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Abstract

Introduction: Radiciodinated iodo deoxyuridine (IUdR) is a novel cycle-specific agent
that has potential for the treatment of residual malignant glioma after surgery. Because this
thymidine analogue kills only roliferating cells. However, maligment cells which are not
synthesizing DNA during exposure to the radio pharmaceutical will be spared. To determine
whether tumour incroporation [125 IIUdR could be enhanced by protracted administration we
employed three different delivery methods such as single injection, polymer implant and using
osmotic pump in an in vivo study in compare with an in vitro study using multicellular glioma
spheroids of a range of sizes and incubation times.

Methods and Materials: we used a C6 cell line, growing in the brains of Wistar
rats, as a glioma model and compared biodistribution of radiopharmaceutical in glioma cells by
using autoraiogarphy method. Autoradiogarphy technique also used (o discribe means c::f['25 I]
1UdR incorporation at different times and depths within UVW multicellular glioma spheroids of
a range of sizes.

Results: Twenty-four hours after administration of drug, autoradiography of brain section
demonstrated nuclear uptake of the radiopharmaceutical in cells throughout tumour while
normal brain ecells remained free of radioactivity. The [125 [IUdR labelling indices (%o +s.e.m.)
achieved were 6.2 (0.4) by single injection, 22.5 (4.1) using a sustained release polymer implant
{poly lactide-co-glycolide) and 34.3 (2.0) mini-osmotic pump. The resulis of the spheroids study
confirm that incorporation of [m IIUdR decreased markedly with increasing size of spheroid.
The distribution of IUdR was uniform throught small spheroids (<200 pm), while the
concentration of TUdR oeccurred predominantly in the peripheral cells of larger spheroids. The
IUdR uptake enhancement occurred by increasing the incubation time from 52 hours to 104
hours i.e. one or two multiples of the initial volume doubling time.

Cunclusion: The results obtained from in vitro and in vivo studies emphasize the need
for a sustained delivery system as a prerequisite for effective treatment. Thses findings are also
encouraging for the development of a sustained release for radiolabelled IUdR for use in the

treatment of intracranial tumours, particularly in the immediate postoperative setling.
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Introduction

Glioma constitues mare than 40% of malignancies
of the central nervous system and is associated with a
veny poor prognasis (1), Although this tumour dose not
metastasize 1o distanat siles, it undergoes diffuse ocal
spread, and iotal surgical resection with generous
margin of adjacent narmal tissue is rarely feasible. |t is
resistant to most cycotic drugs and, while some benefit
has been reporad with radiation treatment (2), external
beam radiotherapy  is  limited by normal  tissue
intalerance. New treatment agents for glioma therapy
are therefore urgently needed.

The Auger electron emission from 12% | have an
effactive range of anly a few nanometers (3). Therefore
this radicnuclide must be associated with DNA to kil
cells (4). A suitable targeting vehicle is the thymidine
analogue - [125 ] iodo- 2- deoxyuridineg. (i E.[”S ]
IWdR) which s incorporated into the DNA of cycling
cells, Because of their rapid rate of growth, there
should e preferential uptake into tumour cells. The
efficacy of locoregional administration of this agent has
been demonstrated in rodent models of glicsarcama
[Z), mening=al carcinoma (6] and ovarian ascites(r).
Because [12° [|IUdR deicdinates rapidly in vivo (8) it is
anticipated that non intravenous roues of admini-
stration will be employed in the initial clinical use of this
agent, Since nuclear incorporation of [Jz-l' NIUdR ocours
anly in cells which are synthesizing DNA, a major
limitation to this therapy is the presence within the
targeted tumour of cells which are tempararily out of 5
phase during exposure fo the drug (9). One way to
overcame this restriction is to employ, in addition,
radichalogen conjugates of deoxyuridine, such as the
long range B-emitter 11 (10) or that c-emitter 17 AL
(11), whose decay paricles are lethal over ranges
equivalent to several cell diameters. By this approach,
untargeted cells  adjacent to  those which  have
accumulated radiopharmaceutical receive a radiation
dose by cross-ffire, The potertial benefit of  this
radiological bystander effect has BReen demonstrated
using multicellular tumeour spheriods (12),

Since |UDR is incorporated into the DMNA anly of
those cells in S-phase, a major limitation to the efficacy

of the radiopharmacutical will be the presence of
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nen-dividing cells in the targetad twmaour. It is important
that the effect of proliferative heterogeenity on IUdR
should  be

thearatical calculation suggests that this could be the

targeted therapy evaluated because
dominant factor in the efficacy of treatment (13).

An autoradiographic technique using [12° [JIUdR is
described as means of studying IUdR incorporation at
different volume doubling times and depths within
multicellular glioma spheroids of a range of sizes to
compare the diference between uptake of ['2* 1)IUdR
in different in vivo and in vitro models,

Microencapsulation  allows  the preparation  of
biodegradable microsphares that can be precisely
implanted in a small area of the brain by sterectactic
technigues {14, 15, 16). IUdR can be incorporated into
thin films of bicdegradable polymer {17). These
findings suggest that significant sparing of non-cycling
maligment glioma cells would results from treatment
delivered as a single injection of ['2° |JIUdR and that
uptake of drug would be enhanced by prolonged
exposure, We have undenaken an investigation to tast
this hypothesis in vive and in vitro, [12% )IUdA was
administersd  directly  into  tumours  produced by
intracerebral implantation in Wistar rats of GG rat glioma
cells. Three differant means of dalivery were imployed:
single injection, slow  release  from  biodegradable
inserts and diffusion from implanted osmotic-pumps.
We demonstrate that the tumouwr cell uptake was
aroathy
radiopharmaceutical in both in vive and in vitro studies

improved by prolonged delivery of the

and_the most efficient method was increasing the
incutaticn time or administration by osmatic-pump,

Materials and Methods

Tissue culture media and supplaments  were
purchased from Gibco-BBL (Paisley, UK. Al other
rezgents were cbtained from Sigma-Aldrich Co Lid
{Darest, UK), unless atherwise stated, No-carrier-added
[(F2% )iUdR of specific activity 74 TBg mmaol-1 was

aiained from Amersham International plc, LK,

= Cell culture
The C6& rat glioma cell ling was obtained from the

Amearican Type Cultures Collection  (Rockville, MD,

-



.,
.

e

LR wptake heteragenetty

Usa) and  UWW  glioma  cell line  obtained  from
Department of medical oncology (UK). Cells wera
F10-DMEM
supplemented with 10% (viv) fetal bovine serum. The

arown in [Dulbeccos medium)
madified Eagle cells were passaged after reaching 90%
canfluency (every fourth day) and plated at an initial
density of 104 cells cm-2 at 3700 in 5% carbon dioxide
at 90% relative hurmidity. Caltures were routinely tested

and found 1o be free from mycoplasma contamination.

= Spheroid culture

One milion cells from UVW glioblastoma cell ling
weare harvesied from exponetial monlayer cultures,
seeded into biological petri dishes (Ston, Staffs, LK)
containing 15 ml of medium and kept in a 5% CO;
incubatar for 48 hours, Gells were then transferred 1o
spinner flasks (250 ml} (Techre, UK) containing 100 mi
medium in 5% GO. at 37°C and culiured until
spheroids of the required size were obtained.

= Uptake of {12 IJIUdR by UVW spheroids

Cells aggregate of approximatly 100 diameter, wer
tranzaferred to spinner flasks containing 130 mi of
medium. The contents of the vessels were equilibrated
with a mixture of 5% CO, and 95% air for 3 min. The
flasks were Ssedled and placed on a magnetic stirrer
platform in a hot room at 37%C. Half of the medium
was changed 3 times per week, After 2-6 weeks of
grow,spheroids of 150 pm. to 1000 gm diameter were
transferred from the spinner flask into 50ml tubes, each
cortaining 10 ml of medium with 0,08 MBog/ml of
['*% |JWUdR. Each tube comtained 10-20 spheroids,
depending on size After equilibration with 5% CO» the
tubes were placed an a roller shaker and incubated at
AP0 for either 52 or 104 houwrs, e one or two
multiplez of the initial volume doubling time. The
spheroids were then washed several times in culture
rmedium until no further soluble radioactivity could De
pluted, They were embedded in mounting medium on
cork discs, and frozen by cooling in liquid nitrogen.
Sections (5 um) were cut in & cryostat {Bright) at -20°C
and thawed onto silanised slides, After drying at room
temperature,. the sections were stored desiccated
at -20°C.
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# Kxperimental animals
Wistar male and female rats weighing 250.300

gwera obtained from Harlan Olac [Bicester, LK)

= Intracranial implantation of C6 cells

The implanation procedure was similar to those
described  previously (18, 19).
inductiocn of anaesthesia by halothane inhalation,

Briefly, after the

animals were placed in Kopf sterectaxic frame; the
head was shaved and disinfected; a midline incision
was made using a scalpel blade and underlying tissue
removed using bDlunt dissection. Using a dentist drill
fitted with a size 018 burr, a hole was drilled 4 mm
paosteriar to the coranal suture and 3 mm to the right of
the sagittal suture. The needle was advanced 1o a
depth of 6 mm from the top of the skull and then
withdrawn to a depth of 4 mm.

Exponentially growing C6 cells were detached from
fissue  culiure  plates  using
phosphate-buffered salineg (PBS)-EDTA, suspended in

FBS and counted

0A%typsin in

in a Coulter counter{Coulter
Electronic, Luton, UK). Using a Hamilton syringe
{(Hamiltone, Bonaduz, Switzerland) fitted with a 230G
neadle, 5x10 cells contained in a 10 ml volume ware
injected slowly into the cavity, Afterl min the needls
was removed.

A piece of surgicel was placed over the injection
site to aid healing and prevent infection. The head
wound was then closed with Dexon sutures [Davis &
Geck, Gosport, Hams, UK).

The procedure was carmed out under sterile
conditions. The animals were observed for three
weeks, Those showing signs of ill health or distress
were immediately sacrificed.

« Biodistribution of ['%° IJIUdR

These experiments were performed on groups of
s rate, To minimize thyroidal of free radioiodide, the
drinking water was supplemented with 0.1% (wjv) KI 2
days before administration of ['*° [JIUdR. One week
after initiation of tumour growth and using the same
coordinated, 0.37 as those for implanation of C6 cells,
rats were injected intracranially with MBg of ['* [JIUdR

in 10 ml. The injection time was 1 min, After injection,




the Hamilton syrrng needie was |eft in place for a futher
minute befar being slowly with drawn. This procedure
resulted in no leakage of injectate,

At various times (05 1, 2, 24 and 48 h) after
injection of radiopharmaceutical, the rats were Killed.
Tiszues of interest ware removed, washed with PBS,
olt-dried, weighed and the radioactivity measured in
an austomated gamma courter (Canberrs  packard,
Berkshire, UK). DMA was also isolated from these
tissues by phenol-chloroform  extraction  and  the
incorporaled radicactivity was determined by gamma
counting, Statisticals analysis of biodistribution  data
was by student ttest

# [123 [IUAR-loaded biodegradable thin films

Poly (D - L-lactic-co-glyeolic acid) (PLGA), 8515
{low intrinsic viscosity, Mw 62000}, was purchased
OH, USA). PLGA was

hecause of

fram  medisorh  (Cincinnati,

chosen  for  this  work it clinical
acceptability and its biodegradable and biccompatiole
into PLGA. Thin films of ['* I]IUdR were prepared by
dissolving 10-30 mg PLGA in dichloromethane, mixing
in small volumes (5-20 ml) of ['* 1]IUdR by sonication
and casting intc a small silicoized petridish, The
dichloromethans was allowed (o evaporate overnight
and then dried at 4005 in & vacuum oven for 24 h
Radiclabelled 1UdR within the thin films has been
shown 1o be protected from  degradation  during

incubation in PBS, serum and plasma (17).

+ Implantation of [ 125 JUdR-loaded PL.GA
polymer

Thin films of PLGA for intracranial implantation had
the dimensions 2.5% 1.5x 0,19 mm. These were loaded
with 0.37 MBg of [2* 1)IUdR. Using a dentist drill, the
existing hole in the skull of a tumour-bearing rat was
enfarged to a diameter of 25 mm. The drling was
performed in short bursts and the skull cooled with
saline to prevent heat damage 1o the underlying brain.
& fine scalpel (NO. 11) was used to make an incision
in the dura at a depth of 4 mim. The thin film was then
gertly lowered into this space. Surgicel was then
placed ower the craniectomy site to protect the
exposed brain, prevent infection and aid healing. The
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waund was then closed using Dexon sutures.

= Implantation of osmotic pump

Alzet miniosmatic pumps (Charles River Lid, kent,
UK) with a capacity of 200 ml and flow rate of 0.14 mil
per min, weare filled with 200 ml of solution containing
0.37 MBqg of ['™ I]IUdR in sterile saline, taking care to
avoid the entrapment of air bubbles. A brain infusion
cannula was then attached o the pump and the whole
assembly incubated in sterile saling overnight at 37°C.
The scalp was washed, disinfected with chlorhexidine
and a midiing incision was made. The underlying tissue
was  cleared  around  the  existing burr hole, A
subcutansous tunnel, leading from the scalp incision to
the midscapular space, was made using  bBlunt
dissecting scissors. The pump was located in this
space, with the catheter tubing pointing towards the
skull. A plastic spacer was afttached, 4.5 to the cannula
before it was insered into the burr hole 1o achieve a
depth of mm. The cannula was attached to the skull
using Histoacryl [Cyanarmid, hampshire, UK). This was
allowed to harden for a few minueas before the scalp
was closed with Dexon sutures, This procedure was

carried out under sterile conditions,

# Intracerebral distribution of f”ﬁ HHTUAR

Twenty-foure hours  after the initiation of the
administration of 0.37 MBg 12 1JIUdA by intracranial
single imection, polymer implantation or osmaotic pump
delivery, animal were sacrificed. Brains werg prepared
for sectioning and autoradiography by freezing in
iscpentane (BOH, Poole, UK) cocled to -42°C for 10
min and than covering in Lipshaw embeding mediurm.
They were then stored at -200°C unit required. After

sectioning {10 mm thick) and mounting.

= Autoradiography

The slides of ether sphercids or rat brains were
dipped in a 1:1 diution of kodak NTB-2 emulsion in
distiled water &t 43°C. After drying, the sections were
exposed in light-proof desiccating boxes for 92 h
Sections were developed in 1:1 dilution of kodak D 19
developer at 10°C for 4 min. After a brief wash in
distiled waler, the emulsion was fixed in kodafix

<;/‘
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for 5 min. The slides were washed and counterstained different treatment groups, and s method for mulliple

with hasmatoxylin, dehydrated through graded ethanols pairvise compared by analysis of variance with Tukey

and mounted in DPX synthetic resinmountant (BDH, comparnsons.
Poole, UK), To determine the depth within the tumour
whera maximal uptake of ¥ {]IUGR had taken place, Results

the tissue of every third section was solubilized with = Biodistribution

1 M radicactivity
measured in a gamma counter.For each exprimental

sodium WaS

and Adter intratumoural injection of ['* 1]IUdR no toxicity

Fryedroxice
was abserved in oany animal At 24 and 48 hthe

animal, four sections, adjecent to the depth associated retained fraction of injection dose per gram of brain

with peak activity, were selecled for the estimation of was  significantly  higher  in  tumour 'bearing rats

IUdR labelling indices.Sections were exarmined using a {P<0.001). After 24h, thyroid, stomach and, to a lesser

Leitz microscope with 10x10 square grid eyepiece extent, small intestine were the only normal tissues

graticule at 400x magnification, providing a square fisld examined which retined substantial amounts of

measuring 0.26x 0.26 mm (area=0.068 mm2). Four radioactivity (Table 1). The retenticn of activity by

representative fields,at loci within the center of the thyroid was significantly greater in test animals than in

tumour mass,were evaluated per section.Cells which control animals a1 2 and 24 h {(P= 0.001 for both time

points) after administration  of radiopharmaceutical.

had greater than ten nuclear-associated graing wers

scored positively The labeling index for each filed was Howevar, by 48 h, there was no significant difference

calculated by expressing the number of labeled cells between thyroid activity in the two groups of rats. It is

az a percentage of all cells within the field, and the concaivable that thyroid function could be alfered by

mean labeling index for each animal was determined, the presence of an intracramal tumour which could

For  statistical  analysis |labeling  indices  were vary the pressure experienced by piluitary or other

logarithmically transformed. 1o stabilize the variance in regulatory ganglia in the brain. This, is tum, could
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induce variations in thyroid hormone output thereby
effecting radicpharmaceutical uptake by thyroid in
tumaur-bearing rats. We could detect no activity in
OmA izolated from normal tissues of sither 24th test or
control group of animals  whereas  in rats  with
intracranial  tumours, h after injection  of radio-
pharmacedtical, 86, 422.4% (mean+s.d) of the activity
associated with brain was DNA-bound. This valus
increased to 90,123.6% (meanxs.d) at 48 h. These
observations are encouraging from the point of view of
therapy. However, the initial rapid loss of IUdR from the
brain emphasizes the need for a slow release delivery
yslem.

« [UdR labelling index of in vivo experimental
framonrs

All three delivery systems were well tolerated by the
animal; none of the animals exhibited sign of either
discomfort or distress. The animals were sacrificed
24 h after the initiation of the administration of
['** NIUGR. At this time, the remaining activity
associated with PLGA polymer was, in all cases, less
than 8% of the Ioaded doseThe coresponding
residual activity in the osmotic pump reservoirs was
less than &% of the loaded dose.From duallaballing
pilor - studies  (autoradiography  and  immunchisto-
chemistry) it was clear that the immunohistochemical
label could not be wvisualized undermsath the silver
grains of cell with heavy IUdR uptake. Because the
immune cells associated  with the intercranial CG
lesions were located mainly at the periphery of the
malignant  cellular  mass,  labeling  indices  wers
assessed in regions whithin the body of the tumour.
Autoradiograms of brain sections demonstrated nuclear
uptake of the radicpharma- ceutical in calls throughout
twmour, while normal brain cells remained free from
radioactivity.  The ['2°  [JlUdR  labeling indices
(%*s.em.) achieved were 6.2 [0.4) by single injection
225 (41} by slow-release polymer 2 implant
(polylactide-glycolide) and 34.3 (2.0} by mini-osmotic
pump  (Fig. 1 and 2). These differences wera
allstatistically significant (pump versus singla injection,
P= 0.001; polymer implant varsus single injection,
P 0.001); pump versus polymer implant, (P <0.05),
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Fig. 12 Autoradieprams of sections of T-days old O temours cxposed b
P TR wsing defferent methods: A Single injection; B Slow release
FLOGA pelvmer iaplant © Ming asmotic pump
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Fig. % Labelling index (mean and sem) of three different delivery
metheds for [ TTUMR, The analysis was performed 24 hours afler the
initiation of the delivery of radiopharmacentical
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= Spheroids [ Feay JIUAR uptake studies

&l labelling indices decreased with increasing
spheroid diameter. For spheroids of less than 300um
diameter, there was no significant difference between
the IUdR 52 andi04 hours

incunation,whereas for larger spheroids the longer

labelling  indices for
incubation time increased labelling.

Figure 3 (a, b, c) show the IUdR labelling indices in
sach threa 25 um layers ([outer, middle and inner
layers) as a function of spheroid diameter, The resulls
can be summarised qualitatively as follows:

@) For any given spheroid diameterthe labelling

index decreased with increasing depth within  the
sphercids.
Cucer Lahelling Index
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Fig, 2 1UdE Labelling indices for the ouler region of the tumour

sphereids after 52 and 104 hours incubatien of spheroid diameter

b} The reduction in the labeling indices increasing
spheroid diameter occurred in all fayers, but was mare
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Fig. 3 IUdR Labelling indices for the Middle region of the tumour

spheroids after 5% and 104 hours incubation of spheroid diameter

ciThe effect of increasing the ludR incubation time
was greatest in the middle and inner layers of 300-400
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um  diamster, where adoubling in the number of

labelled cells was observed.

Inner Labelling Indes
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Fig. 3o IUAK Labelling indices for the inner repicn of the lumour
spherotds after 52 and 104 hewrs incubation as a function of spheroid

diamcter

Discussion

The purpose of these studies were 10 assess the
limitations to ludR-tareted Auger electron therapy for
glioma imposed by  heterogeneity  of  cellular
proliferation.Auger electron emitters such as '2° 1 are
radictoxic only to cells which incorporate them into
DMNA (4). This is because the effective range of Auger
electrons is only a few nanometers (3). The thymidine
analogue ['2% 1) IUGR facilitates the delivery of lethal
radiation to dividing cells while sparing guiescent cells,
intarest

intralesicnal delivery of this radiopharmaceutical for the

Therefore there s  considerable in the
treatment of residual glioma following surgery [(8).

However, it is recognized that a limitation of
shortterm  administration of ['2% [JIUdR would be
in DOMA

synthesis during the time of exposure 1o the drug.

sparing of malgnant cells not  involved
The resuts of the present study with spheroids

indicate that, in this model, there is an inverse
relationship between the number of cycling cells and
spheroid diameter.The growth fraction in the smallest
spheroids studied was approximately 70% and this
fraction decreased progressively with  increasing
spheroid size. For the largest shercids, only 40% of
cells in the proliferating rim were cycling. ludR labeling
indices in spheroids after incubation for 52 hours (the
douling time of the initial monocexponential growth

phase) were significantly low. This suggest that, of the




cycling fraction of cells, a considerable proportion had
a cycle time longer than 52 hours, In addition, the
IUdR
incorporation is further reduced at depth within the

present  in witro  study  demoristrates  that

profiferation region  of  sphercids  relative  to the
superficial call layers. Similar findings for radiolabelled
thymiding incorporation were reported for spheroids
derived from human breast carcinoma cell line MCF-7
i13). Increasing the period of incubation with IUGR
from 52 to 104 hours increased the proportion of cells
that incarporated ludR in most size classes, although
the IUAR labeling index remained low,it is therefore
lixely that a higher uptake of IJdR could be achigved
by further prelongation of the incubation time. This
particularly true for the treatment of cells which are
profiferating less rapidly as exemplified by cells existing
in the hypoxic and nutrient deprived regions of large
spheroids. This suggested that protracted delivery of
the radiopharmaceutical may be used to overcome the
difficulty caused by proliferative  heterogeneity of
gliomas. Brem and co- workers {20, 21, 22) have
pionesred the use of sustained release biodegradabla
polymernc implants containing cytotoxic agents [e.g.
carmusting) for the treatment of brain tumours and it
has been demonstrated that synthetic implantable,
bindegradable polymers hold  promise  for  the
controlled  release and local delivery of IUdR for
radiosensitization of gliomas (23). In a recent study
involving a rat model of leptomeningsal metastases.
continuous infusion of [!* 1] IUJR by means of micro-
oamatic pump was found 1o be more effective than
single or intermitient applications of  the
radiopharmaceutical (24).

The present investigation was designed 1o compare
the extert of cellular uptake of ['2% 1] IUDR in
mxparimental tumaours achieved by single intralesional
injgction, slow- release polymer implant and diffusion
from  osmotic pump,. We have demonstrated that
significantly greater accumulation of [12% |] IUdR was
achieved in malignant cells by means of sustained
delivery than by single intralesional injection and that
administration by osmotic pump was  superior 1o
release from a biodegradable implant. This confirms
findings of enhancemearnt of ['* 1] IUdR uptake in vitro,
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by prolonged exposure of glioma cell spheroids and is
in agreement with the previously observed supsriority
of osmotic pump delivery (24), Recent studies have
shown that in vitro there is a rapid release of 40% 1UAR
in 4 h followed by a slow sustained loss of drug.
Howewver, the rate of release of IUdR from PLGA thin
films can ba finely regulated by varying the thickness
of the polyrmre (17). Further refinements to the design
of this delivery system are in progress to achieve
sustained release of IUCR over a range of time
intervals. Extension of the infusion time bayond 24 h to
several days should enable greater enhancemert of
radiophammaceutical  uptake in tumour  provided
radiclaballed IUGR remains stable.

Twenty- four hours after intratumoural injection of
(1% 1] IUGR, 99% of the activity observed after 30 min
had cleared from the brains of control animals whereas
nuclear uptake occurred i the brains of tumour-
bearing animals.  After  intratumoural Cinjection  of
(3% 1] WA, no toxicity was apparert and the
grealest accumulation of the radiopharmaceutical after
48 h occurred inotumour, Activity was evident in the
thyroid [(indicating incomplete blockade by polassium
iodide), in the stomach and small intestine after 2 days,
The latter observation s in agreement  with
pharmacokinetic studies using a rat brain tumour
maodel derived from the rat glioma cell line 9L {18).
Encouragingly, concentration of [123 |JlUdR did not
COoUr in Bone marrow,

Heterogeneaous proliferative activity of glioma cells
is one of the main barriers to the therapeutic use of
radiolabelled UK, We comparsd the in vitro toxicities
of three radicicdoanalogues of IUGR. Ulra- short range
Auger electron emitters (12* | and ' 1} coupled to IUdR
were more taxic than ['* 1] IUGR to clonogens derived
from single cell cultures and treated in exponential
growth phase. In contrast, the long- range B-emitter
conugate ['*' 1] IUdR, which provides some ‘cross
fire'irradiation between cells, was more efficient than
the shan- rangeradicnuchdes in reducing the survival
of clonogens derved from multicellular sphercids (10).
It was concluded that only cells which were in 5 phase
incubaticon with

during the period af

radiopharmaceutical were killed by IUdR conjugated to
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Auger electron emitters (' | and '2° 1), whereas !}
NUdR had "superior toxicity 1o clonogenic cells in
spheraids due to cross-fird B-iradiat ion of GO cells.
These findings suggest that a  combination of
3 udrt and 129 1] IUdR or ['2F 1] IUDR might
bemore effective than ['2 1] IUGR or ['2* 1] IUdR alone
for the treatment ofresidual glioma. s also important
to recognize that in the setting of immediate
post-surgical resection, regrowth s rapid (26) and a
large fraction of cells are actively replicating. In this
situation an S phase-specific agant would be valuabls,
especially if administered by a slow delivery system.
The success of curative targeting strategis is governad
by the ahility to steriise all clonogens. Therefore,
therapeutic regimes must be designed to overcome the
limitations  imposed by proliferative  heterogeneity,
including the presence of viable tumour cells which are
ternpararily out of cycle or very slowly. Such conditions
were apparent using spheroid model,  in which
substatial variation in proliferative was observed. This
study  clearly demonstrales that increased time of
imcubation with IJdR partially overcomes this obstacls,
The optimal benefit from radiciodinated IUGR therapy is
likely to be oblained by prolonged exposure 1o lhe
drug so that the maximum number of pctentially
cycling cells will incorporate the Auger emitter as we
demonstrated in our in viva study. Ancther means of
avercaming  the  incomplete  dose  distribution
associated with '35 | therapy has been demonstrated
conjugate  5-[F11 0 A

using  the a-amittar

astalo-2'-decwyuriding (27 At) AUdR) (27). Not anly

does tumour cell uptake of ! At enable alpha particle
bombardment of neighbouring, untargeted, out-of-cycle
cells by cross-fire but each decay of *'! At produces at
lzast tan times the number of DNA  double-strand
breaks as that obtained per '** | decay (28). The
optimal therapeutic use of radiolabelled deoxyuridine
may consist of mixtures of shom and long radionuclide
derivatives including ['2* IUdR, (13! @udR. 217 A
AUdR and ['** [JIUdR. The latter agent as well as
delivering toxic Auger electrons to tumour cells, could,
by wirtue of its favourable Y-emissions, facilitate
imaging to direct external bearm irradiation.

In canclusion, & variety of mathads of intra delivery
of ILhR in vivo and in vitre were studied o determine
which procedure would result in the maximal trmour
uptake, Direct injection, implamable osmotic  pumps
and biodegradable ploymers were used to administar
12% ] WdR. Autoradiography  of brain  sections
demanstrated nuclear uptake of the radiophrmaceutical
in cells throughout trmour while normal brain - cells
remainad free from radicactivity. Labelling was optimal
for the pump delivering a given load over 24 h and
was substantially better than for a single injection.
These results reinforce our in wvitra findings and
emphasize the need for a protracied delivery system
{perhas ' | extending over several days provided this
is within the limits of the stability of ['Z 1] IUdR) as a
prerequisite for effective treatment. Both direct DNA
damage and  sensitization  to external  Deam
radictherapy  should be  increased oy prolonged
administration of ['* 1] IUdR.
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