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I FOREWORD

INTRODUCTION

In November I have assumed responsibility for
the Life Sciences Department which has been
headed ad interim by Prof. R.W. Ammann for the
past four years. I very much enjoyed getting to
know all the people and learn more on their re-
search activities and I was impressed by the high
level of expertise and motivation throughout the
department. After major changes in organisation
and research programmes in previous years, the
department now comprises four distinct research
areas. One of these, structural biology, is new
and is being built up by myself. In my introduction
I would like to give an overview on the current
research organisation and activities, briefly
comment on the major achievements in 1999
and conclude with an outlook on our goals for the
year 2000 and beyond.

RESEARCH AREAS

The existing activities of the Life Sciences De-
partment have grown out of the specific know-
how and the unique experimental possibilities
available at PSI. Primarily, these have been and
are complex facilities for using particle beams
(protons, neutrons) on the one hand and know-
how in the production, handling and chemistry of
radio-nuciides on the other. The common theme
of the department has thus been the study and
use of various types of radiation in therapy and
diagnostics of human disease and in particular of
cancer. The three units active in this area are:

Radiation Medicine

The major activity in this unit is Proton Therapy
(PT), headed by G. Goitein, and aims to further
develop and optimise the world-wide unique spot
scanning facility for irradiating malignant tumours
with minimal damage to surrounding healthy
tissues. It includes the established OPTIS pro-
gram for the treatment of eye tumours.

This is complemented by the more research
oriented activities of the Tumour Therapy
Evaluation (TTE) program, headed by H.
Blattmann. Spontaneous animal tumours are
used as models for dose escalation and other
studies (in close collaboration with the radiation
oncology group in the department of veterinary
surgery, University of Z rich). Another line of
research concerns the evaluation of predictive
cellular assays for the radiosensitivity of individu-
als.

A third activity in this area is the TULOC re-
search project, started in 1998 and headed by P.
G. Seiler. It aims to develop a method for fast
tracking of the position of tumours which are

affected by organ motion. This could be critical
for realising the potential of the spot scanning
technique for tumours in the chest and abdomen.

Centre for Radiopharmaceutical Science
(ZRP, headed by P.A. Schubiger)

ZRP is largest of the three units and represents a
joint activity of PSI with ETH and the University of
Z rich. Its major goals are the development of
novel tumour targeted radioconjugates for cancer
diagnosis and therapy and the production and
evaluation of new PET (positron emission tomo-
graphy) radiotracers for various applications in
neuro-physiology and drug development.

Institute of Medical Radiobiology (IMR,
headed by J. Jiricny)

This institute is a joint activity of PSI and the
University of Z rich. The major research theme
of the Z rich laboratories relates to questions of
the molecular biology and biochemistry of DNA
repair. The smaller group at PSI has reoriented
its research in the past 2 years from studying the
effects of radiation on living cells towards ex-
ploring new approaches to target tumours via
their vasculature.

The common interest of these three units in can-
cer therapy generates opportunities for joint proj-
ect activities. Thus, the TTE and the IMR groups
collaborate to investigate and compare the effect
of micro-beam irradiation on the vasculature of
tumour and normal tissue. The IMR group also
investigates new approaches to introduce radio-
sensitisers into tumour tissue and their feasibility
will be studied in animal patients in collaboration
with the TTE group. IMR and ZRP, on the other
hand, collaborate to couple suitable radionuclides
to specific molecular vehicles targeting the vas-
culature of growing tumours.

The fourth unit, Structural Biology, is being
established. A strong in-house research activity
in macromolecular crystallography should ideally
complement the more user-oriented protein
crystallography beam line, which is being built at
the Swiss Light Source. This new activity will
enhance the importance of molecular biology in
the department and creates new opportunities for
joint projects. In particular, tumour targeting by
molecular vehicles (IMR and ZRP) and DNA
repair (IMR) are areas where structural informa-
tion can provide important insights and generate
new ideas.



MAJOR ACHIEVEMENTS IN 1999

Radiation Medicine

• The world-wide largest number of patients
treated with protons for intraocular lesions
has been reached by the OPTIS program.
Since 1984, 3000 patients underwent therapy
at the PSI installation, with a yearly patient
load of about 230 since the mid nineties. The
treatment outcome is established and excel-
lent with over 98% local tumour control.

• The medical program on the Spot Scanning
Gantry was operational in it s third beam pe-
riod. The number of patients could be dou-
bled compared to 1998. Proton radiation
therapy in pediatric patients was introduced
as well as the treatment of prostate cancer.
As a very fundamental step towards treat-
ment optimisation, the world-wide first inten-
sity modulated proton therapy (IMPT) was
applied.

• Continuous developments on patient posi-
tioning devices lead to a new design for the
immobilisation of the head and neck area,
this design has been launched as patent.

• Adaptation of the leukocyte apoptosis assay
(LAA), developed to predict radiosensitivity
for humans, to veterinary patients.

• Installation of a linear accelerator (Linac) for
photons (6MV) and electrons (5-16 MeV) at
the veterinary hospital of the University of
Z rich and treatment of first animal patients.

• Position dependent gating of the precision
irradiation of a moving target (phantom) with
the help of a sensor implantable within or
adjacent to a tumour: a world-wide first-ever.

ZRP

• The novel 99mTc/*Re carbonyl-complexes
have been successfully coupled to single-
chain Fv antibody fragments and peptides.
The remarkable chemical stability of these
conjugates contributes significantly to their
unprecedented high specific activity.

• First studies with a Cu-chelator-tripeptide
linked to F(ab)2 fragments of the neuroblas-
toma specific CE7 antibody have been very
promising in showing very low uptake in non-
tumour organs (kidney and liver) combined
with high uptake in tumours.

• Synthesis and characterisation of epibatidin
analogues with specificity for subtypes of the
neuronal acetylcholine receptor (nAChR) to
be used as PET-tracers has been achieved.

• In the context of investigating the putative
neurotoxicity of ecstasy, first PET studies with
volunteers have shown that this drug com-
petes for binding to the serotonin transporter
in brain.

IMR

• A variety of biological expression and test
systems for the development of new tumour
vasculature-specific targeting vectors has
been established.

• The specificity of prototype delivery vehicles
has been evaluated in cell cultures.

• The production of proteins in large quantities
to be used for experiments in animals is now
possible using both pro- as well as eukaryotic
organisms.

OUTLOOK

Most of the ongoing activities in the department
will continue and specific goals have been set for
the year 2000. Major challenges and goals are:

Radiation Medicine

The medical program on the Spot Scanning
Gantry is supposed to increase the number of
patients and to enlarge the spectrum of indica-
tions which can be treated. The OPTIS program
will continue with the goal to also increase the
number of indications, as far as the logistic con-
ditions of the program will allow.

In order to make the medical programs inde-
pendent from the yearly shutdown periods of the
main accelerator, PSI is evaluating the installa-
tion of a proton accelerator dedicated to medical
use, and the design and construction of a second
generation Spot Scanning Gantry, which could
be commercialised and implemented in hospital
environments.

The TTE program will continue the dose escala-
tion program for nasal tumours in dogs to estab-
lish the tolerance dose for brain tissue for con-
formal proton radiotherapy. It will develop proto-
cols to compare proton conformal therapy with
conventional photon therapy for dog patients as a
basis for human radiation therapy.

ZRP

Metabolically stable neurotensin- and bombesin-
derivatives labelled with 99mTc/*Re carbonyl-
complexes will be prepared and tested in vivo as
possible new diagnostic or therapeutic agents for
specific tumours. In vivo studies with radiometal
labelled conjugates of the anti-mucin antibody
C595 (against bladder cancer) will permit to
evaluate the therapeutic benefit and compare it
to that of the 131I labelled antibody.

In the area of specific PET-tracers the major
emphasis will be on the in vivo mapping of the
glutamatergic (ionotropic and metabotropic) re-
ceptor system implicated in a number of brain
disorders.



IMR

The VEGF receptor based targeting concept in
tumour-bearing animals will be validated by in-
jecting radiolabelled proteins into mice in collabo-
ration with ZRP. The pharmacological behaviour
of these proteins and their delivery specificity will
be examined and some new candidate mole-
cules for in vivo targeting will be investigated.

Structural Biology

The goal is to set up a functional laboratory and
establish 2-3 structural projects in the course of
2000. The chosen areas include proteins in-
volved in DNA repair and VEGF receptor pep-
tide-ligand complexes (both in collaboration with
IMR). A major effort is foreseen in the area of
integral membrane proteins, in particular of G-

protein coupled receptors, with the longer-term
goal to achieve their crystallisation and structure
determination.

Finally, I would like to express my gratitude to all
the people at PSI and particularly in the Life Sci-
ences Department who have helped to make my
start in this new environment a very pleasant
one. I would also like to thank Prof. Ammann for
his efforts and consistency in strengthening the
focus and research orientation of the department
during the past years.

Prof. Dr. F. Winkler
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DIVISION OF RADIATION MEDICINE -
PATIENT TREATMENTS AND TUMOR THERAPY EVALUATION

G. Goitein, H. Blattmann

The tumor therapy evaluation program has been con-
tinued at the cellular, tissue and animal levels. The
testing of the apoptosis assay of leukocytes has been
carried on for humans and for dogs. The correlation
found between age and apoptosis of lymphocytes in
humans and in dogs together with the correlation be-
tween the radiation induced apoptosis in CD4 and
CD8 cells are promising indications for this test as an
indicator for normal tissue radiation sensitivity. The
correlation between the results of flow cytometry for
lymphocytes and normal tissue response in vivo for
early and late responding tissues are undergoing fur-
ther evaluation in human patients and in dogs.

The dose optimization study for conformal proton
therapy for nasal tumors in dogs has been continued.
Due to the limited availability of the beam, on the av-
erage only one dog per treatment day underwent ther-
apy in order to give priority to the human proton ther-
apy program, the data accumulates slowly. It is there-
fore of great significance that, since November 1999,
a modern radiotherapy Linac has been available at the
veterinary school of the University of Zurich thanks to
the "Marie-Louise von Muralt Stiftung". This new facil-
ity is equipped with a modern treatment planning com-
puter which permits three dimensional treatment plan-
ning and dose calculations to normal tissues. This
facility will be a much better reference radiation source
for comparison with proton therapy than the previously
used betatron of the Institute for Medical Radiobiology.
Additional data to evaluate the relationship between
dose, spatial distribution of dose and tissue complica-
tion probability will be gained from treatments with
photons or electrons on this Linac.

Additional experience in radiation effects in normal
tissues is being gained from the participation in the
"Microbeam Radiation Therapy Project" at the ESRF,
under the guidance of Prof. J.A. Laissue, Bern, where
the developing normal brain of rats and pigs have
been irradiated with planar microbeams of high doses
(several hundreds of Gy) of synchrotron x-rays. As this
type of irradiation treatment is assumed to act primar-
ily via the vasculature, it relates to one of the main
research areas of the life sciences department.

Several doctoral students are contributing to the work
of the TTE project: three of them in connection with
the apoptosis assay, two on treatment results of the
spontaneous animal tumor model and one on seg-
mentation of the male pelvis for prostate treatment

planning, in collaboration with the ETHZ, which is
close to completion.

The medical programs at the OPTIS beam line and on
the Spot Scanning Gantry have been very satisfying.
As to the eye treatments, which are available since
1984 at PSI, we reached the world wide highest num-
ber of patients who have undergone proton beam
radiotherapy for ocular lesions, mainly choroidal mela-
nomas. Within the framework of the project's special
logistics, other than melanomas have been evaluated
as appropriate indications for proton therapy, such as
hemangiomas. The established, excellent local tumor
control rates for ocular melanomas have been main-
tained.

The gantry program for deep seated tumors has been
very active with doubling the number of patients.
Based on the experience of the previous two beam
periods (1997, 1998), technical developments have
been made and introduced in the daily performance of
the patient treatment - with the goal of continuos im-
provements of our unique treatment technology. A
modification of the bite block fixation system for pa-
tients, who receive treatments in the head and neck
area, has been launched for patenting. As to the
treatment outcome, no local tumor regrowth has seen
seen looking back on our patients treated since the
first full beam period in 1997.

During the past beam period we irradiated for the first
time pediatric patients, one of whom in the context of
combined radio-chemotherapy. The first proton irra-
diation of a prostate cancer, using spot scanning
beams, took place in 1999 at PSI.

As proton therapy has to be compared with state of
the art conventional x-ray therapy, we put substantial
effort in the development and improvement of our
treatment planning software and it's translation into
daily practice. As a result, we could apply the world-
wide first intensity modulated proton therapy (IMPT)
on a patient.

In order to make the medical program independent
from the yearly shutdowns of the main accelerator,
PSI has initiated the Project PROSCAN and is now
negotiating the implementation of a dedicated medical
accelerator. Such installation would allow for regular,
all year round medical activities, the design and con-
struction of a second generation gantry suited for
commercialization and the implementation of spot
scanning proton beam radiotherapy in hospitals.
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PSI SPOT SCANNING GANTRY 1999
PATIENT NUMBERS DOUBLED IMPROVEMENTS DEVELOPED

AND IMPLEMENTED

L. Wisser and Team Radiation Medicine

In the first three years since the PSI spot scanning gantry began medical operation in 1996, 40 patients
have been treated. 21 of them in 1999. Most of the patients suffered from a malignant tumor close to or
originating from the structures of the central nervous system (CNS). Further more, we treated our first pa-
tient in the prostate-program. For nearly all patients, special tools for a precise positioning were needed.
Due to the special requirements of the unique PSI spot scanning gantry, they are not commercially avail-
able and had to be developed, produced and also patented at PSI. With these tools, we could once more
increase the precision of the proton irradiation treatment.

INTRODUCTION

Proton therapy for malignancies is not a new treat-
ment. Robert Wilson proposed the use of protons in
radiation medicine already 1946. Since the first clini-
cal project started in 1954 at the Lawrence Berkley
Laboratory, more than 30 000 patients have been
treated world wide with protons. Included in these
numbers are eye-treatments (like in the OPTIS pro-
gram at PSI) as well as single fraction radiosurgery
treatments and fractionated radiation therapy, as
delivered at the PSI spot scanning gantry for the
treatment of deep seated tumors. As the PSI spot
scanning gantry is working now in it's third year, pa-
tient numbers could be increased year by year [Fig.1].

25 r
i 20-
| 15 --

1 1°'
.2 i
IS 5 +
"" oL 1996 1997 1998

Year

1999

Fig.1: Development of patient numbers since 1996

This development was possible because of two main
reasons. First, the experience of the Team Radiation
Medicine in patient and gantry handling increased
year by year, and the second reason is the develop-
ment of special aids for the positioning of the pa-
tients. In collaboration with the PSI-Werkstatt, espe-
cially Mr. Urs Bugmann, we could develop and patent
a new fixation aid for the immobilisation of patients,
treated in the head and neck area.

PATIENTS

Most of the patients suffered from a tumor in or close
to the central nervous system (CNS). In 10 Patients,
the tumor started from the CNS itself (astrocytomas)
or from the meninges (meningeomas). Three patients
had a tumor originating from the base of skull
(cordomas, chondrosarcomas) and one patient had a
recurrent basaloma of the facial skin, which was now
invading the base of skull. Two patients had already

undergone a previous irradiation treatment with
doses up to 60 Gy. For those patients, it was neces-
sary to plan another treatment with less dose in the
surrounding healthy but preirradiated normal tissue.

Three patients, two of whom were children with ages
of 7 and 8 years, suffered form a tumor close to the
spinal cord. The main goal in these cases was the
reduction of the dose in the structures of the spinal
cord with the possibility of covering the tumor region
with a sufficient dose. We applied in one case a new
application form of the proton therapy, the Intensity
Modulated Proton Therapy (IMPT).

Another patient developed a malignant tumor, origi-
nating from a nerve in the dorsal femur. The advan-
tage of proton therapy for this patient was the reduc-
tion of the dose to the unaffected parts of the leg and
of course sparing of the contralateral leg as well as
the genitals, because of the patients wish for children.

Two other patients suffered from a nasopharyngeal
cancer and were treated at PSI, in one case as a
boost treatment combined with photon irradiation at
the hospital in Sion.

Last but not least we started our prostate-study with
the treatment of the first patient, suffering from a
prostate cancer. In this case, we used a special rectal
balloon to reduce the prostate movements which
would change the local conditions including tissue
densities and consequently the basis of our treatment
planning. Another effect is to reduce the volume of
the rectal wall in the high dose area.

The treated volumes ranged from 14 up to 1150 cm3.
Because most of the treatments were so called full
course treatments and not boost treatments as sup-
plement to a photon therapy, the delivered doses
were mostly in the high dose regions up to 74 CGE
(Cobalt Gray Equivalent).

15 of our patients came from Switzerland, four from
Germany, three from Italy and even a patient from
Greece made up our international customers.

As we can achieve an excellent dose conformation
with the Spot Scanning Technique, the side effects
were very low, as was expected. Skin irritation and
hair loss occurred in those cases, when the tumor
was close to the surface. One patient developed a



cerebral edema as reaction to necrotic tumor tissue,
which makes steroid medication necessary. All other
treatments were delivered without any problems. With
careful treatment planning and the mentioned preci-
sion in delivering the treatments, the doses to critical
structures in the neighbourhood of our targets could
be minimised.

TREATMENT AIDS

As already mentioned before, high precision irradia-
tion requires high precision in positioning and immo-
bilisation of the patients. As we are planning routinely
with very narrow safety margins to reduce dose in
normal tissues, the patients need to be positioned
with tolerances up to 2mm in the head and neck re-
gions, and up to 6mm in the regions of the body. For
these reasons, we developed in collaboration with Urs
Bugmann from the PSI Werkstatt a device for the
immobilisation of patients, treated in the head and
neck area. On the basis of a commercially available
bite block system and the experiences with the sys-
tem we developed last year, a special holder, taking
into consideration the requirements of our gantry, was
constructed and patented [Fig.2].

Fig. 2: Patient positioning with the PSI bite block
system

We applied this device in 16 patients with very satis-
fying results. We could reach very high precision in
patient positioning. As expected, the precision for
patients with teeth was better than for edentulous
patients [Fig. 3].

Another very useful tool we could take into operation
in 1999 was our new CT-Scanner. The old one which
we operational until 1998 was a 14 years old Siemens
Somatom CR with very long examination times. With
the installation of a modern GE high speed CT, we
could reduce the time for the patients staying immobi-
lized in treatment position, not only for the day to day
irradiation procedure but also during the preparation
procedures which take place for treatment planning.

Table 3: Comparison of positioning precision be-
tween patients with and without teeth.

Bite-block Positioning 1999 - With ond without teeth

S

Potlenta ftith teeth (n=7)

Median offset = -0.3m.rn

Mean offset = -0.1mm

SD - 1.1mm

Max offset = 4.0mm

Min offset •= -4.6mm

Patients wilhogt teeth (n*2)

M«dlon offset = 0.3mm

Mean offset = -0.2mm

SD - 1.5mm

Mox offset = 5.0mm

Min offset = -4.5rrnn

-10 O 10
Offset (mm)

This facilitates the use of intravenous contrast me-
dium to improve the quality of tumor outlining and
thereby the quality of treatment planning.

CONCLUSION AND OUTLOOK

In 1999 we could not only double the number of pa-
tients treated per year at the PSI spot scanning gan-
try, but also the precision of therapy planning and
delivery of each therapy fraction.

To make this unique tool of conformal radiotherapy
accessible to more patients it will be necessary to be
independent from the annual shutdowns of the
590 MeV accelerator. Our hope is that we can suc-
cessfully go on with the Proscan project in 2000. The
goal is the installation of a dedicated accelerator for
the medical project, that would make it possible to
treat patients 12 months a year without major inter-
ruptions. This would not only increase our capacities,
but also the possibilities of further developments in
the technical system with the goal of implementing a
compact spot scanning gantry for a future technology
transfer to a hospital or a dedicated proton therapy
facility outside PSI.

Last but not least thanks to the whole Team Radiation
Medicine, that makes this success possible with it's
strong personal engagement and limitless pool of
ideas.

Thanks also to the Swiss Proton Users Group, as
well as to our international colleagues, who support
our program in an excellent way.
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PROTON THERAPY IN CHILDREN: FIRST EXPERIENCES WITH SPOT SCANNING

P. Juelke, A. Lomax, G. Goitein, and Team Radiation Medicine

Since the PSI Spot Scanning Gantry has been taken into medical operation in 1996, twenty adult patients
have been irradiated by the end of 1998. Treatment set-up, positioning devices and patient guidance could
be improved in those years. As a next step, in 1999, we included for the first time children in our treatment
program. The experience showed that for even relatively young children proton irradiation can be per-
formed with excellent compliance and satisfying positioning of these young patients.

INTRODUCTION

In 1999 - after good experiences in positioning and
proton therapy of adult patients - we included for the
first time 3 children in our treatment program.

METHOD

The 3 children were 1 boy (patient A) and 2 girls
(patient B and C). They were in the age of 7 (A), 11
(B) and 8 years (C). Patient A and C suffered from an
inoperable brain tumour (1 atypical meningioma, 1 low
grade astrocytoma). Patient B had been operated
before irradiation with an unilateral laminectomy and
tumour excision of a schwannoma of the cervical
spine at C6/C7. Patient C had experienced a chemo-
therapy before irradiation. Patient B had a combined
treatment with radiotherapy at PSI and concomitant
chemotherapy at her university hospital. Patient A had
no chemotherapy.

The preparations for the treatments were the same as
for adult patients: The required positioning was
achieved with an individual cushion and vacuum bite-
block (Fig. 1). After that an initial planning CT was
taken and a computer aided treatment plan estab-
lished. The positioning was checked daily by CT refer-
ence slices & topogram before the treatment. The
actual positioning was then compared to the initial
planning CT. This comparison was computer aided
and gave us precise information about possible rota-
tion or shift of the head in any direction. One treatment
fraction including positioning and CT-control lasted at
most between 30 and 60 minutes each day.

During this whole time the patient kept his position
fixed. This was checked in post-therapeutical posi-
tioning control-scans. There was no general anaes-
thesia for the children. As only difference to the treat-
ment of the adults they received a mild sedation with
5-10 drops of chlorpromazine ( 25 mg/ml, 1 ml = 25
gtt.) prior to the daily therapy sessions. Patient B was
positioned in prone position with shoulder and chin
support and a cast fixation covering the head, neck
and thorax. No bite block was used in this case.

RESULTS

All children completed their treatment course. There
were no acute side effects except expected local hair
loss (Patient A and C) and Grade 1 skin reaction
(Patient B). Patient A received a total dose of 64 CGE,
Patient C 46 CGE, both in single doses of 2.0 CGE.
Patient B received 50.4 CGE in single doses of
1.8 CGE. All treatments were given four times per
week.

The analysis of the positioning data showed through-
out the whole treatment period remarkably good re-
producibility of the daily positions of the patient's head
(Patient A, Fig. 2). The follow up period is still very
short for all three paediatric patients (2 - 3 months). So
far we see no local progression nor treatment related
toxicity.

Fig. 1: Positioning of the 7 year old patient A (brain
tumour) with vacuum biteblock.

Fig. 2: Analysis of the positioning data of Patient A
throughout the whole treatment period. Set-up
errors >3 mm have been corrected immedi-
ately and again controlled.

CONCLUSION

Even in relatively young children, proton irradiation can
be performed using a vacuum biteblock. Daily posi-
tioning was very satisfying and well tolerated. Proton
therapy using spot scanning beams has shown to be a
non-traumatic treatment modality for CNS lesions in
paediatric patients.
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OPTIS: SUCCESS AND FURTHER DEVELOPMENTS

E. Egger, L. Zografos*, L. Bercher*, T. Bohringer, L Chamot*, G. Gbitein, W. Roser, A. Schalenbourg*

*H6pital Ophtalmique Jules Gonin, Avenue de France 15, CH -1004 Lausanne

The OPTIS program continued successfully during 1999. We have treated 264 patients with ocular tumors.
The total number of patients by end of December 1999 exceeds now 3000. Our main effort was concen-
trated on the analysis of our data and the redaction of articles to present our results based on over 15
years experience and more than 3000 treated patients. These papers are expected to be published in the
year 2000.

INTRODUCTION

Over 3000 patients with ocular tumors have now
been treated at the OPTIS facility. Since March 1984,
patients with ocular tumors are being treated with
proton beam irradiation at PSI in close collaboration
with the University Eye Clinic in Lausanne. End of
1999, we have treated 3014 patients in total.

EVOLUTION OF THE PATIENT NUMBERS

In the first year we treated 17 patients. Over 50% of
them came from Switzerland. Last year, we treated
264 patients, less then 20% were living in Switzer-
land. The evolution of the origin of the patients is
shown in the figure. It is noteworthy that since 1991,
when the number of French patients dropped close to
zero due to the availability of two proton therapy fa-
cilities in France, 60% of the patients treated at the
OPTIS facility live in Italy. In the context of planned
facilities in this country, it is worth to think about the
future of OPTIS in terms of patient numbers. It ap-
pears realistic to expect a reduction of the number of
Italian patients referred to us because of the opening
of a treatment facility in Sicily. It is our opinion that a
70 MeV proton therapy facility for eye treatments
exclusively, depending mainly on patient referrals

from other countries has a questionable future from
the financial point of view, at least with the presently
limited number of indications. We estimate that as
many as at least 500 patients per year are necessary
to insure a ,,safe" operation of a 70 MeV proton ther-
apy facility from the economic point of view. This
number of patients is not reached by any facility in the
world today, even not at the OPTIS facility treating the
largest number of patients per year worldwide. The
only way to increase this number is to identify new
indications for the medical use of the 70 MeV proton
beam or to get patients from new referring countries.
We are working on widening the spectrum of indica-
tions. A research project on the treatment of age re-
lated macular degeneration is still planned.

THE FUTURE OF THE OPTIS FACILITY

Well aware of the discussed issues, a new OPTIS
facility planned at PSI in the context of the Proscan
project could be equipped with an horizontal beam
with an energy higher than 70 MeV. This would in-
crease the number of indications one could treat with
the horizontal beam. Malignant lesions beyond the
eye bulb, e.g. in the orbit or the periorbital areas could
be appropriate sites.

Referring countries
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DETERMINATION OF PROTON ABSORBED DOSE TO WATER

A. Coray, T. Bohringer, S. Lin, A. Lomax, E. Pedroni

At the PSI spot scanning system a reference dosimetry system has been used to calibrate the main beam
monitor and to check the reproducibility of the dose delivery.

INTRODUCTION

The increasing use of proton beams in the treatment
of cancer is leading to corresponding efforts in stan-
dardizing accurate dosimetry methods. In order to
provide a basis for worldwide comparison of clinical
results, the International Commission on Radiation
Units and Measurements (ICRU) has published a
report on clinical proton dosimetry (1). The dosimetry
procedures used for our spot scanning treatment fol-
low these recommendations.

METHOD

The dose application with the spot scanning system is
done using a parallel plate ionization chamber (IC)
calibrated in terms of protons per monitor unit. The
PSI therapy planing system calculates dose from
physical principles and is capable to predict absolute
dose distributions as function of the number of incident
protons.

The monitor calibration has been done using the
spread out Bragg peak of a homogeneous 10x10x10
cm3 field of 1 Gy, applied to a perspex phantom with
the reference IC in the center of the field.

Table 1 : Monitor calibration for the energies in use.

As reference dosemeters for the measurement of
proton absorbed dose, we use thimble ionization
chambers with ^Co calibration factors traceable to the
Swiss Federal Office of Metrology (SFOM). Both, air
kerma calibration Nk and absorbed dose to water cali-
bration Nw, are available. The ionization chambers
together with their electrometers and a 90Sr reference
source are our reference dosimetry systems which are
calibrated at regular intervals. Two independent refer-
ence dosemeters have been used:

- Exradin T2 chamber, 0.5 cm3 with a A150 wall and
a PTW-Multidos electrometer.

- Farmer NE2571 chamber, 0.6 cm3 with a graphite
wall and a Farmer NE2570/A electrometer.

A second independent monitor calibration has been
evaluated from preliminary measurements done with a
Faraday cup (FC) in the proton pencil beam.

RESULTS

The results of the monitor calibration for the energies
used at present in patient treatments are listed in ta-
ble 1. The monitor calibration using the Faraday cup
demonstrates a good agreement with the ionization
chamber results.

Energy

[MeV]

138

160

177

214

Monitor 1 calib.

Protons/MU

6473

7333

7984

9136

Ratio

IC-calib. /FC-calib.

0.9875

1.00

1.008

1.017

In order to check the monitor calibration, dose meas-
urements in the 10x10x10 cm3 field have been done.
The results for different energies and reference sys-
tems are drawn in figure 1 using the air kerma factor.
By using the direct absorbed dose to water calibration
factor instead, the dose values increase by 1.0033
(Exradin) and 1.0035 (Farmer).

The results of figure 1 demonstrate the reliable and
stable performance of the dose application and moni-
tor system. This finding is also confirmed by the daily
QA dose measurements using our routine dosimetry
setup. The collected results (4 energies, 3 gantry an-
gles) give a mean deviation from nominal dose of 1 %
with a SD of 0.8%, (n=116).

1.04

1.03

1.02

O 1.01

8?
Q 1.00

138 MeV, Exradin
138 MeV. Farmer
160 MeV, Exradin
177 MeV, Exradin

X 177 MeV. Farmer
A 214 MeV, Exradin

Mean dose Dx: 1.000 Gy, SD:0.004 Gy, n: 32

01.08.99

date

Fig. 1: Dose values measured in the centre of a ho-
mogeneous field.
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UPGRADE OF THE CONTROL SYSTEM FOR THE PROTON THERAPY GANTRY

M. Grossmann, A. Coray, T. Boehringer, E. Pedroni

INTRODUCTION

During the 1999 beam period new components for the
control system were commissioned. After careful
testing, the new system has been put into productive
use for patient treatment.

CONTROL SYSTEM HARD- AND SOFTWARE

The spot scanning gantry is controlled by two proces-
sors: the ,,therapy controller" moves the gantry and
beam spot by setting devices according to the therapy
plan, whereas the ,,dose controller" reads back the
settings and thus verifies the correct application of the
therapy plan. Both controllers are embedded systems
on a VME board talking to VME modules or (through a
VME to CAMAC interface) to modules on a CAMAC
branch. The old control system used KAV30 modules
(,,rtVAX") running under the VAX-ELN realtime oper-
ating system. Both the KAV30 and VAX-ELN are no
longer commercially available or supported; even the
producer (Digital Equipment Corp.) exists no more.
We considered it imperative to substitute these critical
components by modules which can be repaired or
replaced in case of hardware failure. Both controllers
run dedicated control applications which talk to the
hardware through mostly self-written drivers. A Motif
GUI allows operator access to the controllers.

Since we did not want to replace all the electronics on
the gantry, it was given that the new controllers should
also be embedded systems in VME. As new hardware
modules, we chose Motorola's MVME2306 which
come with a 300MHz PowerPC processor and 32 MB
DRAM. On the software side, we chose the VxWorks
realtime operating system and decided as a first step
to port most of the existing control applications to this
new platform. However, we took advantage of
VxWorks features to adapt some parts of the applica-
tion; this allowed mostly the networking parts to be
rewritten in a much more simple and robust way than
in the original implementation. As development envi-
ronment and cross-development platform we took the
Tornado suite of tools from Wind River Systems.

TESTING

After finishing the port of the applications to the new
platform, we spent several months testing the control
system. This involved test runs of real-life therapy
plans in the proton beam, dosimetric verification runs
for all patients treated at that time at our facility, and
test runs with explicitly forced alarms and interlocks to
verify the correct action of the control system.

gantry

Fig. 1: Components of the gantry control system

Some effort was necessary to fine-tune the interaction
of electronic hardware and control software since the
new processors run approximately 10 times faster
than the old ones. In this process, the debugging tools
included in Tornado proved to be very efficient to lo-
calize and eliminate problems in the application. With
all tests successfully completed, we finally switched
the patient treatment to the new system.

FIRST EXPERIENCE AND FUTURE PLANS

As to be expected, the new system reduces the dead-
time in spot scanning. For a typical spot, the dead time
due to computer and electronics is reduced from 5
msec (old system) to 2 msec (new system). Among
the changes introduced in the control application is a
more detailed error diagnostics scheme.

As indicated in Fig. 1, the dose controller produces
monitor data. In the old system, these data were
transferred at the end of a scan for quality assurance
tasks. The new system can transfer data online, which
allows ongoing monitoring of critical data like e.g.
beam parameters during a scan. We will further im-
prove the ease of use by automatization of routine
tasks and by simplification of the user interface.

Fig. 2: The MVME2306 as new control system.
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PRELIMINARY STUDIES FOR A NEW IMPROVED COMMERCIAL VERSION
OF THE PSI COMPACT PROTON GANTRY

E. Pedroni

INTRODUCTION

The PSI gantry system is the only one in the world at
present capable of delivering proton therapy with in-
tensity modulated proton therapy (IMPT). This devel-
opment is very similar to the most recent innovations
of conventional therapy (intensity modulated radiation
therapy IMRT), but with the additional flexibility to con-
trol the dose localisation of each pencil beam also in
depth. In order to remain competitive with the most
advanced photon techniques, protons need to be ap-
plied in the future using scanning beams. This strate-
gic vision is now gaining a wide acceptance and the
interest of the industry for the PSI technology is corre-
spondingly growing. A very important goal of the pro-
ton therapy project, the technology transfer of the PSI
gantry system to industry, is becoming a realistic is-
sue.

The PSI gantry system is still a prototype. Based on
the practical experience of using the PSI gantry for
actual patient treatments we propose some basic
modifications. The intent of these preliminary investi-
gations is to identify and correct possible remaining
weaknesses of our system. The result of the ongoing
studies should be the design of a second generation
compact gantry dedicated to beam scanning for a
commercial realisation in hospital-based facilities.

PLANNED IMPROVEMENTS

a) A new gantry layout

The major goal here is to provide an easy access to
the patient table at any time on the basis of a fixed
permanent floor (without losing flexibility in the choice
of the angle of incidence of the beam on the supine
patient). We propose to build the next gantry with the
patient table at isocenter (fig.1). The gantry radius will
be somewhat larger than for the first PSI gantry (3
meter instead of 2 m), but still significantly smaller
than with any other existing design. We will limit the
gantry rotation to +,-90° from the vertical on one side
(eventually 270°) and we will install the patient table in
the gantry pit on the opposite side.

This leaves enough space for a large fixed floor (with
the only exception for the opening for the nozzle un-
derneath the table when the beam is coming from
below). The table shall be able to perform a continu-
ous 180° rotation in the horizontal plane. A switching
from "head-first" to "feet-first" by a discrete rotation of
the couch on the table should enhance the degrees of
freedom (for a nearly An solid angle of beam incidence
on an object positioned in the middle of the patient
table).

b) A new range shifter

A new very compact range shifter system is presently
being developed by the logistics department of PSI.
The new device is planned to be used also on gantry
1. The geometrical arrangement of the mechanics for
moving the range shifter plates has been this time
optimised specifically for the PSI gantry layout (as
opposed to the old range shifter presently used, which
was built before designing the gantry). The major goal
is to be able to position the patient as close as possi-
ble to the range shifter without collisions with the pa-
tient shoulders. By maintaining a small air gap we
don't spoil unnecessarily the quality of the dose distri-
bution. What we want to avoid is the blowing up of the
beam spot due to the multiple Coulomb scattering
arising in the range shifter plates and propagating in
the air gap before the patient.

The new range shifter will be built with larger plates
(5 cm instead of the 2.5 cm of the present prototype).
This will permit the use of larger spots. This is a nec-
essary development for being able to perform treat-
ments in the thorax (and other moving targets).

Another goal is to eliminate the noise (for a major
comfort to the patient) and the mechanical vibrations
(microphonic disturbances in the beam monitors),
which arise from the abrupt stopping of the range
shifter plates. The stopping of the new plates will be
damped (decelerated) without loss of speed in moving
the plates in the beam.

c) Moving nozzle enclosure

1 c

< * ^ r ffittffi ' dMKBMMK*

uozzle
enclosure

collimator

tors

raniu
shift r

Fig. 1: Schematic drawing of the transverse dis-
placement of the nozzle cover. The individually
shaped collimator is moved together with the
patient table.
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For the next gantry we propose to move mechanically
the nozzle shield during scanning, by exactly the same
amount as underdone by the patient on the patient
table. In this way the nozzle will not have any apparent
motion with respect to the patient. This will not only
reduce the risks of collisions during beam scanning
but will also provide a supporting frame for mounting
individually shaped collimators and compensators in
front of the patient (as possible optional devices). Due
to the motion of the patient table during scanning this
is not possible on the present gantry.

The aim here is to provide more compatibility with the
established passive scattering method in order to
make the total replacement of the old established
technique easier to accept (with potentially fewer risks
for future customers of our technology).

d) Improved scanning methods

We plan also to include in the design other options for
future developments.

As a first option we shall investigate the possibility for
a fast dynamic energy variation in the beam line ahead
of the gantry, by placing the range shifter ahead of the
gantry (to be used as a fast degrader). For this we
may take advantage of the SLS magnet technology. A
dynamic energy variation ahead of the gantry would

make the spot scanning method independent from the
patient distance from the nozzle.

For the project PROSCAN we plan to use a cyclotron.
We shall study the utilisation of beam intensity modu-
lation from the accelerator (as a replacement for the
kicker-magnet and eventually for a continuous mag-
netic scan motion).

Another possibility to be investigated is to use a sec-
ond faster lateral magnetic scanning (scan transverse
to the gap of the last 90° bending magnet) in order to
be able to perform multiply repeated repainting of the
target volume. From first order transport calculations it
seems possible to maintain the beam parallelism also
in this direction, thus preserving the orthogonality of
our scanning method. These ideas need however
more detailed studies.

CONCLUSIONS

With these proposed modifications it should be possi-
ble to provide a very advanced gantry design for in-
dustrial realisation with good chances for competition
on the market. The starting point is based on trie well-
established PSI technology. The system is however
open to foreseeable future developments in a rapidly
evolving field. The new concepts are protected by a
Swiss patent (pending).

Fig 2: Schematic layout of the new gantry.
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IN VIVO PROTON RADIOGRAPHY ON THE PSI GANTRY *

M Dellert \ H. Blattmann, E. Pedroni, B. Rohrer, H.- U. Stauble, J. de Boer \
M. Moosburger1, J. Besserer 2, P. Pemler 2, U. Schneider 2, P. Teiler 3, B. Kaser-Hotz 3

1 University of Munich*, 2 Stadtspital Triemli, Zurich, 3 Veterinary Medical Department, University of Zurich

in the fall of 1999 the first in vivo proton radiography on the PSI gantry was performed by scanning a dog
patient. The measured proton range information will be used to check the precision of the range calculation
of the treatment planning with protons. First results are presented.

INTRODUCTION

Most of the dog patients treated with protons on the
PSI gantry have nasal tumors. Due to the tissue com-
position of brain, bone and air cavities the density
distribution in this region is highly heterogeneous.
These conditions can result in uncertainties in range
calculations and hence in an unsufficiently precise
dose distribution. By measuring the residual range of
single protons transmitted through the patient with our
radiography system, we can obtain range information
that can be used to verify the precision of the range
predictions of the treatment planning system for proton
therapy. The proton radiography system showed a
stable performance throughout the beam period in
1999. The second position sensitive detectors was
successfully redesigned, tested and installed in the
gantry (for details on the proton radiography system
see [1, 2]). Since the system is now available for data
taking within a few minutes, we could consider taking
in vivo radiographic data for the first time.

METHODS AND FIRST RESULTS

For a comparison of radiographic data and range cal-
culations of the treatment planning, a CT scan had to
be done under the same conditions (patient position)
as the radiographic data. Both data sets were taken
while the dog patient was under anaesthetics during
radiotherapy on the PSI gantry. Additional radiographic
data was taken on a water phantom to perform an
offline calibration of the system in units of water
equivalent thickness (WET). Figure 1 shows two ra-
diographic transmission images of the dog patient.
The one on the right is a digitally reconstructed radiog-
raphy (DRR) calculated from the CT data. This image
is produced by converting the CT Hounsfield values
into proton stopping power with the calibration curve
used in the therapy planning process in order to con-
vert CT units into WET. To obtain a two dimensional
map of range information, the volume data was inte-
grated in the direction corresponding to the incident
direction of the proton beam during the experiment.
The resulting image is a map of the reconstructed
water equivalent thickness (WET) of the scanned
object. The image on the left is obtained from the ex-
perimental data. Since for each detected proton entry
and exit coordinates as well as the residual range are
recorded, one can calculate the mean residual range
for all protons that have been detected in each detec-
tor pixel. The resulting image is shown in Figure 1.

Fig.1: Radiographic images of the head of a dog
patient: experimental data (left) and recon-
structed from CT data (right)

The quantitative analysis of the experimental data in
comparison with the range predictions of the CT-
based treatment planning is currently in progress.

OUTLOOK

From the data analysis and by optimising the proce-
dure of taking radiographies of dog patients, we hope
to gain the amount of information and experience nec-
essary for preparing the major step to human patients.
In this context, a major concern is the implementation
of a dedicated monitoring system to ensure the safety
of the human patients. We also hope to learn to use
proton radiography as a tool for verifying the patient
positioning as proposed in [3].

REFERENCES
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TUMOUR THERAPY EVALUATION: INVESTIGATION OF SAFE RADIOSENSITIZERS
FOR ENHANCED RADIOTHERAPY SUCCESS.

N.E.A. Crompton, Y. Shi, G. C. Emery, S. Gonser1, G. Folkers, and H. Blattmann

institute of Pharmaceutical Sciences, ETH Zurich

With the successful development of the Leukocyte Apoptosis Assay for predicting patient response to ra-
diation therapy, the assay has been applied to the development of radiosensitizers for enhanced radiother-
apy success. Of the various radiosensitizers available, many have cytotoxic or genotoxic effects of their
own at the doses employed for therapy. We have investigated two radiosensitizers, which are safe in the
sense that at the doses employed they do not inflict detriment effects on cells. One of the radiosensitizers,
wortmannin, selectively sensitizes proliferating cells, a feature characteristic of tumors. The other, thy-
mopentin, selectively sensitizes radiation-damaged cells. Based on the success of the studies with thy-
mopentin, we are pleased to be able to congratulate Dr. S. Gonser on the successful completion of her
PhD studies at the ETH Zurich.

INTRODUCTION

Radiotherapy is still one of the most effective
antineoplastic treatments. It is used in the treat-
ment of about 70% of human tumors. Cells re-
spond to radiation damage by activating a num-
ber of programs, which include the induction of
transitory arrests in the cell cycle. Cells arrest at
G-|/S, during S phase, or at G2/M. If cells cannot
repair the radiation - induced DNA damage dur-
ing these arrests the damage leads to mutations
and potential transformation events or the cells
undergo programmed cell death (apoptosis).
Apoptosis plays a central role in the body, both
physiologically, in the maintenance of cell ho-
meostasis, and therapeutically, in chemo- and
radiotherapy.

RADIOSENSITIZATION WITH WORTMANNIN

Apoptosis is an important cellular response to
ionizing radiation-induced DNA damage. While
radiation-induced apoptosis in most proliferating
cells occurs in late interphase or after mitosis
and is triggered by residual DNA damage (non-
repaired or mis-repaired DNA damage), quies-
cent and some proliferating cells undergo apop-
tosis in early interphase and apoptosis is trig-
gered by the initial DNA damage produced by
radiation. These different apoptotic mechanisms
could be employed to selectively sensitize some
proliferative cell types.

A correlation between apoptotic frequencies and
cell survival measured using colony formation
assays has been reported in various cell lines.
Promoting or inhibiting radiation-induced apopto-
sis, by means of activation or inactivation of cru-
cial genes, can either increase a tumours radio-
sensitivity or protect normal tissues from the
lethal genotoxic stress induced by ionizing radia-
tion. We demonstrated that wortmannin signifi-
cantly increases radiation-induced apoptosis
specifically in proliferating lymphoblastoid cells
(see figure 1). The results may help to explain, at
least partly, the mechanism of wortmannin-

enhanced celt killing. The selective effect of
wortmannin on proliferative cells suggests that it
may enhance the therapeutic ratio of treatments
for tumours located in poorly proliferative healthy
tissues, e.g. brain tumours. Further studies are
needed to compare the effects of wortmannin on
radiation-induced apoptosis in human tumour
cells and the healthy non-lymphoid cells including
both proliferative and quiescent cells.

While some tumour cells are sensitive to radia-
tion-induced cell killing, others are not. The dif-
ferent radiosensitivities between cells have been
attributed to a cells ability to repair DNA double-
strand breaks (dsb) induced by radiation. Non-
and mis-repaired dsb result in chromosomal
damage such as terminal or interstitial deletions
as well as the production of dicentric-
chromosomes, which eventually lead to cell
death. Therefore, selective inhibition of DNA dsb
repair is a potential target for radiosensitization.
Unlike many DNA damaging agents widely used
or recommended as radiosensitizers, wortman-
nin selectively inhibits DNA-PKcs-mediated re-
joining of dsb. Therefore, wortmannin only in-
creases toxicity in cells with damaged DNA,
having little effect on non-damaged cells. This
suggests a clear therapeutic potential for wort-
mannin and other PI(3)K inhibitors in clinical
applications.

Wortmannin, the DNA dsb (double strand break)
repair inhibitor, significantly enhanced radiation-
induced apoptosis in proliferating lymphoblastoid
cells but not in quiescent lymphocytes, suggest-
ing a cell-type dependent effect of wortmannin,
which may enhance the radio-therapeutic ratio of
tumors located in poorly proliferative healthy
tissues, e.g. brain tumors. The interaction of
wortmannin and the tumor suppresser gene p53
was also examined using pSS***1™1 (TK6) and
p53mut/mut (WTK1) lymphoblastoid cells. WTK1
cells consistently displayed less radiation-
induced apoptosis than TK6 cells in both the
presence and absence of wortmannin, suggest-
ing that the contribution of p53 in the induction of
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apoptosis was not influenced by wortmannin in
these cells. Wortmannin inhibits a proliferation-
dependent, p53-independent mechanism of
apoptosis induction in lymphoid cells.

RADIOSENSITIZATION WITH THYMOPENTIN

The pentapeptide thymopentin (TP5) comprises
the amino acids RKDVY and has been success-
fully used to improve immunological parameters
in neoplastic diseases, immune deficiency and
autoimmune diseases. TP5 rectifies an imbal-
anced immune system without observable side
effects, even at very high doses. In particular,
TP5 has been successfully applied to cancer
patients following radiotherapy. For example, its
administration to head and neck cancer patients
subsequent to radiotherapy resulted in a reduced
incidence and severity of early and late compli-
cations by modulating the immune system. In
addition, a multicenter clinical trial of TP5
showed significantly higher protection against
radiation-induced leukopenia in TP5-treated pa-
tients when compared with control patients.

We have demonstrated that TP5 enhances
apoptosis of low-dose irradiated HL-60 cells.
Accumulation in the G2/M phase and apoptosis
were found to correlate with TP5 administration.
Moreover we have demonstrated that cells un-
dergoing apoptosis can be identified by binding
of fluorescent-labeled TP5. We morphologically
identified apoptotic cells and found increased
numbers of apoptotic cells with increasing TP5
concentration. 1 mM and 10 mM TP5 caused a
1.3 and 2.0 fold increase of apoptotic cells, re-
spectively, when examined 54 h after irradiation
and compared to control cells.

We also showed that TP5 administration to irra-
diated HL-60 cells resulted in a concentration-
dependent increase both in the cell accumulation
in the G2/M phase. This consistence of TP5 ef-
fects on the G2/M arrest and the enhanced ap-
pearance of apoptosis suggests a functional
relationship between cell cycle arrest and apop-
tosis in HL-60 cells. TP5 enhances a radiation-
induced program in HL-60 cells that involves first

a transitory arrest in G2/M and second the induc-
tion of apoptosis. TP5 did not alter the cell cycle
distribution of non-irradiated HL-60 cells. Simi-
larly, TP5 treatment of irradiated cells resulted in
corresponding numbers of cells undergoing
apoptosis. TP5 has been known for more than
two decades as an effective immunomodulatory
peptide. Our findings demonstrate that TP5 is
associated with enhanced or accelerated apop-
tosis. They have important implications for the
efficient use of TP5 in clinical therapy, for the
elucidation of the underlying mechanism of ac-
tion.

Dose (Gy)

Fig. 1: Wortmannin significantly enhances ra-
diation-induced apoptosis in proliferating
lymphoblastoid cells. TK6 (p53wt/wt:
squares) and WTK1 (pSSmut/mut: circles)
cells were exposed to various doses of
radiation in the presence of 0 uM wort-
mannin (solid lines) or 20 uM wortman-
nin (dashed lines). Radiation-induced
apoptosis was enhanced at every dose
point within the therapeutic range 1-6 Gy.
Independent of whether p53 function was
normal (wt/wt) or mutated (mut/mut), ra-
diation-induced apoptosis was en-
hanced.
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IMPROVED MODELS FOR SEMIAUTOMATIC THREE-DIMENSIONAL MODEL-
BASED SEGMENTATION FOR RADIATION TREATMENT EVALUATION

M. Quicken, G. Szekely, H. Blattmann

Organ models have been generated from segmented computed tomography (CT) volumes. These organ
models are used for semiautomatic segmentation of abdominal organs in CT scans. For the generation of
models of large organs a new surface parameterisation algorithm was developed that uses mesh simplifi-
cation schemes to generate surface parameterisations in a hierarchical manner. Combined models were
created for bladder and prostate to evaluate the performance of multi-object models compared to single
object ones.

INTRODUCTION

As it is impossible to completely avoid delivering dose
to healthy tissue during radiation therapy one wants to
quantify the damage to healthy organs for alternative
treatment plans in advance. This can be done, if the
sensitivity of organs to radiation is known. To get
reliable statistical data in form of dose-response rela-
tionships it is necessary to record dose distributions
on a routine basis. This necessitates the outlining of
organs in a CT data set in the vicinity of the irradiated
regions for each patient treated. This organ delinea-
tion is a very time consuming task if done manually.

The project aims to speed up segmentation of CT
data sets through image analysis methods to allow
routine acquisition of dose-response relationships.

SURFACE PARAMETERIZATION

Voxel volumes of the organs of interest result from
segmentation. For the generation of shape models
the surfaces of these volumes have to be extracted
and parameterised. The homogeneous distribution of
parameter space over the object surface is a prereq-
uisite for a successful series expansion of the sur-
face, which is used for model building. Additionally,
the parameterisation is used to approximate corre-
sponding points on different entities of a training set.
This is for example necessary for the automatic gen-
eration of statistical models which incorporate inten-
sity-level appearance of objects (1). A hierarchical
approach for parameterisation enabled the incorpora-
tion of large objects, such as the bladder, at their
original resolution from CT-scanning. As shown in
Fig. 1, the parameter net is first simplified and then
the meshes are parameterised using the results from
the coarser meshes for initialisation.

MULTI-OBJECT MODELS

Multi-object models incorporate shape coefficients of
more than one object when computing the statistics.
The idea is to exploit coherence between two objects,
for example the prostate and the bladder. As those
two organs lie next to each other it is reasonable to
assume, that the shape of one organ is affected by
the shape of the other.

The largest mode of variation of the combined blad-
der-prostate model is shown in Fig. 2. The modes of
variation are obtained by calculating spherical har-
monic coefficients for every object after parameteri-
sation, followed by a principal component analysis of
the resulting coefficients.

Fig. 2: Largest mode of variation of combined blad-
der and prostate model.

SEGMENTATION

The presented models are used for the segmentation
of new CT data sets. The models incorporate inten-
sity statistics of the organ surface and its surround-
ings. For segmentation, the intensity statistics are
fitted to the new CT volume, while the shape statistics
control the deformation to remain in a reasonable
range.

The presented method can be used for example for
the segmentation of abdominal CT scans of male
patients, which is the area of interest we focus on.
For radiation therapy planning, however it is still man-
datory to have the results checked by a physician, as
the automatic segmentations do not yet meet the
precision necessary for patient treatment.

REFERENCE
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Fig. 1: Hierarchical optimisation enables the
parameterisation of large object meshes.
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TUMOR THERAPY EVALUATION: SPONTANEOUS ANIMAL TUMOR MODEL

°ß. Kaser-Hotz, "J. Fidel, "S. Stankeova, " A. Kostorz, "F. Oberhänsli, °C. Rohrer, "R. Jacomet,
W. Burkard, N.E.A. Crompton, E. Egger, A. Sumova, P. Theiler, H. Blattmann

and Team of Radiation Medicine.
"Radiooncology Group, Dept. of Veterinary Surgery of the University of Zurich.

For optimization of conformai proton therapy as well as for evaluation of combinations of local percutane-
ous irradiation with systemic approaches spontaneous animal tumors have been used. Irradiations have
been performed with high energy protons on the gantry with low energy in the OPTIS beam line and with
electrons on the betatron of the Institute for Medical Radiobiology at the University of Zurich.

INTRODUCTION

The high-light of the last year was definitely the instal-
lation of a linear accelerator at the University of Zurich,
Veterinary School. This finally enables comparison of
treatment and treatment planning to proton irradia-
tions. A total of 122 animals were treated with radia-
tion last year, only 4 of them at the proton gantry.

RESULTS OF PROTON TREATMENT ON THE
GANTRY

As of today, 21 dogs have been treated with the pro-
ton unit. The longest survival is seen in a dog treated 4
years ago for a maxillary fibrosarcoma. No side effects
other than hair and skin color changes are present in
this dog and we considered it a cure. Evaluation of the
progression free interval of nasal/paranasal tumors
and of soft tissue sarcomas, the two main indications
treated at the gantry, did not yet reveal a significantly
longer disease free interval for protons. However, the
cases treated with protons tended to be larger and
more invasive. Although no cure could be established
for nasal/paranasal tumors, animals experienced
clearly less side effects.
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Fig 1 : Survival after proton irradiation on the gantry,
and electron treatment on the betatron with
the points being the event times.

The dose has to be further increased, possibly in
combination with radiosensitizing chemotherapy.
There was one pathologic fracture of a dog treated for
an invasive fibrosarcoma of the thigh. Almost the en-
tire tibia had to be included into the treatment field.
The tumor was treated with 56 CGE in 3.5 CGE frac-

tions, corresponding to 77 Gy in 2 Gy fractions as-
suming an a/ß of 2. The fracture occurred 6 months
after completion of radiation therapy. Fig.1 shows the
Kaplan Meier survival curve for sarcoma treated with
electrons and protons on the gantry. Only two of the
sarcoma patients treated on the gantry died of recur-
rent disease up to now.

PROTON THERAPY AT THE OPTIS BEAM

The 22 cats treated with the OPTIS beam for a nasal
planum squamous cell carcinoma were retrospectively
analyzed. The overall survival was excellent. Side
effects were well tolerated, even in the ones with the
highest dose (8 fractions of 5.25 CGE in 4 days). In-
terestingly, more skin reaction could be observed in
the exit field, in the bragg peak area, compared to the
entrance field. This was only visible on the last cats
treated, with the highest dose. The Kaplan-Meier sur-
vival curve is given in Fig. 2.

.2

o.
400 800 1200 1600d

Fig. 2: Survival probability for cats treated with pro-
tons of 72 MeV in the OPTIS beam line
against time.

RESULTS OF PALLIATIVE TREATMENT FOR
SOFT TISSUE SARCOMA WITH ELECTRONS

Dogs treated palliatively with a 0, 7, 21 protocol and 8
Gy fractions to a total dose of 24 Gy were also retro-
spectively evaluated. It was observed that tumors
shrank considerably after radiation. Progression free
interval and survival was amazingly long. This sug-
gested, that another mechanism than mitotic cell
death plays an important role when this large doses
per fraction are given (Fig. 3).
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Fig. 3: Survival probability after proton irradiation on
the gantry, and electron treatment on the
betatron with the points being the event times.

INTRODUCTION OF THE APOPTOSIS ASSAY FOR
CHARACTERIZING NORMAL TISSUE SENSITIVITY
FOR DOGS.

Radiation induced apoptosis in CD4 and CD8 lympho-
cytes is being investigated as a method to predict
higher normal tissue radiation sensitivity in patients.
The evaluation of this test and the adaptation for ra-
diotherapy of dogs is the subject of two vet. med. the-
sis works. If the feasability for dogs has been demon-
strated, the next project will be to investigate the valid-
ity for prediction of early and if possible late normal
tissue response will be investigated.

As a first step various experimental conditions tested
for humans [1] have been reproduced for dogs. The
main interest being the dependence of the radiation
induced apoptosis on age of the individuals for both
cell types CD4 and CD8 (Fig. 4). Even so the number
of dogs investigated has been much smaller than the
human healthy donors, and the variation therefore of
the results is approx. Double. Similar patterns of lines
are observed if the age axis for the dogs is multiplied
by a factor slightly higher than 6 compared to that of
humans. No statement can be made on correlation
between rate of radiation induced apoptosis and nor-
mal tissue sensitivity at present.
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Fig. 4: Age dependence of radiation induced apopto-
sis for the different experimental conditions,
for dogs (top) and for humans (bottom)

CONCLUSION

For dogs the experimental procedures have to be
improved to reduce the intra- and inter- individual vari-
ability. Early and late radiation response of normal
tissues have to be systematically recorded in relation
to rate of apoptosis in CD4 an CD8 cells to determine
the potential of prediction of normal tissue sensitivity.
The advantage of using dogs for this study is expected
to result from the shorter life span compared to hu-
mans.
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TULOC: A NOVEL TECHNIQUE FOR THE TRACKING OF TUMOR POSITIONS
IN CONFORMAL RADIOTHERAPY

1The TULOC method whose name stands for "TUmor LOCation" is filed for patent under pct/ch97/00132
and wo97/36192 and is being assigned to the Mednetix AG, a spin-off company of PSI

P.G. Seiler, H. Blattmann, R.K. Munch
Ch. Schilling, S. Kirsch (Mednetix AG, CH 5232 Villigen, Switzerland)

In order to be able to reduce the effects of organ motion during irradiation in tumor therapy, positions of
tumors in the chest and the abdomen should continuously be measured directly in the frame of reference
defined by the irradiation facility. We have developed a novel tracking technique based on magnetic fields
which will allow to do this with high resolution in space and time. The method can also be used to survey
and monitor the patient positioning. The proper functioning of our method has been technically demon-

strated at PSI in 1999 with the help of phantom irradiation with protons. The implementation into the clinical
environment is now beginning.

Magnetic tracking uses the magnetic field as an infor-
mation carrier between a field generator and a field
sensor. The position of the latter is measured in a
coordinate system defined by the former (1). We use
alternating magnetic fields with a frequency of about
10 kHz. These fields penetrate organic material practi-
cally undisturbed which allows to transmit information
about tumor positions from the inside of a patient's
body to the outside. The position (3 cartesian coordi-
nates) and the orientation (2 angles) of a small sensor
are measured with respect to the field generator. This
can be used for tumor tracking as well as for the
monitoring of the patient position (2). Figure 1 shows
schematically the TULOC-system. The six differential
coils forming the tetrahedron shaped field generator
are excited one after the other by an alternating cur-
rent of ±2 A for 3.3 ms each, thus making one meas-
urement cycle last 20 ms. During each cycle the six
corresponding induction voltages in the sensor are
measured and evaluated. Using the six values we fit
50 times per second for five observables defining
position and orientation of the sensor. In a cubic
measurement volume of 0.3 m edge length, starting at
a distance of 0.3 m from the tetrahedron we achieve a
mean spatial accuracy (RMS) of 1.5 mm and a mean
orientation accuracy (RMS) of 1°. Eddy currents gen-
erated in close by conducting surfaces by the alter-
nating magnetic field can distort the measurement. A
procedure to correct for this effect is under develop-
ment.

Tumor tracking with the TULOC method shall be done
with the field generator positioned near the patient.
The TULOC sensor will be positioned such, that it
moves with the tumor. In some cases this may be
done with the sensor fixated on the patient's skin
above the tumor. In the case of deep seated tumors -
the domain of the radiotherapy with the PSI proton
gantry - the sensor has to be inserted into the patient's
body inside the tumor or immediately adjacent such
that the sensor moves with the tumor. This shall be
done with the help of a catheter bearing the sensor in
its tip. The sensor is essentially an induction coil which
is connected to the outside by a twisted pair of fine
wires which are also contained in the catheter. Ac-

cording to a proposal by (3), the catheter will be set
and anchored with its head in or adjacent to the tumor
with the help of a hollow biopsy needle. The irradiation
shall be synchronized with the tumor motion either by
beam gating or by a fast beam guiding in a feedback
loop.

The proper functioning of the magnetic tracking has
been technically demonstrated recently at the PSI
proton gantry where the proton treatment of a moving
tumor was simulated. A Perspex phantom containing
an X-ray film was continuously moved under computer
control on our patient table along a circle of 2 cm di-
ameter and with a frequency of around % Hz. The
gating of the proton beam with the TULOC system
reestablished the sharp dose distribution seen before
in a motionless film, whereas the ungated irradiation
led to a smeared out distribution with pronounced
dose inhomogeneities

CONCLUSIONS

We have developed a novel magnetic tracking tech-
nique (called TULOC) for the improvement of the pre-
cision radiotherapy of tumors. On one hand it can be
used for the continuous, precise monitoring of the
patient positioning during treatment, and on the other
hand it is foreseen for the real time tracking of tumors
in the chest and abdomen. The TULOC method shall
be used for the synchronization of the irradiation with
the tumor motion via beam gating or by fast beam
guiding. The proper functioning has been technically
demonstrated with phantom irradiation. The imple-
mentation into the clinical environment is now begin-
ning.
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Fig. 1: Scheme of the TULOC system for tumor tracking. The voltages induced in a small coil (implanted sensor)
by six differential coils (field generator) are used to determine the position and the orientation of the sensor.
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INTRODUCTION

P.A. Schubiger

The Center for Radiopharmaceutical Science of PSI, Swiss Federal Institute of Technology (ETH) and
University Zurich continued its research and development on the main theme of radiolabelled tracer mole-
cules for specific molecular targets in the body.
We focused our efforts on molecules to be used systemically or locally for tumour diagnosis and tumour
control such as specific antibodies, single chain fragments and peptides. Through the investigation of the
properties of their molecular targets, the study of the in vitro and in vivo behaviour of modified immuno-
conjugates and peptides, as well as through the application of innovative radionuclide labelling techniques,
we try to progress towards more effective radiotherapeutics. The most promising compounds are tested in
clinical studies for the proof of principle.
A second focus of high interest are PET- tracers, which will help to further the understanding of the under-
lying biochemical processes of severe neurological disorders such as schizophrenia, Alzheimer's disease,
drug abuse etc.
Both areas are hot topics for academic and applied research as well as for drug development in the phar-
maceutical industry. Intense multidisciplinary collaborations are needed and pursued successfully.

TUMOUR TARGETING

Systemic delivery of effective radiotherapeutics has
been successfully introduced into clinical practice in
the case of radioimmunotherapy (RIT) against Non-
Hodgkin's lymphoma. In collaboration with Techni-
clone we continued the phase III clinical studies with
high dose 131l-labelled antilymphoma antibody LYM-1.
Our research efforts in the tumour targeting field led
recently to the identification of the target antigen of
antineuroblastoma mAb chCE7 as a form of the cell
adhesion molecule L1. An ongoing sequential imaging
study with the antineuroblastoma agent 131I-MIBG and
with 131l-labelled mAb chCE7 (in collaboration with the
Netherlands Cancer Institute) demonstrated the het-
erogeneity of neuroblastomas. Overexpression of L1-
CAM is observed in metastases which do not take up
MIBG and the aim of the study is to identify patients
who will benefit from RIT with mAb chCE7.

In the search for optimal agents for RIT, additional
benefit is expected from antibody fragments due to
their faster clearance from blood. Radiolabelled
monovalent single chain fragments (scFv) as well as
divalent F(ab')2 fragments are being evaluated. In
terms of therapeutic radionuclides, we continue to
focus on beta-particle emitters such as 67Cu,
186/188R6J n iAg, which show more favourable radia-
tion characteristics than 1 3 1 I . However biodistributions
of radiometal-labelled antibody fragments and pep-
tides are often confounded by non-target tissue accu-
mulation of labelled metabolites. In the case of the
67Cu nuclide, we developed a 67Cu-labelled F(ab)2

conjugate based on a DOTA-peptide linked chelate
with substantially improved tumour uptake and thera-
peutic index. In the course of this work we demon-
strated that enzymatic cleavage of the radiolabel from
the conjugate can be modified by amino acid residues
close to the metal complex, which has important con-
sequences on catabolism and resulting biodistribu-
tions. Our proton irradiation facility and target chemis-
try is presently engaged in scaling up the 67Cu pro-

duction to therapeutic amounts, because a clinical
therapeutic study with 67Cu-labelled mAb C595
against bladder carcinoma has been started in col-
laboration with the University of Nottingham. Con-
cerning the therapeutic *Re-radionuclides, a number
of single chain antibody fragments have been labelled
with the very innovative and patented M+(CO)3(OH2)3

approach (in collaboration with the University of Zu-
rich). We were able to show, that the histidine-tag on
such constructs is ideally suited to provide a stable
binding with 99mTc(CO)3. Labelling methods were
established and the structure and kinetic behaviour of
the carbonyl moiety has been elucidated. The
"diagnostic" 99mTc(CO)3 is closely related to
"therapeutic" *Re(CO)3 and development of *Re(CO)3

labelled therapeutics is the ultimate goal of this work.

The new radiolabelling method has further been ap-
plied to a number of very interesting tumour finding
peptides, whose receptors are overexpressed on cer-
tain tumour cells. Within an European collaboration
(BIOMED) neurotensin derivatives have been synthe-
sised and labelled with the metal-carbonyl moiety.
Since the native peptide sequence is metabolised very
rapidly, stabilised analogues had to be found, which
maintain high specific binding and are less prone to
catabolism. Our pharmacological evaluations revealed
a promising candidate with a biological half-life of
more than 24 h. A special challenge is the labelling of
the peptide bombesin, because using its inherent his-
tidine residue as the carbonyl ligand leads to loss of
receptor binding activity. The peptide was therefore
modified with the PADA carbonyl ligand and labelled
PADA-bombesin is now characterised in vitro and in
vivo.

Radiolabelled glucose is immensely important in
measuring energy metabolism in vivo and has found
wide application in oncology (e.g. to detect metasta-
sis). However only 18F-deoxyglucose is available and
is being used with (not widely existing) PET-Scanners.
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A " m T c labelling method for. deoxyglucose would
open investigations to general nuclear medicine prac-
tice and therefore much effort is invested into search-
ing for applications of our new labelling method to this
small molecule. To further increase our understanding
and hence the applicability of the M+-carbonyl-labelling
to other biological molecules, detailed studies of its
kinetic behaviour are currently being performed.

BRAIN RECEPTOR IMAGING

The imaging of biochemical processes in vivo, such as
the binding of neurotransmitters to their receptors in
the brain, is a key for understanding the pathological
malfunctions in many neurological diseases. Only the
PET-tracer method can offer the needed specificity
and sensitivity. We concentrate our PET-tracer re-
search program at PSI and Zurich in order to provide
the needed tools to help understand psychiatric disor-
ders like e.g. schizophrenia, drug abuse and depres-
sion. In this context, the glutamatergic system com-
prises a family of very important receptors and up to
now no specific radiotracer has been found. In close
collaboration with the pharmaceutical industry we
characterised the NMDA-antagonists 18F-memantine,
11CBIII277CL and *IPAMXQ, with the result that none
of those tracers satisfied the needs. Presently we are
evaluating a mGluR5 ligand, 11C-M-MPEP, which

shows very promising in vitro and in vivo results. The
second system of high interest and with no suitable
radiotracers available are the nicotinergic receptors.
Receptor binding epibatidine molecules proved to be
too toxic for human use, but a new Abbot compound
shows properties which are expected to be suitable for
in vivo application and is being prepared for clinical
use.

Tracers for the study of the dopamine transporter
(11C-p-CPPIT) and the serotonin transporter (11C-
McN-5652) were successfully synthesised, character-
ised and introduced. With the latter compound, the
effects of ecstasy use by healthy volunteers could be
demonstrated (see image on front cover of this issue).
The study will be continued with chronic ecstasy abus-
ers to investigate possible neurotoxic effects.

Another PET-study, initiated some years ago by
K. Leenders (now University of Groningen), shows the
involvement of the dopaminergic system in the proc-
essing of reward information and of the reinforcement
of addictive drugs (in collaboration with the University
Fribourg). Finally, some interesting research was per-
formed and will be concluded in the near future re-
garding the evaluation of PET data in respect of the
position (of the positron), decoding and the regularisa-
tion.



29

HETEROGENEOUS TUMOUR DETECTED BY SEQUENTIAL IMAGING OF NEURO-
BLASTOMA PATIENTS WITH 123|_MIBG AND 131I-MAB CHCE7

C.A. Hoefnagel1, J. DeKraker2, C. Ruch, I. Novak-Hofer
(1The Netherlands Cancer Institute, Amsterdam, 2Academic Medical Center, University of Amsterdam)

Sequential radioimmunoscintigraphies with metaiodobenzylguanidine (MIBG) and mAb chCE7 in two neu-
roblastoma patients are shown, in order to illustrate the cellular heterogeneity ofneuroblastoma.

Cellular heterogeneity of neuroblastoma is a major
obstacle for therapy. During the course of treatment
with, for instance 131I-MIBG, a catecholamine ana-
logue which is specifically taken up into tumor cells
originating from the sympathoadrenal lineage, certain
cell types are eradicated. However relapses occur
almost invariably, probably due to emergence of sub-
clones with increased malignant and metastatic po-
tential. We have recently identified the target antigen
of mAb chCE7 as a form of cell adhesion molecule L1
(L1-CAM) (1). In order to assess, if targeting L1-CAM
can be useful in a clinical setting of (rare) MIBG
negative neuroblastomas, we initiated a collaboration
with Dr. C.A. Hoefnagel (The Netherlands Cancer
Institute). Patients with recurrent or progressive neu-
roblastoma are selected, when there is a discrepancy
between the MIBG scintigram and other clinical pa-
rameters. So far, seven patients with recurrences after
surgery and MIBG therapy were imaged with 1 3 1 I -
chCE7 and 123I-MIBG. The results illustrate the het-
erogeneity of tumours encountered in neuroblastoma
patients. Several cases take up both mAb chCE7 and
MIBG into recurrent solid tumor or metastases. Fig. 1
illustrates a case with an inoperable solid tumor mass
close to the spine, which takes up both MIBG and
mAb chCE7. One patient with stage III neuroblastoma
was imaged, where lymph node metastases take up
MIBG but not mAb chCE7. Fig. 2 illustrates a case,
where sequential imaging with both agents reveals
that some metastases take up MIBG, whereas bone
marrow and bone metastases only take up mAb
chCE7. These metastases would escape therapy with
131I-MIBG and radioimmunotherapy with mAb chCE7
would be the appropriate treatment. The ongoing
study should define the additional contribution of
chCE7 scintigraphy in the diagnosis, staging and fol-
low up of neuroblastoma and provide information how
many and which patients would be candidates (such
as the case in Fig. 2) for therapeutic use of 1 3 1 I -
chCE7.

A B

Fig. 1: Intrathoracic tumor close to the spine (arrow),
prior to surgery. Sequential imaging with MIBG
and mAb chCE7, 24 h post inject. Left (A):
MIBG; Right (B): chCE7.

1-123 MIBG

anterior posterior anterior posterior

Fig. 2: Neuroblastoma recurrence after preoperative
131I-MIBG therapy and surgery. Sequential
imaging with MIBG and mAb chCE7, 24 h post
inject. MIBG uptake (A) in tumor in upper ab-
domen, skull, orbita. ChCE7 uptake (B) in
skull, pelvis, femur, tibia, knee (arrows).
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A SINGLE AMINO ACID CHANGE IN A PEPTIDE LINKER INFLUENCES SIGNIFICANTLY IN
VIVO AND IN VITRO STABILITY OF 67CU-LABELED FfAB'fe FRAGMENTS

I. Novak-Hofer, K. Zimmermann, C. Ruch, C. DePasquale

F(ab')2 fragments of anti colon cancer antibody mAb 35 were derivatised with peptide linked DOTA
chelates and labelled with 67Cu. Biodistributions of the immunoconjugates in tumor mice as well as in vivo
and in vitro metabolism in the liver was compared with the DO3A-F(ab')2 conjugate without linker. Results
demonstrate that enzymatic cleavage ofradiolabel from the F(ab')2 conjugate is strongly influenced by the
linker sequence, resulting in changed biodistribution patterns.

We recently found that significant improvement of
biodistributions of 67Cu-F(ab')2 can be achieved with
peptide-linked chelates (1).

It was not clear why in the case of the 67Cu-DOTA-
triglycine- (R1)-linked F(ab')2, levels of radioactivity in
the liver were substantially lower than with the parent
67Cu-DO3A (D) conjugate. In order to find out, if the
amino acid composition of the linker had an effect, the
gly residue in the middle of the sequence was re-
placed by a phe or a pro residue. The 67Cu-DOTA-gly-
pro-gly- (R3)-linked F(ab')2 had similar favourable
biodistributions as the triglycine-linked conjugate.
However, in the case of the 67Cu-DOTA-gly-phe-gly -
(R2)-F(ab')2, biodistributions were different, and
showed a high initial uptake of radioactivity in the liver
as well as lower tumor uptake similar to the parent
67Cu-DO3A-F(ab')2.

When we investigated the rates of degradation of
67Cu-labelled F(ab')2 conjugates in the liver in vivo
(Fig. 1) and in vitro (Fig. 2), analysis of cleavage pat-
terns at early time points showed distinct differences.
Radioactivity disappeared from the intact F(ab')2 band
most rapidly in the case of the gly-phe-gly-linked con-
jugate.

D R1 R2

97 kD
66 kD

31 kD

bond adjacent to the copper complex in the R2- linked
F(ab')2 is cleaved more rapidly. The results explain the
more rapid accumulation of radioactivity in the liver
observed with the R2-linked conjugate. Both, in vivo
and in vitro, the radioactivity from the DOTA-triglycine-
linked F(ab')2 was released more slowly than from the
compound without peptide linker, which also fits the
results obtained on levels of radioactivity in the liver
being lower. The presence of the triglycine linker thus
leads to a slower release of radioactivity from F(ab')2.

0-time D R1 R2 R1 R2

'97kD

A B

Fig. 2: Catabolism in vitro: Autoradiograph of a SDS
gel separating liver extracts 2 min (A) and 5
min (B) after incubation with 67Cu-F(ab')2.
D: unlinked-; R1: triglycine-linked-; R2: gly-
phe-gly-linked.

We found slower clearance of the triglycine-linked
conjugate from the blood and probably as a conse-
quence, higher tumor uptake than with the other con-
jugates. We speculated, that this is due to different
cleavage patterns of the conjugates in the blood, the
gly-phe-gly linker being less stable similar to the situa-
tion in the liver. However all of the three conjugates
were found to be stable in the blood both in vivo and in
vitro.

Fig.1: Catabolism of 67Cu-F(ab')2 in vivo: Autora-
diograph of a SDS-gel separating liver ex-
tracts 30 min after injection of 67Cu-labelled
F(ab')2. D: unlinked-; R1: triglycine-linked-; R2:
gly-phe-gly-linked.

Multicatalytic chymotrypsin-like proteases, which pref-
erentially cleave phe-x bonds, were found in a number
of tissues including rat and mouse liver. The cleavage
patterns of 67Cu-labelled F(ab')2 conjugates we ob-
served in the liver indicate indeed, that the gly-phe
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SPECIFIC TUMOUR UPTAKE OF 67CU-LABELLED THIOREDOXIN FUSION PRO-
TEINS CONTAINING A RGD SEQUENCE

/. Novak-Hofer, P. Scheidegger1, W, Weiglhofer1, K. Zimmermann, C. Ruch, U. Bosshard,
K. Ballmer-Hofer1

(1 Institute of Medical Radiobiology, PS I)

The monomer and the dimmer form of the fusion protein "trx-RGD" was derivatised with the CPTA-ligand,
labelled with 67Cu and purified by size exclusion gel chromatography. Biodistributions were measured in
nude mice bearing PC3 human prostate carcinoma tumours and SK-N-AS human neuroblastoma tumours.
24 h post injection specific tumor uptake was observed in the integrin av/03 expressing PC3 tumours.

Integrins of the av/p3 subtype are expressed in vas-
cular endothelial cells as well as in a number of tu-
mors and are potential targets for delivering cytotoxic
agents to tumors and/or tumor vasculature. Targeting
vehicles containing RGD sequences, which have been
described recently, include peptides expressed on the
surface of bacteriophages (1) and small cyclic RGD-
peptides (2). We have started a study on a 14 kD re-
combinant protein vehicle consisting of thioredoxin
fused to a PTSQSRGDPTGPKE sequence, derived
from HIV-TAT, which binds selectively to av integrins.
The monomeric and the dimeric form of the protein
was purified from E.coli and was derivatised with the
CPTA copper chelate. After labelling with 67Cu to a
specific activity of about 0.5 uCi/ug and purification by
size exclusion chromatography, the protein peaks
corresponding to the two forms were analysed by
SDS-PAGE and autoradiography. Results indicated
that both monomer and dimmer were labelled with
67Cu(Fig. 1).

P1
P2 P1

Fig. 1:

A B

Autoradiograph of SDS gels separating 67Cu-
labelled trx-RGD proteins. P1 corresponds to
the dimeric form, P2, to the monomeric form.
A. Non- reducing gel; B. Reducing gel.

The purified conjugates were injected intravenously
into tumor bearing nude mice. PC3 human prostate
carcinoma cells, which express av/(33 integrin, were
chosen for experimental tumors and SK-N-AS human
neuroblastoma xenografts were chosen for control
tumors. Rapid clearance from the blood was observed
both in the case of the trx-RGD monomer and of the
dimeric form. Accumulation of radioactivity 24 h post
injection was high in the kidney and in the liver ( 76.8 ±
2.8 %ID/g and 16.5 ± 0.8 %ID/g respectively for the
monomer and 61.1 ± 3.7 % ID/g and 29.1 ± 5.8 %ID/g
respectively for the dimmer form). High accumulation
of radioactivity in these organs is an effect also ob-
served with other small proteins, such as antibody

fragments and single chain constructs when they are
labelled with radiometals. Specific uptake in PC3 tu-
mors was detected 24 h p.i. with the dimeric trx-RDG
(1.48 ±0.19 %ID/g), tumor/blood levels being 2.4,
whereas in the control tumors (0.72 + 0.15 %ID/g)
tumor/blood levels were 1.1 (Fig. 2).
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Fig. 2: Tumor and blood levels of the dimeric 67Cu-
trx-RGD 24 h post injection into nude mice
bearing PC3 human prostate carcinoma or
SK-N-AS human neuroblastoma tumours.

In these first in vivo experiments, the 67Cu-labelled
thioredoxin fusion proteins appeared to be stable in
vitro when incubated in human serum at 37 °C over
24 h. In vivo they cleared rapidly from the blood and
did not show any unfavourable pharmacokinetic prop-
erties. It is expected, that by fusing several RGD se-
quences to the thioredoxin carrier protein, the avidity
of binding will be increased. We plan to investigate, if
in vivo tumor accumulation can be increased by this
means.
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SITE-DIRECTED LABELING OF SINGLE CHAIN ANTIBODIES WITH ORGANOMET-
ALLIC 99MTC-CARBONYL COMPLEX

R. Waibel, C. DePasquale, A. Stichelberger, K. Chester1, J. Bhatia1, R.H. Begent1

(1 Royal Free Hospital School of Medicine, London, UK)

Radiolabelled single-chain antibody fragments (scFv) are potentially valuable reagents for imaging and
therapeutics. However conventional techniques for binding them to radioisotopes are cumbersome and
often reduce their biological activities. We developed a new method of formulating technetium-99m, so that
it binds conveniently and efficiently to histidine-tagged scFvs.

Single chain Fv antibody fragments (scFvs) have po-
tential for tumor imaging and therapy with radionu-
clides. To optimise these systems it is desirable to
have direct, site-specific radiolabelling methods which
are simple, robust and do not involve the antigen
binding portion of the scFv. To achieve this, a new
method for labeling of scFvs with 99mTc(l)-tricarbonyl
has been developed at the Center for Radiopharma-
ceutical Science. 99mTc-tricarbonyl forms very stable
complexes with imidazole groups in the side chain of
histidine and so the method directs labeling to the C-
terminal hexahistidine tag commonly used on scFvs
for purification by immobilised metal affinity chroma-
tography (IMAC). Free thiol groups are not necessary
for the labeling strategy which is important as these
are not generally found on scFvs.

INCREASED AFFINITY LEADS TO IMPROVED SE-
LECTIVE TUMOR DELIVERY OF SCFVS

We applied this new labeling method to investigate if
enhancing of the affinity of scFv would have an influ-
ence on tumor retention. ScFv with a MW of 25 kDa
are rapidly eliminated from circulation of immunodefi-
cient mice, yielding highly specific retention of only
small quantities of scFv in human tumor xenografts.
We postulated that the specific retention of scFv in
tumor could be enhanced by engineering increases in
the affinity of the scFv for its target antigens. We ini-
tially used the scFv antibody fragment MFE-23 that
was selected from a phage-display library for high
affinity binding to carcinoembryonic antigen (CEA),
and has important clinical uses in the detection,
monitoring and targeting of colon cancer (1). CEA is a
seven-domain cell adhesion molecule which is ex-
pressed at high levels on colon carcinoma cells.

The crystal structure of the MFE-23 antibody has been
resolved. Refinement of the MFE-23 structure and
reengineering has resulted in three new scFv anti-
bodies: a low affinity scFv antibody NFE, an interme-
diate affinity scFv antibody 009 and a high affinity anti-
body scFv DFE.

BIODISTRIBUTION STUDIES

We labelled these four scFv antibody fragments and a
control anti-FITC fragment with 99rnTc-tricarbonyl and

compared their in vivo characteristics. In biodistribu-
tion studies performed in nu/nu mice bearing estab-
lished LS174T tumours, the degree and specificity of
tumor localisation increased significantly with increas-
ing affinity. At 24 h after injection, tumor retention of
the highest affinity scFv was 7-fold greater than that of
a mutant with the lowest affinity for CEA.
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Fig. 1: Tumor accumulation of labelled scFv antibody
fragments after 24 h.

Bioreactivity of the labelled scFv was measured with a
gel-shift assay. ScFv was mixed with CEA and sepa-
rated on a gel-filtration column. Bioreactive scFv
shifted to a higher MW and eluted at MW of about 130
kDa, which corresponds to the MW of CEA and scFv.
Nonreactive scFv eluted at MW 50 kDa (nonreactive
dimers) and MW 25k kDa (nonreactive monomers).
All scFv were more than 95% bioreactive except scFv
NFE, where only 30% of the activity bound to CEA.
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MODIFICATIONS TO REDUCE RENAL UPTAKE OF 99MTC/188RE-TRICARBONYL
LABELED SINGLE CHAIN ANTIBODY FRAGMENTS

A. Stichelberger, C. DePasquale, R. Waibel

One of the major limitations of using intact immunoglobulins for targeting tumours is poor penetration into
tissues. Although small single chain Fv (scFv) antibody fragments have been used because of their im-
proved kinetics, fragments labelled with metallic radionuclides have undesirable high renal accumulation.
In this study we tested a new approach to reduce renal accumulation ofscFvs.

The use of radiolabelled monoclonal antibodies for
radioimmunodetection and radioimmunotherapy has
been extensively evaluated since the initial clinical
report of (1). The major limitations of intact immuno-
globulins for targeting are their poor penetration into
tissues. The use of smaller antibody fragments like
single chain Fv molecules has led to the recognition of
their capacity for early tumor targeting, with rapid
clearance from blood permitting the use of short-lived
radionuclides and early imaging. A short-lived nuclide
and a small antibody fragment with a half-life of min-
utes would make ideal partners, coupled as an imag-
ing agent. The high-affinity, phage-selected anti-CEA
scFv antibody fragment MFE-23 labelled with our new
"mTc-tricarbonyl technique could be such an agent
for radioimmunodetection of colorectal cancer.

However, these radiolabelled scFv fragments showed
in a experimental mouse system high renal uptake,
thus resulting in high renal radiation doses and poten-
tially decreasing localisation sensitivity. High renal
accumulation is a common problem for low molecular
weight proteins. The mechanism of renal uptake and
retention of small proteins is believed to involve
glomerular filtration and subsequent reabsorption and
catabolism in the proximal tubular cells.

Three major strategies have been developed to re-
duce the renal radioactivity levels of radiolabelled anti-
body fragments. One method uses interposition of a
metabolisable linkage to reduce the nontarget radio-
activity levels. The radiometabolite generated after
cleavage of the linkage should be excreted rapidly
from the nontarget tissues into urine. A second
method uses blocking of reabsorption of radiolabelled
antibody fragments into renal cells by infusion of basic
amino acids such as lysine. The radiolabelled antibody
fragments appear directly in the urine without being
incorporated and metabolised in lysosomes of renal
proximal cells. It is known that glomerular permeability
of macromolecules is a function of their overall
charge. Positively charged macromolecules cross the
glomerular wall more readily than neutral molecules,
and negatively charged are restricted from crossing.
On the basis of this, in a third approach proteins have
been chemically modified that makes them more ani-
onic.
We examined the latter two methods of decreasing,
kidney localisation. By using an optimised application
of D-lysin, kidney levels in mice treated with 188Re-
tricarbonyl labelled scFv MFE-23 could be reduced to
30% compared to the non lysin group. The sensitivity
was increased to twice the amount of scFv localised at
the tumor site. At 48 hr, tumor to blood values reached

16:1 compared to 8:1 of the nontreated group. Un-
specified control antibody did not localise.

In a second method, we investigated the influence of
lowering the pKi of the scFv MFE-23 by succinylation
of its 11 lysine amines.

Fig.1: Isoelectric focusing of labelled scFv MFE-23
with and without succinylation (left: Coomassie
blue staining, right: autoradiography).

Succinylation of scFv MFE-23 lowered the isoelectric
point of the scFv from pKi 6.85 to pKi 3.9. This more
anionic molecule showed a marked decrease in kid-
ney accumulation of the 99mTc-tricarbonyl labelled
scFv fragment.
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3 Kidney MFE ~r

1h 4h 24h

Time after injection

Fig.2: Kidney retention of 99mTc-tricarbonyl labelled
normal and succinylated scFv in C57/BL6
mice 1 h, 4 h and 24 h after injection.

Moreover, because we have shown before that the
use of D-lysine can influence kidney retention of small
antibody fragments, we will in further experiments
evaluate whether coinjecting D-lysine with the radiola-
belled, succinylated scFv fragment would further de-
crease renal uptake of scFv fragments.
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LABELLING OF DIFFERENT NEUROTENSIN DERIVATIVES

P. Blauenstein, E. Garcia Garayoa, R. Bugmann, M. Bruhlmeier, R. La Bella, N. Carrel-Remy,
M. Willmann, D.Tourwe1, P. Conrath1 (1Vrije Universiteit Brussel)

Neurotensin derivatives are a potential vehicle to transport 99mTc and 188Re into tumour cells for diagnos-
tic or therapeutic purposes. In parallel with the search for stabilised neurotensin analogues the labelling
could be improved and the properties of labelled peptides are investigated.

Neurotensin (NT) belongs to the group of neuropep-
tides and binds to receptors which are present on cells
of healthy tissues and are over-expressed in different
tumours of the pancreas (ductal pancreatic carci-
noma), colon, lung or brain (e.g. meningioma, Ewing
sarcoma). Several ligands are known which form a
stable binding of the tricarbonyl complexes of Tc and
Re and have a free carboxylate group for linking it to
the amine terminus of a peptide. 99™Tc, 186R6 anc j
188Re have similar chemical properties (group 7 ele-
ments) and have decay properties which are excellent
for diagnostic and therapeutic application respectively.
The stability of the NT analogues was found to be a
problem and thus, several stabilised NT derivatives
(five more than presented in last years annual report,
see Tab. 1) have been prepared in Brussels, labelled
and tested here.

Table 1: Neurotensin analogues: NT8-13 (italic) binds
to the receptor, His and (NaHis)Ac at the
place of Pro form the metal complex, (bold:
site of stabilising effect).

NT7-13

NT-I

NT-II

NT-Ill

NT-IV

NT-V

NT-VI

NT-VII

NT-VIII

NT-IX

NT-X

NT-XI

Pro-Arg-Arg-Pro- Tyr-lle-Leu

His-Arg-Arg-Pro-Tyr-lle-Leu

(NaHis)Ac-Arg-Arg-Pro-Tyr-lle-Leu

His-(N-CH3)-Arg-Lys-Pro-Tyr-Tle-Leu

His-Lys-CFCI^NHJ-Arg-Pro-Tyr-lle-Leu

(NaHis)Ac-Arg-(<J'CH2NH)-Arg-Pro-Tyr-lle-Leu

(NaHis)Ac-Lys-CFCH2NH)-Arg-Pro-Tyr-lle-Leu

(NaHis)Ac-Asp-Lys-(¥CH2NH)^Arg-Pro-Tyr-lle-Leu

(NaHis)Ac-(N-CH3)-Arg-Lys-Pro-Tyr-Tle-Leu

(NaHis)Ac-Gly-Lys-(<J'CH2NH)^rg-Pro-Tyr-Tle-Leu

(NaHis)Ac-Arg-Arg-Pro-Tyr-Tle-Leu

(NaHis)Ac-Lys-CPCH2NH)-Arg-Pro-Tyr-Tle-Leu

Labelling Procedure and safety aspects: The label-
ling is performed in three steps, first the generator
eluate (pertechnetate in physiological saline) is added
to a closed 10 ml penicillin vial containing a mixture of
sodium carbonate, sodium borohydride and sodium
potassium tartrate in a atmosphere of carbon monox-
ide. The vial is equipped with an empty syringe to bal-
ance the increased pressure due to the gas evolution

of this process. The solution is heated for 30 to 45 min
at around 75°C. Then the solution is buffered to pH 7
and the desired aliquot is added to the NT solution
which again is heated to about 75°C for at least 1 h.

Special care has to be taken to perform the first step:
The gas volume in this step is doubled (evolution of
hydrogen) and it contains a few percent of the Tc ac-
tivity. All uncontrolled escape of activity should be
avoided when the syringe is removed, the septum
punctured and the further steps performed. The first
step seems to be most oxygen sensitive while later on
traces of oxygen are rather harmless.

Results: The concentration of the peptide in the label-
ling solution should be at least 0.02 mM, however to
obtain a yield > 95% at least 0.05 mM peptide should
be used.
Most of the NT analogues show two peaks in the
HPLC trace. In the case of NT-IX three peaks are
found, with NT-XI only one peak.

If the peaks are collected separately and injected
again the retention time is not altered, which means
that at room temperature no change takes place. In
contrast at 75°C the first peak decreases with time
while the second increases. It is clear that the peaks
represent different species, however the nature of
these species is unclear.
The difference in Kd of such separated fractions is
rather small, e.g 0.87 nM vs. 0.91 nM with NT-VI or
1.38 vs. 1.10 with NT-VIII.

After about 1.5 h until 7 h the ratio of the peaks stops
changing and the labelled NT retains its affinity
(Scatchard analysis).

Conclusion: The labelling of the NT analogues is not
yet optimal, however, to proceed efficiently we will
optimise this process only for those peptides which
show sufficient stability and high ratios of the activities
taken up in the tumours compared to the other tis-
sues.

(NaHis)Ac binds the Tc-tricarbonyl moiety tridentately
while His only bidentately. The latter leads to a high
nonspecific binding and was thus used only during the
beginning of the project and will not be followed fur-
ther.
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9 9 M T C . L A B E L L E D NEUROTENSINS AS POTENTIAL TRACERS
FOR TUMOUR TARGETING

E. Garcia Garayoa, R. Bugmann, M. Willmann, N. Carrel-Remy, M. Bruhlmeier, P. Blauenstein,
D. Tourwe1 (1Vrije Universiteit Brussel)

Different changes were introduced in the neurotensin molecule in order to stabilise the structure against
enzymatic degradation. The binding properties of all the derivatives labelled with 99mTc were analysed "in
vitro". Those peptides which showed the most rapid clearance and the lowest kidney and liver accumula-
tion levels after 24 hours in normal mice were chosen for further analysis in nude mice bearing tumour
xenografts.

INTRODUCTION

A number of human tumour tissues overexpresses
certain types of high affinity receptors on their cell-
surface, for instance neuropeptide receptors, which
could be used as targets for the in vivo imaging and
therapy (1). The use of small peptides such as neuro-
tensin offers several advantages: easy synthesis and
modification, high affinity for their receptors, rapid
plasma clearance and often high concentration in the
target tissue (2). However, their degradation in plasma
by endogenous peptidases and proteases is also rapid
and therefore it is crucial to design new stabilised de-
rivatives with still high binding affinity and improved
biodistribution (e.g., low liver and kidney accumulation
and high tumour uptake). Several new stabilised NT(8-
13) analogues have been synthesised (from NT-I to
NT-XI, see table on previous page) and characterised.

BINDING AND INTERNALISATION ASSAYS

Both binding assays and internalisation studies were
performed in vitro with HT-29 cells. All the " m T c -
labelled peptides showed a high affinity for the NT-1
receptor expressed in this cell line with K^ values in
the nanomolar range (between 0.2 and 3 nM for all the
peptides) and similar to the value obtained for iodi-
nated neurotensin (1.6 nM). After the interaction of
neurotensin with its receptor the peptide-receptor
complexes are rapidly internalised. The internalisation
increased with the time in a similar manner for all the
analogues tested. In all cases about 80% of the pep-
tide was internalised within the first 30 minutes and
remained inside the cell for at least 2 hours.

BIODISTRIBUTION STUDIES

In a first series of experiments, the biodistribution of
the different 99mTc-labelled analogues was deter-
mined 24 hours after injection in normal mice. The
analogues NT-Ill, NT-IV and NT-V showed a high
accumulation in both kidneys and liver at this time
point, especially NT-IV, with almost 90% of the in-
jected dose per gram of tissue (%I.D./g) still present in
kidneys. These derivatives were not considered for
further tests. More biodistribution studies were per-
formed in nude mice with HT-29 tumour xenografts
with the peptides NT-I, NT-I I, NT-VI, NT-VIII, NT-IX
and NT-X which showed low kidney and liver uptake at
24 hours post-injection. With 99mTc-NT-l and "™Tc-
NT-II the clearance was rapid but the tumour uptake

was very low at all time points tested (1.5, 5 and 24 h
post-injection) which could be explained by a fast ca-
tabolism in plasma. NT-VI, NT-X, NT-VIII and NT-IX
presented additional stabilisation, especially NT-VIII
and NT-IX (most of the peptide was still intact in
plasma after 24 hours of incubation) showed increas-
ing tumour uptake (1.71, 2.24, 3.5 and 3.1 % I.D./g at
1.5 h, respectively). To date the best results were
obtained with NT-VIII for which we found values of
tumour/blood ratio of 18.4, 15.2 and 25 at 1.5, 5 and
24 hours, respectively. In order to determine whether
the tumour uptake was due to specific binding, we co-
injected 99mTc-NT-VIII and cold NT-I I (0.3 mg/mouse).
The significant tumour uptake reduction confirmed that
point (Fig. 1).
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Fig. 1: Blockage of 99mTc-NT-VIII tumour uptake 1.5
h post-injection by a high dose of cold NT-I I
(0.3 mg/mouse) in nude mice with HT-29 tu-
mour xenografts. (t-test, * p<0.01).

CONCLUSION

The changes introduced in the molecular structure of
the NT(8-13) fragment led to an increase in the in vivo
tumour uptake without affecting the binding properties
in vitro. Moreover, the tumour uptake is produced by
specific interaction with NT-1 receptors.

REFERENCES
1. Reubi, J.C. Regulatory peptide receptors as molecular

targets for cancer diagnosis and therapy. Q. J. Nucl.
Med. 41, 63-70, 1997.

2. McAfee, J.G., Neumann, R.D. Radiolabeled Peptides
and Other Ligands for Receptors Overexpressed in
Tumor Cells for Imaging Neoplasms. Nucl. Med. Biol.
23, 673-676, 1996.



36

PLASMA STABILITY OF NEUROTENSIN DERIVATIVES

M. Bruhlmeier, N. Carrel-Remy, P. Blauenstein, E. Garcia Garayoa, R. La Bella

99m jc or 188R& labelled Neurotensin derivatives are potentially interesting radiopharmaceuticals for tumour
diagnosis and therapy. However, they are rapidly metabolised and thus derivatives which resist the natural
catabolism are needed. Some compounds with promising properties have been found.

Neurotensin (NT) is a humorally active peptide binding
to several tumours originating from the neural crest,
for example in the gastrointestinal tract or the lung. NT
derivatives labelled with the carbonyl complex of either
99mjc or 186Re has both a diagnostic and therapeutic
potential. A major problem arises by natural peptidase
activity in plasma, leading to a short physiological half
life of NT in the range of a few minutes. However, the
usefulness of a tracer in nuclear medicine strongly
depends on its stability in vivo. So far, we have la-
belled 11 derivatives of NT (NT I - XI) and examined
plasma stability of those 6 NT derivatives with the
most promising pharmacological properties.

Methods: The examined peptides were derived from
the amino acid sequence 8-13 of NT. The peptides
were varied by coupling histidine-ocN-acetate (H(Ac))
to the amine terminus, by introduction of a methyl
group, by replacing isoleucin (I) at position 12 by a
tertiary leucin (tl_) or arginine (R) by lysine (K) and by
reduction of the peptide bonds between K and R. La-
belling was done by co-ordinating the 99rnTc(CO)3

+

moiety to H(Ac). The labelled peptides were purified
by HPLC and incubated up to one day in fresh human
plasma at 37°C. Experiments were done by adding
tracer amounts of peptide alone (50-200 pmol/ml) or in
the case of NT II and NT VI in the presence of
2 umol/ml cold NT in order to inhibit plasma pepti-
dases by saturation. We used fast protein liquid chro-
matography (FPLC) to separate the intact, radiola-
belled peptide from smaller fragments.

Results: Fig. 1 shows the FPLC trace of 99mTc la-
belled NT II after 10 and 20 min incubation. The first

peak at 9 ml shows protein bound radioactivity, the
peak at 18.5 ml reflects the intact peptide. A peak at
21 ml shows activity bound to a fragment which is
smaller than NT II, indicating that NT II is rapidly
catabolised to a radiolabelled metabolite. The build-up
of this peak could be inhibited by an excess of cold
NT, indicating saturation of plasma peptidases (not
depicted). Fig. 2 shows NT XI with only a small
"metabolic peak" at 18 ml after 27 h incubation in
plasma, indicating a very high plasma stability com-
pared to NT II.

Table 1: Estimated half lives of NT analogues in
plasma; bold: differences compared to NT.

Peptide

NTH
NTVI

NT VIII

NT-IX

NTX

NT XI

Sequence

H(Ac)-R-R-P-Y-l-L
H(Ac)-K-(YCH2N H)-R-P-Y-l -L

H(Ac)-(N-CH3)-R-K-P-Y-tL-L

H(Ac)-G-K-(YCH2NH)-R-P-Y-tL-L

H(Ac)-R-R-P-Y-tL-L

H(Ac)-K-(YCH2NH)-R-P-Y-tL-L

T1/2
5 min
6 min

> 2 4 h

> 2 4 h

1.5 h

> 2 4 h

Conclusions: Stability in vivo is essential for radiola-
belled peptides to be used for diagnosis and therapy.
Peptides catabolised within minutes by plasma pepti-
dases (e.g. NTH, NT VI) can be excluded from further
research. Replacing isoleucin at position 12 by tert-
leucin was the most effective change in the original
amino acid sequence to increase stability. NT-VIII, NT-
IX and NT-XI are the most promising peptides with a
very high plasma stability.
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Fig. 1: FPLC traces of NT-II after 10 and 20 min
incubation in plasma at 37°C(activity as %
of peak maximum)
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A 99MTC(I)-TRICARBONYL LABELLED BOMBESIN ANALOGUE FOR DIAGNOSIS
OF GASTRIN RELEASING PEPTIDE RECEPTOR (GRP-R) POSITIVE TUMOURS

R. La Bella, E. Garcia-Garayoa, M. Langer1, P. Blauenstein, R. Bugmann, M. Bruhlmeier,
A. Beck-Sickinger1 (1 Institute of Pharmaceutical Sciences, ETH)

The synthesis and pharmacological characterisation of a bombesin based radiopharmaceutical was per-
formed in that first a Tc or Re complex was formed which then was coupled to the peptide and the compe-
tition of the binding on PC3 cells of this product with a iodinated bombesin was analysed.

INTRODUCTION

Small receptor-avid peptides labelled with radio-
nuclides (technetium and rhenium) could be important
tools in medicine for imaging and treatment of cancer
e.g. small cell lung tumours. The advantage of such
radiolabelled neuropeptides is based on their rapid
tumor uptake and normal tissue clearance in non tar-
get tissues (1). The initial aim of this study was to es-
tablish a convenient method for labeling the neu-
ropeptide bombesin(7-14) and evaluate the in vitro
and in vivo bioactivity of the labelled peptide.

Labelling of Bombesin(7-14)

Starting from the well established and described
99mtechnetium(l)-tricarbonyl-synthesis in aqueous
solution [2] the complex with the bifunctional chelator
picolineamine-A/,A/-diacetic acid (PADA) was synthe-
sised with high yield (Fig. 1). After purification from
excess PADA by a tC18 Sep-Pak column we coupled
the complex to the N-terminus of bombesin(7-14)
using 2,3,4,5,6-pentafluorophenol (PFP) and A/-(3-
dimethylaminopropyl)-A/-ethylcarbodiimide hydro-
chloride (EDC) as coupling agents. The final product
99mTc(l)-PADA-bombesin(7-14) (yield: 20-30%) was
purified by HPLC.

OH2

CO

[M = Tc, Re]

releasing peptide receptors (GRP-R) bearing human
prostate cancer cell line PC-3 (Fig. 2).

PADA _ (^Y~f^T°

PFP, EDC, Bombesin(7-14)

Fig. 1: Labelling of Bombesin.

In vitro binding assay

The bombesin analogues produced by solid phase
peptide synthesis were tested for their ability to inhibit
(IC50) the binding of iodinated bombesin to the gastrin

-12 -11

Fig. 2: Displacement (IC50) of 125l-[Tyr4]-bombesin

by the unlabelled PADA-bombesin(7-14) (•)
and cold labelled 185/187Re-PADA-bombe-
sin(7-14) (o) using bombesin (A) and neu-
romedin B (•) as positive and negative con-
trol, respectively.

CONCLUSION

The in vitro binding assay shows that the labelled pep-
tide has an IC50 (1.9 nM) in the same range as the
native bombesin (1.5 nM). This indicates that the pep-
tide doesn't lose its binding affinity by radiolabelling.
Based on this result we selected the synthesised
99mTc(l)-PADA-bombesin(7-14) as reference for fur-
ther pharmacological characterisation of bombesin-
like peptide based radiopharmaceuticals.
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FUNCTIONALISATION OF GLUCOSE FOR THE LABELLING WITH 99MTC(I)-TRICARBONYL

J. Petrig, R. Schibli, R. Alberto, J. Stahel

The aim of this project is to replace the expensive PET tracer ^F^-Fluorodeoxyglucose by a inexpensive
"mTc labelled analogue for tumor imaging. For this purpose, we synthesised a series of glucose deriva-
tives at position C1 with a tridentate ligand system. We successfully labelled these derivatives with the
organometalic precursor fac-l"Tc(OH2)3 (CO)J+.

INTRODUCTION

Today, [18F]-2-Fluorodeoxyglucose, FDG, is widely
used as diagnostic radiopharmaceutical. However, the
production of the PET (Positron Emission Tomogra-
phy) isotope 18F, the labelling of the glucose and the
quality control requires expensive and sophisticated
equipment (e.g. cyclotron, HPLC) and personnel for
performance and maintenance. On the other hand, the
SPECT (Single Photon Emission Spectroscopy) iso-
tope " m T c , the most important isotope in nuclear
medicine, is inexpensive, readily available on side in
any hospital environment. Therefore, it would be eco-
nomically a great advantage to label glucose with
99mTc instead of 18F. Apart from the potential applica-
tion of such a " m T c labelled glucose analogue as
immediate tumor diagnostic, corresponding sugar-
metal complexes are expected to reveal an improved
hydrophilicity and cell membrane permeability. Both
factors can have a positive influence on the biodistri-
bution (fast cell uptake and efficient clearance from
untargeted organs) of corresponding radio active
compounds.

In the last years several groups tried to functionalise
glucose for " m j c labelling [1-3]. All this attempts de-
rived from the known Tc(V) chemistry. But since tech-
netium in its higher oxidation states interacts preferen-
tially with the HO-groups of the sugar, these glucose
derivatives lost their biological activity. In addition cor-
responding Tc(V) complexes revealed a low in vitro
and in vivo stability.

With the novel labelling strategy, developed in our
group, using the organometallic precursor fac-
[99Tc(OH2)3(CO)3]

+, we believe that the earlier diffi-
culties, regarding HO-interaction and in vivo stability
can definitely be circumvent. Therefore, we are cur-
rently synthesising and investigating glucose deriva-
tives for the successful labelling with 99mTc(l)-
tricarbonyl.

DISCUSSION

From our previous work we learned, that fac-
[99Tc(OH2)3(CO)3]

+ forms with tridentate ligand sys-
tems, containing carboxylic acid and aliphatic and
aromatic amine functionalities very inert complexes.
Among the potential chelating system for the function-
alisation of glucose, we choose iminodacetic acid
moiety (IDA) as most suitable since it is hydrophilic,
small in size and easy to derivatise. The ligand system
was liked to the C-1 position of glucose and 2-

deoxyglucose via linkers of different length. Repre-
sentatively two compounds (L1 L2) are shown in
scheme 1.
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Scheme 1:

The compounds L1 and L2 were prepared in six steps
(over-all yields ca. 20%).
The derivatives were labelled with fac-
[99Tc(OH2)3(CO)3]+ according to the procedure de-
scribed by Alberto et al. [4]. Each derivative formed
one single species. Representatively complexes 3 and
5 are depicted in scheme 2.

fac-[M(OH2)3(CO)3]+

5 M = 99mTc
6 M = Re

Scheme 2:

The " m T c labelled derivatives were stable (> 90%)
over a period of 24 h at 37°C in PBS buffer (pH = 7.4).

The structure of the complexes were characterised on
the macroscopic level by means of 1H, 13C-NMR and
IR spectroscopy using inactive /ac-[Re(OH2)3(CO)3]

+

as a surrogate for fac-["Tc(OH2)3(CO)3]+. The tripo-
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dale coordination of the ,,M(CO)3"-center (M = " m T c ,
Re) to the IDA moiety was unambiguously confirmed
in the 1H NMR experiment. Upon coordination to the
metal tricarbonyl center the initial singlett (at 3.6 ppm)
of the four protons of the IDA chelating moiety shifted
down field and splitted into two doublets (centred at
3.3 ppm), with the intensity of two protons each, re-
vealing a characteristic AB pattern (Fig.1).
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Fig. 1: (A) Section of the 1H-NMR of the ligand 2
including the singlett of the CH2-groups of the
IDA moiety; (B) same section after coordina-
tion of the rhenium-tricarbonyl center. The AB
system of the CH2 groups of the IDA moiety is
indicated by arrows (additional splitting is due
to the d4-Me0H signal).

However, the protons of the sugar moiety were almost
identical with those of the uncoordinated glucose de-
rivative, proving that the metal-tricarbonyl is not inter-
acting with the HO-groups of the glucose.

Finally the identity of complexes 4 and 6 with the spe-
cies on the no-carrier added level (3, 5) was verified
by comparison of their retention time (RT) on the re-
versed phase HPLC column (Tab. 1).

Table 1 : HPCC-retention cimes of the 99™Tc comple-
xes 3 and 5 and the corresponding Re com-
plexes 4 and 6.

Compound

RT [min]

3

14.1

4

13.7

5

16.4

6

15.6

CONCLUSION

We synthesised a series of novel glucose and 2-
deoxyglucose derivatives for the labelling with low
valent organometalic technetium precursors. The pre-
sent strategy allows the stable and specific labelling of
glucose with " m T c without interference of the metal
center with the sugar moiety. These findings are an
important step for the development of novel classes of
99mjc labelled biomolecules and radiopharmaceuti-
cals. As part of our ongoing work, the 99mTc(CO)3-
glucose derivatives will be tested for their biological
affinity.
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BASIC AND APPLIED AQUEOUS CHEMISTRY OF ORGANOMETALLIC TECHNE-
TIUM AND RHENIUM COMPLEXES

R. Schibli, R. Alberto, R. Schwarzbach, J. Stahel, M. Iftimia-Peyer, U. Abram1, A. Merbach2,
N. Aebischer2 (1FZ-Rossendorf, 2Uni Lausanne)

The basic aqueous chemistry of organometallic technetium(l) and rhenium(l) compounds was extended
and investigated by means of high-pressure NMR techniques. Furthermore, novel, bifunctional ligand sys-
tems were synthesised and tested for their coordination and labelling characteristics with fac-
[MfOHJ3(CO)3J

+ (M = 99mTc, Re).

The new technique for radioactive labeling of biomole-
cules, developed in our laboratories, using the or-
ganometallic precursor fac-[M(OH2)3(CO)3]

+ (1)
(M=99mTc, 188Re) has nowadays been accepted inter-
nationally as a powerful alternative to the techne-
tium(V) and rhenium(V) protocols (1). This is mainly
due to the outstanding features of the "M(CO)3" moiety
in terms of kinetic inertness and high specific activi-
ties. An other major advantages of 1 is the broad ver-
satility of appropriate ligand types able to coordinate to
the metal-carbonyl center. The flexible choice of ligand
is an absolute prerequisite, if the labeling of biomole-
cules with different pharmacological characteristics
should be possible with one and same organometallic
moiety.

Therefore, we are constantly screening ligand systems
with optimal labeling characteristics and pharmaco-
kinetic behaviour. As a consequence of our previous
work and experience, we focus currently on the devel-
opment of tridentate, charged chelating systems with
the potential to be readily linked to various classes of
hydrophilic biomolecules. We were able to synthesize,
tridentate, bifunctional ligands containing an imino-
diacetic acid or an amino bis-imidazolyl chelating moi-
ety with a spacer and an additional amine or carboxylic
acid functionality (Fig. 1). The primary amine and/or
carboxylic acid function enables the connection to a
biological vector via a stable amid bond.

R

R = -COOH, n =
-NH2, n = 3, L2

R = -COOH, n = 1,L3
-NH2, n = 3, L4

Fig. 1: Novel ligand systems for the labeling with the
precursor 1. Metal-coordinating atoms are
high lighted.

These ligands produce with 1 anionic (L,, L2) and
cationic (L3, L4) complexes of high hydrophilicity,
which give generally rise to a better in vivo clearance.
Another decisive advantage of this group of li-
gands/complexes is their intramolecular Cs-symmetry
which avoids the formation of (additional) stereoiso-
mers, when connected to a biomolecule. Different
isomers may reveal a contrasting biological behaviour,
which is unfavourable. The corresponding complexes
were characterised on the macroscopic level (M =
99Tc, Re) by means of NMR and IR spectroscopy. In
case of ligand L2 the rhenium complex fac-
[Re(HL2)(CO)3], could be isolated and its X-ray struc-
ture be elucidated. An ORTEP is given in Fig. 2. It is
remarkable, that the free -NH2 group points right away
from the metal center. Steric or electrostatic interac-
tions in a labelled biomolecule should, thus be mini-
mised.

o

Fig. 2: ORTEP of complex fac-[Re(HL2)(CO)3].

Ligand L1 was connected to biotin and the corre-
sponding bioconjugate subsequently labelled with 1.
The conjugate was stable for more than 24 h in PBS
buffer at 37°C (<95%, determined by HPLC) with only
minor reformation of 9 9 mTc04 ' . More important, the
labelled biotin derivative revealed excellent bioaffinity
(<90%) comparable to native biotin. This was verified
by a standard biotin-streptavidin protocol
(Dynabeads®).

Ligands L3 and L4 are excellent candidates for func-
tionalisation of receptor avid biomolecules, since they
form complexes with 1 at very low ligand concentra-
tions (10~5 M) and in high yields (>95%, 30 min at
75°C in PBS, pH = 7.4). With these new bifunctional
chelating systems the design has now been elucidated
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to a stage, where convenient ligands, fitting to almost
any class of biomolecule are available.

In collaboration with the group of Prof. Merbach at
UNIL, we continued to elucidate the basic aqueous
chemistry of fac-[99Tc(OH2)3(CO)3]

+. In particular, the
rate and mechanism of the CO exchange at the metal
center could be determined by means of high pressure
" T c and 13C NMR techniques. A sample of fac-
[99Tc(OH2)3(CO)3]

+was pressurised with 13C enriched
CO (4.4 MPa). The stepwise substitution of the 12CO
ligand by 13CO could be well observed in the 99Tc
NMR experiment (Fig. 3). The mechanism of the li-
gand exchange is most probably of associative nature
with the tetracarbonyl complex [99Tc(OH2)2(CO)4]+ as
the intermediate. The additional splitting of the 99Tc
NMR signals is due to the 99Tc-13C coupling
(JggTc13C). It is noteworthy, that this is the first time
that a J99TCi3c w a s experimentally verified. The time
dependent particle concentration at +4°C is shown in
Fig. 4. The kco-value determined at this temperature
was 0.82(1 )x10"4 kg s"1 moM. If the same fac-
[99Tc(OH2)3(CO)3]+ sample was kept for several days
under CO pressure, we observed the partial exchange
of all three water molecules in /ac-[99Tc(OH2)3(CO)3]

+

by CO ligands and the formation of the technetium(l)
tetra- (-1020 ppm), penta- (-1405 ppm) and finally
hexacarbonyl (-1956 ppm) (Fig. 5). Formation of the
corresponding species in aqueous solution was be-
lieved to be impossible until today. These results might
further extend the chances of organometallic com-
pounds to play important roles in different areas of life
sciences.
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Fig. 4: Particle concentration under 13CO pressure.
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Fig. 5: 99Tc NMR spectrum of an aqueous sample of 1 after 3 weeks under 4.4 MPa of 13CO pressure. The forma-
tion of [99Tc(OH2)2(CO)4]+ (ca. 2 %), [99Tc(OH2)(CO)5]

+ (ca. 2 %) and [99Tc(CO)6]+ (ca. 15 %) is fully re-
versible.
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SYNTHESIS AND CHARACTERISATION OF NOVEL NS,-LIGANDS TOWARDS THE
APPLICATION OF AG-111 IN NUCLIDE THERAPY

J. Baumeister, R. Alberto, Th.A. Kaden1, K. Ortner2 f Uni Basel, 2Uni Zurich)

Several new openchain and cage ligands bearing the novel NS3-coordinating moiety have been synthe-
sised and their coordination behaviour has been examined for Ag(l) and Cu(l) both with NMR-techniques
and x-ray crystal structure analysis. Those results confirm previously performed molecular modelling cal-
culations to a promising extent

111Ag is a radionuclide with interesting decay proper-
ties for the application in radioimmunotherapy. On the
other hand, its coordination chemistry is somewhat
demanding to the synthetic chemist. Most Ag(l) com-
plexes suffer from low thermodynamic stability as well
as very low kinetic inertness. For medical applications
this is a critical point, since the metal center will face a
variety of potential coordinating sites in serum.
Therefore transchelation to other ligands present in
high concentrations has to be avoided by means of
ligand design. Typical ligands enhancing both thermo-
dynamic stability and kinetically inertness with con-
comitant encapsulation of the metal center are cage
compounds.

From previously synthesised hexadentate thioether
ligands of varying hole size we learned that tetraden-
tate surface coordination of the silver cation is pre-
ferred even if hexadentate central coordination would
be possible due to the ligand design. In order to com-
bine both the general properties of cage complexes
and the need to offer a tetrahedral coordination site,
we turned to the above mentioned NS3-ligands. In

contrast to previous work, which concentrated on pure
thioether donor systems, those ligands provide an
additional nitrogen donor. This configuration of donors
and backbone allows to build up a perfect tetrahedral
coordination site. Furthermore those ligands feature
an enhanced flexibility of the ligand framework. Re-
duced complex stability arising from the basicity of this
kind of ligand is considered minor to the benefits men-
tioned above.

Several openchain ligands were synthesised to estab-
lish the coordination behaviour of the NS3 moiety with
respect to the silver cation and its homologue cop-
per(l). We were able to perform some x-ray crystal
structure analysis on copper(l) complexes.

Fig. 1: NS3 moiety complexing central metal ion.

From 1H-NMR-studies we concluded that there is a
similar coordination behaviour of the corresponding
silver(l) complexes. Unfortunately we were not able to
crystallise those compounds. As expected from mo-
lecular modelling calculations the central metal, in this
case copper(l), is coordinated by four donor atoms in
a trigonal pyramidal way. The metal cation is centrally
localised in a plane defined by three sulphur atoms,
this whole unit being topped by the nitrogen donor,
thus forming the trigonal pyramid. Parallel to our re-
sults Ambundo and coworkers published similar crys-
tal structures of both copper(l) and copper(ll) com-
plexes. With this NS3-donor set as a newly estab-
lished building block for future ligand design we will
pursue our efforts on cage synthesis. As previously
shown with pure thioether cages the hole size is cru-
cial with respect to the coordination properties of those
ligands. First steps towards a systematically variation
of the cage size have been undertaken.
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DEVELOPMENT OF NEW COMPOUNDS FOR THE PET IMAGING OF GENE EXPRESSION

S. Raic Malic1, D. Svedruzic1, M. Mintas1, S.M. Ametamey2, PA. Schubiget2, L Scapozza3, G. Folkers3

(1Faculty of Chemical Engineering and Technology, Department of Organic Chemistry, Zagreb, Croatia;
2PSI, Center for Radiopharmaceutical Science, Villigen,3ETH Zurich, Department of Pharmacy)

In order to image thymidine kinase reporter gene expression using PET, a number of N-9 substituted acy-
clic nucleoside analogues have been synthesised.

INTRODUCTION

Herpesviral thymidine kinase (TK) belongs to the
pyrimidine salvage pathway and phosphorylates
thymidine (dT) to thymidine monophosphate (dTMP).
Acyclovir (ACV), penciclovir (PCV) and their prodrugs
are the therapeutic compounds of choice to interfere
with a severe herpesvirus infection. After being acti-
vated by the virus-specific TK, these molecules act as
fraudulent substrates blocking virus proliferation by
dead end complexes with the viral DNA. The molecu-
lar basis of the selective therapy, that uses viral TK as
target, is the difference in substrate specificity be-
tween herpesviral TKs and the human cellular isoen-
zyme which is specific to thymidine. TKs are more
recently used as a suicide enzymes in gene therapy of
cancer and AIDS in combination with ganciclovir. An-
other important application of HSV1 TK is to increase
the efficacy and safety in allogeneic bone marrow
transplantation (allo-BMT). Furthermore, TK is an
amenable tool to monitor expression level and location
of gene-therapeutically tranduced genes. Thus, TK
substrates labelled with positron-emitting radioiso-
topes are employed to observe and measure the rates
of biochemical processes in tissues of living subjects.
The growing need for new TK ligands has prompted
us to design and synthesise 2-halogenated and 6-
fluorinated acyclic purine derivatives (Scheme 1).

Chemistry

The N-9 substituted acyclic nucleoside analogues
were prepared by a route involving alkylation of corre-
sponding purine derivatives (Scheme 1) with propyl-
ene carbonate (1).

The iodine in position 2 of purine moiety was intro-
duced by classical diazotation and halogenation pro-
cedure using /so-pentyl nitrite as the nitrosating agent.
The most convenient method for fluorination at posi-
tion 2 of purine is the Balz-Schiemann reaction. The
reaction was performed in non-aqueous media with 60
% HF/pyridine and fert-butyl nitrite (TBN). Conversion
of 6-chloro substituted compounds into the corre-
sponding 6-amino and 6-keto derivatives were ac-
complished in analogy to methods reported in the
literature. 6-Fluoropurine derivative was obtained in 2
steps employing fluoride displacement on 6-purinyl-
trimethylammonium salt which was obtained by reac-
tion of the 6-chloropurine derivative with anhydrous
trimethylamine (Scheme 2).

KF(10equiv.)

= F, Cl, NH2

Scheme 2: Nucleophilic 18F-fluorination of 6-purinyl-
trimethylammonium salt was carried out
in DMSO using potassium carbonate and
Kryptofix 222.

The structures of the novel compounds were deter-
mined on the basis of chemical shifts, signal intensi-
ties, magnitude and multiplicity of C-H spin-spin cou-
pling constants as well as connectivity in NOESY and
COSY spectra.
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SYNTHESIS, RADIOLABELLING AND EVALUATION OF SPECIFIC PET TRACERS
FOR THE GLUTAMATERGIC SYSTEM

S.M. Ametamey, M. Kokic, M. Honer, P. Blauenstein,
N. Carrel-Remy, M. Grauert1, Y. Auberson2, F. Gasparini2, M. Arigoni3, A. Buck3

(1Bohringer Ingelheim, 2Novartis Pharma AG, Basle, 3University Hospital Zurich, Nuclear Medicine)

PET studies with ^FJ-fluoromethylmemantine (t18F]-FMM) have been performed in 3 healthy volunteers.
Two new compounds have been synthesised and are currently being evaluated as potential radioligands.

PET EVALUATION IN HEALTHY VOLUNTEERS OF
FLUORINE-18 LABELLED FLUOROMETHYL-
MEMANTINE

The glutamatergic NMDA (N-Methyl-D-Aspartate)
receptor has been implicated in brain disorders such
as Alzheimer's disease, schizophrenia and Parkin-
son's disease. To date no selective radioligand for
mapping this receptor complex is available. In a previ-
ous publication we reported on the synthesis, radiola-
belling and the pharmacological characterisation of the
NMDA antagonist, [18F]-fluoromethylmemantine
([18F]-FMM). The promising in vivo results obtained
both in mice and in a monkey encouraged the further
elucidation of [18F]-FMM in order to establish whether
or not [18F]-FMM can be utilised as a PET radioligand
for imaging the PCP(phencyclidine) binding site of the
NMDA receptor complex in humans. So far 3 healthy
volunteers have been investigated. The amount of
[18F]-FMM intravenously injected ranged from 105-
265 MBq. Dynamic data was collected for two hours.
In order to determine the metabolite-corrected input-
function, arterial blood samples were taken at prede-
fined times and the amounts of parent compound and
metabolites were determined. The input function was
used to perform kinetic modelling of the measured
data.

The radioactivity-time curves obtained showed an
initial fast uptake of [18F]-FMM in all the brain regions
examined. Peak radioactivity was reached at 25 min-
utes post-injection and radioactivity levels remained
thereafter constant throughout the studies. In contrast
to the PET studies in the monkey and compared to
other brain regions such putamen, frontal cortex and
striatum, the cerebella of all 3 healthy volunteers
showed a similar uptake of radioactivity. Metabolic
studies indicated that at 5, 15, 30, 45, 90 minutes
post-injection more than 95% of radioactivity in human
plasma was parent compound. In order to determine
the kinetic parameters related to radioligand binding,
several compartment models were tested. Based on
the robustness of the kinetic variables the best kinetic
model determined was the 1-tissue compartment
model. The distribution volume (DV) which is a meas-
ure of amount of the radioligand in tissue compared to
plasma was calculated for the various brain regions
and amounted to 18, 18, 20 ml/mltissLie for the frontal

cortex, cerebellum and putamen, respectively. The
fact that the 1-tissue model best fits the measured
data suggests that [18F]-FMM has a high degree of
non-specific binding. However, in the absence of se-

lective radioligands for the PCP-binding site further
studies are warranted in order to quantitatively deter-
mine the extent of specific binding of [18F]-FMM in
humans.

SYNTHESIS AND FIRST IN VITRO RESULTS OF
MEO-BIII277CL

Recently we reported on the radiolabelling of
BIII277CL, a new and highly potent NMDA-antagonist
with affinity for the PCP-binding site of the NMDA re-
ceptor complex, with carbon-11. Blockade studies,
however, showed contrary to our expectations an in-
creased uptake of radioactivity in all the brain regions
examined. We decided therefore to prepare a new
derivative of BIII277CL in order to evaluate its useful-
ness as a possible PET tracer for mapping the PCP-
binding site of the NMDA receptor complex.

•HCI

fY

b)

• HCI

Fig. 1: Synthesis of MeO-BIII277CL
a) (CH3)2SO4, NaOH 10%, AcCN
b) Et2O, HCI

Fig. 1 shows the reaction scheme leading to MeO-
BIII277CL. Starting from BIII277CL the O-methylation
was achieved by stirring for 4 hours at room tempera-
ture compound 1 and dimethylsulfate, in acetonitrile in
the presence of 10% NaOH. After purification, com-
pound 2 was obtained in 80% yield. Compound 2 was
further converted into the hydrogen chloride salt by
treatment with dry HCI. 3 was obtained in high yields
after purification. The binding affinities of compound 3
for different receptor binding sites were determined in
an in vitro receptor screening assay. Fig. 2 shows the
percentage of inhibition of compound 3 for different
CNS receptors at the concentration of 0.1 ̂ M. At this
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concentration, an inhibition of 79% was observed for
the PCP binding site whereas 49% inhibition was indi-
cated for the a-\ (sigma) binding site. Currently, ho-
mogenate binding studies with mice brain membranes
are being carried out in order to determine the IC50

value of MeO-BIII277CL at the PCP binding site.

Receptor
Adrenergic G1A

Adrenergic a<|rj

Adrenergic fS3

Dopamine D4 2

NMDA, PCP
NMDA, Glycine
NMDA, Gluta-

mate
Potassium
Channel

Sigma 01
Vasopressin V1A

[3H]-ligand/conc.
Prazosin/0.25nM

Prazosin/0.6nM
125l-lodocyano-
pindolol/0.5nM

Spiperone/0.5nM

TCP4nM
MDL 105519/0.33nM

CGP 39653/2nM

Glyburide/5nM

Pentazocine/1 nM
d(CH2)5TyrMe-AVP/

1nM

% of inhibition
25

30

26

24

79
0
0

24

46
29

Fig. 2: In vitro receptor screening was performed at
0.1nMofMeO-BIII277CL

RADIOLABELUNG AND BIOLOGICAL CHARAC-
TERISATION OF 131I-PAMQX

PAMQX and I-PAMQX (3) are the most selective and
potent compounds of a series of 5-aminomethyl-
quinoxaline-2,3-diones, which show high affinity for the
glycine binding site of the NMDA receptor complex.
The structure of this compounds permits a radiolabel-
lingwith131 latC(7).

COOBn

2:X=1;2'=131|

H2O3P.

3:X=I;3'=131|

Fig. 3: Radiolabelling of I-PAMQX

a) CHCI3, l2, or [131l]Nal, H2O2, MeOH, 45min
d) 12N HCI, 60°C, 3h 40% or 20% HCI, 65°C,

1h, 60-90% (based on1311).

Starting from 1 the radioiodinated intermediate 2' was
obtained by treatment with [131l]Nal and hydrogen
peroxide at room temperature. Removal of the pro-
tecting groups was accomplished by heating 2' with
20% HCI for 1h at 65°C. The final product was purified
by HPLC using a reversed phase semi-preparative \i-
Bondapak column and a mixture of 8% ethanol and
92% 0.01 M phosphoric acid as mobile phase. The
radiochemical purity of 3' was higher than 98% and
specific activity was greater than 2000Ci/mmol, with
an overall radiochemical yield ranging from 60 to 90%.
The distribution coefficient (log D) of1 3 1 I-PAMQX was
determined in the water/octanol system at different pH
values using the shake-flask method. The distribution
coefficient (log P) revealed a constant value of about -
2.5 at physiological pH. In order to determine the
pharmacokinetics, biodistribution studies in mice were
performed. The highest uptake of radioactivity was
observed in kidneys, which is not surprising in view of
the high water solubility of I-PAMQX. The heart, lung
liver and bone showed moderate radioactivity uptakes.
At 30min. post-injection, the brain showed only 0.03%
of the injected dose and decreased to 0.01% at 2.5h
and 5h post-injection. It is likely, that the low extraction
by mouse brain is due to the high polarity and low log
D value at physiological pH. For imaging purposes,
therefore, it appears that PAMQX may not be an ideal
candidate for in vivo NMDA receptor screening.

M-MPEP: A POTENT LIGAND FOR THE MGLU5
RECEPTOR

M-MPEP, is a new and highly potent (IC50=4nM) an-
tagonist for the mGlu5 receptor. Unlike the NMDA
receptor, the mGLu5 is a G-protein coupled receptor
subtype. The structure of M-MPEP permits carbon-11
radiolabelling at the O-position and therefore this ap-
proach was adapted. The synthesis of [11C]-M-MPEP
was achieved by heating the desmethyl compound
(MPEP) with 11C-methyliodide at 120°C for 5 min. in
DMF using potassium carbonate as a base. M-MPEP
was purified using reversed phase HPLC. The solvent
system used consisted of 0.1% phosphoric acid and
acetonitrile (7/3). The radiochemical yield obtained
ranged between 10-20%. The log D value of M-MPEP
was determined using the shake-flask method in wa-
ter/octanol and and amounted to 1.3 at physiological
pH (pH=7.4). This value should be optimal for diffusion
through blood-brain barrier. Preliminary in vivo data
indicates that M-MPEP enters rat brain. Biodistribution
studies are currently being performed.
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PET-STUDY IN HUMANS WITH [11C]-B-CPPIT, A POTENTIAL RADIOLIGAND FOR
THE DOPAMINE TRANSPORTER

R. Schonbachler, P. Gucker, S.M. Ametamey, F.X. Vollenweider1, M. Arigoni2, S. Kneifel2,
T. Berthold2, A. Buck2, C. Burger2

0 Psychiatric University Hospital, Zurich, 2Department of Nuclear Medicine, University Hospital, Zurich)

The in vivo evaluation off1C]-(l-CPPIT, a PET radioligand for the dopamine transporter (DAT), was inves-
tigated in humans. The results suggest that [*1C]-R-CPPIT can be used on routine basis to map the DAT in
the human brain.

The radiolabelling of [11C]-G-CPPIT (3B-(4'-chloro-
phenyl)-2B-(3'-phenylisoxazol-5'-yl)tropane, (Fig. 1)
was achieved by N-methylation of the desmethyl com-
pound which was obtained by a 4 step synthesis
starting from cocaine (1).

H

P-CPWT

Fig. 1: Structure of [11 C]-B-CPPIT

The promising results of our in vivo studies with [11C]-
IS-CPPIT in mice (2) encouraged us to evaluate this
radioligand in humans. Six healthy volunteers (4 male
and 2 female; age: 23 ± 2; body weight 64 + 5 kg)
were investigated and 90 min PET scans of the brain
were performed with an average dose of 381 ±
90 MBq and a specific activity of 124 * 30 GBq/mmol.

Arterial blood samples were taken during the PET
scans in order to calculate the metabolite-corrected
input function. Blood radioactivity dropped after the
end of the [11C]-B-CPPIT application (i.v. infusion over
5 min) and remained constant during the rest of the
scan (Fig. 2). The percentage of non-metabolised
[11C]-6-CPPIT in the arterial plasma was determined
by extraction with heptane. The recovery of the radio-
activity was greater than 93%. The fraction of metabo-
lites increased from 5% at 5 min p.i. to 54% at the end
of the scan.

The highest brain uptake of radioactivity was observed
in the striatum which is known to contain high densi-
ties of dopamine transporters (DAT). The striatal up-
take reached a maximum at 45 min p.i. and remained
at a constant level until the end of the scan (Fig. 2).
The striatum-to-cerebellum ratio increased linearly
with time and was 2.16 ± 0.17 (n=6) at 60 min p.i..

Regions of interest (ROIs) were defined over the oc-
cipital (medial and radial), frontal (medial and lateral),
temporal (medial and lateral) parietal and cerebellar
cortex, striatum (caudate and putamen), thalamus and
pons. To analyse radioligand binding in these ROIs

several compartment models were tested based on
the dynamic PET data and the metabolite corrected
input function. The 1-tissue compartment model pro-
vided the most robust kinetic variables. The tracer was
highly extracted as seen by the high distribution vol-
umes (DVs). The DVs of the putamen and the caudate
are 33.3 ml/mltissue and 32.2 ml/mltissue, respectively.
These values are a factor 3.5 higher than the cere-
bellar DV (9.4 ml/mltissue)- Compared to the cerebel-
lum, a higher DV-value was also obtained in the
thalamus (12.7 ml/mltiSSUe), whereas in the other brain
regions the DVs were just slightly increased (9.6 -10.5
ml/mltiSsUe). This distribution pattern is in accordance
with the known distribution of the DAT in the human
brain.

Fig. 2: Radioactivity in brain regions and plasma of a
healthy female volunteer after i.v. application
of 438 MBq [C-11]-p-CPPIT: ^ putamen; •
caudate; A thalamus; O frontal cortex; •
cerebellum; • plasma.
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NEUROTOXICITY OF ECSTASY - A PET STUDY WITH [11C]-(+)-MCN-5652

P. Gucker, R. Schonbachler, S.M. Ametamey, F.X. Vollenweider1, E. Kamber1, F. Buck2, C. Burger2,
S. Kneifef (1 Psychiatric University Hospital, Zurich, Switzerland, 2PET Center, Division of Nuclear Medi-

cine, University Hospital, Zurich, Switzerland)

In view of the investigation of the putative neurotoxicity of ecstasy (MDMA) in humans PET studies with
f11 C]-(+)-McN-5652, a selective radioligand for the 5-HT uptake site, have been performed with and with-
out MDMA pretreatment.

DISTRIBUTION OF 5-HT REUPTAKE SITES IN
HEALTHY VOLUNTEERS

Eight healthy volunteers were investigated. The aver-
age dose was 334±59 MBq of [11C](+)McN-5652 with
a specific activity of 77±23 GBq/nmol. Arterial blood
sample activity was corrected for metabolites by ex-
traction with heptane. [11C](+)McN-5652 showed 29%
radioactive metabolites at 5 min and 49% at the end of
the scan (90 min). We assessed compartmental mod-
eling using a one-tissue compartment model (K.,, k2"),

a two-tissue compartment model (K rk4 ) and the non-
compartmental method developed by Ichise that relies
on a reference region devoid of specific binding sites.
Because of its low density of serotonergic transporters
white matter was chosen as reference. Parameters
related to transporter density were the total distribution
volume DV" (=K1/k2", one-tissue compartment), DVtot

(=K1/k2'(1+k37k4), two-tissue compartments) and Rv
(=k37k4) for the non-compartmental method. DV",
DVtot and Rv values extended over a similar range

and reflected the known pattern of serotonergic trans-
porters. However, all parameters related to transporter
density were markedly confounded by non-specific
binding. With regard to K1 the one-tissue compartment
model yielded markedly lower values, which were,
however, more stable. The minimal study duration
needed to determine stable values for the distribution
volume was about 60 minutes. The choice of the
method to analyse [11C](+)McN-5652 data depends on
the situation. Parametric maps of Rv are useful, if no
information on K., is needed. If compartmental model-
ing is chosen both the one- and the two-tissue com-
partment model have advantages. The one-tissue
compartment model underestimates K., but yields

more robust values. The distribution volumes calcu-
lated with both models contain a similar amount of
information. None of these parameters reflected
serotonergic transporter density in a true quantitative
manner, since all were confounded by non-specific
binding (1).

EFFECTS OF MDMA ON [11C](+)-MCN-5652 BIND-
ING TO 5-HT UPTAKE SITES IN HUMANS

Animal studies suggest that the psychotropic effects of
the 3,4-methylendioxymethamphetamine (MDMA) are
mainly attributable to increased serotonin (5-HT) and
dopamine (DA) release by interaction of MDMA with
the 5-HT uptake site, and to a lesser extent with other
receptor sites. Whether MDMA interacts with the 5-HT
uptake site in humans has not yet been studied.

The effects of MDMA on [11C](+)McN-5652 binding to
the 5-HT uptake sites in the brain were investigated in
healthy volunteers (n=5) using PET during baseline
and after a single dose of MDMA (1.5 mg/kg) (Fig. 1).
Psychological effects of MDMA were rated before and
after PET scanning using the mood rating scale (EWL)
and the Altered State of Consciousness Questionnaire
(APZ).
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Fig. 1: "Effects of MDMA on MCN-5652 binding on 5-
HT reuptake sites in humans (n=5)"
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EPIBATIDINE DERIVED LIGANDS: POSITRON EMISSION TOMOGRAPHY AND
OTHER IN VIVO STUDIES TO INVESTIGATE THE nAChRs

J.E. Spang, J.T. Patt, G. Westera

The structure of Epibatidine, which is the most powerful nAChR ligand known, was modified and the novel
analogues investigated by in vivo experiments.

The extraordinary properties of Epibatidine (exo-2-(2-
chloro-5-pyridyl)-7-azabicyclo-[2.2.1 ]heptane), namely
its high affinity, its strong agonism and its selectivity
towards the central nicotinic acetylcholine receptors
(nAChRs) make this alkaloid a highly interesting
pharmacological tool. EPB can be regarded as a
starting point to synthesise new compounds (next
contribution), which will help to investigate the phar-
macological and physiological properties of neuronal
nAChRs in vivo and in vitro. This should lead to posi-
tron emission tomography (PET) ligands for the
nAChR subtypes. A comprehensive description was
given in the PhD thesis of J. Spang.

[C11]Methyl-Epibatidine

Biodistribution studies were performed in mice. High
uptake of rac-N-[11C]methyl-EPB by the brain, the
main location of the central nAChRs, was found. De-
tailed investigations with both enantiomers interest-
ingly displayed a very strong enantioselective effect.
As we did not know if the measured radioactivity in the
brain reflected only the concentration of unchanged
radioligand or also of metabolised radiotracer, me-
tabolite studies were necessary. HPLC analyses of
blood plasma and brain homogenates showed a fast
metabolism but revealed that no metabolites crossed
the blood-brain-barrier. These results prompted a PET
study in a pig model to get a more detailed view of the
brain areas. N-[11C]methyl-(-)-EPB was strongly ac-
cumulated in the thalamus and not in the cerebellum
and thus correlated with the regional distribution of the
a4p2 nAChR subtypes in the mammalian brain.
To obtain a rational basis for risk assessment in hu-
mans an acute toxicity study was performed in mice
and rats. Unfortunately methyl-EPB exhibited a high
toxicity which offset the encouraging in vivo results
discussed above. Therefore clinical studies with
N-[11C]methyl-(-)-EPB were not started.

Analogues and Derivatives

As N-[11C]methyl-(-)-EPB was found to posses a high
potential as a nAChR radioligand but was too toxic for
clinical use the structure had to be modified in such a
way that the toxicity would be decreased without
changing dramatically the promising radioligand abili-
ties. To change the structure of N-methyl-EPB three
different pathways were followed; on the one hand the
[2.2.1]aza-bicyclo ring was enlarged and on the other
hand the pyridine moiety was modified by the removal
of the chlorine atom and by changing the position of
the nitrogen with respect to the aza-bicyclo ring.

The synthesis of the EPB homologue homoepibatidine
(HEPB) was reported in 1996. This compound was

described to have similar pharmacological properties
as EPB while the toxicity of HEPB was about two or-
ders of magnitude lower. This data prompted a devel-
opment of a new radioligand based on the structure of
HEPB. HEPB was successfully labelled with
[11C]methyI iodide. A preliminary biodistribution which
was performed with the racemic N-[11C]methyl-HEPB
in mice displayed in comparison with EPB a slightly
lower brain uptake. In blocking experiments N-
[11C]methyl-HEPB competed with epibatidine at the
nAChRs in brain. In parallel two other concepts to
modify the parent structure were pursued. First the
removal of the chlorine atom resulted in
dechloroepibatidine (DCIEPB) and second the switch
of the pyridine nitrogen from the meta to the ortho
position resulted in exo-2-(2-pyridyl)-7-
azabicycloheptane (2PABH). As will be discussed later
both modifications addressed the question which role
both structural features play in receptor recognition
and activation.

In addition, both new structures represented interest-
ing precursors to the synthesis of new radiotracers.
Due to the highly complex nature of a living organism
the possibility to predict the in vivo behaviour of a
compound from its in vitro data is very limited. There-
fore the only way to straightforwardly develop a useful
radioligand is to evaluate the compound as early as
possible in vivo. Thus DCIEPB and 2PABH were ra-
diolabelled in analogy to EPB. The radiosyntheses
were performed with high chemical purity and at high
specific activity using [11C]methyl iodide.

As the common biodistribution studies via ex vivo
analyses of tissue of sacrificed animals is extremely
time and animal consuming it is preferable to establish
an alternative technique. Thus animals were investi-
gated in a PET-scanner in such a way that a dynamic
whole body data set was acquired. Preliminary studies
with mice unveil this species to be disadvantageous.
On the one hand the resolution of the scanner
(approximately 4.5 mm) was too low for its body size
and on the other hand the use of an intravenous
catheter to apply the radiotracer was difficult. In con-
trast experiments with rats gave excellent results.
Using this method the [11C]methylated enantiomers of
HEPB, DCIEPB and 2PABH were compared with N-
[11C]methyl-(+)-EPB and (-)-EPB. Promising results
were obtained for N-[11C]methyl-(-)-DCIEPB and
N-[11C]methyl-(-)-HEPB. Both radioligands showed
high brain uptake with high levels of specific binding
and thus revealed a similar in vivo behaviour as
N-[11C]methyl-(-)-EPB. In contrast the labelled 2PABH
derivatives did not display good brain uptake curves.
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As a result the ,,DCIEPB-,, and. the "HEPB-pathway"
represented two encouraging concepts to develop a
useful nAChR radioligand. Due to the reported low
toxicity of HEPB (see above) N-]11C]methyl-(-)-HEPB
was further developed.

[C11]Methyl-Homoepibatidine

To obtain the kinetic in vivo data of this nAChR ligand
a quantitative kinetic modelling study using PET in the
pig was done, which shows with N-[11C]methyl-(-)-
HEPB in a beautiful image the thalamus: the site of
highest nicotine receptor density. The eyes also do
accumulate some ligand, but this is only visible with
the cytisine blocked (-) and the (+)-isomer, which show
no specific brain uptake.

A time-activity curve of the non-metabolised radioli-
gand was necessary as the arterial plasma input
curve. To determine the concentration of the un-
changed carbon-11 radioligand in a large number of
plasma samples during the PET-study a solid phase
extraction was used. The tissue tracer kinetics were
analysed according to a two or three compartment
model.
As expected the (-)-enantiomer revealed in contrast to
the (+)-enantiomer high levels of specific binding. In
addition the in vivo kinetics of N-[11C]methyl-(-)-HEPB
revealed a high binding potential (k3/k4), a high speci-
ficity (DVs) and a reversible transport process. Thus,
this ligand proved to be a suitable ligand to study the
central nAChRs in vivo. Despite these encouraging
results a detailed toxicity study with N-methyl-HEPB
prevented further clinical use: the low toxicity reported
for HEPB was not found for the methylated compound.
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EPIBATIDINE DERIVED LIGANDS: SYNTHESIS AND ELECTROPHYSIOLOGY TO
INVESTIGATE THE NEUTRONAL NICOTINIC ACETYLCHOLINE RECEPTORS

IN VITRO

J.E. Spang, G. Western, J.T. Patt, S. Bertrand1, D. Bertrand1

(1 Departement de Physiologie, Centre Medicate Universitaire (Faculte de Medicine) Geneve)

The structure of Epibatidine, which is the most powerful nAChR ligand known, was modified and the novel
analogues investigated by in vitro experiments.

SYNTHESES AND RADIOLABELLING

The syntheses of all ligands followed a convergent
path: the azabicyclo[2.2.1]heptene system was con-
structed and the pyridine moiety was attached. Varia-
tions about the pyridine ring of EPB and modification
of the bicyclo-moiety resulted in novel ligands (Fig. 1).

( + )-, (-)-DCIEPB ( + )-, (-)-2PABH

rac-4PABH

Fig. 1:

Except PABH and 4PABH all compounds were sepa-
rated into their enantiomers via chiral high perform-
ance liquid chromatography (HPLC). Optical purities
higher than 98%ee were obtained. For in vivo studies
and further investigations with PET EPB,

DCIEPB, 2PABH and HEPB were radiolabelled with
carbon-11. The [11C]nuclide was introduced by selec-
tive methylation of the 7-aza or 8-aza position using
[11C]methyliodide. High specific activities (140-500
GBq/|amol at end of synthesis) and high radiochemical
purities (>98%) were obtained.

IN VITRO STUDIES

The ligands were investigated at two neuronal (a4p2,
cc7) and one ganglionic (a304) nNAChR subtypes from
the rat, which were reconstituted in frog oocytes. Both
EPB enantiomers displayed a very strong agonism at
the heteromeric a4p2 and a3(34 nAChRs and a
strongly reduced activity at the homomeric a7 receptor
(Table 1) Interestingly the introduction of a methyl

group at the 7-aza position (N-methyl-EPB) reduced
the activity of the (+)-enantiomer but not of the (-)-
isomer and thus introduced a strong enantioselectivity.

Table 1: Sensitivity to rat nAChRs expressed as EC50

(|iM) (the concentration of agonist evoking a
half maximal electrophysiological response

(+)-EPB

Me-(+)-EPB

(-)-EPB

Me-(-)-EPB

(+)-DCIEPB

(-)-DCIEPB

(+)-2PABH

(-)-2PABH

(+)-HEPB

(-)-HEPB

a4(32

0.021

0.36

0.023

0.024

0.93

2.8
< «

32.5

0.02

> 1

a3p4
0.036

1.1

0.019

0.035

0.51

0.25

207

738

0.02

a7

2.5

30

2.03

2.5

5.25

4.6

Similar effects were caused by the enlargement of the
azabicyclo moiety (homoepibatidine, HEPB), however
in this case the activity of the (+)-enantiomer was
dramatically reduced. Removing the chlorine atom
caused a none enantioselective loss in activity of
DCIEPB, which is mainly exhibited at the oc4p2- and
oc3p4-subtypes (Table 1). The changed pyridine nitro-
gen position in 2PABH produced a totally changed
electrophysiological profile characterised by a strong
stereospecifity at the a7-receptor; the (+)-isomer is an
antagonist and the (-)-isomer an antagonist (Table 1).
The removal of the pyridine nitrogen effected a selec-
tive activation of the a3p4 receptors and a total loss of
activity towards the ot4p2 and a7 subtypes. As 4PABH
displayed an electrophysiological profile analogous to
PABH the nitrogen at the para position did not influ-
ence the. Taken together this electrophysiological data
set described the ligand binding pockets of different
neuronal nAChR subtypes in different conformational
states.
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REWARD PROCESSING IN DRUG ADDICTS: A PET STUDY

C. Martin Soelch, A.-F. Chevalley1, K.L. Leenders, G. Kunig, S. Magyar, W. Schultz2

(1 University Hospital Geneva, 2University Fribourg)

Because the mesocorticolimbic dopamine system is thought to be implicated in the processing of reward
information and in the processing of the reinforcing properties of addictive drugs, we assessed the activa-
tion linked to reward information in human addicts and non-addicts with H2

15O.

INTRODUCTION

Reward is an important factor in the determination of
goal-directed behaviour. The mesocorticolimbic do-
pamine system is thought to play an important role in
the processing of reward information in brain (see (1)
for review). In a previous PET-activation study (2), we
compared Parkinson patients with healthy controls.
We found that monetary reward activated the cingu-
late gyrus, ventral striatum, cerebellum and midbrain
in the control population, whereas in the parkinsonian
patients this neuronal activation was completely ab-
sent. These results also pointed to a major role of the
dopaminergic neurotransmitter system in the cerebral
organisation of reward. Furthermore the reinforcing
properties of addictive drugs seem to be processed
through the mesolimbic dopamine system (3). For this
reason, we performed a second study in which we
have compared the processing of reward information
in a group of young healthy controls and in a group of
heroin addicts. This project is a collaboration between
PSI, the Department for Substance Abuse of the Uni-
versity Hospital of Geneva, and the Institute of Physi-
ology of the University of Fribourg.

METHODS AND PATIENTS

We compared a group of 9 right-handed, healthy male
volunteers with a group of 9 right-handed, male heroin
addicts participating in a methadon program. We
measured regional cerebral blood flow (rCBF), an
index of neural activity, with H2

15O PET. rCBF distri-
bution was recorded in each subject while performing
a prelearned spatial and object delayed response task
in two reinforcement conditions and in a baseline con-
dition. The conditions were exactly identical except for
the reinforcer used. In the baseline condition, the
subjects did not get any feedback for their responses.
In the reinforcement conditions, each correct response
was rewarded with money (MO) or with a simple "ok"
signal (OK). Stimuli were presented on a computer
screen. Responses were made with the right index
finger. Subjects were instructed before the scans that
they would receive the sum of money indicated at the
end of the session.

RESULTS AND DISCUSSION

The results found in healthy controls showed a similar
pattern of activation as the one found in our first study
(2) and confirm the involvement of the dopaminergic
system in the processing in reward. Typical dopamin-
ergic regions like striatum failed to be activated in drug
addicts but were activated in controls Furthermore
drug addicts showed activation principally in the
monetary reward condition and not in the neutral rein-
forcing condition, whereas the controls showed a
similar activation in the two conditions. This indicates
that the brains of drug addicts need a stronger stimu-
lation to react. These findings confirm the role of the
dopaminergic system in the processing of reward and
the influence of opiate drugs on the brain reward sys-
tem.

\

A B

Fig. 1: SPM projections of significantly activated brain
areas in the comparisons between baseline
and MO (p=0.001) A. in controls, B. in drug
addicts.
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MONTE CARLO SIMULATION OF PET SCANNERS: POSITION DECODING

A. Barchetti, J. Missimer, W. Blass1 (1Uni. Tenn.)

Of the discrepancies between measurement and simulation of energy and spatial resolution in PET cam-
eras, the dominant contribution is produced by neglect of the position decoding required by the block con-
struction of commercial PET scanners. We are nearing completion of an extension to the PET simulation
module written at PS I which includes this aspect of the scanner.

Positron emission tomography provides images of
biological function in humans and animals. Positron
emitting radioactive isotopes are incorporated in trac-
ers such as glucose, water, or amino acids. The posi-
trons annihilate with the electrons in tissue yielding two
photons which are detected in a scanner consisting of
rings of photosensitive crystals. Coincident photons
are counted for each pair of detectors; reconstruction
of the resulting projections yields images of the activity
distribution.

Accurate reconstruction of PET data requires that the
known physical characteristics of the scanner and the
subject be incorporated as an integral part of recon-
struction. In order to simulate the response of the
scanner as well as the attenuation and absorption in
the subject, a Monte Carlo program module based on
GEANT has been developed and validated at PSI (1).
The validations established that 85% of the FWHM
(Full Width at Half Maximum) describing energy reso-
lution and 85% of the FWHM describing spatial reso-
lution on the axis of the scanner were accounted for by
the simulation. We proposed that the remaining 15%
was due to the crystal position decoding used in
commercial PET scanners, which was not modelled in
the simulations.

Position decoding is necessary, because the crystals,
made of BGO (Bismuth Germanate), are not coupled
individually to photomultipliers. Rather, an array of
crystals is coupled to a smaller array of photomultipli-
ers. The blocks of the prototype scanner, PRT-2, in
operation at PSI are typical: they consist of a 2x2 array
of photomultipliers coupled with light guides to a 8x8
array of crystals. Combining the outputs of the pho-
tomultipliers and comparing with a measured statisti-
cal distribution determines the position.

For simplicity, the original simulation (1) assumed the
direct coupling of crystal to photomultiplier. The criteria
for detection was the deposit of energy by a photon
greater than a given threshold energy. The photon
deposits energy via photoeffect or scattering. The
energy is determined by counting the secondary pho-
tons produced by recoiling electrons. Intrinsically a
statistical process governed by crystal material and
dimensions, the uncertainty in photon counting is de-
scribed by a Gaussian distribution whose FWHM gives
the energy resolution of the crystal. The component of

resolution due to the material alone, termed intrinsic
resolution, has been determined in BGO for 511 keV
photons [2]; the FWHM is 102 keV, corresponding to a
relative energy resolution of 20%. In the original
simulation, the intrinsic resolution is modelled by sam-
pling a Gaussian distribution for which the mean is
given by the energy transferred from the primary pho-
ton participating in the simulated photoeffect or scat-
tering process and the FWHM by 20% of the trans-
ferred energy. The resulting deposited energy was
then compared with the threshold to determine detec-
tion.

We are developing a simulation of the block design
described in the literature (3). The energy deposited is

resampled as in the original simulation, and the result

converted into the corresponding number of secon-
dary photons. The number arriving at each photomul-
tiplier is represented by a multinomial distribution. The
condition, realised by the construction of the block and
the associated electronics, that the probability for cor-
rect identification of a photon is identical for all crystals
in the array, limits the number of free probabilities
determining the multinomial distribution to one. This
probability is also a characteristic of the block. The
position of the detecting crystal is then determined by
the same algorithm used in the physical block.

With the implementation of position decoding, we will
have included the important aspects of the scanner
response necessary for improved reconstruction of
PET images.
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IMPLICIT AND EXPLICIT REGULARISATION OF PET IMAGE RECONSTRUCTION

J. Oakley, J. Missimer, G. Szekelyt (1ETH Zurich)

Due to the inherently limited resolution of PET scanners, quantitative measurements taken from PET im-
ages suffer from the partial volume effect. A correction for this effect is essential to distinguish differences
due to changes in tracer concentration from those due to changes in the volumes of brain tissue. Using
either implicit or explicit regularisation, methods for improving reconstruction quality while incorporating this
correction are summarised.

The aim of PET image reconstruction is to estimate
the spatial distribution of activity concentration on the
basis of counts in the tubes of projection determined
by the crystal array of the scanner. Uncertainty in the
emission source, low detector sensitivities, and poor
signal statistics combine to hinder the ability to resolve
detail in the reconstructed images. The effect of lim-
ited resolution is that the tracer activity observed in
small active regions as found in grey matter is less
than actual activity; in adjacent inactive regions such
as white matter, it is more.

This is a consequence of the ill-posed nature of the
reconstruction problem. Although expressible as a
linear system, tomographic reconstruction is ill-
conditioned, and the intrinsic instability is exacerbated
by the low statistics of the measurements. Although
the Maximum Likelihood Expectation Maximisation
reconstruction method incorporates the statistical
character of the data in its formulation, solutions are
highly sensitive to noise in the projection data. With
increasing iteratation number, the original algorithm
fits the noise rather than the activity distribution. Im-
proved statistical methods address this issue by
regularising the solution. Those proposed include
adopting early convergence strategies, simple
smoothing of the solution, use of roughness penalising
terms, and introduction of random fields applied as
Bayesian priors to dampen the emergence of high
variance in the image. Effective though these are,
none are compatible with the notion of resolution re-
covery in the image data.

Three alternative approaches have been investigated.
The first is based on the noise distribution estimated
from the projections alone, and the other two employ
additional information acquired from associated MRI
images. The common element of the first two ap-
proaches is the modelling of the uncertainty in the
location of the emission source in the interpolation
procedure relating projections to voxel sites. A simple
Gaussian probability distribution centred at each site
captures this uncertainty. The emission is assumed to
have occurred most likely at its centre, but, given the
physical uncertainties including noise relating to the
emission process, with lesser likelihood anywhere
within its neighbouring proximity. The size of the
Gaussian kernel is adjustable. If chosen too small, the

model is inaccurate and the solution diverges. When
chosen correctly, the model is accurate and the solu-
tions are satisfying although localised dominance of
noise with respect to true signal results in an inaccu-
rate fit of a likelihood-based solution. Choosing the
kernel too large acts to regularise the signal but effec-
tively band-limits the reconstructed image. Adapting
the size of the kernel to properties of the data offers
the possibility of regularising the reconstruction without
comprising resolution.

Such adaptive regularisation can be automatically
achieved on the basis of either the PET data alone or
prior information. In the first case, the algorithm esti-
mates the noise on a regional basis, and where domi-
nant with respect to the signal, increases the kernel
accordingly. In the second case, a segmentation of
the MRI data into its grey matter component allows the
kernel to be decreased in these regions, where the
likelihood of better counting statistics is greater and
the variation of greater interest. Conversely, the kernel
is decreased in regions where there is less or no grey
matter. Both procedures effect increased regularisa-
tion in noisy and uninteresting regions, while achieving
a reconstruction with near optimal resolution in inter-
esting regions.

The third approach formulates a model of the tracer
distribution to steer the reconstruction within a Baye-
sian framework. In estimating individual pixel values
consistent with both the PET and the segmented MRI
data, the model avoids assuming homogeneity in each
tissue compartment. Instead, variation in these re-
gions is modelled using cosine basis functions, the
chosen granularity determining the spatial variation of
the fit. The model, derived at the resolution of the MRI
data, is coupled to the reconstruction algorithm in the
form of a Bayesian prior. The algorithm seeks to
maximise both the likelihood of the estimated distribu-
tion given the projection data and the prior. The prior is
formulated as an energy term reflecting the variation
of the reconstructed image from the model. Modifica-
tion of the energy term such that the variability is ad-
justed at the resolution of individual voxels, rather than
at the resolution of the tissue compartments as in
previous algorithms, has resulted in a more powerful
and again entirely adaptive algorithm for producing
well regularised high resolution PET reconstructions.
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INTRODUCTION

J. Jiricny

Thanks to the continuing support of the PSI and the
University of Zurich, as well as of several funding
agencies, the IMR research activities have expanded
still further, such that the total personnel in the PSI
and Zurich laboratories are nearing forty.

The mismatch repair program receives continued
support from the Swiss National Research
Foundation, the Swiss Cancer League, the Sassella
Stiftung and the Julius Muller Stiftung. The
researchers involved in this program have made
several key discoveries in the past year.

The tumour vascularisation program has received
support from the European Community, HSK, the
Swiss Cancer League and the Swiss National
Research Foundation. We have also been able to
establish valuable collaborations within the PSI, as
well as with outside research institutions such as the
University of Zurich and the ETH. Inhibiting tumour
angiogenesis has been referred to as the most
promising approach to cancer therapy, and we are
optimistic that we shall be able to make a significant
contribution to this field in the coming months.

On the personnel side, the Zurich laboratory has been
strengthened by the arrival of Dr. Orlando Scharer, a
Swiss National Research Foundation START Fellow.
Following extremely productive years at Harvard and
at the Erasmus University in Rotterdam, Dr. Scharer
and his group will study the molecular mechanisms of
DNA crosslink repair.

My congratulations go to Dr. Kurt Ballmer-Hofer from
the IMR/PSI laboratory, who has been promoted to
Group Leader.

Dr. Jiri Stepanek has retired during the course of this
past year, but continues to contribute to the scientific
activities of the PSI laboratory on a voluntary basis.

Ingram laccarino and Teresa Lettieri have defended
their PhD theses with maximum marks and have
moved on to pastures new: Dr. Lettieri has joined the
group of Prof. Fritz Thoma at the ETH in Zurich, while
Dr. laccarino has joined the group of Dr. Julian
Downward at the Imperial Cancer Research Fund
laboratories in London. I thank them for their
invaluable contributions and wish them much success
in the future.
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POSTREPLICATIVE MISMATCH REPAIR IN HUMAN CELLS

R. Brun, P. Dufner, I. laccarino, H. Kleczkowska, T. Lettieri, G. Marra, M. Nystrom-Lahti, C. Perrera,
M. Raschle, M. Szadkowski and J. Jiricny

INTRODUCTION

Deficiency in mismatch repair is linked with the most
common cancer predisposition syndrome, hereditary
non-polyposis colon cancer (HNPCC). Postreplicative
mismatch repair is responsible for the correction of
DNA polymerase errors, introduced into genomic DNA
during replication. However, recent evidence indicates
that the mismatch repair proteins are also involved in
the processing of modified bases and other types of
DNA damage, such as strand breaks and DNA
modifications brought about by anticancer drugs. The
mismatch repair system also appears to be involved in
DNA damage signalling to the apoptotic machinery.
Intimate knowledge of the molecular mechanisms
involved in the correction of mismatches might provide
us with an invaluable insight not only into the genesis
of cancer, but also into the reasons underlying
resistance to cancer chemo- and
radiotherapy.Mismatches arise in DNA as a result of
three distinct metabolic processes: (i) as biosynthetic
errors during DNA replication, (ii) as intermediates in
the process of recombination between homologous
but non-identical fragments and (iii) as a special case,
the G/T mismatch arises also through the
spontaneous hydrolytic deamination of 5-
methylcytosine. The three types of mispair are
corrected by two distinct pathways. Mismatches of
type (i) and (ii) are addressed by the so-called long
patch mismatch repair (MMR) system, whereas the
third type of mispair is corrected by a short patch,
base excision repair (BER) system. The essential
difference between the two repair mechanisms lies in
the fact that the former requires to distinguish between
the parent and the newly-synthesised (or invading)
strands, whereas the latter must repair in all cases to
G/C.

The initial step of the postreplicative MMR process is
mismatch recognition. In Escherichia coli, where the
MMR system has been most extensively studied, this
function is carried out by a homodimer of a 97 kDa
polypeptide, MutS. In the following step, the
homodimeric "molecular matchmaker" MutL protein,
as well as the strand discrimination endonuclease
MutH, UvrD helicase and any one of four
exonucleases are recruited into the repairosome. This
then degrades the newly-synthesised strand from the
strand discrimination signal towards and past the
mismatch. Resynthesis is mediated by DNA
polymerase III and the nick is sealed by DNA ligase
(1). The identification of genes encoding eukaryotic
MutS and MutL homologues suggested that the
mismatch repair systems of all organisms are
conserved.

HUMAN MUTS HOMOLOGUES

Although five human MutS homologues (MSH),
hMSH2-6, have been identified to date (2),
biochemical studies carried out in several laboratories
demonstrated that mismatch recognition is mediated
primarily by a heterodimer of only two: hMSH2 and
hMSH6 (3). This factor, referred to as hMutSa,
undergoes an ATP-driven conformational change and
leaves the mismatch site in the form of a sliding
clamp, presumably in search of a strand discontinuity.
We have been able to show that this change is
controlled primarily by the co-ordination of a
magnesium ion in the ATP binding motif of the hMSH6
subunit of the heterodimer. In the presence of ATP but
in the absence of the metal ion, the sliding clamp does
not form and hMutSa dissociates from DNA directly
(4). Mutation of the Mg++ binding site in the hMSH2
subunit has no effect on the repair function of the
heterodimer (Dufner and Jiricny, in preparation).

The above evidence, together with data obtained
earlier in our laboratory (5), emphasised the dominant
role played by hMSH6 in mismatch repair. During
mismatch binding for example, only hMSH6 could be
cross-linked to the DNA substrate. The work of Hsieh
and colleagues (6) identified an N-terminal
phenylalanine residue in the MutS homologue of
Thermophilus aquaticus that could be cross-linked to
heteroduplex DNA. This amino acid is highly
conserved in most MutS homologues and we
therefore decided to study the effect of Phe-Ala
mutations in hMSH6 and hMSH2 on mismatch
recognition. We could confirm that this mutation in
hMSH6 completely abolished the binding of the
heterodimer to DNA, while the same mutation in the
hMSH2 subunit had no effect on mismatch recognition
(Dufner and Jiricny, in preparation).

Mismatch repair deficient cells are resistant to killing
by certain alkylating agents. Thus, treatment of
mismatch repair proficient cells with these chemicals
frequently gives rise to resistant clones, which have
shut off their mismatch repair. Analysis of several of
these clones revealed that the two genes most
frequently shut off are hMLH1 and hMSH6. The former
has been shown to be particularly susceptible to
inactivation by cytosine methylation, also in vivo (7),
but no data describing the inactivation of hMSH6
synthesis were available. We have cloned and
sequenced ~3kb of the upstream region of the hMSH6
gene and could show that the gene is controlled by a
TATA-less housekeeping promoter. Methylation of the
CpG island that constitutes the minimal promoter
resulted in a transcriptional silencing of the gene (8).
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MUTL HOMOLOGUES

MutL homologues also function in the form of
heterodimers. The hMLH1/hPMS2 complex could be
shown to be indispensable for mismatch repair, but
other MutL homologues have been described that
have so far remained without a biochemical role. We
wanted to test whether hPMS1 plays a role in
mismatch repair, as this gene was shown to be
mutated in one individual from a cancer-prone family.
We could show that hMLH1 was indeed able to
interact with hPMS1, but the heterodimer appears to
play no role in the repair process, at least as judged by
in vitro assays (9). It was proposed that hPMS1 is a
homologue of Mlh3p of S. cerevisiae, which forms a
heterodimer with Mlhip that acts, together with
Msh2p/Msh3p, in the repair of a subset of IDLs (10).
Our data contradicted this suggestion and the recent
discovery of the human MLH3 would appear to
vindicate our position. The possible redundancy of
hPMS2 and hMLH3 in IDL repair would explain why
hMLH1 is mutated with the highest frequency in
HNPCC families, while only two families with hPMS2
anomalies have been described to date. In the murine
system, detailed analysis of several microsatellite
markers in Mlhf1' and Pms2~'~ cells showed that
although both lacked the Mlh1p/Pms2p heterodimer,
the MSI phenotype of the Pms2 mutants was 2-3 fold
lower than that of Mlh1~'~ lines (11). This suggested
that cells lacking Pms2 retained some, albeit only low,
IDL repair activity. Together, the above data lead to
the prediction that PMS2 might have a backup in IDL
repair, and MLH3 must be regarded as the most likely
candidate at this juncture. Thus, there may exist
among MutL homologues a functional redundancy
similar to that found in the case of hMSH3 and
hMSH6, which compete for hMSH2 (12).

CORRECTION OF THE MISMATCH REPAIR
DEFECT

Mismatch repair deficient cells have a complex
phenotype. Their spontaneous mutation frequencies
are two to three orders of magnitude higher than in
mismatch repair proficient cells of similar type and
they are also resistant to killing by methylating agents
and some other chemotherapeutics such as cisplatin
(13). We wanted to test whether correction of the
mismatch repair defect reverts all the phenotypic traits
of the mutant cells back to normal levels. Expression
of hMSH6 in HCT15 cells, human colon tumour cells
mutated in both alleles of the hMSH6 gene, restored
the mismatch repair defect and microsatellite stability,
but failed to revert the cells to sensitivity to methylating
agents. This was probably linked to the low levels of
expression of the hMSH6 protein in the transfected
cells. Our finding implies that the quantities of
mismatch repair proteins in cells are important for the
induction of apoptosis following DNA damage (14).
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CHEMICAL BIOLOGY OF MAMMALIAN DNA REPAIR

O. D. Scharer

The repair of damaged DNA is of crucial importance to protect the genome from numerous damaging
agents. Defects in various DNA repair pathways are associated with human disorders and can result in
predisposition to cancer (1). While proficient DNA repair is essential for a healthy cell, selective inhibition of
DNA repair enzymes in tumour cells might greatly enhance the efficiency of anti-tumour therapy since most
anti-tumour agents currently used clinically are DNA damaging agents. We are combining synthetic
organic chemistry, biochemistry, molecular and cellular biology to study mammalian DNA repair pathways
and their relationship to anti-tumour therapy. In our approach, organic chemistry provides a unique tool to
dissect the mechanisms of substrate binding and catalysis by multi-protein complexes (nucieotide excision
repair) and to isolate previously elusive factors involved in DAN repair (DNA interstrand crosslink repair).

NUCLEOTIDE EXCISION REPAIR

In NER, various bulky lesions are excised as part of a
30nt oligonucleotide from DNA in a process that
requires over 15 polypeptides (2). In our studies we
focus on the two endonucleases involved in the
process, ERCC1/XPF and XPG. Positioned by other
proteins, XPF-ERCC1 makes the incision 5', XPG 3' to
the damaged site in reactions that require a divalent
metal ion (3). NER has been reconstituted using
purified proteins and the incision reaction by the
endonucleases can be studied using model substrates
in the absence of additional proteins. Moreover,
human and hamster cell lines containing mutations in
nearly all NER genes are available. The NER excision
reaction is therefore ideally suited to study the
enzymology of the endonucleases by themselves and
as part of a multi-protein complex. We will investigate
the mechanism employed by XPG and ERCC1/XPF
using model substrates in their native form and with
sulphur for oxygen substitutions at the phosphodiester
bonds to determine the role of the metal ions in
substrate binding and catalysis. The role of active site
residues of the enzymes will be investigated using
site-directed mutagenesis. The information gained
from these studies will be interpreted with respect to a
possible reaction mechanism and will provide a
blueprint for the design of substrate-like inhibitors of
XPG and ERCC1/XPF, which will be used for
structural studies of these enzymes. We will
synthesise oligonucleotides substrates for the NER
reaction containing modified phosphodiester bonds at
the incision sites that will be recognised by the NER
machinery, but no longer incised. Such pseudo
substrates will be used to study various stages of the
NER reaction and for structural studies of various
intermediates along the NER reaction co-ordinate.

DNA INTERSTRAND CROSSLINK REPAIR

DNA interstrand cross-links (ICLs) are extremely
cytotoxic lesions. Their repair necessarily requires a
complex repair process, which might involve proteins
involved in nucieotide excision repair (4), homologous
recombination (HR) (5), and the Fanconi anaemia
(FA) genes (6), but is not understood in mammals. We
will use adducts formed by nitrogen mustards and
chloro ethyl nitroso ureas to elucidate the pathways of
ICL repair. The starting point will be the development

of new methodology to synthesise such adducts.
Present strategies to synthesise ICLs are based on
the reaction of the cross-linking agents with dsDNA
and generally provide only low yields of the desired
product. In our strategy we will incorporate appropriate
cross-link precursors on two opposite strands of DNA
and use a specific coupling reaction to form the
interstrand cross-links. This methodology will allow the
generation of ICLs in high yield and purity and in a
modifiable form. We will investigate how these DNA
ICLs are processed in extracts from wild type
mammalian cells and mutant cell lines with known
DNA repair defects. The main goal will be the isolation
of proteins that specifically interact with ICLs from
appropriate cell lines. For this purpose we will
immobilise our ICLs on solid support for affinity
chromatography and/or render them photoactive to
facilitate the isolation of ICL-binding proteins from cell-
extracts. Additionally, we will use expression-cloning
strategies to isolate proteins that bind ICLs from cDNA
libraries. The long-term goal of this project is to
establish the pathways of DNA ICL repair, and to use
our DNA crosslinks to study the molecular
mechanisms by which they are recognised and
excised by the DNA repair machinery.
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THYMINE DNA-GLYCOSYLASE AND CORRECTION OF BASE DEAMINATION
PRODUCTS

M. Bentele, M. Fasi, U. Hardeland, T. Lettieri, R. Steinacher, J. Jiricny, P. Schar

Nearly 50% of mutations in the p53 tumour suppressor gene are C to T transitions in CpG dinucleotides,
which are thought to have arisen through the spontaneous hydrolytic deamination of 5-metyhylcytosine.
This process gives rise to G/T mispairs, the repair of which is thought to be mediated by a short-patch
repair pathway. The principal player in this process is thymine DNA-glycosylase, TDG, which excises the
mispaired thymine. Recent evidence implicates TDG not only in DNA repair, but also in the control of
transcription. We are studying this interesting enzyme in a variety of organisms, ranging from bacteria to
man, with the hope of identifying its role in human cancer.

INTRODUCTION

G/T or G/U mispairs arising in DNA by deamination of
5-methylcytosine or cytosine, respectively, have to be
corrected in all cases to G/C in order to avoid
accumulation of C to T transition mutations. Our
laboratory identified a human enzyme that may be
responsible for initiating such repair processes by
virtue of its ability to excise the mispaired
thymine/uracil and to generate an abasic site in the
DNA (1). This protein, a mismatch-specific DNA
glycosylase, TDG, has been purified to homogeneity
(2) and its cDNA has been cloned and shown to
encode a polypeptide of 410 amino acids (3).
Sequence analysis has shown that TDG is not
homologous to any other known enzyme and that it
lacks even the short sequence motifs that are
conserved among all DNA glycosylases characterized
to date. This mismatch-specific enzyme is thus a
founding member of a new class of DNA glycosylases.
The knowledge of the human TDG cDNA sequence
led to the identification of an Escherichia coli open
reading frame encoding a putative bacterial
homologue of the human protein. The 180 amino
acids of the prokaryotic ORF are highly homologous to
the central part of the human enzyme. The
recombinant bacterial enzyme has a DNA glycosylase
activity, but, unlike the human homologue, does not
process G/T mismatches; its activity is restricted to
G/U mispairs (4). However, recent evidence suggests
that the range of efficiently processed substrates for
both the bacterial and the human enzyme is wider
than anticipated and includes a number of cytosine
derivatives (e.g. ethenocytosine) if they occur opposite
guanine. The crystal structure of the bacterial enzyme
has been solved (5,6). This study revealed that
despite the low degree of amino acid sequence
conservation between this protein and the highly-
efficient uracil DNA glycosylase, UDG, the two
polypeptides exhibit a very similar structure in the
vicinity of the active site, which implies a similar
catalytic mechanism. We have identified further
eukaryotic homologues of TDG in the yeast
Schizosaccharomyces pombe and the fruit fly
Drosophila melanogaster, the latter one of which has,
until now, been thought to lack a uracil glycosylase
activity. Here, the G/U enzyme may represents an
important line of defense against the mutagenic threat
of the spontaneous hydrolytic deamination of cytosine,
which leads to the formation of G/U mispairs in DNA.

STRUCTURE-FUNCTION STUDIES

Guided by the structural information available for the
E. coli TDG homologue, we performed structure-
function analysis of the human TDG protein. To create
TDG variants with specifically altered catalytic
properties, we introduced a number of single codon
changes into the open reading frame by in vitro
mutagenesis and were able to generate two
interesting mutants, both separating the
mismatch/DNA binding- and glycosylase functions of
the enzyme. The mutant cDNA's were overexpressed
and the proteins purified and tested for their catalytic
activities. One variant, where the postulated catalytic
site residue Asn was changed to Ala, could bind G*T
and G«U mismatched substrates but was unable to
cleave the glycosidic bonds. Interestingly, this TDG
variant competed with the wild-type enzyme for the
substrate in the nicking assay such that a ten-fold
excess of the mutant enzyme was sufficient to
completely suppress the wild-type activity. Therefore,
overexpression of this mutant should give rise to cells
with an inactive TDG repair pathway. The second
mutation altered another site within the catalytic
pocket from Met to His. In contrast to the first variant,
this latter protein was unable to bind G*T and G*U
mismatched substrates in band shift experiments but
was still active in G«T and G*U nicking assays. In
collaboration with the laboratory of Pierre Chambon in
Strasbourg, we addressed the question whether these
separation of function mutations also affected the
potential of TDG to interact with and stimulate the
retinoic acid receptors RAR/RXR (7). We found that
neither of the mutations had a significant effect on the
stimulatory interaction with the nuclear receptors in
vitro. Thus, the DNA repair and the transcription-
associated functions of TDG appear to be provided by
distinct structural elements within the protein
(Hardeland et al. in preparation).

MOLECULAR GENETIC STUDIES OF TDG
FUNCTION

To finally address the physiological function of TDG,
we have been launching a number of new projects
since October 1998. Priority was given to the
establishment of eukaryotic models for studying TDG
function that are easily amenable to genetic and
molecular genetic analysis. These will provide the
means to test in vivo the relevance of hypothetical
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functions inferred from biochemical observations, and
open possibilities to discover novel and unpredicted
roles for TDG. Besides the Drosophila melanogaster
TDG homologue, we discovered an open reading
frame encoding a fission yeast TDG homologue in the
Schizosaccaromyces pombe genome. Fission yeast
has proven to be a most powerful model for studying
fundamental aspects of DNA metabolism and its
versatility makes it a very suitable model for efficient
molecular genetic analyses of DNA repair functions
and pathways. Therefore, we decided to establish
fission yeast as a genetic pilot model for TDG function
and to use Drosophila to address the possible role of
the protein in development, which have been implied
from its physical and functional interaction with retinoic
acid receptors. The knowledge gained from the
genetic fission yeast model and the developmental
Drosophila model will be invaluable in the design of
appropriate experimental strategies for studying the
role of mammalian TDG in a mouse model.

In database searches, we discovered a Drosophila
'EST' clone encoding a peptide with significant
homology to the conserved catalytic domain of known
TDG proteins. We set out to identify the corresponding
transcripts in Drosophila cDNA. Following a PCR
based strategy, we were able to amplify TDG specific
fragments amounting to a continuous cDNA sequence
of approximately 5700 base-pairs. This piece of cDNA
contains an open reading frame encoding a protein
with a predicted molecular mass of 191 kDa. This
remarkable size makes the Drosophila homologue by
far the largest of the whole TDG family. In a structural
alignment, it exceeds the length of all known TDG
homologues on both ends but aligns with them along
its central part with highly significant homology (40%
identity to human TDG). To obtain anti-dmTDG
antisera for protein studies, we directed our efforts to
the development of an overexpression system for
dmTDG polypeptide. Expressing the cDNA encoding
the conserved, putative catalytic domain of the
enzyme only, we managed to produce and purify fair
amounts of soluble protein that has been used as
antigen for raising of specific polyclonal antisera and
for biochemical examination of the catalytic activity.
Preliminary data suggest that the antiserum
recognises a protein of around 200 kDa in extracts of
Schneider's cells. In addition, the recombinant protein
is active as a mismatch dependent thymine and uracil
DNA glycosylase in our G*T and G*U nicking assays,
thus, confirming its structural and functional
relationship to mammalian TDG.

The genome of Saccharomyces cerevisiae is devoid
of an open reading frame encoding a TDG related
protein. However, we were surprised to discover a
putative homologue in the partially available fission
yeast genome sequence. We decided to use
Schizosaccharmoyces pombe as a pilot model for
investigation of the physiological role of TDG in vivo.
By overexpression in bacteria, purification and
examination of recombinant S. pombe TDG protein
(spTDG), we first confirmed that it is a mismatch
specific DNA glycosylase with catalytic properties

similar to its mammalian and Drosophila homologues.
Encouraged by this finding, we then generated a TDG
null mutant and started to study the phenotypic
consequences of the loss of this function. The
mutation has no apparent effect on cellular viability,
cell cycle progression, meiotic differentiation and
spore viability. Thus, spTDG is not essential for
normal growth and meiotic differentiation. To provide
the genetic tools necessary for comprehensive
epistasis analyses, we additionally disrupted genes
encoding functions that are known to have
biochemical activities related to that of TDG. These
include the S. pombe homologues of the human uracil
DNA glycosylase, the human NTH1 pyrimidine
glycosylase and the MSH2 and PMS1 mismatch repair
genes. Single and double mutant combinations are
now being examined for DNA repair deficiencies by
measurement of sensitivities to DNA base modifying
agents and by determination of rates and spectra of
spontaneous and induced mutations. Preliminary data
indicate that spontaneous mutation rates are
unaffected in tdg- and udg- single mutants whereas a
mild increase seems to show in the tdg- udg- double
mutant. Our studies further include the analysis of
gene expression under different conditions (cell cycle,
response to stress and/or differentiation inducing
environmental signals) as well as the examination of
overexpression effects. Here, our Northern data
indicate that the tdg specific mRNA level is low during
exponential growth of the cells but increases under
conditions where the cells enter a non-growing,
dormant state.

To establish a mouse model for ultimate studies of
TDG function in the mammalian context, we
generated appropriate knockout constructs for
targeting the tdg locus in mouse embryonic stem cells.
A continuous clone of genomic DNA spanning the tdg
locus was obtained by library screening and
subsequent genomic walking by suppression PCR.
We followed two different knockout strategies and
generated one construct by replacing two exons
encoding 59 amino-acids within the catalytic domain of
TDG with a neomycin resistance marker and another
construct by replacing three exons (105 amino-acids)
of the catalytic domain with a mutated neomycin
phosphotransferase gene. This particular mutation is
designed to confer limited G418 resistance when
present as a single copy gene and will allow for
isolation of homozygous double knockout segregants
form heterozygous ES clones by selection for
increased G418 resistance. In addition, the Herpes
simplex virus thymidine kinase (tk) gene was included
in both constructs flanking the targeting region to
enable selection against non-targeted integrations
after transfection. These constructs were used for
transfection of embryonic stem cells (ES; E.14) and,
until now, we obtained and collected a promising
number of G418 resistant and tk- clones. The
accuracy of the targeting events in these clones is
currently being verified by genomic PCR and Southern
blotting. ES clones carrying an accurate heterozygous
Tdg replacement will then be used for blastocyst
injection to produce chimeras and for generation of
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double knockout ES clones that will allow for
phenotypic analyses in cell culture.

PROTEIN-PROTEIN INTERACTIONS IN TDG
DEPENDENT MISMATCH REPAIR:

This project started in May 1999 and was designed to
dissect the physiological environment in which TDG
exerts its uracil/thymine DNA glycosylase activity
through identification and functional characterisation of
protein cofactors required for TDG dependent G*T/U
correction. This approach is expected to yield insight
into molecular pathway involved in TDG mediated
mismatch correction and is being accomplished by
means of biochemical fractionation experiments and
yeast two hybrid screening.

We have established a number of HeLa stable
transfectant cell lines overexpressing variants of
human TDG at different levels. The variants include
native, 6-Histidine-, and HA-epitope tagged wild-type
TDG as well as two mutated versions of TDG protein
showing specific and selective defects in substrate
binding and glycosylase activities. Overexpression
levels obtained in different clones range from 2 to 10
fold as measured at the protein level. Preliminary
phenotypic analysis of a TDG overexpressing HeLa
cell line suggested that overabundance of the protein
gives rise to a cellular hypersensitivity to treatment
with hydrogen peroxide or pyrimidine base analogues
(5-bromodeoxyuridine, 5-hydroxymethyluracil). This
correlates with an increase in G«T processing activity
in nuclear protein extracts derived from corresponding
cells. Extracts of such cell lines will be fractionated for
identification and characterisation of TDG associating
repair factors. Initial co-immunoprecipitation and co-
affinity purification attempts lead to successful
enrichment of TDG dependent G«T repair activity.

An alternative way of identifying polypeptides
physically and functionally interacting with TDG is by
yeast two-hybrid screening. For this purpose, we
generated a series of two-hybrid bait constructs for
expression of either full length human TDG or its N-
terminal-, C-terminal and core domains individually as
Gal4 DNA-binding-domain fusion proteins in yeast two
hybrid strains. Initial control experiments revealed that
human TDG has an appreciable potential for auto-
activation of Gal4 dependent transcription in yeast.
Nevertheless, we could establish experimental

conditions that allow for two-hybrid screening with a
virtually eliminated background of false positives.
Screening of a two-hybrid cDNA library derived from
HeLa mRNA lead to the repeated isolation of an
apparently specific but unexpected interacting factor
that is highly conserved among eukaryotes. The
specificity of this interaction and its physiological
relevance will be examined in the weeks and months
to follow. In addition, the screening with human TDG
will be extended to include human cDNA libraries
generated from other sources (testis and brain) and it
is further envisaged to verify interactions between
human proteins also for the corresponding fission
yeast homologues. Genuine TDG interacting proteins
will be overexpressed and purified and their function
examined in our in vitro repair assays and the genetic
relationship between the factors will be investigated by
mutational analyses.
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INTRODUCTION

Angiogenesis, the process leading to the formation of
new blood vessels from existing vessels by sprouting
and intussusception, is regulated by a plethora of
growth and differentiation promoting factors (reviewed
in (1,2)). Pathological forms of increased angiogenesis
have been extensively studied and are well
documented for degenerative eye disease (3)
atherosclerosis (4), and also during tumor progression
(reviewed in (1,5)).
We are now studying the structure and the biological
properties of specific angiogenic and anti-angiogenic
factors with the aim to use them to target and destroy
tumor endothelia. The main advantage of the
approach as opposed to classical anti-tumor strategies
is the lack of resistance. This is due to the
untransformed phenotype of the target cells, which
exhibit a low mutation rate and are therefore unable to
escape treatments with cytotoxic drugs.
VEGF is among the primary factors modulating the
behaviour of endothelial cells in this process. It is well
established that VEGF induces cell migration,
stimulates cell growth , prevents apoptosis , promotes
the expression of proteases required for invasion into
the basal membrane delimiting the layers of smooth
muscle and endothelial cells and leads to the
rearrangement of cell-cell contacts and endothelial cell
fenestration. VEGF is a dimeric polypeptide growth
factor related to platelet derived growth factor (PDGF)
(reviewed in (6)) and specifically activates endothelial
cells upon binding to two types of tyrosine kinase
receptors, VEGFR 1 (Flt-1) (7) and VEGFR 2 (Flk-
1/KDR) (8) (reviewed in (6,9). Stimulation of
endothelial cells by VEGF is absolutely essential for
the formation of new blood vessels during fetal
development (10-13) and in young animals (14) as
demonstrated in VEGF or VEGF receptor knockout
mice. We are interested in the molecular mechanisms
responsible for VEGF-mediated signalling that will
allow the design of new agonists or antagonists
suitable for pro- or anti-angiogenic therapy. Anti-
angiogenic therapies directed at tumor-stimulated
blood vessels have recently emerged as a promising
therapy to destroy growing tumors indirectly by
choking oxygen and nutrient supply (5).
Several publications indicate that VEGF receptors are
also targeted by the TAT protein expressed by human
immunodeficiency virus (HIV-1) infected cells (15-20).
TAT appears to stimulate angiogenesis for instance in
Kaposi's sarcoma, a condition often observed in AIDS
patients. A short basic sequence of 15 amino acids
apparently mediates binding to VEGFR 2 (17). Binding
of TAT to this receptor has been shown to be blocked
by VEGF, indicating that binding occurs at the same

sites as for authentic VEGF (17). Finally, the basic
peptide was shown to stimulate endothelial cell
migration in cell culture and to induce angiogenesis in
vivo in matrigel implants in mice (15). The fact that this
low Mr TAT-derived peptide mimics the effects of
VEGF on its cognate receptors is puzzling for several
reasons. First, a much smaller binding epitope on the
receptor surface is expected to be covered by this low
Mr mimetic as compared with the highly complex
dimeric VEGF. Second, functional interaction of
receptors with dimeric ligand molecules has been
shown to dimerize receptors in order to activate the
intracellular kinase domain. So far there is no
evidence that the basic peptide forms dimers and it
will therefore be interesting to dissect the molecular
mechanisms underlying the activity of this VEGF
mimetic.

RESULTS

We produced both canine VEGF120, VEGF164 and
the HIV-1 basic TAT peptide as 6-His-tagged proteins
by expressing them in Pichia pastoris or E.coli and
purifying them by Ni-NTA affinity chromatography. For
stability reasons, the basic TAT peptide was
expressed as a fusion protein with the bacterial
thioredoxin. In addition we have expressed control
proteins such as the angiogenic RGD integrin binding
moiety fused to thioredoxin.
We show here examples of our extensive work about
the binding of VEGF and the basic TAT peptide fusion
proteins to endothelial cells. Similar assays were also
conducted with isolated VEGF receptors on solid
phase assays. The most striking result is that
unlabelled VEGF competes only partially for the
specific binding of labelled TAT peptide and wee versa
while both VEGFR ligands induce proliferation and
enhance survival of endothelial cells.
On a typical endothelial cell at least two receptors for
VEGF are expressed that display different affinities for
VEGF, see Fig. 1.

Through a collaboration with Dr. Waitenberger we
have obtained PAE cell lines which express either
VEGFR 1 or 2 (PAE-FIt and PAE-KDR). In Figure 2 we
show the binding of a fusion protein containing the
basic peptide region of HIV TAT.

When either ligand for the VEGFRs was radiolabelled,
it could be efficiently competed by the same unlabelled
protein. If the competitor was a different ligand,
however, the displacement was only partial, eg. if
labelled basic peptide fusion protein was competed
with unlabelled VEGFs, see Figure 3.
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Kd Flt-1=19,6pM 60*103 receptors/cell

KdKDR=131pM 141*10* receptors/cell
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Fig. 1: Scatchard Plot of specific binding of VEGF to
human umbilical vein endothelial cells
(HUVECs). B, bound ligand; F, free ligand.
Note that HUVECs express both VEGFRs.

The biological effects of all angiogenic VEGFR ligands
tested were similar, see Figure 4.

Kd=40pM

receptors/cell= 35x103

1x1Cr12 2X10-12 3x10 1 2 4X10-K 5x10-12

Fig. 2: Scatchard Plot of specific binding of
thioredoxin-basic peptide fusion protein to
porcine aorta endothelial cells (PAECs). B,
bound ligand; F, free ligand. Note that these
PAECs express only one VEGFR (Flt-1).

ng/ml competitor

Fig. 3: Competition assay with Thioredoxin-basic
peptide fusion protein (Trx-bp-loop) on PAE
cells expressing VEGFR 2.
Binding of [ I ] - l abe l led fusion protein was
competed by addition of unlabelled proteins as
indicated. Note that VEGF competes only
inefficiently with Trx-bp-loop.

Fig. 4: Proliferation assay with EA.hy926 endothelial
cells

DISCUSSION

Our data extend earlier studies showing that a HIV-1
TAT-derived peptide sequence promotes
angiogenesis in a variety of systems through
interaction with VEGF receptors (17,20). VEGF
receptors expressed on endothelial cells bind TAT-
derived peptides.

Our study also suggests that TAT and VEGF
apparently bind to distinct sites on both VEGFR 1 and
VEGFR 2. Trx basic peptide chimera, but not Trx
lacking sequences derived from HIV TAT, bound
VEGF receptors with high affinity. Trx-bp-loop and
VEGF partially competed for binding to VEGF
receptors 1 and 2, presumably through an allosteric
effect on the receptor structure. Trx/basic peptide
chimeric proteins potently stimulated endothelial cell
growth in culture.

An interesting aspect emerging from our study
addresses the mechanism of receptor activation by
Trx-bp-loop and Trx-bp-lin. Activation of VEGFR 2 by
the TAT basic peptide has been described earlier (17).
The fact that our Trx/basic peptide chimera bind to
sites distinct from those engaged by VEGF is novel,
and raises the question as to how this low Mr peptide
activates VEGF receptors. Tyrosine kinase receptors
undergo changes in conformation upon ligand-induced
dimerization that apparently lead to activation of the
intraceilular kinase domain as described earlier. At
least two mechanisms may be envisioned for the
function of this TAT peptide: (i) the TAT peptide
induces receptor dimerization similar to authentic
VEGF followed by activation of the kinase domain, (ii)
binding of the basic peptide to VEGF receptors might
alter receptor structure. In this case altered
conformation of the extracellular domain upon peptide
binding might be translated into structural changes in
the intraceilular kinase domain that unleash receptor
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tyrosine kinase activity. Alternatively, structural
changes in the extracellular receptor domain might
indirectly cause receptor dimerization. The fact that
peptides totally unrelated to VEGF stimulate receptor
activity opens interesting avenues for exploring
receptor signalling. So far, low Mr mimetics specific for
tyrosine kinase growth factor receptors have not been
studied in detail. Our results are, however, reminiscent
of studies performed with cytokine receptors, where
small agonistic peptides unrelated in sequence to the
authentic polypeptide ligand were isolated using phage
display technology. Such mimetics tightly bound the
erythropoietin receptor and mimicked the biological
activity of this peptide hormone, although at lower
efficiency than the authentic ligand (21).
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EARLY SIGNAL OUTPUT FROM VEGF RECEPTORS

S. Suarez, P. Scheidegger, W. Weiglhofer, R. Jaussi, K. Ballmer-Hofer

INTRODUCTION

Vascular endothelial growth factor, VEGF, is a potent
stimulator of angiogenesis. The effects of VEGF are
mediated by a set of tyrosine kinase receptors such as
VEGFR 1 and VEGFR 2. We are interested in early
signalling events downstream from VEGF receptors.
Cytoskeletal rearrangement is among the first effects
observed in endothelial cells upon VEGF treatment.
The organization of the actin and the intermediate
filament network as well as of microtubules is
intimately linked with cell growth regulation, cell
morphology and differentiation.

Actin filament organization is also known to affect the
structure of cell-cell junctions involved in cell to cell
communication. Cells communicate with each other
through specific junctions, so called gap junctions, that
are formed by hexameric assemblies of specific
proteins of the connexin family (reviewd in (1).
Communication between cells is regulated by growth
factors and hormones, cell attachment to the
extracellular matrix, and by oncogenes (2,3). Cell
commmunication is an indicator of the growth
phenotype of cells; malignant cells have usually lost
the ability to form gap junctions with each other or with
stromal cells (4).

RESULTS

Upon VEGF treatment actin filaments in the periphery
of cells are rearranged giving rise to membrane ruffles
and disruption of tight cell monolayers (Fig. 1). This
effect is rapidly reversible, presumably due to
downregulation of receptor-activated signalling
cascades.

To further elucidate the role of VEGF in modulating
cell morphology and cell behaviour we studied cell
communication. This was done by monitoring the
transfer of low Mr weight molecules between cells. We
investigated cell communication in endothelial cell
monolayers in culture by microinjecting single cells
with lucifer yellow, a fluorescent dye that efficiently
diffuses through the gap junction complex connecting
neighbouring cells. As early as 10 minutes after VEGF
administration junctional communication between
adjacent cells was inhibited (Fig. 2). The inhibitory
effect of VEGF on communication was reversible with
cells fully recovering 2 hours after stimulation.
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Fig. 2: Disruption of gap junctional communication by
VEGF: top panels show luciferin-injected cells
at various time points after VEGF addition,
arrow marks injected cell in top left panel.
Bottom panel shows quantification of data.
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Fig. 1: Disruption of endothelial cell monolayers by
VEGF: top left, control cells; top right, cells
treated with VEGF for 30 min.; bottom, cells
treated with VEGF for 120 min.

DISCUSSION

Here we show that VEGF causes rapid and transient
changes in cell morphology and communication in
endothelial ceils. We propose that these early effects
reflect, at least in part, the changes in vascular
permeability and vessel integrity observed in vivo upon
treatment of animals with vasodilatory or inflammatory
reagents. In these processes VEGF has been
proposed to play an important modulatory role. The
signalling pathways involved in transmitting these
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VEGF-initiated signals from the receptor to
downstream targets are the subject of future studies.
We assume that they impinge on Rho family G
proteins known to regulate cytoskeletal organization.
In addition, these processes are subject to regulation
by a plethora of protein kinase cascades activated by
VEGF receptors and known to signal to downstream
targets that regulate cell morphology and behaviour.
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