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ABSTRACT
There is at present no satisfactory method of predetermining the
sensitivity of an individuel human tumour to cencer cohemotherapeutic
agents, Using mouse thymocytes as a modsel ¢ell system and the uptake
of lebelled metabolites (measured asutoradlogrephically) as an indication.
of cell metebolism, the perameters of a possible in vitro sensitivity

test have been investigated. The oytotoxio agents examined are ell used
for cancer chemotherspy. In general, the longer the alkyleting agents
were ellowed to eot on the thymooytes before the ability of the ocells
to inoorporate thymidinea-ﬂs was assessed, the lower the thymidine-33
uptake, Beoause the extent of this enhanced drug effect af‘teﬁc- pre~
treatment varied from drug to drug, different drugs appeared to be the
most effeotive :lnhibitois of thymiﬁine~ﬁ3 upteke by mouse thymooytes
for each of the three incubation schedules used.

Evﬁdenoe is presented which suggests thet the pretreatment effect
is not due solely to the alkyleting agents csusing e block et one point
in the cell oycle, nor (for nitrogen mustard) is it due to e lag period
before the damage becomes detectable. It is suggested that the pre-
treatment eff'ect found in these short-term experiments is due to
continuous and cumulative damsge to the cells and that the extent of
the pretreatment effect for each drug may be determined by the rate of
reaction of that drug within the cells. Chlorambucil may be aoting in
a different manner from nitrogen mustard. |

Sinoe the uptake of urddine~H’ and tritieted amino solds by the



thymocytes was reduced by drug concentrations very similar to those
needed to inhibit upteke of thymidine—HZ’ » it is conoluded that these
drugs are not acting seleotively ageinst DNA synthesis, Evidence
to support the view that nitrogen mustard is not aoting selectively
ageinst ocells in the S phase or reacting with the thymidine-H’ is
also presented. It appeers likely that these alkyleting agents

axe interfering with seversl metabolic pethways under the proposed
experimental gonditions and csuse general oell death. The effects
of these results on the olinical spplicamtion of such an in vitro
sensitivity test are discussed.
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INTRODUCTION
Cytotoxio Agents

A oytotoxio agent can be defined as a substance (ohemiczl or
physioal) oapsble of interfering with the normal metabolism of an
orgenism in a mgonner harmful to the survivel or i-eproauntion of that
organism. Cytotoxio sgents which produne g seleotive effect in a
diseased individual ageinst the orgenism causing that disease can
be used to advantage for chemotherapy, These undesirable organisms
may be protosoa, fungi, bacterie, viruses or malignant cells.
Although egents effeotive egainst many disesses of protoroal end
baoteriel origlin are now availeble to the oliniclan, ohemotherp.py
of viral-induced disease and of melignant tissue is very muoh in
its infenoy, The discussion and experimental work that follow have
been limited to certain oytotoxic agents employed for cancer chemo-
therapy.

Hein Groups of Caneer Chemotherapeutic Agents

Alkylating agents
Antimetabolites

Antibloties and Alkaloids
Corticoateroids
Only the first group, the slkylating agents, will be discussed
‘further in any detail.



- Alkyletion
.. Alkylation is the replecement of a hydrogen atom, H, in a

moleoule by an slkyl radical, R, er the aaaition‘of an alkyl
radiosl to a molecule containing an etom in a lower valenoy state.
b ] ey LR

 =00C+Cil; 3 RO0-CH,

The elkyl radical, R, has the genarai formila C H, .
definition can be extended to include compound redicsls such as

but the

~CH,CH,CO0H. When detashed from the rest of the alkylating agent
molscule, the slkyl redioal is posi‘bively charged, R*, and can
oombine with an electron-rich sentre, X~. These slsotron-rich
gentres are desoribed as’ nueloophiué‘ and the pasltivolyl &wge&
alkyl radicsl as electrophilia, Thare are two main meohenisms by
which the alkyl radicel hecomes *hmnafemed from the intact moleocule
of en elkylating egent to & nucleephilis ocentre.

8 Unimolooular mechanism. The aape.ration of the alkyl radical
from the raat of the alk;vlnting agmt moleoule Occurs at a rate
ﬁependant on the solvent. but onoe aepara'ked R reaots rapidly with
any available nusleophilio cantre.

Y g}gg_) RY + (reversible)

R + X~ EEB’:Q.) R=~X
be Bimoleculer meshanism. The alkyl radioal does not separate

oompletely from the rest of the elkyleting agent molegule befors

belng tranaferred to a nucleophilic centre but is initially loosely
combined both to the rest of its moleocule and to a nucleophilic centre.
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R eventuelly beoomes attached to X as in a unimoleoculer reaotion, but
at @ rate depending on the oconcentration and nature of the inuoleophilio
eentres.  (For a more detailed disoussion of alkylaetion see Ross, 1962.)
- Blologieal nueleephilic centres. Alkylating agents can reasct
with a number of ohemioal “groups such as organic and inorgenie enions,
aniino‘ groups and sulphide groups. Bilologleel material contains many
potential sites for reaatioz'l including parts of the nuoclelc ecids end
prote.‘gns. It is aiffioult to 'sayiih'i.oh of tﬁeae ghenisal reactions
osuse the important oytotoxic effests of the alkylating agents.
Hain Groups of Alkylating Agents
On chemioal grounds, the aiiqﬂ.at_ing agents can be divided into

four main groups. These are: nitrogen mustards
eﬁhylanaiminea
spoxides
memnesulphomtas ..

A. HNitrogen Mﬁstarda
Th_e nitrogen nmatardé ooxﬁtain a ohioroethylamine group ,1n each

molecule. 5.‘119 dmportant mém’bcrs‘ of this group in olﬁniéal use contain

two active groups in each mol&oﬁls and, are known as diohloroethylamines.

CH,CH,C1

~N
CHQCHQCJ.

If the chlorvethylamine group is attavhed to an aliphatic radical
the gompound is known as an aliphatie nitregen mustard end if the
ohloroethylamine group is ettached to an eromatic radical the oompound

is known as an aromatic nitrogen mustard.
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Aliphatio nitrogen mustards. Idtrogen mns'sar&

- (@4=2=chloroathyluethylamine) (I) 4s one of the moat. eommonly uaed

- alkylating sgents, its hydroohloride being first rrepavsd by Prelog
and Stepan {1935)s In agueous solution, a typical aliphatic nitrogen
mustard rgp:ldly loses & ohlarido,‘ ion'and beoomes oyolized to anv
ethyleneimonium fon (Fi-g. ). This three-membered lon is stable and
reasts with nueleophilie groups by & 'bimoleculaé reaction. Since '
thev diehloroethylamines ﬁa_ve two reactive arms in each molesule, eaoh
molecule oan produge two alkylatioris.

! CICH-CH ‘
| 2 2>NCH3 i
‘ CICHCH,
|
. __
I e !
Arometio nitroEeiz mustards, The aromatic nitrogen mustarda

were origﬁnauy devolopod by Haddow, Kon end Ross (19&8). These |
oompuunda have aroma.tie groups repla.oing the methyl group of nltrogon
m&tard. loleoules of drugs in this group eliminate a-chloride ion

at e slower rate than the aliphatic rdirogen nmste,raé and the
carbonium ion formed after this elimination is less stable than the
ethyleneimonium ion, Unlike the ethyleneimonium fon formed by the
aliphatic nitrogen mustards, the ocarbonium icn reasts very rapidly
with availeble nusleophilic groups by a unimoleoular reastion (Fig. 2).
The sesond arm of aichlordathylmnines resots in the same manner as

the first, though the rate of the reaction is influenged by the
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nature of the nucleophilic site to which the drug molecule is alrecady

~‘attacheds” The rate of reaction of the aromatie nltrogen musterds is

- dependent on the rate of formation of the carbonium ions and independ-
ent of ~thé ooncax;xtration of nucleophilie »éites. ~In éontrast. because

- the ethyleneimonjum ion is formed rapidly and then reaets by.e

' bimolecular mechanism, the rate of reaction of the aliphatic nitrogen

‘pustards depends on the oo:i}centmtion. of nucleophilic sites, . ‘

In an attempt to obtain higher activily and specificity, a number
. of derdvatives of the aromatic nitrogen mustards have been prepered.

. These :inelnda the benzan'a‘,&erivativea containing aliphatie carboxylie

‘eoid side~chains (Everett, Roberts ‘e,nd Roas, 1953), of which ohlor-

- ambuoil (II) 4s one of the most suscessful elinieslly, Amino socid
derivatives have also been prepared, with the hope of these oompounds
showing some antimetabolite effect. The dle, l-, and d-isomers of
2—(&1~2—chlomethylamigo)pheny1a1anine {mer=, mel-, and medwphalan)
(IIT) are examples of this group (Bergel and Stock, 1954)s Larionov,
Khokhlov, Shkodinskaje, Vaeina, Troosheikina and Novikova (1955), in

the U.S.SsRe;. prepare‘ci: the racemie form independently and calléd it

© . sareolysine,
CICH,CH | CICH.CH NH
. 2N ercoon | * SN Yerch |
! CICHLCHy | CICHACH, ~ NCOOH
‘ !

i |
| .

o 1 I

- oo
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B, Ethyleneimines
These compounds ¢ontain the group

AN
o,

The aﬂxylenaiminea are struoturally similar to the ethylensimonium
ion formed by the aliphatio nitrogen musterds. The ethyleneimine
groups rea.et' by & bimolecular resotion, the rate of resoction
depending on the nuoleophilicity and concentration of the avallable
nualeophilio groups. Thus, the rate of resotion is very slow in e
neutral sgqueous sclution but is faster in the presence of reaotive
anfons and other reaotive groups. Most of the aotive drugs have
more than one ethyleneimine group to each moleouls. Tretamine (IV)

and thioTEPA (V) are iriethyleneimines,

|
| 1 HaC —CH
I AN
| H2C—N N—CH2 i N i
{ N = !
N I N |
% NTN f l N—P=5
| N s rL
| %
' H.C —_\—\CHZ ‘ HyC—CH;p
~ J ¥
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C. Epoxides
These gompounds gontein the group
— CH— CH2
\ /
o

The epoxides are ohemiczlly similar to the ethyleneimines. They
eontain a three-membered ring which opens in the presence of a
nueleophilio group end reacts with it. The rete of reastion is
slow in neutral solution btut is incrsased in the presence of
electron-rich groups.
D, Methanesulphonates |

These gompounds developed rram Timmis* ddea of replacing
the reactive C1” don in some niirogen mustards with the mesyl group,

*0!-592'5-633 /

Nitrogen was then eliminated from the molecule altogether end one
such eompound, 4,.4~dimethanesulphonoxybutane (myleren or busulphan),
was found to heve gonsidersble inhibitory astion on the growth of
the Valker rat carcinoms 256 (Haddow and Timmis, 1953)s When
/reaeting with the nunleomint& groups, the methanesulphonates leave
the glkyl radiecal sttached to the nuelsophilic group while the
methanesulphonoxy part of the molesule is asplit off.

. . + ‘- - -
RCHy = 0~ 80, = CH, —= ECHy + CHy = 50, = 0

The reaction is bimolepular. leny derivatives have been developed,
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 including mannitol myleran (VI) which has e suger-group as the carrier

- of the qytotbxio*partuof the molesule. - This gompound, being very

soluble in water an& an effectIVe inhibitor of various enimal tumours
when given in relatively high aoses (Haaﬂow, Qimmls ‘and Brown, 4958),
may act by.Way'of epoxide intermediates. -

GHa00,5CH;
| HOCH
i HOCH
( HCOH
} HCOH
: éHZOOZSCH3
! o

i
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Action of Alkylating Agents in the Cell

The ohemiocel reaotions of the main groups of the alkylating
agents have been deseribed briefly in the §x~evicus section. These
reaotions give no indication of how alkylation affects the viability
and metebolism of the cell. That alkylating agents are extremely
eotive ageinst the living oell has been realised since 1887 when
Hoyer deseribed the vesioant and looal nacmtizing.aotiéns of pure
semples of mstard gas. Heny of the early workers thought that
mustard gas was & non-specific local poison and that death of the
orgenism was due o secondary infection after extensive necrosis
(see review by Fhilips, 1950). A further ides was that when mustard
gas hydrclysed within the cell, 1t released sufficient H' and €1~
ions to damage sensitive intracellular struotures by aoidity (Lynch,
Smith end Mershell, 1919). An alternative suggestion was that
mstard gas might be oxidised in vive to toxdo intermedlates end
thet these were reapoﬁaible for the drug sotion., One such interw
mediete, the sulphone, is known to be ohemically reaotive (Berenblum
and Wormall, 19393 Banks, Boursnell, Frenols, Hopwood and Wormall,
1946). These early theories have fallen into general dlsrepute.

Modern idsas about the important moleouler sites of glkylation
within the ocell stem from the disoovery that parts of nuoleic acid
molecules and protein molecules cen act as nuoleophilic oentres.
The effects of alkyleting sgents on nuclelo acids end proteilns avre
- disgussed in the following sections, together with other possible



18

modes of damaging the normel cell metabolism.
Drug Aotion on Nueleio Aeids

Sinpe 1940, evidence has budlt up to suggest that alkylating
agents aot on the eell nucleus and that deoxyribonucleio acid (DNA)
is highly susceptible to damage. There are reports of mustard gas
sausing irreversible preeipitation of nuélooprotain from rabbit
siin and 0alf thyms (Berenblun and Schoental, 1947), reduced
fertility end induced mutations in Drosophila (Auerbsch and Robson,
1946), cohromosome disorganization (Koller, 1958), end inaotivation
" of virusea, particularly those containing DNA (Hexriott, 1948).

The fact that difunotional amnting agents (those with two
alkylating redioals in each molecule) are generally more oytotoxic
than the oorresponding monofunetionsl slkylating agents {those with
e single alkyleting radical in each moleculs) has been related to
the ability of the difunetionsl agents to oross-link the ¢win strands
of the maoromolecular strusture of DNA (Goldacre, Loveless and Ross,
1949). Moreover, the positions of breeks in chromosomes of dividing
oells of Vioia »oots treated with various glkylating agents ere not
random but tend to Be oconoentrated :I.n pertioculer regions, often in
the hetercohromatin (which has a high nucleic aeid oonient) (Loveless
end Revell, 1949).

Although 1t 1s generally sgreed that DNA funoction 1a affected
by slkylating egents, there is some dfspute ebout the moleoular site
of drug aotion., Some postulate that ensymes essentisl for DNA



AN
\/ -HZ: t:l[N\>
—o

P—O—CH,

OH

N Gﬁ;nyno acid

Fig. 3. Possible sites of alkylation of the nucleio
. aoid molaecule.

A. Esterifiocation of the phosphate groups of
the polynucleotides,.

B, Regctlon with ths N~7 atom of the guanine
molety of the polynucleotide.

Modified from Montgomery (1959).
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synthesle are ingotivated but that the DNA moleoule itself is
unaffeoted. Engyme :hihibitien is a feasible idea. since mustard gas
interferes with the action of certain proteases, phosphokinases

and pelated ensymes (Needham, 1948) and of choline oxidase and
acetyleholine esterase (Barren, Bartlett and !dller, 1948). This
hypothesis has 1&?3313 been rejected, hawéver, a8 the main explan-
ation of the oytotoxieity of alkylating agents, because Philips
(1950) bas shown that oytotoxio effeots oan be demonstrated in vivo
with mustard consentrations too low to inactivate most onsymes.
Considexrable experimental evidence hes also .been produced to shoyv
that drug action is not on some subsidiary meschanism but that the
DNA moleoule is direotly alkyleted {see review by Wheeler, 1962).
The site of alkylation of the DNA molecule is thought by some to be
the phosphate groups (Ross, 19583 Stacey, Cobb, Cousens and Alex-
ander, 1958) and by othera to be nitrogen atoms of the polynucleotide
purines and pyrimidines (Fig. 3). The N=7 stom of the guenine moiety
is theoretioally the most reaotive nuclecphilic centre in the nueolelo
eold moleocule (Pullman and Pullman, 1959) snd this hes been proved
experdmentally with DNA for a variety of alkylating agents (Lewley
end Wallick, 1957; Brookes end Lawley, 1960, 1961). Alkylation of
the DNA molecule would presumably interfere with the funotion of DNA
and with oell division and, beosuse of chain breaskege, would lead to
chromosome disorgunigation and mutations.

Some of the publlished expsrimental results indioate that damege
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by elkylating agents is seleatively against DNA while others suggest
that rdbonucleio aeid RWA) is also affeoteds To some extent, this
appears to depend on the drug concentration used, the higher the
eoneentration the more likely is RNA to be involved.  Thus, Brewer, -
Comatook and Aronow (1961) found that RNA synthesis osourred at
the normel rate in mouse fibroblasts three days after treatment with
01 pg./nl. nitrogen mustard but was depressed threo days after
treatment with 0,2 pg./nl. Similarly, Pradhen and West (1960) showed
that ohlerambuoil {10 us./gn./day) inhibited the ineorporation of
glyeine~C'* into nuslels asids of & transplantsble lymphossrcona
in mice after three days treatment, while a single drug treatment
failed to produce inhibition. Exemples of the published results are
given in Table I, It ocan also be seen that a rolatively.high drug
concentration in sontact with sells for a short time 1s es effeotive
in inhibiting RNA synthesis &s & lower concentretion applied for a
longer time. As with DNA, Brookes and Lewley (1960) oonsider that
RNA 15 alkylated at the N.7 atom of the guanine moleties, Alkylation
of the RNA molepuls would presumably interfere with RNA replication
and with protein synthesis.
Drug Astion on Proteins

Alkylating agents ere highly reasotive chemical compounda end
only those agents with a minimun ohemioal reactivity are likely to
heve anti=tumour properties (Ross, 1958). Although many of the
oytotoxie effects prodused by alkylating sgents on ¢ells appesr due
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TABLE I. EFFECT OF ALKYLATING AGENTS ON SYNTHESIS OF NUCLEIC ACIDS

T1saus or material Drug end dose Reduoed aynthosis®
DNA. RNA
MAMMALS IN VIVO
Drysdale, Hopkins, Thomson, Smellie and Davidson (1958)
Rebbit: Appendix Mustard gas or nitrogen nustard + > +

1,5 mg./kg. 2-48 hr. before 52?0
2 hr. ingogrporation time

Lowranee end Carter §12202

Rabbit: Bons marrow | Nitrogen mustard 2 mg./kg. £ S
Splesn Saorifioe 12«48 hr. later. '
Thysus P2 4 by, befors macrifics
Goldthwait !19222
Rat: Small intestine | Nitrogen mustard 4 ng./kg. 15 min. + -
Liver

after fornate-C'* or adenine-N'-.
Ssorifios after 2, hr.

 Clerk and Stoerk (4956)

Rat: Thymus Nitrogen mustard 0.5 ng./kg. + = 4
- Hegenterio node , Psz :
Spleen seorifice |

Pradhsn end West (1960)
Mouse: ILywphosarcoma | Chlorasbuoil 10 pg./g./dsy.

transplant Glyoim-cw Z=1 hr. after last dose.
Saorifice 8 hr. later

Treated for 1 day
Trected for 3 days « - +

1
A

Reduoed synthesis deteoted

No reduced synthesis spparent

Sinilar effeot on synthesis of DNA and RNA A
Greater inhibitory effeoct on DNA synthesis than on RNA synthesis

NV Bot+
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Table I oontinued

Tissue or materiel Drug and dose Reduced synthesis®
DNA RNA

Mammals in wivo contirued
Wheeler and Alexander (196))

Hanster: Bilaterally Mitrogen mustard 1 mg./kg./dey
grown oyolophosphamide| Fretamine 0.1 mg./kg.
sensitive and resist- | ThioTEPA 4 pg./kg./dey
ent tumours Treated for 5 days, then

formate-C'* or adenine-C'Y,
Saorifice 2 hr. later

Pormate-C'*: Sensitive + =  +

Resistant - -
&nim-cu*s Sensitive + -
Registant «~ -

MAMMALS IN VITRO
Lowrance and Carter 512501

Rabbit bone marrow Nitrogen mustard 100 pg./ml. x + >
10 min. P32 =1 hr.

sdale, H Thonson 1lie end Davidson (1958
Ebrlioh ascites oells |Nitrogen musterd 50 pg./al. x 2 hr. + = 4
32?0 or rormatn-c""
MCIM tumour oells Nitrogon mustard 50 pg./ml, x 2 hr + =+
3po,

¥heeler ani Alexander 512&1

Minosd oyolophosphemide |Hitrogen mustard 2 ug./ml. added
sensitive and resist- |with metabolite. 370 ¢ x 4+ hr,

ant tumours previous- 1 -
1y bilaterally gromn % T, Sensitive +

in hansters hyposenthine=0 ~: pouigtant - -

M: Sensitive + > +

* .+ Reduced synthesis deteoted Resistant -

= No reduced synthesis apparent i
= Similar effeot on synthesis of DNA and RNA
> Greater inhibitory effect on DNA synthesis than on RNA synthesis



Teble I eontinued

Tissue or material Drug and dose Reduced synthesis*
DNA RNA
AWPHIBIA

Bodenstein end Xondritzer 51%82

Amblystoms punctatum Nitrogen mustard 10 pg./ml. x L5 nin. + -
enbryos ¥rosh medium for 8 days. :

Colorimetric estimation of nucleio
aolds

BACTERIA

Herriott (1951)

Escherichia ooll B. - Mustard gas 70 pg./ml. . > %

37° € x 10 min. '

Fresh medtum for 2 hr.
Colorimetrio estination of nuoleio
acids

Pardss (19

E. ooli B. ' Mustard gas 120 ug./ml. * -
37¢ C x 10 win.

Fresh medium for 40 min.
Colorimetrio estimation of nuoleioc

aclids
Harold and Ziporin (1958)
E. ooli B, Hustard gas or nitrogen musterd x
15 min.

Prosh medius for 20 min,
Colorimetrio estination of nuoleie

acidas
Muatard gaa: 85 pg./ﬁlt + -
110 p.g‘/mli + > +
Nitrogen mustard:500 pg.fne.‘ + -

* + Reduoed synthesis dotected
~ No reduced synthesis epparent
= Similer effect on synthesis of DRA and RNA
> Greater inhibitory effect on DNA synthesis than on RNA synthesis
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to resotion with nuoleic acids {especially DNA), transport of these
ohemionls to and into cells must bring them inte contact with other
reaotive sites, espseially proteins, There are reports of alkylating

¢ agents reasting with proteins and e few exsmples will be glven.

Butler and Crathorn (1958) found that ohlorambuoil, melphalen end
" mylersn sombine with both the nuoleic asid and the protein of rat
and oalf thymus nusledprotein glthough the amount combining with
nuolelo esid is equal to or greater than the amount combining with
‘ protein. lyleran reasted less sompletely than the nitrogen musterds.
Cohn (1957) found that proteins heve a higher speoific sotivity from
in vive lsbelling with C'¥-phenylalenine musterd then nuoleio ecids
from the same tissues, In spite of this, Broekes and Lewley (1960),
reaoting S’S*mustard gas with tobacco mosaie virus, Beoillus
megatheriun and Eurlich asoites tumour oells, found that the
presence of protein and other osllular constituents d4id not prevent
alkylation of nuolelo acid, The inaotivation of enzymes by elkyleting
agents has besn briefly disoussed in the jgsrevious ‘Bection. Even
though reaotion betwesn alkylating sgents and proteins oan be
demonstrated, it does not nesessarily follow that such resotions are
the prime osuse of sytotoxieity,
. Cell Cycle Bloek

'In the seotion on the effest of alkylating agents on nucleio
aclds, several instances of inhibition of DNA synthesis ere oited.
In contradistinetion to this, other reports show that cell division
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oan be prevented with ooncentrations of nitrogen mustard whioh have

no inhibitory effect on DNA synthesis in the same tissues, Ultmann,
Hirsohberg and Gellhorn (4953) used nitrogen mustard to bloek cell -
diviaion in regenerating rat liver and found that the DNA end RNA
 1levels in the treated vells were higher than in the non-treated
oontrols. Similarly, growth of mouse tumours in vive ocan be inhibited
with doses of myleran, nitrogen mustard, tretamine or triethylene
phosphoramides which do not significantly depress the incorporation

of P into DNA of the treated tumour cells (Davidson and Freeman,
1955).

A solution to these apparently vontradictory sehools of thought
ebout the effeot of oertain alkylating agents on DNA synthesis is
provided by Layde and Baserga (1964) using Ehrliech asoites cells in
¥ivo 4n mlos and by Celfant (1963). They suggest thet nitrogen
musterd produces a blosk in the premitotic resting phase (G2) of the
oell oyole {(aee page 1,3 for a desoription of the Mes of the cell
oyole). Cells in the latter part of the G2 phass at the time of
ocontast with the drug sre thought "bo ddvide and oontinue through the
following G1 end 8 phases. ' These oells are unable to complete &
second division becsuse of the block in the G2 phase, but sinoe they
have completed the S phase they econtain the premitotic lsvel of DNA.
Continued DNA synthesis in nitrogen musterd treated cells up to the
premitotio level has been shown experimentally by Levis, Spanio and
de Nedel (1963) and by Brewer, Comstock and Aronow {196¢). Since
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RNA synthesls end protein synthesis are thought to be relatively
unaffoeoted by the block in the oell oysle, increased dry mass per
oell after treatment with nitrogen mustard would not be unexpeoted
(Lee, Richards and Furst, 1961). This hypothesis explains how oell

.- division van be stopped without the immedimte inhibition of DNA

. synthesis and how inhibition of DNA synihesis esn cocur in experdiments

.. of suffieient durstion or with concentrations of drug sufficiently

high to produce a different cytotoxic effeot.,
- Antinetsbolite Action-

Because of ‘the similarity between the chemieal struetures of
the ethyleneimonium ion (VII) -and oholine (VIII)} and beseuse choline
~ oxidase i5 one of the ensymes most sensitive to nitrozen musterd,
Barron, Bertlett and Miller (194B) suggested that the ethyleneimonium
4on from nitrogen mustard might oscupy sites 4n the ¢ell normelly
availeble for sholine. Various other atienmpts have been mude to
explain the blologlaagl effeots of the alkylating sgents on the
grounds of some antimetsbolite action. Skipper (1953) prepesed that
- alkyleted purines and pyrimidines might be incorporated into DNA and
give rise to abnormal produots, a feasible ides since the uracil
enalogue, E-ﬂuorduraeil, -and related compounds do show oytotoxie
aotivity. Lorkiewicz and Szybalski (1961) have slaimed that tretamine
reants with thymidine mono- or tri« phosphate end that incorporation
of these alkylated analogues into DNA 48 the oause of muf;ltipns
induced by this drug. This seems unlikely, however, since when
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Lewley and Broockes (1963) resoted nuoleosides of DNA with exoess

tretaemine under the conditlons used by Lorkiewlez and Segybalekd,

& resotion eould be deteoted with deoxyguanomine only, Timmis (1960)

has suggested thet slkylated guanine itself might play an enti-

metabolite role.  * | IR
Melphelan. Lerdonov in'{S48 suggested that substituted amino

acids that set in’'the bedy as-entimetabolites might show anti~tumour

aotivity. Melphalan, the l~form of the musterd derivative of the

naturally oocwrring amine aeid, phenylelanine, produces oomplete

4954} and the dl-form prodvces complete growth inhibition of rat

. saraoma 45 and oonsiderable growth inhibition of some other experi-

" mental tumours (Larionev, Khokilov, Shiodinskeja, Vasine, Trooshei-

‘Kina and Novikove, 1955). - It 45 not kiown, however, whether this

 antdetumour astivity is due to the phenylalanine mustard acting as

" an antimetabolite or as en elkylating egent. In favour of the former

passibility 4s the fast that the 1-1sémer of phenylalenine musterd

- {melphalan) is more effective than the d= or dl~- forms in inhibiting

gxowth of the Walker rat waroinoms 256 ih vats and of the Landschiits
.. aseites tumour in mice (Koller end Veronesi, 1956) and 4s also a more
. effective. inhibitor of uptake of phenylslenine-C'* and glyoine~c'+
. into Stephylosoosus sureus (Crathorn and Hunter, 1957).  Loreover,

- the 1-form is about four times as aotive as the ‘a:-rm 4in producing

effeots on the blood such as a decteaso in lymphooyte numbers (Elson,
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1954) and is & more active mutagen than the d~form (Fahmy and Fahmy,
1956). The greater activity of the l-form could be due to the
natural configuretion of the l-form which mskes it more sultable
for uptake, possibly along pethways involved in protein synthesis,
Bergel end Stock (1953) dismiss the possibility that the lesser
aotivity of _the d~form 45 due to its dreakdown by dwamino acid
oxidase because the rate of atteok of these drugs by d*aminnvaoid
oxidase is only one-fifth the rate of attack of d~phenylelanine,

In spite of the greater aotivity of the l-form, other experi~
‘ =:menta.i-w1aenoe points to lack of antimetebolite sotivity by
melphelen, - Cohn (1957) sdministered p-&i-(2-ghloroethyl)amino~dl-
phenyl (87*C)alantne to rats bearing Wslker esreinoma 256 and found
that more vadiocagtivity was bound to the protein freetions than to
the nuoleie aoids of the ssme tissue, Treatment of this labelled
- protein with veegents expstied to break ester and ether bonds
removed 1ittle activity. Chromstography of hydrolysates of the
kidney proteins (the kidney having a greater specific activity than
‘any other tissues) showed no radioaetivity in tyrosine or phenylalanine
spots, indiceting that oconversion to one of these amino avids was not
teking place, Moreover, sinde liver protein snd plasma glbumin oould
. be labelled in vitro with drug (even after hydrolysis of the drug)
under eonditions in whiech protein synthesis was unlikely, Cohn
ooneluded that at leasst pert of the binding of the labelled drug to
protein did not require the presenee of the mustexd group and that
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e metsbolic process was probebly not involved.
., Cohn's vresults are aiffioult to explain, and in the hope of
obtaining more information about the inoorporation of emino acid

 analogues into protein, Brookas (1959) synthesised a substance

similar to the labelied phenylalanine mustard used by Cohn but
. lacking reaotive musterd groups. This subatance, p-di=(2-hydroxy-

Coe _(?l"ca)nthyl,)am;norlvphenylalanlne,_, wes allowed o react at 37°C with

serum albumin for 2l hours or with rat liver homogenstes overnight
.and the protein wes then examined for redicactivity. No asetivity in
- the protelin fractions could be detestied. The oompound was also
injeoted into one ret and the specific. sotivity of 1its tissues waes
exsmined. Only protein from the kidney showed a .mpecific sotivity

. grecter than the baskground and the vglue was extremely low even from

this tissus. Sinoe the results indicated thet prdie(2-hyarosy('’c,)-
athyl )amino=1=phenylalenine was not incorporated inte protsin,
Brookss oonoluded that the mtiv;ty:‘!‘ound 4n the tissues by Cohn was
due to an glkylation reaction involving the mustard groups of the
phenylelenine msterd rather than to insorporation into pretein
involving paptide links. Brookes assumes, however, that his compound
reaots in o mannsr similer to phenylelenine mustard end his ideas do
not explain the reaction of Lydrolysed phanylaxanixin musterd with
proteins in vitro. 4An interesting eomment dy Brookes was that
slthough the greater effest of the l-form of phenylalanine mustard
cannot be asoribed to insorperation into proteln it might be oon-
neoted with eass of transport.
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Examples have been given of published reports deseribing the
regation of the allqiating égcnt'é with the ntucleic acids and protein
end the interference with the metabolisn and division of the cell

| ‘produced by these druge. ‘It is still not known which of these effeots

are responsible for the anti-tumour action 6f some of ‘these drugs.
Uss of mr..a‘m y Agents for Canoer Chemotherapy
Alkylating agenta were not used for the treatment of neoplastio
disease until after 4942 when Goodmen and Gilman noted the effects
of certain nitrogen mustard derivatives on lymphoid tissue and

. repidly dividing oells. . A possible use of these ocompounds egainst

lymphoid neoplasms was suggested and this led to olinical trials.
- Nitrogen mustard wes shown to have & signifivant aotivily sgainat
Hodgicdn's disesse and eaused limited regressive changes in lympho-
sarcomg. The olinioel results beoame generally known in 1946 (Gilman
and Philips).
- Sinoe that time, numerous oompounds have been sereecned for
- antioanter sotivity and a few are used olinically, either &s an
- adjunot to surgicsl exolsion or for véglongl therapy. For examples
 of the clinical applications of the alkylatinyg agents, see Farber,
‘Tooh, Sears and Pinkel (1956), Irvine, Noon snd Bastable (1962), and
Creech end Krementz (196L). o S
At the present time, the use of alkylating agents for sancer
chemotherapy is hindered by the faot that eny anti-tumour astivity
is usually acoompanied by damage %o normal t4ssues. This oell demage,
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however, cannot be due in all cases to & general toxic effect on
all oells since seleotivity of drug action against certein cell
- types cen be demonstrated with some of the alkyleting agents.
| Selectivity of Drug Aotion

Since the alkylating agents damage some call types in wivo
more then other oell types, some melectivity of drug action must
teke plasce. It is usually those cell types with a high mitotie
rate that show the greatest damage (lymphoid tissue, bone marrow,
intestinal mucosa, germinal cells, skin). It oould be argued thet
these drugs show enti-tumour activity simply becauss the'y aot on
2ll tissue with e high m&totio rate. It' thia were tme, unly those

neopla.at:lc oeliis with s m:ltot.to rate greatar than that of nomal
cells in ‘the same organiam aoulﬁ be 14kely to aspond ta ehmtherapy

and the nature or tha Arug used mvl& ‘ba relatiwly unimportant.-
| Dms aotion aolaly asainat oella with a8 high mitetie rate cannot be
the whole mlmticn of the anti»tumour anﬁivity of some of the
nllquating agents beoause tha m.ttots.e rata of tmuz's raraly exceods
thet of nomal mteatinal nuocsa and beome, 88 ahown ‘below, some
’oxamples af aaleetﬁ.vity of d:mg aotion againat certain oen types
di.aprove thts 16.“. o

Connors and Whisson {{966) have demonstrated a ocorrelation

between the in vivo sensitivities of mouse tumour cell lines to
enlline musterd and their glucuronidase contents. It was found
thet two plasme cell lines with levels of glusuronidase five times
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higher than the levels in the mouse liver regressed gompletely on
treatment. Two tumour ¢ell Jines with & glucuronidsse sontent
equal to that in the liver failed 1o respond to treatment with this
drug.  The authors suggest that aniline mustard is gonverted to the
gluouronide in the ifver, then broken down by glucurcnidese in the
tumour to the toxig pwbydroxyaniline derivative. This indleates
thet the sensétivities of tumours te chemotherspsutio agents oan be
influenced by faotors other than the mitotio rate.

The work of Jeokson (1959) on the effect of chenicals on
fertility in the vat ¢an be oited as further svidence of the
soleotivity of drug sotion againpt only cextain ¢ell types. Myleran
is thought to blosk an sarly stage in spermatogenesis sinoe fertility
48 normal until sbout the eighth week after the drug injection when
the rats besome sterile. The aliphatic nitrogen musterds sppear to
interfere with later stages of spermatogenesis ainoe these drugs
produce immediate sterility, though potenoy is later restored. The
eromatic nitrogen mustanrds, on the other hand, haﬁ no effeot on
fertility, even at doses which inhibit tumour 3x'owth and suppress
boné marrow asotivity. A single dose of tretamine reduces fertility
immediataly and ceuses sterility four weeks after drug administration.
Potency 1s restored by the £ifth week, indioating a possible effeot
on spermatooytes, Repeated doses of tretamine appear to affect ell
stuges of spermatogenesis slnce this treatment produces prolonged
sterility, ThioTEPA produces results similar to those desorlibed
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for tretamine. Even though most of the cells involved in spermato-

. -genesis ave in the same environment, selestivity of drug astion for

- gertain oell types ean be demonstrated snd the naturs of the ocell
1 types being seleotively damaged depends on the drug used.

v.-oo o The work of Elson {1958) on the in vivo effects of myleran end
.- -ohlorambuedl en rat blood oells provides.a further example. of

- selectivity of drug aotion ageinst ocertain mmai eell types.
- Myleran produses a marked decresse in the number of neutrophils
. while chlorambueil produses en initiel depressent effect on the
- neutrophils followed by xapid recovery and neutrophilie, In oon-
trest, myleran has no effect on lymphooytes while ehlorambucil oeuses
s dscreese in Jymphooyte mumber, . - | s
TIwo factore in the effects of alkylating agents on mixed oell

- types are therefore spparent: {(a) there are a few examples of & drug
being more oytotoxic to certain cell types than to others; (b) the
6ell types ehowing this seleotive damege depend on the alkylating
‘agent used and rot solely on the mitotle rates of these cells,

Thie seleotivity of drug eotion ageinst gertein cell types is
. probably dependent both on the nature of the oells and on the nature

- . of the drugs If the drug is highly reastive, insufficient aotive

- drug may reach the turget site because of resotions elsevhers in the
- body. Tissues with & poor bleed supply mey be less dsmeged then
highly vaseuler areas. DPrug entry inte the cell is effeeted by such

i‘a‘ot}ors‘as ‘the neture of the oell membrane, the 1ipid and water
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" part of the drug molecule, Side-chains such-as amino aeids and
sugers may aid transport and matabolism of the drug in some cells,
‘while the presence of .slternative pathways or detoxicating enzymes
within the oell would tend to mske that oell resistent. The import-
ence of aotiveting enzymes for the sensitivity of tumour vells has
- alreedy been mentioneds It is probably the interplay of fastors
such as these whioh is vesponsible for the seleative actiqr; of the
- glkyleting agents, o o

Vhatever the reason for selectivity of drug aotion egeinst
certain oell types within an orgenism, the fact that seleotivity
has been demonatrated does indlcate that ehemotherapy of neoplastio
disense without excessive side-effects mey be possible. Tumours
from each type of humen neoplastic dissase show a wide speotrum of
sensitivities to the drugs in ourrent olindoal use, Since these
drugs generslly produos toxio side~sffeats in all patients receiving
then, and since only those patients with tumour cells sensitive to
the drug used will show any benefioisl response, & method of deter-
 mining tumour sensitivity to seleoted drugs prior to administration
would be of great edvantage. Drugs to whioh the cells were resistant
oould be eliminated and the drugs to which the cells were sensitive
oould be graded in the order of their adbility to inhibit growth of
those particular oellss The aim of this inveatigation was to examine
e sensitivity teast of this type.
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EXPERTUENTAL PLAN
Cell System

' Although there is a vast literature on oytotoxic agents, there
are few comprehensive somparisens of the actions of different drugs
et various concentrations, Published reportawno@r a wide variety
of tissues and experimentsl conditions (see, for example, Table I on
- page 22) and it 4s difficult to find which feotors are likely to be
dmportant in an in vitro sensitivity test for tumours. Do high and
low oconcentrations of a drug affect a cell system in the same way?
Is the drug action the same on a&ll eells in the population or is there
variation in effeot from cell to cell? 1Is there a single vital
metobolie pathway affected by sech drug or is the oell damsge more
general? Are non~-dividing oslls affeoted as much as dividing oells?
In designing experiments to anawer such questions it was felt desir-
sble to exocluds as fax as pessible faotors that might very haphaszardly
in the tissues examined. For this reason, although the ultimate eim
of this work is to investigate the drug sensitivities of tumours, it
was deolded $o avoid the variebility inherent in tissues of this sort
~ and to use insteed a tissue undergeiné rapid proliferation and from
- which relatively reproducsble cell preparations could be made. The
tissue ohosen was mouse thymus, In the experiments deseribed below,
the thymus oells wers ineubated in vitro so that the drug sotion comld
be studied direotly, without interference from competitive sites
elsewhare in the body. The experimsnts were not intended to provide
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2 roslistio representation of drug action within humen neoplastio
- #lssue in sltu, The object was to determine whieh factors sre likely
" to be important in & possible in vitro sensitivity test for human

©umours.

The thymus in the mouse is a creamy-white bilobed organ lying
over the anterior ventrel surfeve of the heart. FEach of the two main
" lobes is divided into maoroscopic lobules by omeéthe tissue, The
‘inneéy medullary portion of sach lobule is 1ightly staining and is
oomposed of e meshwork of reticular oells {with pale nuelei) end
relatively few lymphooytes which are mbadded 4n this meshwork., The
‘medulls 1is oontinuous from one lobule to another. The perdpheral
ares of sash lobule, the oortex, is darkly staining and contains
numercus tightly patked lymphooytes (with dark nuolei) and relatively
few retioular cells. The large, medium and small lymphooytes make
up 90 per oent of the weight of the thymus and the large and medium
1ymphooytes provide 99.9 per tent of iis mitotio asiivity (Metcalf,
1964), The amall lymphooytes in the thymus do have & lew but definite
mitotio rate (Kindred, 1938), uniike the small lymphooytes in other
tissues which rarely divide if at &1l (for example, see Cooper and
Alpen, 1959). .

The most eonspieuous part of the fixed and atained thymus
- lymphooyte is the nuoleus. This is surrounded by a ssanty rim of
‘oytoplaesme Palade (1955) reported the presence of en endoplasmio
rotioulum in a1l oells examined (mainly from rat tissues) except
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the mature erythrooyte. He noticed, however, that the endoplasmic
reticulum in lymphooytes from lymph nodes, spleen and thymua was
less pronounced than in many other oells. Ineorporation of labelled
amino aoids into lymphooytes has been reported (for example, Cooper
and Alpen, 1959; Cooper, 1961) snd Trowell (1958) in & veview on the
lymphooyte suggests that small lymphocytes have an aotive protein
turnover, In view of Palade's findings, it is perhaps safer to refer
to uptake of amino acld as such rather than as protein synthesis.
Smell lymphooytes will also inoorporate signifioant amounts of
lebelled metabolites into RNA., This has been shown by Lajtha,
Oliver and Ellis (1954) for sdenine~G'* snd P2, by Cooper and Alpen
(1959) for fornate-¢'*, adenine~c'* and oytidine~c'* and by Rieke
(1960) for uridine-K°,

Classifioation of the lymphooytes of the thymus presents problems,
sinoe there ia no suaden.transition between the sises of small, medium
snd lerge lymphooytes. Sohooley and Berman {1960) suggest that
thoracie duet lymphooytes heve e unimodsl distribution of cell diameter
and this finding has been oconfirmed with thymus gells in the present
- study. An objeotion to using sise limits to distinguish between largs
- and smsll lymphooytes in the thymus %s that the oell size sppears to
depend on the fixative used. A4s & further complication, nitrogen |
mustard sauses an inorease in oell sise (Levis, Spanio and Nadal, 1963),
so thet it 4s difPicult to follow the different eell types in drug-
treated populations. To overcome some of these difficultles, ocells
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from the thymus have been oalled simply thymooytes in the experi-
mantal seotion, and when ia.isfinotienvbetwasn potentiélly»dividing
pells (large end medium lymphocytes) and probebly non-dividing eells
(mm lymphooytes) is nesded, the actual eoll dlametors are given,
. The sotion of alkylating agents on DNA replication and oell
atvision has been desoribed ebove and it was thought that any
antimitotic eotivity should be relatively easy to demonstrate in
the rapidly dividing gells {lerge and medium lymphosytes) of the
thymus, Thease agents oan also interfere w:lth synthesis of RNA and
. protein and oan inastivate ensymes end this type of reaction would
probably be reflested Ain the ability of the ocells to take up RNA
- presursors and amino adids, and in this @ell system can be studled
in oells with a high or a low mitotdo astivity,
- Heasurement of Cell Damege
Pgppenheimer (1517) mads suspensions of rat thymus sells and
- pounted the number of sells stained with trypan blue. Diffusion of

© - dye into the nuvleus was considered evidence for cell injury. Vyoital,

Sohrek and Clarke (1953) used the dye exclusion test with safranin

to indicate damage to xat thymus dells in vitro. Using this method,
they found that 50 per cent thymosytes were dameged by 2 ug./ml.
nitrogen musterd. The disadvantages of this method sre that it tends
to be unrelieble and it provides no indieation of the molecular site

- of damagea

Comparisons of drug estions have been made on various cell systems,
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sometimes in the hope of establishing an in vitre sensitivity test
for human tumours. The most popular method seems to be inoubation
of oell suspensions from trypsin-treasted tumour biopesles or sulture
of tumour fragments in the. presence of drug (often at one gonsen-
tration enly), followed by an assessment of eytological damege and
cell loas, Fc’i exanples, see Ambrose, Andrews, Easty, Fleld and
Wylie (1962), Basty end Wylie (1963), Cobb, Welker and Wright (1961),
Wright, Cebb, Gumport, Golomb and Safadt (1957). Although damage is
measured at the cellular level by mieroseopic examination, ineubation
is usually sontinued for more than 24 houre and some selection of the
less sensitive cells may oceur.

Other workers meke biogchenisal messurements on the population
&8 & whole., These are probably more acourste than an sssessment of
oytologicsal ehangé but do not allow for varlation from oell to ocell
or for the presence of desd or non-neeplestie tissue. These methods
inolude measurement of dei:ydmgunaso aetivity (DiPaolo, 1963),
protein eontent (Esgle and Foley, 1956), exygen uptake {Onesti and
Woodldff, 1963), end upteke of P 2wlabelled phosphate (Yarnell,
Ambrose, Shepley and Tohao, 4964). Scholler and Bittner (1958) end
Teller, Palm, Merker, Harris and Woolley (1958) follow the growth
of transplanted tumours in drug-treated animals. There are meny
drawbaoks to this method, however, such as the difficulty of obteining
growth of humen tumours trantaplmitea. into other animals, the unknown
influence of the sltered environment, the possibility of immunologioal
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introduced by drug effeots on the reciplent animal.

A method which eliminstes the drawbacks of most other methods
ie that first proposed by Wolberg and Curreri (1961). The incorpor-
ation of uridine-H’ by tumour slices in the presenos of possidle
anti-tumour drugs is determined sutoradiogrephically. Veriation
from ccll to cell cen be measured, sllowance oan be made for dead
or non-malignent cells and fellowing the upteke of & metabolite
provides a more exact measure of cell growth than assessment of
oytologieal ohanges. The method was later extended to include
uptake of thymidine-H> (Wolberg and Brown, 1962). MoDoneld, Stroud,
Brues and Cole (1963) have used s similer method on established
osll lines and on human tumours. Since inoubation is eontinued
for about 24 hours in each oase, the surviving oells may not
represent all the oell types originslly present in the tumour.
Bickis, Henderson and Quastel (1965) inoubate chopped or sliced
tumour specimens with drug for a short time (40 min, at 4°C end
20 min. at 37°C) vefore the ability of the tissue to inscorporate
verious labelled metabolites in a 2 hour inoorporation perdoed is
assessed. This method eliminates the drawbacks of long-term
inoubation of the cells, but aince upteke of the labelled metabol-
ites into DNA, RNA and protein is measured by mointillation counting,
there is no indiocation of variation from oell to cell. The ideal
in vitro test should include the measurement of arug}aotion {over
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& range of congentrations) at the cellular level and should involve
- . short-term ingubetion only.

: ... lseasurement of T Lyl ST
- From feulgen~-photometxy (Swift, 1950} end from autoradiographde
.-studies. (Howard ana. Pele, 12951), .DNA .synthesis is known to coour
during part only of interphase. The eell oyole oan be sonveniently
subdivided into the phases suzsested by Howard end Pele (1953).
Hitosis 1s followed by & period (1) in which no DNA synthesis ooours
and which may continue until the desth of the ¢ell. If eell division
- 48 to take place, a DNA synthetis phase (S) follows. Between the S
- phase and mitosis is & phase (62) during which m;' further DNA
synthesls tekes plsce, the sells eontaining twise the normel DNA
content, In general, all oells which are to divide must first
-+ duplicate their DNA content. Therefore, following upteke of marked
metabolites which can be utilized for DNA synthesis provides e
eonvenient methed of showing whioh gells have the ospuoity to divide.
Cells whioh have synthesised DNA as far as the premitotio level will
not neeessardly divide, but those which have not completed the S
- phase are unlikely to do s0s
Thymidine is a popular metebolite for this purpose since it is

e apeéif‘:lq DNA preoursor (Rsichard and Estborn, 1951; Friedkin,
Tiluon end Reberts, 1956; Friediin and Wood, 1956; Amano, Nessier
and Leblond, 1959). The lebel from labelled thymidine oan be
recovered from the eell nueleus only, in the thymine of DNA. Purines



and pyrimidines from RNA show no significant level of labelling.

This has been shown for a variety of tissues and under & variety of
experimental conditions. Tritium (H3 ) provides a vonvenient marker

© for the thymidim, enabling high resolution. autoradiography because

of the short range of theS~partioles (Taylor, Woods and Hughes, 1957).
Since treatment in absolute ethanol or methenol has been found to
remove all preeursor pool. tritium {(Zajioek, Bernstein, Rosin end Gross,
'1963), 4t is reesonsble to assume that oells ocontaining tritium after
~this treatment have beeﬁz synthesising DNA at some time during their
exposure to thyﬁ&.tnsdi‘; .

Thymildine needs to be used with ¢aution, Excess thymidine has
been used to produvce synohrony and blotkage of the cell oyele (Petersen
and Anderson, 1964), There are also reports of it prolonging the Gf
phase (Van't Hof, 1965), inhibiting the inoorporation of uridine into
nusleolar and eytoplasmic RNA (Kesten, Strasser and Turner, 41965) and
sven stimileting oell division (Greulich, Cameron and Thrasher, 1964).
The quantity of thyﬁiﬂina-ﬁs used was kept to a minimum for this reason
and also to minimize any radiztion damage from the tritium, Since the
thynﬁdina—HB is taken into the oell nuulaus; radlation damage is a
definite hazerd end there are reports of thymtdine~H causing growth
inhibition (Paintar, Drew and Hughes, 71958). shenge in ploidy olasses
(Post and Hoffman, 1961), and ohromosome and mitotio aberrations
(Wimber, 1959; Natarajan, 1961). All these experiments, however,
involved a velatively high conoentration of thynidine-H® and
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inoubation for at least several hours,

& further gomplication in the use of thymldine is thet some
tiesues oontaln an ensyme, thymidine phosphorylase, whish degrades
thymidine to thymine (Friedkin and Roberts, 4954). -In Ehrlich
aspites ovells, this degradeation has been shown to teke place at a
faster rate than incorporation of WMe 4nto DNA and since
thymine is not inoorporated into DNA this results in & lowering of
the effective ooncentration of thymidine (Zajivek ot al., 1963).

Although labelling with thymidine-H> 4s & good quslitative
indication of DNA syntbnia, it 1s not strietly quantitative. A4
fairly constent correlation between the number of grains 4n the
photographic emulsion and the number of tritium atoms in the under-
lying tlssue seotion hes been found by Kisieleski, Baserga and
Veupotio {1961).

In oonolusion, t}wmidj.m-—:‘iﬁ can be a useful tool in the
ansessment of oell metabolism but needs to be used with oaution.



EXPERIMENTAL WORK
Meterdel and Methods

Mice

The mice were purchased from Glaxo Leboretories Limited and
were used &t 9 to 33 g. Female A2G mice were used for the majordty
of the experiments. Male or female C57Bl, (426 x 65731)3‘1 hybrdds
or Pirbright albinos were used, however, for some of the initial
experiments. Until used, the mice were kept 12 to a oage in a room
maintainad af: 70°F and. were fed on 1..15 mouse dlet and watar ad |
libitum‘ Whemver poaaibla, the thymoeytes used 111 eaeh individual
experd.ment ocane from one mouse. Thia nas not posa:lblu in experiments
‘involving large numbers of oells.
Nutrient Medium

The thymooytes were incubsted in Hanks' balanoed sslt aolution
. @lexo Leboratordes Iimited) enriched with 12.5 per cent samh which
hed been previously heated st 56°C for fwhour, Exeept for a few of
~ the initial experiments, in which horse serum (Burroughs w.lioome)
- was used, pooled mouse serum.was added, Penlocillin and streptomyoin
were also sdded to give a f4nal aoneentration of epproximately 100
- and 75 units respeotively per ml, It was realised that the presence
of these antibioties oould have hed some effeat on the metabolism of
the oells but they were ineluded sinoce their presence is likely to
be nocessary for human neoplestic tissue which is often infected.
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Lebelled Metabolites

The labelled metabolites were purchased from the Radioochemioal
Centre, Amersham, and were diluted in physiszlogical saline to the
appropriate eoncentrations. The bateh numbers and speolfic activities
of the labelled metsbolites used were as follows: |

Lebelled ~ Bateh " loleeular Specifieo
metabolite pumber welght gotivity
Thymidine-H” 19 22 hes2c /i

| 30 8.8 o / uif

Urddine-n’ 5 24 570 / mt

1-Tyrosine-i> 4 18 670me /mu

1-Lsusine-H’ 2 13 215m0 / w!
3

200mo / mit

The amino aecids used were generallywiahlnu& with tritium. The
tritiated thymidine used (TRA 61), bsing prepared from tritiated
thymine by ensymetic syntheais, hed ell the tritium activity in the
thymine part of the molesule., The tritiated uridine used in these
experiments (TRA 27) was prepared by an exshange reaotion and,
although moat of the tritium was in the uraoil part of the molecule,
some was present in the ribose part. The labelled metabolites were
added to 1 ml. aliquots of oell suspension in a volume of 0.1 ml.
Cytotoxic Agents

Nitrogen mustard, di-2-chloroesthylmethylamine hydrochloride.
"fustine hydrochloride" (Boots). MNoleoular weight 192.5.



Chlorambucil, g~(diez'cmoroethylamino_)phenylbutyrio aoid.
Kindly supplied b;rp» Dr D. A. G. Galton, Ghesté_r VBeatty Research
Institute, London, loleoulsr welght 30k.2.

Uelphalan, 1~£-:(di—-2~ohlom_ethylam:lna)phenylalanine. "Alkeran"
(Burroughs Welloome). ioleoular weight 305.2.

Mannitel myleran, 1,6-({dinethanesulphonyl)-1,6~dldsoxymannitol,
Kindly supplied b& Dr ¢. M, Timmis, Chester Beaity Research
Institute, London. UYoleoular weight 338.

Tretemine, triethylensmelanine (I.C,I.). Holecular weight
20442, | - |

'ThioTEPA, triethylenethiophosphortrdamide (Ledsrle), Moleoular
weight 189.2. |

Hethotrexate, h—amino-N1
lioleoular weight #%;5.
Diluents ‘

Sterile, pyrogen-free di&ti:.ied wator was used %o dissclve and

g-matkwlptamy;glutamic acid (Lederle).

dllute nitrogen musterd, mannitol myleren, tretemine and thioTEPA,
Chlorambueil and melphalan, bedng insoluble in water, were dissolved

in gbsolute ethanol end esid slechol respectively and diluted in
propylene glyeol diluent (gll these repgents wers supplied by the
nmanufaoturer). 'm fubie"'al in the chlorambueil and melphalan series

were adjusted to contain the same aloohdl (or acid aloohol) and
propylene glyeol consentrations, Soddum biocarbonate solution '{5:75) wes
added in a volume of‘ 0.% ml. to each 1 ml. aliquot of cell suspension in
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‘Ehe melphalan series to neutralise the seid. Methotrexate was
dissolved in sodium bivarbonate Bolutfon, then diluted in water, and
“eash tube in this serics was adjusted to pontain the same ‘cbmentration
" of sodiun biearbonate. Eagh drug (or the appropriate diluent in the
ontrol tubes) was added to 1 uml. aliguots of cell suspension 4n a
volume of O.% mi. ‘ : - I
Thymus Cell Suspensions

The mouse was weighed snd ldlled with ensesthetio ether. The
thynus was sseptiezlly removed into a petri dish oontaining nutrient
- medium and teased with fine selssors and foreeps. = The erude éell
. suspension was then filtered through geuse to remove oell clumpa.

. The eell doncentration was measured ix a Neubauer haemosytometer in

& sample of suspension which had been dfluted in 4 per cent aocetie
acids The oell sonventration in the remaining sell suspension wes
‘adjusted if necessary by the addition of nutrient medium.  For most
experinents, a ooncentration of 3 x %06 eells/mls nutrient medium
was usads
~ Incubation Prowsdure

‘The oslls were studied in 1 ml. aliquots in 16 x 150 mm. or
16 x 120 mm. pyrex test tubes fitted with Oxoid aluminium caps.
. Incubation at 37°C in a hot-air ingubator was performed with the
. tubes in the verticsl position and without gassing or shaking. Cells
were inoubated with a labelled metsbolite for warious times. ILebelling

- wes atopped by ocentrifuging the oells at 650 g and‘l;.oc for 5 to 10
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minutes end weshing the oells in two changes (oocasionally & single
ohange) of 5 per ocent bovine plnama albumin (Armcur) in saline,

mvmamwﬁ labelling was atoppaa in & fow of the inttial experi-
| menta by the addition of e:mess unlaballe& thymidina (100 pg./ml.
oell auponaion) roliom& by immadiate o¢ol.1ng of the suspcnaion to
u"c, before 'bho usual wsahing in 'bovine plasma al'bumin The supernate
from the finsl waah was diaaardeé. and amoars wers m&e from the oell
pellet on to gx‘ea&a—fm slides which had bean previoualy treated
with 8 aolution ot 0.5 par aent gelatin and 0.1 per eent ohroma alunm
| and drieé. Thn smea.rs were rapidly air-aried. Gozla incmbatad with
| thymw.m-ﬁ or urid:lne—-ﬁs were ::ma m methancl ovmight. Cells
 inoubated with elther of m labelled anino soids were f.txed in
 Bouin's solution for 10 min, end rinze& brioﬂy hz 70 por cant and
| 50 per ntnt athanol. Ai‘ter fixation. the smears were n.nowed to dry
in afr. '

Autéﬁﬂicmm procgaure
| Kodak AR ‘!0 atripping fﬁm was laf‘t atanding a:h 4° 0 over a
saturatoa aolutien of oalaitm n:!.trate ba:rore use to px-oduee an
appropriate degree of humidity in the auteradiographio t‘ilm (Gude,
 1957). The film on each plata was aivi&ed into 8 seot:lona as
raoommendoa by the manufaoturor a.nd the aoctions were floated on
‘distillea. water at 21+ to 25°c :t‘or 5 m:ln with the gelatin ‘baoking
uppmnout. anh alide was then taken :h:-om distnled wa‘ber and
| 'ooatea with & aeoﬁ.on of stripping £41n with the photogx‘aphioally
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-sensitive surfaoe next to the aells. " The slides were allowed to dry
- at voom temperature nverxﬁgh’c before being $traneferred to a. ligb.t-
' A't;i.ght~.hox at 4°C,  In. moa‘t; exporimbnts, the £iln was axpoae& to tha
trit:lum for 7 to 4 da;;rs, »aepenﬁing on whether the smeers were being
*examined for the number of grains over labelled oells(the shorter
exposure timc} or for the percentage cells labelled (the longer
sxposure time). The ﬁm was then develoye& for 5 min, in freshly
" made D198 davmapir (Ana.la;- or Kodak. chamﬁ.aals). rinaod in dietilled
water and fixed for 12 min. in Johnson's Fix-sol {ailuted 1 : 10 4n
distnled water). The slides were rinsed in atstilled waber for the
next hour, the water beingahangod avery 10 min., thm*the'ali&aa
‘ were ellowed to dry in eir at room temperature. All faolutiona uged
!‘cr the proeessing were eoolla to 17° C before use and al:i. stages
involving use of sirdipping ﬂlm were parformed in a dark-room
(411uninated with a Kodak no,2 safelight), until fixzation was oomplete.
Celi smears were :\bu‘hinely stained, after progsessing, in 1 part

Ledshmann to 3 parts Giemsa made up %o 100 parts /100 phosphate
buffer at pH 6.8 (slightly modified from Lajtha, 1954). The stain
~ was filtered and oooled to 13° to 15°C before use. The wucars were
stained for 40 to 45 min., then differentiated in the phosphete buffer
for another 10 to 15 min: The slides were dried in eir, mounted, and
given random ovde numbers before examination under oil-immeraion
objeotive. At least 30 labelled oells were sxamined on eash smear to
give a mean value for the number of grains over lebslled cells. When
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tha peroontaga of oalla 1ab911m1 on a smear was deteminea, the oells
were oxamined 1n 'batohes of 100 oells ana., in most exparlments, e
total of at 1aast 1,000 oells was axamined on eaeh emaar.
Measurement nf Cell Diameter

The oella were f:lzeé. and atained in the uaual ‘manner an& examined
with an oﬂ~immeraion obdaotiva. An aye-pieoe gratiuule was ca.ubratea
against a ataga miorometer vimed. unaaz' the 8ame magniﬁoat.ion. Cell
6iamctez- waa neaanred :hz one direoticn em‘l.y ainea ths au’cline of most
thynoaytes was appmximately omulars any thymooytea with an elongated
form wers 1gnored. Although nut atriotly aoourata, this method allowed
large mmbers of oena to be examinea in a raaaonable tima end aid
allow differentiation batwen _ohv:!.qugly_large, and obviously small
cells. ‘ . . |
Bstinstion of ggzlaﬁgg Redfosls

The methu& used was that a.soribed ‘by Boylana, Staunton and
Williams (1961) One ml. of the aample containing tha a&kylating
| agent vas mixzed with 3 ml. of 1sotcnic sucrose (0.25 I&). Three ul.
of this mi:;@ura was transferrad to a aacond test tube oontaining
0.5 ml. pyridine aolution (57’ w/v gnnitro bonzyl pyrd.dine in methyl-
ethylketcne) and 0u1 ml. acetata buffor (0.6 u, pH 4.5) Thia tube
was then heated in a !aterbath at 80 G for 30 min, (ohlorambuoil
ostima.ts.on) or 20 min. (nitragan muata.rd oatimation) The contents
of the tube ware ocoled in ice-water and centrifuged at approximately
260 g. for 5 min, to spin down the protein precipitate. Two ml. of
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& triethylenine end asetone mixture (50% v/y‘) were added to 2 ml. of
the supernate and 2 to 3 inin. efter the sddition of this last

reagent jthe abaofbanﬂa of Iight by ~£he isamzbzle vd; ‘565 | was measured
én a Perkin-Eimer 137 w spectrophotemater, ueing a glaas 6ixvotte. |

The samples were read ageinst air.
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- RESULTS
1." Uptake of Labelled Metabolites by Untrested Cells
ddne=H”.

Uptake in the. Absenss of Cytotoxic Agents .. -

To-dotermine whether autoradiographio detestion of incoerporated
thymiﬂine-ﬂz’ ic a feasible estimete of ¢ell metabolism 4in this cell
system, a series of experiments was pert‘omé& in the absence of any
oytotoxioc agent. Lebelling was apperent in the oell nucleus only
(F4g. 4) and since Pixation for 3 min. in absolute ethanol or
mothanol is aaid té remove all precursor pool tritium from éells
insubated with thymiﬁ:im-ﬂ} (Zajioek et sl., 1963), the presence of
silver grains over vells was assumed to indioate thymidineéns

inoorporation intc DNA. Inoreasing the éxposura time of the stripping
£ilm to the f-particles from the tritium inoreased the number of
grains over eash lebelled oell but had 1ittle effect on the percentage
-of oells laebelled. Por this reason, the percentage of cells labelled
was determined from smears exposed for 14 days, ef'ter whish time the
labelled «13.5 ﬂaul& be diatinguiahed from the unlebelled oells very
easily. This exposure time, howsvar, resulted in some ¢ells being
sovered by grains too numercus to sount with accurasy and the meen
number of grains over each lahdllé& oell wes, therefore, determined
from sueers exposed for 7 days only., Cells oovered by less than

4 silver grains wers retorded as unlabelled to avoid sonfusion with
background lebelling. (On & typical autoradiograph exposed for 14
days, the level of background labelling was oaloulated to be less

than one silver grain on aversge over eaoh oell,)
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Fig. 5. Correlaticn between cell size and uptake

of thymidine—ﬁ3 by mouse thymoocytes in vitro.
1 unit = 1,16 ©.
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Gomlat:lon ‘between 6911 Sige and Abili&x to nooggorate g_hm;_dine-ﬁ

‘ .“Lt was not:lced in the pllot expariments ‘bhe.t very few small
oslls beoane labelled with thymiaine.-ﬁf’ o check tits tnpression,
, autoradiographa were prepare& of mauae thymocytes which ha.d been
' l’_incubated for §-h:‘. 1n zmtr:lant madium (1 ml.) with 0.1 xnl. aal:lne
“and 0.1 uc thymiﬁine«»lis 4 and the é.iameters cf’ an aqual num’oer (336)
of le.‘bellea and unlabeued onlls were measurad sgainst an eya«pi.ece
grati,oula. The ecll aiamotara ranged rram i;. eya-pieoa units to W

'unita (4.6 m to 16.2 u) and a11 tha 1abellad oells were t’ound to

| lihave a diameeor af‘ 8 ar mare units (9.25 3 s:r mre) (Fig. 5, Appendix

Table 1)., In this nvestigation, no m.ned calz was found vith a
diemeter of lese than 8 units (.25 p) although on other cocasions &
fow cells with a diemeter of 8,6 u {or rarely 7.1 u) have been found
lebelled with thynidine-H, It 18 possible elther thet the emall
siged aella in the metb&nol-»fixed meteriel corvesponded to small
thymooytes not synthesising DNA, or that these eells were of the same
type as the labelled oells and were synthesising DNA but failed to
show labelling with ﬁhymidin»ﬂj because, through insufficient |
flattening in some perts of the cell emear, their nuslei were too far
from the atripp;;ng #11n for any enttbed A-particles to enter the
- photogrephie film. The latter »idog oan be r\edcaﬁédb#qausa unlahelled
oolié were randqﬁly 1ntamingl§d with the labelled oells throughout
the mﬁaax‘, It 1s fheretoz?e ‘oo_z;éiﬁdo& that, in methanol-fixed material,
oells with o diémeter less then 9 u oofronppna"to amall, rarely-






TABLE IX. LACK OF EFFECT ON T!IYKIDINE-HZ’ UPTAKE OF MIXING THYMOCYTES FROM
DIFFERENT MOUSE STRAINS (an incorporation period of 35 min. was allowed
for the thymidine-H’)

Source of thyngoytn (nouu strain)
Inoubation time (hr,) (12 x 10° cells / ml,)

before sidditiog of
thymidine-H Pirbriaht plus
Pirdbright (426 x ¢5781) ¥4 | (a2¢ x C5781) W4

Grains per lsbelled cell (i standard deviation)
0 27 % 1.6 33 % 14.9 26 * 15.6
1% 32 1, 32 +114 3% 141

Peroentage of oells labelled (: standard deviation)
0 15.2 £ 4.3 10.0 * 2.7 134 % 3
1% 476 % 2.5 16.9 = 3 1.8 ¢ 2.8
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- @ividing thymooytes and those with & dlameter ‘greater than 9 u to
. meamm end lerge thymooytes, Cells with a § p diemeter may belong
%o aithur group.‘ Unlabelled large and medium oells are those not
" 4n the S phase during the tnoubetdon peried with thymidine-H’. The
mean grein oount per labelled cell due to uptaka of thynidine-H°
’ we.a sinilar i‘or oelis of ell sizes though lerge oells tended to have
 slightly higher grein counts. No strong correletfon was found
between the cell radius end the mesn grain sount per labelled cell
(Figq 12 on page 73, and Appen&ix Tebie 2) R

from Different Mouse Stﬂiné

Stnoe the same thymidine-H” upteke wes obtained with a mixed
 opell mpamidh'!ﬂa&ij‘ f;'om pert of & thymfrom & Pirbright albino
mouse and part of & thymua‘t‘i;-om- an (éaa’x' 3‘5731)?1- hybrid és with
the pure cell populations from thé‘rest“ of either of the two thymuses
elone, it wes ‘e,asbmd that mixing thynuses fron mioe of the seme
' strain would have no marked effest on thyndddne~H” upteke over the
short noubation times used. (Teble II).

Cell Conowntration |

~ Cell eoncentration was found to have & marked effect on the
upteke of thymidine<H’, The mean mumber of greins over labelled
¢ells and the peroentage of-aoiis'labe}.l‘od was found to be inverasely
proportional to the oell conoentration (Fig., 6, Appendix Table 3).

Thus, with 0.8 x 108 oells/ml., 246 * 2.5 per oent oells bevame
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Fig. 6. The effect of cell concentration on 'l:hym:‘uiine'-ﬁ3
~ uptake by mouse thymooytes in vitro.
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1a'be11ea. in an inou’oation par:lod of 35 xni.n. end showod a mean grain
count of 56.2 1546 graina/oell, whereas with 21.6 x 106 oalls/ml.
| ineubate& with the same quantity of thymidine-!i3 for the sane time,
) 7.7 2.9 per oent oalls became labelled with & mea.n gra.:ln oeunt of
‘ ‘15.6 3.9 grains/coll, If :lt oan be aasumad tha‘b eaoh grain over
| " ooll nueleua 13 cquivalent to ono ar‘bitrary unit of incorpnra.ted
N thymidine—H3 then the 0.8 x 10° cells had moomratsa 656 x 10°
' arbitrary nns.ta of thymlﬂim-!!} and the 21.6 x 106 aolls haa incor-
porated 259 x 108, arbitrary units, Theao resulta may renm |
'oampatition for the th;ymi&ina-ﬁs 1tsal!‘, or they ray bs due to the
| faot that a aem popnlation of oolls grows at a alower rato ‘than
a loaa damse po;mle.uon of calla becausc of eomputltien for growth
o faetors :ln the meaium or beaanao ef an moumnlatlon af waste px'orlucta
:?rom the cells. Theso rosulta mdioe.te that 1t 15 sssent:lal that the
| ooll oomontration ahould be oonstant 1n oomparisons of thymid:l.ne-ﬁﬁ
Mooz-pora.tion into ds.:rforoni: oon aliquots. Gell eoncmtration is
| difﬁ.cult to standsrdino 1n tisaue alioes but 1t :.'.s ralativoly easy
| to oantml 1n a ooll auspenai.on. | |
'Mm; Phosghogglas | o .

Dunreaaod thymidine-ﬂz‘ uptako by & large mm'ber of oens aould
" ’ce duo to a.gre.aamn of the thgmaina-n3 by @ relatively high oon
oentration of thymidine phosphorylase (see Introduot:lon, page 45).

1'085 emymu mlsht be produoed by & low concantration of’ dells end
th.z-erora zaaa thymiaane—EB would be degreded. To determine whether
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Fig. 7+ Rate of thymidine-H3 uptake by mouse
thymocytes in vitro.
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thymidine phosphorylase aptivity was 1ikely to be a complicating
faotor in this pell system, thymidﬁne-}iz’ uptake was sxamined for
up to 3 hr. Zajioek et &l. (1963) found that total thyndddne~H”
upteke by ascites tumour eells fell off after the £irst 20 min.

continuous incubation with thymidine-H? (1.0 x 40°% LM thymidine-H>/10°
oalla) but that upteke was inoreased by the addition of move than

0435 pM unlabelled tmmo/w oells. With mouse thymooytes incu-
bated in vitro with tiymidine-H’, the grain oount/100 oslls

(equivalent to Zajloek's total tmﬁwﬁg uptoke mea,sureé, by
seintillation gounting) ahand an epproximately linear inorease

with time throughout the 3 hr. (Fig. 7, Appendix Table 4). MNore-

over, eddition of 3,57 uM unlebelled thymine/6.2 x 10° eells ata

not insrease labelling with thymidine-H> (2,32 x 1077 uM thymidine-H"/
6.2 x 10° oslle) but tended to deorease it.

These results with mouse thymoeytes also eonfliet with results
reported by Cooper and Milton (1964) for uptuke of thmidine-ﬁg by
human leuccoytes, the thynidine-H” being degraded to thymine and
dihydrothymine after 1 hr. at 37°C. -To determine whether the
. differencesin findings were dus to experiuentel proosdures, mouse
thymooytes were prepared in the usual manner and their ability to
inocorporate thymldine wes exemined by Dx E. H. Cooper: A ¢ell
suspension (8.6 x 106 oe8lls/ml.) wea prepared from the thymus of o
21 g, female (A2¢ x C57BL)F, hybrid mouse end inoubated in & water-

bath at 37°C with thymidine-C'*, Samples were taken ot intervals






TABCE ITT.  LAGK GF UEGRADATION OF mﬁw‘“
BY HoUSE THYMOCYTES IN VITRO
m after | Perosntage of counts
o; .. vecovered as thymidine
ﬂwam b (Guplicate readings)
(ul-no) )
0 5847 . 57.6
10 51,7 - 56.3
20 She? 56.1
% 5.7 575
60 $0.8 5&9
TARLE IV.  RATE OF INCORPORATION OF THYMIDLIE-H®

INTO DA BY HOUSE THYMOCYTRS IN VITRC

Specific aotivity of sxtracted DI
(ﬁ:) (usnmhum oounts)
- Duplicats counts Average .
0 2.9 108 66.5
15 &% 688 759
L5 22% 2500 2265
9% 4050 4330 4180
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from duplioate tubes, centrifuged, and the suparna,tanﬁ fluid
separated into ebmponents ohromstographicelly. The radiosotivity
in the various oompénen‘bé was bbuntéé. on a sointillation counter.

' The results (Teble III) show that mouse thymecy"hea ca.use very 1ittle
degradation of tmiaina in the mea:!.uu. |

Sinoce thymidine phoaphox-yle.ao aetivity has not been deteotod,
thn lower thymidine~H§ uptaka by large numbera of cells than by
‘small mubers s unlik&ly to be due %o the presenep of this ensyme.

Ine fux*bhar axplrimont, the apoeiﬁo aot:hity of DNA from mouse
thynooytes inoubated with thynidine-i> was followed. The oell
guspension was prepm& in nutrient medium {with horse serum) and
ooniaiﬁed. poalad tméoytos (3.6.#:: 105 ooils/ml.') fron the thymuses
of two mah (a2¢ x GS?Bl)F hybrid nioe. Dupneate oell samples
were inoubated at 37 C with thwmidinc-ﬂr’ end the specific aotivity
of DNA (cstimated by Bu.rton'a ‘method (1956) at various intmals
after the eddition of tlwmiaane-n-") wes aetmma by sodntillation
counting. The apeoif‘ie aativity of the SHA ahowo& a linoar inorease
with time (Teble IV), oonﬁming the sutoraddographio findings for
mouse thymooytes. Similar results showing lack of doyadatian of
th;ym&dina by mouse thymooytes have since beon published (Hale, Cooper
and Mlton, 1965).

It oan be conoluded that mouse thymooytes provide a ‘donveniont
oell system in whioh to study the effects of oytotoxic sgents on
thymidim—-ﬁj inaérporation. There is negligable breekdown of
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lebelled thymidine by these oells -and thymidine-H

into DHA et an appmx:mtely linear rate for et least 3 Br.

45 ineorporated

Duration oi‘ Expeﬁments

Lymphooytes in general are known to be difficult to meintain 4n

& suspension oulture M__t,r__q for more than a few hours (Trowell,
1965) and it was importent to know how long the thymosytes eould be
kept in vitro vitro bafore metabolic funations bagan to £24l. A mouse
tlwmna was made into a can auspenaion in the usuel manner and 1 ml.
aliquota wore inoubated at %7° ¢ for O to 3 hr. -‘l‘hymiﬂine-ﬁ3 (0.4 ne)
was then added and iﬁeubation abntinuad for a further hr. Labelling
wes stopped 'by the sddition of leﬁe’aa unlabelled thymidine .'(100 ug-)

and the oells were oooled to 4°C before being washed 1n 5 per cent
| albmntn in aaline It was foun& that the same quantity of
ﬂxymidim-ﬁs was teken up in the hr. imorporation period whether
the oells were examined !madiately after misinn of the thymus or
aftor an imitial 3 hr. ineubstion at 37°% (F:lg. 8, Appendix Teble 5).
Ine mrther expentmant in which the Iag period was extended up to
25 i;:-., 1% was ;gain found that the lebelling abllity of the aells
ims ‘the sarhe 'eﬁer & 5 hr, lag as m&&ately after excia:iozi.
Uptake feli off affar a lag of 5% hr. and becane negllgabié after a
lag of 25 hr. (Fig. 8, Appmdix Table 5)., DBecsuse of these regults,
it was thought edviseble to 1imit drug bests on freshly prepered
nouse thymooytes to & maximum duration of 3 hr. |
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Fig. 8. Experiment 1

Fig. 8. The effeot on labelling of a time lag at 37° ¢
between the preparation of a thymooyte suspension
and inoubation with 'l:hym:l.d:l.ne--H3 : two experiments.
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Fig. 9. The uptake of ty'ros.'i.rxe«-l*l3 by mouse
thymooytes in vitro.
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Uptake of Tyrosine-H° end Leusine~H° in the Absenge of

Cytotosde Azonts

Tyx*osino‘n-}{?’ -and J.euairie-ns- uptake by thgmaéytéﬁwas exanined
in tissue taken respéctiﬂly from @ 2948 g. and & 28,9 g female
426 mouse. The oell sonséntration in the tyrosine-H> study was

6 eﬁlls/ml; and in the: lauoint-ﬁs study was 8,8 x ‘!06

10.2 x 4G
~ oalla/ml, The label was. aadad to- 1 nle aliquota of eell. suapanaion
| in a yolume of 0.} ml, and’ 1abel.11ng waa atoppaa a:b intervals from
'g to 2 hr, - Ninnty»ntm per peant of the nalls ‘bwam laballed after .
403 min, insubstion with 1 ue mmw’ (Pig. 9, Appendix Teble 6)
end after 92 nin. dneubation with 10 po leugine-H> (Fig, 10 and 11,
Appendix Tabzu 7)s showing that both potentially dividing snd rarely
- dividing gells are 68.13&171. af‘ mommt&ng tlzese amino aeids under

thase con&itions. .

Correlation 'b!tween ce:u szze Ugt e of wyroaine-ﬂs '
and Leuainwuz’ ‘

‘ ﬁaapcr end Alpen {1959) noted that eutorzdiographs of rat
thoraeie 1ymphoeytes which had been ingubated in vitro vd.th
phenylalanine—cﬂ* showed more greins over large and medium lympho-
oytes than over small lymphooytes. They suggest that this is probably
due to the relative protoplesmic messes of the oells. Similarly,
layze and meﬁiﬁm' oslls from humen lymph nodes 'inoarpomtéa & greater
auantity or‘leuas.naoﬁz’ in vitro (twioe the upisake per square mioron)
than small oells (Cooper, 196%1). A similar effeect was notieed in



Grains / labelled cell

o
Q

8

Per cent cells labelled

s
Q

o lyc
201 ® IOpc

o 33 56 92 123
Incubation time (minutes)

™
9

o
Q

'
Q

o

o L

33 56 92 123
Incubotion time (minutes)

Fig. 10. The uptake of Zl.em::l.ne—ﬁ:‘5 by mouse

thymocytes in vitro.

14!






73



40" : A

X
3
30+
K
2
5
~
£ 201
] X
O A .
A X o Thymidine-H3
104 & X 8 Leucine -H?
. x* x Tyrosine-H3
) 100 200 300 400 500 600

Cell radius3 (3)

Fig. 12. Correlation between thymooyte sisze and

the graln numbsr over oells labelled in vitro
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© mouse thymooytes and, in an at'tempt to cbteln quantitative
information, diameters of’ cells inouba.tad with ‘10 pc,/ml- 1eucine=H’
£or 33 min. were measurea a.ud the grains per ooll sounted, The
| 'reaults are given 1n Fig. 12 and Appendix Tablo 8. A aimilar experdi-
mant was perfonned using 4 uc tymaine-HEﬂ ml. aliquct af cell
| ‘susponaion ana 35 m.’m. 5.naubataon timo (mg. 12 ena Appenaix Table 9).
' ‘lIn 'both aasea, on plott:lng the um grain oount m Iabeuaa oell
against the mxbe of the «11 rad!.na, an appro:d.matoly straight 1ine
was obta.incd w}’d.oh pama through the ordgin,

| In a 100 par cent .fﬁes.unt antera&iegmph the numbw of silyver
grains in the photemphio mulsian woum be pmport:l.onal 'ho the
amaunt et‘ radiaaative matarial bnnoath the gmina. Thu avorage
~ alstance traunad by a,A-partich unitted fron tﬁt:mm 18 1 pe
Partiocles m:lttea mora than 1 u amay from the atripping film have &
small ohanoe of styiking 1t and oontﬂbuﬁng towards the production
of & silver yain. The off'ioien’e&. of an anfara&iogz-aéh in deteoting
material conﬁaining tritium is thus 1imited by the thickness of the
material. The thymoaytes when smeared are 1dkely f.o have been more
than 4 p th:lok (Polo, 1966) If the large cells wers thioker in
smsars than the amall oon.a. then tho otﬂoinnoy of the autoradiograph
ovar the large oella would han baon rala.tivaly 1ow and the erain
oonnt woula have baan an undoreatimate of the rad:loaotiva oontent of
thé iargé cells. E'ho effiolency of coﬁnting 8 igrge ‘nm‘nbez- of graina
over a oell is éléo ldﬁer thah the efficiency of oounting a smell
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numberr becauae of the lawer reaolution in the former oase. It is
\fli.koly that the lerge nells would have been covered by an even
greater number of grains .tf 8 i‘ully d‘ficient autoradiomph could
: ha.ve been prudueaﬁs Tho uox?elation betwean the gratn cou.nt and
‘the cell radius 18 apparent am within the aise ranges of the small
_ thymopytes as one group and wd.thin the size yfax:zgps of' the medium and
largl thymooytes as & aaooizd group. There ia; howervér. gome indica-
tion of & bresk in the ourve at e eéii dlemeter of about 8 u which
may reﬂnt 8 aifféronoo between these two groups. If the auto-
rad.tographs had been tully ef'fieient. and assuming that the lerge
oells are thioqu when smeamd then the amm oolla, then the
difference betwean the two groups woula have been oven more apparent.
From these. conaidaratlon:, it 4s auggeatcd that the patontially
dviding oells (the medium snd large thymocytes) may ineorporate
amino eslds o & greater extent thm the raréiy diﬂding cells v(the
small thymooytes), | _
With thymiaiWHs :_lﬁoorparatian, no strong correlation is found
_ between the oubs of the cell radius and the number of grains over
labelled cells; uptaki is obvzouam influsnced by 6ther faotors
(such as the length of the S phase passed while in contaot with
thymi dine-H> )e Fig. 12 also indicates the effeot of Pixatives on
the 9611 digmters in smears, the celle inecubsated with thymidino—ﬂz’
being fixed in methanol and the oells incubated with the labelled
amino acids being fixed in Bouin's fluid. Other amears have been
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examined to cheok thess figures, and methanol-fixed oslls consist~
ently have larger diameters end s wider size yange than cells fixed
in Bouin's fluid. S .
| - 2. Effeots of Cytotoxis Agents
Effect of Nitrogen Mustard on hyndine-H> Uptake by Nouse Thymcoytes
Pilot e;péﬂhenta‘ éere pexfbmed with nitrogén mstard to

determine the va.mg' congentrations and ineubstion times needed to
produoe an effect on the incorporation of thymidine-H by mouse
thymooytes. Typiosl results ave given. The thymuses of two 17 2.
Pirbrighi albino 'm:!.oe wers made into & oell suaponéion containing
3.6 x"'mG oells/ml, nutrient medium oontaining unheated horse serum
(Burroughs Welloome). The nitrogen mustard was dissolved in saline
1mmediateiy before use and various eonoentrations were added in a
volume of Oad ml. %o 1 ml. aliquots of cell suspension. Saline

(0.1 ml.) wes added to two control tubes and &ll the tu'bes were
gently agitated to ensure mixing. Thymidine-H® (0.1 ml.) was sdded
to one set of tubes containing sach nitrogen mustard concentration
immediately af'ter the edaition of drug {no pretraétment), to & second
set of tubes oontaining eesch nitx?ogen mustard cdonocentration after
the oells hsd been incubated with drug at 37°C for i-hr (I-hr. pre-
treatment), to & third set of tubes after the cells had been
inoubated with drug for 1 hr. (1 hr. pretrestment) and to & fourth
sot of tubes after 1% hr. inocubation with drug (4% hr. pretreatment).
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Incubstion schedule

eddition of thymidine-H>
addition of nitrogen mustard

He pretreatment Th—-_H3
12 2

fHn

The® & hr.

e

% hr. pretreafment

HN2 4 hr. TheH® 3 hr.
& 2 Tli 2

41 hr. pretreatment
HN2 1 hr. Th-H> % hr.
~£':—- 4_'1/f

1% hr. pretreatment 5

. l - l .

e 1% hr. TR § e |

'i‘hymidine-ﬁj was added to one saline control tube immediately after
the addition of the seline end to & second af'ter the oells had been
inoubated with the saline for 11 br. (1% hr. pretreatment). The final
conoentration of tbymiaina-ﬂz’ in each tube was 0.1 uc/ 3.6 x 106
cells. In each oase, 30 min, incorporation time at 37 % was allowsd
for the thymiaine-ﬁz' » after which time the oells were washed twice
in bovine plasme elbumin in saline and smeared on slides. The time
between removal of the thymuses from the freshly killed mice and the
addition of the cells to the tubes was about 15 min. and there was &
gap of sbout 10 min., between the beginning of thn yreparat:lon of the
nitrogen misterd solutions end the sddition of thymidine-H> to the
first batoh of {tubes, Autoradiogrephic procedurs was as previously
deseribed with the exception that the percentage of cells labelled

was determined from smears exposed to the stripping film for 7 days
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Fig., 13. The effect of nitrogen mustard {diluted in saline)
on thymidine-H> uptake by mouse thymocytes in vitro.
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oniy. The results are given in Fig. 13 and Appendix Table 10 which
- . show’ thet the th;ymidineﬁis uptake (pereentage oells labelled end
 grains/lebelled ¢ell) depends not only on the drug ooneentration but

. 'also on:the pretreatment time. The longer the pretreatment time with

- ong 4rug vonoentration, the fewer the number of eells labelled and
the fewer the number of greains over each ~1abelied' oells -

It was thought desirable to determine whether this pretreatument
effect was peculier to the action of nitrogen musterd on the uptake
- of thymiainem} by this cell systen or whether 4t would occcur with
other lebelled metabolites and with other oytotoxis agents.

- Comparetive Effeots of Several Alkylating Azents on
" Thymiddne-H> Upteke
. The effeots of melphelen, ohlorambucil, tretamine, nitrogen

musterd, thioTEPA and mannitol myleran on upteke of thymidine- 3 by -
mouse thymooytes were examined, with a range of drug oongentrations
end three pretreatment times. Uniform experimentsal oonditions were
‘used to sllow a oomparison of the drug effeots.

15.6 g were used as the scurce of thymooytes. The serum used to
enrioh the Hanks' balanoed salt solution ﬁéa ‘taken from & single batch
of pooled and insctivated A2G mouse serum, and suffiolent thymidine-H>
solution was made up in saline for the w_hqié _ae:{ea. IAA 'aaparate mouse
vas used for esch drug examined and in sach case the oell suspension

was ad;]uste'd'to & 081l oongentration of 3 x 10° cells/ml. nutrient
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medium. The drugs were diluted and added to the cell suspénsions

a8 desoribed in Materiel and Methods (page 48). Thym:l.fz:i.ms»--ﬂ3 {O.1pe
in 0,1 ml.) was added to one group of tubes immediately efter sddition
of the drug (no pretreatment), to & sescond group of tubes after 3 hr.
pretreatment of the oells with drug at 37°C, and to g thind group of
tubes after 4% hr. pretreatment. The appropriate diluent oontrols
were included in esch group. |

Incubation scheduls

No pretreatment Theli® = addition of thynidine-H°
Drug = addition of drug {or diluent)

Drug
ig;-ﬁf’ 35 min.

% hy. pretreatment

s
~ Prug 45 min. mer’ 35 min.
1% br. pretreatment |
Drug 90 min. | %-33 35 min.

o

Wy»ﬁve min. incorporation time wae allowed for the thymidina-ﬂs
in eaoch case, after whiah time the ocells were washed twioe in bovine
rlasma elbumin solution, smeared on glass slides and fixed overnight
in methanol, Autoradiographs were prepared as desoribsd sbove.
Sixty labelled oells were examined on sach smear exposed for 7 days
to yield e mean value for the number of grains over lsbelled cells
and a total of 3,000 oells was examined on each slide exposed for 14
days to yleld a mean value for the peroentage of cells labelled.
Vith the exoeption of mannitol myleran (Fig. 14 and Appendix






TABLE V.

CENT REDUCTION OF THYMIDIKE UPTAXE BY MOUSE THYMOCYDES

LRUG CONCEITIRATICHS. (mi) CAUSILNG "COYPLECS TIHIBITION® AID 50 PER

, cmim inhibition 50 per cent reduction
mbg"éaﬂm Based on results | Dased on results |
tine from grains par | from parosntage In grains per |In peroentage of
{br.) l1ebelled 0sll | of oells lsballed |labelled eell |cells lubslled
0 > 2446 > 2416 Cel3 > D16
& >04026 <03 | >04026 <O0s043 0.015 CelH3
| 1% 0,022 0,022 040067 040067
(+] > 4408 > 4208 3.77 > 4408
i >4k < 5e51 > 1408 512 > 4208
) 1& >2065 <k.08 : >3Q14-5 <&.-OB 2.“} 2!77
| o >14e93 >4e93 > ka93 >4e93
% >4e93 >ke93 > be93 > 4be93
us >he93 >4he93 > be93 > 193
0 >5628 <BuBY | >4eBh <8481 5,88 564
3 >4e62 <5,28 | >5.06 <B.81 4at2 4eE7
14 >2e6h  <babiD | >246h <Ll 357 Selt
Shiorenbuol) |
0 >9e23 <137 | 1445 <4437 112 1.15
%1 1223 <13 >4019 <’0’7 0.68 1.19
1" >4423 <437 | 145 <t,37 .43 1407
o >3elt >3 > 3o e KX
3 >1,70 <3l | >1.55 <3l 1451 2414
1% >0666 <131 | >0ubt <1e34 0,03 0,73
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Table 11), all the alkylating agents examined reduced the percentage
of cells labelled with thymidine-H® and. the mean number of grains
per lebolled sell below the econtrol velues (Fig. 15-49, Appendix
Tebles 12~ 16). There was, however, & wids difference in the
oonoentrations of the vardous drugs needed to produce & oaméarablq
effeot.  Thus, with A3 hr. pretrestment, 5 ug. nitrogen musterd

(0,02 ml) had the #ama effeat on thymidiuo—ﬂs uptake ag 1 mg. thioTEPA
(ks50 M), Mennitol myleren, up %o 2 me. / 3 x 10° aells (493 mi),
had no effect on upteke of 'ﬂwﬂ&nrﬁsg even efter 13 hr, pretreat-
ment. As with nitrogen musterd diluted in saline, & pretreatment
effect wes noticed with four of the drugs, though the extent of the
effeot varied from one drug to another, The pretreatment effeot was
pronounced with nitrogen muatai& and melphalan, moderate with
tretanine end thioTEPA and absent with ohlorambueil,

To obtain an estimate of the '»campa?able effootiveness of these
drugs in redusing thymidine-H° upteke by mouse thymoeytes, the
probable moler oonscentrations causing 50 per eent and 100 per oent
reduction (from the sontrol Va:_!,u'-s) in the mean grein count per
labelled 0@ll end 4in the peroentage  of oells labelled were Judged
. from Fig, 14~ 19,  Singe those gurves heve relatively few points, the
drug coneentrations predueing "oomplete inhibition" of detecteble
upteke of tlwmidina&ls ware 41ffioult to assess. The values given
are the lowest and highest drug coneentrations liksly to have this
effects. The gonoentrations are given in Table V. From these figures,






TABLE VI.

ORDER OF DRUG EFFECTIVENESS JUDGED IN TERMS OF THE MOLAR

CONCENTRATION NEEDED TO PRODUCE THE DESIRED EFFECT

Pretreoat« Based on results Based on results
End-point |ment time for pergentage of for grains per
. {hr.) oolls labelled labelled cell
Complete in- 0 Chl> others Chl > others
hibition of
detectable : :
3 TEM TE
thymidine F HN2>Chl > PA > HN2 > Chl > PAM>
uptake o 'l‘hio? _ , | ThioT
15 HNZ2 > PAN>Chl >Th:lor HN2>PAMzChJ.>moT
50 per oent 0 Chl >others HN2 >Chl > others
reduotion
from oontrol TEH
value 3 HN2 >Chl > PAM > 4 om HN2 > Chl > PAM> TEl > ThioT
1% HN2 >PAM >Chl >TEH >ThioT | HN2 > PAl > Chl > TEM > ThioT
Chi = Chlorambuoil TEM = Tretamine
HN2 = Nitrogen mustard ThioT = ThioTEPA
PAll = Helphalan
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the drugs were placed in the order of their ability to interfere
with thymidinenﬁz’ uptake i:y mouse thymocytes (Table VI). The drugs
that appeared to be the most effeotive depended on the time schedule
and on the oriterion of inhibitien used. Using oomplete inhibition
. of detectable upteke as the end-point, ohlorambueil wes the most
- effootive drug without pretreatment, with 3 hr. pretreatment nitrogen
mustard wea the most iffaetive with ochleorambuocil teking seeond place,
end with 1% hr. preireatment nitrogen mustard was sgain the most
offestive but with melphalan taking seeond place. In general, the
same order was obtained for eash pretreatment time whether percentege
ocells lebelled or grains per lebelled cell was examined and whether
100 per sent or 50 per cent reduetion from the control value wes
taken as fha end-point. The exoeption to this was the lorder obteained
without pretreatment land with 50 per cent redustion of the mein grain
oount per labelled cell teken a8 the end-point, Cﬁlérambuoil was the
most effective drug in reducing the proportion of cells lebelled but
nitrogen mustard was the most effective in redueing the grain oount
per lebelled oell. '

The importance of these results is that 4f the drugs behaved in
a similer menner on humen neoplestic tissue in en in vitro sensitivity
test, the reaorded mensitivity of the tissue would depend on which
time sohedule was uzed and, to some extent, on whether grains per
lebelled cell or peroentage oells J.é,bolled was examineds The pre~
troatment effect was, therefore, examined further.
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E’ig. 15. The effect of chlorasbucil on thymidine-H>
uptake by mouse thymocytes in vitro,
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Fig. 16, The effect of tretamine on thymidine-H-
uptake by mouse thymooytes in vitro.
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Fig. 17. The effect of nitrogen mustard (diluted in water)
on thymidina—HB uptake by mouse thymocytes in vitro.
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Per cent cells labelled
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Fig. 18. The effeot of thioTEFA on ‘I;hym:l.d."me—l-l3

uptake by mouse thymooytes in vitro.
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Lause of the Pretreatment Effect

1. Time lag before the damage becomes éetectaple. If & certein
time hes to elapse between the drug effect on the target site(s) and
appearance of demonstrable denage, then the longer the drug is
allowed to aot on the o4ll befors the demage is essessed, the greater
the amount of damage likely to be recorded. If the drug action
oomira relatively quiokly but‘ damage does not beoome deteotable
until some time later, then the same damage should result whether
the oells are in contaot with the drug throughout the pretreatment
period or whether the oells are exposed to drug for the initial part
of the pretreatment perlod followed by inoubation in drug~-free
medium for the rest of the period. An experiment along these lines
was performed on thymooytes (3 x 10° cells/ml.) from e 24 g. female
A2G mouse in médium ocontaining pooled A2G mouse serum. Iiih;ogan
mnstard (10 ug/3 x 10° ctlls) was allowed to aot on 1 ule sliquots
of tha oall suspension for 30 min. The drug was removcd from the
cells by cmtﬁ.fugiug the tubes at 650 g. and 4% for 5 min., efter
whioch the supernste wes disoarded end repiéo‘od.by 1 nl. enriched
medium, Inoubation wes then contimued st 37°C. Thymidfne-H’

(0.1 ue in 0.1 ml.) was added to one tube umediately efter the
fresh medium, to & second % hr, after the fresh medium and to s
third one hour after the fresh medium. The uptake of tmdine«HB
by oells in these tubes was oompared with thaf by oells treéted
eontinuously with nitrogen musterd for 30, 60 or 90 min. before
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TABLE VII. THE EFFECT ON LABELLING OF A TINE LAG AT 370 C BEIWEEN
THE INCUBATION OF MOUSE THYMOCYTES WITH NITROGEN MUSTARD AND THE

ADDITION OF THYMIDII‘IE--I*I3

Grains per Percentage of
labelled cell cells labelled

HI2 Thel?

v 30 min. ¢ 30 min. 22.97 4aO
12 TheR

¥ 30 min.; |30 min. v 30 min. 29,37 7.6
12 TheH’

¥ _30 min.y (__ 60 min. Y 30 min, ,  31.33 7.0
2 Theft

\:i:/‘;::::gg:EEE:.::__.__;! NI 30_min, | 2.0 2.4

HN2 Ther?

oo o Omin 4 V.30 min. Unlabelled Unlabelled
Vater Thetl®

L R,mingy (130 min. 3he5 6.6
Tater e’

V.30 mdn, g 30 min. ) 30 min. 35.87 6.8
Vater Thfﬁs )

Q—!{-%-. ++’2%§LJ I 60 mino |\l/ 30 minL, l|-902 706

=mzzzzz=z=  Indloates nitrogen nustard in the medium

~—l L—  Indicates replacement of supernatent fluid, af'ter
centrifugation, by fresh nutrient medium (1 ml.)

++++++++  Indloates water in tho medium
Thell’ = Addition of thymidine-H°

HN2 = Addition of nitrogen mustard
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removel of the drug and inoubation in fresh smrdched medium and

' thymi&ine-li3 »  Thirty min, 'inoax*porétion time was allowed for the
. thymidine~H>. -

'Fron -the results given in Table VII, drug damage appears to be

related to the time of contaot with the drug &nd not o the time
© " between the sddition of drug and the eddition of t&mias.né-z-?.-
A pretreatnent period of 90 min, prevented lebelling with thymidine-i°
1P the vells were in vontapt with nitrogen mustard throughout the
pretreatment peﬁéd.‘ whilé ‘& pretrestment period of the same time
but with the ¢ells in vontdet with drug for only 30 min, had no
ainhibiiar,y‘effeot ‘on lebelling. 'Inere;.ainfg the lag period between
drug trestment with nitrogen musterd end inoubation with thymidine-H’
resulted in a slight inorcsse in grain sount. This oould have been
dus to some ‘recovery from drug damage tsking plase but ds more
1ikely to be due to resovery from cooling'after ocentrifugation.
The oells with a lag efter drug treatment would have had time to
return to 357°C before the thymldine-H> wes added: Vithout & lag
 after oentrifugation, the oells would have still been vold when
the thymiﬁine—ﬁs was added and deoreased inoorporation is, therefore,
not surprising.. 4 similar effeot ocourred in the water controls

(4n whioh 0.1 ml. waber was added instead of O.f ml. nitrogen
/ msterd). |

2. Continuous snd oumuletive damage. If nitrogen mustard needs
to be in oontant with the o#lls throughout the pretreatment perdod






TABLE VIII.  THE ALKYLATING ABILITY OF KITROGEN MUSTARD
AND CHT.CRAMBUCIL AFTER 1§ Hi. INCUBATION WITH CHLLS
IN NUTBIENT MEDIUM

| sbsorbance et 565
initlal drug concentratlon : . =
{pg./ul. cell suspension) Inoubstion tine at 37 C

0 hr. 14 hr.
Chlorasbuedl :
100 R 0,69
Iiitro. h muat g
10 L oS 0.33 ) duplloate
. 0.37 ) readings
2 0422 Tiot

deterxined
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to produce the full pretreatment eff'ect, then, unless regovery is
postulated, drug da.maga to the ealla muat be continuous and cumul- |
‘ative. Aseording to this hypothasis, the drug would tm& 'ho be
- :‘-relativaly maffaeti.va after e ahort pretreatmant pari.oa besauss the
drug would not have had time to &amage the aall mﬁ‘i‘ioiently to
"interfere with 4ts s.bmty to Maorporate ‘bhymidinonﬁz’ . end the
aiff‘eran»s between the extant of the pmtreatmt affeﬂt produud
‘by the Ve.x-iaus ﬂl:ylating agents wauld dapand on. the x*ate of attaok .
| ‘by ths arug

If oontinuons aml annmlat!.va damage to the call is the gsuse
of the protreatument erf»t ahmrn by nitrogen muatarcl. one. wculd
oxpmt wtive drug to remain 4n th& medium in the presonue of cells
end serun for at least 43 hr. Gel&mberg and Alexander (1965) state
that haJ.f‘ the alkylating potontial of nimgcn mustard is 105*& after
75 min. at 37°% tis8ue oultuve mdium aontad.niug horsa serum,
If the émg reacts in the preaent mmmmtal conditions 1n the
'same manner, then much astive drug would vemain efter 1% b, dnoub-
ation, To eheock this, the a;u:yhting potential of nitrogon mustard
end ohloranbuoil wes estimsted afber O and 1% hy ineubation at 37°C
in ﬁuti-ient modiﬁm aontaininé mouse thymosytes (3 = 506 cells/ml. ).
The method used was that desoribed by Boyland, Staunton and Williems
(1561). |

As seen from the ﬁ.guras (Ta’bla VIII), a aeﬁnite alkyla.ting
resotion gan be dateoted for both nitrogen musta!'a (i.nitielly 10 ps.)
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and ohlorambuoil (initislly 100 pe.) efter 1% hr. inscubstion at 37°C
with gells in nutrient maéium. Neo atterépt waé made to &étemine the
amount of drug remaininé afterbzthia time though '1‘& ean bé éaan from
the- f:lgures that the amount of nitrogan muetard lef't was more than

2 pg/ml. nutrient medi\m. ’l‘he drawbaok to this method of estimating
| allwlating ability i5 that 4t does not ddstinguish betreen the |
unreaocted diﬁmotional agent ana. the menafunotianal oompound formed
by partial raaotinn.

In splte of the caution neeaeﬁ in tha Mtemmtation ot‘ the
estimationa of the alkylating ability of theso drugs after 12 hre in
solution sinoe some of the allwlating ability deteocted would have
been due to paﬁiallﬁr reacted drug, it seems likely that é.otiva
nitrogen muaterd and chlorgmbunii would remain after this time,
it is thorefoﬁe feasible to sugsest that nitrogen mustard might have
dsmaged the oells eontinuously throughout 1% hre and that the
pretreathent: eff'oot was due to the cumulative effeot of this demage.
'.I‘M.s hypotheais would expiainy the nead for the drug to be in contaot
with the oélla thioughout the pretreatment period to produce the
full éretreatmmt effect. The longer the oells were in oontaot with
the diug, the greater the damage end the lower the ‘l:hym:ltfful‘no--ﬁ3
upteke. | o

Although deoreased thymidine-—ﬂ3 upta.ki in the presence of these
drugs has been demonstrated, this does not necessarily imply that
DNA synthesls was specifically affected. Other types of injury to
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the eail might produce the seme result. The possible specifieity
of the actlon of nitrogen mustard ageinst DNA synthesis has been
disaussed ebove (;page 20-1). Sbme authors stete that RNA synthesis
is aﬁ'eeted to the same extent as DNA synthesis whil_é others state
that aome‘ drug ooncentrations w:!.ll inhibit DA synthégis mr!'.= a.;.low
RUNA synthesis tb continue ét the noma}. rate, Uridine~H3 uptake in
the presence of vér;lous alkylating égahts was Pollowed in this cell
system to determine whether the damage being mea.aureé by following
the inhibition of thymidine-H> uptake was specific to DNA. Tt is
possible that the éolls failed to inoorporate thymi&inc—ﬁs becanse
they were dead before they came into eontact with the tmmiﬁinwﬂs
and that non-speeific damage unrelated to inhibition of nucleio
aoid synthesis was being followsd, The upteke of tritiated amino
solds was therefore examined 4n the presence of these drugs in an
attempt to determine what type of demage %o the vells was being

‘measured,

Effest of Selected Agents on Brigi_ga-ﬂ‘?’ Uptake by Mouss
- Thymooytes in vitro |

Nitrogen musterd. To determine whether nitrogen musterd was
soting selectively againast DNA synthesis, the effect of this drug
on uptake of u:iﬂino—ﬁ3 into mouse thymooytes was determined with
the same experimental prooedure as that desoribed above to show
the effeots of alkylating agents on thymidina—ﬁs uptake. Thymooytes

from a 32.6 g. female A2G mouse were used at & concentration of
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Pig. 20. The effeot of nitrogen mustard on uridine-H>
uptake by mouse thymooytes in witro.
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6 oells/ml. vnutriaht mediume Pyrogen-free distilled

1046 x 10
water ivaé used as the é.zﬁg d1luent and edded to the gontrol tubes.
Urdddne-H” was edded to the control or drug*treaéed‘cells in a
volune of 0.1 ml, (oonteining 1 pc) after 0, 2 or 13 hr. pretreatment
of the oells with the drug or water, and 35 min. incorporation time
wes allowed for the uridine-}° before the lebelling was stopped.

With no pretreatment, 500 ug. nitrogen musterd/10,6 x 10° oells

deoreased tfze prapoﬂion of oells labelled with uzddine-»ﬁB

50 per oent éf the oontrol value (Fig' 20, ,Appanaix Teble 17)

to about

After 13 hr. pretreatment, however, oells trested with 10 pg nitrogen
: mustar& showed no detectable uptake of uri@ine-H>, While some of the
oells treated with 5 g. nitrogen mustard: for 13 hr. were definitely
1abelieé. (3.5%), the number of grains over the labelled cells wes
very olose to the ﬁtbitrary 4 gralns background level and the mean
v:alué was therefore not determined. No attempt was made to dist-
inguish between uridine-i° incorporated into RNA and any which may
hew‘e‘heen Incorporated into DNA. The offect of nitrogbn mustard on
up;bake of uriﬁineoﬁz' (whether into RNA alone or into DNA as well as
RNA) is very similar to the drug effect on thymidine-H> insorporation,
with 5 pg. redueing uptake of these two nusleosides to negligi'ble
proportions efter 11 hr. pretreatment.

lelphalan ‘ A coll suspension was prepare& fron the thymus of
a 1949 &e f‘emale AZG mouse end was adjusted to a consentration of

Ix ‘!0“{l cella/ml. nutrient medium. The oells were inoubated in the
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Fig. 21. The effect of melphslan on uridine-H° uptake
by mouse thymooytes in vitro.
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presence of melphalan or melphalan diluent for 0, 2 or 1% hr. before
thair abmty to teke up arigine-H5 1n & 3 nin, incu’bation perdod
was aasessea. Without pretreatman‘b, 1000 ue- melphalan haa little
eﬁ‘eot nn the rmm’ber of gtains over each 1a'balla& oell hut re&uced
"the pmpor‘bion of 1abellea oalls to about 50 per oent of the ocontrol
_Value {F:lg. 21 Appondix Tehla 18) Urlaine«!is uptake was, howevar.
.undeteota'ble af*ke:' % hr. pretreatment with 100 He- melphalan and
after 1% hr. pretraatmant with 10 ug. melpha.lan.. Snpexficially, this
is similar to the prannunaea pretraatmant effect notiead when the
effect of melphalen on t!wniﬁina«ﬁs uptake was exemined. But, sinoe
a pretrea.tment efreot was fmmd n the ‘atluent oontrols (66% oells
1ahe11e<1 withmxt pratnatment, 27% 3.abelled after 4 : hr. pretreatment
| and only 8% artcr 13 hx-. pretreatmant), the enhanaacl dxng effeot
after pretroatm&nt is pruba’hly as muoh &ue to the presenoa of the
| drug diluent &8 to the presenoe of malphalan itself. "
chlorambunn. The of‘fact cf‘ ehlorambuoii on maianB uptake

was examined in a oell auspension nontaining 9.# = 106 cella/ml.
nutrient meaium and ma.&u trcm the thymus of' & 21 .7 g. fema}.a A2G
mousa. A8 with malphala.n, m&ine-HB uptako, efter pratroatment
of the cells with ohlorambuoil, was affeuted more by the presence
of the ddluent than by the drug itself. In the diluent controls,
69.2 per cent o_f‘ tﬁa cells weraliabellad without pretreatment,
whereas after 1% br. pretreatment only 16,7 per cent wers labelled
(Fig. 22, Appanm Tahie 19). Without pretreastment, 500 ug. caused
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Fig. 22. The effect of chlorambucil on uridine-H uptake
by mouse thymooytes in vitro.
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& considerable raduction in nptake of nxd.dine—ﬂs but failed to
prevent labelling. '

Mannital gz' leran. The fh’ymus from & 15.8 z. femé.la 426G mouse
was msds into & cell Buspension containing 3 x 106 oslls/ml. nutrient
" modimn. No inhi‘bition of uridine-!i§ uptake wes deteoted even after
' the cells had been pretreatea w:tth 2 mg. me.nnitol nyleran (Fig. 23,

o Appon&ix Teble 20).
- W Effects on le'idina~}15 gg gke
o Eatimating damage eausee, 'by aytotoxj.c agents 'by fo‘.uowing the
uptake of thymidine-ﬁz' by &rug-t:reatea. oells has the diaadvantage of
providing no wermation about any posaibla drug effneta on eeus
not aynthasising DNA during +the time of conbact with the thynidine-H",
Dmg aff'eots on uptake of uridinemﬂs wers ‘Pollowed in the hope of

abtaining some inrormation about RNA aynthesia in drug-treated oells.
B ‘The msulta Werse diaappointing in that, ‘although most nucleated cells
are eapeble of RNA. synthesia. tha extent of s.noorparation of uridine-—Hs
into mouse thymooytes was var:iable, with 5!* to 85 per oent of the
oolls being laballtd after 35 min. Mubation with this metsbolite.
Fux'-thor, this metabolite can be 'inoorporated into either RNA or,
after methylatiexi o tmiaihe-nﬁ » into DA, In the ebasnoe of

' oytotoxio agenta; uridine-H’ is 1ikely to be incorporated mainly into
RNA during 35 min. ineubation time., After drug treatment, however,
blockage of one Bynthotio pathway might heve influenved the rate of
uridine-H upteke via an elternative pathway. For this reason,
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labelling with uridina—H‘?’ 18 not referred to as RNA synthesis but
as t.m:!.&:!.ne--H3 upte.ke. - ‘
. It was found that nitmgen mistard had a aimilar ef.‘fact on
i uridine—HB uptake a3 on thymidine-ﬁ3 uptake, vz:lth 5 1. end 1% hr.
pratreatment reduding 1a.°balling o negligi‘bla pmportﬁ.ons.  Mannd tol
" myleran (2 mg. ) had no affect on uridine-HB uptaka even efter 1% hr.
A pretreatment. Although the of'fects of ohloram'bucﬂ and mnlphalan
" on uridino-ﬁs uptake vera o'bauurea hy the tozicity of the diluents,
| uz’idine-—liz' uptaka wes reanaed in the preaenoe of theae two drugs
| without pratreatment. It ean 'be wnoluaad 'bhat ni’l:rogan mustard,
melphalan and chlorambuoil do not produua a seleotive ef'fect on
:DNA aynthesis. | |
Ef‘feof: of Mathotm:ate on Ugtake of ggm;dina-ﬁj and Uriﬁ.ine-H3

by Mouse as in vitro

Antifolates are knm to have a different mode of astion from
the alkylating agents. Amhough & detalled study of the entifolates
is outside the goope of thia thaa:'.s. ﬁ: wes thought that a brief
oompayison or the effeots of one antitala-ba, methotrexate, w:!.th the
effuets of the allqlating a,genta m.gm be of intemst. :

The thynms from & 28.5 8o male (AZG x CB?BL)F hybrid mouse was
mede into e eell uns;;enslon aontaining 2.7 x 106 colls/ml. nutrient
medium. Thymidine~1i3 uptake by these oclls in & 35 min. inocorporation
period ﬁaa datermined after 0 and 1§- hr. protreatment with methotrexate

or methotrexate diluent. Up to 100 pg. methotrexate had no effect on
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Fig. 2. The effect of methotrexate on *tlmni«lino-—ll3
upteke by mouse thymocytes in vitro.
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the percentage of ocells labelled with thymidine-}° though there

was a marked effest on the uptake of tmmidine-ﬂf’ by individual
cells (Fig. 24, Appendix Table 21). After 1% hr. pretreatment

with 100 pg. methotrexate, the mean grain oount per lebelled cell
vas double the value for the dlluent control. In an untreated
oell, uridine is methylated to thymidine end this thymidine 4s
utilised for DNA synthesis. Nethotrexate is known to cause &

block in the urddine to thymidine pathway by interfering with

the action of &ihydrofolic ecid reductase (0'Brien, 1962), Since
fresh thymidine sannot be synthesised within the cell 4n the
presence of this drug, more thymidina-}is than the control quantity
would be taken up fyom this medium to compensate for this bla;ak.
 The: inoreased uptake of th;ymidine-ﬂs in the presence of methotrexate
i5-less pronounoed without pretreatment then after 1% br. pretreat-
‘ments This is presumably besause some reserve of thymidine is
initielly available within the oell for DNA synthesis end this
reserve beocmes depleted during the pretreatment period.

Uridine &mme — Dia
\ Uethotrexate block Thyndaine-H’
RNA €—— Uridine-1”

The effeat of methotrexate on uridine-H> uptske by the same
concentration of oells (2.7 x 10° cells/ml., nutrient medium) was
determined with thymooytes taken from & 20,0 g. male {A2G x 05731)1?1
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hybrid mouse. Methotrexate (100 p.g) hed no effeet on the meen number
of greins over 1aballec1 oells. indiea'bing that methatrexate has no
effect on u::':ld.inev-!i3 1naorporaticn 'by indiv:ldual cells (Fig‘ 25,
Appendix Table 22). These resulta suppor'k the view hat this dmg |
oauses a bleck s,n the uriaine to thymidina pathwa;y. The gggnifio-
anos of‘ thean maulta is Gimsaqa on page 1#6. |

Comparative Effeots of le enta on Tyroginvﬂ‘s Uptaka

by Mouse tes in vitro

" Sinoe tyrosine-!iﬁ oan be taken up by 99 per vent of the eens
f‘z‘om the mouss thymms (sligh‘bly lesa af’cer B hr. inuubation), 11: was
ho;:eﬂ that following tha uptalm of th:!.s metabolite by &rug-treated
oells might indicate the mode of a.atiun of‘ ths oytotcxic sgents on
non—dividing cells. |

Female A2G miee, neighing 111-.8 te 1745 g., were uaed and the

thymuses wm teasad in nutricnt medimn containing mouse ;erum to
yrevide oell mspansicns nontaining Ix 1(36 aolla/ml. The wpez-i?
mental pla.n was tha gsame as that useﬂ. tor the thymidint-’ﬂi studies.
The ab:llity of the oells to inoorporate tyrosine-ﬁs (1 pe final
aonoantration) wes determined after 0, £ and 1% hr. pratreatmont
with freshly-»dissolve& drug or a.‘l.luen't;. An ﬂ.ncerparation time of
35 min. was _allpweé. for the tymaino-ﬂs in each case.

Nitrogen mustard, As with thymidine-H°, tyrosine-H> upteke in

the presence of nitrogen mustard depended on the drug ooncentration
and on the pretreatment time. Thus, treating thé eeile with 10 us.
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nitrogen musterd immediately before the addition of tyroainedi‘v’
resulted in 1ittle ohange from the oontrol value in the percentege
of oells lebelled (71% lebelled instead of 868%), wherees there was
" negligibvle uptake of label after 1} hr. pretreatment with this drug
conoentration (Fig. 26, Appendix Teble 23). There was little
difference, sfter 1% hr. pretrestment, betwsen the concentration of
ndtrogen mustard nesded to inhibit upteke of tyrosins-E> (10 pg.)
end thet needed to 1nhibit upteka of ﬁzymidine-ﬂs and urddine-H>
(5 ug) after the seme pretreatment time. |
’ ThioTEPA. Vithout pretrestment, 2 mg. thioTEPA reduced the
upteke of tyroéine-H3 to negligible proportions, end after 1} hr.
pretreatment, 1 mg. prevented uptake (Fi.g. 27, Appandix Table 24).
‘Thus, thioTEPA produced & moderate pretrestment eﬁ'eot on eymsine-nf‘
upteke similer to its effeot on thymié.ine-ﬂj uptake. | o

Tratamin. ' The lowest concentration of tretamine whieh inhib-
1ted thymidine-H’ uptake after 1% hr. prgtreatment {1 mg.) hed @
slight effeot on the percentage of ocells labelled wﬁh@ﬁyr;oaine-ﬁs
but hed mo effest on the mean mumber of greins over the lsbelled
oells efter this pratréﬁtmcnt time (F:ig; 28, Appendix Table 25).

 Hennitol myleran had no effeot on uptake of tyioaine—HB by

mouse thymooytes even when the cells were pretroétea with 2 mg./
3% 10° oells for 1% hr(Fig. 29, Appendix Table 26).

Melphalan. In the presence of the mniphalan diluent (0.1 ml.
added to 1 ml. of cell suspension), very few‘éolla became lebelled
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in @ 35 min, incoxporetion perlod with tyresine-i’. Without pre-
treatment, only S.k per cent of the cells were lebelled and with
% andtd br. pretreatmont this velue was es 1low s 1.8 end 2.8 per
- eent cells lsbelled respectively. Labelling was 50 low on Smoars
g of drug-treated cells that the reduction in uptake of thailabel was
 probably as much due to the presence of the diluent aa to the
. melphalan itself, In the hope of obtm higher grain counts,
thé oxperiment was yopeated with a higher concentration of
tyrostne-i® (5 uo f1nal concentretdon instesd of 1pc).
- The ‘bhymua was teken from & 20,3 & mme 226 nouse and the
| th&moayta suspmim was used at a commﬁrat&en of 3 x 106 eelle/
| ml. nutrient medhm‘ T'Wn w:lth the hisher oomantration of*
tymame-ﬂ3, memx;g in the d:iluent controls wes fer below the
level usuany attaine& in tha we.ter acntrols. with unly 2549 per
cent ocells baing 1ahe11ad withnu'b preu-eatmmt and 23.6 per cent
after 1—~ bye. pretreatment (Is‘i,g. 30, Append.tz i"a‘bie 27) 4n unusual
finding wes tizat in the duuant aontmla and wﬂ.th 5 He. an& 10 ne.
melpha:.an, tha moan mumber of graina/l@anaa aell after 1@,, hre
pretreatmnt waa mut twica the earreaponaing velue wﬁ:hout pro-
treatment. Uptake of mune-ﬁf‘ vy cella in the presence of 100 ué.
melphelan. was the same without pretreaﬁaant as efta:' 1% hr. pro-
| tmmeﬁt, and although 4000 p8. melphale.p. had no irhibitory effect
wit}icu‘b péetmabﬁant, thia mméntratipn {1000 ue.) ménta&
labelling efter 1} hre pretreatments The effeot of melphslen on
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upteke of tyrosine-—H5 by thymooytes was slightly less drestio than its
effeet on uptake of thymidﬁ.anB .
A possible antimetsbolite effect shown by melphelen. A higher

‘l:yrosine-H?’ concentration does improve labelling in the presence of the
melphelan diluent; but sinee tyrosine (IX) v.{a structurally very similar
to phenylelanine (X), the amount of labelled metabolite might heve
affected the aotion of melphalen (XI) (phenylalenine musterd).
Tyroéine*HB might have been taken up in preference to the cytotoxdo
agent., This is, however, unlikely since the ooncentration of melphalan
needed to prevent uptake of *!;yma:!.zrxe-'-li"5 after 1% hr. pretreatment is
1000 98- (2.62 mi) while the highest concentration of tyrosine-HB used
was almost e million-fold less (7.46 x 10'6 mf)s It 4is more likely
that the converse is true and that the melphalan inhibited tyrosine-ﬂj
uptake because the phenylalanine part of the melphalan filled the sites
normally avallable for tyrosine-HB .

To test this possibility, tyrosino-ﬁ3 uptake in the presence
of unlabelled phenylalanine was examined, using amounts equivalent
to those contained in melphalen. The s0lid amino acid (5he1 mg.)
was dissolved in hydroohloric seid (0,5 ml. 3,6% HC1) and diluted
with distilled waeter to 5.41 mg./ml. Other dilutions were made
from this solution, using 0.18% HC1l s diluent. The amount of
soddun bicarbonate needed to neutralize the acid end restore the
PH to 7.4 when 0.1 ml. phenylalanine sclution wee edded to 4 ml.
nutrient medium was determined at the beginning of the experiment.
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This quantity (0.05 ul. 5/: NeHCO ) was added to eaoh 4 ml; ali.gxot
of ce:!.l suapension immediately after tha addition of’ 0.1 ml.
lphenylalanine aolution or diluent. The experimmtal plan was as
usual, the th,ymua from & 23.5 g female A2G: nouse providing a cell
~ susPansion wﬁ.’ch 3 x 106 aans/ml. Uptake of “;,xm'nxe:i.mz»H3 (4 pe
| final conoentraticn) 'by tha uel:ls 1:1 the presonne of phmlalanina

| or ailuent was deteminid e.fter o and ‘Ié— hr. pretroatment. Uptalce
of 1¢uoina~33 after 12 hr. pretnatmant M.th phen,ylalanine wes e.lao
| follmml. From Fig. 31 nnd Appenaix Table 28 it oan be seen 'kha.t
the hightst uonemtrattan of phenyiazanine (5@1 ug- ‘equivalent to
1000 pg. molphalan) reduac& the groportian of oells labelled with
tyz'oainenﬁj to ebout half the appropriete sontrol nvalue, both
without prstrea.tment and after 1% hra pretreatuent. There was &
' nogugible effeot on the mean gr;in caunt/za’bened noll. |

' Leuoineoﬁz’ uptake aftar 1% hr, pratraatment wes unaffeoted by
541 g pherwlalanine (ﬁg. 52, Appandix ceabu 29), showing that the
reduoed tymaim-ﬁs upteke wes not due to acddity or general
“toxieity of the ph pnylalmna sa;utian.

 Ginoe phenylalanine has no effeet on leuoins-it” uptake by
mouse thymooytes, sven at achanntratibns which reduce the proportion
of sells lsbelled with tyrosinen? by 50 per oent, the effest of
melphalen on Ieuns.nenﬂs uptake was determined to find:

(a) whether the phenylalanine musterd would pm&uee en effeot;

(b) whether the results would be similar to those found for

tyroaina«-’ﬂs ‘uptaka.
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The thymus from a 23.5 g« female A2G mouse was teased into o

W

cell suspension and adjuﬁ’cea to eontain 3 x 106 cells/ml. }I.euoine-H
upteke by the oells in e 43 min. ingorporation period was determined
after 0, § and 1% hr, pratreatmenf with melphalan or melphalan.
ailuent. Inhibition of Yeucine-H” uptake did ossur, with 1000 yg.
and no pretreatment reduoing the proportion of 1abelled‘ sells from
the oontrol value of 21 per cent to 0.6 per-oent (Fig. 33 and
Appendix Teble 30). 'Sinee ¥ hr. pretrestment with the diluent
reduced labelling to enly 8.6 per cent cells lsbelled, the -ﬁtent
of demage after jretreatment due to drug rather than o diluent is
difficult to assess. |

The expeoted mode of aotion of melphslan hes been disoussed in
“the In‘bmauétion {page 29) and it hes been pointed cut that ‘t?ia
oytotoxioity of this drug is generally oonsidered %o 'be;&ue ‘40 the
alkylating moiaty of the malaaulﬁ aml thet no signifiocant 'anﬁixr;ata-
bolite effeot tokes plase. - | o |

These preliminary experiments indlcate that part of the
oytotoxio aotion of melphalan may be due to its phenylelenine content
since etiui\ralent emounts of phenylelanine @o interfere with *i:;n:-t)—s:!.net--H3
upteke. Sinoes uptake of leucine--lis ‘4s& reduced by melphalan but not
by phenylelenine, end sinoe thymidine-H° end urfdine<E> uptake 1s
affeoted by melphalen, the mustard part of the molecule appears
responsible for much of the oytotoxioity of this drug. It is possible
that the l-phenylelanine pert of the drug elds transport of the drug
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“into and within the cell. In gonelusion, melphelan may owe part
of its anti-tumour aotivity ag’aﬂ.ngt melancmata to :int‘azferenee
with the tyrosine =—> melanin pathway. It is elso possible that
‘melphalan is insorporated into tumour cells bevause of its
phenylelanine ¢on£ent end that, once there, the mustard part of
~ the molecule oauses irreversible damage. o
Effeot of Nitrogen I Mustard on &takg of Leucinc-ﬂ3
Nitrogen mistard inhibits uptaka of tymsinn-ﬁ"’s at gonaentre-
tions only aligh'sly higher than ‘those needed to inhibit uptake of
} ‘l:hymi.@.ina«l;i,3 and uridi:ic-ﬁ}; !l‘é a@terxﬁina whethep nitrogen musterd
would affect the uptak:c:a.f & seoond amino geid in the same way as
it effects the nptéki of tyrbaim-ﬁs the experiment aa.s repeated
using :!.nhibiti:m of lmoine-lis upteke as the :l.nd’.‘.l.ea.tion of cell
danages . o |
The thymus from a 15 ge femsle A2C mouss was made into a oell
. suspansion ;ontainins 3 x“ 106
of the oells to inoorporate laaeinv}l'?’ (40 uc £inal gonoentration)
in a 30 mine incubstion ;,:ar:lo& was aaéesse& efter 0, 5 or 1% hre

oells/ml, nutrient medium. The sbility

ératre_atment with nitrogen mustard. The resulis were very similar
to those for tyrosina-ﬂj upteke, with negligible labelling detect-
eble in cells pretreated for 1% hr. with 10 8. nitrogen mustard
(Fig. 34, Appendix Teble 31). It was notieed that, whereas
preti;eating 3 x 106 cells with 10 pe. nitéogen mustard for < hr.

prevented detectable uptake of thymidim—-ﬂs s 36 per cent of the
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oslls oould be lebelled with leuoins-H’ end 35 per oent of the cells
oould be labelled with tmsine-ﬁ"” after this treatuent. This oould
have been ﬁue to preferential damaga to cells in the 8 phase at the
tine of contact wWith the drug. Altheugh thymias,na-x{3 upteke would
- be prevented, ocells nat in. the S phase during tho inau‘bation time
with nitrogen mustara. would be capahle of inoox?orating amino aoida.
The possibla preferantial damage to S phase aolls oseurring with
certain &mg nomentrations was 1&%5&3&'&3& rurtheh
Profersntial Demage to S Phaae Cells o
Welker and Helleiner (iSGj) found that interphase cells are
more sensitive to nitrogen mustard end sulphur mtaéd during the
period of DNA synthesis (S phase) than in the other interpbase
stages. The oells they umed (Earle's 'L’ cells in vitro) were first
partially synchronized with S5-fluoro-2'~dsoxyuridine and thymidine,
and this trestment may have affeoted the subsequent response of the
pells to niﬁrogen musterd. However, the effects of ni,trogen mustard
on the ingorporation of thwmidine—ﬁ3 and amino avids by mouse
~ thymooytes appesr to £it their hypothesis, in that § hr. pretreatment -
with nitrogen mustard et a ooncentration of 10ps/3 x 10° oe11s
prevented thamidine-ﬁz’ upteke although 35 per oent of the cells
oould be lsbelled with tyrosine-H> snd 36 per cent with leucine-H’
after this treatment. Similaer results have been found with tretamine.
I{ has been shown that only ¢ells in the 8 phase are gapseble of
incorporating thymidine~H° end that very few smell thymooytes beoome
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lsbelled efter a 3§ hr. inoubation perdod with thymidine-i®. If -
6 selective aotion againat cells in the S8 phasé vere taking place
4n the mouse thymocytes, then small \thyrziaaytes would be expected-
to iﬁcoxporate tyrbsine—HE andwis‘imin'a;f!g to the same extent as -
untreated oontrols whereas amino abid uptake by some of the large
cells would be 4nhibited or redused,: Sli&ea ahavéing inscorporation
of tyx'osinQ-HB and leuoine’ by mouse thymosytoes treatéa with
500 pg. nitrogen mustard without pretreatment, with 40 pg. with 5 hr.
prétreatnienﬁ or with atluent only without pretrestment were examined,
The average grein count for sach eell size was dstermined from these
smeara. , | |

From the tyroaina-ﬁ3 series, 1t was found that pretreating the
oells with 10 ug. nitrogen mustard for 3 hr. veduced the mean number
of grains for cells of all sizes to sbout the seme extent (Fig. 35,
Appenddx Table 32). Treating the eells with 500 e immediately
before the addition of t,w,rrtxai.nawﬂ3 had & more drastic effect on the
mean number of grains for each cell sise and large cells were oovered
by the same number of grains as smaller vells. There is no indication
of a preferential effeot on tyrosint-ﬂ‘?’, uptake by large cells. One
ecomplicating factor is that sinee 500 ug. nitrogen mustard causes an
increase in cell size it is aiffioult to tell which oells 4in the
drug-treated population eorrespend to the large cells in the untreated
populations It is possible thaet what appeared to be large oells in
the drug-treated population originated as small thymooytes and that
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the originel large oells might have been dameged to such an extent
that they were undetectable because of lysdis.

Cell siges were similarly measured on smears of thymooytes
inoubated with nitrogen mustard and lebelled with leuoine-H® during
e 43 min., incorporation period. As with 'E;yx'c.»:s.'l.nta--H3 upteke, the
extent of leueine-ﬁs uptake per oell without pretreatment end in
the presence of 0,1 ml. water was proportional o the cell size.
Pretreating the mouse thymeoytes with 10 pg. nitrogen mustard for
% hr., however, resulted in the larger cells taking up less label
than in the ocontrol oell sample (Fig. 36, Appendix Teble 33). This
was more apparent when the cells were incubated with 500 pg. nitrogen
mustard without jpretreatmant. Allowing for the inoreass in cell
size, oells originally 5 u (11.5 1 after exposure to nitrogen
mustard) or less inoorporated on average the same quantity of
:l.cauc:d.neb—H3 per oell aé the oorresponding control oells, the uptake
being proportional to the oell sige, Cells greater than 11.5u
{probably sbout 9 pu originalily) inoorporated the same quantity of
1auoine-113 whatever the sige. |

Thus, there is some indieation oct‘ preferentiel drug effect
on the large ocells in the figures for 1euoiné-}i5 uptake but not
for ‘(:yroaine---!i5 uptekes No explanation for these contradiotory
vesults can be of'fered except that the measurements for the two
series wers made by two different observers and that, since 500 ups.
nitrogen musterd without pretreatment had a more pronounced effect



129




1SOn 1150,
g N control ‘ N control
f 3 so0oug 5 so0 g
) || =
% 1001 8100:
% ‘B
) 5
g €
=z z
504 ; 501
|
...... i
, [ J Yo _
o Y . A S ; o g - - —
4 567 8910111213 ‘ 4 567 8910112131415
Cell diameter (units) | Cell diameter (units)
Pig. 37 ‘ Fig. 38

Fig. 37. The effect of nitrogen mustard on thymooyte size
(tyroaino-H} ;querimont). 1 unit = .42 u.

Fig. 38. The effeoct of nitrogen mustard on thymooyte size
(leuctne-i’ experiment). 1 unit = 1.hh b-

250,
e o]
°
1 _200{ ° ° . )
% .
N
_ o
|~E 1501 . i
3
g °
3!00-
501 ‘o Control
. : ® 5009
° 5 % 30 40 O & 7o 80 90
Incubation time (minutes)

Fig. 39. The effect of nitrogen musterd on the ooncentra-
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on cell size in the ‘t;yros:i.necvﬁ3 series (Fig. 37, Appendix Teble 32)
then in the I!.euoino-eﬁz' series (Fig. 38, Appendix Table 33), there
may have been slight differences in the sensitivities of the two
oell populations or in the drug coneentrations used. |

The effact of uitrogen mueterd on oell concentration and eell
glze was inustigafad 4o determine whether the very large cells
af'ter exposure to drug were originally small or lerge oells, and
whether any cells had lysed. |
Effeot of Nitrogen Husterd on Cell Concentration

It will be shown in the next section that the very large ocells
resulting from exposure of mouse thymooytes to nitrogen mustard
originate from medium end large thymooytes. Some of these larze
thymooytes mey have inoreased in size to sush an extent that the cells
lysed. Kowover,ﬂg single experiment to show the effeot of 500 pe.
nitrogen mustard on the oell oonoentration in 1 ml. aliquots of cell
suspension indicai:e@ that there was no differenoa’ between the decrease
in cell number in the presence of nitrﬁgon nustard and the decrease
in oell number in the diluent oontrols (Fig. 39 and Appexidix Teble 34).
It is oonoluded that 500 p15. nitrogen mustard does not affeet the
oell concentration to a greater extent than the control conditions
for at least 1% hr, after the begloning of inoubation.

Effeot of INitrogen Mustard on Thymooytes Previously Lebelled

. with !i."l'xymic!l.}gw«ﬂ3 _

litrogen mustard causes an increase in oél]. size (Levis, Spanio
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TABLE IX. THE EFFECT OF NITROGEN MUSTARD ON LABELLING OF MOUSE
THYMOCYTES PREVIOUSLY INCUBATED WITH THYMIDINE-H-

Incubation time Drug concentration (ug. / 3 x 106 oells)
after addition o
of drug (min.) 0 10 100

Percentage of cells labelled (% standard deviation)

30 93 2 345 T 2 2.3 9.8 £ 3.9
60 12,9 £ 5.0 10.6 * 3.2 10.4 £ 3.6
50 12,6 * 3.3 1.7 £ 49 11.2 £ 3.6
09
-
‘ 5 %1 /‘ Control
| '% , on
60 ;< |
5 Nitrogen A A——-=a8  10pg
) mustord .
o
".- ..... x_“lx/( loo”g .
2OJ N |
'Thymidi‘r\e:-H3

%66 o 6 9o
Minutes after addition of drug

Fig. 40. The effect of nitrogen mustard on labelling of
nouse thymooytes previously inoubated with tlwmidino-}i}
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and de Nadai, 1963; Fig. 37, 38)'.. To determine whether the very
large oells found efter exposure of thymocytes to nitragen mustard
originate a8 small or large cells, and elso to determine whether
cells incorporating thymidine-H> at the time of contact with
nitrogen musterd will oontinue to do 80, the effect of nitrogen
mustard on cells previously inocubated with thymidine-ﬂz’ was
astudied.

A oell suspension conteining 3 x 106 oells/ml. was prepared
from the thymus of a 24 g. female A2G mouse. Thymidine (0.1 ml.)
was added to 4 ml. sliquots of ¢ell suspension to give a finel
congentration of 0.1 pc thymidine—-ﬂs/}x 106 ocells. All the tubes
were inoubated at 37°C for % hr,., then 0.4 ml. of freshly prepared
nitrogen musterd (at reom temperature) was added to each of three
of the tubes to give a final drug coneentration of 1018/3 x 10°
oslls and to & second set of three tubes to give a ¢onsentration
of 100 pe/3 x 106 cells. Water (0.4 ml.) was added to the three
oontrol tubes. Inoubation at 37°C was éontinued in the presence
‘of nitrogen mustard or water for & further 30, 60 or 90 min., after
which time the ¢ells were washed and smeared e&s usual.

There was 1ittle change in the proportion of cells labelled
with thymidinenﬁs whether the vells were subsequently inoubated
‘with nitrogen mustard or diluent {Teble IX). .m the smears from
the diluent controls, the oells showed & mean grain count/labelled

cell which inoreased with time (Fig. 40, Appendix Table 35). This
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increased uptake was not linear, probably because the thymidine-H3
concentration had been reduced and the cells had been cooled slightly
when the water wes added. The addition of 100 pg. nitrogen mustard
caused an immedlate stop 4n the inorease in the mean number of grains
with time, The addition of 10 ug. nitrogen musterd allowed en inorease
in the mean grain number per lebelled ©ell for ebout 30 min., but
after this time the mean grain count remained unchanged for the next
60 min. This sgrees with the thymidine-H® results in Appendix Table 1k,
which shows that mouse thymooytes pretreated with 10 ug. nitrogen
mustard for § hr. failed to take up thsmi.dina-'ﬁj in a subsequent

35 min. inoorperation period whereas this drug ooncentration hed a
negliglible effect without pretreatment. 100 pg nitrogen musterd
appears to seuse sn immeddete bloek in thymidine-H® upteke while

40 ug. allows uptake to continue for e short time becsuse there is
less chanoe of a drug moleoule reaching a target. Singe there is
some inoremse in the percentage of e¢ells labelled after the addition
of 100 pg nitrogen mustavrd, aomev of the labelled eells must have
sntexred the & phase after the drug eddition and these eells would
have hed low grain eounts. Although the mean grain gount/lebelled
oell is the same 90 min. after drug addition as 30 min. after, some
dnorease in grain number over those oells already beyntheaiaing D_l_mh
et the time of drug eontaot must have ocourred to compensete for

- these low values., Siight uptake of thymidine-ﬁ3 » therefore, probably
coourred in the presence of 100 pg. nitrogen mustard.
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The diameters of labelled and unlebelled oells were measured
from smeers of oells incubated with thymidincvﬂz’ for % hr. and then
exposed to 400 ug nitrogen mustard or diluent for & further 90 min,.
There were more ¢ells with a relatively large diameter after expoéure
to nitrogen mustard (Fig. 44, Appendix Table 36). - Sinee &s high a
concentration of nitrogen musterd as 500 yg has the same effeot on
cell concentration as the diluent (psge 130) this im presumably ,1.101‘-
due to loss of small oells but s due to an inerease in the size of
individusl oellss | -

The lgbelled nells found after exposure to nitrogen mustard or
water are. those which had been in the § phase during the inaﬁbation
time with'thymidine-.-lis... Sinece 100ue. nitrogen mustard stops most
 of the lsbelling, labelled sells after exposure o mmgin"muétara
probably origineted as large or medium thymaéytea; small ﬁ}&modytea
from the original cell sample would not beeome lebelled. Sinoe an
inoresse in the size of both labelled and unlabelled sells ean be
seen, nitrogen mustard affects the sige of both potentiallybaiﬁding
aud non~dividing eelis, In other words, there is no preferential
effeot on the size of the 8 phase cells. But, sinpe the very large
oells resulting from exposure to nitrogen mustard are 1abelled, the
glant oells in the tyrosine-H® and leuoine-H° experiments have
origineted from medium and large thymooytes and not from smell
thymooytes,
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DISCUSSION

The objeot of an in vitro sensitivity test for en individual
human tumour is to obtain results most likely to predict the
response of that tumour in situ to cancer chemotherapeutic agents.
Using mouse thymooytes as & model test system and inhibition of
1:hym:1.t‘iinu-ﬁ3 upteke s an indiocation of cell damage, it was found
that ths relative effeotiveness of seleocted alkyleting agents in
damaging the oel:!_.a depended on how long the eells were pretreated
with drug before the ability to incorporate thymidins-ﬂs was
assessed. Different drugs appeared to be the most effective in
reduoing tl\vmidine-liz’ uptake for each of the thres time schedules
used, Bickis, Henderson and Quastel (1965) desoribed an in vitro
sensltivity test which was based on a single pretreastment time of
30 minutes. They obtained some eon*élation between the predictions
of the in vitro test and the response of individusl patients to
the drugs adminiatered. It is quite possible, however, thet their
results would have differed if they hed seleoted another pre‘treat-A
ment time and the ocorrelation between the in vlitro results end the
olinicel progress of the patients might have been stronger (or
woeaker). Since the resulis of en in vitro mensitivity test are
influenced by the extent of the pretreatment effeots of the oyto-
toxic agents, the pretreatment effeots in mouse thymooytes were
thought worthy of further investigation.

Experimental results have been produced which demonstrate
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thet the pretreatment effect produced by nitrogen mustard is not
the result of a lag period before the demage becomes deteotable.

It is suggested that this drug acts continuously on the cells end
produces oumulative damage. The fact that alkylating radioals were
still detestable 1% hours after 10us. nitrogen musterd was added to
cells in nutrient medium at 3?°G suggests that a.o‘ti.ve drug does
remain in the medium throughout the longest pretreatment time used.
Mkylating radioals oan &lso be detected for ohlorambuoil (initially
100 ug.) after this time, although ohlorambueil appears to be no more
effeotive in inhibiting thymidina-ﬁ5 upteke after 1% hours pretreat-
ment than without pretreatment. The lack of an enhanced drug effeot
after pretreatment with ohlorambuoil cannot be due to the exheustion
- of the alkylating ebility of the drug. The fact that chlorambueil
reacts by a unimoleoular meohenism while nitrogen musbard reacts by
e bimolecular mechanism is unlikely to be the explanation for the
extremes of pretreatment effect shown by these two drugs since
melphalan also reaots by a unimoleocular mechenism but produces a
pronounced pretreatment effest, The supggestion 1s mede that
chlorambusil may be acting in a different manner from nitrogen
mstard, It may be signifioant that nitrogen musterd end chloram-
bucll carry opposite charges when in solution, the ethyleneimonium
ion resulting from oyclization of nitrogen mustard aoting as a |
ocation and chlorambuoil acting as an anion. Melphalan carries both

e oationio and an anionio group end the oompounds with an inter-
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~ mediate pretreatment effeet (tretamine and thioTEPA) are neutral
in solution,

" Even if 1t can be eccepted that the damage produced on the
thymocytes by nitrogen mustard is continuous and cumulative, this
faot gives no indication of the mode of action of this drug. It
waB suggested in the Introduction (page 25) that nitrogen musterd
may act by producing a bloek in the G2 phase of the cell oyole
(Leyde end Baserga, 1964; Gelfant, 1963). Would & pretreatment
oeffeot be expeoted if nitrogen mustard did aot on the oell ayole
in thls menner? According to this hypothesis, cells in the latter
part of the G2 phese et the time of oontact with the drug would
divide, pess through the &1 phase and enter the S phase. I these

'eells were in part of the S phase during the incubetion time with
thymidine=H°, they would appear labelled on en eutoradiograph.
Onte thosé' eells had passed through S, however, the blotk in the
G2 phase would prevent them sntering a further oell oyele. The
longer the oells were in eontaot with the nitrogen muaterd, the
greater the number of mitoses prevented, the fewer the number of
- 08lls entering the S phase and therefore the lower the pereentage

of tritiumelabelled sellss Thus, & pretreatment effeot would
result from & G2 blosk. But, to prevent lebelling with thymidine-H°
solely by e block in the G2 phese, a minimum pretreatment ¢ime

- would be needed which was equal to the duration of any G2 phase

remaining after the bloek, plus the duration of mitosis, plus 61,
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plus S. Metoalf end Wisdrowaki (1966) found that the length of
the S phase slone of large and medium mouse thymoeytes was 5.5 hours
and the eell cycle of small thymooytes eonsiderably longer. Since,
in the present expsriments, inhibition of deteoteble uplake of
thynddine~H> oesurred after only 1% hours pretreatment with tretamine,
£ hour pretreatment with nitrogen mustard and melphalsn and without
pretreatment with ehlorambueil and thieoTEPA, & blook in the oell
oyole sannot be the sole mode of aetion of these drugs under these
experimentel oonditions. In the same way & single blook in any
other part of the 06ll cyole (suoh as the elongation of the G4
phase due to thioTEPA found by Fujita, Horii, Tanimura and Nishimura,
'1964) gan also be excluded as the sole mods of astion of these drugs,
These donolusions ere supported by the faot that inhibition of
: ‘uzd.dine-»ﬁs and tritieted amino asuvids ocours in mouse thymooytes
treated with approximately the some concentrations needed to inhibit
thynfdinesH" uptske. A blook 4n the ocell syole would not be likely
to interfere with other metabolio processes in the pellse

- Alkylation of DNA oomponents followed by the insorporation of
| the analogues into DNA to produos an antimetebolite sffect has been
suggested by Lorkiewies and Sgzybeleki (1961) as the mode of astion
" of tretamine, though their results have been questioned by Lawley
and Brookes {1963). However, since exogenous thymidine was supplied
in the mouse thymoeyte experiments, alkylation of this nusleoside
may have occurred in the medium and may have prevented the
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ineorporation of the lebel into the cells, The oells may have

been reletively undamaged by drug bub unlabelled with thymidine=ii’
because the 'l:h'.vxxxti.di.ne«»ﬁ5 beoame bound to drug in the medium rather
than being incorporated into the 9eoll for DNA systhesis. The
experiment desoribed on page 91 4n which the supernatent fluld

over drugetreated eells was removed sfter centrifugation and
replaced by fresh medium and ﬂzymidine—ﬁs , eontradiots the 4dea of
sush an interaction between nitrogen musterd and thymidine-ﬁ3 .

The thymidine~H did not come into direet oontast with the mitrogen
mustard in the medium and yet the arug still prevented upteke of

the labelled metebolite at the appropriate eoncentratiéna end pre-
treatment timess, In the experiment (pege 79) in which the nitrogen
nusterd was not removed from the medium before the ‘l:hym:l.di.1'119«-1415 was
added, labelling was prevented in oells pretreated with 10 pe./nl.
nutrient medium for £ hour. ‘When the drug was removed before the
addition of $hymidine-H, however, @ pretrestment period of 1% hours
with 10us nitrogen mustard/ml, nutrient medium prevented deteotable
labelling whereas s pretrestment period of F hour with this drug
soncentration did not. The slight difference oan prebably be ex-
plained by the fact that in the former sxperiment the drug wes
present during the 35 minutes ineorporation perlod for the tlwmidine—ﬂs
‘a8 well as during the pretreatment perdod and the eells were therefore
- being pretreated for o period of & hour plus 35 minutes. It ean be
soncluded thet nitrogen mustard has the seme effeet on ‘thymidine-Hj
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uptake by mouse thymocytes whether or not the drug oomes into
direot oontaot with the lebelled metabolite, and that, with this
drug at least, the pretreatment effeot 1s not due to an inter-
aotion between the drug and the thymidine-H’,

The oontroversy over whether the alkylating agents damage
cells by selective action on the DNA has been mentioned in the
Introduction (pege 20-1). Interfersnce with DNA synthesis by drug
oonoentrations which have no effeot on RNA synthesis has been
demonstrated from the time of Bodenstein and Kondritser (1948) and
the oytological effeocts produced by the slkylating agents involve
mainly the DNA (for example, see Auerbach end Robson, 1946; Koller,
1958). In spite of this, there sre reports of other metabolic
pathways being aff'ected by the alkylating agents (see the review
by Whesler, 4962), though when this ooours the conventration of
drug tends to be relatively high (Table I, page 22). With mouse
thymooytes, 1t was found that nitrogen musterd inhibited uptake of
tymsinwﬁs ‘and Ieua:lna-ii3 under slightly more drastie conditions
(1% hours pretreatment with 101g,) than those needed 0 reduee the
uptake of tlwmiﬁine-ﬁs and hri&ine»ﬂ"‘ to negligibvle proportions
(1% hours pretreatment with 5us.) . ' This inddcates that DNA syn-
thesis 18 not the sole metsbolis process affeoted by these dose
rahgns of nitrogen musterd under these experimental eonditions.
Trotamine aoted in & similer menner to nitrogen musterd in thet
1000 pe. tretenine prevented thymidine-H> upteke after 1% hours
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pretreatment and reduged tyrcsine-HZ’ uptakes The effect of thlioTEPA
on tyrosine—!{‘?’ uptake was similex to its effect on thynﬂdine-ﬂs
upteke, .The toxicity of the ehlorambueil and melphalen diluents
obsoured the effects of these drugs on the uptake of uridine-—ﬁs and
the tritiated amino eocids after pretrestment, though without pre-
treatment there was some reduction in the uptake of uriéine-Hs in
the presencs of drug ooncentrations which prevented upteke of
\‘.h:,nn:tt‘:lrlrm---li3 o The nptgke of 1eucine-ﬁ5 by mouse thymooytes wes
reduced to negligible proportions without pretreatment by a concen-
tration of melphalan (1000uz.) which had no effect on the uptake of
thymidine—»ﬁ” or tyrosinﬁﬂ?’ ‘by mouse thymooytes without pretreastment.
There is some slight evidence that part of the astion of melphalen
against melanomata may be due to the drug's phexwlalanine sontent
producing an entimetebolite offeat. Sinse, in genersl, the drug
conoentrations which 4nhibited the upteke of thymia1ne~33 by mouse
thymoeytes also reduced the uptake of other metabolites, the alkyl~
eting agents eannot be asting seleatival;f on DNA synthesis, under
the e:q:eﬁmental conditions used.

" Mernitol myleran had no detewtable effect on the mouse thymo-~

cytes, even when these were pretreated with 2 mg./3 x 106

oalls

(4a9 mM) for 1% hours before a labelled metebolite was added. Even
after this treatment, the percentage of @ells lebelled and the meen
number of grains over lsbelled oells was the same as in the diluent

sontrols, whether thymiainu—HB » m:':!.d.i’me--}!3 or tyroaine-—l-ls was used
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a8 the lebelled metabolite. This agrees with the resulis of Onesti
and Woodliff (1963) who found that es high a concentration as 33.8 mg.
mennitol myleran/ml. hed no effeot on oxygen uptske by chronic
granulooytic leukaemia cells in vitro. Similarly, Reid (1962)
reported that 0.5 mg./ml. had no effect on the in vitro aynthasia of
uridine nueleotides end glyocogen by rat liver. On the other hand,
Kellner and Németh (1959) Pound that 1 mg. mennitol myleran/ml. had
& marked in viiro effect af'ter 24 hours on fibroblasts of chick
enbryo hearts, fresh Crocker sercoms and Hela cells, and 2 mg./ml.
caused oell destruction. As low a oonoentration as 2,5 to 250 ug./uwl.
was found by Easty and Wylie (1963) to heve e eytotoxie effeot on
glioma oells. There aesems to be & wide yange of sensitivity to
mannitol myleran from tiasne to ‘tiaaue and 4t eppears that mouse
thymooytes ave relatively resistant to this drug after this inoub-
ation time. It may be that mennitol mylersn acts so slowly that
there was not suffiocient time for any damage to beaome detectables
Since nitrogen mustard and tretamine oen cause inhibition of
thymidine-H> upteke under conditions which have only & partiel
effeot on tyrosine-H” uptake, it was thought thet there might be
preferential damsge to celis in the 8 phase at the time of sontaot
with these two alkylating egents {Valker and Helleiner, 1963). The
results are oontradictory in that 1euoine-H3 uptaeke in the presence
of oertain concentrations of nitrogen mustard is redueed in large
oells only (those ocells likely to be in the S phase) while tyroaine-H3 ‘
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upteke under the same conditions is reduced in ocells of all sizes.
However, . the figures for the distribution of esell size after drug-.
treatment (page 128) indieate that there is a more pronounced effect
on oell size.in the tymsina—ﬂs -ezperiment than in the 1eue$.ne-ﬂ3
experiment, This could be due to slight differences in the sensitiv-
itles of the two ocell populations or in the drug concentrations used.
The drug in the tyrosine-i> experiment had & more drastio effect on
oell slze and may, therefore, have had & more drastlc effeot on cell
netebolism which might have mesked any preferential demage to S phase
cells. Since amino aeid uptake oan be prevented in the presence of
théée alkylating egents after short pretreatment $imes, attaek on S
phase ¢ells oannot be the whole explanation of the pretreatment
effoots Small thymooytes (which rerely divide) would remain undamaged
for a very long time if cdamage coourred solely during the S phase.
The S phase eells may, however, be relatively mdre susoeptible to
" demages

From these eonsiderations, it can be oongluded that these drugs
do not have a seleotive sotion on DNA synthesis or on S phase eells
and that they do not produse a blook in the oell oycle of the mouse
thymoeytes. The most 1ikely explenation for the results obtalned is
that these eytotoxie egents interfere with seversl metsholic prooesses
and eause non-specific eell death., The extent of drug resstion within
the @ella may depend on the length of time the drug is allewed to eoct
on the oells, and the extent of the pretreatment effect may depend on
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the rate of reasction of the drug used {though chlorambueil mey be
acting in & different menner from the other alkyleting sgentis).
Practical implications. Relatively high drug oconcentrations

were used in vitro to allow damage to become detectable within a

short time, But, with the alkylating agents used for cancer chemo-

- therapy et the present time, the dose levels that oan be attained

in vivo are oomparatively low to minimize damege to normel tissue

such a8 bone marrnw and intestinal muocoma, The drugs may aocl in &
different manner et these lower doses, and the reletive effectiveness
of several drugs in vivo may not be reflected by the relative effect-
iveness of the seme drugs under the preoposed in vitro conditions.

The ultimate eim of ocancer ghemotherapy is to kill 100 per cent of
the tumour cells {Skipper, 1964; Goldenberg and Alexander, 1965) and
the best drug for olinieal use would in theory be the one with the
greatest ability to kill all the celle from M sample of the inddvidual
tumours An in vitro sensitivity test of the type proposed here nmay
well be sultable even though a general drug effect on several metabolio
pathweys is being measured.

It has been found that the relative effeotivencss of the seleoted
drugs in vitro depends on the inoubation sshedule followed and it is
not known whieh, if any, of these time sohedules would be the best to
use. If the reletive effeotiveness of these drugs at therapeutio
doses gould be determined in vivo in leboratory enimels, the incubation
progedure in vitro eould probably be suitably modified to produce
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resulis most likely to prediot in vivo results. A f‘urther,com-
plication is the fact that the length of the cell oycle of the
majority of human tumours is longer than that of mouse thymocytes
and, therefore, relatively few cells would take up thymidine—-ﬁz’ in

e short inoubstion period. However, since the effeots of the
alkylating agents on uptake of the labelled amino acids were

similer to the effeots of these agents on the uptake of thymi&ine-ﬂs ’
it nmay be possible to use the uptake of labslled amino aoids as the
indication of cell metabolism in samples of individual tumours.

The mode of sction of the drugs to be used 4in an in vitro
‘sensitivity test would have to be known before the results could
be interpreted. For example, a drug such as oyolophosphamide,
whiech i8 relatively inesotive in vitro and which is converted to an
aotive form in wvive (Foye, Chapman, Willett and Adams, 1960), is
unlikely to affeot the uptake of lsbelled metabolites in wvitro
although the tissue in situ mey be sensitive to that partiocular
drugs As & further example, the inoreased uptake of *l:hyxn:i.dd.n@:«»iﬁ3
by individusl eells in the presance of methotrexate {page 109 does
not reflest stimulated DNA synthesis but is due o & blockage in
the uridine to thymidine pathway {O'Brien, 1962), Comparison of
deoreased th.ymidine—lis upteke in the presence of one drug (for
exemple an alkylating agent) and ineressed thymi&ina—ﬁs upteke in
the presence of an antifolate would be diffioult to evaluate at the
quentitative levels Prior experienoce with these drugs under these
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in vitro conditions would probably help. Moreover, the test is
intended only es an aid to drug selection and Paotors such es the
relative drug toxioities and the state of the patient would also
nesd to be considered.

A& further problem is the preparation of eell suspensions from
solid tumours. The use of uniform slices of solid tissue (&s used
by Wolberg and Curreri, 1961; Wolberg and Brown, 1962) has been
rejeoted beoause labelling with thynidine-E° is confined to the |
peripheral cell layers. This diffioculty was also found by MeDonald
ot al. (1963). Moreover, the extent of lsbelling with thymidine-H~
has been shown ¢o depend on the thymoeyte conceniration and the oell
conoentration is easier to control in a suspension then in supposedly
uniform slices, Some work on thei:repmﬁion of eell suspensions
from solid mammalien tissues hae been attempted (by the author) and
it appears that the method of preparation will need to be modified
for each individual tumour. A method sufficiently drestie to produse
single oells tends to prevent the uptake of labelled metebolites by
the oells within a short insubation perdod. Other workers have
prepared oell suspensions from solid tumours but usually with the

aim of éstablishing tho oells in tissue culture. When the 6ells are
being inoubated for seversl days, a low initiel cell viability mey
be sufficient to produce growth, but the oells growing may represent
only e small proportion of the oell types originally present in the
8olid tumour. Moore, Mount, Tara end Sehwartz (1963) stete that so
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far they have been uneble to establish suspension cultures of
hunan cells direotly from effusions or biopsy specimens,

There 1s, clearly, a need for en in vitro test which can pre-
determine the sensitivity of en individual petient's tumour to cancer
chemotherapeutic agents. These initisl studies indicate that memmelien
oells (mouse thymocytes in vitro) are not equally sensitive to all
cytotoxio sgents but rather that these cells are more sensitive to
some of the drugs then to §thers. By measuring, on autoradiographs,
the upteke of lebelled metabolites by drug-treated cells, the extent
of interference with vardous metabolic pathways and the proportion of
' damaged oells can be determined. ' In spite of the faet that the
response of mammalian tissue in vitro to oytotoxic agents oan be
maauuréd at the éellulaxr level and in spite of the faot that disrupted
metabolie pathways van be deteoted relatively easily, 2 vast amount
of laboratory work needs to be done before the in vitro sensitivity
test oan be used at the olinicel level, The mejor problem is how to
' prepare oell suspensions from solid tissues without affecting the
ability of the sells to incorporate labelled metebollites. There is
also the need to determine whether the 4n vitro test can produce
results which will prediot the response of the tumour in situ to
canoer chemotherspeutio mgents, If these problems could be solved,
however, the in vitro sensitivity teét for individual human tumours
would have wide applicetion and would be of great value in the

treatment of neoplastic disease.
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Correlation between oell size and uptake of thymi&inaon:’
by mouse thymooytes in vitro. - Equal numbers of labelled
and unlsbelled oells were exsmined on an autox'aa:lograph of
thynooytes inoubated at 37° C with 0.1 po thyniﬂ.ine-»ﬂ /

3.6 x 106 cells for 7 hr.

Cell diameter No. of No. of
» - unlabelled | lebelled
~ Unita M oells oells
& .62 1 0
5 | s | 3 0
6 6t | 49 0
7 8.09 | 65 0
8 925 184 45
9 10.41 18 67
10 |156] 8 62
1| 1272 " 62
12 13.87 | b .
13 15.03 0 I
14, 16419 o 2
» Totllz' _ 33 | 336
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Corralation between thymooyte sige and the grain mumber.
over cells labelled in vitro with thynidine-H’

- Coll disneter Raﬁiuls No. of Mean grain count per
: — - 3 . oells lsbelled cell
. Units n ®’) Total 260 | (: atandard deviation)
5 745 | 45.50 [ 4} 26.00
6 8.58 | 7895 | 11 TR A 5.87
7 10,01 | 125.00 56 19.09 . % 6,35
8 1Mk | 187415 104 | 2049 % FW47
9 | 12.87 | 265.85 63 23,05 2  7.30
10 | 1430 | 365.53 |- 18 .| . 2061 * 10.7%
M L1573 | 485.59 | . ko | . 29.25 t 8.8
12 17,46 | 65163 | 3 25.00  6.25
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| L AEPENDIX TABLE 3 R

.. The effeot of cell aonsentration on thymiiineéii"nptakt by mouse
thymooytes in %ma an incorporation perdcd of 35 min was allowed for
the thymidine-H '

No. of cells per | Grains per Percentage of

rl. mutrient medium | - lebelled cell oells lebelled
(x 1 06) {* standard dsvistion) | (¢ standard deviation)

2.6 - |- - 15.65 = 3.93 STt 29

12.8 207 T 6,20 78 * 14

32 | M0 o427 %0 t 3.2

20 | . 3823 % 1355 | M 2 20

1ok | 325 2 9.60 10,6 * 2.9

0.8 ... 56.20 % 15.62 e * 2.5




170

AFPENDIX TABLE L

Rate of thymidino—ﬁs uptake by mouse thymo-
oytes in vitro: L. x 10° oells / nl. nutrient
mediun

Inoubation time (min.) | Grains per 100 cells

15 18.09
30 N
60 1637k
120 : 410.96

/180 55957




The effect on labelling of a time lag st }7° € between
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the preparation of a thymaoyte suspension and ineubation with
thymiﬁim-nj (2 experiments): an insorporation period of 1 hr,
was allewsd for the thymunean?’

Creins per - Peroentgge of
Tine lag (hr.) labelled oell  eells labelled
(¢ stendard devietion) | (2 stenderd deviation)

0 60.7 = 19,2 68 t 1.8
% €1 =2 294 7.2 2 1.6
1 60,3 t 16.5 76 2 2.3
1% 60.8 * 1.2 7.2 * 34
2 60.8 * 19.6 5.0 £ 2.0
2% 56.6 t 17.7 7.2 = 2.9
3 .0 t 36.2 T2 = Lhe?
0 69.0 £ 31.0 6.1 % 2.6
1% 65.8 ¢ 16.6 6.6 = 2.2
3 Speoinen lost 6.1 £ 24 -
5% 37.9 £ 17.8 1.7 1.2

__ Unlubelled

Unlabelled




APPENDIX TABLE 6
The upteke of ‘byrmino-ns by mouse thymooytes in vitro
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‘I‘yro-ineolis Inoubation time (min.)
consentration
suspension) X 55 79 103
Percentage of oells labelled (+ standard deviation)
Ot 57“.- ® 601 85;‘1. b4 207 9‘}‘2 - 3 3.0 97-0 b4 2.0

: 1.3



APPENDIX TABLE 7

The uptake of hunine-ﬁs by mouse thymooytes in vitro

173

Leuoine-H’ Inoubetion tiwe (min.)
soncentration!
((.lO/ml- oell
suspension) | 33 56 92 123
Grains per lebelled oell ( stendard deviation) |
1 11 £ 5.70114.2 & 9.4 [18.2 * 12:5 |1.8 + 12.8
Percentage of 0ells lebelled (: etandard devistion)
1 5606 = 4.8 |79.8 * 4.6 |96 2 3.6]|04.2 * 1.5
10 97 & 0,9|97.0 = 1.6/99.2 * 0.4 {98.8 = 1.8
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APPENDIX TABLE 8

Correlation betwesn thymoeyte size and the grain number over
oells labelled in vitro with leucine-H°

Cell Adiameter Badiuns No. of Mean grain osount per
3 cells lgbelled cell _
Units m (w”) Total 238 | (¢ stendard deviation)
bed 5.98 26.73 3 9.35 * 2.52
5 6.65 | 3659 | &  10.87 & 5.59
5.5 731 48,63 19 .32 = 6.35
6 7.98 63.52 7 18.86 : 10.67
6.5 8.6, | Bo.62 | 13 30.46 = 9.29
7 9.31 | 100.54 45 32,18 * 11,00
7e5 | 997 | 12351 9 3L.11 = 10.22
8 10,64 | 150.57 15 39413 t 14.27
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APFENDIX TABIE 9

Correlation between thymooyte migze end the grain munber over
cells lebelled in vitro with tyrosine-’

Cell diameter Rad:luu’ No, of Mean grain pount per
Units B ( 3) mo:.ail : 13 | (& l%ﬁgdﬁ;dd::i%ﬂon)

B W , ‘
7 6457 35.38 2 18.00 % 15.56
7.5 7.05 | 43.58 N 7.00 £ 2,16
8 7.50 52.76 50 T.Th * 3.05
85 | 7.97 | 63.6 10 1040 = 469
9 Buihh | 75417 32 11,09 ¢  7.53
10 9.38 | 103,16 7 28,4 : 11.43
1" 10.32 | 137.36 4 32,75 £ 10,53
12 11.26 | 178.39 3 38.67 t 23.50
12.5 11.72 | 201.30 1 82,00




upteke by mouse thymooytes

APFENDIX TABLE 10

The effeat of nitrogen musterd (diluted in maline) on thymiéim-ﬂ3
an incorporation period of 30 win.

n vitro:

was allowed for the ﬁxy‘nidino-}l}

176

Pretreat- Hg. nitrogen musterd / k x 106 oells
m?gr%m 0 6.25 12,5 25 100
Greins per lebelled oell (* standard deviation)
0 298 £ 43| 334 £ 11.5] 23.8 ¢ 10.2| 30,0 £ 10.3| 15,6+ 5.8
¥ 3%.2 ¢ 12,2 22,0 £ 11,0 17,8 2 10.7| Unlebelled
1 21.8 £ 10.5| 7.6 + 3.8] Unlebelled | Unlebelled
1% 4io3 2 17.6) 6.3 % 3. | Unlebelled | Unlebelled | Unlzbelled
Pergentage of oells lebelled {* stendard deviation) , :
0 6.9 3u1| 9kt 3.9] 932 3.9|10.2% 3u1| 6.5 24
Me3 2 lali| Tk 2 2.7| 544 % 2.0 Unlabelled
1 6.6 t 3,0 2.4t 1.6 Unlebelled | Unlebelled
1% 11.8 ¢ 3.8 Unlebelled Unlébomd Unlebelled

2.7 2 1.5




APPENDIX TABLE 11
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The effect of mannitol myleran on thynidine-ﬂs uptake by mouse

thynooytes in vitro:

for the thymidine-H°

an incorporation period of 35 nin. was ellowed

Pretreat~

pge mannitol mylersn / 3 x 10% osl1s
‘“°’(‘§rf§“ 0 50 " 500 1000 2000
Graing per labelled oell (¢ standard deviation) |
0 | 50,5 % 16.1|52.8  16.7 [ 40.0 £ 20,6 | 46.8 * 12,9 | 46.6 + 13.4
2 38,0 % 13,9 [ 41e5 % 1448 [145.0 2 17.4 | 41.8 £ 16.5 | 30.1 % 10.9
1% Bpel * 13,8 12901 # 12.1 | 32,2 2 16,9 | 30.8 14,6 | 26,6 * 14,9
p.g&ong age of cells 1aheyéd (¢ standard deviation)
0 772 231022 3.0 10,6 3 2.5 8.32% 1.710.1 ¢ 2.3
- 106 + 2,0 {1082 2,6 ] 982 2.1 9412 2.0] 9.3¢ 2.9
1% i 2 24| 7402 1.9] 9.8 2.0 8.5 2 2.0

G 2 241




APPENDIX TABLE 42
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The effeot of chlorambucil on thymidine-ﬁs uptake by nouse thymooytes

in vitro: an inoorporation period of 35 min. was allowed for the thymidine-l;’

6

Pretreat- pgs ohlorambuoil / 3 x 10" oells
m.?:rt;'me 0 100 300 1,00 500
Grains per lsbelled cell (2 standard deviation)
0 16,5 2" 8,0 (176 £ Bo5| 9.8 = 4ok | 7.6 * 2.6 | Unlabelled
2 [ 208% 9.5|15.62 9.0| 8.7% 3.6 | 6.9% 2,3 |Unlebelled
1% (124 % 5.9 [17.0 £ 10.7| 9.9 % 3.8| 7.1 £ 2.0 | Unlsbelled
Percentage of cells labeuoﬁ (* standerd deviation)
0 10,2 % 1.6 [12.0 % 1.3 | 8.32 1.5| 6.3 % 1.5 | Unlebelled
3 10.8 % 1.8 [10.7% 2.3 | 945% 0.9 | 8u £ 0.3 | Unlabelled
1% 1.3 1.3 | Unlabelled

9.5 3 G.G

114 ¢ 1.6

5.4 % 4.0




SNDIX

4
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The effect of tretamine on thymidine-ﬁs uptake by mouse thymooytes
in vitro: an ingorporation pericd of 35 min. was allowed for the

't:h:,"nﬂ.ét;i.ne---ﬁ‘5
Pretreat- pg. tretamine / 3 x 106 oells -
ment time
(be.) o 50 250 500 1000
gr_g_i_' ins per lsbelled cell (* standard deviation)
0 57.9 £ 18.9 5l4e5 % 192 | Lhhe2 * 13,7 [ 33,3 2 15.2 [ 283 & 9.5
3 45.2 £ 13.7 | 48.4 £ 1640 |13, ¢ 16, | 32.8 £ 13,2 [13.3 £ 5.1
1% 30.8 £ 11,7 |43 £ 18.9118.9 ¢ 9.3!46.3 ¢ 6.8 | Unlabelled
Perce y of oells lebelled (* stendard deviation)
0 T4 2 1.6 8,92 18] 8.5 2.1 5.32 2,0| 942 2.1
3 10,32 2.6 9452 241 (1922 2.7| 972 47| 76 2.4
1% 9.2 % 2.2 5.9 % 2.1 |Unlabelled

6. 2 147

5.7 % 2.0
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The effeot of mitrogen misterd (diluted in water) on thymidine<H-

uptake by mouse thymooytes in vitro:
vas allowsd for the thymidine-H-

an incorporation period of 35 min.

Pretroat- ugs nitrogen mustard / 3 x 105 cells _
S B T 5 10 100 500
Grains per lobslled osll (% standard deviation)
0 56.0 2 164, | 46.6 + 12,1 39,3 % 13.7 (167 2 5.5 [11.9 ¢ 5.3
3 Sk * 19.9 | 115 2 6,7 | Unlabelled | Unlebelled | Unlabelled
1% 50.7 £ 22.6 | Unlabelled | Unlsbelled |Unlebelled Unlabailaa
Porcentage of cells labelled (% standard deviation)
0 16,3 % 3ol (148 % 2.4 12,02 3.0[13.9 3.2[10.9% 2.7
3 1772 L7 | 6.3t 1.8 |Unlsbelled |Unlabelled |Unlsbelled
14.8 + 2.3 | Unlabelled | Unlebelled | Unlsbelled

1%

Unlabelled -




APFENDIX TABLE 15
The effect of thioTEPA on thymmina-ﬁs upteke by mouse

thymooytes in vitro:
allowsd for the thynidine-H’

184

an incorporation period of 35 min, wes

Pretreat-
nent tine
(br.)

6

pg. thioTEPA / 3 % 10° ocells

0

500

1000

2000

1245 ¢

4B.2 % 15.6
56,0 % 23,
43.7 2 15,

13.1 ¢
13.1 2

2.3
2.1
2.3

46.2 £ 13,1
57.0 % 20.5

4588 Al

Percentage of ocells labelled

16,0 £ 2.7
8.9 % 3.4
15,0 £ 3.

37.1 * 11
16.2 +' 11.6
Unlabelled

Grains per lsbelled cell ( standard deviation)

Unlabelled
Unlsbelled
Unlebelled

(+ standarda deviation)

13.02 3.0

7.3 1.8

Unlabelled

Unlebelled
Unlebelled
Unlabelled




APPENDIX TABLE 16
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The effect of melphaslen on thymidinc«H5 upteke by mouss thymooytes

in vitro: an incorporstion period of 35 min. was allowed for the
thyni dine-H>
Pretrest- pgs melphalan / 3 x 106 oolls
pent time ‘
(hr.) 0 10 100 500 1300
Greins per lsbelled cell (% standard deviation)
) 21e1 2 6,9 | 236 % 9.5 |18.9 % 7.1 |15.2% 645|158 % 5.9
3 20.3 % 10.6 | 22.1 = 9.4 | 23.3 £ 10.3]13.2 * 6.3 | Unlabelled
1% 2940 £ 17.5 | 2401 * 12,4 | 26,2 * 15.8 | Unlebelled | Unlebelled
Paraontgg' of oells labelled (* standard deviation)
0 Sk ¥ Ak | 5.3 % 4.1 552 45] 5,92 1.2 5.83% 1.0
3 T2 1.2 6 % 0.8 7432 0u4] 6.7% 1.6 | Unlabelled
1% 3.8% 08| 5,72 0.7 Unlsbelled

Dol 2 1ut

Unlgbelled




APPENDIX

ABLE 17
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The effect of nitrogen mustard on uriéine'-ﬁs uptake by mouse

thymooytes in vitro:

en incorporation period of 35 min. was sllowed for

the uridine-}>
Pretreat- ug. nitrogen mustard / 11 x 1(36 cells
nent tine
(nr.) 0 5 % 100 500
Grains per labelled oell {* atandard deviation)
4 Negligible o :
1z A & 645 1sbelling Unlabelled |Unlobelled | Unlsbelled
Percentege of oells lsbelled (* standard deviation)
0 62,6 2 L9 | 41T %2 634322 12,9521 2 Le6 | 31,7 % Lot
1% Unlabelled |{Unlabelled | Unlabelled

B2 = LS

3.5 & 2.3




APPENDIX TABTE 18
The effeot of melphalen on uridine-H° uptake by mouse thymooytes in

184

vitro:  an incorporation period of 35 min. was allowsd for the uridine-H>
Pretreat- pgs melphalen / 3 x 10° oells
ment tinme . .
(hr.) 0 ] 10 100 1000
Graina per labellsd cell (* standard dviation)
0 12,22 6,0 [15.1 2 8.2 947 % 4471072 Lol | 9 & 3.6
3 131 ¢ B.3|13.2% 9,0 | B3+ 3.5|Unlabelled | Unlabelled
1% 8.92 he6| 8,82 4,0 |Unlsbelled |Unlabelled |Unlobelled
Peroentege of gells lebelled (¥ standard deviation)
0 66,0t 3,9/66.82% 2,9|68.81 B.9[62.8¢ 6.8|37.0¢ 6.0
3 26,8 2 4.7[12.8 % 3.0 |12.0 2 40 |Unlsbelled |Unlsbelled
1% 7.8 % 3.2 Lot t 2,0 |Unlebelled |Unlebelled |Unlabelled




APPENDIX TABLE 49
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The effect of chlorembueil on uri&ina-ﬁ"’ uptake by nouse thymooytes ;
n vitre: an inoorporation period of 35 min. was sllowed for the 1.13"'.!.&.1110'--}13

Pretreat- pg. ohlorambueil / 9 x 'H)6 cells
nent time '
(hr.) 0 100 300 400 500
Grains per lsbelled cell (* standerd devigtion)
0 11.9% 74| Notdone | 6.0% 18| 5L ¢ 15| 5,82 1.8
1% 832 3.7 9e3% Lo5| But ® B4 To6® 3.9 Toh t L6
Percentage of cells labelled (% stendard deviation)
0 69.2% 4B| Not dome | 8.3 2,9| 2.2% 1.7] 2.6 1.3
13 23.7% 5.7 (122 2.7 (1182 31| 7.82% 3.4

16.7 ¢ 5.0




FENDIX TABLE 20
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The effect of mannitol myleran on ur:!.d:!.ne--ﬂ3 uptake by mouge thymo-

oytes in vitre: an incorporation period of 35 min. was ellowed for the
uridd.nn—Hs
Pretreat~ ug. mannitol myleran / 3 x 1(!6 oells
mont time
(nx.) 0 50 500 1000 2000

1%

Percentege of cells lobelled

-
wl= Mo

13.6 £ 1341
15.8 % 10,7

53.6 £ 5.0
69.0 2 L
62.2 2 9.0

17.4 £ 16.8
1.0 £ 9,7
15.9 £ 10.8

57.6 £ 4.6
38.2 £ 11,9
51.0 2 Loy

21.5 & 234
13.8 £ 11.5

Grains per lsbelled cell (% standard devietion)

174 £ 15.3

W5 2 13.2

15.8 * 1.4

(* stendard dsviation)

T2.0 = 10,2
56 £ 5.5

25.8 * 11,3

60.8 £ 243
72.8 £ 7.8
64hol * 5.7

15.1 * 18.5
16.3 * 17.9
Specinen lost

55.0 £ 4.1
75.6 2 3.6
38,8 + 3.4




APPENDIX TABLE 24
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The effect of methotrexate on tlwmidim-ﬁ5 upteke by mouse thymooytes

in vitro: an incorporation peried of 35 min.was ellowed for the thymidine-ﬁ5
Protreat- g+ methotrexate / 3 x 10% oells
nent time . .
(br.) 0 1 5 10 50 100
Grains per lsbelled eell (% standard deviation)
0 212 12,0 | 23,65 11,0 | 30,72 1042 | 38,92 12,4 | 02 11, | 35,52 11,3
1% 2746 % 115 | 41022 1346 | 40,82 13,1 | 38,82 11,8 | 50,32 1941 | 54,32 16,7
Percentage of oslls lsbelled (t standard deviation)
0 Beb2 2.7 8BeBt 246 | 9,9% 2,8 | 8,6% 341 | Be2t 342 | Bubt 3.6
1% 102 2.8 {11602 340 [ 1185 442 | 942% 341 | 10,72 245

907t 3k




APPENDIX TABLE 22
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The effeot of methotrexate on uri&ine~ﬁ3 uptake by mouse thymooytes in

vitro: An incorporation period of 35 min. was allowed for the uridine-H-
Pretroat~ ugs methotrexate / 3 x 1&:*6 ocells
nent tine
(hr.) | 0 1 5 10 50 100
- Grains per lebelled oell (* standard deviation)
0 13,32 8,5 | 10462 546 | Feli2 BoT {1158 7.2 {10.3% 5.7 | 10.5¢ L.6
1% M3 7461 4112 6.8 12,82 8.3 | 14uls2 12.2 [ 184, 11.8 | 12.5% 1.5




APPENDIX TABIE 23
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The effeot of nitrogen mustsrd on tyro;im«HB uptazke by mouss thymo-

oytes in vitro:

an incorporation period of 35 min. was allowed for the

tyrosine-H
Pretreat- 1&g nitrogen mustard / 3 x 10° oells
ment time :
(hr.) 0 5 10 100 500
Grains per labellod 0ell (% standard deviation)
] 1549 2 1301 [ 124 2 9,5 | 13.3 2 104 [ 10,5 £ 10| 7.2 2% 2.2
3 16.3 % 42,0 | 12.2 ¢ 6.8[16.0 * 8.3 | Unlabelled | Unlsbelled
1% 18.8 & 13.2( 8.8 ¢ 3.7| Unlsbelled | Unlsbelled | Unlsbelled
Porgentage of cells labelled (* standerd deviation)
0 B7.7% 3.2[81e1 2t 33|32 67|35 6.3]23.32 4.7
3 8941 % 2.1 |43.0 2 2.3{35.2% 5.4 |Unlebelled | Unlsbelled
1% 92,4t 3.2 37 £ 146 | Unlabelled | Unlabelled

2.9 3.2




APPENDIX TABLE 2,
The effeot of thioTEFA on tyranine-ﬂs uptake by mouse thymooytes in

1920

vitro: an inoorporation period of 35 min., was allowed for the t:srx'ouﬁ,neol‘l'3
Pretreat~ p8. thioTEPA / 3 x 106 cells
nent time .
(br.) 0 500 1000 2000 3000
Grains per 1led cell {* standard deviation)
0 Mt 2 56 {1132 L.7] 6.72% 2.8 |Unlabelled | Unlabelied
1% %02 9.5] 9.2 % 6.2|Unlebelled |Unlsbelled | Unlabelled
Percentage of oells lsbelled (: standard deviation)
0 TheB 2 5.0 163.22 5.,2[16.22% 66| 2.2 % 1.9 | Unlsbelled
1% 82,6 * 5.6 Unlabelled | Unlsbelled | Unlabelled

46.6 £ 3,2




APPENDIX TABLE 2
The effeot of tretamine on Vtyroaine—ﬂs upteke by mouss thymooytes in

191

¥itro: an incorporstion period of 35 min., wes allowsd for the tyroaine-33
Pretreat- pg. tretanine / 3 x 106 cells
ment tims
-~ {hr.) 0 50 250 500 4000
Grains per lobelled oell (% standerd deviation)
0 13.6 = 9.6 [15.22 9.0 15,7+ 9.9/10.72% 6.8|14.72 9.7
2 2209 % 1143 11740 2 941 | 27.6 £ 46,4 | 17,7 £ 10.5 | 21,8 * 13,2
1% 202 2 17,2 [17.0 2 15.8 | 21.7 2 10,2 [18.8 * 8.1 | 13.4. & 6.6
Percentage of cells lcbelled (¢ stendsrd deviation)
) 95,22 1.8 |87.22 L4 |95.8 % 1.3|91.22 1.0|90.6 & 2.6
2 9602 2 2,6 [ 96kt 0.5[95.2 % 148 [92.0 = 2.1 | 874 2 3.
1% eB 2 1.6 (9282 2.0 [82.82 2,5|6,.82% 4e2|30.2% 4.9
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APPENDIX TABLE 26

The effeot of mannitol myleren on tyrosine-H® upteke by mouse thymo-
oytes in vitroe: an incorporation period of 35 min. was allowed for the
tyrosing-H’

Pretreat- ug. mannitol myleran / 3 x 10 cel1s
pent tine
{br.) 0 50 500 1000 2000
Grains per lubelied cell (¢ standard deviation)
0 io.a T 48|t 706 9.0% 3.2[10.92 6.5] 124 2 6.7
g o2t 7o3 12,5 % 54911222 5.5 |15 631109 Lk
1% 1292 744|124, 2 7.0|43.7% 7.5 1.5 % 9.0]10.8 2 .1

Peroentage of ;:alls iabg;ha (¢ standard deviation)
0 63.2t 3.7 74;2: 5.8 Tl 2 2.2 73;03 2,0 | 83.8 ¢ 1.3
2 89.0 2 149|554 % 9.2188.82 5,188,022 2,090 2 1.5
1% Me0 % 1.6 (8362 6.1|87.2% 2.7|8.2% 3.8[951.0% 2.3




ENDIX TABLE 2

193

The effect of melphalan on the upteke of tyrolins-ﬁj (5 wo/ml.) by

mouss thymooytes in vitro:

for the tyrosine-H’

an incorporation period of 3% min, was allowed

Pretreat- ug. melphalan / 3 x 106 0ells
ment tinme
(hr.) ¢} 5 10 100 1000
Grains per 1gbelled oell (* standard deviestion)
0 Wk £ 9.9 (1B 2 9.0 142 % 7.0]12.9 2 6.9|10s1 2 L5
1% 2803 % hak | 33.0 % 23,1 | 32,3 £ 17.0 [ 12,9 £ 3.8 | Unlebelled
Pergentage of cells lebellsd (* standard dsviation)
0 25,9 % 6.7 |542.8% 12.0]22.92 6.9 [4h9.72 5.6 {213 % 5.2
1% 23,6 % 6412392 5.9]|26.72 5.2| 6.2% 3.8

Unlabelled



APPENDIX TABLE 28
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The effeot of phenylelanins on the upteke of tymsima-!i3 (1 po/ml.)

by mouse thymooytes in witro:

allowed for the tyro:ino-Hs

an inoorporation period of 35 min. was

Pretreat~ #g. phenylalanine / 3 x 'I()6 cells
ment time .
(br.) 0 2.7 5.4 5l 5l
Grains per lsbelled cell (* standard deviation)
) 126 £ 5.6 | 11,0 % 3.6 [ 12.5 % 5,9 {10.92% 7.4 |10.3 ¢ 2.6
1% 136 2 6.6 [13.6 2 5,6 [15.7 2% 7.8|13.3% 5.7|10.5 % L4
‘Perosntage of cells lshelled (¢ standard deviation)
0 Lhale 2 Be6 | 4706 2 Lef | 5768 2 1.8 374 & 5.9 184t Te2
1% 672 % 5.,9]5602% 3l |57.0% 6.9 718 ¢ 7.8]|33.6 % koo




The effect of phenylalanine on leucine~H

APPENDIX TABLE 29
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5 uptake by mouse thymocytes

‘4n vitro: an incorporation period of 35 min. was sllowed for the leuoine<h

ug» phenylalenine / 3 x 106 cells

Pretreat-
ment tine
(br.) 0 2.7 Sele sl sy
Greins per lsbelled cell (* standard deviation) 7 |
1% 18.3 % 10,2174 2 8.6 | 17.7 £ 10,7 [16.0 % 9.0 16,9 ¢ 9.3
Percentaze of oells lsbelled {* standard deviation)
9666 = 110 2,297k 2 141]92.6 2 3.3

-
N

88.0 T b7




APPENDIX TABLE 30

The effact of melphalan on Zt.eu,oi.zuav-ﬂ':5 uptake by mouse {hymooytes in
vitro: an incorporation period of 43 min., was allowed for the 1euoino-H5

196

Pretreat~ p#8» melphalan / 3 x 166 oells
ment tine . -
(br.) 0 5 10 100 1000
Percentage of oslls 1led (* stendard deviation)
o 21,0 % 3.8 13,8 5. | 322 6.0 2.4 % 1.5] 0.6 2 1.3
2 20,0 6.1 182 1.,3|12.2+% 8.0| 8.7 % 3.1 ]| Unlabelled
1% 8,6¢ 1.8 0,82 0.8 7.22% 1.6 Unlebelled |Unlabelled
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APPENDIX TABLE 31

The effeot of nitrogen musterd on 1auoim-H3 uptske by mouse thymo-

cytes in vitre:

an incorporation period of 30 min. was allowed for the

1auoim-ﬁ3
' Pretreat- P8 nﬁ.t.i*ogen musterd / 3 x 106 cells
nent time . .
(br.) 0 5 10 100 500
Percentage of oells labelled (¢ standard deviation)
0 93.8 2 3018946 % 1.8[88.0 % Lel|77.6 ¢ 2.3 |02.2% 4.8
% W8t 2.6|63.22% 5.63.2% 6.4] 2.22 1.8 ] Unlebelled
13 72.0 ¢ 6.7]18.6 * 2.7 |Unlebelled |Unlebelled |Unlabelled
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APPENDIX TABLE 32

The effect of nitrogen mustard on tyrosine-H? uptake
by mouse thymooytes of different sises

Cell dianeter ¥ean grxin
Number of oount per Stendard
Undts | @ oslls labelled cell | deviation
Piluent eontrol, without pretreatument
Totsl 316 oelle
4 5¢7 . 5 7.8 2.4
4eH 6.4 1 643 2,0
5 - T4 110 940 37
55 7.8 48 11.2 he2
6 8.5 87 15.2 Buy
7 10,0 28 25.9 10.2
7.5 1047 8 28.9 8,5
8 114 6 2.2 10.6
8.5 12.1 1 12 -

10ug. nitrogen mustard, § br. pretreatnent
Total 225 cells

5 6.0 2 55 0.7
3 741 78 6.7 3.3
7 8.3 % M. Be5
8 9.5 58 1546 6.0
9 10,7 1 184 6oy
10 11.9 2 31.0 1ok

Continued..
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Cell dianater

Units 1}

Nugber of
oelln

¥ean grein
count per
labelled ocell

Standard
deviation

o5
5
545
6
6.5
7
75
8
8.5
9
945
10
1
12
12.5
13

500 pgs nitrogen mustard, without pretrestment

6els
71
7.8
8.5
9.3
10.0
10.7
114
1244
12.8
13.5
W2
15.7
174
17.8
18.5

Total 307 cells
1 7 -
18 6.6 2els
3 I 0
48 549 2.3
13 8.1 3.2
29 73 3.0
3 9.7 2.1
35 645 3.6
4 8.2 2.9
10 559 2.2
-2 55 0e7
75 8.5 4.0
21 10.4 5.2
1 9.8 bt
1 8 -
3 10.7 8.1




APFENDIX TABLE 33

The effect of nitrogen mustard on leuo:lne-li3 uptake
by mouse thymooytes of different sises

200

Cell diamoter Mean grain
. -t Number of ocount per Standard
Units m oells labelled eoll | deviation
Diluent control, without pretregtument
Total 259 cells

L 548 1 n -

5 72 5 63 1.5

5¢5 7.9 9 9.0 347

6 8.6 121 9.7 4ol

65 9ulp & 134 5e9

7 10,1 36 18.2 846

7.5 | 10.8 3 23.7 1141

8 115 2 40.0 845

10 pg. nitrog;:ztmtt#d; o%l ir. pretreatmgnt

5 7.2 5 ‘ 6.6 3.1

55 7.2 26 6k 149

é 8.6 155 73 3.2

645 Dely 36 12.7 10.9

7 1044 23 14..8 9.0

745 10.8 4.6 6.9

8 115 . 18.0 8.6

8.5 12.2 1 7.0 -
10 4.y 2 10,0 he2

Continued..



Appendix Table 33 continued
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Standard
deviation

Cell diameter Mean grain
Nuzber of | ocount per
Units M colls lebelled eell
500 pge nitreg;ﬁt?imtard;.;ﬁhout pretreatment
55 | 749 1 ke
6 8.6 86 6.5
65 Gely 67 6.6
7 1041 66 6.7
7.5 10.8 12 8.8
8 11.5 20 12.2
8.5 12,2 2 17.0
9 12.9 1 1.0
10 ol 2 o5
12 17.3 1 13.0
15 21.6 1 17.0




APPENDIX TABLE 3

The effect of nitrogen mustard (500 ug./ml.) on
the consentration of mouse thymooytes in witro

Cell number / ml. (x 10"

Inoubation
(m?) 500 pge. nitrogen
Control musterd / ml.

2k, 24,
209

AL 227

21 210

27 207

33 218

40 217

b5 225

65 187

71 162

77 150

83

1

202
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APPENDIX TABLE ¢
The effest of nitrogen mustard on lebelling of mouse
thymooytes previously inecubated with thyuiﬂine-}is

Imuﬁgtion tine

after addition of #gs nitrogen wustard / 3 x 106 cells
nitrogen mustard
(bx.) 0 10 100

Grains per lsbelled cell (* standard deviation)
& 57.0 % 18.2 | 59.9 £ 2146 | 3.0 £ 12,0
1 69.2 ¢ 17.9 | 53.5 % 22,2 | 33.1 % 1.0
12 7545 2 23.9 | 5483 21,3 | 374 ¢ 19.0
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The effeot of nitrogen musterd on the cell sige of thymocytes
previcusly labelled with thymidine-H° and of unlebelled thymo-
oytes: the diameters were measured of 182 cells selected at

randonm
Cell Hunber of ,«2.18
disnetar Control 100 pg. nitrogen mustard
Units| 1 | Lobelled | Unlebelled | Lebelled | Unlabelled
L | 5.6 0 2 0 0
5 | 7.2 0 116 91
6 | 86| 2 27 4 58
7 |10.0 23 1 1 0
8 |1 6 3 7 2
9 |12:9 1 1 2 1
10 |43 0 0 2 0
11 |15.7 0 0 1 0
Total 32 150 30 152
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Effects of Alkylating Agents on
Thymidine Uptake by Mouse Thymocytes

with Reference to an n vitro Sensitivity.

Test for Individual Human Tumours

CAROLYN A. BROWN
St. Mary’s Hospital Medical School
London, W.2

INTRODUCTION

IN RECENT vyears, there have been many
attempts to find an in vitro method of determin-
ing the in vivo sensitivity of a given tumour in a
given patient to various chemotherapeutic
agents. Most of the proposed methods involve
the incubation of small pieces of the tumour
(or effusions) with various drugs, followed by
an estimation of cell damage. The assumption
is made that the drug most effective in damag-
ing the tumour piece iz vitro would be the most
effective against the tumour in the patient, due
allowance first being made for differences in
drug toxicities. Damage may be assessed from
changes in cell counts during culture [1], from
cytological changes [2], or from biochemical
analyses on the whole cell population with
determination of protein content [3], dehydro-
genase activity [4], or oxygen consumption [5].
Drug action on individual cells can be esti-
mated from the two former methods but tissue
culture over several days is usually involved
and selection of the most resistant cell type
may occur. Major disadvantages of the bio-
chemical methods are that normal or necrotic
areas within the tumour piece influence results
and variations from cell to cell cannot be
measured. ‘

Wolberg and Curreri [6] and Wolberg and

Brown [7] studied the effect of cancer chemo-
therapeutic agents on nucleic acid synthesis in

117

slices of biopsied tumours. By following the
uptake of tritiated thymidine or uridine
autoradiographically, they obtained informa-
tion on growth inhibition at the cellular level.
Each tumour slice was incubated in tissue
culture medium at 37°C with one of the drugs
for 1 or 1 hr. One of the labelled nucleosides
was then added and incubation continued for
a further 171 or 23 hr. The tissue was fixed,
sectioned and exposed to autoradiographic
stripping film. The effect of each drug on
labelling of DNA and RNA was determined
from grain counts. Similar work [8] was
carried out on Ehrlich ascites cells exposed to
drugs for 24 hr and to tritiated thymidine for a
further hour. The advantage of examining
uptake of labelled metabolites autoradio-
graphically is that the response of individual
cells, both neoplastic and normal, can be
determined. These workers did not investigate
in detail the effect of varying the time of pre-
incubation with the drug. The following work
shows that the apparent effectiveness of a drug
depends on the time it acts on the cells and that
this time-effect varies from one drug to another.

The importance of the incubation times in
such an in vitro test was investigated on a
standard cell system. Mouse thymus was
chosen as this standard tissue because it consists
of few cell types and contains cells with a high
mitotic index.
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MATERIALS AND METHOD
Mouse thymocytes

Female A2G mice, approximately 30 days
old and weighing 9-3 - 15-6 g were obtained
from Glaxo Laboratories, Harefield. A scpa-
rate mouse was used for cach drug assay. The
mouse was killed with anaesthetic ether and
its thymus aseptically removed into approxi-
mately 15 ml tissue culture medium. The
thymus was teased into a cell suspension which
was filtered through gauze to remove ccll
clumps. The cell concentration was adjusted
to 3 x 10¢ cells / ml.

Tissue culture medium

This was Hanks’ balanced salt solution en-
riched with 12:59%, pooled A2G mouse serum
which had been previously heated at 56°C for
30 min. DPenicillin and streptomycin were
added to give a final concentration of approxi-
mately 100 and 75 Units respectively per ml.

Drugs

Nitrogen mustard (I), di-2-chlorocthyl-
methylamine hydrochloride, “Mustine Hydro-

chloride” (Boots) Moleccular weight 192-5
Batch number 324‘W
Chlorambueil  (II),  p-(di-2-chlorocthyl-

amino) phenylbutyric acid, kindly supplied by
Dr. D. A. G. Galton, Chester Beatty Research
Institute, London. Molecular weight 304-2.
Batch number 1389.

Meclphalan  (III),
amino)phenylalanine, “Alkeran”
Welleome). Molecular weight 305-2.
number 50993.

Mannitol myleran (IV), 1,6-(dimethanesul-
phonyl)-1,6-didcoxymannitol, kindly supplicd

L-p-(di-2-chlorocthyl-
(Burroughs
Bateh

by Dr. G, M. Timmis, Chester Beatty Research
Institute, London. Molecular weight 338.

Tretamine (V), triethylenemelamine, (ICI).
Molecular weight 204-2. Batch number
UP272.

ThioTEPA (VI), triethylenethiophosphortri-
amide, (Lederle). Molecular weight 189-22.
Batch number 4650-137A.

Drug diluents

Pyrogen-free distilled water was used for
nitrogen mustard, thiocTEPA, tretamine and
mannitol myleran. Chlorambucil and mel-
phalan, being insoluble in water, were dis-
solved according to the manufacturer’s in-
structions in cthyl aleohol and acid-alcohol
respectively and diluted with propylene glycol
diluent as supplied by the manufacturer. All
the tubes in the chlorambucil and melphalan
series were adjusted to contain the same alechol
(or acid-alecohol) and propylene glycol con-
centrations. To neutralize the acid, 0-05 ml
5%, sodium bicarbonate was added to all
tubes in the melphalan series.

Tritiated thymidine

Tritiated thymidine-6-T(n), batch 30, with
a spccific activity of 8-8¢ / mM was obtained
from the Radiochemical Centre, Amersham.
At the appropriate time, 0-1ml of thymidine
solution containing 1 uc [ ml was added to cach

tubc to give a final concentration of 0-1lpc
| 3 x 10° cells.

Assay procedure

For cach assay, l-ml aliquots of cell sus-
pension were placed in fifteen 16 X 150 mm
pyrex test tubces, which were divided into three
groups of five. Tour dilutions of each drug
were made immediately before use and 0-1 ml



of each solution added to the appropriate tubes.
One-tenth of a millilitre of drug diluent was
added to the three remaining tubes as controls.
Thymidine was added to the first group of tubes
immediately after the drug, to the second
group after the cells had been incubated at
37°C with the drug for 45 min and to the third
group after the cells had been incubated with
the drug for 14 hr. Tubes were incubated for
35 min after the thymidine had been added.

The cells were then centrifuged at 4°C and
650 g for 71 min. The cell deposit was washed
twice in 5%, bovine plasma albumin (Armour)
in saline, and the final deposit in each tube
was smeared on fat-free slides previously
treated with a solution of 0-5%, gelatin and
0-19% chrome alum. All smears were fixed
in methanol overnight. It was assumed that all
detected radioactivity was confined to freshly
synthesized DNA, since fixation in absolute
methanol for as short a time as 3 min is reported
to remove all precursor pool tritium [9].

Autoradiographic procedure

Kodak A.R. 10 stripping film was left
standing over a saturated calcium nitrate
solution at 4°C before it was applied to the
slides [10]. The autoradiographs were exposed
at 4°C for 1 or 2 weeks before being processed
with D19B developer and Fix-sol (Johnson).
These exposure times were chosen for ease of
counting. It was found that the percentage
cells labelled was most easily counted on
smears exposed for 2 weeks but, since this
exposure time resulted in some labelled cells
showing grains too numerous to be counted
with accuracy, the mean number of grains per
labelled cell was determined from smears
exposed for the shorter time. These two batches
of autoradiographs were given random code
numbers before independent examination by
two observers. Sixty labelled cells were ex-
amined on each autoradiograph exposed for
1 week to give a mean number of grains per
labelled cell, and a total of 3000 cells was
examined on each autoradiograph exposed for
2 weeks to give a mean value for the percentage
cells labelled.

RESULTS
Grains per labelled cell (Figs. 1-6)

Five of the six alkylating agents examined
reduced the mean number of grains over
labelled cells. These agents were nitrogen
mustard, tretamine, melphalan, thiocTEPA and
chlorambucil. There were wide differences in

the drug concentrations needed to decrease the
average grain count below the control level.
For example, with 1] hr pretreatment, Sug
nitrogen mustard (0-02mM) had the same
effect on thymidine incorporation as 1 mg
thioTEPA (4-40mM). Up to 4-9mM man-
nitol myleran had no effect on the grain count.

Percentage cells labelled (Figs. 7-12)

With the exception of mannitol myleran, all
alkylating agents examined reduced the num-
ber of cells synthesizing DNA. Up to 4-9mM
mannitol myleran had no effect on the number
of labelled cells. In general, response curves
showing the effect of the drugs on the per-
centage cells labelled were similar to the
corresponding curves showing the drug effect
on the mean number of grains over labelled
cells. The curves for nitrogen mustard are an
exception to this, in that, at low drug con-
centrations and with no pretreatment, the
number of grains per labelled cell was reduced

to a greater extent than the percentage cells
labelled.

Chlorambucil and melphalan

In the chlorambucil and melphalan experi-
ments, low grain counts per labelled cell and
low percentages of labelled cells were found for
cells incubated with the lower drug concentra-
tions, and also for the diluent controls. This
low level of labelling may have been due to the
presence of propylene glycol.

Pretreatment

Treating the cells with drug before the
addition of thymidine tended to decrease the
uptake of thymidine by individual cells and
reduce the proportion of cells labelled. In most
cases, the longer the pretreatment time the
lower the grain count at each drug concentra-
tion. The extent of this pretreatment effect
depended on the drug. It was pronounced
with nitrogen mustard and melphalan,
moderate with thiocTEPA and tretamine, and
absent with chlorambucil. Five hundred micro-
grammes nitrogen mustard per 3 X 10¢ cells
added immediately before the thymidine did
not prevent thymidine uptake, whereas cells
pretreated with as little as 10pg nitrogen
mustard per 3 X 10¢ cells for 45 min showed
no detectable uptake. After 1] hr pretreatment,
Spg was sufficient to produce the same result.
In contrast, cells incubated with chlorambucil
incorporated the same quantity of thymidine
whether the cells were incubated with drug
and thymidine together or with thymidine
added 45 min or 11 hr after the drug.



Figs. 1-6.  Effect of selected alkylating agents on uptake of thymidine—H® by mouse thymocytes.
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Figs. 1-12.  Effect of selected alkylating dgents on uptake of thymidine—H?® by mouse thymocyles.
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Table 1. Drug concentrations (mM) causing “‘complete inhibition” and 50%, reduction of
thymidine uptake by mouse thymocytes

Complete inhibition

509, reduction

Drug and

pretreatment Based on results Based on results In grains/ In 9% cells

time (hr) from grains/ from %, cells labelled labelled

labelled cell labelled cell

Nitrogen mustard

0 >2-16 >2-16 0-13 >2-16

2 >0-026 <0-043 >0-026 <0-043 ‘0-015 0-013

1% 0-022 0-022 0-0087 0-0087
Tretamine

0 >4-08 >4-08 3-77 >4-08

1 >4-49 <«<5-51 >4-08 312 >4-08

1} >2:65 <«4-08 >2-45 <4-08 2-14 2-77
Mannitol myleran

0 >4-93 >4-93 >4-93 >4:93

1 >4-93 >4-93 >4-93 >4-93

1} >4-93 >4-93 >4-93 >4-93
ThiocTEPA

0 >5-28 <«8-81 >4.84 «8-81 5-88 5-64

% >4-62 <«<5-28 >5-06 «8-81 4-12 4-87

13 >2-64 <4-40 >2-64 <«<4-40 3-57 3-41
Chlorambucil

0 >1-23 <1-37 >1-15 <«1-37 1-12 1-15

2 >1-23 <«<1-37 >1-19 <1-37 0-68 1-19

13 >1-23 <I1-37 >1-15 <«1-37 1-13 1-07
Melphalan

0 >3-41 >3-41 >3-41 >3-41

3 >1-70 <3-41 >1-55 «<3-41 1-51 2-11

1} >0-66 <1-31 >0-41 0-83 0-73

<1-31

Relative drug effeciiveness

The probable molar concentration of each
drug causing complete inhibition of detectable
thymidine uptake, and the molar concentration
of cachh drug causing a 509, reduction in the
mean grain count per labelled cell and in the
proportion of labelled cells from the control
values, were judged from Figs. 1-12 (Table 1).
Complete inhibition was said to have occurred
when there were no more than four grains/cell.
From these figures the drugs were placed in the
order of their ability to interfere with thymidine
uptake (Tablc 2). It was found that the order
of effectiveness depended on  which pre-
treatment time was sclected. For example,
with no pretreatment, chlorambucil was the
most effective drug in preventing detectable
uptake of thymidine. With 45 min pretreat-
ment, nitrogen mustard was the most effective,
with chlorambucil taking sccond place, and
with 14 hr pretreatment melphalan replaced
chlorambucil as the sccond most active drug.

In most cases, the drug order obtained from
reductions in uptake per labelled cell was the
same as that obtained from reductions in the
percentages of cells labelled. The one exception
to this occurred when there was no pretreat-
ment and 509% reduction from the control
valucs was used as the end-point. In this case,
chlorambucil was the most cffective agent in
reducing the proportion of labelled eells, but
nitrogen mustard was the most cffective in
reducing the grain count per labelled cell,

CLuLilig

DISCUSSION

It has been shown above that cell damage
by these alkylating agents can be measured
in vitro. Lxeepting mannitol myleran, all the
alkylating agents examined decreased incor-
poration of cxogenous thymidine into DNA of
mouse thymocytes. Scveral drug actions could
have caused this inhibition. Decreased thymi-
dinc uptake would occur: —



(a) if the thymidine to DNA pathway were
directly blocked, or

(b) if damage took place before entry into
the S phase, the thymidine to DNA pathway
itself being undamaged, or

(¢) if some of the cells were dead when the
thymidine was added.

Each of these possibilities will be discussed in
turn, with special reference to the present
results and to the existing theories on the
mode of action of alkylating agents.

a. Direct inhibition of nucleic acid synthesis

Inhibition of DNA synthesis by nitrogen
mustard has been reported in many cell systems
[for examples, see 11-18]. Some authors state
that nitrogen mustard acts specifically on DNA
synthesis, while others suggest that RNA
synthesis is also affected and that protein
synthesis may be reduced. These conclusions
were reached with a variety of cell systems, both
in vivo and in vitro, and with widely varying drug
concentrations. There is some indication that
the extent of the inhibitory action of nitrogen
mustard depends on the drug concentration
used. When Earle’s ‘L’ cells were treated
in vitro with 0-Ipg [ ml, DNA synthesis stopped
24 hr after drug treatment when the premitotic

DNA level had been reached. RNA synthesis
and protein synthesis were unaffected at this
concentration but when the drug concentration
was increased to 0-2-0-3pg /ml RNA syn-
thesis and protein synthesis were also depressed
and the cells eventually lysed [15]. Similarly,
treating rabbits in zivo with 1-5-5 mg [ kg
nitrogen mustard and treating Earle’s ‘L’
cells in vitro with 0-25pg [ ml resulted in DNA
synthesis being depressed more than RNA
synthesis, whereas treating the more resistant
Ehrlich ascites tumour cells in witro with
50pg [ ml resulted in both RNA synthesis and
DNA synthesis being reduced to about 30409/,
of the control values [19]. Some of the differ-
ences in drug action on metabolic pathways
recorded by various authors can probably be
explained in terms of differences in drug
concentration used to treat tissues with
different sensitivities to nitrogen mustard.

It has been shown that nitrogen mustard
does inhibit nucleic acid synthesis in some cell
systems, including the mouse thymocytes used

" in the present experiment. The mode of action

of inhibition of nucleic acid synthesis by this
drug is, however, disputed and a pretreatment
effect would be compatible either with the idea
that nitrogen mustard acts specifically . on
certain site(s) or with the idea that any reactive
site may be attacked non-specifically [20, 21].

Table 2. Order of drug effectiveness™®
Pretreatment Based on results Based on results
End-point time (hr) for per cent for grains per
cells labelled labelled cell
Complete inhibition of 0 C>others G>others
detectable thymidine
uptake 3 N>C>Mp>%1 N>C>Mp>$f1
Tr Tr
1
13 N>Mp>C>Th N>Mp>C>.
509%, reduction from 0 C>others N> C>others
control value
3 N> C>Mp>:£f1 N>C>Mp>Tr>Th
13 N>Mp>C>Tr>Th N>Mp>C>Tr>Th

*Judged in terms of the molar concentration needed to produce the desired effect.

C — chlorambucil.

N — nitrogen mustard.
Mp — melphalan.

Tr — tretamine

Th — thioTEPA.



b. Indirect inhibition of DNA synthesis resulting
from a block in the cell cycle

Any block in the cell cycle which prevented

cells entering the synthetic phase (S phase)

would eventually cause inhibition of thymidine
uptake. Growth inhibition is not always
associated with an immediate block in DNA
synthesis. Thus, Ultmann e al. [22] obtained
inhibition of mitosis in regenerating rat liver
with doses of nitrogen mustard (1-9 mg/kg)
which allowed the accumulation of both RNA
and DNA beyond the control values. These
increased values were thought to be due to the
entry of fewer cells into the first mitosis after
hepatectomy and, therefore, to an accumula-
tion of cells with the premitotic DNA level.
Slmllarly, growth inhibition of mouse tumours
in pivo was produced with doses of nitrogen

mustard (0-8 mg/kg) which had no inhibitory

action on the incorporation of P: into
DNA [23]. Continued DNA synthesis up to
premitotic levels in the presence of nitrogen
mustard was also shown by Levis ¢t al. [24]
and by Brewer et al. [15]. These results
indicate that nitrogen mustard can act in such
a manner that DNA synthesis occurs normally
up to premitotic levels but that further DNA
synthesis is prevented, perhaps because the
cells fail to divide.

Widner et al. [25], basing their arguments on
the decrease in the mitotic index of transplanted
rat tumours at various times after the rats were
trcated with nitrogen mustard, suggested
several blocks in the cell eycle. It is gencrally
accepted that nitrogen mustard acts during
interphase though therc arc a few papers
besides Widner’s which suggest inhibition
during metaphase (sce Gelfant [26] for dis-
cussion and references). A block in the
premitotic resting phase (G,) is suggested by
Layde and Baserga [27] and by Gelfant [26].
It is thought that eclls that arc in the carly part
of the G, phasc when they are exposed to
nitrogen mustard do not undergo mitosis,
Cells in the latter part of the G, phase at that
time are presumed to divide and pass through
the following G, and S phases before being
affected by the nitrogen mustard. This would
explain the inercase in dry mass [28] and the
doubling of DNA content rcported in eclls
treated with nitrogen mustard. RNA synthesis
and protein synthesis are thought to be
relatively unafTected.

Ifa G, block were taking place in the present
experiment, a pretreatment cffect would be
expected. The longer the eclls were in contact
with the nitrogen mustard the greater the

number of mitoses prevented and the fewer
the cells entering the S phase. A lower per-
centage of tritium labelled cells would then
result. To cause complete inhibition of thymi-
dine uptake, the drug would need to be in’
contact with the cells for a pretreatment
period equal to, or exceeding, the duration of
the mitotic phase plus G, plus S plus any G,
remaining after the block. Metcalf D.(personal
communication) finds the cell cycles of large
and medium thymocytes to be 6-8 and 8-2 hr
respectively, with the S phases alone lasting
5:5 hr. The cell cycle of small thymocytes is
much longer. Since a pretreatment period of
45 min with nitrogen mustard prevents detect-
able uptake of thymidine, the main action of
nitrogen mustard on these cells cannot be a
block in the premitotic resting phase. More-
over, appropriate concentrations of thioTEPA
and chlorambucil prevented detectable thymi-
dine uptake without pretreatment. The cells
must have been damaged in the few minutes
between the additions of drug and labelled
precursor. The main action of these drugs
under these experimental conditions cannot
have been a block in the premitotic resting
phase. The cffect of nitrogen mustard has
already been shown to depend on the con-
centrations used, and it is possible that with
lower drug concentrations and longer pre-
treatment times such a G, bloek would be
detectable in the present cell system.

A block in some part of the cell cycle other
than the G, phasc could result in a pretreat-
ment effect but, again, completc inhibition of
thymidine uptake would not be expected until
a pretrcatment time approaching the length of
the cell eyele was used.

c. Cell damage unrelated to DNA synthesis

The cells could have becn damaged at some
sitc or sites not directly connected with thymi-
dine uptake. Inhibition of thymidinc uptake
could have refleeted cell death due to somc
unrclated damage. Using a partially synchro-
nized cell suspension of Earle’s ‘L’ cclls,
Walker and Helleiner [29] studied the effect of
nitrogen mustard on the viability of the
different stages of the cell eycle. The synthetic
phasc was found to bc the most susceptible.
Assuming that this finding is not an artcfact
resulting from the chemical synchronization of
the cells and that it can be applicd to other
ecll systems, then it is possible that the mouse
thymocytes in the S phasc at the time of drug
treatment were being preferentially killed.
Reduced grain counts and lower percentages



of labelled cells resulting from increasing the
pretreatment time with nitrogen mustard
before the addition of thymidine would be
compatible with this idea. The alkylating
agents with the most pronounced pretreatment
effects would presumably be those with the
greatest damaging ability.

In conclusion, from observations of the pre-
treatment times needed to prevent detectable
thymidine uptake, it appears that the main
mode of action of these alkylating agents
cannot have been a block in the cell cycle.
Direct interference with the thymidine to DNA
pathway (possibly by attack on the various
enzymes involved) or non-specific interference
with various metabolic processes with resulting
cell death are suggested as possible main actions
of these drugs on the mouse thymocytes in the
present experiment.

Pretreatment effect

Some of the alkylating agents examined have
been shown to have a more pronounced pre-
treatment effect (nitrogen mustard and
melphalan) than others (tretamine and
thioTEPA). No pretreatment effect was found
with chlorambucil. Two possible causes of the
pretreatment effect are postulated:

(1) It could be due to a time lag between
the damage and the demonstrable effect on
DNA synthesis

(2) It could reflect continuous and cumula-
tive damage as long as the cell is in contact
with the drug. These two possibilities are being
examined.

Although the compounds studied are all
alkylating agents, they are distinct chemical
entities and as such cannot be assumed to react
in a uniform manner. It is possible that the
pretreatment effect simply reflects the time
needed for sufficient drug to react and that
this time varies from one drug to another.
Published data on reaction rates are mostly
derived from the study of isolated cell con-
stituents in non-biological media. Under such
conditions, competition by other nucleophilic
substances and interference by cellular mem-

branes, which would occur in intact cells, are

absent. Further, the extent of drug adsorption
to proteins in the present experiment is un-
known. Israels and Linford [30] have shown
that individual proteins have their own
characteristic binding abilities and reaction
rates with chlorambucil. Moreover, the
chlorambucil results are difficult to explain in

terms of relative rates of reaction since the drug
appears to be as effective when added a few
minutes before the thymidine as after 1} hr
pretreatment. Perhaps the chlorambucil is not
acting as an alkylating agent in this system but
prevents entry of thymidine by altering the cell
surface. It may be significant that the com-
pounds with the extreme effects, nitrogen
mustard and chlorambucil, carry opposite
charges when in solution, the ethyleneim-
monium .ion resulting from cyclization of
nitrogen mustard acting as a cation and
chlorambucil acting as an anion. Melphalan
carries both a cationic and an anionic group
and the compounds with an intermediate pre-
treatment effect are neutral in solution.

The possibility that the alkylating agents
combine directly with the tritiated thymidine
has also been considered [31, 32] but alkylation
of thymidine is unlikely as sites of greater
reactivity are available [33] and unpublished
results [C. A. Brown] also appear to contradict
this idea.

Mannitol myleran

The fact that mannitol myleran failed to
show any inhibitory action on thymidine
uptake, even at a concentration of 2 mg/ml,
requires comment. Kellner and Németh [34]
report that 1 mg mannitol myleran/ml had a
marked in vitro effect after 24 hr on fibroblasts
of chick embryo hearts, fresh Crocker sarcoma
and Hela cells. Two mg/ml caused cell
destruction. Easty and Wylie [35] found that
as low a concentration as 2-5-250 pg/ml had a
cytotoxic effect on glioma cells. On the other
hand, 33-8 mg/ml was found by Onesti and
Woodliff [5] to have no effect on oxygen-
uptake by chronic granulocytic leukaemia
cells iz witro, and Reid [36] showed that
0-5 mg/ml had no effect on the iz vitro synthesis
of uridine nucleotides and glycogen by rat
liver. This would indicate that different
tissues have very different sensitivities to
mannitol myleran and that mouse thymocytes
may be among those that are relatively
resistant.

Practical applications

The object of.this study is to investigate an
in vitro method which, it is hoped, will yield
results reflecting the effects of drugs on growth
of individual tumours in vive. In the practical
application of such a test, it is irrelevant
whether the drugs prevent DNA synthesis
directly or indirectly.



It has been shown that the order of effective-
ness of different drugs appears to depend on the
length of pretreatment and, in some circum-
stances, on the criterion used to measure the
drug effect. Which, if any, of these timing
procedures and criteria would yield results
reflecting the effects of the drugs on the same
cell system in vive cannot be decided a priori.
This can be determined only by performing
parallel in vitro and in vive studies. A further
complication in the application of this test is
that the majority of human tumour cells have

a cell cycle longer than that of mouse thymo-
cytes. Longer incorporation times would be
needed to yield a countable number of cells
labelled with thymidine.
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RESUME

Dans le but de tester une méthode de mesure de la sensibilité individuelle des tumeurs aux
agents chimiothérapiques in vitro, lauteur a étudié Uaction de divers agents alkylants
sur Uincorporation in vitro de la thymidine tritide dans les thymocytes de sourts. Des
concentrations approprides d’ypérite azotée, de tétramine, de thioTEPA, de chlorambucil
et de melphalan diminuaient le nombre moyen de grains par cellule marquée et le pour-
centage de cellules marquées, tandis que le mannitol-myleran (4,9 mM) n’avait aucun
effet sur Uincorporation de la thymidine. En augmentant la durée d’incubation avec le
produit, avant P additionde thymidine, onintensifiaitl’ action du médicament, mais 'importance
de cette intensification variait d’une substance a I’ autre. Cet accroissement d’effet, en
Sonction de la durée d’incubation, était importante pour Uypérite azotée et le melphalan,
modérée pour la tétramine et le thio TEPA, et absente pour le chlorambucil. L'efficacité
apparente des substances (déterminde par leur faculté de diminuer Pincorporation
de thymidine par rapport aux contréles) dépendait donc de la durée de Iincubation des cellules
avec les agents chimiothérapiques.

A partir de ces observations, I auteur discute la validité des méthodes de mesure de la
sensibilité des tumeurs in vitro, comme moyen d’évaluer la sensibilité de ces mémes
tumeurs in vivo. Des études paralléles in vitro et in vivo sont nécessaires pour déter-
miner quelle méthode est capable d’apporter des renseignements valables pour la clinique.
On pourrait aussi déterminer, de cette fagon, s’il est préférable d’utiliser le pourcentage
de cellules marquées ou le nombre de grains par cellule, comme critére d’évaluation.

Des observations sur Pimportance du lemps d’incubation préalable avec la substance
(aucune préincubation n’élait nécessaire pour empécher Iincorporation de thymidine avec
le chlorambucil et le thioeTEPA; 45 minutes de préincubation étaient nécessaires pour
Dypérite azotée et le melphalan; et une heure et demie pour la tétramine), on peut, conclure
quun arrél, a un stade quelconque du cycle mitotique de la cellule, ne constitue pas le
mode d’action principal de ces substances, dans les conditions expérimentales utilisées.
Une interférence directe dans le processus métabolique conduisant de la thymidine @ ' ADN,
ou une inlerférence non spécifique dans divers processus conduisant @ la mort de la cellule,
sont proposées comme une explication possible du mécanisme d’action de ces substances.

SUMMARY

With a view to examining a proposed method for measuring in vitro the sensitivity of
individual tumours to chemotherapeutic agents, the effects of selected alkylating agents
on uptake of tritiated thymidine by mouse thymocytes in vitro were investigated.
Appropriate concentrations of nitrogen mustard, tretamine, thioTEPA, chlorambucil and
melphalan decreased the mean number of grains per labelled cell and reduced the per-
centage of labelled cells, while mannitol myleran (4-9 m M) had no effect on thymidine
uptake, Increasing the incubation time with drug before the addition of thymidine tended
lo enhance the drug action, but the extent of the pretreatment effect varied from one drug
to another. The pretreatment effect was pronounced with nitrogen mustard and melphalan,



moderate with tretamine and thio TEPA, and absent with chlorambucil. As a result of
the pretreatment effect, the apparent effectiveness of the drugs (determined by their ability
to reduce thymidine uptake relative lo control values) depended on the pretreatment time
used.

The application of these findings lo an in vitro method of determining sensitivity of
individual tumours in vivo is discussed. Parallel in vivo .and in vitro studies are
needed to indicate which, if any, of these incubation procedures and methods of reading
the results would be of value in a clinical assay and, to some extent, on whether perceniage
cells incorporating thymidine or uptake per labelled cell should be used as the criterion

of drug effect.

From observations on the pretreatment time needed to prevent detectable uptake of thymi-
dine (no pretreatment necessary with chlorambucil and thio TEPA, 45 min needed with
nitrogen mustard and melphalan and 1% hr with tretamine), it is concluded that a block at
any one point of the cell cycle cannot be the main mode of action of these drugs under these
experimental conditions. Direct interference with the thymidine to DNA pathway or
non-specific interference with various metabolic processes resuliing in cell death are
suggested as possible modes of action of these drugs.

ZUSAMMENFASSUNG

Um ¢ine vorgeschlagene Methode, welche dazu bestimmt ist die Empfindlichkeit einzelner
Tumoren verschiedenen chemotherapeutischen Mitieln gegeniiber in vitro zu untersuchen,
zu dberpriifen, wurde der Einfluss dieser Mittel aufddie Einverleibung von mit Tritium
markiertem Thymidin in M dusethymozyten in vitro studiert. Enisprechende Mengen
von N-Lost, Tretamin, ThiocTEPA, Chlorambucil und Melphalan fiikrten zu einer
Verminderung der Zahl der Kérner pro markierte Zelle und des Prozentsatzes der
markierten Zellen, wihrend Mannitol-Myleran (4,9 mM) kemen Einfluss auf die
Thymidineinverleibung hatte. Die Verlingerung der Inkubationszeit mit den Chemo-
therapeutica, ehe Thymidin hinzugegeben wurde, erhihte die Wirksamkeit der letzieren,
aber diese Wirksamkeit war uneinheitlich. Die Wirksamkeit dieser Vorbehandlung
war sehr ausgesprochen im Falle von N-Lost und Melphalan, missig mit Tretamin und
ThiocTEPA und abwesend mit Chlorambucil. Das Resultat der Vorbehandlung
ldsst den Schluss zu, dass die scheinbare Wirksambkeit, gemessen an ihrer Fihigkeit die
Thymidineinverleibung im Vergleich zu den Kontrollwerten zu vermindern, wvon der
Dauer der Vorbehandlung abhiingt.

Die Anwendung dieser in vitro-Methode der Bestimmung der Sensibilitit individueller
Tumoren in vivo wird besprochen. Parallele Untersuchungen in vive und in vitro sind
notwendig um festzustellen, ob diese: Inkubationsmethoden und die Anwendung ihrer
Resultate klinisch verwendbar sind und zwar insbesondere um festzustellen, ob der
Prozentsatz der Zellen, welche Thymidin einverleiben, oder ob die Einverleibung pro
markierte Zelle als Priifstein fiir die Wirksamkeit eines Medikamentes verwendet
werden soll.

Aus der Bestimmung der notwendigen Vorbehandlungszeil, um eine erkennbar Thymi-
dineinverleibung zu verhindern (mit Chlorambucil und Thio TEPA ist keine Vorbehandlung
notwendig, mit N-Lost und Melphalan 45 Minuten und mit Tretamin 1% Studnen) wird
der Schluss gezogen, dass unter den genannten Versuchsbedingungen eine einfache
Blockierung an irgendeinem Punkte des Zellteilungszyklusses nicht die Hauptwirkung
dieser Medikamente ist. Die direkte Beeintrichtigung des Thymidin-DNA-Weges oder
unspezifische Engriffe in den Zellstoffwechsel, welche zu dem Zelliode fiihren, werden
als mogliche Wirkungsmechanismen dieser Mittel in Erwdgung gezogen.
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