 27.0 3.8 1.8 *0.7 13.0 1o0.3
400 R preceded by IA 9.5 *1. 1.41 10.29 0.205 10.031 0.66 *0.14
400 R followed by IA 1.88 10.19 1.20 +0.16 3.42 -20.23
IA only ' 9.82 11.88 22.4° *1.9 35.9 14.0
600 R 15.2 t4.% 6.72 10.86 2.41 *+0.83 5.06 +0.98
600 R preceded by IA 7.47 +0.86 0.201 +0.032 0.078710.0154 0.044 10.005
600 R followed by IA
800 R 26.9 +3.3 1.39 +0.29 0.754 +0.080
800 R preceded by IA 6.40 +1.35 0.122 10.008 0.013 +0.004
800 R followed by IA 0.570 10.244 0.034 10.004

8.30 +1.99 11.4 18.13
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The data of Table 15 show evidence of synergism between

iodoacetamide aqd radiation at a variety of doses.an'.d times. Another
item of int;:rest is the cop;:-;istent decrease in surviving fractions with
time for all treatments but that of »Iiodo'ac':etamide only. The change
with time seems to disappear by day 3. This may be attributed to the
presence of a declining population of damaged or dead cells which are
removed or disappear by the third day and make no further contribu-
tion to the total cell number. Cells treated with iodoacetamide alone:
exhibit a surviving fraction which increases with time in-a trend which
is opposite to that of all other treatments. An especially rapid I;e'moval
of cells_damaged by iodoacetamide might explain the precipitous initial

decrease in surviving cells but not the subsequent increase in surviving

fraction with time.

The Oxygen Effect - In Vivo Studies

One of the most famous phenomena in radiation biology is the
oxygen effect. It is observed that cells are more sensitive to radiation
whileiv’vell suppljled with oxygen than when in a state of anoxia. Tumor
cells are usually anoxic when presept in largé numbers.and ére for
this reason resistant to radiation therapy. Ascites tumors are typical
in this respect. Table 16 presents evidence showing this to be the case.
The growth of cells known to be anoxic is compar_eci with normal tumor

cells in this table. The notation, é.noxic, refers to cells irradiated



TABLE 16

'A~;Comparison of the Response of Anoxic and Normal
Ascites Tumor Cells to In Vivo Treatmont
~with Radiation and Iodoacetamide

A ‘ Po'pulafci,on Surviving

- Treatment Multiple Fraction
Normal Controls 46,3 1.2 1.000
‘Anoxic Controls :  50.5 +1.9 1.000
Normal 600 R L 131 +0.4 0.353
Anoxic 600 R - 13.8 0.4 0.273
NorrnaAl 600 R preceded by IA 6. 70 0.9z 0.145
Anoxic 600 R brecede&» by IA 7.95 1 0. 5" | 0 157
Normal 600 R followed by IA  10.8 +0.3 ' .0.233‘
. Anoxic 600 R followed by IA’ " 11.3 +0.5 | 0.224
Normal IA only v - : | 11.7 0.5 0.253

Anoxic IA only - | 11.0 +0.3 0.218




while reéident in the béritoneal ca\l/ity of mice which were killed i.l:l
an ether jar 30 minutes before irradiation. Normal cells are cells
which w'eré irradiated while resident in living hosts. In all cases the
hosts 'conta_-ined a TA3 population consisting of more than 108 cells.
The iodoacetamide dose was 0.370 mg in 1 cc of isotonic saline and
the radiation dose was 600 R where indicated.

' THé second column contains cells population daté. which are
normalized to the actual number of injected cells and which therefore
represent the multiple of the initial population present at the time of
measurement. Errors are stanciard errors. The last column gives
surviving fractions relative to the control values. Measurements of
the TA3 cell population were made on the third day after treatment.

The data of Table 16 show no difference in radiose;lsitivity
between normal and anoxic cells indicating that the normal cells were
indeed anoxic. The data also show that a synergism exists between
radiation and iodoacetamide in an anoxic system since the surviving
fraction of cells irradiated in the presence of IA is lower than that
of cells given IA following irradiation. These data on TA3 cells give
a surﬁving fraction of about 0. 3 for ceils receiving 600~ R whereas
Figure 5 indicates a value of about 0.03 for the same dose given L2
éells. An examination of Figures 3 and 4 will show that the response

of 1TA3 and L2 cells are similar under identical conditions. The

explanation for the factor of 10 difference in surviving fraction in these
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two experiments lies with the oxygen effect. The dose at which a
surviving fraction of 0.3 exists in Figure 5 is roughly 300 R. Then
the dose modifying factor computed at a surviving fraction of 0.3 for
the conditions of anoxia versus those of Figure 5 is 2. This value is
rather typical of that ob£ained from a comparison of the radiation
response éf anoxi; and oxygenated cells indicating that 'the data of
Figure 5 was obtained under oxygenated condit‘ions. The oxygenated
stafe of cells used to c')bta"m the fiata of Figure 5 is due o their srn‘al'l
populations at the t;Lrne of t_reatmen.t.A While the cell poulations in
animals used to obtain data for Table 16 was in ,excess‘o.f'108 cells,
popuiati;ons used for Figure 5 did not exceed 107 cells. Jose FeolaT
(90) has informed mec that the dose response curves of -hese cells
undergo,a.change from that expected of oxygenated cells to that expected

of anoxic cells at a population of about l_O7 cells.

The Oxyge'n Effect - In Vitro Studies

Table 17 presenfs data obtaincd on the subséquent growth of
TA3 cells treated in vitro. Cells were obtained from host animals and
were élaced into plasﬁc tubes at a cell concentraﬁdn oflO. 821 x 108
cells/cc in the case of cells which received either né 1A or 1A before
‘irradiation and a cell concentré{:ion of 1.642 x 108 cel s/cc when the

cells were Lo receive IA after irradiation. The cell ccncentration of

groups receiving no IA was achieved by a 1:1 dilution of cells at



, TABLE 17

In Vitro Studies with Oxygenated and
‘ "~ . Anoxic TA3 Cells

Population Surviving |

Treatment Multiple Fraction
Controls (in nitrogen) 46.6 1 6.4 1.000
0, + 600 R | 13.4 +0.9 0.287
N, + 600 R 29.9 + 2.4 0.6%1
O, + 600 R preceded by IA 0.662 * O'. 10. 0.0142
N, + 600 R preceded by IA 5,41 i}b. 77 0.116
O, + 600 R followed by IA 1.77 + O 23 0.0379
N, + 600 R followed by IA | 6.91 * 0.69 0.148
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1.642 x 108 cells/cc with- isotonic saline. The cell concentration of
cells receiving IA before irradiation was achieved'by i 1:1 dilution
of cells with isotonic saline containing 2 x 10"% molar IA. The result
of dilution was a cell suspension containing IA at 10‘4 molar. This
concentration was selected since it simulates a 20 gram mouse with
0.370 mg (2 x 10-6 moles) of IA uniformly dist(ributed throughout the
body. " (See Section 4 of this chapter for a discussion of IA aistribution. )
Following irradiation, cells which we.r‘e to receive a post—irradi'atidn
exposure to IA were diluted 1:1 with isotonic saline containing 10-4
molar IA.

As has been already shown, ascites cells at high concentrations
are anoxic. This is .the' case because their potential demand for oxygen
is greafér than that available to them. ("Jells added to the plastic vials
were expected to qﬁickly deplete their environment of )xygen. It was
the purpos.e of this investigation to compare the effects of treatment
of anoxic cells with those observed with oxygenated cells. Certain
vials were therefore maintained in an anoxic state by means of nitrogen
gas bubbled into the suspension at a rate of about 5-10 bubbles of 2 mm
diameter per minufe. Oxygcnation of cells was accoruplished by
bﬁbbling oxygen gas at the same rate ‘into the apprOpriafe vials.

After treatment, the cells were injected IP into groups of LAF.1
mice and allowed to grow for three days. Ceil populations were

assessed at 3 days after treatment. The radiation dose used for the
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data of: Tab‘le 17 was‘6‘0:0.kR".delive'red in 26 minutes. All ‘;reatments
were conductéd at r'oorh temperature.

Table 18 presents data obfained wifh the methods us'.ed for the
‘data of'Table 17 but with a raciiation exposufe of 1000 R of Cob9.
The rad_iation was’delivered to the cells in 44 minutes. Populations
were assessed 4 days Aa'fte.r treé.ﬁment. |

The data of Tabl‘e:é 17 and 18 again show both the oxygen efféct
" and that a. sYnergism exists between IA and radiation. These data
indicate that the magnitude of the synergism lS larger with oxygenated
cells than with anoxic cellé but it i.s present in Bo.th cohditions. Cells
given IA only had a higﬁer surviving fraction than observed in Em
experiments. This may indicate that the distribution of IA is no;:
actually uniform in a mouse but that the concentration i.n the peritoneal
éavity (which i.s the injection site) remains higher than in othgr tissue
théreby producing greater toxicity to the cells than “would result with
the presumed uniform 10-4 molarity.

There are two ali:ernate possible expl‘anatio»ns for the different
IA toxicity that are alsloi- consistent with the data which indicates a uniform
distribution of IA in the mousé.-- Firstly, it may be that the additional
toxicity'in.the in vivo experiments is due to the initia;l molarity of
20 x 10'4 molarbwhich is present in the 1 cc of isotonic saline 'mjected.'
If so, the brief exposure to this concentration must be responsible for

the additional cell death observed with IP injections. The second



TABLE‘ 1 8'

In Vltro Studles with Oxygenated and
: Anox1c TA3 Cells -

L
SR - 4Populat'1-o'n" Surviving
Treatment . Multiple Fraction

Controls (in»nitrog"e"n).' 206 o+ 13 C1.000.
0, + 10_-00'R-‘7"-i' .' 13,1 '_r 0.7 0. 0636
Ny +,.1'be R ___3»3_.6' + 0.8 -o. 163
o fgo'do R"[S’lje-ce‘d»ed,iﬁy 1A 7.041 0.62 0.0342

N, +‘;ooo R 'p}re:cede‘d by IA 28.7 * 0.7 0.139

0y + 1000 R followed by 1A 1.7 £ 0.7 0.0568
Ny + 1ooo R followed by 1A 26.0 i 1.3 0.126
0, +1A 143 % s 0. 694
NZV+.AI‘A 103 1 s 10.500
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‘ possibie coﬁsidera&on is the fact that after being incubated in IA
for times of about 1.5 to 2 hours, the cells treated in vitro were
injected into hoéf animals. A volume Qf 0.1 cc containing cells in
10-4 nj'o'la'r 1A .W.a_‘g.,injected. Sﬁbsequent to the injection, a dilution
of the.'lA by a fac&or of up to 200 ShOll‘.l'd have occurred thefeby

" possibly reducing the t~.ox"1c-ity of IA to the TA3 cells.

The Influence of Dose Rafe'

A comparison of't.he effects of IA at low and high dose rates
yielded the datai‘ presehted in Table 19. The dose rates selecte-d were
10 and 36 R/min. Comparisons were made at a total ekposure of
- 600 R. A'i‘a‘blellg presents .thel data obtained at 600 R in each case and

 also data ‘obtained at 1000 R total exposure delivered at 1 R/min.

L2 cell populations were assessed at both 2 and 5 days after treatment.

A’I"hé data of 4Tab1e 19 quite clearly show a dose faté effect.

Delivery o'f 600 R at-il.Q R/min results in a surviving fraction which
is about twice .as lafge as that obtained at 36 R/min. This finding is
in agfeemgnt with that of Berry and Cohen (91) obta'm‘ed using the
TDg( method. |

| 'Elkind and 'WAitrﬁore (92), while éxpréssing belief in the exis-
tence of a dose rate éffect, took issue with the methodology of Berry
and ICohén. Their ébject;ioh was that apparently Berry and Cohen were

: irradiafing a population which was becoming anoxic with time. This
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TABLE 19

The Effects of IA at Low and High Dose Rates

. Day of - Sﬁi'viv:ing' ’
Treatment Dose Rate Examination Population Multiple ~ Fraction
Controls _ | 2 62.3 . ¥6.0  1.000
600 R - 36 R/min 2 - 7.59 10.37. - .0.122
600 R preceded by IA 36. R/min 2 10.594 +0.263 0. 00954
600 R R 1.0 R/min 2 13.2 +0.8. 0.212
600 R preceded by IA 1.0 R/min . 2 3.13 +1.77 0.0502
1000 R . 1.0 R/min 2 8.69 *0.72 0.139
1000 R preceded by IA 1.0 R/min 2 0.465 + 0,104 0. 00746
Contfols .~ ) _ _ 5 2500 1430 ~1.000
600 R | 36 R/min 5 156 + 14 0.0624
600 R preceded by IA 36 R/min 5 104 + 18 0.0416
600 R - . .. 1.0 R/min 5 294 1 10 0.117
600 R preceded by IA 1.0 R/min 5 181 % 23 0.0724
1000 R | | 1.0 R/min 5 245 + 8 0.0980
1000 R preceded by IA 1.0 R/min 5 8.1+ 7.0 0.0312

8L
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p'roblernAa.rose due to the long exposure timcs during which the cell
-population wés incfeasing. Exposure times were as long as 4.5 days
'_a.nd ekpésures were not be.gun until cell populations were at least 107
cells., Pbpulations of Vthisfsize vand larger should exh'i.b'it evidence of
anoxia;

‘The Alow 'Idose ‘_ré!teA :data of Table 19 were obtained from cells
which had'.re.ceivéd. 600 R in' 10 hours or 1000 R in 16.7 hours. L2
cells have a dou‘r;)ling time in our hands of about iO to l} hours. Hence,
the po;)ulgtion did nc_ﬁ: increase by more than a factor of 3 during
exposure. -Sin'ce radiation is known to inhibit mitosis,l the actual
increasé could hav;a been much less. In any case, changes in ongeria—
tion ‘should have been slight. ' Thé iniﬁali populati’on of cells assessed
on day 2 was 1.37 x 107 cells; a number large enough to indicate low
and possibly déc?eas"'mg -Oxygen tension during 'éxposure. In the case
- of cells assessed on ti;e 5th day after treatment however, the initial
population was ohl&r 1.37 x 100 cells. This population should have
been well supplied with oxygen throughout the irradiétion exposure.

A dosé rate effect vi.s‘eiiident with this data. |

T.;ble,19 shows that the presence of IA reduces cell survival in
botﬁ Igjw and"high dose rate situatiéns. The rnag'nitude‘ of the effect
a,ppe‘ar_s to be quite variable in these experiments. It is interesting
that théi‘é 18 no trénd evident which might indicate a met‘abolic'process '
working to render IA ‘non-function;al in a time period c'c'JmparaBle to the

exposure times.
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7. Discussion of IA Studies

We >have shown iodocacetamide to be ‘a radiation sensitizer ir
a mammalian in vivo system. This conclusion is reached with da:a
obtained with both TDgg and total tumor cell assay methods. IA is
effeétive under conditions which can reasonabiy’ be éxpected to
duplicate those found in c_linic;.al situations. 'Iodoacetam_ide is effective
with both .anoxic and oxygenated éélls and appears to be be'ffecti've or
both léw ana high dose rates. The cumpound' has ‘easy and rapid
access to n;1any if not all tissues of the body.
The underlying mechanism involved in the .Sénsitizing action of
IA is not known with cgrfainty. However, Dewey and Michael (93)
have made some observations which implicate free radical formation
as of importance. These authors used a un-ique‘ experimental set -up
to study the time relationships involved in obtaining radiosensitization
of ba;ctefia by IA. They used a 1.8 Mev linear accelerator capable‘of
delive;‘ing 3to 4 kR in 2 useconds. The results of their sAtudy were:
1. Addition of IA to the bacteria only 3 msecond before irradiation °
was as effective as additipn of IA houx;s before expoAsure.
2. Addition of IA to the bacteria 3 msecond after irradiation
resulted in no sensitization.
3. Addition of bacteria to IA only 3 msecond after irradiation of
the IA produced an effect equal to that attributed to sensitiza-

tion by IA when it is present with bacteria during irradiation.



4. Aaditicﬁ)‘n‘of cysteine with;m 10 msecond of irraaiation of

bacteria with IA present virtually abolished the effect.

Some protection was seen when cysteine was added at 100

ms.econd aft'e? irradiation.

5. ‘Ii'l;adiated IA retained its activity up to 100 seconds after -
irradiation.

These results sugge'st that ,irradiation of IA produces a free
radicai of long life which is effective at killing cells. The fact that
cyéteine protects against IA indicates that it is scavenging such free
radicals. :If free radical formation is the mechéniém of sensitization,
then one would expect some recombination to.occur thereby reducing
the magnitude of the effect from tha.t possible in the absence of this
reaction. Assuming th;t irradiation of IA yields 2 or more product
radicals, one of which is' ineffective at sensitization but which partici-
pates in fecombination reactions, then removal of this radical should
inc_reise the effectiveness of IA és a ,sensitizér. Mullenger ﬁ. (94)
have studied radical competition with'IA acting on bacteria. They
féund_ that .KNO3 produced an increase in sensitizati;)n by IA.
Presumably, this is due to the known ability of nitrates to sca\;'enge the
solvated electron. Pr'eliminaryi_nm experiments by us indicate
that ‘KNOA3 may eﬂhar;cﬂe radiosensitization of tumor cells. KNOj3 has

the virtue of being quite free of toxic effects.
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Further studies should be done with KNO3 in vivo; but regai'dless :



of the outcome of such experiments, IA has already been shown to

have potential usefulness in clinical radiotherapy.
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CHAPTER IV

SOME OBSERVATIONS ON IN VIVO T UMO’R
CELL POPULATION ASSAY METHODS

A..tyPiCa-i tumor growth curve has been presented in Figure 1
of the .Intfbductiorll. - The curve shows the pOpulatidn' of cells as a
function of time. For the ,p_‘urposes of the researé_h presented in this
thesié, 1t was desi.rabl.e to use only fhe lvogarithmic portion of the
curve. At times, certain difficulties arose which frustrated attempts
to work only with cells in log phase growth. This section is a report
on the 'factors:which were found to affect the position of fhe lower

boundary of the log phase portion of the curve.

The Size of the Initial Inoculum’

In the course of the performance of experiments of types
already d‘éscxl'ibed, Qve found that cell growth‘kinefi'cs were markedly
.altered‘ if the initial inoculum was less than 10° cell's in number.
With inocula of this s‘ize', the cell pdpulatio'n could not be predicfed by
an exp.o'ne:ntial extra.pol%tion of the ;)riginal ce_il‘pumber’. Rather, the
growth éu;‘yesvcould be describedés consisting of aA lag phase followedA
by expone'ﬁtial growth’. The duration of the lag 'p'ha-se was found to be
a function of the cell number in the inoculum; increasing with
~ decreasing cell numbél;’énd.usuali}‘r resulting in essentially no takes
when .the. inoculum was below 10> cells.
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Differenges in Technique

Thé failure of cells:"lto prodﬁce takes for iriqcula of fewer than
103 cells is at variance with results obtained by José Feola (95) who
has routinely obta:ined TDgg's of less than 10 cells fér both the L2 and
T'A‘3 céll lines an;i_ has tested the cells as _carried by us with the same
values being obtained. Oné salient difference in technique ex'isted »
between us. Jose Feola 'was ir}j_ecting cells. which were held at
approximately 0°C in Mediur_nv 199 with Hank's balanced salt solution
and .sodiurn: bicarbonate (Microbiological Asso_ciateé Inc., Bethesda.,
Md.). We, however, were injecting cells held;at approximately

23°C in isotonic saline.

The Medium

We have investigated this matter by'comparing the growth of
cells held in saline with that found for célls held in Medium 199.
Cellé.were held at room temperature (23°C). The regults are shown
in Table 20. In this table, the medium used is denoted by S if it was
isotonic saline and by M if Medium 199. The term Day of Examination
refers to the day on which thev tumor c.ell ;.)Opulationf,was assessed as
reckoned from the time of injection of the initial pop'ulation'. Popula-
tion multiple is the number of times the initial population had multiplied
itself when assessed. In log phvase growth, this value should increase

as an exponential with time, and should be independent of the absolute



TABLE 20

The Influence of Holding Medium Upon TA3 Cell Kiretics

e

Day of Cell Population

| Numb;e-r of Cells Given Medium Examination 1 SE x 1_0"7 . Population Multiple

9.65 x 106 s 2 8.09 *0.22 8.45 * 0.23
8.43 x 106 M 2 6.66 +0.17 791 * 0.20
9.56 x 10° s 3 6.13 +0.36 64.1 *+ 3.8
8.42 x 10° M 3 4.41 £0.35 52.1 * 4.2
4.78 x 105 s 4 8.40 *0.24 176  * 5.0
4.21 x 103 M 4 7.78 +0.18 185+ 4.3
9.56 x 104 S 5 0.97 * 0.52 102 % 54
8.42 x 104 M 5 0.78 *0.28 93+ 33
9.56 x 104 s 7 1.04 £ 0.64 109 * 67
8.42 x 104 M 7 0.88 t0.42 104  * 50
4.78 x 104 s 10 2.46 +1.91 515 %400

- 4.21 x 104 M 10 o 0 0 0
4.78 x 10% S 12 0 0 0 0
4 M 12 0 0 0 0

.21 x 104

S8



86
value of the initial population and all other variables i.nclud'mg the
type of medium used. Table 20 and Figure 6 which "i‘s ébnstructed
with data selected from T#ble 20 indicate that indeed, thé medium
used did not influence the result but that the growth wa‘s not eécponential
when inocula of less than 102 cells were given in either medium.

Figure 6 shows an abproximately exponential growth for times |
up to 4 da.iys after which the data markedly depért f;-om an eXpOnential
curve. This' departuré is a reSpoﬁse to the fact that animals examined
after the fourth day had re;eived less than 10° cells in their inocula.
This fact may be more clearly seen in a comparison of the data of
Table 20 obtained on day 5. The pppulation of céllg in animals which
had 'reqei.ved alsout 4 xAIO5 cells had grown to stationary values while
the popula;t'ion in aﬁimals which had received.one-fifth‘as man:y cells
(about 9 x 104) had fall‘en short of the level expected in exponential
growth by a factor of 10! All data obtained from animals given injec-
tions of still fewer cells also exhibitea thié failure to grovs} in an

exponential manner.

The Effect of Temperature

After ascertaining‘that cell growth was not appreciably influenced
by the nature of the injection medium, an investigation as to. the effects
of temperature was made. Isotonic saline was used as the medium for

all injections. Groups of mice were given cells held at either 0°C
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(ice-water bath) or 23°C (room temperature). The results are given
in Table 21 and Figuré 7.. There appears to be a éeparture from
egponen:tial growth evident in the data of days 10 and 13 obtained from
cells inguba_.ted at OOC.‘ The Ainitial cell numbers given were 544 and
54.4 cells réspectively. These populations are considerably smaller
than the population of cells incubated at room’tel,rnpera.ture for which
a depart\;re'from exponential érowth first becomes evident. In the case
of cells held at 23°C, a :ileparture is evident in the data of day 6. The
initial population was 5.44 x 104 cells for this data. dence holdiﬁg
cells at 0°C produced exponen;cial growth from populatidfls tk;at were
a factor of 100 times §ma11er than that required when cells were held
at 23°C.

It might appear fha.t the problem of obtaining eprnentigl growth
is solved v'simply by in;:ubating cells at.Ofo(‘S rather than room tempera-
ture. Thel temperature effect could be explained-as being due to some
deleterious metabolic prc;cess which' oc;uré at room temperature and
not at O°C_. However, cells do not normally function at 0°cC Ev_w_o_

but at 37°C which is approximated better by 23°C than by 0°C.

Pre-irradiation of the Host

‘An examination of the effect of host irradiation upon growth of
TA3 cells injected one day after the 600 R irradiation yielded the data

shown in Figure 8. All cells were incubated in saline at room



TABLE 21

- TA3 Cell Population as a Function of Holding Temperature

Number of Holding Temperature ' Day of Cell 'Po:p‘ulatiAc'vn

Cells Injected (Degrees Centigrade) Examination +SE x 10-7 Pqpﬁlat{on Mp.ltipie
5.44 x 100 .0 | 2 4.63 +0.13  8.521% -0.24
5.44 x 100 ,‘ 25 2 4.29 *0.15  7.90 +  0.28
5.44 x 104 0 6 10.26 *0.84 1890 . * 154
5.44 x 104 2 6 : 1..69 +0.88 311 i:léz'u'
V5.44x103‘ 0 8 7.43 10.83 1.37 % 0.16xvl(‘)4
5.44 x 10 25 | 8 0 0 00
5.44 x 102 o | 10 0.89 * _o.'34 1.64 o, 63 x 104
5. 44 x 102 . .25 10 o o 0 0"
5.44 x 10 ) 0 ' 13 0. . 0 0 0
5.44x1'(_)1 | s | 13 2.43 £1.17 4.47°% 2.15 x 10°
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‘tempe'rature for a time period ranging frdm abbﬁt 30 minutes in the
case of inocula of 8.7 x 1_03 cells to 240 minutes for inocula of

8.7 x 10° cells. The growth of cells in the ’Ewo types of hosts is very
similar for the two highest inocula. However, when inocula were
below 105_ cells, the d-iffe.rence"m growth is striking.

Whén cells were 'u;jected .into hosts immediatély folloWing
irradia&ion, the results were as éhqwn in Figure 9. In this c‘asc'as well,
thc growth of cells in the irradiated hosts was much better than in the
non-irradiated hosts for inocula of less than 10 cells.

Note the generally parallel slopes of all the growth curves obtained
from cells. in irradiated hoéts. This indicates that the cell popglations
must have been g?owing at the same rate regardless of inoculum size,

a necessary condition for exponentié.l growth.

Thg;e data clearly show that incubation of cells at room tempera-
ture in 'saline is not of itself a sufficient condition to preyent exponential
cell population growth. The effect of irradiation of the host upon

subsequent cell growth was studied further as described below.

Ascites Fluids as Incubation Media

Proceeding on the theory that irradiation of the host might
release some nutrient or nutrients which would be available to the TA3
cells and which would enable them to grow at lower initial populations

than otherwise pc;ssible, a comparison of growth of cells incubated
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94 .
and inoculated in ascites fluid from irradiated hosts with that of
cells iﬁcﬁbéted in ascites from non-irradiated ho'sts was done. The
data appeal;s.in Figure 10. Ascites fluid was obtailfled from donors
which had been given 107 cells IP six days before sacrilice. Some
donors wefe exposed to 600 R one day prior to sacrificé. Cell free
ascites fluia was obtained by 2 serial 20 minute centrifugations at
2500 g of the fluids obtained from the host animals. As is evident
Irc‘)n;x Figure 10, when cells were the‘n incubated in the ascites fluids
at 23°C before inoculation, the result was that both fluids, the one
from non-irradiated hosts and the other from irradiated hosts, were
equally effective in promoting exp.onen.tial growth of the TA3 tumor
cells. Figure 11 presents the data of Figure 10 as the population
multiple vs. time. Here is evidence of log phase growth over 5

decades of population.

Discussion of Factors Influencing Cell Growth

It would appear that a salt solution such as isotonic saline or
Hank's solution is nc.>t' an adequate medium for TA3 cells when they
are incﬁbated at room temperature. It is our impression that this
condition is not peculiar to TA3 cells but is the 'rule for ascites tumors.
The fact that a reduction in incubation temperature recsults in‘improved
cell growth might be explained as being due to the reduced requife-

ments for certain critical nutrients at lower metabolic rates.
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However, we are inclined to think this is not the case. Pre-irradiation
of the hosts results in excelleﬁt growth of cells incubated at room
temperature and given in inocula below 105 cells. This fact indicates
that a normal host can some;how recognize cells which are held at
room temperature in a salt solution as being different in some way but
that such cells aré not deficient in their ability to carry on the metabolic
processes requisite to growth and cell division. We believe that it is
not likely that improved growth of cells in pre-irradiated hosts is due
to a production of growth promoting substances as a result of host
irradiation. If such were the case, we believe improved growth should
have been manifest with cells incubated in ascites fluid from pre-
irradiated donors over and abovve tlhat seen for cells incubated in normal
ascite,s‘fluid l(Figure 10). No diffe;'énce in growth was observed. |

It is pbssible that our observations are related to those that have
corne to be callevd the "Hybrid Effect' (96, 97). Simply stated, the
-term ”Hyb‘rid Effect" refers to the observatiqn that the minimum
number of tumor cells required to _pr.oduce a tumor in a F| hybrid
host is greater than that required for tumor.develdpment in the parental
strain in which the tumor arose. Several investigators have confirmed
the qxiistence of the ‘effect and have speculatgd as Fo .the mechanism
inVolvea. Hellstrom (98, 99) has examined the growth of a cell line
which arose in the A x A SW F, hybrid. He found that cells which

were selected by one or more passages in either of the parental mouse



98
strains grew as well in the parental strain used for selection as had
the unselected cells grown in the F]} hosts. However, subsequent
inoculafion of ] mice With eith;ar of the selected lines revealed that
the selected lines grew less wéll in the hybrid hosts than they did in
the parenfal mouse strain useci for selection. Hellstrom also found a
"Hybrid Efféct” for several cell lines of parental origin. Some of
Hellstrom's coworkers have found no differences in the survival ofk
skin grafts from homozygous mice-transplanted to the same strain as
compared to transplants to various genetically compati'ble i hybrids
(100).

Hellstrom reports that the (iifference between homozygous and
Fj hybrid mice was apparent both with regard to latency period
preceding tumor appearance and total tumor frequency but that no -
certain differences were found A'm the growth rates of established turnor:s.
In addition;, Hcllotrom found that exposurc of mice to 540 R privr Lu
tumor inoculation had no effect on the results of tumor inoculation.

_O'th and coworkers (101, 102) did some similar experiments and
generally confirmed the existence of the "Hybrid Effeét” and Hellstrom's
resﬁlts. | They found an exposure of 450 R to be relatiy‘ely ineffective
at infl'.uenc'mg tumor gr'owth in Fl rhybrids but found use of an exposure
of 500 R or 550 R was effective in suppressing the "Hybrid Effect. "

Sanford (103) has described the existence of a "Hybrid Effect"

with a tumor of the Heston A mouse. The tumor used was the L#2
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lyrnphoma;' ‘This tumor is in ascites form. Sanford used 10,000 '
L#2 cells’ in'0.2 mi Riﬁge;:'s solutic;n as the tumor inoculum. The
result was that 100% of the A/HeHa mice developed a tum01; but only
about half of the F| hybrid A/HeHa x C3Hf/HeHa did so. However,
When'th‘e Fl hosts wefé pfe-irradiated (aose not specified), 100% of
bthem 'dévélc;ped arlethal tumor. Sanfor:d was able to show that
(A/HeHla: x C3Hf/ﬁeHa) F, animals which rejected the 10,000 L#2 cells
could re:s.i_st a subsequeht ‘lrlOCl.-llatiO_n of upto 2 x 107 ceils.

SAnford has repo.rted a study made with TA3 cells which may
explain the hybrid effect a&xd our observations as well (104). She
found that enzymatic femoval of sialic acid from the heavy sialomucin
cell surface coating present on TA3 cells reduced the number of léthal
takes in allogeneic C3H hosts. Removal of sialic acid was accomplished
using neuraminidase. Cells so treated produced no lethal takes in
C3H h‘osté. receiving 3000 cells IP \%/heréas a 3000 cell inoculum of
untreated cells resulted in 56 1 5% takes, When A strain mice were
used as hosts, the same inoculum produced a higher percentage of
takes but neuraminidase treated cells still were less effective than
untre;fed cells. _Sanford also observed that an IV injection of
neﬁramiriadase into TA3 tumor bearing hosts reduced take percentagé.

Sanford felt that simple destruction of tumor cells by neuramini-
dase was unlikely since syngene‘ic A strain mice regularly became

distended after being injected with treated cells although regression
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often occurred later. She postulated that her results were.consistent
with engymatic removal of sialic acid from the celi surface increasing
tumor si)écificity by exposing histocornpaﬁbility antigens previously
conceéled by sialomuci;l. In view of the fact that she presents evidence
that her TA3 cells had undergone some genetic drift, some imfnune
respon.s.vei by A strain mic'g to treated cells would be expected and could
be manifest in the regression of .turriors in these hosts.

We feel that our oﬁservations would be consistent with a hypoth-
esis like that offered by Sanford. Specifically, we postuiaté that
dilution of cells into saline or a balanced salt solution causes the cells
to lose some substance, perhaps sialic acid, from the surface thereby
exposi'n'g .Histocompatibility antigens which were previously concealed
when the cells were in the adequate medium of aéciftes fluid. Incubation
rat 0°C somehow inhibits this l‘oss of material. The c;bserQation that
cells Ilncubated in saline at room temperatutre grow quite well 1n
irradiated hosts is due to the inability of the host to respond immuno-

logically to histocompatibility antigens.

Electron Microscope Studies

We set about to look, in the most literal sense of the word, for
changes in the cell membrane produced as a result of incubation in
saline; Cells were prepared for scariing electron microscope viewing

in the féllowing way:
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1. Cells were extracted from the peritoneal cavity of a donor
which contained about 10® TA3 cells in 1 cc of fluid.

2. A 1:1000 dilution of 0.1 cc of ascites fluid was made.

3. After an incubation period of about 15 minutes at room
temperature, smears were prepared of the diluted fluid and
of the undiluted ascites fluid as well.

4. The smears were immediately placed in a petri cish contain-
ing a 2.5% solution of glutaraldehyde buffered with 0.1 molar
Na Cacodylate and allowed to fix for 12 hours.

5. After fixation, the smears were dehydrated by exposure for
12 hours to each of the following sequence of solutions:

A. 50% ethyl alcohol in H,O
B. 70% ethyl alcohol in H,O
C. 80% ethyl alcohol in H,O
D. 95% ethyl alcohol in H;O
E. acetone

F. chloroform

6. When the smears were to be examined, they were removed
frpm chloroform and air dried rapidly with a far.

7. Gold was sputtered ontn the slides just before viswing in

order to improve contrast.

Samples of the pictures taken using a scanning electron

microscope are presented in Figures 12 and 13. The cells in Figure
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12 are t)‘rpircal of all cells'seen in smears of undiluted ascites fluid
and many- cells of the 1:1000 dilution. A sizable miﬁority of cells
in the diluted fluid exhibited an appearance like that in Figure 13.
No cells seen in the undiluted fluid had such an appearance.

Itlis not possible to directly rela;ce the visual appearance of the
TA3‘ cells with their fate .s@bsequent to inoculation into a host, nor is
it possible to correlate appearance with the surface antigens present'
and active on‘the celis. Nonetheless, it is interesting that a difference
in appearance is eyident with a difflerence in treatment whiqh has'
influenced. the fgte of the cells. Such an observation is entirely con-
sistent W.i.th our hypothesis of maéked surface antigens.

' ‘
Quantitation of Sialic Acid

We ﬂave looked for a difference in sialomucin coating on the
surface of TA3 cells incubated gt 0°C compared with that of cells
incubated at 23°C in a 1:1000 diluation with saline. The result of
neuraminidase treatmeﬁt was identical for the two incubation
temperat-'ures. The yiéld of sialic acid as measured by the method
of L. Warren (105) was 0.91 p.moles/lO9 cells for cells incubated
at 23°C and 0.90 p.mole's/l‘O9 cells when the temperature was 0°cC.

The‘.fact that results were identic?l doés not necessafily indi-
qaté that ;che sialomucin coating was the same for both cell treat-

‘ments. We observed that centrifugation of 3 liters of saline to extract

103
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cells gave us 10 ml of fluid with an appearance much like that of the
3 ml of ascites originally added. Cell-free ascites fluid is known to
contain a lar‘ge’ concentration of sialic acid. Cook et al. (106)
obtained a value of 200-300 pg/ml of Ehrlich ascites fluid which
corresponas ’;o 1 pmole/ml fluid. It then seems reasonable to assume
that a major fraction of the sialic acid measured by us was from
- ascites fluid present with the cells following centrifugation. This
assﬁmption is supported by the data of Cook et al. (106) who obtained
‘a vﬁlue of about 0.13 p.moles/109 cells for washed cells. The presence
of a largé aﬁlount of sialic acid in the fluid could mask a sAign'Lficant
change in fﬁat bound to cells.

The fact of the presence of such a large amount of sialic acid
in aAsc'ite,s fluids may indicate the >ebxistence of some kind of equilib-
rium between sialic acid bound to the cells and acid in solution.

A iteceul review paper by Apffel and Peters (107) offers a
postulatg explain'}ng specific tumor tolerance as being due to the
formation of a complex on the cell membrane resulting in conceal-
ment of antigens and thereby preyenting any immune response by the
host. The authors present a large body of evidence in support of their
postulate gleaned from many sources. We believe that our experience
with tumor transplantation immunity provides one more pielce qf

evidence that a condition similar to that postulated does exist in fact.
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