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FOREWORD

Basic and application-oriented research is carried out by the Institute of Bioinorganic and Radiophar-
maceutical Chemisiry as part of the research centre Forschungszentrum Rossendorf (FZR), a member
of the research association Wissenschaftsgemeinschaft Gottiried Wilhelm Leibnitz. o
Comnmitted to research into essential problems of our time, the Institute focuses on investigations into
radiotracers as molecular probes in order to contribute to a befter understanding qf chemical proc-
esses in the living organism on a nanomolar and picomolar level. The all-embracing theme is the
search for radionuclide-labelled tracer molecules which bind to specific targets in the body.

When further developed into radiopharmaceuticals, the radiotracers permit medical research as well
as diagnostic applications. Studies are performed in close cooperation with the Department of Nuclear
Medicine of the Dresden University Hospital. For this purpose the Institute runs a centre for positron
emission tomography (PET). A joint team of staff members from both the Institute and the Department
of Nuclear Medicine work at this PET centre.

The reports presented here cover interdisciplinary research activities. The PET tracer group of the
Institute studied the chemistry and radiopharmacy of ''C and "®F compounds. The bioinorganic group
has dealt with the design, synthesis and characterization of radiometal-based radiotracers, primarily
technetium and rhenium complexes. The biochemical group worked on the biological characterization
of new radioactive compounds in cell and animal models and also on pharmacological and patho-
physiological themes. Some first contributions from the joint medical group are also included in these
reports.

The main research activities of the Institute were devoted to radiochemical and pharmacological stud-
ies of brain neurotransmitter-mediated processes and tumour targeting.

With respect to oncology, progress in tracer development is highlighted by the proposed concept of
using 3-O-methyl-6-["°Flfluoro-L-DOPA for imaging brain tumours. Derived from biological studies of
6-[*°Flfluoro-L-DOPA metabolites and the development of an improved synthesis of 3-O-methyl-6-
[’SF}ﬂuoro-L-DOPA, the compound proved to be a substrate of an amino acid transporter and thus
able to cross the blood-brain barrier with subsequent accumulation in brain tumours.

In 1998 a European Biomed project started on tumour-seeking receptor-binding peptides. The neuro-
tensin molecule has meanwhile been modified and radiolabelled so as to maintain a high receptor-
binding affinity. The structure is now being optimized in terms of optimal biodistribution by the groups
collaborating on the project.

The main subject of CNS receptor ligand research at this moment is to design technetium-based
molecules that are able to overcome the serious hurdle presented by the blood-brain barrier and to
achieve high, subnanomolar binding affinities. During the period covered by these reports, studies of a
large number of neutral mixed-ligand complexes confirmed the importance of the pKa value for trans-
port of this class of compounds through the blood-brain barrier and showed how the pKa can be ad-
justed by appropriate substituents without impairing the receptor binding.

The requirement of subnanomolar affinity was met by the synthesis and autoradiographic evaluation of
a novel *™Tc ligand for the serotonin 5-HT 4 recepior.

The metallotricarbonyl concept, which was quite recently introduced by the chelator chemistry group of
the Paul Scherrer Institute (PS!), Switzerland, in the design of CNS receptor imaging agents based on
technetium-99m, was successiully applied in cooperation with the PS! group. Ligands for the 5-HT.,
and 5-HT4 receplors as well as the dopamine transporter were prepared and characterized.

The successes achieved so far have only been possible thanks to the dedication and commitment of
the permanent and temporary siaff, the Ph.D. students and collaborators inside and outside the re-
search centre Forschungszenirum Rossendorf.

I would like to extend my thanks to all of them.

Rossendorf, September 1999

g |- .

bl |
Prof. Dr. Bernd Johannsen
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Editorial

Radiotracers for Tumour Imaging with Positron Emission Tomography
P. Brust, J. Steinbach and B. Johannsen

Introduction

Positron emission tomography (PET) is a unique non-invasive diagnostic tool offering the possibility of
in vivo quantitative measurements. Depending on the radiotracer used it produces dynamic images of
various physiological functions at the molecular level which can be used to quantify vital processes,
such as glucose metabolism, blood flow and perfusion, receptor-ligand interactions and oxygen utili-
zation. So far PET studies have made substantial contributions to at least four clinical disciplines: car-

diology, neurology, psychiatry and oncology.

A rapidly emerging clinical application of positron emission tomography (PET) is the detection and
staging of cancer with the glucose analogue 2-["®Flfluoro-2-deoxy-D-glucose (FDG). Early diagnosis in
oncology is helpful for treatment by surgical intervention, which generally has the highest curative
potential. Anatomic imaging modalities, such as CT and MRI, are clinically important high-resolution
imaging techniques that are well suited for revealing structural abnormalities. However, the differentia-
tion of neoplasms as being benign or malignant is still problematic. PET can reveal biochemical pa-
rameters of the neoplasms such as glucose, oxygen, or amino acid metabolism, or measure the re-
ceptor density status. These parameters may allow a completely new clinical perspective in the field of

oncology.

FDG

Glucose

Fig. 1. Uptake and metabolism of glucose compared with FDG. After being transported into the cell

glucose is metabolized via the glycolytic pathway to provide energy in form of ATP. The FDG is only

phosphorylated and trapped because the activity of glucose-6-phosphatase is much lower than the
activity of the hexokinase.

FDG for tumour imaging

PET using FDG as a metabolic marker has the potential to distinguish malignant processes from nor-
mal tissue by means of increased glucose metabolism (Fig. 1). Its higher spatial resolution compared
with conventional scintigraphic methods leads to the widespread application of FDG-PET in oncology.
Functional imaging with FDG-PET provides relevant diagnostic information complementary fo mor-

phologic imaging.



Knowledge of the normal physiological distribution of the radiotracer is required for the correct inter-
pretation of FDG PET images. It has to be assured that benign pathological causes of FDG uptake are
not confused with a malignant tumour. in a whole-body scan intense FDG activity can be seen in the
brain, occasionally in the heart and due to the excretory route the urinary tract. Elsewhere, radiotracer
activity is typically low. That allows sensitive demonstration of radiotracer accumulation in many tumor
entities (Fig. 2). However, as a limitation one has to be aware that FDG uptake is nonspecific, which is
related to the principle of FDG uptake and metabolism (Fig. 1). This offers the possibility of pitfalls that
can be misinterpreted as cancer. Such pitfalls include variable physiological FDG uptake in various
organs, in healing bones, sites of infection and aseptic inflammatory response [1].

Fig. 2. FDG-PET image of a
patient with tumour bulk and
singular metastases of Hodg-
kin‘s lymphoma in the medias-
tinum as well as metastases in
the lower part of the right lung.
FDG accumulation is seen in
the brain, heart and bladder as
well.

The clinical value of FDG-PET has been proved for a number of tumour entities and their metastases,
e.g. bronchial, colorectal and pancreatic malignomas, nonsmall cell lung carcinomas, breast cancer,
malignant lymphomas and others. Generally, FDG-PET can be very useful in clinically and radiologi-
cally "difficult-to-examine tumours," e.g., following tumour surgery. Qualitative assessment of the ex-
tent of the tumour spread provides prognostic information and allows for selection of an appropriate
therapy. The identification of tumour spread to the axillary nodes or to more remote nodal groups, i.e.,
internal mammary or supraclavicular nodes, is probably the most practical information that qualitative
FDG-PET can offer. For routine use in oncology a detailed assessment of the specific efficiency of
PET has been indicated by a panel of recognized experts in the framework of an interdisciplinary con-
sensus conference [2].

in the PET Center Rossendorf a total number of 484 tumour patients were studied between 1. Jan.
1998 and 30. Jun. 1999, among them 20 % with lymphoma and 20 % with squamous cell carcinoma
as those with the highest incidence. Preliminary studies indicated that an early serial assessment of
tumour metabolism by FDG-PET during an effective chemo- or radiotherapy may predict the subse-
guent response to such a therapy. (Fig. 3).

Another fimitation of tumour imaging with FDG is the difficult visualization of gliomas because of the
high uptake of this radiotracer in the normal brain. Also for imaging neuroendocrine tumours FDG-PET
is only of limited value [3].



From this point of view it would be most useful fo develop radiotracers utilizing tumour specific proc-
esses. Unfortunately the prerequisites for exploiting such processes are poor. The radiotracer accu-
mulation caused by such targeted processes is usually low and the quality of the images may there-
fore be unsatisfactory.

Before After chemotherapy

Fig. 3. FDG-PET image of a patient with abdominal metastasis of a seminoma (left). After completion
of chemotherapy, with ["®FIFDG-PET no vital tumour is detected, although on CT residual tumour is
still present.

To overcome this problem new radiodiagnostic tools for tumour imaging have 1o be considered. There
are numerous new radiotracers whose particular distribution in the presence of cancer in vivo serves
to distinguish medically relevant properties of the tumour cells with which they associate. These radio-
tracers include precursors of protein anabolism (e.g. amino acids), receptor ligands {(e.g. peptides and
steroids), substrates for enzymatic modification by the products of expression of specific genes (e.g.
gancyclovir) and hypoxia markers (e.g. misonidazol).

Amino acids for brain tumours

New trends in PET applications for the study of brain tumours take the histological heterogeneity of
these tumours into account and integrate PET data into their surgical management. The annual inci-
dence of primary brain tumours is increasing. The prognosis for these tumours remains poor, with an
expected survival of only a few years. The ability to diagnose, monitor, and ireat CNS tumours has
been improved by newly developed radiotracers for PET such as amino acid radiotracers.

The increased utilization of amino acids by tumours has been investigated for more than 40 years.
Parameters such as membrane transport, metabolism and protein incorporation govern the fate of the
amino acids in fiving tissue. The possibilities offered by PET of studying the amino acid metabolism



and protein synthesis have been evaluated within the framework of the European Community Medical
and Public Health Research [4].

o oW
8F NHy HO 8 2

4-["*FJFlucro-L-phenylalanine [8] 2-["®*F]Flucro-L-tyrosine [7]
- H,
18F\/\o/©/\<::o HO/Q/%W
18
O -[ "*F]Fluoroethyl)-L -tyrosine, ['® FIFET[10] 3-["®F]Fiucro-L-o. -methyl-tyrosine, ['® FIFMT [9]

2
18 coft

1-Amino-3-['*Fifluoro-cyclobutane-1-carboxylic acid, ["*FIFACBC[11]

Fig. 4. ®F-labelled amino acids developed and evaluated as tumour-detecting PET tracers.

L-[""C]Methionine has already proved to be useful in delineating brain tumours [5, 6]. However, this
radiotracer has the disadvantage of a short half-life, whlch requires in-house radnosynthesns and re-
peated radiolabelling for each single PET study. An "SF-labelled amino acid tracer is therefore desir-
able for PET (Fig. 4). A number of such radiotracers have been developed and evaluated as tumour-
detecting agents, e.g. 2-["®Flfluoro-L-tyrosine [7], 4-["*FIfluoro-L-phenylalanine [8], 3-["’F]ﬂuoro-L -0
methyl-tyrosine (FMT) [9], O{'°Flfluoroethyl-L-tyrosine (FET) [10] and 1-amino-3-["°Flfluoro-
cyclobutane-1-carboxylic acid (FACBC) [111.

COOH

wE

CH,
OH

Fig. 5. The amino acid 3-O-methyl-6-["°Flfluoro-
L-DOPA which may be used for tumour imaging
with PET as proposed by the Rossendorf group
12

3-0-Methyl-6-{5Fifiuoro-L-DOPA



Rather ineffective radiosynthesis still limits the use of these radiotracers. An efficient synthesis of 3-O-
methyl-6-[’BF]quoro-L-DOPA has therefore been developed in Rossendorf (Fig. 5). Some first in vivo
studies demonstrate the suitability of this radiotracer for tumour imaging [12].

Tumour receptor imaging

Tumour receptor imaging has great prospects for further PET investigations. The best-characterized
systems for receptor-based imaging are esirogen-receptor imaging of breast cancer, somatostatin-
receptor imaging of neuroendocrine tumours, and epidermal growth factor receptor imaging. The latter
two systems are only available for SPECT. *™Tc-labelled antihuman epidermal growth factor receptor
antibodies has been used in patients with tumours of epithelial origin [13-15]. The ¥ labelled epider-
mal growth factor (EGF) has been used to localize squamous lung carcinoma with SPECT [16]. EGF
is also a potential peptide radiopharmaceutical for the detection of brain tumours as many human
gliomas overexpress the EGF receptor. For this purpose ['''InN]DTPA-EGF was coupled to a delivery
vector to enable brain tumour imaging [17]. Because of the higher spatial resolution PET imaging has
an even greater potential. However, no suitable PET tracers are available so far.

Peptides

Bioactive peptides, such as peptide hormones, immunomodulators and growth promoters, have been
found to modulate a wide variety of biological functions. Their effects are mediated by high-affinity
receptors located on the membranes of the target cells. The widespread expression of high-density
peptide receptors on the surface of tumour cells, which was recently demonstrated, makes these bio-
molecules atiractive vectors for targeting those celis. Peptides may be used as tools for directing ra-
dionuclides for either diagnostic or therapeutic purposes specifically onto malignant cells. The devel-
opment of the somatostatin analogue ['''InJoctreoscan illustrates how advances in basic science are
translated into health care [18, 19].

Despite successful labelling of peptides with "I, *™Tc, "® and occasionally with "°F [3, 18, 20-26)
only a few of them have proved suitable for tumour receptor imaging. No PET tracer has as yet fuffilled
the necessary criteria. Despite a high in vitro binding affinity, certain unfavourable features (a high
nonspecific binding in vivo, rapid degradation, unacceptable accumulation in nontarget areas) pre-
vented them from being useful.

One of the projects described in this annual report deals with the development of **F-labelled neuro-
tensin analogues for tumour imaging. The work is embedded in a BIOMED2 shared-cost action with
five other pariners from European countries, which will hopefully ensure that the problems described
can be solved.

Steroids

The use of PET with the estrogen analogue 160-{'*Flfluoro-estradiol (FES) to monitor the receptor
function and response to hormonal therapy opens up intriguing new ways to monitor patients with
breast cancer at a cellular level. Generally, *°F-labelled estradiol derivatives are suitable for in vivo
imaging of estrogen receptors, including functional receptor diagnosis. Their high specificity, estab-
lished in animal experiments and in in vitro studies was reproduced in in vivo applications in humans.
However, estrogen receptor scintigraphy is only of limited use for tumour screening or staging be-
cause only 50 — 70 % of mammary carcinomas are receptor positive [27].

On the other hand, targeting the progesterone receptors found in receptor-positive breast cancer pro-
vides a means of diagnosing the disease non-invasively. The advantages of visualizing the tumour
through targeting these recepiors include PET imaging 1o follow the progress of the lamoxifen therapy
while the estrogen recepiors are blocked [28].

Another therapeutic strategy is based on the assumption that the major source of estrogens in breast
cancer cells is the conversion of estrone sulphate and dehydroepiandrosterone sulphate into estradiol
and androstendiol by the enzymes estrone sulfatase and 178-hydroxysteroid dehydrogenase {29, 30].
These estrogenic steroids delivered by the sulphated transport form act as mitogens to stimulate tu-
mour growth [30, 311. Inhibition of estrone sulfaphase is therefore expecied to inhibit also tumour
growth. The concept has already proved its worth in vitro [29]. Highly potent estrone sulfaphase in-



hibitors were recentily developed in cooperation with the Jena Hans Knéll Institute. They offer the po-
tential of tumour imaging after labelling with ®F [33].

Hypoxia markers

Hypoxia occurs to a varying extent in a vast majority of rodent and human solid tumours. it results
from an inadequate and disorganized tumour vasculature, and hence an impaired oxygen delivery. A
probe for the non-invasive detection of tumour hypoxia could be very useful in the selection of patients
for therapy. Tumour hypoxia is an important factor that limits the response to radiation in human can-
cers [34, 35]. In addition, hypoxic tumor cells are also resistant to some cytotoxic drugs [35, 36]. Ni-
troimidazoles and other compounds were designed to overcome the hypoxic cell problem by specifi-
cally sensitizing hypoxic cells to the effects of radiation. There has been considerable interest in im-
aging hypoxia with radiolabelled derivatives of these compounds. A fluorinated 2-nitroimidazole, N-(2-
hydroxy-3,3,3-trifluoropropyl)-2-(2-nitro-I-imidazolyl) acetamide (SR 4554, CRC 94/17), was rationally
designed for the measurement of tumour hypoxia by magnetic resonance spectroscopy (MRS) and
imaging (MRI) [37]. Whole body "*F-MRI in mice demonstrated that SR 4554 and related metabolites
were mainly concentrated in fumour, liver and bladder. But rather high doses had to be administered,
which may prevent the use of SR 4554 in humans on account of the possible toxicity. However, this
compound also has a potential for use in positron emission tomography.
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Fig. 6. Simultaneous investigation of P-glycoprotein (Pgp) expression and glucose metabolism in
tumour cells.

Left. Schematic representation of the principles: Uptake of MIBI and tetrofosmin is caused by diffusion
driven by the negatively charged membranes of mitochondria. Excess of cytostatics saturates the
capacity of Pgp and results in decreased efftux and intracellular accumulation of the radiotracers MIBI
and tetrofosmin. FDG is transporied into the cell by a glucose transporter (glut) and is phosphorylated
by hexokinase. The phosphorylated product is trapped within the cell. Effects of cytostatics on giucose
metabolism are shown by increased or decreased accumulation of glucose phosphate.

Right. Effects of various drugs on the accumulation of MIBI and FDG by a Pgp expressing brain en-
dothelial cell line. The typical effect of Pgp modulators, such as verapamil and colchicine is shown by
the increased accumulation of MIBI. Other compounds (cytochalasin B, valinomycine) influence pri-
marily glucose transport and metabolism.

Several imidazole derivatives have already been labelled with '°F, such as ['°Fflucromisonidazole
(FMISO), ['®FIfluoroerythronitroimidazole (FETNIM) and [**Fifluoroethanidazole [38-40]. Despite en-
couraging preliminary results these compounds are expected to be of limited use in routine clinical

practice [35].



Monitoring drug resistance

Cellular resistance to cytotoxic agents is the major cause of treatment failure in many human cancers.
Overexpression of the P-glycoprotein (Pgp), present in the plasma membrane of various tumour cells
and in several normal cell types, contributes to the multipie drug resistance (MDR) phenotype of many
human cancers (Fig. 6). The expression of Pgp has to be studied as a prerequisite for the therapy.
Available clinical radiopharmaceuticals to study the expression of Pgp include the lipophilic ¥mTe ca-
tions MIBI and tetrofosmin [41-43].

Many clinical studies from various institutions and trials, including a variety of malignancies, indicate
that both tumour uptake and clearance of [**"Tc]MIBI are correlated with Pgp expression and may be
used for the phenotypic assessment of MDR [44]. There is still a lack of PET tracers suitable for clini-
cal monitoring of multiple drug resistance. Recently the Pgp function was measured /n vivo with PET
and ["'C]verapamil as radiolabelled Pgp substrate in rats having a Pgp-negative small-cell lung carci-
noma and its Pgp-overexpressing subline [45]. These results show the feasibility of in vivo Pgp func-
tion measurement with PET under basal conditions and after modulation in solid tumours and in the
brain. PET and radiolabelled Pgp substrates may therefore be useful as a clinical tools for selecting
patients who might benefit from the addition of a Pgp modulator to MDR drugs.

As was recently shown in cell culture and animal experiments, the combined use of various radiotrac-
ers may be a tool for differentiating between individual tumours in terms of their sensitivity to thera-
peutic strategies (Fig. 6) [46].

nucleosile
fransporter

Tracer

Tracer
(e.9. [*FIFHPG) DNA

v t
oA

polymerases
Tracermonophosphate ?

dNTP

[ cellutar Kinases|

Tractrdlphosphah

¥

Tracertriphosphate

Fig. 7. Schematic representation of the principle of monitoring gene therapy with radiolabelled nucleo-
side analogues that are not substrates for human kinases but are converted by
herpes simplex virus thymidine kinase (HSV-TK) and subsequently by cellular
kinases to antimetabolites (inhibitors of DNA synthesis).

Tumour therapy

One of the most promising new ireatments for cancer are gene therapy approaches. Phase /Il clinical
trials for brain, breast, colon and other tumours are under way [47-49]. Cancer gene therapy includes
gene delivery to tumour cells and the cellular expression of the specific transferred gene. Assessing
the distribution and duration of gene expression is of prime importance for evaluating new gene ther-




apy approaches, and PET provides a tremendous potential for improvement over the currently used
methods of monitoring gene transfer [35].

The herpes simplex virus thymidine kinase / ganciclovir system is one of the most widely investigated
gene therapy approaches which has also been used for PET imaging (Fig. 7) [50, 51]. Several radio-
tracers have been developed for this purpose (Fig. 8) [62-59]. Generally, the in vitro and in vivo results
obtained with these radiotracers demonstrated the validity of the concept. However it has been shown
that the use of radiolabelled acyclovir and ganciclovir has limitations such as a poor sensitivity [51].
Other compounds lack selectivity. To overcome these problems, new radiotracers have to be devel-
oped. One of the most recent approaches is the synthesis and biological evaluation of ['**JFIAU [60].
However, this radiotracer is only available on a limited number of sites, which complicates its routine
use and encourages the search for other compounds.
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Fig. 8. Radiolabelled nucleoside analogues as potential imaging agents for monitoring gene therapy
with herpes simplex virus thymidine kinase gene.

Another strategy for tumour therapy which was developed by the GSI Darmstadt with the support of
the Rossendorf Research Center [61-65] is radictherapy with heavy ions. Beams of heavy ions such
as carbon make it possible to combine two advantageous properties: betier targeting and higher bio-
logical efficiency. Particle beams have an inverse depth dose profile, with the maximum dose in the
deep-seated tumour, a finite range, small lateral scatiering, and a drastically increased biological effi-
ciency in the tumour. These properties maximize the deletion effects on tumour cells [66]. In addition,
particle beams can be directed with great precision within one or two millimetres, and can be moni-
tored using positron emission tomography (PET).



In conclusion it can be said that PET has already been shown to contribute significantly to tumour
research and clinical oncology. The development of new target-based imaging tools will provide even
better possibilities for diagnosis and therapy in this field.

References

[1] Shreve P. D., Anzai Y. and Wahl R. L. (1999) Pitfalls in oncologic diagnosis with FDG PET
imaging: physiologic and benign variants. Radiographics 19, 61-77.

2] Reske S. N., Bares R., Bull U., Guhlmann A., Moser E. and Wannenmacher M. F. (1996) Clinical
value of positron emission tomography (PET) in oncologic questions: results of an interdiscipli-
nary consensus conference (in German). Nuklearmedizin 35, 42-52.

[3] Adams S., Baum R., Rink T., Schumm-Drager P. M., Usadel K. H. and Hér G. (1998} Limited
value of fluorine-18 flucrodeoxyglucose positron emission tomography for the imaging of neuro-
endocrine tumours. Eur. J. Nucl. Med. 25, 79-83.

[4] Mazoyer B. M., Heiss W. D. and Comar D. (eds.) (1993) PET Studies on Amino Acid Metabolism
and Protein Synthesis. Kluwer Academic Publishers, Dordrecht, p. 268.

{5] Mineura K., Sasajima T., Kowada M., Ogawa T., Hatazawa J. and Uemura K. (1997) Early de-
lineation of cerebral glioma using amino acid positron tracers.

Comput. Med. imaging Graph. 21, 63-66.

[6] Derlon J. M., Petit-Taboue M. C., Chapon F., Beaudouin V., Noel M. H., Creveuil C., Courtheoux
P. and Houtteville J. P. (1997) The in vivo metabolic pattern of low-grade brain gliomas: a posi-
tron emission tomographic study using "°F-fluorodeoxyglucose and ''C-L-methylmethionine. Neu-
rosurgery 40, 276-287. '

[7] Coenen H. H., Kling P. and Stocklin G. (1989) Cerebral metabolism of L-[2-"Fifluorotyrosine, a
new PET tracer of protein synthesis. J. Nucl. Med. 30, 1367-1372.

[8] Kubota K., Ishiwata K., Kubota R., Yamada S., Takahashi J., Abe Y., Fukuda H. and ido T. (1996)
Feasibility of fluorine-18-fluorophenylalanine for tumor imaging compared with carbon-11-L-
methionine. J. Nucl. Med. 37, 320-325.

[91 Inoue T., Tomiyoshi K., Higuichi T., Ahmed K., Sarwar M., Aoyagi K., Amano S., Alyafei S.,
Zhang H. and Endo K. (1998) Biodistribution studies on L-3-[fluorine-18]fluoro-alpha-methyl tyro-
sine: a potential tumor-detecting agent. J. Nucl. Med. 39, 663-667.

[10] Wester H. J., Herz M., Weber W., Heiss P., Senekowitsch-Schmidtke R., Schwaiger M. and
Stocklin G. (1999) Synthesis and radiopharmacology of O-(2-[18F}fluoroethyl)-L-tyrosine for tu-
mor imaging. J. Nucl. Med. 40, 205-212.

[11] Shoup T. M., Olson J, Hoffman J. M., Votaw J., Eshima D., Eshima L., Camp. V. M., Stabin M.,
Votaw D. and Goodman M. M. (1999) Synthesis and evaluation of ["*F]1-amino-3-fluorocyclo-
butane-1-carboxylic acid to image brain tumors. J. Nucl. Med. 40, 331-338.

[12] Fuchtner F., Steinbach J., Vorwieger G., Bergmann R., Syhre R., Brust P., Beuthin-Baumann B.,
Burchert W., Zips D., Baumann M. and Johannsen B. (1999) 3-O-Methyl-6~[1SF]ﬂuoro-L-DOPA -a
promising substance for tumour imaging.

J. Labelled Compd. Radiopharm. 42 (Suppl.1), S267-5269.

[13] 1znaga-Escobar N., Torres L. A., Morales A., Ramos M., Alvarez 1., Perez N,, Fraxedas R., Rodri-
guez O., Rodriguez N., Perez R., Lage A., and Stabin M. G. (1998a) Technetium-99m-labeled
anti-EGF-receptor antibody in patients with tumor of epithelial origin: 1. Biodistribution and do-
simetry for radioimmunotherapy. J. Nucl. Med. 39, 15-23.

[14] Iznaga-Escobar N., Torres Arocha L. A., Morales A., Ramos Suzarte M., Rodriguez Mesa N. and
Perez Rodriguez R. (1998b) Technetium-99m-aniiepidermal growth factor-recepior antibody in
patients with tumors of epithelial origin: part il. Pharmacokinetics and clearances.

J. Nucl. Med. 39, 1918-1927.

[15] Ramos-Suzarie M., Rodriguez N., Oliva J. P., 1znaga-Escobar N., Perera A., Morales A., Gon-
zalez N., Cordero M., Torres L., Pimentel G., Borron M., Gonzalez J., Torres O., Rodriguez T.
and Perez R. (1999) *™Tc-labeled antihuman epidermal growth factor receptor antibody in pa-
tients with tumors of epithelial origin: Part lll. Clinical trials safety and diagnostic efficacy.

J. Nucl. Med. 40, 768-775.

[16] Cuartero-Plaza A., Martinez-Miralles E., Rosell R., Vadell-Nadal C., Fare M. and Real F.X.
(1996) Radiolocalization of squamous lung carcinoma with **'I-labeled epidermal growth factor.
Clin. Cancer Res. 2, 13-20.



[17] Kurihara A., Deguchi Y. and Pardridge W. M. (1999) Epidermal growth factor radiopharma-
ceuticals: 'in chelation, conjugation to a blood-brain barrier delivery vector via a biotin-poly-
ethylene linker, pharmacokinetics, and in vivo imaging of experimental brain tumors.

Bioconjug. Chem. 10, 502-511.

[18] O'Byme K. J. and Carney D. N. (1996) Radiolabelled somatostatin analogue scintigraphy in on-
cology. Anticancer Drugs 7(Suppl 1), 33-44.

[19] Chianelli M., Mather S. J., Martin-Comin J. and Signore A. (1997) Radiopharmaceuticals for the
study of inflammatory processes: a review. Nucl. Med. Commun. 18, 437-455.

[20] Kvois L. K., Brown M. L., O’Connor M. K., Hung J. C., Hayostek R. J., Reubi J. C. and Lamberts
S. W. (1993) Evaluation of a radiolabeled somatostatin analog (I-123 octreotide) in the detection
and localization of carcinoid and islet cell tumors. Radiology 187, 129-133.

[21] Guhlke S., Wester H. J., Bruns C. and Stocklin G. (1994) (2-["®Flfluoropropionyi-(D)phet )-
octreotide, a potential radiopharmaceutical for quantitative somatostatin receptor imaging with
PET: synthesis, radiolabeling, in vitro validation and biodistribution in mice.

Nucl. Med. Biol. 21, 819-825.

[22] Bohdiewicz P. J., Scott G. C., Juni J. E., Fink-Bennett D., Wiiner F., Nagle C. and Dworkin H. J.
(1995) Indium-111 OncoScint CR/OV and F-18 FDG in colorectal and ovarian carcinoma recur-
rences. Early observations. Clin. Nucl. Med. 20, 230-236.

[23] Wester H. J., Brockmann J., Rdsch F., Wutz W., Herzog H., Smith-Jones P., Stolz B., Bruns C.
and Stécklin G. (1997) PET-pharmacokinetics of "°F-octreotide: a comparison with ®’Ga-DFO-
and *®Y-DTPA-octreotide. Nucl. Med. Biol. 24, 275-286.

[24] Santimaria M., Biok D., Feitsma R. |., Mazzi U. and Pauwels E. K. (1999) Experiments on a new
phosphine-peptide chelator for labelling of peptides with Tc-99m. Nucl. Med. Biol. 26, 251-258.

[25] Decristoforo C. and Mather S. J. (1999) Preparation, 9‘C’"‘Tc-labeling, and in vitro characterization
of HYNIC and N3S modified RC-160 and [Tyr3]octreotide. Bioconjug. Chem. 10, 431-438.

[26] Gibson R. E., Fioravanti C., Francis B. and Burns H. D. (1999) Radioiodinated endothelin-1: a
radiotracer for imaging endothelin receptor distribution and occupancy.

Nucl. Med. Biol. 26, 193-199.

[27] Scheidhauer K., Scharl A. and Schicha H. (1998) Estrogen receptor scintigraphy.
Q. J. Nucl. Med. 42, 26-32.

[28] Jonson 8. D. and Welch M. J. (1998) PET imaging of breast cancer with fluorine-18 radiolabeled
estrogens and progestins. Q. J. Nucl. Med. 42, 8-17.

[29] Li P. K.,. Chu G. H., Guo J. P., Peters A. and Selcer K. W. (1998) Development of potent non-
estrogenic estrone sulfatase inhibitors. Steroids 63, 425-432.

[30] Reed M. J., Purohit A., Howarth N. M. and Potter B. V. L. (1994) Steroid sulphatase inhibitors; a
new endocrine therapy. Drugs Future 19, 673-680.

[31] Kato S., Kitamoto T., Masuhiro Y. and Yanagisawa J. (1998) Molecular mechanism of a cross-talk
between estrogen and growth-factor signaling pathways. Oncology 55, 5-10.

[32] Prall O. W, Rogan E. M. and Sutherland R. L. (1998) Estrogen regulation of cell cycle progres-
sion in breast cancer cells. J. Steroid Biochem. Mol. Biol. 65, 169-174.

[33] Kasch H., Schuhmann W., Rémer J. and Steinbach J. (1998) Steroidsulfamate, Verfahren zu
ihrer Herstellung und Anwendung derselben. Patentschrift vom 1.10. 1998 (Offenlegungstag) DE
19712488A1.

[34] Moulder J. E. and Rockwell S. (1984) Hypoxic fractions of solid tumors: experimental techniques,
methods of analysis, and a survey of existing data. Int. J. Radiat. Oncol. Biol. Phys. 10, 695-712.

[35] Hustinx R., Eck S. L. and Alavi A. (1999) Potential applications of PET imaging in developing
novel cancer therapies. J. Nucl. Med. 40, 995-1002.

[36] Adams G. E. {1981) Hypoxia-mediated drugs for radiation and chemotherapy.

Cancer 48, 696-707.

[37] Aboagye E. O., Kelson A. B., Tracy M. and Workman P. (1998) Preclinical development and cur-
rent status of the fluorinated 2-nitroimidazole hypoxia probe N-(2-hydroxy-3,3,3-trifltuoropropyl)-2-
(2-nitro-1-imidazolyl) acetamide (SR 4554, CRC 94/17): a non-invasive diagnostic probe for the
measurement of tumor hypoxia by magnetic resonance speciroscopy and imaging, and by posi-
tron emission tomography. Anticancer Drug. Des. 13, 703-730.

[38] Koh W. J., Rasey J. 8., Evans M. L., Grierson J. R., Lewellen T. K., Graham M. M., Krohn K. A.
and Griffin T. W. (1992) Immaging of hypoxia in human tumors with [F-18}fluoromisonidazole.
int. J. Radiat. Oncol, Biol. Phys. 22, 199-212.

16



[39] Yang D. J., Wallace S., Cherif A,, Li C., Gretzer M. B., Kim E. E. and Podoloff D. A. (1995) Devel-
opment of F-18-labeled fluoroerythronitroimidazole as a PET agent for imaging tumor hypoxia.
Radiology 194, 795-800.

[40] Rasey J. S., Koh W. J., Evans M. L., Peterson L. M., Lewellen T. K., Graham M. M. and Krohn K.
A. (1996) Quantifying regional hypoxia in human tumors with positron emission tomography of
['®Flfluoromisonidazole: a pretherapy study of 37 patients.
int. J. Radiat Oncol. Biol. Phys. 36, 417-428.

[41] Piwnica-Worms D., Rao V. V., Kronauge J. F. and Croop J. M. (1995) Characterisation of multi-
drug resistance P-glycoprotein transport function with an organotechnetium cation.

Biochemistry 34, 12210-12220.

[42] Hendrikse N. H., Franssen E. J. F., van der Graf W. T. A., Meijer C., Piers D. A., Vaalburg W. and
de Vries E. G. (1998) *"Tc-sestamibi is a substrate for P-glycoprotein and the multidrug resis-
tance-associated protein. Brit. J. Cancer 77, 353-358.

[43] Pauwels E. K. J., McCready V. R., Stoot J. H. M. B. and van Deurzen D. F. P. (1998) The
mechanism of accumulation of tumour-localizing radiopharmaceuticals.

Eur. J. Nucl. Med. 25, 277-305.

[44] Del Vecchio S., Ciarmiello A. and Salvatore M. (1999) Clinical imaging of multidrug resistance in
cancer. Q. J. Nucl. Med. 43, 125-131.

[45] Hendrikse N. H., de Vries E. G., Eriks-Fluks L., van der Graaf W. T., Hospers G. A., Wiliemsen A.
T., Vaalburg W. and Franssen E. J. (1999) A new in vivo method to study P-glycoprotein transport
in tumors and the blood-brain barrier. Cancer Res. 59, 2411-2416.

[46] Bergmann R., Brust P., Pietzsch H.-J. and Johannnsen B. (1998) Evaluation of the in vitro and in
vivo properties of a potential Tc-labelled inhibitor of the MDR gene product P-glycoprotein (Ab-
stract). Eur. J. Nucl. Med. 25, 865.

[47] AlaviJ. B. and Eck S. L. (1998) Gene therapy for malignant gliomas.

Hematol. Oncol. Clin. North Am. 12, 617-629.

[48] Boxhorn H. K. and Eck S. L. (1998) Gene therapy for breast cancer.
Hematol. Oncol. Clin. North Am. 12, 665-675.

[49] Zwacka R. M. and Dunlop M. G. (1998) Gene therapy for colon cancer.
Hematol. Oncol. Clin. North Am. 12, 595-615.

[50] Morin K. W., Knaus E. E. and Wiebe L. |. (1997) Non-invasive scintigraphic monitoring of gene
expression in a HSV-1 thymidine kinase gene therapy model. Nucl. Med. Commun. 18, 599-605.

[61] Blasberg BR. G. and Tjuvajev J. G. (1999) Herpes simplex virus thymidine kinase as a
marker/reporter gene for PET imaging of gene therapy. Q. J. Nucl. Med. 43, 163-169,

[52] Alauddin M. M., Conti P. 8., Mazza S. M., Hamzeh F. M. and Lever J. R. (1996) 9-[(3-['®F}-fluoro-
1-hydroxy-2-propoxy)methyilguanine (['*FI-FHPG): a potential imaging agent of viral infection and
gene therapy using PET. Nucl. Med. Biol. 23, 787-792.

[53] Shields A. F., Grierson J. R., Kozawa S. M. and Zheng M. (1996) Development of labeled thymi-
dine analogs for imaging tumor proliferation. Nucl. Med. Biol. 23, 17-22.

{54] Morin K. W., Atrazheva E. D., Knaus E. E. and Wiebe L. |. (1997) Synthesis and cellular uptake of

-substituted analogues of (E)-5-(2-[***Ijiodovinyl)-2-deoxyuridine in tumor cells transduced with
the herpes simplex type-1 thymidine kinase gene. Evaluation as probes for monitoring gene ther-
apy. J. Med. Chem. 40, 2184-2190.

[55] Alauddin M. M. and Conti P. 8. (1998) Synthesis and preliminary evaluation of 9-{(4-["®F}-fluoro-3-
hydroxymethylbutyllguanine (['®F]-FHBG): a new potential imaging agent for viral infection and
gene therapy using PET. Nucl. Med. Biol. 25, 175-180.

[56] Gambhir S. 8., Barrio J. R., Wu L., lyer M., Namavari M., Satyamurthy N., Bauer E., Parrish C.,
MacLaren D. C., Borghei A. R., Green L. A, Sharfstein S., Berk A. J., Cherry S. R., Phelps M. E.
and Herschman H. R. {1998) Imaging of adenoviral-directed herpes simplex virus type 1 thymi-
dine kinase reporter gene expression in mice with radiolabeled ganciclovir.

J. Nuci. Med. 39, 2003-2011.
[57] Germann C., Shields A. F., Grierson J. R., Morr |. and Haberkom U. (1998) 5-Fluoro-1-(2'-deoxy-
*fluoro-beta-D-ribofuranosyl) uracil trapping in Morris hepatoma cells expressing the herpes
simplex virus thymidine kinase gene. J, Nucl. Med. 39, 1418-1423.

[68] Alauddin M. M., Confi P. S,, Mazza S. M., Hamzeh F. M. and Lever J. R. {1999) Evaluation of 9-
[(3-["®F]-fluoro-1-hydroxy-2-propoxy)methyliguanine (["*FI-FHPG) in vitro and in vivo as a probe
for PET imaging of gene incorporation and expression in tumors. Nucl. Med. Biol. 26, 371-376.

11



159] Gambhir S. S., Barrio J. R., Phelps M. E., lyer M., Namavari M., Satyamurthy N., Wu L., Green L.
A., Bauer E., MaclLaren D. C., Nguyen K., Berk A. J., Cherry S. R. and Herschman H. R. (1999)
Imaging adenoviral-directed reporter gene expression in living animals with positron emission to-
mography. Proc. Natl. Acad. Sci. U S A. 96, 2333-2338.

[60] Tjuvajev J. G., Avril N., Oku T., Sasajima T., Miyagawa T., Joshi R., Safer M., Beattie B., DiResta
G., Daghighian F., Augensen F., Koutcher J., Zweit J., Humm J., Larson 8. M., Finn R. and Blas-
berg R. (1998) Imaging herpes virus thymidine kinase gene transfer and expression by positron
emission tomography. Cancer Res. 58, 4333-4341.

[61] Enghardt W. (1996) Positronen-Emissions-Tomographie bei der Schwerionentherapie. Ein Ver-
fahren zur in-situ Kontrolle der Tumorbehandlung mit Strahlen schwerer lonen.

Phys. Blétter 52, 874-875.

[62] Pawelke J., Byars L., Enghardi W., Fromm W. D., Geissel H., Hasch B. G., Lauckner K., Manfraf3
P., Schardt D. and Sobiella M. (1996) The investigation of different cameras for in-beam PET im-
aging. Phys. Med. Biol. 41, 279-296.

[63] Pawelke J., Enghardt W., Haberer T., Hasch B. G., Hinz R., Kramer M., Lauckner K. and Sobiella
M. (1997) In-Beam PET imaging for the control of heavy-ion tumour therapy.

IEEE Trans. Nucl. Sci. 44, 1492-1498.

[64] Hinz R., Debus J., Enghardt W., Haberer T., Hasch B.G., Jakel O., Lauckner K., Kramer M.,
Pawelke J. and Sobiella M (1998) Simultaneous control of the radiation therapy with heavy ions
by positron emission tomography. Proceedings of the 1998 IEEE Medical Imaging Conference,
Vol. lll, pp. 2060-2063.

[65] Enghardt W., Debus J., Haberer T., Hasch B.G., Hinz R., Jakel O., Kramer M., Lauckner K. and
Pawelke J. (1999) The application of PET to quality assurance of heavy-ion tumor therapy.
Strahlenther. Onkol. 175 (Suppl. 2), 33-36.

[66] Kraft G (1998) Radiotherapy with heavy ions: radiobiology, clinical indications and experience at
GSI, Darmstadt. Tumori 84, 200-204.

12



Il. RESEARCH REPORTS



TUMOUR AGENTS AND TUMOUR DIAGNOSIS



1. Preparation of 3-O-Methyl-6-['°F]Fluoro-L-DOPA

F. Fiichtner, J. Steinbach, R. Liicke, C. Smuda, B. Johannsen

Introduction

Since the middle of the 1990s we have been dealing with studies related to the dopaminergic system.
6-["®FIFluoro-L-DOPA (["®FIFDOPA) was used as a radiotracer in our PET studies. in the analysis of
the PET data 3-O-methyl-["®Flfluoro-L-DOPA (["°FJOMFD) has to be treated as one of the main
metabolites [1]. For simplification of the compariment model we synthesized and studied [wF]OMFD.
The substance is known to be rather stable in vivo [1].

By its chemical structure [*FIOMFD belongs to the group of amino acids and should have the
potential of tumour affinity. Amino acids labelled with positron-emitting radionuclides play an imporiant
role as radiotracers in tumour imaging [2, 3, 4]. Some useful ®F-labelled amino acids for tumour
imaging are known [4, 5, 6, 7]. Due to their potential for imaging tumour tissue, tumour %rowth and
tumour staging, there exists a demand for a reliable and high-activity-level supply of “F-labelled
amino acids. The two procedures for ["®FJOMFD synthesis described in the literature [8, 9] have the
drawbacks of relatively low yields and complicated as well as time-consuming manufacturing
processes. Here we describe an improved synthesis of ["*FIOMFD which provides the substance in a
high yield after a relatively short preparation time.

Experimental

An apparatus for routine production based on an electrophilic reaction was set up.
The schematic layout of the ["®*FJOMFD preparation unit is shown in Fig. 1.
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100kPa a8 500 1 pump QE 105.6 mM NaOAC/TIOAC
S i 2.5 ml cone. HCH Cu-tube : pli 4.7; isvtonic
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Fig. 1. Schematic presentation of the module for production of ['*FJOMFD

Our synthesis starts with a new precursor, the N-formyl-3-O-methyl-4-O-boc-6-trimethylstannyl-L-
DOPA-ethyl ester synthesized by BOZ Chem, Canada, according to our specifications. This
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compound is derived from the ["®*FIFDOPA precursor [10]. In contrast to the ['°FJFDOPA precursor, the
methoxy group is already contained in this compound and is kept stable during the whole procedure.
['®F]F, is produced by the 2Ne(d,o)'®F reaction, using the 9 MeV deuterons from the Rossendorf
cyclotron IBA 18/9 with Ne + F, (100 pmol) as the target gas. The target gas is discharged under its
own pressure (1.2 MPa to start with) through the transportlng copper tube (about 500 m). The [ F]Fz
is transported to the synthesis unit using N, as a carrier gas with a pressure of 0.5 MPa.

To increase the efficiency of absorption, the ['®FJF. is absorbed in a special Vigreux absorption column
containing a precursor solution of 45 mg N-formyl-3-O-methyl-4-O-boc-6-trimethyistannyl-L-DOPA-
ethyl ester in 15 mi trichlorofluoromethane (CFCls, Freon 11). This arrangement also makes it possible
to measure the starting actwlty with a dose calibrator. Under these conditions the reaction between the
precursor and the gaseous [°F]F, takes about 10 minutes. The volume of the solvent is reduced to
about 5 ml by evaporation during absorption.

NCHO NCHO
C000Hs (1%, COOCH;
(Boc) (Boc)
Freon 11
Sn(CH3)3 [18 F]F
H
MeO CHO MeO 2
COOC,H, HCI COOH
Boc)O —» HO
140°C, 10 min
[18FIF [8FJF

After absorption of ['°FIF, 2.5 ml 12 M HCI are added and this mixture is transferred into the reaction
vessel. The temperature is increased to 70 °C while the remaining solvent is evaporated by blowing in
gaseous N,. After evaporation the reaction vessel is closed and the temperature is increased to 140
°G for 10 minutes to reach the conditions for hydrolysis.

['®*FJOMFD is separated from the crude product by isocratic HPLC using isotonic acetate buffer as an
eluent at pH 4.7 on an RP-8 column. The ["®FJOMFD-containing radioactive peak is eluted after about
19 minutes. After sterile filiration the product is ready for use as a radiopharmaceutical.

Conditions for preparative HPLC:

- column: LiChrosorb RP-8, 7 um, 250 mm x 10 mm,
- guard column: LiChrospher RP-8, 5-20 ym, 30 mm x 9 mm,
- sample volume: 25ml,
- injection loop: 10 ml,
- eluent: 105.6 mM of CH;COONa and CH;COOH, pH 4.7,
isotonic, prepared with sterilized water (aqua ad iniectabilia),

- flow rate: 3 mi/min,
- pressure: about 9 MPa,
- detection: UV, 1 mm path length, 280 nm,

radioactivity.
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According to the rules of good manufacturing practice (GMP), quality control of the final product is an
essential part of quality assurance of radiopharmaceutical production. The quality of the product was
characterized by HPLC, GC/MS and pharmacsutical data.

Results

The new precursor N-formyl-3-O-methyl-4-O-Boc-6-trimethylstannyl-L.-DOPA-sthyl ester facilitates
stereoselective radiofluorination with [“’F]Fz. As an advantage of this reaction only the desired isomer
is generated, i.e. the 2- and 5-fluoroisomers do not occur.

The protective groups are completely cleaved by the partial hydrolysis while the methoxy group is
solely affected to a small extent. The kinetics of hydrolysis is demonstrated in Fig. 2.

share of substance |

time of hydrolysis [min]

Fig. 2. Kinetics of the hydrolysis of N-formyl-3-O-methyl-4-O-Boc-6-[ | 8FJfluoro-L-DOPA-ethylester

The graph demonstrates that the maximum percentage of the desired product is achieved after 8 to 10
minutes. A longer reaction time causes cleavage of the methoxy group, which leads to an increased
amount of ['°FJFDOPA.

The total preparation time of ['"®FIOMFD after EOB, including radionuclide fransport, takés about 50
minutes. The total ["°FJOMFD yield is between 20 and 25 % (decay corrected, related to [*°F]F,) with a
good reproducibility. The specific activity is 20 GBg/umol. Depending on the starting activity, up to 1.5
GBq ['°FIOMFD is available.

The product is characterized by the following quality parameters:

Parameter Method Limit Average value
- Radiochemical purity: HPLC >95 % >89 %
- Chemical purity: HPLC [OMFD] >95% >899 %
0.7-1.1 mg/mi
GC/MS [Freon 111 <100pg/m < 3ug/ml

[aceionitrile] < 100 pg/mi < 25 pg/ml
[acefone] <100 ug/ml <25 yg/mi
- Pharmaceutical pH 4-5 47
paramsters: Osmolality 280-320 mOsmol/kg 300 - 310 mOsmolkg
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Conclusion

As the improved synthesis procedure is simple and robust and the precursor is commercially
available, it can be adapted to existing ["°F]FDOPA-modules. ["®*FIOMFD can thus be easily obtained.
The easy preparation of ['®*FIOMFD and its biological behaviour make the compound seem promising
for PET studies.
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2. Metabolism of 6-['*F]Fluoro-3-O-Methyl-L-3,4-Dihydroxyphenylalanine in the Rat

G. Vorwieger, R. Bergmann, R. Syhre , F. Flichiner, J. Steinbach, P. Brust, B. Johannsen

Introduction

Tumour diagnostics by fomographical tools makes use of the usually higher metabolic activity of neo-
plastic tissue. Major metabolic processes include, first and foremost, protein biosynthesis and amino
acid transport [1]. The xenobiotic L-amino acid OMFD (6-["*FIfluoro-3-O-methyl-L-3,4-
dihydroxyphenylalanine ) is known as an undesirable, virtually inert side product within FDOPA-PET
(see chapter "Piglet pharmacokinetics of FDOPA" of this monograph). We synthesized the compound
OMFD and investigated in the rat whether or not this metabolic stability can be absolutely relied upon.
This is one aspect of assessment for the elucidation of conceivable tumour tracer properties of OMFD.

Methods

Male Wistar rats (8 weeks old, weighing 200 g on average) were anaesthetized and i.v. injected 125

MBag/kg OMFD equivalent to 12 pmol/kg. After tracer application the rats were left awake. Three ani-

mals at a time were anaesthetised 30, 60 and 120 min after fracer application. Blood and urine were

drawn by heart and bladder aspiration. Then the animals were decapitated and tissue samples of

brain, gut and pancreas were prepared.

Preanalytical processing of samples of the body fluids and tissues as well as HPLC separation with

radiochromatography detection were performed as described in the chapter “Piglet metabolism of

OMFD” in this monograph.

The percentages of total *F for the metabolite substances were determined by integration of the ra-

diochromatograms. The analytical recovery of the metabolite substances was arbitrarily assumed to

be identical with the OMFD recovery.

The body distribution of the total **F activity was determined by two approaches:

o withdrawal of an aliquot from the homogenate (before centrifugation) and determination of the 512
keV gamma activity in the well counter;

e normalizing for each sample the total peak areas of the radiochromatography detector with the
detector counting efficacy.

The possible incorporation of OMFD-born activity into macromolecular structures was assessed on the

basis of two pancreas samples. The pellets of those two samples were washed tree times with a vast

excess of precipitation reagent and thereafter measured in the well counter like homogenates. The

total activities calculated in the two ways described above were moreover compared: the supernatants

employed for HPLC separation were to contain only monomers and oligomers.

Results and Discussion
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Fig. 1a. Representative radiochromatogram of Fig. 1b. Representative radiochromatogram of
tissue and plasma samples urine samples

For the first ime this work presenis quantitative results of the OMFD tracer metabolism in living ani-
mals. With the exception of urine, all the investigated samples revealed mainly two products (HistA
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and HistB; see traces in Figs. 1a and 1b). HistA and HistB are probably identical with the appropriate
OMFD products in piglet plasma. The percentage relations between OMFD, HistA and HistB represent
a tissue-specific metabolization pattem (Figs. 2a - 2d). Two additional trace substances which never
shared more then 2 % of the total **F occurred predominantly in the gut. Neither they nor fluoride,
which as an impurity or product instability accounted for about 5 mole percent of the OMFD prepara-
tion, were taken into account in Fig. 2.
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Fig. 2. Distribution of "*F activity amongst OMFD and its main metabolites;
mean (n=3) + SD.
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Fig. 3a. Time course of total **F activity (mean + SD; n = 3), zoomed for low activity details,
determined from homogenate (upper columns) and total HPLC area (lower columns)
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Fig. 3b. Time course of total **F activity (mean + SD; n = 3), determined from homogenate
(upper columns) and total HPLC area (lower columns)

HistA and HistB are probably firsi-degree products of OMFD belonging to the category of Phase II of
biotransformation [CHIRAKAL, Chemist’s view of imaging centers]. For identification of these two sub-
stances we propose in the first place: HistA = OMFD glucuronide, HistB = 5-S-cysteinyl-OMFD.
Phase | reactions of OMFD ~ decarboxylation, transamination, B-hydroxylation are conceivable — did
not occur due to a lack of oblique terminal products or intermediates such as homovanillic acid, vanil-
lylmandelic acid and 3-methoxytyramine.
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Fig. 4. Distribution of **F activity amongst all detected substances in urine; mean (n = 3) + SD
{30 and 120 min p.i.); 60 min just one sample available.
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We were able to confirm the long biological half life of OMD [2] for OMFD (see slow decrease of total
activity in Fig. 3). The total activity plot (Fig. 3a) shows that among all the investigated tissues pan-
creas has the highest mass based activity content though still no enrichment compared with the whole
body average (1 g body weight = 0,5 %). OMFD itself is responsible for the high pancreas values (see
Fig. 2c). This finding supports the suitability of OMFD as a tumour tracer.

Kidney excretion obviously is the main excretion path. A typical urine chromatogram (Fig. 1b) indicates
that the activity is basically made up of 2 hydrophilic species which do not occur in tissues (UrinA and
UrinB, presumably different OMFD sulphates). Interestingly, the fractions of OMFD and HisiB increase
in time (Fig 4). HistA is not found in urine. Three quantitatively insignificant substances (MinUrin1-3)
each never exceed 5 per cent each of the fotal urine activity. The impurity fluoride obviously under-
goes a rapid enrichment in urine. If we want to consider only the OMFD metabolism as such, the urine
columns in Fig.3 are overestimated by about 100 %.

The following two arguments show that a possible involvement of OMFD in the protein biosynthesis (t-

RNA bonding, peptide bonding) cannot include more than 4.5 % of the administered tracer.

(1) 4.5 or 3.3 % of the initial sample activity could not be desorbed from the protein pellet even by
washing it three times with vast surplus volumes of the precipitation solution.

{2) The congruent behaviour of the total activities determined by the two methods in the investigated
tissues is shown clearly by the data presented in Fig.3. The values in the supernatants applied to
the HPLC, which are regularly about 20 % lower (the radioactivity recovery of the HPLC system it-
self is well documented at 100 %) have to be considered a systemic error of the conversion factor
[well counter / radiochromatography detector], i.e. they are due to imprecise calculation of the ef-
fective dilution volume during the preanalytical procedure.

The plasma kinetics of the piglet experiments (see chapter "Piglet pharmacokinetics" in this mono-
graph; 2 - 50 min p.i.) and of this rat study (30, 60 and 120 min p.i.) can be combined without hesita-
tion, they fit together. This indicates that differences between animal species are negligible.
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3. Metabolism of 6-["*F]Fluoro-3-O-Methyl-L-3,4-Dihydroxyphenylalanine in Newborn
Piglets

G. Vorwieger, P. Brust, R. Bergmann, R. Bauer', B. Walter', F. Fiichtner, J. Steinbach
'Institut fir Pathophysiologie, Friedrich-Schiller-Universitat, Jena

Introduction

Positron emission tomographic (PET) studies of the dopamine metabolism with the tracer 6-["*Ffluoro-
L-3,4-dihydroxyphenylalanine (FDOPA) are impaired by in vivo generation of the metabolite 6-
["®Flfluoro-3-O-methyl-L-3,4-dihydroxyphenylalanine (OMFD). This labelled molecule, formed mainly
peripherally by the action of catechol-O-methyliransferase on FDOPA, crosses the blood-brain barrier
and contributes substantially to brain radioactivity. Especially with Carbidopa premedication, this
drawback is the more pronounced the longer the scanning procedure lasts. Corrections for this radio-
activity in the brain have been proposed. They are based upon the assumption that regional variations
of OMFD pharmacokinetics within the brain are negligible. Studies in humans with OMFD have shown
that this assumption is valid [1]. In that study the distribution volume of OMFD was close to unity, and
a single, reversible compariment was adequate for modelling the measured time course of OMFD.
Analysis of human plasma samples for labelled metabolites [1] showed that more than 95 % of the
radioactivity was at all times associated with OMFD. In nonhuman primates a crude fractionation of
the plasma metabolites revealed that only the negatively charged metabolites which should not cross
the blood-brain barrier (which are, for example, extractable with an anion exchange column) were
found in the plasma in significant quantities (<13 %) [2]. None of the studies mentioned provided
chromatograms of the separations. There are no data available of the metabolism of OMFD in the
brain or in peripheral organs.

Until now OMFD has thus been regarded as virtually not undergoing any further metabolism. 1t is
therefore expected to be a good tracer for amino-acid transport processes in living subjects. We re-
cently used OMFD to quantify the amino-acid transport at the BBB in piglets with PET [3]. The blood-
brain transfer constant of OMFD (K;) was estimated from the brain and plasma time activity curves.
When there was a significant metabolism of OMFD, these data had to be corrected for the presence of
labelled metabolites.

We intended to examine mutual metabolism of OMFD in the plasma and brain of newborn piglets.
Verification of the expected metabolic stability would promote (a) investigation of the LNAA trans-
porter, (b) judgement of its tissue distribution properties, and (c) differential identification of further
“second-order’-FDOPA metabolites, all of this mainly with respect to the validation of the FDOPA PET
model for the in vivo visualisation of catecholaminergic functionalities.

Materials and Methods

Animal experiments were performed as recently published [4]. After euthanasia by injection of satu-
rated KCI solution, the brain of the animals was removed within 30 s, stored on ice and immediately
dissected. Each brain tissue sample was submerged in 2.5 mi of the solvent CCl, which was pre-
cooled o —20 °C.

Metabolite analysis was carried out by gradient HPLC in the following configuration: Hewlett-Packard
1050 quartenary gradient pump, autosampler (0.5 ml sample loop; injection volume 360 pl), UV de-
tector (A = 280 nm), all parts of the Hewleti-Packard 1050 system, and a flow scintillation analyser
(150 TR, Canberra Packard) with a PET flow cell (100 pl volume; energy window: 15 - 2000 keV). The
analytes were separated on a C 18 reverse-phase column (250 x 4 mm, LiChrosorb, 7 pm) fitted with
a guard column (4 x 4 mm, LiChrospher 100 RP-18, 5 pm), at a temperature of 30 °C. A binary gradi-
ent was chosen at a flow raie of 1.5 mlmin (start: 0% B, 4 min : 25 % B, 10 min 80 % B, 10.1 min 100
% B, 11.2 min: 100 % B, 12.8 min 0 % B, 16 min : 0 % B; total method time: 16 min). Mobile phase A
consisted of 70 mM KH,PO,, 1.5 mM sodium oclyl sulphate, 0.1 mM EDTA, adjusted to pH 3.4 with
HaPO4. Mobile phase B was prepared by adding two paris (volivol) MeCN to one part "A”. After every
30 samples the system was re-equilibrated with water and MeCN. At the same time the guard col-
umns were renewed and the flow direction reversed. The sequence of sample measurement was ran-
domized.
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Results and Discussion

The OMFD PET scans we accompanied by HPLC separations of brain extracts and plasma from three
animals. No other substances were detected In the brain tissue extracts. This means that with our limit
of detection the sum of possible metabolites is less than 2 % of the total activity.
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Fig.1. Representative radiochromatogram Fig 2. Kinetics of the tracer OMFD (["*F16-fluoro-
of a plasma sample O~methyl-L-3 4-d|hydroxyphenylalan|ne)

in piglet plasma.

Fig. 3. Kinetics of the two metabolites Fig. 4. Early p.i. kinetics of the two metabolites
HistA and HistB in piglet plasma HistA and HisiB.

As opposed to those groups who previously checked the plasma for OMFD metabolism, we found
significant amounts of metabolites. Only two substances occurred in the traces. We named them HistA
and HistB (see trace in Fig.1). All available data are presented in Figs. 2 - 4. The values are normal-
lzed to the total activity at each time pomt and decay corrected. The ordinate parameter [% of total
F] is thus plotted linearly against time p.i.. The resulting graphs correspond in good approximation to
the monoexponential clearance (in the case of OMFD) and input function (HistA and HistB) even with-
out curve fitting. A comparison of the initial kinetics of both metabolites suggests that HistA is formed
at a higher rate(Fig. 4). In all the following samples however the HistB concentration exceeds that of
HistA.
The identity of the two metabolites is discussed in a section "OMFD metabolism in the rat* of this
monograph. Among other compounds, the glucuronide of OMFD (HistA) and 5-Cysteinyl-OMFD
(HistB) are to be taken into consideration.
Our results imply that in modelling investigations with OMFD the desired precision determines the
sampling frequency of the blood plasma. We suppose that in most cases a single analysis after PET
scanning should be suificient. From this value the input function for the brain tissue can be extrapo-
lated into linearly extended graphs of the OMFD clearance (Fig. 2). This suggestion does not apply to
other tissues with significant metabolite fractions.
The activity in the brain ROIs of the PET images can be exclusively attributed to OMFD itself. No
OMFD metabolite compartment is necessary.for brain tissue.
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4. First Results of 3-O-Methyl-6-['*F]Fluoro-DOPA (['®F]3-OMFD) in Patients with
Glioblastoma Multiforme

W. Burchert, B. Beuthien-Baumann', H. Alheit?, J. Bredow', J. Steinbach, B. Johannsen, W.-G.
Franke

TU Dresden, 'Klinik und Poliklinik fir Nuklearmedizin und 2Klinik und Poliklinik fir Strahlentherapie
und Radioonkologie

Introduction

Patients with brain tumours such as glioblastoma multiforme generally face a grim prognosis. Even
after intensive therapy such as tumour resection and postoperative radiotherapy, the incidence of tu-
mour recurrence is high. For some patients one further therapeutic option in case of tumour recur-
rence is stereotactic radiotherapy. For this treatment modality the confirmation of the suspected recur-
rence and the exact definition of the tumour borders is mandatory. In some cases this cannot be
achieved with only CT or MRI, so that the application of additional imaging modalities is desirable.
Some promising results in brain tumour diagnostics with positron emission tomography (PET) and
radiolabelied amino acids have been published [2-4]. The upregulation of amino acid transporters
accurs as part of the malignant transformation of the tumour cells [5]. Since in normal brain tissue the
amino acid uptake is low, a good tumour to non-tumour contrast can be expected. Incorporation of the
PET data into treatment planning by image fusion could therefore be helpful for definition of the target
volume for stereotactic radiotherapy.

Since most of the radiolabelled amino acids applied for PET show limitations concerning synthesis
(low yield of tracer) or the short half life of the radioisotope (''C, t,,: 20 min), further research is been
carried out for an optimized amino acid.

One new amino acid without the above-mentioned limitations is 3-O-methyl-6-["*Flfluoro-DOPA
(("®F]3-OMFD), a naturally occurring metabolite of dopamine [1]. Some first in vitro studies revealed
promising results in terms of the tracer uptake in the cells of a human tumour cell line. Furthermore, a
high tumour uptake and low tracer retention in the body was found for nude mice bearing human
squamous cell carcinomas (unpublished data, Biochemistry Dep.).

These encouraging results of the in vitro and in vivo experiments seemed to justify the application of
this substance to humans. Furthermore, ['®*F]3-OMFD is well known as a nontoxic metabolite occurring
in ['®FIDOPA-PET studies. The first investigations were performed in patients with glioblastoma mulii-
forme in which the conventional diagnostic procedures were inconclusive and a stereotactic radiother-
apy was considered because of a tumour recurrence was very likely.

Materials and Methods

Patients: 4 PET scans with ["*F]3-OMFD were performed in 3 patients (2 female, 1 male; age 57 - 60
years). All patients suffered from histologically confirmed glioblastoma multiforme. In their medical
history all of them underwent neurosurgery and postoperative radiotherapy. Two of the patients un-
derwent a second operation because of tumour recurrence, one patient already had a second course
of radiotherapy with a stereotactic approach. One patient was re-evaluated 3 months after stereotactic
radiotherapy because of suspected progress of the disease.

Imaging procedure: PET imaging of the brain was performed, using a dedicated full-ring scanner
(ECAT EXACT HR’, Siemens /CTI, Knoxville, Tenn., U.S A.). Dynamic acquisition over 90 min. was
started after intravenous injection of 330 MBq [°F]3-OMFD. Following the dynamic sequence of the
brain, a distribution study of the body from the orbits to the pelvis was performed.

The data were reconstructed by measured attenuation correction. They were visually and semiquan-
titatively evaluated, using regions of interest.

No adverse reactions were observed after tracer application.

Results and Discussion

In all three patients the recurrence of the brain tumour was visualized with a high degree of contrast by
[*®*FI13-OMFD-PET (Fig. 1A). A comparison of the radiotracer uptake in the tumour and the confralat-
eral normal brain tissue revealed a tumour to non tumour ratio of 2.2 * 0.5. The maximal fracer uptake
was observed between 12 min and 25 min p.i.. The [°*F]3-OMFD uptake is dependent on the amino
acid transport {unpublished data, Biochemistry Dep.) and is not integrated into proteins. Since ['*FI3-
OMFD is not fixed within the cells, a loss of tracer over time can be observed. This decline of activity is
more pronounced in tumour tissue than in normal brain tissue (Fig. 1B).
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Fig. 1. Transaxial slice of a ['®F]3-OMFD-PET brain scan of a patient with recurrent glioblastoma mul-
tiforme. The tumour shows a high radiotracer uptake (R1) in the left temporal lobe. For quantitative
analysis regions of mterest are placed in the tumour region and in contra lateral reference brain tissue
{A). Uptake kinetics of ['"®F]3-OMFD in the tumour region (+) and reference brain tissue (*) (B).

In addition to the tracer uptake in the tumour tissue, all patients
exhibited a low tracer accumulation in the basal ganglia. 3-O-
methy-6-DOPA, as a metabolite of dopamine, seems to have
some affinity to the basal ganglia. The physiology behind this
phenomenon will have to be further investigated. In the whole
body scan the tracer uptake in muscle and most of the internal
organs was low. The tracer accumuiation in the kidneys and
urinary tract is due to physiological elimination (Fig. 2).

These first investigations with ["*F]3-OMFD showed encourag-
ing results with respect to tumour visualization and localization
in glioblastoma multiforme. The diagnostic accuracy and the
application to various tumour entities will have o be further
evaluated in controlled studies.

Fig. 2. Antenor—postenor projection of
a ['°F]3-OMFD whole body scan
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5. Reaction of Neurotensin (8-13) and its Partially Reduced Congener with Unlabelled
and "*F-Labelled N-Succinimidyl 4-Fluorobenzoate (SFB)

M. Scheunemann, P. Mading, R. Bergmann, J. Steinbach, B. Johannsen, D. Tourwe'
'Vrije Universiteit Brussel, Belgium

introduction

A promising approach for tracking tumours is the utilisation of radiolabelled peptides of specific affinity
to receptors located on these tumours. Since neurotensin receptors were found in several tumour cell
lines, such as small cell lung cancer [1], human colon [2] and pancreas cancer [3], the development of
'®F-radiolabelled derivatives of neurotensin, which bind to these receptors with high affinity, attracted
our interest.

Investigation of the structure-affinity relationship of various neurotensin analogues showed that the
hexapeptide NT (8-13) is the smallest biologically active fragment [4].We therefore started our label-
ling experiments with this peptide fragment as well as smaller analogues containing either arginine or
lysine as N-terminal amino acid (Arg-Tyr, Lys-Arg).
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During the last decade only a few approaches to BF labelling of proteins and peptides using the
[wF]ﬂuorobenzoyl group have been described. Zalutsky and co-workers reported on their experience
in the preparation of N-succinimidyl-4-[°*Flfluorobenzoate (['°F]SFB) and the subsequent labelling of
the antibody F(ab‘), [5]. In 1993 the same group used this procedure to label a small peptide (HCO-
Nle-Leu-Phe-Nle-Tyr-Lys) in order to develop a potential agent for PET imaging of infection or inflam-
mation [6]. In both papers the synthesis of the target molecule ["*F]SFB was described by a three-step
procedure starting from 4-trimethylammonium benzaldehyde.

Among other prosthetic groups Sibckiin et al. investigated the labelling behaviour of the substituted
benzoyl moiety for the introduction of ['®F] into proteins [7]. The authors used the triflate salt of ethyl
4-trimethylammonium benzoate as the starting material for the preparation of ['°FISFB.

Preparation of n.c.a. N-succinimidyl-4-['*F]fluorobenzoate

The synthesis of the authentic N-succinimidyl-4-fluorobenzoate has been published [7]. Radiosynthe-
sis required a similar approach in which the "°F was introduced at an early stage of the reaction se-
quence. Starting from trimethylammonium benzoate, which was converted into the "°F-labelled ester,
a saponification step yielded the salt of the acid. Finally, the carboxylic group was activated by means
of O-(N-succinimidyl) N,N,N‘N‘-tetramethyluronium tetrafluoroborate in acetonitrile at 90°C. This
method proved to be successful in achieving radiochemical yields of up to 50% calculated for the
three-step procedure (decay corrected).

Peptide modification — Initial attempts at '°F labelling of NT(8-13) and its smaller
analogues

We began by examining the regioselectivity of nonlabelled SFB in its reaction with small peptides and
{S)-arginine (1). The latter compound represents the N-terminal unit of the NT(8-13) sequence.

The other goal at the start of our studies was to compare the reaction conditions for labelling the
amino acid derivatives given in the literature. Reaction of the activated fluorobenzoic acid derivative
(uniabelied SFB) with two equivalents arginine (1) in a mixture of water and dioxane at 22°C, followed
by extractive workup by means of butanol, exclusively afforded the desired acylated amino acid 4.

26



HN i N

2 o]
] F* \
1 (R=0OH) 4 (R=0H)
2 (R=Tyr) 5 iﬂ =Tyr)
3 (R = Arg-Pro-Tyr-lle-Leu) 6 (R =Arg-Pro-Tyr-lle-Leu)

SFB = labefled or unlabelled SFB

Proton NMR clearly demonstrates the success of a-N-acylation, while no product was detected re-
sulting from the attack of the guanidino function.

For our initial labelling experiments of NT(8-13) with ['°FISFB we chose conditions similar to those
described by Wester et al. [8]. Surprisingly, the attempt to convert NT(8-13) (3) and even Arg-Tyr (2)
following this protocol (borate buffer, pH = 8.8 — 9.1, 22°C) gave rise to a mixture of radioactive prod-
ucts in each case. A similar complex product mixture was obtained by using unlabelled SFB. Appar-
ently, the acylation of an amino group located at a tertiary carbon by means of SFB is more affected
than the corresponding reaction at an amino group connected to a secondary carbon atom. .
By contrast, the reaction of Lys-Arg both with labelled and unlabeiled SFB yielded a predominant
product together with smaller amounts of various unknown side products. In this case the kinetically
preferred reaction presumably takes place at the e-amino group of the lysyl moiety. The better chemo-
selectivity of the lysine-containing peptide is probably due to the lower steric hindrance and acidity of
the protonated e-amino group compared with the o-amino group in fysine. In fact, SFB has so far been
described as a labelling agent solely for peptides containing lysine sequences.

To enlarge the field of application we investigated the reactivity of nonradioactive SFB in various
solvent systems. We found that terminal Arg-peptides react with good chemoselectivity in an aprotic
solvent such as DMF with triethylamine as a base or in buffered aqueous solutions with pH values
lower than 85 at 22°C. Our labelling experiments then revealed that ["*FISFB reacts with N-terminal
Arg-peptides such as NT(8-13) or the metabolically stabilised pseudopeptide
[Arg>¥(CH NH)Arg’INT(8-13) with reasonable to good chemoselectivity in aqueous buffered solutions,
preferably at pH 8.3. To shorten the period of time necessary for the complete consumption of
['®FISFB, we found it advisable to heat the mixture to 35 — 40 °C for 20 min.

The diluted reaction mixture was then subjected to chromatographic purification using semipreparative
reversed-phase HPLC. The radioactivity corresponding to the desired product was collected and di-
luted with water. The solution was concentrated on an RP-18 cartridge. After washing with water, the
purified ®F-labelled peptide was eluted from the cartridge with a small amount of ethanol.

The radioactive product was identified by chromatographic comparison with a reference compound.
The reactions carried out with nonradioactive SFB were shown to yield the corresponding 4-FB pep-
fides. Their structural identity was confirmed by proton NMR and MS studies.

bl

Fig. 1.

a) HPLC of the reaction product of NT{8-
13) and [**FISFB in phosphate buffer (pH
8,3, 40 min at 45°C).

b) Purified product from the product mixture
of a)

¢} Purified nonradioactive 4-FB-NT(8-13).
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The forthcoming work will be focused on optimising the pH value for selective conversion within a
smaller time range.

This work is supported by the European Union (BMH4-CT98-3198).
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6. Experiments of the Synthesis of ['*F]Fluoromethyl Halides for Labelling Peptides
P. Mading, M. Scheunemann, J. Steinbach

Introduction

Aiming at receptor-binding neuropeptides for tumour diagnosis with PET, we are interested in labelling
peptides by means of [°Flfluoroalkylation, especially ["*Flfluoromethylation. The ["®*FHfluoromethyl
group (['°FIFCHy) is the smallest prosthetic group for indirect labelling with ®F. It is to be expected
that a fluoromethylated peptide has only little change in the size and polarity in comparison with the
starting peptide. The receptor affinity of the fluoromethylated peptide should be similiar to that of the
starting peptide. Another advantage is the one-step procedure for synthesizing the fluoromethylation
agent.

But the fluoromethylation of peptides also has its risks: the selectivity of the fluoromethylation agent for
amino groups of the peptide may be lower compared with fluoroacylation agents such as N-succinimidyl 4-
fluorobenzoate. The stability of the fluoromethyl-amino group is unknown.

Experimental

Materials

Fluoromethyl bromide (98 %) was purchased from ABCR GmbH & Co., Germany, sodium fluoroace-
tate (pract. 2 95 %) from Fluka, iodine (double-sublimated) and sodium iodide (pure) from Labor-
chemie Apolda, Germany.

Analysis

To determine the extent of conversion and the radiochemical purity and to identify the labelled prod-
uct, an HPLC system (JASCO) was used, including a pump, a Rheodyne injector with a 20 pl loop, a
LiChrospher WP300 RP-18 column (5 ym, 250 mm x 3 mm, Merck) and a UV detector coupled in
series with a radioactivity detector FLO-ONE\Beta 150TR (Canberra Packard). The HPLC analyses
were carried out at a flow rate of 0.5 mi/min with mixtures of MeCN and water containing 0.2 % TFA.
The gradient of the eluents was: 0 min - 10 % MeCN/ 90 % water; 10 min - 60 % MeCN/ 40 % water;
14 min - 100 % MeCN/ 0 % water; 20 min - 100 % MeCN/ 0 % water.

Syntheses

Silver saft of fluoroacetic acid

A solution of silver nitrate (44 g = 259 mmol) in 40 ml water was added to a stirred solution of sodium
fluoroacetate (25 g = 250 mmol) in 45 ml water, with a colourless salt precipitating. After stirring for 1 h
the salt was filtered through a frit glass filter, washed with water and dried. Colourless crystals, yield:
(40.7 g, 88.1 %).

Conversion of silver fluoroacetate with iodine

A mixture of the silver salt of fluoroacetic acid (10 g = 54 mmol) and iodine (34.2 g = 135 mmol) was
slowly heated in a special distillation apparatus under a slight helium stream. The decarboxylation
occurred at about 120 °C with iodine sublimating. When the reaction mixture was then heated up to
230 °C, iodine as well as a small amount of a strongly acidic, water-soluble liquid was distilied from i,
probably fluoroacetic acid.

Fluoromethyl iodide

Fluoromethyl bromide (1.74 g = 15.4 mmol) was transferred from the storage vessel into a cooled 10
mi vial {- 78 °C) with septum. A solution of sodium iodide (2.37 g = 15.8 mmol) in 2.9 mi acetone was
added to the cooled substance while stirring. The reaction mixture was slowly heated to room tem-
perature and sodium bromide was separated. After stirring for 3 h the reaction mixture was extracted
with water (3 x 6 mi). The organic phase was dried with Na,S0,. In this way purified fluoromethyl io-
dide was obtained. Pale yellow liquid, yield: (1.3 g, 52.8 %).
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Radiosyntheses

[®FIfluoromethyl bromide

A mixture of irradiated ['®O]H,O containing n.c.a. ["*FJHF and K222/K,COs solution (1.5 ml of 86 %
MeCN with 15 mg (= 40 pumol) kryptofix and 2.77 mg (= 20 pmol) K.COs) was dried by means of a
vacuum and a nitrogen stream at 100 °C. The reaction mixture was carefully dried by repeated addi-
tion and evaporation of abs. MeCN (3 x 1 ml). After addition of 1 ml abs. MeCN and 100 pl dibro-
momethane the reaction mixture was heated at 100 °C. By means of an N; stream of 10 ml/min the

["®Flfluoromethyl bromide was driven into a cooled trap with an appropriate solvent.

[®Fifluoromethyl iodide

A mixture of irradiated ["®*0OJHO containing n.c.a. [°FHF and K222/K,COs solution was carefully dried
as mentioned above. After addition of abs. MeCN and diiodomethane the [**Flfluoromethyl iodide

formed at room temperature or an elevated temperature was driven (Nz stream: 10 ml/min) into a
cooled trap with a solvent. For detailed reaction conditions see Table 1.

Results and Discussion

Synthesis of [ ’EF]quorometh1yl bromide

Coenen et al. [1] prepared | ®FIfluoromethy! bromide by nucleophilic substitution of ["®FJfluoride for one
bromide of dibromomethane according to Scheme 1:

+18
Br-CH,-Br (Re222] F-> Br-CH,-18F Scheme 1

This reaction is very sensitive to moisture and other impurities. We tested this reaction in a closed as
well as in an open system. In a closed system it is not possible to obtain [18F]ﬂuoromethyl bromide in
acceptable yields. We therefore optimized this conversion in an open system with a special apparatus.
The volatile ["®Ffluoromethyl bromide was driven by a nitrogen stream from the reaction mixture into a
cooled trap. In this way the gaseous "®F-labelled product was obtained in radiochemical yields of up to
53 %. The synthesis and purification of [18F]fluoromethyl bromide, especially the separation of the
dibromomethane, have to be optimized to be used for labelling of peptides.

Conversion of ["®F]fluoromethyl bromide with NT(8-13)
Br-CH-"®F + Arg-Arg-Pro-Tyr-lle-Leu
The arginine sequences of NT(8-13) contain two reactive guanidine functions in the pharmacophoric
group.
Arginine (Arg): HN\

o
,C~NH~CH;~CH;~CH;-CH—COOH
HN NH,

Because of the different pK, values of the a-amino (9.04) and the guanidiny! group (12.84) of the
Arg(8), it should be possible to label only the a-amino group (the N-terminal region) by pH-controlled
[*®Ffluoro-methylation.

But initial attempts at converting ['®Flfluoromethyl bromide with NT(8-13) in methanol using sodium
acetate as a buffer failed at room temperature as well as at higher temperatures (75 °C and 120 °C).
The reason may be the low reactivity of ["*Flflucromethyl bromide for amino groups. At 120 °C the
[*®Ffluoromethyl bromide gradually began to decompose.

For further [*®*Flfluoromethylation experiments we wanted to use ["°Flfluoromethyl iodide, which has a
betier reactivity.

Synthesis of ["°Ffluoromethyl iodide
The preparation of this labelling agent was described in [2] by nucleophilic substitution of the
["®Flfluoride for one iodide of diiodomethane according to Scheme 2 in yields of 35-40 %:

[Kc222]* 18F
I-CH, 1 > 18F.-CH,I Scheme 2

Conversions of some model compounds having an amino, mercapio or carboxyl function with
["®Fiflucromethyl iodide yielded the corresponding [*°Flfluoromethylated products [3]. The first use of
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[18

Flfluoromethyl iodide to prepare a potential radiopharmacon was also carried out in [2]. In this way
the so-called fluticasone propionate, a synthetic corticosteroid, was labelled with = by ["®Fifluoro-
methylation of a carbothioacid function.

We also tested the synthesis of ["°Flfluoromethyl iodide according to [2] in a closed as well as in an
open system, but the radiochemical yields were ve?/ low (about 2 %). The reason for that could be
impurities in the reaction mixture which react with ['*FJfluoromethy! iodide. In addition to unconverted
["®Flfluoride a nonpolar ®F-labelled product in the reaction mixture was detected by HPLC. We tried to
optimize the reaction conditions (see Table 1) such as reaction temperature (from room temperature
up to 110 °C), reaction time, purity and amount of the solvent and the diiodomethane. So far these
efforts have not been successful.

Table 1. Results of experiments for synthesizing ["*Flfluoromethyl iodide under various reaction
conditions

No. Reaction Solvent Methylene iodide Reaction Total Radiochemi-
vessel temperature yield cal purity
[%] [%]
1 SA 1 ml MeCN 100 pl RT,70°C,110°C 1.6 86.6
2 SA 1 mi MeCN 100 pl (dest.) RT-100°C 2.0 87.9
3 SA 1 ml MeCN 100 pl (dest.) RT, 45 °C, 65 °C,
{dest.) 80°C 0.4 83.6
4 vial 1 ml MeCN 100 pl (dest) RT,60°C,100°C 2.5 459
(dest.)
5 vial 1 ml MeCN 100 pl (dest.)  RT, 60 °C, 100 °C 1.8 65.3
{dest.)
6 vial 1 ml dimethoxy- 100 pl (dest.) RT 0
ethan (dest.) 60 - 100°C 25 441
7 SA 1 mi MeCN 70 yl (freeze- RT-100°C 2.6 89.1
dried)
8 SA without 1 ml MeCN 100 i 15 min RT
light 5 min 100 °C 2.3 93.2
9 SA 100 pl MeCN 10 pl 2.5 min RT"
9 min RT 0.9 22.4
10 SA without solvent 100 pl 2.5 min RT"
5 min RT
10 min 100 °C 5.6 49.9
1 SA without solvent 100 yl (dest.) 10 min 100 °C 4.2 60.3
addition at 100
°C

SA = special apparatus
Y without N, stream

Besides these attempts we also synthesized and tested the unlabelled fluoromethyl iodide.

Synthesis of fluoromethyl iodide

F-CH,-COONa + AgNO; ————» F-CH,-COOAg + NaNO,

180-260 °C Scheme 3

F-CH,-COOAg + 1, ———=» F-CH,1 + Agl + CO,
There are several methods to prepare this compound.
One way 1o synthesize fluoromethyl iodide consists in the conversion of diiodomethane with mercury(l)
fluoride {yield: 15 %; [41) or mercury(ll) fluoride (yield: 20 %,; [5]}).
Another method of preparing fluoromethy! iodide (yield: 55 %) is described in [6] by conversion of the
silver salt of fluoroacetic acid with iodine under decarboxylation (Hundsdiecker reaction) according to
Scheme 3. The silver salt of fluoroacetic acid can be precipitated by reaction of sodium fluoroacetate
with sifver nitrate in aqueous solution.
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We tested this procedure. The decarboxylation of the prepared silver salt of fluoroacetic acid was ob-
served while heating this salt with iodine, but the desired fluoromethyl iodide was not obtained. Only a
small amount of a strongly acidic, water-soluble liquid was distilled from the reaction mixture, probably
fluoroacetic acid.

We synthesized the fluoromethy! iodide using the Finkelstein exchange reaction of fluoromethyl bro-
mide

(b.p. 19 °C) with sodium iodide [7] according to Scheme 4.

FCH,Br + NaI —%9%,  ECp.j 4+ NaBr Scheme 4

The synthesis was improved as follows: The conversion was carried out in acetone as a solvent in-
stead of MEK [7] at room temperature for 3 h. The reaction mixiure was worked up by repeated ex-
traction with water to separate the acetone and the inorganic salts from the final product. This con-
venient procedure avoids the fractionated distillation of fluoromethyl iodide from the solvent. Fluo-
romethyl iodide was obtained in yields of about 53 %.

Conversion of fluoromethy! iodide with Arg-Tyr as model peptide

Experiments of the conversion of fluoromethyl iodide with Arg-Tyr-HOAc were carried out in methanol
- by means of tetrabutylammonium hydroxide as a base. The possible formation of a fluoromethylated
Arg-Tyr was observed using Arg-Tyr-HOAc, BuyNOH and FCH,l in a molar ratio of about 1:3:3 at ele-
vated temperatures (100 °C).

Further investigations are under way.
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7. Crystal and Solution Structures of the Rhenium(V) Gly-Gly-His Complex

R. Jankowsky, W. Seichter’, H. Spies, B. Johannsen
'Institut firr Organische Chemie, TU Bergakademie Freiberg

Introduction

In modern radiopharmaceutical research, **™Tc radiotracers basing on biologically active peptides are
of growing interest for imaging of infections, inflammations, thrombi and tumors [1 - 4]. The successful
design of peptide radiotracers decisively depends on the specific and stable metal binding to the pep-
tide. That can be accomplished by the use of peptidic chelators, which can be easily attached to the
peptide by solid phase synthesis [5 - 9]. Thus, the finding of specific metal binding peptide sequences
remains {o be a key task in basic radiopharmaceutical research. Previously, the rhenium(V) and tech-
netium(V) binding properties of cysteinyl-containing model peptides were elucidated and successfully
applied to the design of larger, biologically active systems [10 - 13]. Considering other peptidic donor
groups, the histidine residue bearing an imidazole moiety can be expected to serve as a further an-
chor group for metal complexation [14, 15]. In the present study, we report on the rhenium(V) binding
of the tripeptide Gly-Gly-His, which represents a model of the N-terminus of the human serum albumin
(HSA) and is known to complexate other metals specifically [16]. The work deals with the crystal
structure as well as the solution structures as studied by X-ray diffraction (XRD), capillary electropho-
resis (CE) and X-ray absorption spectroscopy (EXAFS), respectively.

Experimental

The Re(V)-Gly-Gly-His complex was synthesized by common ligand exchange reactions starting from
the Re gluconate precursor. Crystals were obtained from aqueous solution. The crystal structure was
elucidated by XRD at the TU Bergakademie Freiberg, the solution structures were studied by a com-
bined CE-EXAFS method as described previously [13]. EXAFS measuremenis were performed at
HASYLAB, Hamburg, Germany at beamline X1.1 using transmission techniques and analyzed as
described [13].

Results and Discussion

Crystal structure. The crystal structure is marked by the formation of a dimeric system. It consists of
two rhenium nuclei which are coordinated by tetradentately acting peptide molecules at each nucleus.
Bridging of the molecular moieties is realized by the peptide carboxyl groups (Fig. 1).

Fig. 1. Crystal structure of the Re Gly-Gly-His complex. Left sketch, monomeric nucleus moiety;
right sketch, dimeric complex

At each nucleus, the metal complexation is accomplished by a formal Ny coordination mode of the
amine, amide and imidazole nitrogens. The trans coordination of carboxyl groups at each nucleus
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leads to octahedral, neutral metal cores. Considering the bond lengths, deprotonation of the coordi-
nating amide nitrogens takes place during metal complexation, while the coordinating amine and imi-
dazole nitrogens remain protonated. Bond lengths are in good agreement with structural data from
known rhenium complexes with similar donor atoms [11, 14, 15].

Solution structure. For the elucidation of the solution structure of the complex, an electrophoretical
mobility curve was recorded using the capillary electrophoresis technique. It is shown with the corre-
sponding pH-dependent UV spectra in Fig. 2.
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Fig. 2. Electrophoretical mobility curve of the Re Gly-Gly-His complex with corresponding UV specira

Two steps were detected, where at each step the complex charge changes significantly. Furthermore,
the UV specira show diiferent absorption patterns over the pH range which gives rise to the assump-
tion that the metal surrounding is different at the three pH-values. The complex charge changes from
cationic to anionic under acidic and alkaline conditions, respectively.

For the assignment of the electrophoretical mobilities to certain complex structures, EXAFS measure-
menis were carried out at solid state, at pH 2.5 and at pH 12.4 (Fig. 3). At neutral pH, complex pre-
cipitation prevented an EXAFS analysis in solution.
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Fig. 3. EXAFS patterns and Fourier transforms of the Re Gly-Gly-His complex. A, experimental data
and Fourier transforms with filtering windows; B, Fourier filtered data according to the filtering
windows (dotted lines) and EXAFS fit data (solid lines)

EXAFS analysis of the solid complex confirmed the dimeric structure as analyzed by XRD. At higher
distances to the central atom, significant multiple scattering effects were detected which are obviously
caused by both the coordinating peptide backbone and the imidzole ring system. Within these back-
scattering contributions, no resolution was possible by EXAFS fits. However, such a pattern may be
considered as a fingerprint for coordinating peptide backbones and imidazole rings. The EXAFS
measurement at pH 2.5 showed some slight changes, which is in agreement with the complex charge
under acidic conditions. As a result of the EXAFS analysis, a formal N, coordination of the oxo metal
core without involvement of a irans coordinated carboxyl oxygen atom could be concluded. Thus, at
acidic pH a monomeric complex with a free protonated carboxyl group is existent. The plateau at pH 8
in the electrophoretical mobility curve could not be analyzed. However, due o the anionic complex
charge, a complex structure similar to the crystal structure can be excluded. More probably, a hydroxyl
group in trans position of the metal core is present under these conditions. At alkaline pH, two shortly
bound oxygen atoms were detected at the metal core, which belong to a rhenium dioxo core. The
ligand coordination mode does not change at this pH, thus the second step in the electrophoretical
mobility curve can be assigned to the formation of a rhenium dioxo core under basic conditions. With

respect to the CE and EXAFS data, the following scheme of the complex solution structure can be
concluded.
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8. EXAFS Structure Analysis of a Rhenium Complex with Neurotensin Derivative
ORP500

R. Jankowsky, B. Johannsen
ORP500, a peptide derived from the peptide hormone neurotensin, consists of ten amino acids and
has the sequence (dimethyl)-Gly-Ser-Cys-Gly-Lys-Lys-Pro-Tyr-lle-Leu (Fig. 1). The N-terminal end of

the peptide chain neurotensin(8-13) is attached to the tripeptide (dimethyl)-Gly-Ser-Cys, an analogue
to the peptide Gly-Gly-Cys, which possesses strong coordination abilities to Re(V).

NH, NH,

Aﬁﬁﬁﬁﬁxﬁﬁé

Fig. 1. Sequence of the neurotensin derivative ORP500

Extended X-ray absorption fine structure (EXAFS) spectroscopy was applied to investigate the com-
plex coordination spheres. The sample was freeze-dried. Fluorescence detection was used because
of the small sample amount. The EXAFS data and their Fourier fransformation are shown in Fig. 2.
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Fig. 2. Left: Experimental EXAFS data (dotted) vs. fit data (solid) of the rhenium(V)
oxo OPR500 complex.

Right: Fourier transformation corresponding to the experimental EXAFS data
(dotted) vs. fit data (solid) and three filtering regions.

Several coordination shells, partly clearly resolved, are visible in the Fourier transformation of the ex-
perimental EXAFS data. For the first filtered coordination sphere (Fig. 2), one oxygen atom at a dis-
tance to rhenium of 1.70 A, three nitrogen atoms at a distance of 2.06 A and a sulphur atom at a dis-
tance of 2.33 A were found. The absorption edge position of the rhenium(V) oxo ORP500 complex
was determined to be 10 529 eV. These characteristic features indicate an oxidation state of + 5 for
rhenium.
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Table 1. EXAFS fit results for the rhenium (V)oxo ORP500 complex

Backscattering CN R (A) o° (A9 AE, (eV)
atom

o' 1.1(2) 1.70(1) 0.001(1) -16.1(5)

N’ 3.1(7) 2.06(1) 0.007(2) -16.1(5)

s' 0.7(4) 2.33(1) 0.002(1) -16.1(5)

c? 6° 3.00(2) 0.007(3) -18.9(8)

C (MS)*? 6° 3.11(2) 0.002(2) -18.9(8)
C (MS)*? 6° 3.15(2) 0.005(3) -18.9(8)

O (MS)*® 2° 4.03(2) 0.005(3) -15.2(4)

O (MS)*® 2° 4.09(2) 0.006(2) -15.2(4)

CN: Number of coordinating atoms, R: distance to rhenium central atom,
¢°: Debye-Waller factor, AE,: Energy shift, Energy shifts were linked during several fits,
! , First filtered coordination sphere,
2 second filtered coordination sphere,
® Third filtered coordination sphere,
@ - Multiple scattering along the Re-N-C path,
Multlple scattering along the Re-N-C-N path,
¢ Multlple scattering along the Re-C-O path,
4 Multiple scattering along the Re-C-O-C path,
¢ CNs were constraint during fits.

The detected distance of 2.06 A for the nitrogen atoms is likely a mean value for two amide nitrogen
atoms and one amine nitrogen atom corresponding to the rhenium(V) oxo Gly-Gly-Cys complex. This
assumption is supported by an increased Debye-Waller factor for this coordination shell.

The sulphur atom at 2.33 A resulted from the involvement of cysteinyl-SH in coordination of rhenium.

Therefore, formal SN; coordination is obtained with very similar binding parameters to the rhenium (V)
oxo Gly-Gly-Cys complex.

The second filtered coordination sphere in the Fourier transformation of experimental EXAFS data
shows six carbon atoms with a mean distance to rhenium of 3.00 A. This sphere was fitted with multi-
ple scattering functions along the Re-N-C and Re-N-C-N pathes. Values were obtained show the in-
volvement of the peptide backbone chain in the metal chelate ring.

For the third filtered coordination sphere, multiple scattering along the Re-C-O and Re-C-O-C pathes
was found. This shows the involvement of amide nitrogen atoms of the peptide in coordination of rhe-
nium.

From EXAFS fit resulis, the structure of the rhenium(V) oxo ORP500 complex as shown in Fig. 3 can
be concluded. This complex shows a coordination sphere analogous to the rhenium(V) oxo Gly-Gly-
Cys complex respectively the rhenium(V) oxo (dimethyl)-Gly-Ser-Cys complex.

C-Terminus

Fig. 3. Structure of the rhenium({V} oxo ORP500 complex
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9. Syntheses and Characterization of the Sulphamates of 17¢-Estradiols
and 16o-Fluoroestradiol

J. Rémer, J. Steinbach, H. Kasch'
'Hans Knéll Institut, Jena

Introduction

In the 1970s papers about sulphamates of 3-hydroxy-estra-1,3,5(10)-trienes were published for the
first time [1 - 4]. They related to sulphamates of artificial steroids with a contraceptive effect.

Attention has now been focused again on estrogen sulphamates by some remarkable new insights.
First, estrogen sulphamates were found to act as sulphatase inhibitors in the body [5]. Second, taken
orally they were found to pass freely through the liver and thus to offer a much greater oral bioavail-
ability than the mother steroids [6].

These new insights are remarkable in two ways. The first discovery promises a new approach to com-
bating cancer [5] as sulphatase activity occurs particularly in placenta and mammary tumours. The
second discovery opens up new ways of hormone therapy [6] and of oral contraception [7].

The first discovery could also be of significance in PET fracer chemistry. If, for example, 160~
[*®Flfiuoroestradiol can be routinely converted into sulphamates, a new tracer should become avail-
able for the sulphatase receptor. This tracer could supply some first imaging agents for sulphatase
activity in placenta and mammary tumours.

Three sulphamates are conceivable for 16a-fluoroestradiol. These three sulphamates, their properties
and conditions of formation have to be known for successful sulphamoylation of 16a-
[*®FIfiuoroestradiol. It was therefore necessary to work out production processes. Estradiol (1a) and
17o-estradiol (2a) were available as commercial standard steroids. These unsubstituted diols and
16a-fluoroestradiol (3a) as well as the relevant sulphamates are compiled in Scheme1.
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Results and Discussion

Using sulpharmoyl! chiloride (SCI), the first preparatory sulphamoylation experiments were carried out
with estrone (4) according io a method specified by Howarth et al. [8]. Estrone-3-sulphamate (5) was
obtained according to Scheme 2. We found confirmed [2] that the formation of the 3-amido-
sulphonyloxy-estra-1,3,5(10}-iriene structure is accompanied by a hypsochromic shift of the absorp-
tion maximum of the 3-hydroxy-estrogens by about 10 nm. The absorption maximum of 5§ was found
at 270 nm. In all the following syntheses the hypsochromic shift was useful for identifying the 3-amido-
sulphonyloxy-estra-1,3,5(10j-triene structure.
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Howarth et al. [8] sulphamatized 4 in DMF and used NaH as a deprotonation agent. In our case this
procedure required a great excess of reagents and was too time-consuming. Because of its high boil-
ing point DMF was not a suitable solvent for an automatic synthesis apparatus, which was o be used
later. We therefore replaced it by MeCN and tested Spillane’s solid-liquid phase transfer process [9].
We were able to show that a few 3-amido-sulphonyloxy-estra-1,3,5(10)-trienes which are not accessi-

ble through [8] can be favourably synthesized in this way. The process was used for all sulphamates
mentioned in Scheme 1.

Scheme 2

Table 1. Physical data found for all steroids from Scheme 1

Steroid _ Melting point [°C] R; value ¥ RT (spec.)”  UVpmax [nm]
1a 177 - 179 0.27 1.000 284
1b 170 - 172 0.16 0.791 270
1c 158 - 161 0.29 0.729 282
1d 184 - 186 0.21 0.674 270
2a 223 - 226 0.30 0.922 284
2b 183 - 186 0.14 0.767 270
2¢c K 0.28 0.721 282
2d 171-176 0.21 0.667 270
3a 199 - 202 0.32 0.775 284
3b 183 - 189 0.17 0.698 270
3c 141 - 143 0.27 0.698 282
3d 160 - 166 0.21 0.651 270

a) Silica gel plates as carriers and toluene / ethyl acetate (3:1) as solvent

b) RT (spec.) = RT (steroid) / RT (1a)

c) Became rearranged during heating and showed the melting point of the
rearranged product (see [10])

The sulphamoylation of estradiols always yielded product mixtures which had to be separated by an
efficient process. HPLC proved to be the method of choice. We used a preparative RP33 column. Elu-
tion was by pure MeCN at a flow rate v = 7 m/min. The retention times found in this system for 1a, 2a
and 3a and for the sulphamates obtained from them are compiled in Table 1. The longest retention

time (12.9 min) was found for esiradiol (1a). It was equated {o 1. All other retention times in Table 1
were related to 12.9 min.

In addition to HPLC, thin-layer chromatography (TLC) on silica gel plates was used to check the purity
of the synthesized sulphamates. The solvent was toluene/ethyl acetate (3 : 1). The R; values found are
also included in Table 1. In addition, Table 1 comprises the melting points of all compounds from
Scheme 1 and their UV maxima.

Sulphamoylation of esiradiol (1a)

After addition of the stoichiometric amount of SCl and double the stoichiometric amount of anhydrous
Na,COs, vigorous stirring of a solution of estradiol (1a) in anhydrous MeCN vielded three reaction
producis as well as unreacted 1a after a short reaction time at room temperature. One of them was
produced in a distinctly bigger yield than the other two. It proved to be estradiol-178-sulphamate (1c).
Schwarz et al. [11] were also surprised by this because their earlier experiments with 17o-ethinyl es-
tradiol [3] had always shown that sulphamoylation was strictly confined to the phenolic OH group.
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With the stoichiometric amount of SCI the yield of sulphamates was small. It grew along with the
amount of SCI. The amount of estradiol-3,17B-disulphamate (1d) increased in particular. The yieid of
estradiol-3-sulphamate (1b) always remained the lowest.

To obtain 1¢ in amounts of about 50 mg, reaction batches of 100 mg of estradiol (1a) and the treble
stoichiometric amount of SCI were needed. With the tenfold amount of reagent the formation of 1d
finally predominated. Sulphamoylation of estradiol (1a) did not offer favourable conditions for the
preparation of 1b.

In an alternative process for the preparation of 1b according to Schwarz and Elger [7] estrone sul-
phamate (5), which was easy to prepare from estrone (4), was reduced in THF/MeOH with NaBH.,.
The reaction sequence is shown in Scheme 2.

The retention times of the estradiol sulphamates increased in the order 1d < 1¢ < 1b. But the se-
quence of the R; values indicated by TLC differed from the retention times: 1b < 1d < 1¢.

Suiphamoylation of 17o.-estradiol (2a)

When the same sulphamoylation conditions were used for 17a-estradiol (2a) as for 1a, three reaction
products were again obtained in addition to unreacted 2a. The elution sequence was the same as
above, i.e. 2d < 2¢ < 2b, and the main product was 17c-estradiol-17o-sulphamate {2c). Excessive SCI
caused the quantitative reaction of 2a with the formation of 2c and 2d after only 1 hour’s stirring. Dif-
ferent reaction conditions (CH,Cl, instead of MeCN as reaction medium, higher temperature, long
reaction time) also yielded a non-polar by-product at R, = 15.8 min [10]. This by-product was not
formed when the sulphamoylation occurred in MeCN at room temperature.

While the sulphamates 1b, 1¢, 1d as well as 170-estradiol-3-sulphamate (2b) and 17o-estradiol-
3,17o~disulphamate (2d) were stable compounds, 17c-estradiol-17a-sulphamate (2¢) proved to be
very delicate. Studies showed that 2¢ formed the above-mentioned non-polar by-product [10] on mere
exposure to air. By boiling in MeCN 2c was completely transformed into the non-polar product [10].
TLC again showed a sequence of the R; values which differed from the retention times. With 2b < 2d <
2c, the sequence was the same as above. TLC showed further that the above-mentioned by-product
was also formed on the TLC plate.

Suiphamate of 160-fluoroestradiol (3a)

The required 16o-fluoroestradiol (3a) was prepared according to a specification by Lim et al. [12] and
purified by preparative HPLC.

At first glance sulphamoylation of 3a only seemed to yield two products. It turned out, however, that
160-fluoroestradiol-3-sulphamate (3b) and 16o-fluoroestradiol-178-sulphamate (3¢) had the same
retention time (9.0 min). The latter dominated fo an extent that the absorption maximum of 3b (A = 270
nm) was not even noticed in the mixture, i.e. predominantly 16o-fluoroestradiol-3,173-disulphamate
(3d) and 160-fluoroestradiol-17B-sulphamate (3c) were found. No formation of non-polar products was
observed. It was therefore not necessary o restrict the production conditions to room temperature and
MeCN as in the case of 17a-estradiol (2a).

Some experiments conducted for optimization are compiled in Table 2. While the amount of substrate
remained the same, the amounts of reagent and of anhydrous Na,CO; were varied. The solvent was
dichloromethane. Each batch was stirred in a bath of 50 °C. Samples were taken after 2 and 4 hours
and analysed by HPLC. Table 2 shows the peak distribution after the second sampling. It has to be
taken into account that the peak of 3¢ contained a small amount of 3b.

Table 2: Optimum reaction conditions for the synthesis of 16a-fluoroestradiol-17B-sulphamate (3c)
and 16o-flucroestradiol-3,178-disulphamate (3d)

Experiment _Reaction conditions e eemme Productdisribution
Substrate 3a SCI Na,CO, 3d 3c Rest of 3a
[mg]/[mmol] [mg]/[mmol] [mg]/{mmol] [%] %] [%]

1 15/0.052 62/0.54 100/0.84 80 9 0

2 14/ 0.048 66/0.57 18/0.18 12 40 45

3 17 70.059 627054 0/0 3 30 65

4 17 /0.059 1370.11 106/ 1.00 8 39 51
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In experiments 1, 2 and 3 about the same amount of substrate 3a and excessive reagent (m(SCl) :
m(3a) = 10 : 1) was used. When there was aiso sufficient alkali as in experiment 1 (m(soda) : m(SCl) =
2 : 1), 16o-fluoroestradio! (3a) was completely converted and a high yield of disulphamate 3d ob-
tained. When there was not enough alkali (experiment 2}, only part of 3a was sulphamatized, chiefly to
160-fluoroestradiol-17p-sulphamate (3¢). A partial conversion occurred even without alkali (experi-
ment 3). Disulphamate was practically not formed in this process. When only double the molar amount
of reagent was used for sulphamoylation (experiment 4), 3a was only partially sulphamatized in spite
of the presence of excessive alkali, and a similar result as that of experiment 2 was obtained.

The conditions of experiment 1 were suitable for preparation of disulphamate 3d, while sulphamatiza-
ton in the absence of alkali was useful for preparation of 3¢, aithough with qualifications. First, 3¢ was
never obtained pure but always contained small amounts of 3b. Second, it was advisable to recover
the unconverted 3a. Third, the yield of 3¢ was not increased by addition of further SCI..

The conditions of experiments 2 and 4 are unsuitable for sulphamoylation. This is due to the fact that
SCI and Na,COj; can also react with each other (see Eqg. (1)) so that after a certain reaction time the
deficient reactant is used up. The results of experiments 2 and 4 were therefore beiween the resuits of
experiments 1 and 3.

HgN'SOg'Cl + Na2003 - HgN'SOg'ONa + NaCl + COZ (1)

Two alternative processes were devised for preparing the pure monosulphamates 3b and 3¢, starting
from 160a-fluoroestradiol-17f-sodium sulphate (6) or from 3-O-methoxymethyl-16o-fluoroestradio! (8)
(see Scheme 3). The starting material 6 was obtained from 16o-fluoroestradiol-178-hydrogensulphate,

an intermediate compound in the synthesis of 3a [13], by treatment with a cation exchanger in the Na*
form.

Sulphamoylation of 16c-fluoroestradiol-17B-sodium sulphate (6) yielded 3-O-amidosulphonyl-160-
fluoroestradiol-178-sodium sulphate (7). The reaction was sluggish. The following hydrolysis was car-
ried out according to an elegant procedure [12] by refluxing a solution of 7 in anhydrous MeOH in the

presence of an H*-charged cation exchanger. All available sulphamate 7 was converted into 3b. Unre-
acted 6 yielded 3a.

3-O-Methoxymethyl-16o-fluoroestradiol (8) was synthesized from 3a. The sulphamoylation of 8 oc-
curred in a quantitative process, yielding 3-O-methoxymethyl-16c-fluoroestradiol-178-sulphamate (8).
The subsequent hydrolysis yielded pure 3¢, as was confirmed by TLC and MS.

O-SOZ-ONa

S _— = 3D

43



Experimental

Chemicals
Aldrich, Fluka and Sigma were the suppliers of commercial reagents and solvents. SCl was prepared

according to [14] from chiorosulphony! isocyanate, 16c-fluoroestradiol (3a) according to a modified
specification [13] from estra-1,3,5(10)-triene-3,168,17B-triol.

Equipment

The melting points were determined using a "Galen microheating stage (Reichert Division of the
Vienna Leica AG) with a digital temperature measuring system. **C NMR spectra were recorded with
a DRX 500 spectrometer (Bruker). A Merck-Hitachi HPLC system was used for the chromatographic
analyses. It comprised an L-6200A gradient pump, a Rheodyne injector with a 500 pi loop, an RP col-
umn SP 250/21 Nucleosil 100-7C,; (Macherey & Nagel) and an L-4500 DAD diode array detector. The
eluent was pure MeCN, the flow rate was 7 ml/ min. UV absorption was measured at A = 275 nm.

TM"IH

General sulphamoylation specification

The chosen substrate (1a or 2a or 3a) was dissolved in a suitable solvent (MeCN or CH,Cly), adding
freshly heated and recooled Na,COs; (anhydrous, the tenfold molar amount related to the substrate) to
the solution. SCI (at least the double and not more than the 8fold molar amount related to the sub-
strate) was added while stirring vigorously. Stirring was then continued for a few hours at room tem-
perature or a higher temperature. The end of the reaction was determined by HPLC control. Process-
ing: The batch was stirred into diluted HCI, followed by double exiraction with ether, washing of the
combined organic phases, evaporation of the ether, take-up of the residue in a suitable amount of
MeCN. HPLC: The injection volume depended on the efficiency of separation. Per 0.1 mmol of sub-
strate about 1 mi of MeCN was added to the exiracted substance mixture. The injection volume was
chosen in the range from 0.2 to 0.5 ml. Obtaining the product: The peaks of interest were separately
collected in beakers. MeCN was boiled down to 10 ml on the heating plate. The MeCN solution of 2¢
was an exception. This solution was carefully boiled down in the rotary evaporator at not more than
45° C, then covered with a layer of argon and the sealed flask kept in the refrigerator. The solutions of
the other peaks were left to stand open overnight and the solid crystalline product was weighed the
following morning.

Syntheses

1) Estradiol-3-sulphamate (1b), estradiol-17B-sulphamate (1¢) and estradiol-3,178-disulphamate (1d)
(a) 1a (85 mg, 0.3 mmol) was dissolved in MeCN (anhydrous; 15 ml) in a round-bottomed flask.
Addition of Na,CO; (anhydrous; 265 mg, 2.5 mmol). After setting a high stirring speed, SCI
(116 mg, 1 mmol) was added. Stirring time at room temperature: 2 hours, reaction control by
HPLC. Processed as usual and taken up in 2 mi of MeCN. Preparative HPLC with 8 times 0.25 mi
injection solution, separate collection of the peaks of 1d, 1¢ and 1b, product obtained as usual.
White crystals. Weighed products: 1d (11 mg = 25.6 pmol), 1¢ (38 mg = 108 pmol), 1b (6 mg =
17 pmol).

(b) 500 mg of Na,CO; (4.7 mmol) and 350 mg of SCI (3 mmol) were added to a similar-sized batch
of 1a in MeCN, which was otherwise treated as above described. HPLC indicated no 1a and very
little 1b. Weighed products: 1d (68 mg = 158 pmol), 1¢ (25 mg = 71 pmol).

2) Estradiol-3-sulphamate (1b) from estrone (4)

4 {135 mg, 0.5 mmol) was dissolved in MeCN (anhydous, 15 mi) in a round-bottomed flask and
Na,CO; (anhydrous; 510 mg, 5 mmol) and SCI (310 mg, 2.7 mmol} were added to it. The solution
was stirred vigorously for 6 hours at room temperature. Processed as usual, preparative HPLC,
product obtained as usual. Weight of estrone sulphamate (5): 92 mg = 0.26 mmol; yield: 52 %. The
white product 5 was dissolved in a mixture of THF (2.5 ml) and EiOH (2.5 ml}. NaBH, (20 mg,
0.5 mmol) was added to this baich in an ice bath and stirred for 2 hours. HPLC control, processed
as usual, HPLC purification with 5 times 0.25 ml, product obtained as usual. Weight of 1b: 52 mg
{0.15 mmol). Yield related to estrone (4): 30 %.




3)

4)

5)

6)

17a-estradiol-3-sulphamate (2b). 17o-estradiol-170-sulphamate (2¢) and 17¢-estradiol-3,170-
disulphamate (2¢)

(a) 2a (90 mg, 0.33 mmol) was dissolved in MeCN (anhydrous; 15 ml) in a round-bottomed flask.
Addition of Na,CO; (anhydrous; 370 mg, 3.5 mmol). After sefting a high stirring speed, SCl
(230 mg, 2 mmol) was added. Stirring time at room temperature: 1 hour, reaction control by HPLC.
Processed as usual and residue taken up with 2.5 ml of MeCN. Preparative HPLC with 10 times
0.25 mi injection solution, separate collection of the peaks of 2d, 2¢ and 2b. Product distribution:
2d (14 %), 2¢ (42 %), 2b (10 %), remainder of 2a (34 %). Processed as usual and products 2d and
2b obtained as usual. Weighed products: 2d (17 mg = 39.5 pmol), 2b (9 mg = 25.6 pmol). The
MeCN solution of 2¢ was boiled down to 2 ml at 45 °C in the rotary evaporator. The remaining
MeCN was dispelled with argon. A tan coloured product was obtained. Quick weighing showed the
product to be 48 mg (136.7 umol).

(b) A batch of 83 mg (0.305 mmol) of 2a, 10 ml of MeCN, 507 mg (4.8 mmol) of Na,CO; and
290 mg (2.5 mmol) of SCI was vigorously stirred at room temperature for 2 hours. HPLC indicated
only the 2 peaks of 2d and 2¢. Product distribution: 2d (70 %), 2¢ (30 %). Processed and products
obtained as above described. Weighed products: 2d (81 mg = 188 pmol) and 2¢ (20 mg =
57 pymol).

160-flucroestradiol-3,178-disulphamate (3d)

3a (110 mg, 0.38 mmol) was dissolved in CH;Cl, (40 ml) in a 100 ml round-bottomed flask, and
anhydrous Na,CO, (600 mg, 5.65 mmol) was added fo it. SCI (480 mg, 4.15 mmol) was added
while stirring vigorously, and stirring was continued for 4 hours in a bath of 50 °C. Reaction control
by HPLC. The solvent was dispelled in the rotary evaporator. Processed as usual, residue taken up
in 5 ml of MeCN, then preparative HPLC with 10 times 0.5 mi injection solution. Only the peak of
3d was collected. Product obtained as usual. Weight of 3d: 108 mg (251 pmol) of a white crystal-
line product. Yield: 66 %.

16a-flucroestradiol-17B-sulphamate (3¢)

3a (87 mg, 0.3 mmol) was dissolved in THF (anhydrous; 5 mi} in a 15 ml round-bottomed flask.
NaH (60 % suspension, 30 mg, 0.75 mmol; freed from mineral oil by means of hexane, then sus-
pended in 3 mi THF) was added to it. Methoxymethyl chloride (0.04 ml, 0.5 mmol) was added to
0.5 ml THF and this reagent solution stirred into the batch. HPLC showed good conversion after
2 hours” stirring. Processed as usual by ether extraction. The residue was 3-O-methoxymethyl-
160-flucroestradiol (8) as a yellow oil.

To the oil were added CH,Cl, (anhydrous, § mi), anhydrous Na,CQO, (150 mg, 1.42 mmol} and SCi
(110 mg, 0.95 mmol). The batch was vigorously stirred for 2.5 hours in a bath of 50 °C. HPLC
showed almost complete conversion to 3-O-methoxymethyl-16o-fluoroestradiol-17B-sulphamate
(9). The batch was filtered, filtter and soda were washed with CH.Cl,. The filtrate was boiled down
in the rotary evaporator.

Four times 1 mi of 0,1 M hydrochloric MeCN solution was added to the residue of sulphamoylation
with its content of 9 and the mixiure evaporated to dryness in the rotary evaporator [16]. The solid
residue was processed as usual, the residue taken up in MeCN (2.5 ml). Preparative HPLC with 10
times 0.25 ml injection solution, peak collection and preparation of the product as usual yielded
55 mg of white crystalline 3¢ equivalent to 150 ymol. The yield was 50 % related to 3a.

16o-fluoroestradiol-3-sulphamate (3b)

A batch of 16a-flucroestradiol-17B-sodium sulphate (6) (93 mg, 0.237 mmol), MeCN (30 ml), anhy-
drous NaCO, (510 mg, 4.8 mmol} and SCI {510 mg, 4.4 mmol) was vigorously stirred at room
temperature for 1 hour. The MeCN was dispelled in the rotary evaporator, 10 mi of fresh MeCN
was added and again dispelled. This was repeated five times, each time adding 10 mi MeCN. Each
time a white, caked residue remained on the inside of the flask. The cation exchanger (CAT; H'
form, washed neutral, 12 mmol capacily) was treated with 4 portions of MeOH (anhydrous, 10 ml
each} and then put into the above flask with 3 portions of MeOH {10 m! each). The batch was re-
fluxed for 2 hours in a bath of 95 - 100 °C. The methanolic solution was then a very pale yellow
and clear. i reacted acid and contained 3b and 3a in the ratio 1 : 2. The methanolic solution was
filttered off. The filter with the CAT was washed several times with a littie MeOH. The combined fil-
frates were boiled down in the rotary evaporator. After the usual process 3 mi of MeCN were added
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to the residue of the concentrated ether extract. HPLC with 6 times 0.5 ml injection solution. Only
3b was collected. Product obtained as usual. Weight: 21 mg of a white product. This is equivalent
to 60 pmol of 3b. The yield was 25.2 %, related 10 6.
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10. 17-Methyl-gona-1,3,5(10),13(17)-tetraecne-3-ol
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Introduction

in the preparation of sulphamates of 17o-estradiol [1] a non-polar product was observed, which occur-
red in particular when the reaction batches had been heated. This non-polar product was formed from
17a-estradiol-17a-sulphamate (1) and was a stable compound. lts structure was chiefly determined by
"M NMR and **C NMR. It proved to be 17-methyl-gona-1,3,5(10),13(17)-tetraene-3-ol (2).

Experimental

The **C NMR specirum was recorded with a DRX 500 spectrometer (Bruker). A 'H NMR spectrum
was also prepared, and the two-dimensional methods COSY, HSQC, HMBC and NOESY were used
to clear up its structure.

Synthesis:

MeCN (5 ml) was added to 17ea-estradiol-17a-sulphamate (1) (HPLC purified, 13 mg, 39umol). The
clear solution was slowly boiled down to 1 ml on the heating plate and then restored to 5 ml by adding
MeCN. HPLC indicated the complete conversion of 1 and the formation of a non-polar product with a

retention time of 15.6 min. Evaporation of MeCN at room temperature vielded a fine white product.
Weight: 8.5 mg. This is equivalent to 33.5 pmol of 2. The yield was 86 % related to 1.

Results and Discussion

17-Methyl-gona-1,3,5(10),13(17)-tetraene-3-ol (2) was first prepared by Arunachalam et al. [2] by re-
fluxing 170-lodestra-1,3,5(10)-triene-3-o! (3) for 24 hours (!} in 2-propanol in the presence of Nal. The
melting point indicated by the authors was 95 °C. But we found a quick and complete conversion of 1
— 2 and 132 - 135° C for the chromatographically pure product. That is to say, compared with the
substituent 1701, the 170-O-SO.-NH, group is a much better leaving group.

The 'H NMR spectrum also contradicted

structure | as there were no additional olefi- |
nic protons. But it contained a methyl group '
at 1.65 ppm as a singlet. its location, the fact
that there was no cleavage and the HMBC

I Ii |

suggested a methyl group at a double bond.
Structure Il was in agreement with this result.
The assumption of structure U and the che-

mical shifts found in the ®C NMR spectrum indicated the assignments shown in Table 1.

Table 1. Assignments suggested for the chemical shifts of the non-polar product

C atom S [ppm} C atom 5 [ppm] C atom S [ppmy]
1 127.9 7 284 13 129.1
2 1135 8 49.8 14 53.1
3 1548 g 42.9 15 28.3
4 1158 10 1327 16 378
5 139.2 11 32.2 17 136.7
6 30.9 12 26.4 _17-CHy 14.0

As expected, a comparison of the chemical shifis of the six Ring A carbon atoms of Table 1 with the
values of the 3-hydroxy-estra-1,3,5(10)-trienes shows good agreement. The values also agreed for
C(6} and C{7). On the basis of this certain relationship it was possible to clearly define the assignment
of the protons to the carbon chains 7 - 8 - 14 - 15 - 16 and 9 - 11 - 12, using the two-dimensional
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spectrums. The definite assignment of the protons also pointed to a A™? structure Il. The as-
signments of the protons of compound 2 are compiled in Table 2.

Table 2. Assignment of the chemical shifts of the H atoms in the 'H NMR spectrum of compound 2

H atom S [ppm] H atom 3 [ppm] H atom S [ppm]
1-H 7.18 8p-H 1.00 140-H 2.30
2-H 6.65 90-H 2.39 150-H 1.39
4-H 6.56 11o-H 2.46 15B8-H 2.13
60-H 12.77 a) 11B-H 1.14 160-H }2.26 b)
6B-H 16B-H

7o-H 1.39 120-H 1.98 17-CHs 1.65
7B8-H 1.94 128-H 2.67

a) Location of centroid; it holds that 8(68) > d(6w)
b) Location of centroid
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11. **C NMR Spectroscopic Characterization of Some New Estrogen Sulphamates
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Introduction
All sulphamates b, ¢, d shown in Scheme 1 were described in the above paper [1]. They were clearly
characterized by "°C NMR spectroscopy.

OR?
wF

g 9@
Rlo™~x rR'o- 3
Rl R2
Scheme 1 a H H
b HoN-SO, H
¢ H SOQ-NHZ
d HoN-SO, SO,-NH,
Experimental

The "C NMR specira were recorded using a DRX 500 spectrometer (Bruker).

Results and Discussion

The chemical shifts found for estradiol (1a) and its three sulphamates, 17o-estradiol (2a) and its three
sulphamates and 16o-fluoroestradiol (3a) and its three sulphamates are compiled in Table 1.

A 3-O-sulphamate group influences in particular the chemical shifts of the Ring A carbon atoms. We
found a distinct high-field shift for the signal of C(3) and distinct low-field shifts for the signals of C(2)
and C(4). The signals of the atoms C(1) and C(5) were hardly influenced at all. But the unshielding
effect on C(10), which led to the signalis of C(5) and C(10) lying side by side, was remarkable. This is
a characteristic feature of the presence of a 3-amidosulphonyloxy-estra-1,3,5(10)-triene.

A 17&-O-sulphamate group mainly influenced only the chemical shift of C(17), but uniike the 3-O-

sulphamate group it did this by causing a low-field shift of the signal. The above-mentioned influences
were all present in the 3,17&-disulphamates.

A comparison of the spectra of estradiol (1a) and 16a-fluoroestradiol (3a) showed that fluorine as a
substituent influences in particular the Ring D carbon atoms. The coupling constants strongly confir-
med the 16 orientation. it was to be expected that the signals of the Ring D carbon atoms are split
into doublets in the spectra of the fluorosteroids 3a - 3d. The coupling constant 'J(C,F) was found to
be - 178.5 Hz, which agrees with the value for fluocrocyclopentane quoted in the literature (- 173.5 Hz)
[2]. The coupling constants 2J(C,F) were 21.7 Hz for C(17) and 23.1 Hz for C(15). The coupling con-
stants 3J(C,F) for G(14) wurned out to be 4.9 Hz and for C(13) 6.1 Hz. Because of the greater dihedral
angle the larger value of C(13) can only be explained by 160-F in the Karplus equation. 168-F would
have caused a larger value for C(14).
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Table 1. °C chemical shifts of estradiol (1a) and its sulphamates, of 17o-estradiol (2a) and its
sulphamates and of 16o-fluoroestradiol (3a) and its sulphamates

C 1a 1b ic id 2a 2b 2c 2d 3a 3b 3c 3d
atom
1 126.0 1269 1272 127.0 1271 127.6 1271 127.1 126.0 1264 126.0 126.3
2 112 1195 1138 1196 1135 120.1 1135 1197 1126 1189 1126 1189
3 154.0 148.7 156.0 148.9 155.1 1494 1552 149.0 154.3 148.0 154.3 148.1
4 115.0 1224 116.1 1226 116.0 123.1 1160 122.6 115.1 1219 115.0 121.8
5 137.8 139.6 138.7 139.2 1388 139.7 138.7 139.0 137.7 1387 1374 1382
6 294 299 306 299 306 307 305 300 294 292 291 29.0
7 271 274 284 274 290 289 288 283 271 268 269 26.6
8 387 390 402 388 400 400 399 394 381 376 378 374
9 43.7 446 452 445 445 450 442 443 437 438 433 435
10 1315 139.0 1323 138.9 1327 140.3 1323 139.3 131.2 1384 130.6 138.1
11 26.1 267 274 265 271 273 269 265 257 255 254 252
12 365 371 377 368 327 329 325 322 364 362 359 359
13 43.0 436 444 437 463 465 463 459 438 437 439 439
14 498 505 505 498 490 489 494 493 477 477 472 472
15 228 234 240 235 251 253 249 246 315 315 313 314
16 297 301 289 282 323 326 310 307 101.1 101.0 979 9738
17 813 817 902 899 805 806 912 903 870 869 940 938
18 108 113 122 119 178 179 173 168 120 120 124 124
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Introduction

In an effort to develop radiopharmaceuticals useful for diagnostic imaging of steroid receptor-positive
breast tumours, several progesterone receptor ligands containing a bulky NoS; (e.g. BAT, MAMA)
rhenium and technetium chelate have been explored. The complexes obtained represent stereoiso-
mers which were not completely separable. The remarkably high receptor affinity of some of these
conjugates is compromised by a high nonspecific binding due to high lipophilicity [1].

To extend our current research aimed at technetium tracers capable of binding 1o steroid hormone re-
ceptors, we explored the usefulness of small-sized neuiral mixed-ligand complexes, thioether-carbonyl
complexes and organometallic complexes. In our preliminary investigations, rhenium was used as a
model for the radioactive technetium. Starting from 21-hydroxyprogesterone (deoxycorticosterone), we

prepared various progesterone-rhenium chelates containing the rhenium metal at the oxidation states
+5, +3 and +1.

Experimental

Starting from commercially available deoxycorticosterone, the 21-hydroxy group was converted into a
thiol group, N-formyl amine group and dithioether unit required for the formation of rhenium complexes
according to the “n+1“ mixed-ligand design and dithioether-carbonyl design. The attachment of a cy-
clopentadienyltricarbonyirhenium(l) moiety was accomplished by an ester formation involving the 21-
hydroxy group.

Results and Discussion

21-Mercaptoprogesterone 1 was subjected to standard conditions [2] for the formation of the "3+1"
mixed-ligand complexes 2 and 3 by means of two different oxorhenium(V) precursors 4 and 5 (Fig. 1).

o s
A o1 1
“Re—., .
s S,.R\e
L3 4 5
° 1%
SH o 5
0 3
cJ] ) OQJ _NMe
-~ Ife\ s
O Ph,P 1 PPh,
1 xHCL
HS A~y ~rSH o 5%
Me 6 3

Fig. 1. Synthesis of "3+1" mixed-ligand complexes
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The reaction of the chiorine containing oxorhenium(V) precursor 4 with thiol 1 in refluxing acetonitrile
gave the "SSS" mixed-ligand complex 2 in a good yield (67 %) as brown crystals. The alternative
*SNMeS" compiex 3 was obtained by the reaction of the oxorhenium(V) precursor 5 with the mono-
dentate thiol ligand 1 and tridentate "SNMeS" ligand 6 in refluxing 1 N methanolic NaOAc.

Suitable crystals of 2 for X-ray single crystal analysis were obtained by slow crystallization of 2 from
acetone/n-hexane solution at room temperature. The X-ray structure of complex 2 is shown in Fig. 2.

S2 &-a .
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st Re ._Ls"‘

d : —_,;01‘“0
. ';‘* e -8 Re - O1 1,668
- ~’;—0‘- - » s Re - S1 2.304
.\./‘ —- _g_§3”‘\. Re-S2 2.300
A eale. ¢ Re - §3 2.380
Q\./ ? 1S Re - S4 2.306

Fig. 2. X-ray structure and selected bond lengths [A] of complex 2

The four sulphur donor atoms are arranged in a square-pyramidal geometry around the oxorhe-
nium(V) core as is typical of "SSS"-coordinated “3+1“ mixed-ligand complexes. The square-pyramidal
chelate moiety exhibits an antilike orientation with respect to the B-orientated methyl groups at posi-
tions 10 and 13 of the progesterone molecule.

Alternatively, a "4+1" mixed-ligand design [2] is based on rhenium and technetium in the oxidation
state +3. The tetradentate ligand N(CH>CH»>-SH)3 fills four of the five coordination sites of the
metal(lil) core, the remaining position being occupied by a monodentate isocyanide ligand. The “4+1*
complex 9 was conveniently prepared in one step by reaction of the phosphane-containing tripodal
rhenium(lll) precursor 8 with an isocyanide generated in situ. Starting from formamide 7, we used
POCly/diisopropylamine as a dehydrating agent to prepare the corresponding isocyanide. The isocya-
nide immediately undergoes a substitution of the phosphane ligand in 8. This procedure avoids the
isolation of the free isocyanide, and gives complex 9 in a modest yield (53 %) as an olive-green solid

(Fig. 3).

S\____‘ 8 RC~

o 0 53%

Fig. 3. Synthesis of "4+1" mixed-ligand complex 9
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A bromotricarbonyirhenium(l) moiety was attached to the dithioether 10 as inaugurated by Alberio et
al. [3]. The two soft donor sulphur atoms of the dithiosther unit replace two of the three bromine atoms
of precursor 11, to give the neutral rhenium(l) complex 12 in a good vield (79 %) (Fig. 4).

0 s NS\ 0 S\/\\//,S\
(NEt,),[ReBr; (CO),] 11 Re—Br
oc” | Neo
(o) 0
10 12 79%

Fig. 4. Synthesis of complex 12

'H NMR analysis of complex 12 reveals the formation of a 1:1 diastereomeric mixture. The attachment
of the tricarbonyl bromo rhenium(l) core through the thioether sulphur leads to a rhenium(l) chelate
where the rhenium is a stereogenic centre (Fig. 5). Furthermore, the coordination of the thioether sul-
fur also results in the formation of chiral sulphur donor atoms.

K Br
0C.,, | ~C0 {-] oc, | CO
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N/

i n
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Fig. 5. Diastereomeric rhenium complexes

An organometallic cyclopentadienyltricarbonylrhenium(l) complex 15 was synihesized in an excellent
yield (96 %) by coupling 21-hydroxyprogesterone 13 with cyclopentadienyl tricarbonyl rhenium(l) car-
boxylic acid 14 by means of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) as the dehydrating
agent and DMAP as the catalytic base (Fig. 6). Rhenium(l) precursor 14 was easily obtained by a
central metal exchange reaction starting from ferrocene dimethylester [4].

’ *@

_R
Re(c0)3 7 co

EDC, DMAP o
15
Fig. 6. Synthesis of cyclopentadienyitricarbonylrhenium(l) complex 156

The complexes were used in a competitive receptor-binding assay (rat uterine cytosol, 0 °C) to deter-
mine their binding to the progesterone receptor (PgR) {Table 1).
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Table 1. Relative binding affinities (RBAs) of 21-substituted progesterone rhenium complexes for the
progesterone receptor (RBARy 5000 = 100).

Compound RBA (0 °C)
2 4.7

3 9.0

9 15

12 0.02

15 2.2

The best affinity of 9 % (RU 5020 = 100 %) was obtained with "3+1" mixed-ligand complex 3 contain-
ing a NMe group as the central donor atom in the tridentate ligand part. This value reflects a relative
binding affinity of 75 % compared with the parent molecule progesterone.

We described the preparation of several new PgR binding ligands labelled with rhenium by four differ-
ent means - three inorganic complexes and one organometallic complex - and we have shown that
some of these have substantial binding affinity for the progesterone receptor. Further investigations
concerning the in vivo stability of all complexes are planned using the corresponding technetium-99m
complexes.

References

[l

[2

(31

[4]

ONeil J. P., Carlson K. E., Anderson C. J., Welch M. J. and Katzenellenbogen J. A. (1994) Pro-
gestin radiopharmaceuticals labeled with technetium and rhenium: Synthesis, binding affinity, and
in vivo distribution of a new progestin N,S>-metal conjugate. Bioconjugate Chem. 5, 182-193.
Spies H., Fietz T., Glaser M., Pietzsch H.-J. and Johannsen B. (1995) The "n+1" concept in the
synthesis strategy of novel technetium and rhenium tracers. In: Technetium and Rhenium in
Chemistry and Nuclear Medicine 4 (M. Nicolini, G. Bandoli, U. Mazzi Eds.) SGEditoriali, Padova,
pp. 243-246.

Alberto R., Schibli R., Egli A., Schubiger P. A, Herrmann W. A,, Artus G. M., Abram U. and
Kaden T. A. (1995) Metal carbonyl syntheses XXII. Low pressure carbonylation of [MOCL,] and
[MO,] technetium(l) and rhenium(l) complexes [NEL], [MCl; (CO)s]. J. Organomet. Chem. 493,
119-127.

Spradau T. W. and Katzenellenbogen J. A. (1998) Preparation of cyclpentadienyltricarbonyl-
rhenium complexes using a double ligand-transfer reaction. Organometallics 17, 2009-2017.



13. Technetium and Rhenium-Labelled Steroids
8. "3+1" Mixed-Ligand Complexes According to the Integrated Design

F. Wiist, H.-J. Pietzsch, P. Leibnitz', H. Spies
'Bundesanstalt fiir Materialforschung, Berlin

Introduction

The synthesis of metal-containing complexes capable of mimicking the steric structure of steroids re-
presents an alternative integrated design for the synthesis of steroid receptor-binding ligands. Here
the characteristics of the metal-coniaining complex are associated with the steric and functional con-
tours of the receptor ligand.

Studies of the potent nonsteroidal estrogen diethylstilbestrol (DES) showed that the ER can accom-
modate a second phenol ring that mimics the 17B-hydroxy-substituted D-ring. DES has been shown to
possess a trans-stilbene structure and the distance between both oxygen atoms, which plays an im-
portant role in receptor binding, is 12.13 A. This distance is close to that of 3,17B-estradiol (10.9-11.0
A)[1, 2]

The further expansion of metal-containing steroid mimics on oxorhenium(V) and oxotechnetium(V)
complexes according to the "3+1" mixed-ligand concept and knowledge of the structural requirements
for binding to the ER {1, 2] resulted in the design of an oxometal(V) complex (Fig. 1.) as a DES mimic.

0

S\”/S
1\\4 OH
S

I"
N”

M=Re, Tc

Fig. 1. *3+1" mixed-ligand complex as a DES mimic

Results and Discussion

In our preliminary investigations we simplified the structure of the target molecule by removing the hy-
droxy group of the pyridine ring. Thus, commercially available 2,6-dimethanolpyridine 1 could be used.
lts conversion into the corresponding tridentate "SNS" ligand 2 is shown in Fig. 2.

Chilorination of the alcohol 1 by means of thionyi chloride in chloroform generated the corresponding
chioro derivative. Treatment of the dichioro compound with thiourea in refluxing EtOH vyielded the
isothiuronium salt, which was then saponified with NaOH to release thiol 2 in a total yield of 50 %.

1. SOCl,
OH 2. SC(NH,), SH
3. NaOH
|_L_on 0% i _sH
1 2

Fig. 2. Synthesis of the tridentate "SNS"-ligand 2
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The formation of the "3+1" mixed-ligand complexes 6 - 8 was achieved by the common reaction of the
oxorhenium(V) precursor 6 with the monodentate thiols 3 - 5 and the tridentate "SNS" ligand 2 (Fig.
3.). The complexes 7 - 9 were obtained in moderate yields of 48 % - 57 %.

o
S
SH (e 0
@ N/
6 Re—¢
S ot
2
R R
R=OH 3 R=OH 7 (57%)
OMe 4 OMe $ (48%)
H 5 H 9 (51%)

Fig. 3. Complex formation of the steroid mimics 7 - 9

For compound 8 crystals suitable for an X-ray single crystal analysis were obtained. The X-ray structu-
re of complex 8 is given in Fig. 4.

o
=]
02 Re - O1 1.691
Re - N 2.106
Re - S1 2.289
Re - 82 2.285
Re - S3 2.278

Fig. 4. X-ray structure of complex 8 and selected bond lengths (A)

Complex 8 exhibits the usual square-pyramidal arrangment of the four donor atoms (SNS-S) around
the [Re=0]** core. The tridentate ligand part used represents a novel set of donor atoms capable of
forming “3+1" mixed-ligand complexes, being two benzylic sulphur atoms and a pyridine nitrogen. The
pyridine nitrogen is less basic than the cental tertiary amine nitrogen of the "SNMeS" ligand, which is

otherwised employed.

In an even more simplified structure according to the Iniegrated Design complex 10 is used. Simple
reaction of 4-hydroxy thiophenol 3 with the chiorine-containing oxorhenium(V) precursor 6 afforded

complex 10 in a 33 % yield (Fig. 5.).
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SH ~Re—~a
k/s 6 [ \/ /
o ,Re\s
3 10 (33%)

Fig. 5. Synthesis of complex 10

All complexes display the characteristic Re—O stretching band in the IR-spectra, being 961 cm™ for 10,
965 cm™ for 7, 965 cm™ for 8 and 968 cm™ for 9.
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14. Nicotinamide-Substituted Complexes as Redox Markers
2. Synthesis of a **Tc¢ Dihydropyridine Mixed-Ligand Complex and Investigation of the Sta-
bility in Tissue Homogenates

A. Rother', T. KnieB, M. Putz', H. Jungclas’, H. Spies
'Universitat Marburg, Fachbereich Kernchemie

Introduction

Diagnostic nuclear medicine provides valuable information on a variety of disease states. In recent
years there has been an increasing interest in tracers able to visualise biochemical reactions in vivo.
For imaging the various redox processes occurring in the organism the development of redox-active
radiotracers is needed. The search for Tc tracers in this field is in its infancy. First technetium com-
plexes with 2-nitroimidazoles that are enzymatically reducible in the organism and accumulate in hy-
poxic tissue and in tumour cells were studied in vivo some years ago [1, 2]. Recently **Cu-labeled
complexes based on bis(thiosemicarbazone) and bis(salicylaidimine) ligands were prepared and
tested for cell uptake under normoxic and hypoxic conditions [3]. Looking for technetium chelates
bearing a pyridinium salt/dihydropyridine moiety by analogy to the NAD*/NADH redox system we de-
veloped a mixed-ligand rhenium pyridinium complex [4]. Re serves as a surrogate for *"Tc and de-
scribes the reduction with sodium dithionite to the dihydropyridine compound. In the present paper we
report the synthesis of a ¥ Tc pyridinium salt complex according the “3+1” principle and its characteri-
sation by "H NMR-, °C NMR spectroscopy and X-ray structure analysis. After conversion to the corre-
sponding 1,4-dihydropyridine compound the stability of the **Tc dihydropyridine complex in buffer, tis-
sue homogenates, blood plasma and cerebrospinal fluid and its dependence on temperature was in-
vestigated.

Experimental

General

HPLC-investigations were carried out with an analytical RP18 column (Lichrospher 100 RP-18, 5um,
MERCK) and a semi-preparative RP column (Ultracarb § ODS, 20 , PHENOMENEX) using a 3:1 mix-
ture of iso-propanol/phosphate buffer (10 mmol, pH = 7.0) as eluent with a flow rate of 0.2 mi/min or
0.8 mli/min respectively. The products were determined by UV absorbance at 254 nm and by B-
detection with a scintillation detector (Ramona 80 , RAYTEST). The NMR spectra were recorded on
an FT-Spectrometer ARX 500 (BRUKER) in DMSO-dg.The UV/VIS spectroscopic measurements were
carried out with a diode array spectrometer with 1024 diodes (J & M ANALYTISCHE MESSTECHNIK).
The x-ray structure analysis was performed on a Image Plate Detector System (STOE) with MoK, x-
rays (71.07 pm) and calculated with the programs Stoe Expose, Stoe Cell and Stoe Integrate.

Preparation of [*Tcj(1-Methyl-3-pyridinyl-ethylcarbamoyl-thiolato)(3-thiapentan-1,5-dithiolato)oxo-
technetium(V)-iodide 2.

54 ml of an aqueous NH,**TcO, solution (c = 4.64 mmol/l, 250 pmol) was added to 5.45 g (25 mmol)
sodium d-gluconate dissolved in 10 ml water. Reduction to *Tc gluconate was carried out by addition
of 15 mi 0.02 M solution of stannous chloride (20 mmol) in 0.1M HCL. After complete reduction 486 mg
(1.5 mmol) 3(2-mercaptosthyl carbamoyl)-1-methylpyridinium iodide 1 dissolved in 5 mi water was
added followed by 25 mi acetonitrile after 25 minutes and 39 mg (250 pmol) 3-thia-1,5-pentanedithiol
dissolved in 5 mi acetonitrile. The reaction mixture was evaporated to 5 m! and the product was puri-
fied by preparative HPLC. Yield: 96 mg (163 pmol, 65 %), M.p. 190 — 194 °C.

"H NMR (DMSO-ds) 8[ppm]: 2.26 (2H, td), 3.03 (2H, td), 3.67 (2H, q), 3.86 (2H, 1), 4.08 (2H, dd), 4.30
{2H, dd), 4.39 (3H, s}, 8.22 (1H, 1), 8.88 (1H, d), 9.09 (1H, d), 9.30 (1H, 1), 9.39 (1H, s) ;

3C NMR (DMSO-de) S[ppm]: 34.94 (CH,), 42.64 (CHy), 43.04 (2xCHy), 45.74 (2xCHy), 48.22 (CHg),
127.33 (C.r), 133.29 (Ca), 142.63 (Cay), 145.45 (Cy), 147.07 (Ca), 161.19 (CO).

Preparation of [P Tcj(1-Methyl-3-(1,4)dihydropyridinyi-ethylcarbamoyl-thiolato)(3-thiapentan-1,5-dithio-
lato)oxotechnetium(V) 3

8.0 ml diethyl ether was added to 0.6 g (3.45 mmol) sodium dithionite and 0.48 g (3.45 mmol) sodium
carbonate dissolved in 2.0 m! water. To this biphasic system 10 mg (17 pmol) 2 dissolved in 0.5 ml
waler was added and the mixiure was refiuxed for 20 minutes with vigorous stirring. After cooling the
organic layer was separated and at —18 °C concentrated in vacuum to 1.0 ml. This ethereal solution of
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the product 3 is stable for one day at —18 °C and was used for the UV/VIS spectrometric investigations
without purification.

UV/VIS specirometric investigations of kinetic and stability of the 3 in buffer and tissue homogenate
For investigation of the kinetics of 3 in different media 0.1 M phosphate buffers at pH 6.7 - 7.6 were
used. The homogenates of kidney, liver and brain were diluted with phosphate buffer pH = 7.4. Blood
plasma and cerebrospinal fluid were used without diiution. The measurements were performed at 20
°C and at 37 °C with 1.0 cm standard cuvettes in a temperature-controlled cuvette holder. For the ki-
netic measurements 100 pl of the ethereal solution of 3 was added to 2.0 ml buffer in the cuvette and
the diethyl ether was removed by passing a stream of argon. The samples were measured at regular
intervals of 10 seconds over a period of 15 minutes. The decrease in the absorption at 365 nm served
as the criterion for the decay of the dihydropyridine complex.

Results and Discussion

The synthesis of the (1-methyl-3-pyridinyl ethylcarbamoy! thiolato)-(3-thiapentan-1 5—d|th:olato)oxo-
technetium(V) iodide 2 was carried out according to the “3+1“ principle by reaction of **Tc gluconate
with the monodentate ligand 3(2-mercaptoethyl carbamoyl)-1-methyl pyridinium iodide 1 {4] and the
tridentate 3-thia-1,5-pentanedithiol (Fig. 1). The corresponding 4:1 complex of monodentate ligand
and technetium is observed as intermediate [4]. Afier addition of the tridentate the resulting complex 2
was purified by HPLC.

TeO{gluc), [

SH

s SH o o
—/ o Na,S,0
* 0 S\”/S\/\NH Zz e ° ”/ g
—> T ] — Tc |
HS / \ \N‘ / \ N
\/\NH 2 s [ B l ]
<) \_/ o ch, / CH,
N 3
- 2
O

Fig. 1. Reaction pathway for the synthesis of the *Tc complexes 2 and 3.

The molecular structure of complex 2 was established by crystallographic means. The X-ray structure
reveais that the monodentate and the tridentate ligand form a square pyramid with distorted basal
surface and the oxygen in an axial posmon (Fig. 2). The Tc-O bond distance was found 1o be 1.68 A,
the average Tc-S bond distance is 2.32 A whilst the thioether metal bond has a distance of
2.37 A because of the coordinative character of this bond.

The reduction of 2 to the complex 3 with sodium dithionite in pure 0.1 M potassiumn carbonate was not
a successful way to isolate the dihydropyridine because the basic conditions lead to rapid decomposi-
tion of the complex. So we looked for an alternative procedure that was realised by using a biphasic
system diethyl ether/water according to a literature procedure [6]. After vigorous stirring the lipophilic
dihydropyridine complex 3 accumulated in the organic phase and could be separated. UV/VIS investi-
gations showed that the dihydropyridine in ethereal solution is stable for 24 hours whereas in atkaline
solution it rapidly decomposes.
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1

Fig. 2. Molecular structure of 2. Selected bond length [A] and angles [°]: Tc-O1 1.680(6), Tc-S1
2.320(3), Tc-S2 2.288(3), Tc-83 2.372(3), Tc-84 2.294(3), O1-Tc-S1 105.3(3),
O1-Tc-82 114,6(3), O1-Tc-S3 101.8(3), O1-Tc-S4 114,8(3)

For the kinetic investigations of the stability the UV spectrum of the dihydropyridine complex 3 was re-
corded in phosphate buffer at various pH’s. The samples were measured at regular intervals of 10
seconds over a period of 16 minutes. Dihydropyridines are characterized by a strong UV absorption at
360 nm [7] that decrease with oxidation to the pyridinium salt. Figure 3a shows a typical UV/VIS spec-
trum of 3 at pH = 6.97 and 20 °C. The declining absorption at 360 nm was used as a basis for the de-
cay of the dihydropyridine complex. The increasing band at 270 nm is characteristic of the pyridinium
salt that had a maximum absorption at 265 nm. The appearance of an isosbestic point at 315 nm may
serve as proof of a pure two-compound system. The drop in the absorption at 360 nm over time de-
scribed an exponential function and in this way the half life of the re-oxidation was established as a
criterion for the stability. In Figure 3b the decay of the dihydropyridine complex 3 depending as a func-
tion of time is shown and it is obvious that 600 seconds after start of the measurement mostly all of the
dihydropyridine had decomposed.

absorbance absorbance
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Fig. 3a. UV/NVIS spectrum of complex 3 at Fig. 3b. Exponential decrease in the ab-
pH = 6.97 over 10 minutes, the arrows show sorption of 3 at 360 nm at pH = 6.97 over
the course of measurement. the time.

To investigate the stability of 3 as a function of pH and temperature 0.1 M phosphate buffers were
used with the physiological relevant values between pH = 6.7 - 7.6 at 20 °C and at 37 °C. The tissue
homogenates of kidney, liver and brain were diluted with 0.1 M phosphate buffer (pH = 7.4) and tested
at 37 °C. Because of the turbidity of the biological materials caused by suspended particles that could
not be removed by centrifugation, the probes had a high background UV absorption. The absorbance



at 360 nm was near 2.0 and the decreasing extinction values can only show tendencies. Table 1 gives
an overview of the half-lives of the complex 3 in various media and selected temperatures.

Table 1. Half-life times of complex 3 in various media and selected temperatures

pH Temperature [°C] Media Half-life time {s]
6.72 37 phosphate buffer 178
6.79 20 phosphate buffer 53
6.94 37 phosphate buffer 134
6.97 20 phosphate buifer 117
7.15 37 phosphate buffer 107
717 20 phosphate buffer 160
7.34 37 phosphate buffer 80
7.60 37 phosphate buffer 4
7.60 20 phosphate buffer 394
7.40 37 kidney homogenate 102
7.40 37 liver homogenate 45
7.40 37 brain homogenate 144
7.40 37 blood plasma 133

Considering the half-life times it is remarkable that the stability decreases with increasing pH, whereas
at room temperature the relationship is inverted. In liver homogenate a significantly faster decomposi-
tion than in other tissue homogenates was observed and in blood plasma the dihydropyridine is more
stable which is in accordance to previous work by Bodor et al. [8]. In cerebrospinal fluid the complex is
notably more stable than in all other media. No exponential course of decomposition was observed
here, the concentration of 3 declines linearly.

As a result of the studies of the stability of the dihydropyridine complex 3 in buffer and tissue ho-
mogenate it must be concluded that the dihydropyridine x’T -mixed-ligand complex 3 with half-lives
between 40 and 400 seconds is not stable enough for further biological experiments and preparation
of the corresponding *™Tc derivative is not useful. Future work will focus on improvements to the sta-
bility of the dihydropyridine by introduction of electron withdrawing substituents such as benzyl or iso-
propyl at the pyridinum nitrogen. Bromine substitution in the 5-position of the pyridinium ring and the
utilisation of the chinolinium salt/dihydrochinoline system also has a stabilising effect [5]. Another op-
tion might be to employ a tetradentate ligand system where a higher stability of the chelate against the
reducing media sodium dithionite/alkali is expected.
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15. Evaluation of the In Vitro and In Vivo Properties of a Potential Tc-Labelled Inhibitor
of the MDR Gene Product P-Glycoprotein

R. Bergmann, P. Brust, H.-J. Pietzsch, M. Scheunemann, S. Seifert, B. Johannsen

introduction

Resistance of malighant tumours to chemotherapy is a major cause of treatment failure [1 — 3]. One of
the important mechanisms is overexpression of the human multidrug resistance gene (MDR1) [4]. On
the other hand, MDR gene transfer and expression in bone marrow cells followed by autologous bone
marrow transplantation in patients with advanced cancer is seen as a strategy to minimize the risks of
high-dose chemotherapy [5]. Monitoring the functional expression of the gene products or the suc-
cessful gene transfer may be a prerequisite for the therapy, i.e. it is required to study the functional
expression of the gene products. Its overexpression has been demonstrated to contribute to the multi-
drug resistance (MDR) phenotype of many human cancers. The gene product P-glycoprotein (Pgp) is
present in the plasma membrane not only of tumour cells but also of several normal tissues, including
the brain endothelial cells forming the blood-brain barrier (BBB) and the intestinal epithelium [6]. It acts
as an energy-dependent efflux pump which allows the transport of a wide range of structurally and
functionally unrelated cytotoxic drugs out of tumour cells, including doxorubicine, vincristine, vinblasti-
ne and many others (for review see [7]). These substances tend to be lipophilic, cationic compounds
[8]. Additionally, a number of drugs called MDR modulators have been identified that are non-toxic in
themselves (calcium channel blockers, anti-arrhythmics, antidepressants and many others) but can
reverse Pgp-mediated MDR. These drugs, such as verapamil, quinidine and cyclosporin-A, make
MDR tumour cells sensitive to coadministered cytotoxic agents. However many of them are of limited
clinical use due to side effects in the relevant doses [9]. On the other hand they may be of potential
use for the development of radiopharmaceuticals for PET and SPECT imaging. Thus,
[""Cldaunorubicin and [''Clverapamil both have potential for in vivo probing of Pgp with PET [10, 11].
The only available clinical radiopharmaceuticals for studying the expression of Pgp with SPECT are
the lipophilic 9™T¢c cations hexakis(2-methoxy-isobutyl-isonitrile)technetium(l), [*"Tclsestamibi, [12,
13] and trans-dioxo-bis(diphosphine)-technetium(V), [**Tc}tetrofosmin, (for review see [14]. Some
%™ Tc (I)-complexes of the Q-series are currently under investigation [15].

It was recently suggested that a set of structural elements was required for an interaction of drugs with
Pgp. The recognition elements were formed by 2 or 3 electron donor groups with a fixed spatial
separation [16]. The investigation of neutral and monoprotonated forms of a large number of
compounds revealed that, in parallel with the commonly recognized critical sites (such as polycyclic
ring systems and N-substituted moiety), the molecular profile of hydrophobicity is a specific structural
determinant for the anti-MDR activity of these drugs [17]. Based on these findings we examined
various ‘3+1’ mixed-ligand technetium(V) and rhenium(V) complexes containing electron donor groups
such as protonable nitrogen and aromatic moieties as prerequisites for MDR modulation [18 — 20]. We
demonstrate that one of these novel complexes shows a strong inhibition of Pgp-mediated transport
function in vitro (immortalized rat brain endothelial cells) and in vivo (organ distribution in rats). These
experimenis were performed in comparison with classical MDR modulators. A multitracer approach
was used to investigate simultaneously the effects of Pgp modulators on the function of Pgp and basic
physiological and metabolic parameters such as the glucose metabolism. Toxic effects resulting in
disturbances of the cell metabolism may thus also be observed in these in vitro and in vivo studies.

Experimental

Preparation of the complexes and tracers used
Synthesis of the ligands, the preparation of the oxorhenium(V) and the Tc-99 complexes (Fig. 1), the
complex purification, and the quality control technique were based on the previously described general
methods after minor modification [18]. The preparation of the n.c.a. M Te complex 3-thiapentane-1,5-
dithiolato){[N-(3-phenylpropyl)-N-2(3-quinazoline-2,4-dionyl}ethyllaminoethylthiolato}oxotechnetium(V)
using a ligand-exchange reaction followed by HPLC purification was described in detail [22].
[*H}vinblastine (670 GBg/mmol) and [PHjvincristine (370 GBg/mmol) were obtained from Amersham
Buchier, Braunschweig, Germany. [*Hicolchicine (2.73 TBg/mmol) was purchased from NEN/DuPont,
Germany. 2-["®*Flfluoro-2-deoxy-D-glucose was kindly provided by the Rossendorf PET Center [21].
clsestamibi (Cardiolite, Du Pont Pharma GmbH, Germany) and [ Tcltetrofosmin (Myoview,
Amersham, Germany) were prepared from commercially available kits according to manufacturer’s in-
structions and added to the control solution {see below) at a final concentration of 1 MBg/m! (<10 nM
in all experiments).
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Fig. 1. "3+1" mixed-ligand *"Tc complexes

Tracer uptake studies

Immortalized rat brain microvessel endothelial cells (RBE4) (23,24) were plated on tissue culture pla-
tes 24-well flat bottom Cell+® (Sarstedt, Inc., Newton, USA). Cells were grown in culture medium con-
sisting of o-minimal essential medium (o-MEM)/Ham’s F10 (GIBCO, Eggenstein; Germany) (1:1
vol/vol), supplemented by 2 mM glutamin, 10 % heat-inactivated fetal calf serum (Sigma, Deisenhofen,
Germany)1 ng/mi of basic fibrobiast growth factor (bFGF) (Boehringer Mannheim) and 300 pg/ml of
geneticin (G418) (Sigma, Deisenhofen, Germany) in humidified 5 % CO,/95 % air at 37 °C. In the 24-
well cell culture plates the cells reached confluence after 3 - 4 days. The experiments were conducted
at confluence with cell densities between 10° - 10° cells per well (equivalent to about 100 - 150 pg
protein) of passage 30 - 40.

The solution used for the transport experiments was a modified culture medium consisting of o-
minimal essential medium (o-MEM)/Ham's F10 (GIBCO, Eggenstein; Germany) (1:1 volivol), supple-
mented by 2 mM giutamin, and 1 % (v/v) albumin. The wash solution for clearing the extra-celiular
space was phosphate-buffered solution containing Mg™ (0.5 mM) and Ca™ (0.9 mM). The ugtake stu-
dies were performed using various tracers with up to four different isotopic labels, °H, ™F, *™Tc,
%Tc). The experiments were initiated by washing each of the 24-wells in the plate with o-MEM and by
loading them with o«-MEM containing the Pgp inhibitor under review {10 pM). After a preincubation pe-
riod of 60 min the solutions were aspirated from the wells and replaced by 0.5 ml per well of the ra-
dioactive incubation medium to initiate transport. In addition o the radiotracers the media contained
various drugs or **Tc(V) complexes in concentrations ranging from 1 nM to 10 mM. At the end of the
incubation period (after 60 min) the well plates were transferred onto ice (4 °C). Aliquots of the incuba-
tion medium from each well were used to calculate the free tracer concentration in the supematant.
The remaining medium was then aspirated and the cells were carefully rinsed four times with 1 ml of
ice-cold washing solution. The remaining cells were solubilized by shaking them with 500 pl of modi-
fied 0.1 N NaOH with 1% sodium dodecyl sulphate. Aliquots were obtained for y and B-counting and
for protein determination by the method of Lowry. All samples (aliquots of the stock incubation medi-
um, of the supernatant after incubation and of the solubilised cells) were transferred to 4 ml vials con-
taining Ultima Gold counting solution (Canberra-Packard, Dreieich, Germany). These vials were as-
sayed for gamma activity in a multichanne! well-type sodium iodine gamma counter (COBRA i, Pack-
ard Instrument Company, Meriden, USA) using two energy windows (110 - 180 keV and 450 — 1500
keV). After a minimum of 10 half-lives of the short-lived isotopes used ("°F, ®™Tc), the count vials were
assayed in a multichannel well-type beta counter {(TRICARB, Packard Instrument Company, Meriden,

USA) using two energy windows to determine the H (0-20 keV) as well as #T¢ contents (20-2000
keV) in the samples.

Animal experiments
Animal experiments were carried out according to the relevant national regulations. 0.5 MBq of e 1
complex was injected into the tail veins of 5-6 weeks old Wistar rats. At 30 min p.i. the rats were sacri-

ficed by heart puncture under ether anaesthesia. Selected organs were isolated for weighing and
counting.
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Calculations

All data were corrected for background, spill over, and decay. The amount of accumulated tracer in
the cells was presented as a percentage of the total radioactivity per mg cell protein. The data (means
+ S.D.) were obtained in quadruplicate from preparations of the same cell culture in at least iwo inde-
pendent experiments. Statistical analysis was performed using the two-failed t-test with equal varian-
ces. Values of p<0.05 (*), p<0.01 (**), p<0.005 (***) were considered significant.

Results and Discussion

in this study we describe the in vitro and in vivo properties of the complex 3-thiapentane-1,5-
dithiolato){[N-(3-phenylpropyl)-N-2(3-quinazoline-2,4-dionyl)ethylJaminoethylthiolato}oxotechnetium(V)
(m“'Tc1) and structurally related compounds as potential inhibitors of Pgp. As shown in Fig. 1 all
these complexes contain a tridentate S,S,S donor ligand and a monodentate thiolato ligand of variable
structure. Fig. 2 shows the effect of these compounds and of various known Pgp modulators on the
accumulation of [**™Tc]sestamibi in RBE4 cells, an immortalised cell line of brain endothelial cells.
Among the complex compounds only those with a higher frequency of the electron donor groups in the
molecule (*Tc1-3) show a considerable inhibition of Pgp as revealed by an increased accumulation of
2" Tclsestamibi (see Fig. 2). Complex ****™Te1 was further characterized using also [*H]vinblastine,
[*Hlvincristine, [*H]colchicine, [ Tcltetrofosmine and the n.c.a. **™Tc1 itself as substrates for the Pgp.
As shown in Table 2 *Tc1 significantly increases the accumulation of all these radiotracers with the
exception of its **™Tc congener which was competitively decreased.

Table 1. Effects of Pgp modulators and various coordination compounds on the accumulation
of %™ Tc sestamibi in RBE4 cells (% of control).

Substance Mean S.D. p Substance Mean S.D. P
Control 100.0 314 (®Te1) 3126 251 **
Vinblastin 3212  20.1 (®*Tc2) 2778 58 =
Verapamil 3126 113 (*Te3) 2310 108 **
Cyiochalasine B 2336  12.0 * (*Te4) 101,8 31 ns.
Reserpine 3650 155 = (*Te5) 957 47 ns.

Table 2. Effects of Pgp modulators (10 pM) and complex (1) (10 pM) on the accumulation of various
Pgp subsirates in RBE4 cells.

%D/mg  *™Tc- M Te- ¥ Tel *H- °H- *H-
protein sestamibi tetrofosmin colchicine vinblastine  vincristine
Control 31.9+33 81x15 50437 30.7+07 53.2+55 454 5.6

Verapamil 54.4+4.6 175+02"™ 603+2.3"* 47.0+£3.7* 80.7 6.0 724 +8.8*"
Resermpine 624 57" 21.0+£2.1" 66.3+£2.2" 40.0+44 939195 76.6+11.8"
“Tel 451 +64 223x£1.8"™ 3315 368x+1.3* 794x10.6~ 81.0+25"

To study possible side effects of 1 on the cell metabolism a multitracer approach was used. The cells
were simultaneously incubated with [*™Tc]sestamibi or ®™Tc1 and ["*FIFDG. Two-dimensional scatter
plots of both *™Tc tracer accumulations vs. ["*FIFDG accumulation show typical changes of known
Pgp inhibitors including 99%9mTet (Fig. 2). They show that the side effects of compounds may be sepa-
rated from the direct effects on Pgp. Valinomycin increases only the accumulation of *®™Te¢1 but de-
creases the accumulation of [ Tc]sestamibi. However, it sirongly increases the accumulation of
["®FIFDG. The effects of ®*Tc1 on the in vivo distribution of [®™Tc]sestamibi and ["®*FIFDG in rats are
also comparable with the effects of verapamil, an established Pgp inhibitor and Ca-channel blocker.
{Fig. 3). After pretreatment with both verapamil and ®*Tc1, an increase in the [*™Tcjsestamibi accu-
mulation was found in the heart, adrenal bodies and kidneys, i.e. in organs in which Pgp is

expressed.
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Fig. 3. Effects of verapamil (5 mg/kg body weight) and complex **Tc1 (5 mg/kg body weight) on the
accumulation of [*"Tc]sestamibi and ['"°FIFDG in rats

Up to now the clinical radiopharmaceuticals available for studying the expression of the Pgp have
been the lipophilic ™ Tc cations ([*Tc]sestamibi, [®™Tcltetrofosmin) as well as [*"TcjQ57,
[®™Tc]Q58, and [*™Tc]Q63 [13 - 15]. All these complexes are transported by Pgp.

In this study, we have shown that the structurally different complex (3-thiapentane-1,5-dithiolato){[N-
(3-phenyipropyl)-N-2(3-quinazoline-2,4-dionyl)ethyllaminoethylthiolato}oxotechnetium(V) (°°'°°"‘T cl)
also serves as a substrate and inhibitor of Pgp.

The RBEA4 cells used for the in vitro studies express Pgp, which is functionally active [25, 26)]. The
cellular accumulation of Pgp substrates after inhibition of Pgp is commonly used as a measure of the
capacity of Pgp [27]. it has been suggested that Pgp affects both the influx and efflux [28]. In addition,
the amount of this accumulation may not only depend on Pgp but aiso on the type of the intracellular
target of the drug (e.g. mitochondrial inner membrane, tubulin or DNA) and the tightness of binding.

In the present study, we used drugs with various targets to exclude the possibility of unspecific effects.
Two of them [ Tc]sestamibi and ™ Tcltetrofosmin are nonmetabolized metallopharmaceuticals with
a nontitratable delocalized monocationic charge which have been shown to be transported by P-
glycoprotein [12]. They lack the usual structural features which were previously thought important for
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recognition by P-glycoprotein, such as basic nitrogen atoms, titratable protons, or aromatic residues.

As classical substrates of Pgp, [*H]vinblastine, [°Hlvincristine, and [*H]cholchicin were used in the ex-

periments simultaneously with " Tc. Under normal conditions the direct and linear correlation of the
uptake of the three tracers at different levels of PGP inhibition may be interpreted as a sign of the
strong influence of the PGP on the drug accumulation process in the cells.
Complex *Tc1 was selected in our study from a number of other coordination compounds on account
of its ability to increase the accumulation of [®™Tc]sestamibi, which was expected to have an effect on
Pgp. in addition, this compound significantly increased the accumulation of all the other Pgp radiotrac-
ers studied, which is strong evidence of a direct interaction with Pgp. The various radiotracers are ex-
pected to bind to different binding sites. There is evidence from photoaffinity labelling and from binding
studies with [°Hlvinblastine [29] that Pgp has at least two allosterically coupled drug acceptor sites.
One of the drawbacks in studying the function of Pgp is the lack of specificity of the classical Pgp in-
hibitors. The drugs commonly used to inhibit Pgp may thus also influence the metabolism of the cells.
Since ATP is needed as a co-substrate for the transporter disturbances of the energy metabolism may
indirectly influence its function. Using a multi-tracer approach (co-administration of [®™Tc]sestamibi
and ['®FIFDG), we demonstrate in this paper that the inhibition of Pgp by our novel complex *Te1
does not influence basic metabolic parameters of the cells which is important for the suitability as ra-
diopharmaceutical. Valinomycine, which is also known to interact with the Pgp, was used as a positive
control (30). it dramatically increases the accumulation of ['®FIFDG and [PHvinblastine (data not
shown) without changing the accumulation of [**"Tc]sestamibi. It also increases the accumulation of
Tc1, suggesting various intracellular targets for this complex and for [*™Tcjsestamibi.
[3H]valinomycine serves as an ionophor for K* ions at the mitochondria and depolarizes the mitochon-
drial membrane potential causing a decreased cellular accumulation of [*™Tc]sestamibi [31]. In our
study it also inhibits Pgp, as revealed by the increased accumulation of ["H]vinblastine, resulting in un-
changed [*™Tc]sestamibi accumulation as the net effect.

in summary, ®™Tc1 was shown to have biochemical and pharmacological properties of a Pgp sub-
strate and inhibitor of the Pgp-mediated efflux of sestamibi, vinblastine and colchicine. It may therefore
be considered as a candidate reversal agent and could serve as a template for the development of
nonradioactive Re(V) analogues as Pgp inhibitors. The in vivo distribution of the ™ Tet is similar to
[®*™Tc]sestamibi. However, further experiments are needed to show the potential of *™Tc1 as a radio-
pharmaceutical for monitoring the function of Pgp in vivo.
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16. Synthesis and Preliminary Evaluation of 9-[(3-['*F]-Fluoro-1-Hydroxy-2-Propoxy)-
Methyl]jguanine ['*FIFHPG in Rats

B. Noli, St. Noll, P. Brust, M. Scheunemann, A. Jordanova, T. KnieB, M. Grote, J. Steinbach, M.
Hauses', O. Koufaki', H. K. Schackert’
"Technische Universitat Dresden, Universitatskiinikum, Chirurgische Forschung

Gene therapy with the transfer of Herpes simplex virus type 1 thymidine kinase (HSV1-tk) has shown
promise in animal models. The efficiency of this method is currently being evaluated in the treatment
of human brain tumours and a variety of other human cancers. Many nucleoside analogues are known
to localize selectively HSV1-tk transfected cells and show a very high specificity for the viral enzyme,
especially acyclic nucleosides such as ganciclovir [1, 2, 3]. Apart from that ganciclovir undergoes only
minimal metabolism in vivo by the host-tk. The use of reporter genes encoding proteins to metabolise
the ["°FI-PET (Positron Emission Tomography) tracer into trapped products provides a novel approach
to monitoring the expression of reporter genes in living animals [4, 5]. This study was designed to in-
vestigate the biological behaviour of the ['°F]-labelled ganciclovir (["*F]FHPG) in rats with regard to its
application as PET tracer for monitoring the gene transfer in tumours. The preparation of the nonra-
diolabelled FHPG and the PET precursor, the labelling procedure with fluor-18, the biodistribution in
rats and the determination of metabolites are described.

Synthesis of the PET precursor 4 and the non radiolabelled reference compound 6

The synthesis was modified according to a procedure described in [1, 7] and follows the route shown
in Fig. 1. The sodium salt of 9-[(1,3-dihydroxy-2-propoxy)methyllguanine 1 was neutralized with 0.1 N
hydrochloric acid and recrystaliized from water to form the free nucleobase 9-[(1 ,3—dihydrox2y—2-
propoxy)methyllguanine 2 which reacts with p-anisylchlorodiphenyl-methane to produce N°-(p-
anisyldiphenylmethyl)-9-[[1-(p-anisyldiphenyimethoxy)-3-hydroxy-2-propoxy]methyliguanine 3 in a
35 % vyield. Tosylation of 3 yields Nz-(p~anisyldiphenylmethyl)-g-[[1 -(p-anisyldiphenylmethoxy)-3-(p-
toluolsulfonyloxy)-2-propoxylmethyliguanine 4 (75 %), which was fluorinated with potassium fluoride
and kryptofix 2.2.2. in acetonitrile to yield N2—(p-anisyldiphenylmethyl)—g-[ﬁ-(p—anisyldiphenylmethyl)-a-
fluoro-2-prop-oxylmethyll-guanine 5. To spiit off the protection groups, 5 was refluxed with acetic acid
producing the desired product 9-{(1-hydroxy-3-fluoro-2-propoxy)methyijguanine 6 in a yield of 85 %. 6
was 95 % pure and analysed by elemental analysis, including determination of the fluorine content
and 'H NMR. Compound 4 was used as a precursor for the following *®F-labelling procedure.

"8F-labelling procedure

[*®FJFluoride was produced by irradiating ®O — enriched water (98 %, 1,35 ml) with protons (25 pA, 18
MeV, 120 min) using the facilities of IBA "Cyclon 18/9“ cyclotron at the FZR.

The precursor 4 was radiolabelled by ['°F]-fluorination of the tosylate-protected 3-hydroxymethyl-group
with potassium [**Flfluoride (1.85 GBq) in the presence of kryptofix 2.2.2. After hydrolysis of the meth-
oxytrityl groups the final product 9-[(3-['*F]-fluoro-1-hydroxy-2-propoxy)methyliguanine was purified by
HPLC on a RP18 column and identified by co-injection of the unlabelled reference of §. The radio-
chemical purity amounts to >99 % with a specific activity of 14.8 MBg/umol.

Biadistribution studies

Biodistribution studies were carried out in six week old male Wistar rats (Tierzucht Schoenwalde) ac-
cording to the national regulations for animal research. The animals were anaesthetized by i.p. injec-
tion of 1300 mg/kg urethane. The body temperature was monitored and kept at 37 °C. 1.5 - 3.0 MBq of
["®Flganciclovir (in 0.5 ml saline) were injected into the tail vein. The animals (4-6 per time point) were
sacrificed by heart puncture 5, 60, and 120 min post injection (p.i.). Samples of the blood, plasma and
urine were taken for investigation of the labelled metabolites by TLC and of the binding to erythro-
cytes. Organs of interest were removed, blotted dry and weighed. The activity was measured in a
Packard COBRA 1l gamma counter. Reference samples of the injected solution and aliquots of the
blood and urine were measured as well. After correction for physical decay, the percentage of the
injected dose per organ (% 1.D.) and per gram organ (% 1.D./g) was calculated for each organ.

For erythrocyte binding a blood sample was centrifuged for 2 min at 14,000 rpm (JOUAN A 14). The
plasma was separated from the blood and counted. 700 pi saline solution was added, followed by
renewed cenirifugation. The supernatant was taken and measured. The procedure was repeated five
times and the activity bound to erythrocyies was measured and related to the total activity of the blood
sample.
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Fig. 1. Reaction route of the preparation of the PET precursor and the inactive reference compound

Analysis of metabolites

For determination of metabolites, urine and plasma samples are checked by thin-layer chromatogra-
phy on RP-18 (Merck) aluminium sheets and methanol / water {9:1) as the eluent. The chromatograms
were evaluated by measuring the radioactivity (the urine and the shori-time plasma samples) on a
linear analyser (Berthold) and the chromatograms with the lowest activity level (long-time plasma
samples) on a FUDJI BAS 2000 device. The R; value of 9-[(3-[*F]-fluoro-1-hydroxy-2-propoxy)-
methyl]guanine is 0.7. With sufficient differences in R it was possible to separate both ganciclovir and
fluoroganciclovir on this TLC system.

Results and Discussion

The nonradioactive reference compound fluoroganciclovir was obtained in a high purity. The product
was characterised by 'H NMR, elemental analysis and mass spectrometry. The identity of the -
labelled ganciclovir with the nonradioactive reference compound was determined by HPLC. The radio-
chemical purity of the **F-labelled ganciclovir exceeded 99 % and the yield of the radiopharmaceutical
preparation amounted io 12 % {fime comrected).

The distribution of ["*F]GCV in the various tissues of male Wistar rats is summarized in Table 1.
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Table 1. Biodistribution data of ['®Flganciciovir in male Wistar rats at 5, 60, and 120 min
post injection (p.i.).

%Dose/g 5 min 60 min 120 min

Blood 0.650+0.049 0.056+0.008 0.020+0.004
Brain-total  0.044x0.016 0.009+0.002 0.005+0.001
Pancreas 0.923+0.092 0.066+0.002 0.042+0.013
Spleen 1.378+0.105 0.130+0.023 0.051+0.017
Adrenals 0.879+0.031 0.102+0.009 0.074+0.035
Kidney 3.685+0.467 0.287+0.048 0.115+0.015
Fat 0.203+0.026 0.034+0.022 0.020+0.017
Muscle 0.258+0.018 0.148+0.033 0.051+0.008
Heart 0.524+0.019 0.062+0.005 0.018+0.002
Lung 0.909+0.092 0.085+0.003 0.036+0.009
Thymus 0.655+0.034 0.060+0.010 0.022+0.003
Liver 1.581+0.134 0.117+0.017 0.044+0.006
Femur 0.471x0.039 0.089+0.015 0.043+0.008

["®FIGCV shows a relatively fast blood clearance. The erythrocyte binding of the tracer was negligible
(5 min: 6.73 = 0.92 %, 60 min: 6.83 + 1.93 %,120 min: 8.44 = 3.73 %). An initial high uptake of the
tracer was found in the spleen, kindney and liver, which decreased rapidly in time. The lowest uptake
was found in the brain, indicating a negligible penetration across the blood-brain barrier. The absence
of metabolites both in the plasma and in the urine is in accordance with the results obtained with gan-
ciclovir in a clinical study concerning its antiviral activity [6].

The rapid blood and organ clearance and the in vivo stability of ['®FJGCV is expected to be advanta-
geous for in vivo monitoring of the gene transfer in tumours. After transfer of the Herpes simplex virus
thymidine kinase gene into tumours metabolization and trapping of ['®FIGCV should occur. Thus, a
reasonable target-to-background ratio may be expected within the physical half-life of the tracer.
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Introduction

The role of positron emission tomography (PET) with 2-["®FJfluoro-2-deoxy-D-glucose (["®FJFDG) is
currently under evaluation in genitourinary tumours [1, 2, 7-10, 13]. Recent studies showed that in
many tumour types the uptake of ["®FIFDG is increased compared with normal tissue [4, 11]. Effective
chemotherapy was found to reduce the ['°FIFDG uptake prior to volumetric changes in morphological
imaging techniques such as computed tomography (CT) [5, 6, 12]. In this study the potential of
['®*FIFDG-PET for the detection and therapy control of testicular germ cell tumours was investigated.

Materials and Methods

Patients: Twenty-three consecutive patients with histopathologically confirmed testicular germ cell
tumours were included in the study from June 1997 to July 1998. The histological diagnosis was
seminoma in ten patients (43 %), a combined tumour in nine (39 %), embryonic carcinoma in three
(13 %), and one patient (4 %) had a combined testicular tumour. Tumour staging was assessed ac-
cording to the international workshop on staging and treatment of testicular cancer in Lugano [16].
Eleven pts. were classified as stage | (48 %), six pts. as stage Il (26 %), and six pts. as stage Il
(26 %). 16 patients received chemotherapy, six patients underwent retroperitoneal lymphadenectomy.
One patient received a bone-marrow support in addition to high-dose chemotherapy and one patient
underwent mediastinal lymph-node dissection with resection of pulmonal residual tumour masses after
chemotherapy. Four of seven patients with a Stage | seminoma received an adjuvant radiation therapy
(26 Gy), two an adjuvant monochemotherapy with two series of carboplatin. A totai of 32 PET scans
were carried out. The scans were performed either after initial diagnosis (n = 21) and/or within 3 to 45
days after chemotherapy was completed (stage 111l patients only, n = 11).

PET imaging: PET studies were carried out after the patients had fasted for 6-12 hours. Plasma glu-
cose levels at the time of the ['°FJFDG injection were within physiological limits. Patients with diabetes
mellitus were excluded. [°FJFDG was produced in-house by a modified method as described by [3].
330 MBq ["°FJFDG per patient were intravenously injected. Fifteen of the twenty-one initial scans and
all scans after chemotherapy were carried out using an ECAT EXACT HR* PET scanner (Siemens
/CTI, Knoxville, Tenn., USA). The reconstrucied image resolution was about 6-7 mm FWHM. Attenua-
tion correction was performed by a 10 min transmission scan in selected bed positions (BP). 60 min
after injection the emission scan was acquired for 10 min per BP. Six of the twenty-one initial ["*FJFDG
scans (185 MBq per patient) were performed using a dual head coincidence gamma camera (Solus
EPIC MCD, ADAC Laboratories, Milpitas, Calif., USA). lteratively reconstructed images had a resolu-
tion of about 15 mm. The visual analysis was graded as positive, indeterminate or negative for malig-
nancy. In studies performed with the dedicated PET scanner quantitative image analysis of tumour
uptake was performed by calculating the standardized uptake values (SUVs) in selected areas [14].

CT imaging: Thirty-four CT scans (23 initial and 11 after chemotherapy) were acquired with a third- or
fourth-generation CT scanner corresponding to all PET studies {10 mm slice thickness; oral and inira-
venous contrast medium). CT scans for initial staging were interpreted as suspicious of metastatic
lymphatic spread, when the lymph node was larger than 1.5 cm and of organ metastases when char-

acteristic radiological signs such as contrast enhancement after intravenous contrast medium applica-
tion were seen.

Tumor markers: Tumour marker levels of AFP and b-HCG were available in all patients entered into
the study. AFP > 9 ng/ml and b-HCG > 5 U/l were considered pathological.

Validation and statistics: Validation was carried out either by histology (n = 7) or by clinical foliow-up
for 6 to 11 months {n = 16). The absence of disease after therapy was assumed if the patients were
without progression in CT and tumour markers were negative for at feast 6 months without further
therapy. Tissue for histology was obtained by retroperitoneal lymphadenectorny {n = 6) and thoracot-
omy (n = 1). Sensitivily, specificity, positive and negative predictive values and accuracy were deter-
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mined for PET and CT. Differences beiween PET and CT for parameters of diagnostic value were
evaluated by the chi-square test. The accepted limit to indicate statistical significance was p < 0.05.

Resulits and Discussion

Pathological accumulation of ['°FIFDG was detected in 9 of 21 (43 %) of the initial PET studies. All
lesions with pathological findings represented metastatic lesions confirmed either by histology or clini-
cal follow-up (Fig. 1). Twelve of 21 primary PET studies (57 %) were graded as negative in accor-
dance with clinical and CT findings.

Fig. 1. A 54 year-old patient with left sided seminoma. CT transversal slices (left), corresponding PET
slices (middle) and PET projection images (right) are shown (upper row prior to therapy, bottom row
after chemotherapy). Before chemotherapy the mediastinal lymph node metastasis showed intensive
accumulation of labelled glucose, while the CT was inconclusive with respect to the dignity of the mass
(arrow). After two cycles of chemotherapy no viable tumour tissue was detected with PET.

Pretherapeutic PET (Table 1) was more sensitive (0.90 vs. 0.60) and had a higher negative predictive
value (0.92 vs. 0.73) than CT. However, these differences did not reach statistical significance. Speci-
ficity and positive predictive value were comparable fo the CT results.

Table 1. Overall diagnostic value of PET versus CT

Sensitivity Specifity PPV NPV
Before therapy

(n=21)
PET 0.90 1.00 1.00 0.92
CT 0.60 1.00 1.00 0.73

After therapy

(n=11)
PET 1.00 0.60 0.20 1.00
CT 1.00 0.60 0.20 1.00

PET = positron emission tomography; CT = X-ray computed tomography; PPV = positive predictive
value; NPV = negative predictive value

After chemotherapy 5 of 11 patients (45 %) showed a pathological accumulation of ["®FIFDG. In one of
the patients the ["FIFDG accumulation represented persistent disease. In the 4 other cases, new
lesions were found in the posttherapeutic PET (lung and neck), whereas the initial lesions had com-

72



pletely disappeared. These new ["*FIFDG accumulations were due to inflammatory reactions proved
by histology after thoracotomy (1 of 4 cases), antibiotic treatment and clinical follow-up (3 of 4 cases).

Six_of the eleven (55 %) PET scans after chemotherapy showed no accumulation of ['*FIFDG, al-
though in four of these six patients residual tumour masses were identified by CT. After retroperitoneal
lymphadenectomy in three cases, these masses were shown by histology to be scar tissue and an
ectopic seminal vesicle without vital tumour cells. One patient with a residual retroperitoneal tumour
mass is still without progression after 8 months. The other two patients with negative PET scans after
chemotherapy also showed a complete remission with respect to contro! CT and serologic tumour
markers. They are still in remission after a follow-up period of 8 to 11 months.

After chemotherapy no significant differences were found between PET and CT resuits in the overall
tumour detection rate. Considering infradiaphragmatic lesions only (Table 2), PET was shown to be
superior to CT in specificity (1.0 vs. 0.60; p < 0.05) and positive predictive value (1.0 vs. 0.20; n.s.).
Regarding supradiaphragmatic lesions (Table 3) CT was found to be more specific (1.0 vs. 0.60;
p < 0.05) and to have a higher positive predictive value (1.0 vs. 0.20; n.s.) than PET.

Our preliminary results demonstrate ['*FIFDG positron imaging to be a useful diagnostic tool for initial
staging and treatment control in patients with germ cell tumours. The possible advantages compared

Table 2. Diagnostic value of PET versus CT in infradiaphragmatic tumour lesions

Sensitivity Specifity PPV NPV
Before therapy

(n=21)
PET 0.85 1.00 1.00 0.23
CT 0.71 1.00 1.00 0.87

After therapy

( n=11 )
PET 1.00 1.00 1.00 1.00
CT 1.00 0.60 0.20 1.00

PET = positron-emission tomography; CT = X-ray computed tomography; PPV = positive predictive
value; NPV = negative predictive value

Table 3. Diagnostic value of PET versus CT in supradiaphragmatic tumour lesions

Sensitivity Specifity PPV NPV
Before therapy '

(n=21)
PET 0.80 1.00 1.00 0.94
CT 0.60 1.00 1.00 0.89

After therapy

(n=11)
PET 1.00 0.60 0.20 1.00
CT 1.00 1.00 1.00 1.00

PET = positron-emission tomography; CT = X-ray computed tomography; PPV = positive predictive
value; NPV = negative predictive value

with CT are not yet clearly defined due to the limited number of investigated patients. A limitation of
this method seem to be supradiaphragmatic inflammatory processes after chemotherapy resulting in
false positive PET findings. However, in infradiaphragmatic lesions PET proved to be superior to CT.
The combined use of both imaging methods should therefore be preferred at the moment in order to
achieve maximal diagnostic accuracy. Further investigations are needed to improve the imaging
scheme for PET to avoid false positive results caused by inflammatory changes post chemotherapy.
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18. ['®F]JFDG for the Staging of Patients with Differentiated Thyroid Cancer
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W.-G. Franke'
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Introduction

In patients with differentiated thyroid cancer, positron emission tomography (PET) using ["°F}-
ﬂuorodeoxyglucose (FDG) has been demonstrated to provide additional diagnostic information com-
pared with "'l whole body scanning. It was found to be particularly useful in cases of suspected local
recurrence, regional lymph node metastases or distant metastatic spread [1, 2.

The availability of PET for routine clinical use is limited by the great expense of a full-ring tomograph.
The coincidence gamma camera was therefore proposed as a cost-effective alternative for FDG im-
aging. In spite of the technical limitations of gamma camera coincidence imaging, some first resuits
indicate the usefulness in clinical settings [3, 4]. The aim of this study was to investigate the diagnostic
accuracy of coincidence imaging and PET with regard to the staging of patients with differentiated
thyroid cancer.

Materials and Methods

Patients: Twenty-three patients with differentiated thyroid cancer with positive '*'l whole body scans
{n = 20) and/or elevated thyroglobulin levels (n = 20) were included in this study. All patients had un-
dergone thyroidectomy and at least four radioiodine treatments for metastases. At the time of initial the
diagnosis, 17 patients had lymph node or distant metastases verified by chest X-ray, computerized
tomography, or by histology.

Study design: All patienis were investigated with both dedicated PET and coincidence camera on the
same day. Prior to the injection the patienis fasted for at least 4 hours. The reference scan with a
dedicated ring tomograph was performed 60 minutes after the intravenous injection of 300-370 MBq of
['®F]FDG. Then coincidence imaging with the dual head gamma camera was carried out 210-240 min-
utes after tracer application. Due to a radioiodine whole-body scan being performed at roughly the
same time, 11 patients were off levothyroxine when the FDG scan was performed.

PET imaging: We used an ECAT Exact HR+ (Siemens/CTI) with BGO detectors and an axial field of
view of 15.2 cm. Six bed positions overlapping by 1 cm were acquired in 2D mode for 10 minutes
each.

Coincidence gamma camera imaging: A Solus EPIC MCD (ADAC Laboratories) with a 5/8 inch Nal
crystal and an axial field of view of 38 cm was used. Two to three bed positions covering head, neck
and chest and overlapping by 35 % were acquired in three-dimensional (3D) mode with 32 angles of
40 s each.

'8'] whole body scanning: An "'l whole body scan was performed 72 hours after oral administration of
a therapeutic dose of "*'I-Nal (3,700 MBq) for treatment of metastases using a dual head gamma
camera equipped with high-energy collimators {(Genesis, ADAC Laboratories).

Data analysis: Images obtained with both modalities were read by two experienced investigators (CT,
BB-B) who were blinded to the FDG-PET results when evaluating the coincidence gamma camera
scans. The size of each lesion was derived from the PET images, applying a 50 % intensity isocontour
as the outline of the tumour.

Results and Discussion

By the combined use of ['®FJFDG and ™'I-Nal 123 lesions were detected (100 %). 55/123 (45 %) le-
sions were visualized with **'l whole body scan, 66/123 (54 %) with coincidence imaging, and 101/123
(82 %) with dedicated PET.

A lesion-by-lesion comparison between the images obtained with dedicated PET and the coincidence
camera showed concurrence in 65 % of cases. The analysis of various anatomical areas showed
61 % agreement in the head and neck and 73 % in the chest. Of 23 bone metastases detected by "'l
whole body scan, 14 lesions were revealed by dedicated PET, but only 6 by coincidence imaging.

The analysis according to size showed that the coincidence camera detected 98 % of the lesions
larger than 1.5 cm and 56 % of the lesions between 1 and 1.5 cm that were seen with the PET scan-
ner. Lesions smaller than 1 cm (n = 16) could only be imaged with the dedicated PET scanner.
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Compared with *®'l, ['**FIFDG showed additional lymph node metastases in 6 patients when imaged
with the coincidence camera, and in 8 patients when imaged with the PET scanner (Fig. 1).

The therapeutic strategy was changed as a result of the additional diagnostic information provided by
the ['"®FJFDG scan in 2/23 patients. In these cases both the dedicated PET scanner and the coinci-
dence camera showed radioiodine negative lymph node metastases which were subsequently re-
moved by surgery.

Two patients who had known metastases demonstrated by the '*'I whole-body scan were misstaged
as MO by both imaging modalities employing [°FIFDG.

The same N stage as with the PET scanner was obtained with the coincidence camera in 21/23 pa-
tients (Fig. 2). The same M stage was assigned to 21/23 patients, resulting in an overall agreement of
coincidence camera and PET scanner in 19/23 patients. Those metastases that were missed by coin-
cidence imaging but were relevant to TNM staging were small (< 1.5 cm) mediastinal lymph nodes in
two cases (in one of which the PET scan was the only diagnostic procedure showing evidence of dis-
ease activity), small (< 1.5 cm) metastases in the lung in one patient, and a lesion in the thoracic spine
in another patient. The misstaging of 4 patients by coincidence imaging did not, however, alter thera-
peutic management of these patients.

Coincidence imaging using a modified gamma camera offers a cost-effective alternative to a dedicated
PET scanner for imaging oncological patients with [“’F]FDG. This new technology has, however, not
been fully evaluated in clinical settings.

This study showed a relative sensitivity of 656 % for coincidence imaging compared with dedicated
PET. This is slightly more than the results published by Shreve et al. who found a relative sensitivity of
55 % in 31 patients. For lesions located in the chest an identical relative sensitivity of 73 % was re-
ported. The overall lower sensitivity may have been caused by the low detection rate for abdominal
lesions (23 %) in this heterogeneous patient population [5].

- Without attenuation correction it proved difficult to assign lesions located at the border between lung

and mediastinum to one or the other anatomical structure. Due to the lower usable spatial resolution,
this effect was more pronounced with the coincidence gamma camera imaging than with the dedicated
PET system. A study of Shreve et al. reported similar results [5]. Furthermore, the generally poorer
image quality of the coincidence camera makes the distinction of pathological from physiological FDG
uptake more difficult [5]. As attenuation correction improves geometric distortion as well as edge defi-
nition of lesions, it will lead to a better visualization and localization. An increased sensitivity can
therefore be expected [6].
Taking into account the severe technical limitations of coincidence imaging outlined above, it seems
encouraging that 19/23 patients in our selective cohort were staged correctly according to the TNM
system with dedicated PET as a reference. The incorrect staging of four patients was due to chest
lesions smaller than 1.5 cm.

Fig. 1. A 67-year-old man with metastatic differentiated thyroid cancer. Coronal images from the coin-
cidence camera (left) and PET (right) showed an increased uptake in mediastinal lymph node metas-
tases. Whereas the contrast in the PET image was equal in all lesions, in the coincidence image it was
lower in the smaller lesions. One lesion (in the left jugular region) was not recognizable in the coinci-
dence image without knowledge of the PET results.
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Patient management changed as a result of the FDG scan in two cases with raised serum thyroglobu-
lin and lymph node metastases, which showed no uptake of radioiodine. These lesions were detected
with both PET and the coincidence gamma camera.

Although the accurate detection of lesions with coincidence imaging is limited to a size larger than
1.5 cm, the staging was affected in 17 % of the patients in this population. Due to technical limitations,
FDG scanning with a coincidence gamma camera is at present not suitable for clinical imaging of pa-
tients with thyroid cancer. For future applications it is expected that the application of attenuation cor-
rection will improve the clinical accuracy of the coincidence gamma camera.

Fig. 2. A 60-year-old man was investigated with *®*F-FDG because of raised thyroglobulin and a (false)
negative "'l whole body scan. The ["°FIFDG images obtained with the coincidence camera (left) and
the PET scanner (right) clearly showed an increased uptake in the parairacheal region. Surgery and

histology confirmed this finding.
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BRAIN DOPAMINERGIC SYSTEMS



19. The Pharmacokinetics of FDOPA in Newborn Piglets

G. Vorwieger, R. Bergmann, B. Walter', R. Bauer’, F. Fichtner, J. Steinbach, P. Brust
Institut fur Pathophysiologie, Friedrich-Schiller Universitat, Jena

introduction

Positron emission tomography (PET) after i.v. application of FDOPA provides, among other things,
information about the enzyme kinetics in dopamine metabolism (for review see [4]). lts application to
newborn pigiets represents a new animal model which requires chemical quantification of radiotracer
metabolism in the brain target tissue as well as in plasma. The results of this quantification are shown
here on a temporary level and discussed with regard to commonly accepted FDOPA PET modelfing.

Methods
Newborn piglets were injected with 50 MBq/kg equivalent to 10 ymol/kg FDOPA [2].
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Fig. 1. Representative HPLC radiotraces of brain extract and plasma.
Colours and abbreviations as in Fig. 3.

Five brain regions (cerebellum, frontal cortex, mesencephalon, nucleus caudatus and putamen) were
chosen for tissue metabolite analysis after euthanasia at different times p.i.. Preanalytical preparation
and HPLC of that tissue and of blood plasma were accomplished by an application [7] specially
developed specially developed for the purpose, aimed at fast sample throughput (short half life of ¥F),
recovery of all the potential FDOPA metabolites and low detection fimit. Further sample throughput
enhancement was achieved by simultaneous use of two analytical columns coupled by a switching
valve. Fig. 1 shows representative chromatograms of brain exiract and plasma with the individual
peaks coloured as in the pathway scheme (Fig. 3).
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Results

The plasma total activity soon after injection passed a brief maximum and then approximated a steady
state at a 1/1 plasma/brain ratio (Fig. 2). In the brain the B activity never covered more than six
substances. Their relative kinetics, together with the plasma kinetics of the identical substances, are
arranged according to the generally accepted pathway and biodistribution succession (Fig. 3).
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Fig. 2: Normalised total '®F activity of the plasma and brain versus time (ordinate: 1000x(%dose/g)).
Graph colours as in Fig. 3.

Among the five extracted brain regions we suggest to classify three types of metabolism (table + Fig.
3). Since we worked without peripheral AADC inhibition, we obtained a complex plasma metabolite
pattern: the plasma activity was mainly formed by four substances (FDOPA, 3-O-M, FDOPAC, FHVA).
FMT and FDA belonged to the minor plasma metabolites the sum of which never exceeded 15 % of

total °F.

Table 1. Brain metabolism classification

Type Region FDOPA turnover FDA storage
| cerebellum / cortex slow negligible

1 mesencephalon fast negligible

i Nucleus caudatus / putamen intermediate significant
Discussion

During the first few minutes p.i. the FDOPA brain metabolism showed considerable dynamics with
quantitative changes higher than during all the remaining PET acquisition time (total 120 min). In the
piglets this contradicts prolonged data acquisition procedures yielding the diagnostically discriminating
variables (such as k). The rapidly accumulating major metabolite FHVA as well as FMT and FDOPAC
are by definition regarded as non BBB diffusible. We emphasise that FMT accounted for as much as
35 % of total brain activity (peak at 4 min p.i.). Expressed as fotal activity this implies that the most
concentrated °F species occurring in piglet brain are FHVA, FDOPAC and FMT.
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Fig. 3. Plots of the "°F activity fractions [% of total tissue "°F] of the metabolites in the investigated
tissues versus time.
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In recent PET modelling FMT has been generally neglected on the assumption that it represents less
than 5 % of total activity. In endogenous metabolism methoxytyramine may be indicative for
dopamine release into interstices [1].

The rapid pathway passage does not meet substantial postulates of slope-intercept plots (that is: FDA
and its acidic metabolites are trapped in the brain target regions; brain clearance processes of
FDOPAC and FHVA do not significantly alter tissue activity because of their low percentage up to 50
min p.i.. For review see [4]). The metabolite pattern changes during the first few minutes p.i. are
possibly part of a qualitatively distinct episode that describes xenobioticum detoxification (violation of
tracer principle by the injected FDOPA amounts; [8]) rather than endogenous turnover rates.

As against the results in adult animals, the same magnitude of metabolism was found in reference
regions (cerebellum, cortex) and target regions (nc. caud., putamen). However, this might have been
expected from experiments on the ontogenesis of CNS AADC activity [3] and tissue extract analysis
revealing high endogenous HVA contents[5]. The contribution of an immature BBB has to be
considered as well. Nevertheless, we found small but partially significant differences in normalised '®F
contents of FDOPA, FHVA, the sum of amines and the sum of AADC products between the three
metabolic types with plausible signs (t = 8 min p.i.; n = 7; data not shown). These differences may
reflect the only specific volume of transmitter metabolism and thus the appropriate ontogenetic
maturation level of the dopaminergic system (dopamine storage [6], precursor and terminal product
accumulation of the fransmitter).

Conclusion

Without peripheral AADC inhibition in neonatal piglets, there emerge two features which interfere with
the use of FDOPA PET for striatal AADC investigation: (1) The properties of the much higher
concentrated FDA producis conceal the desired target process. (2) The widespread distribution of
AADC in the brain does not leave a well suitable PET reference region. Feature (1) is treated by
implementation of compartment models which take FDA metabolites into account (ks, describes the
loss of tissue activity by FDOPAC and FHVA diffusion). Feature (2) is treated by the choice of the
plasma slope-intercept piot instead of the tissue slope-intercept plot together with properly
performed plasma metabolite analyses.

References

[11 Brown E. E., Damsma G., Cumming P. and Fibiger H. C. (1991): Interstitial 3-methoxytyramine
reflects striatal dopamine release: An in vivo microdialysis study. J. Neurochem. 57, 701-707.

[2] Brust P., Bauer R., Walter B., Bergmann R., Fiichtner F., Vorwieger G., Steinbach J., Johannsen
B. and Zwiener U. (1998): Simultaneous measurement of ['*FJFDOPA metabolism and cerebral
blood flow in newborn piglets. Int. J. Devl. Neurosci16, 353-364.

[8] Commissiong J. W. (1985): Monoamine metabolites: their relationship and lack of relationship to
monoaminergic neuronal activity. Biochem. Pharmacol. 34, 1127-1131.

[4] Cumming P. and Gjedde A. (1998): Compartmental analysis of DOPA decarboxylation in living
brain from dynamic positron emission tomograms. Synapse 29, 37-61.

[5] Shaywitz I. A., Anderson G. M. and Cohen D. J. (1985): Cerebrospinal fluid (CSF) and brain
monoamine metabolites in the developing rat pup. Dev. Brain Res. 17, 225-232.

[6] Tennyson V. M., Barrett R. E., Cohen G., Cote L., Heikkila R. and Mytilineou C. (1972): The
developing neostriatum of the rabbii: correlation of fluorescence histochemisiry, electron
microscopy, endogenous dopamine release, and ["H]dopamine uptake. Brain Res. 46, 251-285.

[71 Vorwieger G., Brust P., Bergmann R., Bauer R., Walter B., Flichtner F., Steinbach J. and
Johannsen B. (1998): HPLC analysis of the metabolism of 6-["*Flfluoro-L-DOPA in the brain of
neonatal pigs. In: Quantitative functional brain imaging with positron emission tomography,
(Carson R.E., Daube-Witherspoon M.E. and Herscovitch P., eds.) Academic Press, New York,
pp. 285-292.

[8] Harivig P., Agren H., Reibring L., Tedroff J., Bjurling P., Kihlberg T. and Langstrom B (1991):
Brain kinetics of L-{B-""C]JDOPA in humans studied by positron emission tomography.

J. Neural Transm. 86, 25-41.

Abbreviations not declared above

BBB blood brain barrier; AADC aromatic amino acid decarboxylase
CNS central nervous system; COMT catechol-O-methyl iransferase
MAO monoamine oxidase

82



20. Characterization of Blood-Brain Transport of Large Neutral Amino Acids with 3-O-
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1Depar’tment of Neurosurgery, West Virginia University Morgantown, USA
2| eibniz-Institut fiir Neurobiologie Magdeburg

Introduction

In preceding papers, we have demonstrated that it requires, not the unidirectional blood-brain clear-
ance constant (K; ), but two Michaelis-Menten constants to describe blood-brain transport of glucose
[1]. The two constants, relative maximal transport of OMG (7 ..x) and the half-saturation constant of
glucose (K, can be obtained when Ki is measured with PET at a range of plasma glucose levels. In
the study, the two constants were estimated in a group of subjects, assuming common values among
individuals. It is necessary, however, to estimate the two constants in a single individual and in a sin-
gle region in order to examine changes in the constants in neurological conditions in which pathologi-
cal changes in the constants are expected.

Blood-brain transport of large neutral amino acids (LNAAs) is also shown to obey the Michaelis-
Menten equation [2, 3]. Recently, Miyagawa et al. [4] demonstrated an up-regulation of LNAA trans-
port in brain tumors.

In this siudy, we introduced a new method for estimating the Mlchaehs-Menten constants of blood-

brain LNAA transport in a single subject with one PET study with ["®Fifluoro-O-methyl-L-DOPA
(OMFD), a specific tracer of the transport.

Theory

In the following, we present a theoretical basis for measuring parameters of blood-brain transport of
LNAAs in one OMFD-PET study. In the proposed experiments, concentrations of LNAAs are in-
creased gradually when OMFD is in a near steady-state following an iniravenous injection {(e.g., 40
minutes after injection). In such experiments, rate constants which describe the kinetics of individual
LNAAs and OMFD are time-variant. In addition, the fact that a number of LNAAs compete for the
same facilitated transport makes equations complicated. For this reason, only critical equations will be
presented in this paper. Details can be found elsewhere [5]. According 1o the Michaelis-Menten equa-
tion, K; of i-th LNAA (denoted by suffix i) is give by:

T,
K. ()= % (1)
5 K, 1+ Z';-:l C, /K, )

where Ky, Ki, and Cy (1) are the maximal transport, half-saturation constant, and concentration in
plasma of the i-th LNAA. The equation for kz, the brain-blood clearance rate constant of the i-th LNAA,
can be obtained by replacing C, (§) by M. (#), the content of i-th LNAA in the brain in the equation.
(Strictly speaking, the concentration and the content should be discriminated. However, we treat them
equally in this paper for the sake of simplicity). Similarly, K; “of OMFD is given by:

K (H=— Tm )
K/ a+Y" C, 0/K,)

where Tmaxand K; are the maximal transport and half-saturation constant of OMFD. The K; - k; ratios
are common among LNAAs and the OMFD tracer. Thus, the ratio, denoted by V,(t} is given by:

1+2;=1M,1 /K,

1+ ,C, /K,

It is likely that the utilization of the ith LNAA remains constant () despite the gradual increase in
plasma concentrations of LNAAs during the experiment. The utilization is given by:

V.(5) =

®
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¢ =K, (@0 C,(0—ky )M, () .. @

as the difference between the amount of the LNAA which enters the brain (the first term) and the
amount of the LNAA which returns to the circulation (the second term). The equation is divided by
Kii(t) Ky to obtain:

C,(O/K, M, ()IK, IV.0)=c, /K, -K,] )

In the right-hand side of the equation, Ky(t) Ki is replaced by 7, /1+ C, (#)/K, ). according to
i J=] i )

Equation (1), to obtfain:
Cai (t)/K,i —Mei (t)/K,i v,@t)=[c,/T,, 1 0+ 2;;1 Caj (t)/K,j ) (6)

max;

The equation for each LNAA is added across LNAAs to obtain:
> C OIK, - > M LOIK 1V, ()= Sl /T, 1-(+ Z’];l C,®IK,) ..(7)
The left-hand side of the equation can be modified as follows:
1+ C /K, —A+Y M_O)/K)IV,O-1+1/V,()  (®)

The first two terms cancel each other, according to Equation (3). Thus Equation (7) can be rearranged
fo:

UV, =1+, [c,/T,, 1-A+ 2. C,®IK,) ©)
Further more, Equation (9) can be modified as follows using Equation (2):
VV,@)=1+ 3 [c;/Tpp 1 [T [ K1/ K (10)
Since V, (1) is common among LNAAs and OMFD, Equation (10) is muttiplied by K; (f) to obtain:
LO=K @O+ [c;/To 1T, /K] (11)
Separately, the kinetics of OMFD is described by the following differential equation:
dM;(t)/dt =K (1) Co()—k;()- M. (®) (12)
in this equation, ke {3 is replaced by Equation (11) and Ky (# by Equation (2) to obtain:

C.(H-M(t)
1+ Z; C /K,

dM () dt =T, 1K 1{ —[, ¢, T, 1 MO} (13)

There are two constanits to estimate by least squares optimization, namely 77 /K and

2’-'—1 c;/T,,,. - Practical application of the equation will be discussed in Methods.



Methods

We studied 5 pigs (~6 weeks old, body weight~20 kg) in this project under isoflurane anesthesia. Each
pig was studied with OMG twice at least 4 hours before the OMFD study. We confirmed that the pigs
were normoglycemic at least one hour before the OMFD study, although plasma glucose concentra-
tion was modified in the OMG experiments. At time 0, a bolus of ~300 Bq (two thirds of the total dose)
was given intravenously over one minute and PET data acquisition was started. Starting at 20 min-
utes, the remaining one third dose of OMFD was continuously infused throughout the study. Starting
at 40 minutes, either physiological saline (n = 3) or amino acid solution (n = 2) were infused at a con-
stant rate throughout the study. A fotal of 38 frames were recorded with the Siemens ECAT EXACT
HR+ PET. There were 6 thirty-second frames, 7 one-minute frames, 5 two-minute frames, and 20 five-
minute frames. Arterial blood was sampled from the femoral artery using an HPLC fraction collection
system at a constant speed for the first 20 minutes. Blood samples were collected into a tube every 20
seconds for the first 6 minutes then every minute thereafter. Blood samples were taken manually
every 5 minutes after 20 minutes. Samples were immediately placed on ice. The radioactivity in
plasma was determined with the Wallac 1480 Wizard 3” automatic gamma counter which was cross-
calibrated with the PET. Concentrations of LNAAs were determined on arterial plasma taken at 10 mi-
nute intervals after 35 minutes.

All data were processed as described in detail in a separate paper. The radioactivity was corrected for
physical decay to time 0. The radioactivity in arterial plasma was expressed in nCi/m! as a function of
time. Regional radioactivity data sets were also obtained as functions of time and expressed in nCi/g.

The regions included left and right frontal, temporal, parietal, and occipital lobes, and cerebellum. We
obtained K; and k., of OMFD in the 12 brain regions for each animal using data obtained during the
first 40 minutes. In the amino acid infusion experiments, we assumed that regional estimates of K

represented Ky for plasma LNAA concentrations at 35 minutes (i.e., pre-infusion) of the regions. Re-
gional K; estimates were used later as described below.

We found that measured radioactivity was subject to error due to relatively low counts toward the end

of study. In order to minimize the uncertainty, M, (f) was fitted by a sum of two exponentials as fol-
lows:

M.O=A@®O-v, C.)=. "™ (14)

where v, is the effective vascular volume to subtract intravascular radioactivity (v,= 0.035 mi/g). The
denvatnve of M. (), dM. (f/dt, was obtained by differentiating Equation (14) as follows:

M @)dt==Y a;-e*"" (15)

Since the values of K;for individual LNAAs are not known for young pigs, we used values reported for

the rat brain [2,6] after averaging, assuming that the pig values were proportional to the rat values [7].
Thus:

3 C, 0K, [pigl=B-Y. C,®/K,Irat] (16)

where B is a factor o account for the proportionality. Six LNAAs were considered in this study. The K
values used were 0.42 for valine, 0.115 for methionine, 0.193 for isoleucine, 0.0895 for leucine, 0.112

for tyrosine, and 0.0655 for phenylalanine (units are pmol/mi). The sum was also fitted by a sum of two
exponentials as follows:

2’ _C. /K, [ratl=p~ 2:—1e A 17)

Equation (13) can be re-written as:
dMZ(I)/dt:a- CO-M.® -—’y-M:(t) (18)
1+4-Y C, /K,
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where o is Trax/K:, and yis [T, /K, T- z; ¢; /Ty, - In @ preliminary study, we found that the resid-

ual square sum changed little when 3 was changed in step wise from 0.1 to 7.2. Thus, we chose re-
gional values of B which minimized the difference between calculated values of K, given by

al(l+ - z; C, (35)), and the estimates of the regions. We assumed that concentrations of LNAAs
in plasma remained constant before amino acid solution infusion started at 40 minutes.

Resuits and Discussion

The radioactivity in arterial plasma is shown in Fig. 1a for one experiment with saline infusion (marked
with x) and one experiment with amino acid infusion (0). The present infusion method kept C. (1) rela-
tively constant throughout the experiment in all studies. The radioactivity in the right temporal iobe is
shown in Fig. 1b for the two experiments. In the experiment with saline infusion, A (T) increased con-
stantly over time because C. (9 also increased slightly over time in this experiment. However, the dis-
tribution volume (A (T over C, () remained constant as shown in Fig. 1c.
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When A (7) changes relatively little over time as is the case with this experiment, the distribution vol-
ume must be close to the K; - k, ratio (Equation (12)) In the experiment with amino acid infusion,
A (7) decreased slowly over time despite C, (t) remaining constant after 40 minutes. The distribution

volume decreased from 0.7 at 40 minutes to 0.3 at 120 minutes.
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The sum of the concentration-half saturation constant ratios, given by Equation (16), remained con-
stant in saline infusion experiments. One example is shown in Fig. 2 with x. The sum of the ratios in-
creased rapidly from 6 at pre-infusion (35 minutes) to 18 at 120 minutes in this amino acid infusion
experiment (shown by o in the figure). In another amino acid infusion experiment, the sum increased

somewhat less from 6.5 at 35 minutes to 14.4 at 120 minutes. The curve in the figure indicated the
best fit by Equation (18).
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As described in the Method, B was fixed to estimate o and y of Equation (18). The value_of B was
changed step wise from 0.1 1o 7.2 (step size: 0.1) and o and y were estimated for each B. K was cal-

culated by Equation (2) as a/l+B-Y. C, (35)/K,)- In Fig. 3a, calculated K was plotted against

B. The calculated Ky should represent K; before amino acid infusion and should be equal to the esti-
mate of K; using the data obtained during the first 40 minutes (shown by the dotted line in the figure).

It was noted, however, that the choice of B may suffer uncertainty because the paths of the two Ky

crossed where calculated K approached an asymptote, as evidenced in the figure. For this reason,

we chose the mean B across regions. The values were 3.5 for one expenment (shown in the figure)
and 2.2 |n the other experiment. In Fig. 3b (right panel), measured dM.' (#/dt (stncﬂy speaking, calcu-
lated dM.' (#/dt using Equation (15)) where shown by circles and predicted dM.' (f/dt (calculated by
Equation (18)) by the curve. In all regions, the two were close to each other. The best estimates of
Tmax/K: (=0) averaged 0.87 £ 0.15 (g/ml) in one amino acid infusion experiment and 0.26 = 0.06 in the
other. The values were quite different between the two animals. The value from the second animal
was close to the value for the human striatum (0.22 g/ml) we obtained in a previous expenment [71. In
the human study, Trax /K; was obtained as the best estimate across 6 subjects using [* ®Ffluoro-L-

DOPA. The estimates of Z-=1 /T, (=7v/o)averaged 0.034 + 0.010 (ratio) in one animal and 0.057

+ 0.010 in the other. These values indicated that only about 0.6~0.9 % of LNAAs were used in the pig
brain relative to the maximal transport. If values of individual K; change in parallel in a pathological
condition, estimates of B should change accordingly. However, it is not certain whether such changes
in B can be detected by this method at this point.

Summary

1. We introduced the theory for regional measurements of the Michaelis-Menten constants of blood-
brain transpori of LNAAs.

We demonstrated that the theory described actual data.

The estimates of Tma/Ki for the pig brain was close to the value we obtained for the human
striatum using [18Fifluoro-L-DOPA,

The current study indicated that only about 0.6~0.9% of LNAAs were used in the pig brain relative
to the maximal fransport.

oo
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21. Regional Distribution of Cerebral Blood Volume in Newborn Piglets — Effect of
Hypoxia/Hypercapnia
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"Institut fir Pathophysiologie, Friedrich-Schiller-Universitat Jena

Introduction

Cerebral blood volume (CBV) is an important factor in cerebral hemodynamics as well as a key pa-
rameter in brain tracer studies. The newborn piglet has been shown to be a good model for the study
of brain blood flow and metabolism and this model has now been well standardized (for review see
[1]). However, apparently up untii now an estimation of regional CBV has not been performed. In order
1o establish in vivo tracer studies for further investigations of normal and disturbed brain functions in
newborn piglets, knowledge of regional distribution of CBV is necessary.

The aim of this study was to determine the regional distribution of CBV that occur under normal condi-
tions and under conditions of vasodilatation induced by hypoxia/hypercapnia.

Material and Methods

The animal experiments were performed according to the German Law on the Protection of Animals.
The study was approved by the commitiee of the Saxon state government for animal research (75-
9185.81-4.6/95).

Fourteen newborn piglets (aged 5 to 7 days old, body weight 2373 £ 381 g) of both sexes were utilized
in this study. All animals were anesthetized with 0.25 - 0.5 % isoflurane in 70 % nitrous oxide and 30
% oxygen. Body temperature, heart rate, mean arterial blood pressure (MAP), arterial and brain ve-
nous pH, pCO,, and pO,, oxygen saturation and hemoglobin values were monitored. A central venous
catheter was introduced through the left external jugular vein and was used for tracer injection and for
volume substitution (Ringer/lactate solution: 5 mi/h). A polyurethane catheter (PU 3.5 Ch, Sherwood,
England) was advanced through the right femoral artery into the abdominal aorta 1 cm above the aor-
tic bifurcation for blood sampling and for arterial blood pressure monitoring. Seven animals were held
under unchanged conditions and served as sham operated control (normoxic group). Another seven
animals underwent a change in their inspired gas composition (FiO, was lowered from 0.35 t0 0.11 in
exchange for nitrogen and about 10 % CO, was added) and served as the hypoxia/hypercapnia group.
At the15™ minute of hypoxia/hypercapnia the animals were injected with 30 - 40 MBq #0Te0, intrave-
nously.. Five minutes later the animals were killed by decapitation immediately following intracardial
injection of about 1ml saturated KCI solution, which stopped myocardial function. The brain was re-
moved within 90 seconds and further dissected for CBV measurements. In blood samples obtained
immediately before death and in brain tissue samples radioactivity of *™Tc was measured in a well
counter (COBRA I, Packard Instrument Company, Meriden, CT, and U.S.A.).Cerebral blood volume
(CBV) was calculated using the following formula: CBV = (tissue radioactivity = blood weight) / (blood
radioactivity O tissue weight) and expressed as percentage of sample weight.

Data are reported as means + SD. Comparisons between both animal groups were performed using

the ttest for independent samples and Bonferroni correction for multiple use. Differences were con-
sidered significant when P < 0.05.

Results

Table 1 summarizes the values for MAP, heart rate, arterial blood gases, and catecholamines during
baseline conditions and after fifteen minutes of hypoxia/hypercapnia. The baseline values are within
the physiological range and consistent with other data obtained from anesthetized and artificially ven-
tilated newborn piglets [2]. The supposed degree of moderate hypoxia/hypercapnia, i.e. a reduction of
arterial pO, of about twenty five per cent of baseline value in addition to nearly doubling arterial pCO,,
led to a significant increase of MAP and heart rate together with a several fold increase of epinephrine
and norepinephrine (p < 0.05). Moreover, arterial oxygen content and also brain AVDO2 were reduced
to about one third {p < 0.05). However, under this condition of hypoxia/hypercapnia brain oxidative
metabolism has obviously not been compromised. Regional CBV was significantly higher in the lower
brain stem and cerebellum compared with the values from thalamus and white matter {p < 0.05).
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Table 1. Physiological values and blood catecholamines of newborn piglets obtained during baseline
conditions and in the 15" minute of hypoxia/hypercapnia.

Control group Hypoxia/hypercapnia group

n=7 n=7

baseline baseline hypoxia/hypercapnia
Heart rate 217 = 25 200 = 23 261 = 19 *
(min™)
MABP 68 =+ 3 68 = 9 79 = 4 *
(mmHg)
Arterial pH 742 = 0.04 746 =+ 0.02 723 x= 0.05 *
Arterial pCO, 3 =+ 3 36 = 1 68 =+ 5 *
(mm Hg)
Arterial pO, 120 = 12 128 = 8 32 =+ 5 *
(mm Hg)
Arterial O, content 41 = 07 42 =+ 09 14 = 03 *
{pmol/ml)
AVDO, 25 z= 04 25 = 04 07 =+ 02 *
(mmol/l)
Epinephrine 175 = 40 217 + 169 1239 = 979 *
(pg/mi) .
Norepinephrine 504 =+ 315 481 =+ 442 7807 + 5245 *
(pg/mi)
Dopamine 204 =+ 38 145 =+ 68 262 = 94 *
{(pg/mi)

(Values are means + SD. AVDO, indicates difference of arterial and brain venous blood content of
oxygen. * P < 0.05, comparison between baseline stage and the stage of hypoxia/hypercapnia.)

Hypoxia/hypercapnia induced a considerable change in CBV. There were considerable differences
among different regions in the brain. The increase in percentage of the CBV was higher in structures
with lowest baseline values; i.e. the thalamus (66 % increase) and white matter (62 % increase). How-
ever, absolute values remained significantly higher within the lower brain stem, cerebellum and cere-
bral coriex (p < 0.05).

Discussion

The newborn piglet has been shown to be an appropriate model for the study of cerebral blood flow
and metabolism [1]. However, to the best of one’s knowledge measurement of regional CBV has not
been done before in newborn piglets. A considerable number of studies which presented parameters
of cerebral oxidative metabolism under different experimental conditions, including various sedation
states have been performed in newborn piglets [3 - 9]. Usually the CBV is measured by determining
the brain distribution space for nondiffusible red cell and / or plasma markers. Typical tracers include
S1Cr-, Fe-, *™Tc-, or C'°0 labelled red cells, or **™Tc- or radioiodine-labeled albumin. Recently, as a
new principle paramagnetic contrast media like Gd-complexes are used o determine quantitatively the
intravascular volume by using conirast MRI techniques [10, 11]. The obtained magnetic resonance
imaging of cerebral blood volume (CBV) estimates correlated well with values obtained by O labelled
carbon monoxide {(C'°0) PET. However, PET CBV values were approximately 2.5 times larger than
absolute MBI CBV values, supporting a hypothesized sensitivity of MRI1 to small vessels [12]. In addi-
tion 1o their expenses, these atiraclive approaches appear to be of limited value for use in smaller
mammais because of the limited possibility to determine exactly the input (arterial) function in MRI and
in difficully to differentiate intracranial blood volume compartments and the exiracranial compartment
with appropriate exaciness due {o a reduced spatial resolution (> 5-8 mm) in PET [12], accordingly. in
regard o the chosen method of intraparenchymal CBV we used a method based on labeling plasma
and red cells together, which allows calculation of blood volume without any correction. Therefore, this
method avoids hematocrit scurces of error because all methods based on separate red blood ceil or
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plasma labeliing alone require a correction for the difference between large-vessel and cerebral he-
matocrit [13].

Table 2. Cerebral blood volume (CBV) of different brain regions obtained during baseline conditions
and in the 15" minute of hypoxia/hypercapnia in newborn piglets.

Regional CBV (mi1100g™)

Index control groupn =6 HHgroupn=7
1 lower brainstem 2.23 = 0.22 3.29 x 0.34*
2 cerebellum 260 = 0.60 3.55 £ 0.39*
3  thalamus 155 + 0.40°"2 2.58 + 0.42+5"2
4  cerebralcortex 2.01 + 0.31 3.07 = 0.31*
5  white matter 1.50 = 0.37°"2 2.43 = 0.36*5 24

(Values are means + SD. * SpP< 0.05, * indicates the comparison between baseline stage and the

stage of hypoxia/hypercapnia; $ indicates the comparison between different brain regions, given by the
index column.)

Since we obtained brain tissue samples just after induction of cardiac arrest by intravenous potassium
chloride and subsequent brain removal, parenchymal blood volume was measured. We used *™Tc-
pertechnetate as a blood marker because evidence exist that both red blood cell membranes and se-
rum proteins could bind **"Tc-pertechnetate with a similar degree of affinity and kinetic stability [14].
Moreover, “"Tc-pertechnetate distribution between red blood cells and plasma is suggested to be
finished within a few seconds [13]. Unbiased CBV estimation is based on the prerequisite that tracer
amount and distribution (e.g. in this study " Tc-pertechnetate bound on erythocytes and serum pro-
teins) has not been affected either by the procedure of the killing, brain removal and brain sample
processing. No separate study was carried out to determine if a secondary mismaich occurred, but it
has been assumed that through the method, sequence, and timing such mismaich can be largely ex-
cluded. In detail, the procedure to gain brain tissue samples was initiated by intracardial injection of a
small volume of saturated KCi solution, which led immediately (within 2 - 3 seconds after onset of KCl
injection) to a simultaneous arrest of both ventricles. Simultaneously, decapitation was performed after
tipping the forwards by about 75° so that effluence of blood from the head was largely prevented.
Therefore, a dilution of the head blood by the injected KCl solution can be virtually excluded because
dissection of all cervical vessels occurred immediately after intracardial KCI injection. Moreover, head
repositioning by incline forwards after removal greatly prevents blood congestion as well as blood ef-
fluence. Indeed, using the procedure of decapitation should aid reduction of fransmural pressure
within cerebral circulation making arterial branches reduce in diameter. The effects on capillary beds
and venous branches should have been rather small if not abolished because the head repositioning
in order to prevent blood effluence resulted in a positive hydrostatic pressure similar to in vivo condi-
tions of infracerebral venous pressure. Therefore, the normal filling of the venous branches and of
parts of the capillary bed should not have been changed due to the procedure of brain removal. Fur-
thermore, considering that the change in capacity of arterial branches due to the reduced transmural
pressure would have been counteracted by a dilation of the resistive vessels due to terminal anoxia
and acidic waste accumulation, a corruption of CBV estimation by procedure used here would seem to
be minimal.

We chose to determine intraparenchymal blood volume as that part of total cerebral blood volume,
which deals mainly with microcirculation [13, 15]. Therefore, the approach used here provides unbi-
ased data of intraparenchymal CBV, which are of particular concern for instance in studies using
tracer kinetics methods in newborn piglets [16].

We found under normoxic/normocapnic conditions considerable regional differences of CBV with the
highest values in the brain stem and the lowest values in the forebrain white matter (p < 0.05). CBV of
the cerebral cortex was found to be similar fo data measured in adult rat forebrain after in vivo micro-
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wave fixation [17]. Other studies, however, reported considerably lower parenchymal CBV values
(about half) in adult rats [13, 15, 18]. In these studies CBV measurements were done after decapita-
tion. Estimation of CBV in young rats after killing by saturated potassium chloride and brain dissection
yielded CBV values, which were slightly higher than in adult rats [19]. As extensively discussed meas-
urement of CBV in brain tissue samples after brain removal is markedly influenced by the methods,
which were used. Todd and co-worker pointed out when the CBV is measured in small samples of
brain tissue obtained after animals are killed either by drug overdose or decapitation, the resultant val-
ues would be lower than those obtained from in vivo methods or those obtained when the brain was
fixed in situ before removal because of tracer loss from the tissue during processing [17]. Keyeux et al.
argued that a higher CBV value after in situ fixation by focussed microwave irradiation could be due to
the absence of bleeding during decapitation and dissection and also to the brain sample contamina-
tion by extraparenchymal components, since microwave fixation makes peeling off the meninges im-
possible [20]. We used brain tissue samples, which were carefully stripped of their meningeal cover-
ings so that penetrating arterial branches, capillaries and intraparenchymal veins are inciuded into
CBYV estimation. Extracerebral contamination appears almost excluded. Therefore in newborn piglets
the parenchymal CBV seems to be somewhat higher than in aduit animals.

Two different mechanisms appear to be responsible for cerebral vasodilatation under hy-
poxia/hypercapnia. Hypoxia per se induces pial artery dilation by neuronal derived nitric oxide (NO) in
newborn piglets via formation of cGMP and the subsequent release of opioids [21]. Hypercapnia-
induced cerebral vasodilation is prostanoid-associated [22] and NO independent [23] in the newborn
pig. Studies in cerebral microvascular smooth muscle cells derived from newborn pigs suggest that
arteriolar dilation in response to hypercapnia requires the presence of an intact endothelium and is
accompanied by an indomethacine-sensitive increase in cortical adenosine 3', 5™-cyclic monophos-
phate (CAMP) [24]. We assume that under hypoxia/ hypercapnia used here a maximum dilation of
cerebral resistive vessels occurred in newborn piglets.

As a consequence of this vasodilation, hypoxia/hypercapnia induced a moderate increase in CBV in
all brain regions studied (36 to 66 %) (p < 0.05). The moderate increase in intracerebral CBV may re-
flect predominantly the enlargement of the resistive vessel branches. However, minor increase of
cerebral venous pressure as might result from upstream basil dilation cannot be excluded, because
cerebral venous pressure has not been measured in this study. A capillary recruitment obviously does
not exist in the adult brain during the high flow situation of hypercapnia [25], and the brain circulation
appears to be different from peripheral vascular beds by having a continuous capillary perfusion. Ac-
cording to our data derived from newborn piglets it seems also to be true for the immature brain, con-
sidering that only a moderate CBV increase resulted under hypoxia/hypercapnia in comparison to a
tremendous CBF elevation (see following report).

One study was reported where cerebral erythrocyte volume (CEV) was monitored together with other
parameters of cerebral oxygen delivery and uptake in newborn piglets during normal conditions and
various stages of blood gas manipulation [26]. CEV was measured by erythrocytes labeled with MTe-
pertechnetate and scintillation detection over the head. Surprisingly, no significant changes in CEV
were detected throughout this study. This was obviously caused by methodological problems in regard
to the used CEV measurement procedure since extracranially counted radioactivity as a measure of
cerebral erythrocyte volume is contaminated by radioactivity emitted by labeled red blood cells from
vessel beds outside the brain, mainly from venous plexus at the base of the skull and from adjacent
extracranial tissue, e.g. nasal mucosa. The authors stated that despite all their efforts to reduce exira-
cranial contamination, e.g. shielding within the oral cavity and animal body surface by lead, about 30
% of the detected radioactivity was assumed 1o be resulted from Compton scatter from the subdural
venous plexus at the base of the skull and from adjacent extracranial tissue. However the assumption
that extracerebral erythrocyte volume varied parallel to CEV throughout the various experimental
states remains rather unlikely. Changes in blood gas composition which induce a marked redistribution
of circulating blood which is accompanied by gradual increase in sympathetic tone should lead to op-
posite responses of cerebral and adjacent exiracerebral blood volume, e.g. vasodilatation of brain
vessels (see above) and vasoconstriction of respective extracerebral vessels especially within the ad-
jacent nasal mucosa, particularly the nasal venous sinusoids since nasal mucosa blood flow and fone
of the capacitance vessels are strictly controlled by sympathetic tone [18, 27].

In summary, newborn piglets under normoxic and normocapnic conditions exhibit a comparatively en-
larged intraparenchymal CBV. Moderate hypoxia and hypercapnia induced a increase in CBV caused
by vasodilation of cerebral vessels.
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22. Effect of Hypoxia/Hypercapnia on Cerebral Blood Flow in Newborn Piglets
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introduction

Cerebral blood flow (CBF) is an important factor in cerebral hemodynamics as well as a key parameter
in brain tracer studies. A linear relationship is suggested between CBF and cerebral blood volume
(CBV) according o the fundamental equation derived by Meier and Zierler [1]. This equation states
that the mean transit time (MTT) of a tracer equals the ratio between the volume of distribution of the
tracer in the organ and the blood flow rate through the organ. Therefore it has to be assumed that the
relation between CBV and CBF is a continuously changing function which is predestined by momen-
tary metabolic requirements and that one parameter alone cannot be used as a reliable index for the
other [2].

The newborn piglet has been shown to be a good model for the study of CBF and metabolism and this
model has now been well standardized (for review see [3]).

The aim of this study was to determine the regional distribution of CBV, CBF, and MTT that occur un-
der normal conditions and under conditions of vasodilatation induced by hypoxia/hypercapnia. We
tested the hypothesis that the marked increase of regional cerebral blood flow is predominantly
caused by reduced MTT rather than increased regional CBV during hypoxia/hypercapnia.

Material and Methods

The animal experiments were performed according to the German Law on the Protection of Animals.

The study was approved by the committee of the Saxon state govermment for animal research (75-
9185.81-4.6/95).

Fourteen newborn piglets (aged 5 to 7 days old, body weight 2373 + 381 g) of both sexes were utilized
in this study. All animals were anesthetized with 0.25 - 0.5 % isoflurane in 70 % nitrous oxide and 30%
oxygen. Body temperature, heart rate, mean arterial blood pressure (MAP), arterial and brain venous
pH, pCO,, and pO,, oxygen saturation and hemoglobin values were monitored. A central venous
catheter was introduced through the left external jugular vein and was used for tracer injection and for
volume substitution (Ringer/lactate solution: 5 ml/h). The left ventricle was cannulated retrogradely via
the right common carotid artery with a polyurethane catheter (PU 3.5 Ch, Sherwood, England) for col-
ored microsphere (CMS) injection and placement was verified by pressure tracings and at autopsy. A
polyurethane catheter (PU 3.5 Ch, Sherwood, England) was advanced through the right femoral artery
into the abdominal aorta 1 cm above the aortic bifurcation for blood sampling, for withdrawing the ref-
erence sample of CMS method and for arterial blood pressure monitoring.

Seven animals were held under unchanged conditions and served as sham operated control (nor-
moxic group). Another seven animals underwent a change in their inspired gas composition (FiO, was
lowered from 0.35 to 0.11 in exchange for nitrogen and about 10 % CO, was added) and served as
the hypoxia/hypercapnia group. Physiological measurements were performed at the15th minute of
hypoxia/hypercapnia. Five minutes later the animals were killed by decapitation immediately following
intracardial injection of about 1ml saturated KCI solution, which stopped myocardial function.

Regional CBF was measured by means of the reference sample color-labeled microsphere technique.
Absolute flow to tissues measured by colored microspheres were calculated by the formula: floWssus =
number of microspheressssue M (lOWreieronce / NUMber of MICTOSPhEreS sersnce)- FlOWS are expressed in
milliliters per minute per 100g of tissue by normalizing for tissue weight. Cerebrovascular resistance
(CVR) was calculated as the quotient of mean arterial blood pressure divided by forebrain blood flow.
Assuming the oxygen capacity of hemoglobin to be 1.39 ml O/g hemoglobin in piglets [4], blood Oz -
content was calculated as equal to g hemoglobin/ml ¢ 1.39 mi O,/g hemoglobin % O, -saturation and
expressed in pMol/min ¢ 100 g. Dissolved oxygen was added by calculation, using the measured pO;
and the temperature-corrected solubility coefficient of oxygen. Because the sagittal sinus drains the
cerebral cortex, cerebral white matter, and some deep gray structures (basal ganglia, hippocampus),
blood flow measured to the cerebrum included these structures. CMRO, was obtained by multiplying
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blood flow to the cerebrum by the cerebral arteriovenous O, content difference (avDQ,). Cerebral O,
delivery (cDO.) was calculated as the product of cerebral blood flow times the arterial O, content.

Data are reported as means = SD. Comparisons between both animal groups were performed using
the t-test for independent samples and Bonferroni correction for muitiple use. Differences were con-
sidered significant when P < 0.05.

Results

The values for MAP, heart rate, arterial blood gases, and catecholamines during baseline conditions
and after fifteen minutes of hypoxia/hypercapnia are shown Table 1 of the previous report. Under this
condition of hypoxia/hypercapnia brain oxidative metabolism has obviously not been compromised.
Because of an unadapted cerebral blood flow increase to the forebrain (p < 0.05) due to a consider-
able reduction of CVR (p < 0.05) an elevated brain oxygen delivery occurred (p < 0.05) whereas
CMRO, remained unchanged (Table 1).

Table 1. Forebrain cerebral blood flow and parameters of brain oxidative metabolism of newborn pig-
lets obtained during baseline conditions and in the 15" minute of hypoxia/hypercapnia.

Control group Hypoxia/hypercapnia group
n=7 n=7
Baseline Baseline Hypoxia/hypercapnia -
Forebrain CBF 64 + 11 70 = 13 274 = 74*
(mt®*i00g* ®*min™") .
Forebrain CVR 1.08 + 0.15 0.99 = 0.19 0.30 = 0.08*
(mmHg ® 100g ® min ® mI'™)
Cerebral Op-delivery 274 = 90 303 = 70 364 = 60*
(umol ® 100g™ ® min™)
CMRO. 164 = 54 182 + 39 183 = 45
(umol ® 100g™ ® min™)
Oxygen extraction ratio 0.58 = 0.03 0.61 + 0.09 0.52 = 0.17

(Values are means + SD. CMRO:; indicates cerebral metabolic rate off oxygen.
* P < 0.05, comparison beiween baseline stage and the stage of hypoxia/hypercapnia.)

The levels of regional CBF and MTT were considerably different during baseline conditions (Table 2).
The highest perfusion rate was found in the lower brain stem and cerebellum, whereas white matter
exhibited the lowest values, which was about 38 % less than those of brain stem and cerebellum (p <
0.05). Under baseline conditions MTT was significantly prolonged within the cerebral cortex compared
with the thalamic MTT {p < 0.05). Hypoxia/hypercapnia induced a considerable change in brain perfu-
sion with a vast increase of CBF and marked shortening of MTT. However there were considerable
differences among different regions in the brain. The strongest increase of perfusion rate was found in
the lower brain stem with an improvement of 6.7 fold, which resulted in a significantly higher rCBF in
comparison to those of the cerebral cortex and white matter (Table 2, p < 0.05). MTT shortening was
pronounced in all regions - between 22 % of baseline value in the lower brainstem and 49% in whiie

matter (p < 0.05).
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Table 2. Cerebral blood flow (CBF), cerebral blood volume (CBV) and mean transit time (MTT) of dif-

ferent brain regions obtained during baseline conditions and in the 15" minute of hypoxia/hypercapnia
in newborn piglets.

Regional CBF (ml ® 100g™ ® min™) Regional MTT (s)
Index Control group H/H group Control group H/H group
n=6 n=7 n==6 n=7
1 lower brain- 69 = 11 460 = 131* 209 = 050 0.46 + 0.14%
stem
2 cerebellum 70 = 10 369 + 104" 222 = 0.31 0.61 = 0.17*
3 thalamus 62 = 9 393 = 107* 153 = 038 042 x 0.14*
4 cerebralcortex 56 = 4 258 + 72* 234 = 042%° 0.79 = 027*%
5 white matter 43 = 78" 150 1 42+81%8 206 = 052 1.05 z 0.35*5'23

(Values are means = SD. * $ P < 0. 05 indicates the comparison between baseline stage and

the stage of hypoxna/hypercapma indicates the comparison between different brain regions, given
by the index column.)

Discussion

The newborn piglet has been shown to be an appropriate model for the study of cerebral blood flow
and metabolism [3]. Therefore, a considerable number of studies which presented parameters of
cerebral oxidative metabolism under different experimental conditions, including various sedation
states have been performed in newborn piglets [5 - 8]. Mild sedation by volatile anesthetics and anal-
gesia by nitrous oxide (used here) has no detectable influence on cardiovascular response in newborn
piglets [9]. Furthermore, pancuronium administered in newborn piglets for neuromuscular blocking
while ventilation is controlled does not alter systemic hemodynamic status [10]. Cerebral blood flow
and cerebral O, uptake values presented in this study were similar to values obtained from newborn
piglets which were ireaied with other drugs for general anesthesia which were indicated to not alter
brain oxidative metabolism and therefore the accompanying cerebral blood flow [11]. However studies
in awake and unrestrained newborn piglets showed considerably higher regional perfusion rates in the
brain and also higher cerebral oxygen uptake [12]. The reason for that could be the reduced sensory
input and abolished motor function due to immobilization and artificial ventilation. There is, however,
no evidence that cerebrovascular response to hypoxia and hypercapnia under general anesthesia
used here is basically different to that in unbiased conditions [13]. Therefore the study design is ap-
propriate estimating regional CBF, and MTT under baseline normoxic and normocapnic state and
during conditions of cerebrovascular dilation induced by combined moderate hypoxia and hypercapnia
which is able to effect a compensatory blood flow increase in order to maintain an adequate brain
oxygen uptake under compromised conditions. Indeed, systemic hypoxia/hypercapnia induces a cir-
culatory redistribution even in immature mammals which favors the blood flow towards the heart, brain
and adrenals in expense of the other organs and tissues. This is mainly affected by an increase in
sympathoadrenal activity. However, in contrast fo older animals cardiovascular response in newboms
is mainly caused by circulating catecholamines because of delayed central sympathetic maturity. In-
deed, Lee and Downing have shown that hypoxia-induced cardiovascular responses were observed in
intact and ganglionic blockade piglets, but no changes occurred in adrenalectomized piglets [14]. Di-
rect stimulation of adrenal medulla and extramedullar chromaffin cells by reduced arterial pO; is
mainly responsible for increased catecholamnine release in newborn rats early after birth [15]. Neuro-
genic activation via increased efferent sympathetic tone appears to be rather unlikely since peripheral
chemoreceptors remain insensitive shortly after birth. Resetting takes several days even in precocial
animals like newborn lambs [16]. Therefore, sympathetic activity is mainly reflected by changes in cir-
culating catecholamines and may serve as a relevant indicator for an adequate response of cardio-
vascular regulation due to systemic hypoxia/hypercapnia in newbormns.
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We used the colored microsphere method for regional cerebral biood flow measurement, which was
evaluated in this lab for use on newborn piglets [25]. This method enables a multiple quantitative esti-
mation of the nutritive circulation during a short period of time (e.g. 2 to 3 minutes after intracardial
microsphere injection). In contrast to CBF determination by diffusible tracers the use of particles as
indicators of nutritive flow has been shown to be appropriate even during high perfusion states [17].

Moderate hypoxemia combined with hypercapnia, which simulates blood gas changes typical for respi-
ratory distress in newborns, leads o an exceeding CBF increase so that cerebral oxygen delivery sur-
passes baseline value but cerebral O, uptake remains not altered (Table 2). The reason for this high
increase in non-adapted cerebral blood flow should be a dilation of cerebral resistive vessels, which
appeared to be not more completely controlled by metabolic demands since cerebral oxygen metabo-
lism remained obviously unchanged, but cerebral Op-delivery was inadequately increased (p < 0.05).
This assumption is supported by findings in parallel studies on newborn piglets. We studied effects of
hypoxic hypoxia alone and of combined hypoxia/hypercapnia on CBF and the cerebral oxidative me-
tabolism. We found that hypoxia alone induced a balanced CBF increase of about 160 %, whereas
cerebral O.-delivery and CMRO; remained constant. In contrast, combined hypoxia/hypercapnia led to
a further CBF increase with a concomitant increase of cerebral Op-delivery, but CMRO; remained un-
changed [18].

Two different mechanisms appear to be responsible for cerebral vasodilatation under these conditions.
Hypoxia per se induces pial artery dilation by neuronal derived nitric oxide (NO) in newborn piglets via
formation of cGMP and the subsequent release of opioids [19]. Hypercapnia-induced cerebral vasodi-
lation is prostanoid-associated [20] and NO independent [21] in the newborn pig. Studies in cerebral
microvascular smooth muscle cells derived from newborn pigs suggest that arteriolar dilation in re-
sponse to hypercapnia requires the presence of an intact endothelium and is accompanied by an in-
domethacine-sensitive increase in cortical adenosine 3, 5-cyclic monophosphate (CAMP) [22]. We
assume that under hypoxia/ hypercapnia used here a maximum dilation of cerebral resistive vessels
occurred in newborn piglets.

A capillary recruitment obviously does not exist in the adult brain during the high flow situation of hy-
percapnia {23], and the brain circulation appears to be different from peripheral vascular beds by hav-
ing a continuous capillary perfusion. According to our data derived from newborn piglets it seems also
to be true for the immature brain, considering that only a moderate CBV (see previous report) increase
resulted under hypoxia/hypercapnia in comparison to the tremendous CBF elevation. According to the
law of continuity of flow, in the case of continuous capillary perfusion, biood flow regulation is under
unigue control of vasomotion. Because the cerebral arteries, as well as pial arteries and arterioles rep-
resent the main part of cerebral resistive vessels [24], cerebral perfusion is mainly regulated outside
the parenchyma itself. Therefore, under conditions of marked vasodilation like combined hy-
poxia’hypercapnia with concomitantly marked CVR decrease, an increased pressure gradient
throughout the microcirculating branch has to be assumed because pressure decrease along the re-
sistive vessels was considerably reduced. As a consequence, perfusion velocity through intraparen-
chymal vessels, mainly shaped by the capillary network, must be increased, as shown in this study by
a considerable shortening of MTT. In regard to the disproportionate shortening of MTT in comparison
to the changes in intraparenchymal CBV increase there is no prediction about the behavior of extrapa-
renchymal CBV which represents about 75 per cent of total CBV [17] and includes main branches of
resistive vessels which are predominantly enlarged due to hypoxia’hypercapnia. Nevertheless, MTT
shortening appears to be a direct consequence of cerebral vasodilation. Further influences, like in-
creased cerebral perfusion pressure ray be additional factors influencing perfusion velocity within
cerebral microcirculation. However, the observed small but significantly increased arierial blood pres-
sure of 117+13% obviously did not seriously affect the marked CBF increase to 393 + 79 % and MTT
shortening to 32 + 11 % due 1o hypoxia/hypercapnia. Indeed, there was no correlation between arterial
blood pressure and forebrain CBF during normoxic conditions (R® = 0.092) as well as at hy-
poxia‘hypercapnia (R? = 0.056), as expected, since arterial blood pressure was in all cases above the
autoregulatory threshold considerably lower in newborns than in older animals [25,26] but only insub-
stantially increased.

More relevant for microcirculatory exchange funciion should be that parenchymal MTT was considera-
bly reduced which reflects a marked increase in blood flow velocity within the microcirculation. There-
fore, the contact time for substance exchange within the capillaries could be critically reduced and
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should surpass a possible increment in exchange area. This could be assumed to be due to a slightly
increased filling of the capillary network.

In summary, newborn piglets under normoxic and normocapnic conditions exhibit a comparatively en-
larged intraparenchymal CBV. Moderate hypoxia and hypercapnia induced a marked increase in cere-
bral blood flow, which appears to be caused by an increased perfusion velocity, expressed by a
strongly reduced mean transit time. Concomitant CBV increase remains moderate.
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23. A New Tropane-Derived Rhenium Complex with High Affinity for the Dopamine
Transporter

A. Hoepping, M. Reisgys, P. Brust, S. Seifert, H. Spies, R. Alberto’, B. Johannsen
"Paul Scherrer Institut, Villigen, Switzerland

Introduction

Parkinson’s disease is characterized by a significant loss of dopaminergic neurons in the basal gan-
glia. A decreased specific striatal uptake may therefore indicate early pathological states and aIIow a

diagnosis, preferably by a radiotracer [1]. Considerable efforts have been made to incorporate a*"Tc-
containing unit into a CNS receptor-targeted agent [2 - 7].

Here we describe the synthesis of the new DAT-binding ligand 4,7-dithiaoctanoic acid (3p-(4-
ﬂuorophenyl)tropan 2Pyl)-methyl ester and its coordination reaction with the tricarbonylmetal(l) centre
of Re and *™Tc-forming complexes of the common formula [MX"S;’(CO)s] (“Sz” = RS(CH,),SR). We

also report in vitro competition binding studies of 3 and the rhenium complex 4 with DAT, the serotonin
transporter (5-HTT) and the norepinephrine transporter (NET).

Experimental

Starting from CFT, the new chelating figand 3 was prepared by introduction of a dithioether unit into

the 2B-position. The synthesis route is shown in Scheme 1. The desired product 3 was obtained in a
quantitative yield.

Scheme 1. Synthesis of ligand 3 and the complexes 4a,b.

Q
Me Me, Q
\ d \ OH }—\_
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N N S
. \M/
F F oc” | _.)((3
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3 4a M =Re; X=Br

4b M =9Tg; X=Cl

Reagents: a DIBAL, toluene, 0 °C,85-95 %:; b EDCI DMPA, CH:Cl,, 25 °C, quant.;
¢ (NEty)2[MX5(CO)s] (M = Re, X = Br; M = *™T¢, X = Cl), MeOH, 25 °C.

The synthesis of the rhenium complex 4a was performed by reaction of 3 with (NEL), [ReBra (CO)s] in
methanol [16]. Aiter work-up 4a was obtained in a 83 % yield.

Elemental analysis, mass spectra and IR spectra clearly indicate the proposed structure of 4a. The
tricarbonyl rhenium core is charactenzed by the strong vibration bands at 2032, 1940 and 1904 cm’”
An additional C=0 band at 1728 cm’ belongs to the ester group. The mass spectrum (FAB®) shows
the molecular peak at m/z 762. The synthesis of the corresponding *™Tc complex 4b was carried out
by reaction of 3 with the analogue ®™Tc precursor according to [17]. Purification and characterization
of the complex was completed by HPLC (R, = 6.2 min). The complex was obtained in a 60 — 65 %
yield of 97 % radiochemical purity.
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Results and Discussion

The binding affinities of the compounds 3 and 4a for DAT, NET and 5-HTT, determined by competi-
tive binding assays using [PHICFT, [*H]nisoxetine and [PH]paroxetine as radioligands [21, 22], revealed
a high affinity for cloned human DAT and a moderate affinity for NET and 5-HTT. Most remarkably, the
dithioether-containing CFT3 has an affinity higher by one order of magnitude than CFT, and this high
affinity is not diminished by complexation. Reserving poor statistics, the rhenium complex 4a binds
even more strongly to the high affinity site than the chelator 3 (Table 1).

Our IC5, values obtained on cloned human DAT expressed in CHO cells are about four times lower
than those found by Pristupa et al. [25], using COS-7 cells. Because of inconsistencies in the literature
in describing one or two binding sites, we also calculated the affinities assuming only a single binding
site and found a higher affinity for 4a (ICso = 1.5 nM + 0.4 nM) than for 3 (ICs, = 3.2 nM = 0.3 nM). Itis
known that CFT also binds to 5-HTT and NET. Qur data (Table 1) shows that the introduction of rhe-
nium into the chelating tropane derivative 3 decreases the affinity towards 5-HTT but, interestingly,
increases the affinity towards NET.

Table 1. Binding data (IC50 values) of B-CFT, 3 and 4 to the monoamine transporters. Data are
means £ S.EM. (n=3-4).

DAT high affine (nM) DAT low affine (nM) NET (nM) 5-HTT (nM)
B-CFT 262+1.06 139172 834 £45[17] 759 +£47[17]
3 0.227 £ 0.202 5.69+1.20 16.3+0.6 285146
4 0.146 £ 0.042 20.3+ 16.1 73+1.1 71.8+14

Considering the high affinities of 3 and the complex 4a, it is assumed that the chelating group of 3 or
the chelate in 4a are active parts in the ligand-transporter interaction. The increased lipophilicity of 3
and 4a compared with 1 may enhance the interaction of the ligand molecule with the transporter,
which is characterized by hydrophobic interaction and an assumed hydrogen bond. This argument is
consistent with the previously reported resuits by Kozikowski regarding a 2-vinyl substituted cocaine
analogue [26] and by Carroll regarding 2-heterocyclic substituted derivatives [27]. Both reports also
suggest that hydrophobic interaction may contribute to the binding to the DAT.

Conclusions

The results show that the M(l) carbonyl/dithioether ligand system is a valuable tool for the design and
synthesis of receptor-affine technetium and rhenium complexes. In the present case the introduction
of a dithioether chelator into the tropane moiety causes an increase in affinity in the subnanomolar
range which is further enhanced by complexation.
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24. Investigations for an Improved Synthesis of TRODAT

1. Heimbold, A. Hoepping, S. Seifert

introduction
Recent publications by Kung and coworkers described [*™Tc]TRODAT-1 1 to be a useful imaging
agent in the evaluation of the status of CNS dopamine transporters in humans [1 - 4].

S QS
()

T
H,C—N N_ N

[*"Tc]TRODAT-1 1

The authors describe a sequential synthesis of TRODAT starting from 2B-carbomethoxy-3j-
phenyltropanes [1] as shown (Scheme 1).

Scheme 1.
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Deprotection of the thiol functions occurs with Hg(OAc), followed by radiolabelling with sodium
™ Tc]pertechnetate.

The interest of our group in further investigations of TRODAT made it aitractive to look for an im-
proved synthetic route to obtain this compound.
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Results and Discussion

In our opinion some modifications of the original synthesis would be favorable. Therefore we devel-
oped the following new synthetic strategy (Scheme 2).

Varying the synthesis by Kung and co-workers we investigated the combination of the complete
MAMA ligand with the tropane molecule and we tried to find protecting groups for the thiol functions of
the MAMA ligand which give the possibility to carry out the deprotection reaction simultaneously with
the °™Tc labelling reaction. Good experiences in this case were made in our group with trityl groups .

Scheme 2.
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The 2B-carbomethoxy-38-(4-chlorophenyl)tropane 2a was prepared following previously described
methods [5]. Protection of the tropane amine function of 2a occurs by refiuxing it in ethylchloroformate
(98 % yield). In the next step the methylester 9 was reduced to the alcohol 10 in 96 % yield, using
LiBH, in diethylether at room temperature.

It is not possible to prepare 2B-(hydroxymethyl)-3B-(4-chlorophenyl)iropane [5] and protect the tropane
amine function in the next step because of the reaction of ethylchloroformate with the hydroxy group
(Scheme 3).

Scheme 3.

CH,

n oH CH:‘\N ’ C t
CICOOEt
Gt —— i

12 13

Treating 10 with trifluoromethansulfonic anhydride in methylenechioride at —10 °C yields the corre-
sponding triflate, which reacted - without separation - with the MAMA, ligand and was stirred at room
temperature for one day. Purification occurs by flash chromatography on silica gel with first
ether/methylenechloride/methanol (10 : 5 : 0.1) and second ether/ethylacetate/methanoVNH,OH (10 :
8.5:1:0.5). Yields between 50 % and 70 % of 11 were reached.
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Reduction of trityl-protected 11 to 8a with LiAlH, was not possible because of instability of the frityl
groups against the reducing agent. Therefore we had to look for another useful protecting group.

*"Tc labelling investigations with p-methoxybenzyl-protected 8a (yielded by Kung synthesis) in a
strong acidic medium showed that it is possible to carry out deprotection simultaneously with the la-
belling reaction (yield about 50 %). Now we study the coupling reaction of the p-methoxybenzyl-
protected MAMA ligand with the triflate of 10 and the following reduction. First encouraging results
were reached but yields must be improved.
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25. Potentially Dopamine Receptor-Binding Technetium and Rhenium Tracers:
Synthesis and Characterisation of Ligands Derived from Partial Structures of Epidepride

M. Scheunemann, H.-J. Pietzsch, H. Spies, P. Brust, B. Johannsen

Introduction

During the last four decades numerous substituted benzamides have been developed as potential
antipsychotic agenis due to their ability to block dopamine D-2 receptors [1].

Amongst this class of compounds the 2-methoxy or 2,3-dimethoxybenzoic acid amides are highly po-
tent and selective D-2 receptor antagonists. Especially amides having a 2-pyrrolidinylmethyl side
chain, such as raclopride, sulpiride or epidepride, aitracted attention because of their good penetration
through the blood-brain barrier and an exceptionally good receptor-binding profile [2].

As part of a project concerned with the synthesis of Tc complexes for in vivo imaging of neurorecep-

tors by SPECT, we decided to apply the structure of epidepride and its bromo-analogue FLB 457 as
the lead for our investigations.

.
Y Y
P U
O
CH
HC” 3
FLB 457 NCQ 114
Ki: 0.018 nmo! Ki: 14.5 nmol

Previous studies by Hall and co-workers showed that steric bulk at the side chain of the pyrrolidine
nitrogen may affect the receptor-binding potency [3]. Furthermore, the stereochemistry at the 2'-
position is crucial for its neuroactivity, as only the S-enantiomer exhibits the desired picomolar affinity
to the D-2 receptor. In an attempt fo attenuate the detrimental effect of the fluoro alky! substituent on

the pyrrolidine amino group, Mukherjee reported on a new class of fluorinated neuroleptics as candi-
dates for use as radiotracers for PET [4].
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In these derivatives, which show a high affinity to the D-2 receptor, the fluorine atom is incorporated as
a 3-fluoropropy! group on the benzene ring.

These disclosures prompted us to choose the 5-position at the benzene ring rather than the 1°-position
of the pyrrolidine ring for linkage of a suitable Te-chelating unit.

Chemistry

(S)-2-Aminomethyi)-N-ethylpyrrolidine was prepared following a procedure described in the literature
[5]. Natural (S)-proline was both esterified and simultaneously N-ethylated by treatment of the amino
acid with iodo ethane in dry DMF. Then the ester (1) was transformed into the amide (2) in the pres-
ence of methanolic ammonia in a closed vial at 50°C for 20 hours. Finally the reduction of the amide to
the desired amino compound (3) was accomplished by reaction with lithium atluminium hydride in THF.
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For the preparation of an appropriately derivatized benzoic acid we started from commercially avail-
able 2-hydroxy-3-methoxy benzoic acid. After its esterification with methanol in the presence of sul-
phuric acid, the resuiting ester (4) was alkylated by means of 3-bromo-1-propene in DMF at room
temperature to yield the allyl ether (5). Claisen rearrangement was effected by heating the allyl ether
at 210 — 220°C for 3 hours [6].
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For the methylation of the phenolic hydroxy group with iodomethane we used reaction conditions
similiar to the allylation step. Finally the ester (7) was saponified to yield the sustituted benzoic acid (8)
in a 61 % overall yield.

R-SH pSY ,
1. oxalyl chloride, CHCl, fo]
9 (R: H,CSCH,) OH 2.3 (> 13) R
10 R: CHscO) 3. NaOCH3 -> 14)
/\/C[ ® 0‘
('>" 95%) CH, (>13 72% R CH,

(> 12, 92%) (>14, 65%) o)
s HC HC
11 (R: H,CSC,H,) 13 (R:H,CSC,H,)

12 (R: CH,CO) 14 (R:H)

2,3-Dimethoxy-5-allyl-benzoic acid (8) represents a valuable starting material for a number of reac-
tions leading to appropriate chelators for technetium in various oxidation stages.

For our purpose we selected on the main two transformations. A chelating unit containing two sulphur
donors was at first attached to the olefinic group of 8 by radical addition of 2-methyl-thioethy! thiol {9).
The intermediate benzoic acid (11) was then coupled to the pyrrolidine derivative (3) by its carboxylic
acid chioride, which was obtained by treatment with oxalyl chioride in chloroform.

In a similiar manner heating of 8 with a surplus of thiol acetic acid (10) yielded the S-acetyl-protected
derivative 12. Again the carboxylic group in 12 was activated by the oxalyl chloride under mild condi-
tions (< 20°C). Without isolating the acid chloride intermediate, the S-acetyl derivative of 14 was ob-
tained in a 73% vield after reaction with 3 at 20°C for 10 h. Deprotection proceeded efficiently (90%
yweidz and cleanly in MeOH in the presence of sodium methanolate at 6 — 18°C for 2 h.

The 'H and "C NMR spectra of 7, 8 and 11 — 14 clearly confirm the success of the addition step, the
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coupling to amine 3 and removal of the protecting group from the precursor of 14.

With 13 and 14 in hand, we have already staried to prepare neutral Tc complexes both on a c.a. and
n.c.a. level.
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26. Implementation of the Catecholamine Analysis and Precolumn Technique in
Amino Acid Determination with the Fluorescence Label Naphthalene-2,3-
dicarbaldehyde

G. Vorwieger, R. Bergmann, P. Brust

Various projects currently under investigation necessitate measurement of extracellular indicator
molecule concentrations, many of them being primary amines (Table 1). In the past decades, neuro-
chemical research generally included brain microdialysis as a suitable tool for such tasks. Surgical
know-how and standard amino acid analysis were established in our group as early as in 1994 [5].

Table 1. Implication of primary amine solutes in recent research subjects

Subject Indicator solutes Function of indicator solute
role of dopamine metabolism in | glutamate, taurine, glycine, | modulator of aminergic trans-
the pathogenesis of asphyxia-|y-aminobutyric acid (GABA) mission, excitatory and inhibitory
induced brain injury amino acids (excitotoxic index)
role of dopamine metabolism in | dopamine (DA), | neurotransmitter, marker for DA
the pathogenesis of asphyxia-|3-methoxytyramine, norepineph-|release and catalyst of radical
induced brain injury rine, DOPA genesis .
["Flfiuoro-DOPA Positron Emis- | fluoro-DA, fluoro-DOPA, etc. inactive carrier of radiotracer:
sion Tomography kinetics and metabolism
fluorinated peptide-receptor | neurotensin fragments visualization of receptor densi-
tracers ties, undesirable cleavage prod-

ucts
serotonergic system and de-|serotonine neurotransmitter
pression
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Since 1995 trace analysis of primary amines by derivatization with naphthalene-2,3-dicarbaldehyde
(NDA) and HPLC separation/flucrescence detection of the resulting cyanobenzisoindole (CBI) deriva-
tives has been consistently applied. Components of the application ensuring a desirable high sensitiv-
ity and reproducibility have already been developed and described [4].

In this work the inclusion of catechol analytes as additional modules in the application and the ex-
tended HPLC-configuration "reconcentration of the CBl-derivatives on a precolumn" will be verified.
The reconcentration, along with the benefits mentioned in the discussion, is a prerequisite for experi-
mental manipulations such as dilution with catechol protection solution and removal of excessive rea-

gents by precipitation.

Methods

A compromise was to be found between the high reacitivity of the catechol group in alkaline solutions
and the alkaline pH optimum of the derivatization reaction. In orientating trials with DOPA and DA we
found undesirable side reactions leading to spontaneous browning (oxidation, condensation producing
melanines) which were visible o the naked eye. A catechol protection solution CPS (yet to be pub-
lished) was therefore introduced. As an alternative to the automatized reactions described in 4], all
derivatizations mentioned in this report were performed by the following manual procedure:

mix 1 vol. acidified sample/standard with 0.25 vol. CPS + cyanide and 0.5 vol. methanolic NDA, allow
for reaction (1 min}, add the stopping reagent {0.5 vol., fryptamine excessive to NDA; containing CPS),
allow another 5 min for reaction, cenirifuge at 12,000 x g for 5 min. A tightly sealable glass microvial
that withstands centrifugation was chosen to prevent adsorption and NDA recrystallisation due to

methanol evaporation.
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All other conditions were the same as described in the experimental section in [4].

For the precolumn/reconcentration experiment the following modifications were introduced: precolumn
Waters SENTRY guard 3.9 mm diameter x 20mm length, Symmetry C18 5 yu, mobile phase un-
changed, load of 200 pl sample at a flow 0.3 mi/min. Backilush onto the analytical column (4.6 x
150 mm high-speed column packed with Symmetry C18 3.5 p, Waters) with a steep MeCN gradient
beginning with a high elution power, pH adjusted to 6.4, flow 1.5 mi/min. Swiiching valve: 6 port
(Valco cheminert) with microbore port diameter, pneumatic actuator with high-speed switching assem-

bly. The temperature of both columns was maintained at 30 °C within a Jetstream 2 (Eppendort
BIOTRONIK) column oven.
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Fig. 1. Fluorescence traces of one and the same sample (deproteinised human plasma)
immediately after derivatisation (top) and after 5 days of storage
at room temperature in the dark (botiom)
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Results and Discussion

CBiI derivatives of (deproteinized) human plasma amines were rendered stable for 5 days of storage at
room temperature in the dark. Even within such a complex sample matrix there is no significant
change in peak areas (Fig. 1).
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Fig. 2. Fiuorescence traces demonstrating the results of DOPA derivalisation by the conventional
procedure (top) and by addition of CPS (botiom).
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This stability allows measurement of large sample sequences, i.e. at least one autosampler tray (34
samples, their measurement takes about a day) also without autosampler cooling devices. The stabil-

ity of CBi-dopamine and CBI-DOPA was verified in separate experiments with standard com-
pounds(data not shown).

9&

0. )

LI RN SN M L R AL SRS R S BRI ERRAE M B A SR RN R SN M U SN MM N AL I RN AL AL NN R R

10 2 X 40 L | @ M nin

Fig. 3. Fluorescence trace of CBI derivatives of proteinogenic amino acids and DA on line recon-
centrated from a large sample volume and backflushed with a steep gradient.

The trace in Fig. 2 (top) is the result of DOPA analysis without CPS. The multitude of polycondensa-
tion products gives raise 10 a broad signal agglomerate which moreover exhibits a sitrong memory
phenomenon on the column (the latter is not shown). With CPS there remains just common peak tail-
ing as compared to neutral amino-acid CBls (Fig. 2 botiom). We assume that this remaining problem,
which of course impairs the detection limit, can be abolished by a lower pH of the mobile phase.

The catecholamines are commonly determined by HPLC with electrochemical detection ECD. With
ECD the only selectivity criterion is the oxidation potential, which of course is not group specific. A
noisy background and restrictions in gradient use are ECD characteristics. To our knowledge there
have been just 3 papers until now reporting on the contemporary fluorescence analysis of amino acids
and catecholamines by derivatisations with NDA or the related ortho-phthalaidehyde OPA [1, 2, 3].
Two of them [2, 3] are restricted to online (to CE) derivatizations.

Here we demonstrate the integration of catecholamines into an amino-acid protocol. it is 0 longer nec-
essary to split the samples volumes, which are anyway minute, into an amino acid and a catechola-

mine analysis. The fluorescence detection of the derivatives is moreover more sensitive than electro-
chemicali detection.
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Fig. 3 is the result of a precolumn/reconcentration experiment with a commercially available amino
acid standard solution stocked up with DA. Though we used just a rather short precolumn, all solutes
but aspartic acid (15 %) and glutamic acid (60 %) were quantitatively recovered. These acidic species
can probably be included in the range of quantitative recovery by lowering the pH of the loading mo-
bile phase, adding to it basic ion pairing reagents, and elongating the precolumn.

The in vivo experimental procedures can thus be performed quite independently of any analytical de-
mands, keeping the benefits of low limit of detection [4 ].

The capability of quantitative reconcentration abolishes handling difficulties because n* microlitre
sample volumes can be taken up immediately in convenient volumes of stabilization solution.

The analytical column receives the sample via backflush in an optimized manner (within its own mo-
bile phase, guaranteed free of particles, the only dilution being the dispersion of the valve void vol-
ume). Thus, as in the demonstrated case, the employment of high-speed columns becomes possible.
Difficult separating processes, e.g. CBI-arg and CBI-citrulline, can be carried out by all available spe-
cific tools of HPLC, regardiess of any matrix problems.
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Introduction

The persistent vegetative state is characterized by a comatose state with a preserved sleep-wake
cycle, but without detectable awareness [1]. Most often this syndrome is due to a severe brain injury.
For many patients this state is irreversible, but some of them show improvement after intensive reha-
bilitation efforts [2]. To further characterize the extent of functional brain damage we evaluated brain
perfusion and cerebral glucose metabolism in this patient group.

Materials and Methods

Patients: 16 patients (3 female, 13 male, age 18-67 years, median age 47.5 years) with persistent
vegetative state and dilated ventricular system were investigated. The persistent vegetative state de-
veloped after a head trauma or cerebral haemorrhage. The time interval between the initial brain injury
and the scanning procedure was 2.5 to 11 months. Blood glucose levels at the time of investigation
were within physiological limits, none of the patients was diabetic.

Imaging procedures: Brain perfusion was assessed with Single Photon Emission Computed Tomogra-
phy (SPECT) using a 3-headed gamma camera (Multi SPECT IiI, Siemens). Ten minutes after injec-
tion of 750 MBq Tc-99m-ECD {(Neurolite, DuPont) a static tomographic acquisition was performed.

The cerebral glucose metabolism was measured with dynamic Positron Emission Tomography (PET)
using a dedicated full-ring PET scanner (ECAT EXACT HR", Siemens /CTI, Knoxville, Tenn., USA). A
dynamic data acquisition over 60 min was performed after intravenous injection of 300 MBq ["°FIFDG
(in-house production [3]). Several pseudo-arterial blood samples were taken at the same time to de-
termine the input function of the tracer. The actual blood glucose level for quantitative analysis of the
cerebral glucose metabolism was measured 20 min and 40 min after the start of the scan. Quantitative

parametric images of the regional metabolic rate of glucose were derived using the Gjedde-Patlak
approach [4 - 6].

After reconstruction of both data sets, image fusion of PET and SPECT data was performed
(MPITOOL, {7, 8]. Differences in glucose metabolism and perfusion were qualitatively evaluated by
visual analysis. Furthermore, quantitative data were derived from anatomically defined regions of
interest’ (ROV) according to the vascular territories of the main brain arieries.

For a direct comparison of perfusion and MRGlc, the values derived by ROl analysis were normalized
to the total counts (SPECT) and MRGlc (PET) of grey matter.

Statistical data evaluation using the paired and unpaired t-test was performed with commercial soft-
ware (StatView, SAS Institute Inc.). A p-value of < 0,05 was used as level of significance.

Results and Discussion

Visual analysis of the data revealed that all patients showed substantial defects of regional perfusion
and metabolism. The cerebral glucose metabolism was impaired even in brain areas not primarily
affected by the trauma. In the lesion area the defect of the glucose metabolism was more extensive
than the perfusion defect (Fig. 1).Quantitative analysis of the absolute cerebral metabolic rate of glu-
cose (MRGic) revealed significantly lower values in the cortical and subcortical areas than the normal
controls (Fig. 2). This difference was not significant in the areas of the brain stem and the vermis of
the cerebellum. These findings are in accordance with the literature, in which reduced values of the
cerebral glucose metabolism are described in patients with a persistent vegetative state [9 - 11}
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Fig. 1. A 46-year-old patient 3 months after brain trauma. Upper row ['°FJFDG-PET, lower row
%emTc-ECD-SPECT. Regional hyperperfusion (arrow) with relatively low glucose metabolism.
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Fig. 2. Comparison of MRGlu in various brain regions in vegetative state and controls.

Concerning the relative glucose metabolism and perfusion, the glucose metabolism of cortical regions
was more severely impaired than the perfusion (Table 1). In lesions and even more clearly in their
border zones, perfusion was betler preserved than the glucose metabolism (Fig. 3). No significant
differences beiween normalized MRGIc and normalized perfusion were found in subcortical areas,

brain stem and vermis of the cerebellurn.

Under physiological conditions there is a close correlation between brain perfusion and cerebral glu-
cose metabolism [12]. A dissociation of these two parameters in cortical areas was found in this study.
The higher perfusion indices in cortical areas seem to represent changes in the sense of ‘luxury per-
fusion‘. Therefore, the evaluation of the viability of brain tissue seems to be more predictive with
[®FIFDG-PET than with **™T¢-ECD-SPECT.
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Nevertheless, to assess the prognostic value of both imaging modalities with respect to the clinical
outcome a longer follow-up of the patients is needed.

Table 1. Comparison of normalized PET and normalized SPECT in various brain regions

n-PET n-SPECT

Region Mean = SD Mean + SD p=
Anterior * 0,83 +0,28 0,91 £ 0,31 < 0,05
Media * 0,88 £ 0,23 0,95 + 0,24 < 0,05
Posterior * 0,85+ 0,21 1,101£0,23 <0,05

Basal ganglia 1,10£ 0,34 1,00 £ 0,21 n.s.

Thalamus 0,81 £0,23 0,75 +£0,17 n.s.
Cerebellum 0,86 £ 0,20 1,08 +0,12 < 0,05
Brain stem 0,80 0,11 0,68 +0,13 < 0,05

Vermis of cerebell. 1,15+£0,35 1,12+ 0,16 n.s.

n.s. = not significant
* territories of the main brain arteries

borderzone

Fig. 3. Comparison of normalized PET and normalized SPECT in brain lesions and their border zones
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28. Synthesis of Enantiomerically Pure Thioester Precursors of [''C]McN-5652

P. Gucker', J. Zessin, S. M. Ametamey', J. Steinbach
"Center of Radiopharmaceutical Science, Paul-Scherrer-Institut Villigen (Switzerland)

Introduction

The radioligand [''C]McN-5652 (trans-1,2,3,5,6,10b-hexahydro-6-{4-(["' Clmethylthio)-phenyl]pyrrolo-
[2,1-a]-isoquinoline, [''C}-1) is a potent tracer for imaging serotonin uptake sites with positron emission
tomography (PET) [1, 2]. In vivo investigations in baboons and humans have shown that satisfactory

target-to-non-target ratios (hypothalamus to cerebellum ratio) of 1.5 — 1.8 are only obtained using the
biologically active {(+)-enantiomer 3, 4].
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["'Cl(+)-McN-5652 is prepared by methylation of the normethyl compound 2 with [''C]methy! iodide [5].
The normethyl precursor 2 can be prepared by demethylation of 1 by treatment with sodium
thiomethoxide [5]. The stability of the thiol 2 was increased by conversion into a thioester as thiol
acetate 3 or butyrate [6]. The demethylation using sodium thiomethoxide is accompanied by a confor-
mational change which reduces the portion of the desired trans diastereomer to about 40 %. This iso-
merization reaction is avoided by demethylation using sodium amide in liquid ammonia [7].
(+)-McN-5652, the starting compound for the precursor synthesis, is not commercially available. The
known preparation method of (+)-1 is based on resolution of racemic 1 by recrystallization of the
(+)-tartrate [8], but this procedure gives no satisfactory resuits [9].

This problem can be prevented by a stereoconservative synthesis utilizing the 6-(4-bromophenyt)
analogues of 1 as key intermediates [9]. However, this procedure requires time-consuming prepara-
tion of the bromophenyl compound.

In this paper we describe a route for preparation of the enantiomerically pure thioester precursors (+)-
3 and (-)-3 starting from racemic McN-5652. The preparation is based on the resolution of racemic 1
by crystallization with (+)- and (-)-di-p-toluoyhartaric acid. The S-demethylation was performed by
treatment of (+)-1 or {-)-1 with sodium amide (see Scheme 1).

Scheme 1. Synthesis of the thioester precursor for [''CIMcN-5652

(+)-2 )3
O 2 ({-)4
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Experimental

Reagents and solvents were obtained from commercial suppliers and were used without purification.
Racemic McN-5652 was prepared starting from 2-phenylpyrrolidine and 4-methylthiomandelic acid
according to literature procedures [8, 10].

"H NMR spectra were recorded with a Varian INOVA 400 NMR spectrometer. The chemical shifts are
expressed in ppm relative to tetramethylsilane. CDCl; or benzene-ds were used as solvent and inter-
nal standard. The enantiomeric purity was determined by NMR spectra of the (+)-Mosher’s acid salts
{(+)-o-methoxy-a(trifluoromethyl)phenylacetic acid, (+)-MTPA) of 1 as described by Villani et al. {11].
Optical rotations (589 nm) were obtained by using a JASCO Digital Polarimeter DIP-370.

HPLC analyses were performed with the following chromatographic systems:

Chemical purities were determined with a Purospher RP 18 column (125 mm x 3 mm, 5 ym) eluted
isocratically with acetonitrile/water (50/50) containing 0.1 M ammonium formate at a flow rate of
0.5 mi/min. The enantiomeric purity was determined with a Chirobiotic T column (250 mm x 4.6 mm,
5 pm) eluted isocratically with methanol/acetic acid/triethylamine (100/0.1/0.05) at a flow rate of
1 mi/min.

Resolution of racemic trans-1,2,3,5,6, 10b-hexahydro-6-[4-(methyithio)-phenyljpyrrolo-

[2, 1-aj-isoquinoline

Racemic McN-5652 as a free amine was dissolved in acetonitrile, filtered and added to a solution of
(+)-dip-toluoyitartaric acid in acetonitrile. The combined solutions were left to stand at ambient tem-
perature for 24 h. The precipitate was separated, dried, dissolved in hot ethanol, and left to stand at
room temperature for 3 days to give off-white crystals. .

A sample was converted into the (-)-tarirate, which showed an optical rotation of [o]*"p ~51.90 (MeOH,
¢ 0.236). "H NMR of the (+)-MTPA salt showed an enantiomeric excess (ee) of (-)-1>98 %

The mother liquors of previous crystallizations were evaporated. The residue was partitioned between
aqueous NaOH and dichloromethane. The resulting oil was dissolved in acetonitrile, combined with a
solution of (-)-dip-toluoyltartaric acid in acetonitrile, and left to crystallize at ambient temperature for
1 day to produce off-white crystais, which were enriched with (+)-1 (determined by HPLC of the (+)-
MTPA salt, ee > 98 %). A sample was converted into the (+)-tartrate: [a]*'p +50.50 (MeOH, ¢ 0.221).

Trans-1,2,3,5,6, 10b-hexahydro-6-[4-(acelyithio)-phenyllpyrrolo-[2, 1-a]-isoquinoline ((+)-3, (-)-3)
The thioesters (-)-3 or (+)-3 respectively were prepared by demethylation of (-)-1 or (+)-1 with sodium
amide in liquid ammonia and subsequent reaction of the resulting thiol with acetyl chioride as reported

in [7].

Radiosynthesis of (+)- and (-)-trans-1,2,3,5,6, 10b-hexahydro-6-[4-(['’ Cmethyithio)-phenyllpyrrolo-[2, 1-
a-isoquinoline ([+"'Cl(+)-1, [+ 'CJ(-)-1)

["'CJ(+)- or [''C}(-)-McN-5652 were prepared by hydrolysis of the thioester precursor (+)-3 or (-)-3 fol-
lowed by methylation of the resuliing thiol with [''Clmethyl iodide according to the literature procedure

[9l.

Resutis and Discussion

The parent McN-5652 ((+)-1 was prepared starting from 2-phenylpyrrolidine and 4-methylthiomandelic
acid in a five-step synthesis as reported in [8,10]. Initially, we tried fo resolve the racemic product by
repeated crystallization of th (+)-tartrate from ethanol or acetonitrile similar to [8]. These operations
produced no enrichment of any enantiomer, which confirms the resulis of Huang et al. [9]

In an aliernative method, we tested the recrystallization of racemic 1 with (+)-di-p-toluoyltartaric acid.
Unexpectedly, the initial crystallization from acetonitrile yielded (-)-1 in an enatiomeric purity of about
90 %. Optically pure (-)-1 (ee > 98 %) was obtained after an additional recrystallization from ethanol.
The mother liquors of the initial crystaliizations were enriched with the (+)-enantiomer (ee > 90 %).
Another crystallization of the recovered amine with (-)-di-p-toluyliratraic acid from acetonitrile produced
optically pure (+)-1 (ee > 98 %).

The enantiomeric purity was determined by 'H NMR specira of the McN-5652 enantiomers with
(+)-MTPA. In addition to 'H NMR, analysis of the enantiomeric composition was performed by chiral
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HPLC. A separation of (+)-1 and {-)-1 was achieved using the glycopeptide teicoplanine as chiral sta-
tionary phase.

The separated enantiomers of 1 were converted into the related thiols 2 by treatment with sodium
amide in liquid ammonia as described in a former report {7]. The thioesters (+)-3 or (-)-3 respectively
were obtained by reaction of the intermediate thiol enantiomers with acetylchloride.

A sample of (+)-3 was converted into McN-5652 by hydrolysis with potassium hydroxide and subse-
quent methylation with methyl iodide. The product was identified as optically pure (+)-McN-5652 by
chiral HPLC analysis. In case of (-)-8, an analogous result was obtained. These results established
that no racemization occurred during S-demethylation of enantiomerically pure 1 by treatment with
sodium amide.

The thioester precursors (+)-3 or {-)-3 respectively were used for "C-labelling of (+)-McN-5652 or
(-)-McN-5652 in a similar procedure as reported [9]. [''C](+)-1 or [''C](-)-1 were obtained in an overall
radiochemical yield of 22 % (corrected for decay, related to [''CICO,). The radiochemical purity was
>98 %. The products were identified by chiral HPLC as enantiomerically pure [''C}(+)-1 or [''C](+)-1,
which confirms that no racemization occurred during the thioester synthesis and the labelling step.

Conclusion

Enantiomerically pure thioester precursor of ["C](+)-McN5652 and [”C](—)—McN5652 can be prepared,
starting from racemic McN5652. The key step is the resolution of (£)-1 by recrystallization with (+)- and
(-)-di-p-toluoyltartaric acid, yielding (+)-1 and (-)-1 in an enantiomeric purity > 98 %.
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29. Improved Synthesis of ['®F]Altanserin, a Radioligand for Imaging 5-HT., Receptors
with PET

J. Zessin, K. Hamacher', F. Fichtner, H. Biittich?, N. Dohn, J. Steinbach
'Forschungzentrum Jilich GmbH, Institut fiir Nuklearchemie; *Zentralabteilung Neue Beschleuniger

introduction

Serotonin (5-HT) receptors are invoived in the regulation of several brain processes as well as in vari-
ous neurological or psychiatric diseases. PET investigations of the receptor conditions, using suitable
radiotracers, therefore improve understanding of the causes of such diseases. A special PET tracer
for investigation of the 5-HT, receptors is ["®*Flaltanserin because of its high affinity (K; 0.13 nM) and
high selectivity for the 5-HT receptor [1]. The structure of altanserin (Scheme 1) is related to ketanse-
rin and characterized by the fluorobenzoyl moiety.

Scheme 1. Structure of ['°Flaltanserin
H
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[*®F]Altanserin is prepared by nucleophilic substitution of the nitro group of nitroaltanserin with
[*®FHfluoride (Scheme 2) [1]. The radiochemical yield depends on the reaction conditions and on the
amount of precursor used. ["°FJAltanserin was obtained in a yield of 2 - 20 % (using 5 — 15 mg nitro-

altanserin) with conventional heating (30 min, 135 °C) [1]. The radiochemical yield was increased to
50 % by fluorination in a microwave oven [1].

The purification of [*°Flattanserin was performed by solid phase extraction followed by preparative
HPLC. The HPLC eluent was removed by solid phase extraction using an RP18 cartridge.
Scheme 2. Synthesis of [*°Flaltanserin
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Due to the lack of a suitable microwave oven for radiochemical conversion, we were forced to use the
preparation of [*®Flaltanserin by conventional heating. Our investigations led to an improved synthesis

method, which is described in the present repori.

Experimental
Most of the reagents and solvents were obtained from commercial suppliers, altanserin was a gift from

Jannsen Pharmaceutica.
HPLC analyses of the chemical and radiochemical purity were performed with a LiChrospher 60 se-
lect B column {250 mm x 4 mm) isocratically eluted with acetate buffer (pH 4.4)/THF/methanol

(550/324/126) at a flow rate of 0.8 mi/min.
Purification by semipreparative HPLC was carried out by using a LiChrospher 60 select B column

{250 mm x 10 mm}. The column was isocratically eluted with phosphate buffer (pH 5.6)/THF/methanol
(550/324/126) at a flow rate of 5 mUmin.
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Purification of nitroaltanserin

Nitroaltanserin (300 mg) was suspended in THF (8 mi). The resulting suspension was refluxed for

30 min and filtered hot. The filter cake was washed with hot THF (4 ml). The collected filirates were
evaporated to yield a beige solid.

Yield: 195 mg (65 %)
Melting point: 201 — 206 °C

Radiosynthesis of ['°FJaltanserin in a microwave oven

A solution of Kryptofix 2.2.2 (15 mg) and K,CO; (3 mg) dissolved in a mixture of water (0.2 ml) and
acetonitrile (1 ml) was added to water (0.1 ml) containing ["®FTfluoride. The water was evaporated by
heating the resulting solution at 120 °C in a nitrogen stream while repeatedly adding several portions
of acetonitrile (0.5 mi). The dry residue was dissolved in dry DMSO (1 mi) containing nitroaltanserin
(nonpurified, 3 - 5 mg). The sealed reaction vessel was placed in the microwave oven and heated
several times.

Samples of the reaction mixture were analysed by HPLC to determine the course of the reaction.

Radiosynthesis of ['°Flaltanserin by conventional heating

The aqueous solution of ['°Flfluoride was evaporated in the presence of Kryptofix 2.2.2 and potassium
carbonate as described above. The nitroaltanserin solution (3-5 mg of purified nitroaltanserin in 1 ml
DMSO) was added to the resulting residue.The reaction mixture was heated at 140 °C for 25 min and
diluted with HPLC eluent. It was purified by semipreparative HPLC as described above. The eluent
containing [*°Flaltanserin was collected and diluted with water (eluent/water ratio 1:2). The solution
was passed through a C18 cartridge (Chromafix from Macherey & Nagel, 200 mg, prewashed with 5
mi ethanol and 10 ml water). The cartridge was washed with water (10 mi). The product was eluted
with absolute ethanol (1 ml). For use of [°Flaltanserin in biochemical studies, saline (9 ml) was added

and the resulting solution was filtered through a 0.22 pum sterile filter. Chemical and radiochemical
purity was determined by the described methods.

Results and Discussion

Initially we carried out the synthesis of ['®Flaltanserin by using a modified home microwave oven. The
heating cavity of the oven was reduced to a size suitable for a 2 ml reaction vessel. The reaction mix-
ture (1 ml) was irridiated with a microwave power of 30 W. Under these conditions nitroaltanserin was
completely decomposed within 20 s during the fluorination step without formation of [*°Flattanserin.
Further experiments using the microwave-assisted synthesis of ["*Flaltanserin were not carried out
because regulation of the power of the microwave oven proved to be very expensive.

Radiofluorination of nitroaltanserin by conventional heating proceeded without complete decomposi-
tion of the precursor. After fluorination, the resulting reaction mixiure contained about 15 %
["®Flattanserin (decay-corrected, determined by HPLC).

Nitroaltanserin is very slightly soluble in most common solvents, which makes purification very difficult.
In the original procedure this precursor was therefore used as a crude product [1]. We found that ni-
troaltanserin can be purified by extraction of crude nitroaltanserin with hot THF. Using purified nitroal-
tanserin, the yield of the fluorination step increased to 25 — 35 %. Under these conditions the amount
of nitroaltanserin can be reduced to 3 — 4 mg. By conirast, Lemaire et al. [1] obtained radiochemical
yields of 20 % with 9 mg crude nitroaltanserin.

Furthermore, the synthesis time was reduced by simplifying purification of ["®Flaltanserin, which was
performed by semipreparative HPLC. The retention time of [°Flaltanserin was reduced from 55 min to
17 min by using a smaller HPLC column.

The improved synthesis of [*Flaltanserin was completed after 85 min. The overall radiochemical yield
ranged from 12 to 27 % (decay-corrected, related to ["*Flfiuoride).
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30. Serotonin Receptor-Binding Technetium and Rhenium Complexes
21, Synthesis and Characterization of a Novel High-Affinity Tc-99m Ligand for the 5-HTza

Receptor

H.-J. Pietzsch, M. Scheunemann, S. Seifert, P. Brust, H. Spies, B. Johannsen

Introduction

In contrast to the successful development of [**"Tc]TRODAT as a ligand for the dopamine transporter
[1] the search for Tc-99m complexes with affinity for post-synaptic CNS receptors have not yet re-
ached the same stage of development. The differences in the topology and structural features of the
receptors as opposed to the dopamine transporter [2] as well as the at least 10fold lower concentra-
tions in the brain may be recognized as the principal factors for these difficulties [3].

As one of the consequences for the design of serotonin-5-HT,, receptor binding Tc-99m complexes
we have dealt with for some years [4 - 6], an affinity of < 1nM is believed to be a prerequisite for
further progress. Aiming at such a high affinity, we have pursued our design concept starting from the
selective, high affinity 5-HT.a receptor antagonist ketanserin as lead structure for 5-HT»a receptor
binding ligands.

Here we report on the synthesis of a new high-affinity Tc-99m ligand that meets the requirement of
subnanomolar affinity. The complex has been evaluated by several in vitro receptor binding assays
(radioligand binding and functional experiments) [7].

Results and Discussion

Previous studies have shown that already quite simple technetium hybrid molecules of type I (Figure
1) may exhibit nanomolar affinity for the 5-HT.a receptor [4, 5]. These ketanserin-derived complexes
combine an aromatic moiety and a protonable nitrogen in an appropriate spacer distance with a neu-
tral technetium chelate representing a mixed ligand “3+1“ unit.
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Fig. 1. Serotonin-5-HT,, receptor binding Tc complex 1 derived from ketanserin as lead structure and a
novel Tc-99m ligand Tc 1 with subnanomolar affinity for the serotonin-5-HT, receptor.

The new technetium complex Te 1 has resulted from modification of spacer length and tridentate Ii-
gand of the chelate unit. The 4-(4-fluoro)benzoyl piperidine portion derived from ketanserin, which
contributes much to an effective binding of 5-HT.a receptor antagonists, has been conserved.

The rhenium complex Re 1 has been synthesized as a surrogate for the Tc-99m complex for use in
receptor binding assays and for complete structural characterization. Elemental analysis as well as
NMR data clearly indicated the purity and composition of the compound. Co-injections of [*™Tc]Tc 1
and Re 1 into HPLC under various elution conditions showing similar retention times confirm the

structural identity of both substances.

Synthesis of the monodeniate thiol ligand 6

The synthesis of monodentate thiol ligand 6 was performed by a new method using a ring opening
reaction of 2-thianone 3 as the key step (Scheme 1).

Prior to this ring opening reaction 4-(4-fluoro)benzoyl piperidine 1 was protecied by 1,2-ethanediol,
using a three-siep procedure to give the ketal 2. The aminolysis of 2-thianone 3 with 2 was carried out
in chioroform at ambient temperature for 3 h. The convenience of the purification of the resulting am-

 for part 20 see FZH-Annual Report 1997, pp. 18-20.
submitied for publication in Nucl. Med. Bidl. 1999
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ide 4 is mainly due to its nonbasic properties. Thus, simple washing of the reaction mixture with diluted
acid removes any basic starting material.

Reduction of the amide group is accomplished with lithium aluminium hydride. The **C NMR spectrum
of the product obtained indicates no contamination by unreacted amide. Finally, the ketai intermediate
5 was deprotected by treatment with 4 N HCI for 1 hour at 45 °C to give the monodentate thiol 6. The

isolated compound was homogeneous on TLC and showed satisfying elemental analysis in the form
of its oxalate salt.

Scheme 1. Synthesis of the monodentate thiol ligand 6 via ring opening reaction of 2-thianone 3 as the
key step
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{{3-N-methyl-azapentane-1,5-dithiolato][5-(4-{4-flucrobenzoyl}piperidin-1-yl)pentyl-1-thiolato]}-oxorhe-
nium(V) (Re 1)

Thiol 6 (104 mg, 0.26 mmol) and 3-(N-methyl)-azapentane-1,5-dithiol oxalate (58 mg, 0.24 mmol)
were dissolved in MeOH (8 mi) at 50 °C. After addition of a methanolic solution of sodium acetate (1
M, 4 ml) and ReOCl3(PPhs), (208 mg, 0.25 mmol) the suspension was stirred and heated under reflux
for 2 h.

After cooling to room temperature, the reaction mixture was evaporated. The residue was partitioned
between CHCl; (15 mi) and 5 % aequeous solution of NaHCO; (10 ml). The organic phase was dried
(MgSOQ,), evaporated and purified by liquid chromatography on silica gel with CHClyMeOH (18:1) as
solvent to give the product as a green coloured fraction. The solvent of the separated fraction was
removed and the residue was triturated with MeOH to afford the complex as dark green crystals: yield,
53.9 mg (34 %); m.p. 135 — 137 °C.

'H NMR (400 MHz, CDCls): 8 = 1.49 — 1.57 [m, 4H, N-CH,-(CH,)>-CH}, 1.80 — 1.90 [m, 6H, CH-CHz-
8, Pip-3-H, Pip-5H] 2.0 — 2.14 [m, 2H, Pip-2-Hay, Pip-6-Had, 2.36 [m, 2H, N-CH-(CHy)a], 2.62 [m, 2H,
(CH2)2-CH,-S], 3.00 [m, 2H, Pip-2-Heq, Pip-6-Heql, 3.35 [s, 3H, NCHy], 3.10 — 3.20, 3.50 - 3.58 and
3.72 [2m and br, 9H, Pip-4-H, N(CH,-CH,-S).], 7.13 and 7.96 [AA’'BB"part of AA'BB'X-system, 4H,
Haror]-

3C NMR (100 MHz, CDCly): & = 26.77, 27.20, 28.77, 32.74, 41.52, 43.88, 44.81, 52.59, 53.29, 58.96,
68.70, 115.69 (d, J = 22.2 Hz, 2C, C3), 130.83 (d, J = 9.2 Hz, 2C, C2), 13248 (d, J = 2.8 Hz, 1C, C1),
165.54 (d, J = 253.9 Hz, 1C, C4), 201.10 (C=0).

Elemental analysis: Found: C, 39.97;H, 4.72; N, 4.13; S, 14.66.

CooHasFNOReS; requires: C, 40.04; H, 5.19; N, 4.25; S, 14.66 %.
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Preparation of the technetium-99 complex [*°Tc]Tc 1

9T¢(V) gluconate was prepared by gradual addition of stannous chloride to an aqueous solution of
9TcO, (2 pmol/ca. 5 MBq) in an excess of sodium gluconate.

1 mi of the *Tc gluconate solution was diluted with 1 mi of ethanol. A solution of 2 umol of 3-(N-
methyl)azapentane-1,5-dithiol (HS-NMe-SH) and 2 umol of the monodentate thiol 6 in 0.2 ml ethanol
was added. The colour of the mixture turned to reddish-brown. After stirring for 30 min and adding 2
ml of water, the Tc compound was isolated by exiraction of the reaction mixture with 2 ml of chloro-
form. The organic phase was washed twice with 1 ml of water and dried over Na,SO,.

The yields are in the range from 75 to 80 percent (related fo technetium gluconate).

The radiochemical purity (98 %) of the technetium complex was determined by HPLC: Perkin Elmer
250 binary pump gradient elution, Hamilton PRP 1 reversed phase column (250 x 4 mm, 10 um), mo-
bile phases: acetonitrile and ammonium acetate buffer (0.05 M, adjusted to pH 4.0 with acetic acid),
initial elution: for 2 min with 50 % acetonitrile and 50 % buffer, within 20 min the eluting solution was
100 % acetonitrile, flow rate: 2 mi/min.

For receptor binding studies a stock solution of the complex was prepared by evaporating the organic
solvent under nitrogen and redissolving the residue in 1 ml of DMSO.

No carrier added preparation of the Tc-99m complex [ Te]Te 1

0.5 mg of an aqueous/ethanolic solution (200 pl) of the monothiol ligand 6 and 0.05 mg of the triden-
tate ligand dissolved in ethanol (10 pl) are added to a mixiure of 1.0 ml pertechnetate eluate (100 —
500 MBq) and 0.5 mi propylene glycol. After increasing the pH of the solution with 150 pl 0.1 N NaOH
the reduction of periechnetate was performed by addition of 20 pl stannous chloride solution (1.0 — 2.0
mg SnCl; e 2 H-0 dissolved in 5.0 ml 0.1 N HCI) and heating for 20 min in a water bath at 50 °C. .
Radiochemical purity: 90 — 95 % determined by HPLC (Hypersil ODS (250 x 4 mm), flow rate 1.0
ml/min, isocratic gradient mixture of 80 % methanol and 20 % 0.01 M phosphate buffer of pH 7.4).

For the separation of ligand excess the reaction mixture is loaded onto a semi-preparative PRP-1 col-
umn. The complex is eluted with a R; value of 11.5 min and well separated from the ligands (R, = 6.5
min and 13.9 min) using a linear gradient system of acetonitrile/0.1 % triflucroacetic acid (A) and 0.1
% trifluoroacetic acid (B); [t(min)/A(%)]: [5/30}, [10/80], [5/80], flow rate 3.0 ml/min, UV detection at 254
nm and y-detection.

After neutralization of the complex fraction and adding of 200 pl propylene glycol the acetonitrile is
evaporated under vacuum. The radiochemical purity of the final solution is > 95%. For the autora-

diographic studies the solution is diluted with saline.
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22, Biological Evaluation of a Novel High-Affinity Tc-99m Ligand for the
Serotonin-5-HT,, Receptor

M. Kretzschmar, P. Brust, S. Eiz' H. H. Pertz', H.-J. Pietzsch, M. Scheunemann, S. Seifert, J. Zessin,
B. Johannsen

TFreie Universitat Berlin, institut fir Pharmazie

Introduction

Alterations in serotonergic neurotransmission have been implicated in various neuropsychiatric disor-
ders, e.g. anxiety, depression and Alzheimer’s disease. Changes in the density of the 5-HT,a receptor
were demonstrated in vitro on postmortem human brain [6, 15]. Modern imaging technology, such as
positron emission tomography (PET) or single- photon computed tomography (SPECT), allows the
visualization and quantification of these receptor-binding sites in living patients. ['®F]Setoperone and
['®Flaltanserin were developed as PET tracer and are currently used for in vivo human application [ 2,
3,4,12].

In contrast to this achievement and in spite of the efforts many groups, the search for *™Tc complexes
with an affinity to post-synaptic CNS receptors for the application of SPECT have not yet reached the
same stage of development [10].

Aiming at a high-affinity serotonin-5-HT,4 receptor-binding ®™Tc complex, we pursued our design
concept, starting from the selective, high-affinity 5-HT.s receptor antagonist ketanserin [21] as lead
structure for 5-HT 4 receptor-binding I'gands. )
The synthesis of a new high-affinity **"Tc ligand (Tc 1) that meets the requirement of subnanomolar
affinity was described in an accompanying report [17]. This study evaluates the complex and its rhe-
nium congener (Re 1) by several in vitro receptor-binding assays (radioligand binding and functional
experiments) and by in vitro autoradiography.

Experimental

Receptor-binding assays :

A. Brain homogenates

Binding assays using the [99Tc]Tc1 and Re 1 compounds for the 5-HT,a receptor, the 5-HT1a receptor
and D, receptor were performed as previously described [18]. The procedures for the binding assays
for the 5-HT and DA transporters were published recently [8, 9 1.

B. Functional receptor assays on isolated organs

The 5-HT.a recepior assay on the rat tail artery using the Re 1 compound was performed as pub-
lished [16, 17]. Assays for histamine H, and muscarinic Mz receptors of the guinea-pig whole ileal
segments, adrenergic a.p receptors of the rat thoracic aorta, histamine H; and adrenergic B1 recep-
tors of the spontaneously beating guinea-pig right atrium, 5-HT,g receptors of the guinea-pig iliac ar-
tery were carried out on the model of Periz and Elz [16). Histamine Hj recepiors were measured on
the field-stimulated guinea-pig ileal longitudinal muscle with adhering myenteric plexus [19] and 5-HTs

receptors on quiescent guinea-pig ileal longitudinal muscle with adhering myenteric plexus and 5-HT,
receptors of rat oesophagal muscular mucous membrane [71.

In vitro autoradiography

Male Wistar rats (210-230 g) and male piglets (1.8-2.9 kg) were used in the studies. After euthanasia
the brains were removed and quickly frozen by immersion in isopentane/dry ice solution at -50 °C.20
pm horizontal and sagittal sections were sliced on a cryostat microtome, thaw-mounted onto pre-
treated slides and kept at -20 ° C until use. Prior to the experiment, the slides were dried at room tem-
perature and pre-incubated for 30 min in buffer containing 50 mM Tris-HCI (pH 7.4) and 120 mM NaCl.
As described above the slides were then incubated for 1.5 h in buffer containing [ T¢]Te 1 com-
pound ( 0.008 MBa/mi = 216 nCi/ml). After incubation, the slides were washed twice 10 min in ice -
cold Tris buffer, rinsed in cold distilled water, and dried by cold air. Nonspecific binding was deter-
mined in the presence of 1 pM mianserin.

In order to determine the pharmacological specificity and selectivity of [*™Tc]Tc 1 receptor binding, 1
uM of various drugs was added to the incubation buffer, such as the 5-HT,a receptor antagonist ke-
tanserin, the 5-HT,a receptor agonist 8-OH-DPAT, the dopamine receptor antagonist haloperidol and
the o,B1 adrenergic receptor agonist (1) norepinephrine.
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As a reference for the 5-HT,a receptor distribution in the brain, additional siides containing the high-
affinity 5-HT,a receptor ligands [*H]ketanserin (1 nM) or [*®Flaltanserin (10 nM) were incubated in the
same buffer. The nonspecific binding of these ligands was also determined in the presence of 1 uM of
mianserin.

For autoradiography the method of radioluminography was used. The %™T¢ and "®F-labelled sections
were apposed i0 standard imaging plates for approximately 18 h whereas ®H-labelled sections were
apposed to tritium- sensitive plates for 11 days. The imaging plates were scanned in the bio-imaging
analyser BAS 2000 (FUJ!I photo film Co,Tokyo). The evaluation was carried out with the TINA 2.09 g
program (RAYTEST, STRAUBENHARDT). After exposure the brain sections were stained with cresyl
violet to match anatomical with functional information.

Results and Discussion

Receplor-binding assays

The Te 1 and Re 1 were used in various receptor-binding assays to determine the affinity and selec-
tivity of these ligands for the 5-HT,a receptor. As shown in Table 1, both compounds have a similarly
high affinity for this serotonin receptor subtype . They also display a high selectivity for the the 5-HTa
receptor, the 5-HT transporter (5-HTT) and the dopamine transporter (DAT). The selectivity for the
dopamine D, receptor is much lower. However, for extrastriatal regions Tc 1 meets some of the crite-
ria of a good imaging agent. This lack of selectivity is not a general problem for brain imaging. It has
been shown with ''C-3-N-methylspiperone (NMSP), a ligand with high affinity to 5-HT,a and D, re-
ceptors, that these two receptor types can be simultaneously measured with PET [22].

Table 1. Inhibition constants (K; £ SD) of [**T¢]T¢ 1 and Re 1 for serotonin and dopamine receptors
(5-HT4a, 5-HT3a, D2) and transporters (5-HTT, DAT).

Ki (nM)
Complex 5-HT1a 5-HT2a 5-HTT D, DAT
Tchrl'c 1 142 + 35 0.44 +0.10 1783 £ 671 12912 >15,000
Re 1 448 +26 025 +0.11 1150 = 354 16809 n.det.

The subnanomolar 5-HT,a receptor binding of Re 1 was confirmed by functional in vitro antagonism of
contractile effects evoked by 5-HT in rat arterial tissue. The vascular contraction of the rat tail artery
elicited by 5-HT and related iryptamines is mediated by 5-HT.a receptors [5], This effect was antago-
nized by Re 1 (10 - 1000 nM). The Re 1/receptor dissociation constant was similar to the K; value ob-
tained from inhibition of the radioligand binding in rat cortex under various experimental conditions
(0.83 nM versus 0.25 nM). The selectivity of Re 1 for some other 5-HT receptor subtypes was >1200
[171. In a series of selectivity experimentis vis-a-vis histamine, acetylcholine, and adrenergic receptors,
Re 1 showed a moderate competitive antagonist affinity for H, receptors of guinea-pig ileum and op
receptors of rat aorta. This behaviour is shared by ketanserin, which blocked the H, and o;p receptors
to a similar extent [16] and thus displayed similar selectivity ratios for these receptors (10 and 36) as

Re 1 [17].

in vitro autoradiography

The regional in vitro distribution and accumulation of [**™T¢]Te 1 was measured in sections of rat and
piglet brains. Autoradiograms of brain slices are shown in Fig. 1. Obviously, the 9"Tc radioactivity
accumulates predominantly in the frontal coriex, anterior olfactory nucleus and caudate putamen, ar-
eas known to have a high density of 5-HT s receptors [11, 12, 13, 14].

An almost identical regional labelling pattern of the brain sections was found with [*H]ketanserin (Fig.
2), [‘8Fja!tanserin [1] (Fig. 3) and ¢]Tc 1, with the exception of the tracer accumulation in the
thalamus. Larger amounts of ¥ T¢ radioactivity were measured in this region. 55 % of the total binding
in the thalamus of the rat was displaced by mianserin (Fig. 4). The displacement of [°Hlketanserin was
only 35 %. In the piglet too a higher binding of [*™Tc]Tc 1 was found compared with [*H]ketanserin
(Fig. 4). It is possible that the e complex occupies binding sites in the thalamus other than 5-HTza
receptors. As was shown using the functional receptor assays, the Re congener has a rather high
affinity also for the o,p and histamine H, receptors [17] which are found at relatively high densities in

the thalamus [12, 20]. For example in our studies the o,p adrenergic agonist () norepinephrine dis-
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placed 15 % of the total [*™T¢]Tc 1 binding in the thalamus (Fig. 5).A slightly higher accumulation of
[®™Tc]Tec 1 was also found in the white matter (corpus callosum, internal and external capsula) and in

the meduillary substance of the cerebellum. The accumulation in these lipid-rich areas may be caused
by the considerable lipophilicity of the compound.
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Fig.1. In vitro autoradiograms (above) and histological image (below) of sagittal (A, C) and horizontal
(B) brain sections of piglets (A) and rats (B, C) showing the distribution of c]Tc 1. A - C: control
sections without displacer, A’ - C": consecutive sections after displacement by mianserin. Cx = frontal
cortex, cpu = caudate putamen, th = thalamus, cb = cerebellum, aon = anterior olfactory nucleus.

Fig. 2. In vitro autoradiograms { above ) and histological image (below) of sagittal (A, C) and horizon-
tal (B) brain sections of piglets (A) and rats (B, C) showing the distribution of ["H]ketanserin.
A - C: control sections without displacer, A’ - C": consecutive sections after displacement
by mianserin. Cx = frontal cortex, cpu = caudate putamen, th = thalamus,
¢b = cerebellum, aon = anterior olfactory nucleus.

129



th opu
[T

Fig. 3. In vitro autoradiograms ( above ) and histological image (below) of sagittal sA C) and horizon-
tal (B) brain sections of piglets (A) and rats (B, C) showing the distribution of | ®Flaltanserin.
Cx = frontal cortex, cpu = caudate putamen, th = thalamus, cb = cerebellum,
aon = anterior olfactory nucleus.

The binding of [®*™Tc]Tc 1 in the various brain regions can be inhibited by the 5-HT,, antagonists mi-
anserin (rat: between 55 and 32 %; piglet: between 47 and 10 %) and ketanserin (rat: between 41 and

6 %; piglet: between 37 and 0 %} (Fig. 5).
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Fig. 4. Comparison of the inhibition of [*Hiketanserin binding (specific 5-HT., receptor binding) and
[®T¢]Te 1 binding by mianserin in various regions of the brain of rats (n = 5) and
piglets (n = 3). WBS = whole brain section, Cx = frontal cortex,
Cpu = caudate putamen, Th = thalamus, Cb = cerebellum

The dopamine receptor antagonist haloperidol also significantly inhibited the binding of [“’“Tc]Tc 1in
various brain areas (Fig. 5). This result is in agreement with the studies by Leysen et al. [13] who
found that the ["Hlketanserin binding was displaced by haloperidol (K; = 22 nM) in the rat prefrontal
cortex. With the 5-HT.a agonist 8-OH-DPAT no inhibition of binding was observed in most regions of
the brain (Fig. 5). These results agree with the noticeable binding affinity to the dopamine D5 receptor
(Ki= 13 nM) as well as with the relatively low 5-HT.4 receptor-binding affinity (K;= 142 nM) found in the

receptor-binding studies. (Table 1) [17].
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in conclusion, it was shown that among the **™Tc¢ compounds studied so far the new [*™Tc]Tc 1 Ii-
gand exhibits the highest affinity to the serotonin-5-HT, receptor in the subnanomolar range with ob-

vious visualization of the in vifro binding in areas of the brain known to have a high density of seroto-
nin-5-HT 4 receptors.
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introduction

Organometallic complexes exhibit unique features, which make them very attractive mainly in catalysis
but, more recently, their application in life science has become a field of growing interest as well [1].
Beside investigations on the metabolical behaviour of pure organometallic compounds, bioorganomet-
allic chemistry, as introduced by Jaouen and coworkers [2] stands for the combination of an organo-
metallic moiety and a bioactive molecule which targets different type of receptors. For the latier pur-
poses, the metal complex should be “innocent” but provide major advantages in metabolical stability
and interference with binding properties of the biomolecule.

We present herein the first example where the organometallic tricarbonyl moiety “fac-[**"Tc(CO)sJ™
was successfully applied for the straight forward labelling of a biomolecule designed for binding to the
serotonergic receptor 5-HT., in the central nervous system [3].

Results and Discussion

Bioorganometallic chemistry comprises the combination of an organometallic transition metal complex
and a targetting biomolecule. If ever such a combination should be applied in nuclear medicine, the
synthesis has to be convenient, fast and requires one or two steps only. A useful precursor is repre-
sented by the organometallic aquo-complex [*™Tc(OH,)s(CO)s]” 1 for which we recently presented a
convenient one step kit procedure directly from saline in high yield [4].

Potential " Tc complexes attached to CNS receptor ligands have to be neutral in charge and lipophilic
to cross the blood-brain barrier. Thus, we have focused our interest on neutral bidentate amine ligands
(N~N’). The occupation of two coordination sites by such a set of donors entails the coordination of
charge neutralizing Cl- at the third position. Whereas aliphatic diamines were found o be weak (or
slow) chelators, all combination of nitrogen donors containing an aromatic amine group were extremly
efficient. In particular Schiff Base ligands can be prepared just by reacting an aliphatic amine, which is
a frequent functionality in biomolecules, with a corresponding aromatic aldehyde of choice.

To examplify this, we have derivatized a recepior ligand from the class of arylpiperazines, which be-
longs to the most thoroughly studied molecules for the 5-HT,, subclass of serotonergic receptors [5].
In particular, 4-(3-aminopropyi)-1-(2-methoxyphenyl)piperazine 1 was reacted with 2-pyridine carbal-
dehyde 2 1o yield compound 3, a Schiff Base type ligand attached o the bioactive moiety (Scheme 1).
Labelling was achieved by incubating the precursor 1 with the corresponding amount of 3. After 10
min at 90 °C the radiolabelled biomolecule 4 was formed in almost quantitative yield.

Scheme 1. Preparation of the derivatized aryl piperazine 3 from 4-(3-aminopropyl)-1-(2-methoxy-
phenyl)piperazine 1 and 2-pyridine carbaldehyde 2

OMe l\/N\/~\\/NH2 0] OMe

1 2 3

To get unambigous evidence for the composition of the compounds, we have synthesized the corre-
sponding complex with long-lived **Tc. Formation of the complex 4 was carried out by the reaction of

for part 22 see this report, pp. 126-131.
J. Am. Chem. Soc., in press
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[*°*TcCls(CO)s)” in methanol [6] with 1 eq. of ligand 3 at r. t.(Scheme 2). Crystals could be grown di-
rectly from the solvent and the structure was elucidated by X-ray analysis. HPLC comparison of the
cold, macroscopic complex and the material prepared on the n. c. a. level finally established their
identity.

Scheme 2. Synthesis of complexes 4 by the reaction of [MX3(CO)sF in methanol with 1 eqg. of ligand 3

®
P
N N
] > Br. I |/\
[MX(CO)L" + 3 methanol oC \hlﬂ/N\/\/N\) OMe
oC o

4 M=%Tc,X=Cl
M =Re, X=Br)

The molecular structure of 4 is given in Fig. 1. The technetium acts as a chirality center. Conse-
quently, two enantiomeric forms of the labelled compound exist with %9mT¢. Since the complex is far
away from the effective binding site of the optically inactive receptor ligand, it can be anticipated that
interference and decrease of affinity should not be initiated by this chiral center.

Fig. 1. Molecular structure of the 5-HT, receptor binding *°Tc complex 4

In vitro receptor binding assays

To assess the retention of biological activity and selectivity, the in vitro binding affinities of 4 with cold
rhenium instead of Tc were tested. The affinity (ICs, values) to the 5-HT;, receptor was 5+2 nM (com-
petitor [°H]8-OH-DPAT).

The selectivity (competitor in brackets) was investigated with the following other receptors: 5-HTza
{(I*Hiketanserin), dopamin-D, ([*Hjspiperone) 5-HT-transporter ([*H]paroxetine) and D-transporier
{[PHIWIN35,428). In all cases the affinity was found to be > 1 mM. The rhenium labelled compounds
revealed, thus, a very good selectivity for the 5-HT,4 receptor. Due io the chemical relationship be-
tween Re and Tc, the values for the latter one are not significantly different [7]. The good selectivity
justifies further investigations on the in vivo behaviour and in particular the brain uptake of CNS re-
ceptor ligands labelied with the “fac-[>"Tc(CO)s]“ moiety.
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Conclusion

In conclusion, it was shown for the first time, that organometallic complexes such as
[99"'Tc(OH2)3(CO)3] can be applied in purely aqueous systems for the labelling of derivatized bioactive
molecules under retention of their receptor affinity. Thus, the concept of bioorganometaliic chemistry
could be established on a routinely applicable base. Unique advantages in comparison to other con-
cepts emerge from the partially organometallic coordination sphere of the label. In particular, very iow
biomolecule concentration, high kinetic stabilities and flexibility in the choice of ligands make this type
of precursor very attractive for routine use.
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Introduction

['"CIMethyl iodide is one of the most important precursors for syntheses of ''C-labelled tracers used in
investigations with positron emission tomography (PET). Studying regions with a low density of the
target such as brain receptors requires radiotracers of a high specific radioactivity. A prerequisite for
the production of [”C]methyl iodide of a high specific radioactivity is a large quantity of starting radio-
activity. Under these conditions the preparation has to take place in hot cells with a remote-controlled
systemn or an automated synthesis apparatus.

A synthesis apparatus for automated preparation of [''C]methyl iodide was developed in our PET
centre. The preparation is based on the reduction of ['"C]JCO, to [''Clmethanol by using lithium alu-
minium hydride, followed by conversion of the released methanot into [''Cimethy! iodide by treatment
with hydroiodic acid [1].

The results obtained in the automated synthesis of [''Clmethyl iodide are presented in the following
paper.

Experimental

General

The automated apparatus for preparation of ["C]methyl iodide consists of a synthetic unit, a control -
unit based on SIEMATIC S5 blocks and a control PC. The apparatus was controlled by using the
inTouch software from Wonderware. A schematic picture of the synthetic unit is shown in Fig.1.
["'CICO. was produced by the “N(p,«)"'C reaction on an IBA Cyclone 18/9 cyclotron. For most ex-
periments the nitrogen target (nitrogen 99.999 % with 0.2 % oxygen) was irradiated with a beam cur-
rent of 5 pA for 4 min giving, on average, 3.9 GBq of [''C]carbon dioxide (EOB). Production of 37 GBq
[''CICO; required an irridation of 25 pA for 12 min.

Hydroiodic acid, 2-thionaphthol, dimethyl formamide (DMF) and tetrabutyl ammonium hydroxide
{methanolic solution) were purchased from commercial suppliers and used without purification. THF
was dried by distillation over lithium aluminium hydride in a nitrogen atmosphere as reported by Ha-
rada and Hayashi [2]. The lithium aluminium hydride solution was prepared by dissolving solid LiAlH,
in dry THF. The saturated solution was diluted with dry THF in a ratio of 1:19. These prepaprative
steps were carried out in a glove box under nitrogen.

[''C]Methyl iodide

["'C]Carbon dioxide was trapped in a Carbosphere (Alltech) loop at ambient temperature and released
at 110 °C. [''CJCO, was transferred by a nitrogen stream into the LiAlH, solution (1.3 ml). The THF
was evaporated by heating the reaction vessel under reduced pressure. After cooling the reaction
vessel, hydroiodic acid (1.7 ml) was added. The reaction mixture was heated to 165 °C and the
["'Cmethyl iodide was distilled over NaOH on charcoal and Sicapent (Merck) into a cooled vial.

2-[""CJMethyithionaphthol

['"C]Methyl iodide was trapped in a solution of 2-thionaphthol (5 mg, 31 ymol) and tetrabutyl ammo-
nium hydroxide (40 pmol, as 1 M methanolic solution) in dimethyl formamide (0.4 ml) while cooling
with dry ice/methanol. Then the reaction mixture was warmed to room temperature.

A small sample of the reaction mixture was analysed with HPLC (Purospher 1256mm x 3 mm, 5 ym;
water/acetonitrile (50:50) with 0.1 M ammonium formate as eluent, flow rate of 0.8 ml/min) to deter-
mine the specific radioactivity.

Results and Discussion

In the first experiments the reaction parameters and process times for adsorption of [''CICO, on the
Carbosphere loop, desorption, evaporation of THF and release of ["'Clmethyl iodide by treatment with
hydroiodic acid were optimized. The synthesis of [''Clmethyl iodide using the optimized parameter set
was completed after 7.7 + 0.1 min (without transfer of [''C]CO, from the cyclotron to the automatic
synthesis system).

137



T

Development!

.. Module . B - Setup Ansicht

Ball [''Cleogvom Target Nutzer [ CICHs!

439mm

1ml=14mm

Absorbertiasche Sicherheits-
Abtall flasche

1 mvio
£ iy wonmn

o @
Synthesaschyitt: Prozefs im STOP i
I |

Fig. 1. Scheme of the synthetic unit for automated production of [''C]methyl iodide

Starting from 3,900 MBq ["'C]CO,, 1,450 — 1,750 MBq [''Cimethyl iodide were produced. The repro-
ducible radiochemical yield of [''CJCHal in relation to [''C]CO, was 66 + 5 % (decay-corrected). An
exact determination of the loss of radioactivity was not possible. A loss of radioactivity was observed
during evaporation of THF (1 — 5 % of the starting radioactivity). After the release of ["'C]methyl iodide,
the hydroiodic acid solution in the reaction vessel contained about 1 % of the starting radioactivity. The
detection of the residual radioactivity in the Carbosphere foop and in the gaseous waste was not pos-
sible.

The radiochemical Purity of [""Cmethyl iodide produced using the automatic synthesis apparatus was
about 98 %. The [''C]methyl iodide was converted into 2-[''C]methylthionaphthol as this compound
has a stronger UV absorbance than methyl iodide, which is useful for determination of the specific
radioactivity. At the end of the synthesis, the mean specific radioactivity was 125 mCi/umol.

In single experiments the preparation started with 37 GBq [''C]CO, (EOB) yielding 16 GBq [*'C]methyl
iodide. The specific radioactivity of [''C]methyl iodide was 1.7 Ci/umol.

In summary, it can be said that the new synthesis apparatus is suitable for automated preparation of
['Clmethyl iodide in good radiochemical yields and specific radioactivities in short synthesis times.
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34. Synthesis of 5-Methoxy-[2-''C]indole by Reduction of 5-Methoxy-B,2-Dinitro-
[B-''C]Styrene

J. Zessin, J. Steinbach

Introduction

The indole ring is the basic structure of many biologically active compounds. Many of these sub-
stances labelled with a positron emitter such as "'C or "®F may be potential radiotracers for the posi-
tron emission tomography (PET). In particular the application of "'C-labelled tracers requires efficient
preparation methods on account of the short half life (t. = 20.38 min). The reduction of B,2-dinitro-[B-

"C]styrene with titanium(ill) chloride was recognized as a first practicable method of synthesizing *'C-
ring labelled indoie {1].

In this paper the synthesis of a 5-substituted indole derivative utilizing this method is described.
5-Methoxy-[2-''Clindole 1 was prepared by reduction of 5-methoxy-B,2-dinitro-[B-''C]styrene 4 with

titanium(lli) chloride. The intermediate 4 was obtained from condensation of 5-methoxy-2-
nitrobenzaldehyde 2 with nitro-[''C[methane 3 (Scheme 1).

Scheme 1. Synthesis of 5-methoxy-[2-''Clindole 1. Reaction conditions: i, ammonium acetate, glacial
acetic acid, 140 °C; ii, titanium(ill) chloride, glacial acetic acid, room temperature

i CHO

___No,
Xy * ii CHO RN
P —_— I L, r=me
NH, A N
H
s 1

Experimental

General

Glacial acetic acid, ammonium acstate, titanium(lii) chloride and 5-hydroxy-2-nitro-benzaldehyde were
purchased from commercial suppliers and were used without purification. Nitro-[''Cjmethane was
prepared via [''Clmethyl iodide according to the method of Schoeps et al. as described in [2].

'H NMR spectra were recorded on a Varian INOVA 400 NMR spectrometer.

HPLC analyses were performed on a JASCO system with a PUROSPHER RP 18 column (125 mm X
3 mm, 5 pm) isocratically eluted with acetonitrile/water (40:60) containing 0.1M ammonium formate at
a flow rate of 0.5 mi/min. Semipreparative HPLC was performed with a NULEOSIL 120 RP 18 column
(250 mm x 10 mm, 7 pm) isocratically eluted with acetonitrile/water (50:50) at a fiow rate of 4 mU/min.

5-Methoxy-2-nitrobenzaldehyde (2)

5-Hydroxy-2-nitrobenzaldehyde (5.0 g, 30 mmol) was dissolved in a potassium hydroxide solution
(2.73 g in 30 ml water). Dimethyl sulphate (4.1 g, 32.5 mmol) was added fo this solution. Then the
reaction mixture was heated at 100 °C for 30 min. The methoxy compound was extracted with dichio-
romethane. The organic layers were washed with sodium hydroxide solution and water, dried with
sodium sulphate and evaporated to yield a lightbrown solid.

Yield: 2.3 g (42 %)

Meliing point: 77 - 79 °C

NMR data: 3y (400 MHz, solvent CDCl,, standard: SiMe,): 3.90 [3H, s, OCHa], 7.10 [1H, m, C,H], 7.21
[1H, m, C¢H], 8.10 [1H, m, C,H], 10.42 [1H, s, CHO}

5-Methoxy-B,2-dinitro-[B-'" Clstyrene (4)

5-Methoxy-2-nitrobenzaldeyhde (10 mg, 55 pmol) and ammonium acetate (25 mg, 325 ymol) were
dissolved in glacial acetic acid (250 pl). Nitro-['"Clmethane was trapped in this solution. The sealed
reaction vessel was heated at 145 °C for 10 min. The reaction mixture was diluted with 1 ml HPLC
eluent and purified by semipreparative HPLC. The eluent containing 3 was diluted with water (10 mi)
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and passed through a C18 cartridge. After washing with water, compound 3 was eluted with glacial
acetic acid (1 ml)

5-Methoxy-[2-"" Clindole (1)

Titanium(ill) chloride (6 mg, 40 pmol) was placed in a sealed reaction vial, which had been purged
with nitrogen. The eluate from solid phase extraction containing 3 was added to this vial. After 6 min at
room temperature a sample of the reaction mixture was dissolved in the HPLC eluent, filtered and

analysed by HPLC.

Results and Discussion

The procedure of preparing 5-methoxy[2-''Clindole 1 is illustrated in Scheme 1. The two-step synthe-
sis involves the condensation of 5-methoxy-2-nitrobenzaldehyde 2 with nitro-[''Clmethane 3 to yield 5-
methoxy-B,2-dinitro-[B-"'Clstyrene 4. After purification the intermediate 4 was converted into 1 by re-
duction with titanium(lil) chioride.

The preparation of 5-methoxy-B,2-dinitro-[B-' 'Clstyrene 4 being investigated here is a modification of a
procedure earlier published for synthesis of B,2-dinitro-[8-"'Clstyrene [1]. The condensation reaction
was carried out in glacial acetic acid catalysed by ammonium acetate (10 min, 140 °C). Under these
conditions 27 % of 3 (determined by HPLC, decay-corrected) were converted into 1. In comparison
with the preparation of unsubstituted B, 2-dm|tro-[B-”C]styrene [1], the 5-methoxy group causes a less
incoporation of nitro-[''Cjmethane.

The reduction of B,2-dinitro-[B-''Clstyrene with titanium(lll) chioride in the presence of the catalyst
ammonium acetate proceeded without formation of indole. The dinitrostyrene was complete!y decom-
posed [1]. Ammonium acetate was therefore removed by solid phase extraction, using a C18 car-
tridge. Reduction the of purified compound 4 with titanium(lil) chloride in glacial acetlc acid (6 min,

room temperature) yielded a product mixture which contained the desired 5-methoxy-[2-"'CJindole in a
percentage of 7 % (determined by HPLC, decay-corrected). The parent 4 was almost completely con-
verted.

The yield of 1 increased when the purification of 4 was performed by semipreparative HPLC. The ra-
diochemical yield of 4 after HPLC purification and removal of the HPLC eluent by solid phase extrac-
tion was 14 % (decay-corrected, related to compound 3). In addition to ammonium acetate, unreacted
5-methoxy-2-nitrobenzaldehyde was removed in the course of this purification procedure. The reduc-
tion reaction can therefore be carried out with a smaller amount of the reduction agent titanium(lil)
chioride. The resulting product mixture contained the 5-methoxy-[2-''Clindole 1 in a percentage of 26
% (determined by HPLC, decay-corrected), which is equivalent to a decay-corrected radiochemical
yield of 4 % (in relation to 3). The synthesis of 1 starting from 3 was completed after 40 min.

In conclusion it shall be pointed out that the reductlon of B,2-dinitro-[B- 11C]styrenes with titanium(iil)
chloride can be provide a practicable route to "'C-ring labelled indole denvatwes with substituents at
the benzene ring. This was demonstrated by the preparation of 5-methoxy—[2— 'Clindole 1.
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35. Synthesis of 3-0-["'C]Methyl-D-Glucose

P. Mading, H. Kasper, J. Zessin, M. Gnauck, F. Fichtner, P. Brust, J. Steinbach

Introduction

Unlike the established radiopharmaceutical 2-["°Flfluoro-2-deoxy-D-glucose  ([*FIFDG),
3-O-["'C]methyl-D-glucose ([''C]MG; 4) is not metabolized in the living body [1, 2]. Both tracers share,
however, the same transport in the tissue via the glucose fransporter [3]. Therefore, the "C-labelied
radiotracer 4 is especially suitable for investigating glucose transport and its alteration under patholo-
gical conditions. For PET animal experiments in this field, we had to work out a more convenient
procedure to prepare [''C]MG based on the known synthesis process [4].

Experimental

Materials

Diacetone-D-glucose (1; purum, = 98 %) was purchased from Fiuka, and potassium hydride (35 % in
paraffin oil) from Merck. As reference substances were used: 3-O-methyl-D-glucose 97 % (Aldrich)
and D(+)-glucose waterfree for biochemical use (Merck).

Analysis

To determine the extent of the reaction conversion, the radiochemical and chemical purity and the
specific radioactivity of [''CIMG, an HPLC system (Hewlett Packard) was used, including a gradient
pump (series 1050), an autosampler (series 1050), a CarboPac PA 1 column (4 x 250 mm, Dionex),
an electrochemical detector (ECD) coupled in series with a radioactivity detector (A 100, Canberra
Packard). The mobile phase consisted of 0.1 M NaOH at a flow rate of 1 ml/min. This method is based
on an anion-exchange separation mechanism and allows isocratic separation of carbohydrates
(further details are given in [5)).

The osmolality was determined by an Osmomat 030-D from Gonotec, Berlin, Germany. The measu-

rements of the pH values were performed by the microprocessor pH-Meter pH 3000 from WTW, Weil-
heim, Germany.

Synthesis of the precursor solution of the potassium salt of diacetone-D-glucose (2)

A suspension of 35 % potassium hydride in paraffin oil (1g; 8.7 mmol) was washed with pentane and
then with freshly distilled THF to remove the paraffin oil by decantation of the solvent. A solution of 1
(150 mg; 0.58 mmol) in 5 ml THF was added to a stirred suspension of the purified KH in 10 ml THF.
This mixture was stirred at room temperature for 1.5 h and then refluxed for 30 min. After cooling to

room temperature the suspension was filtered through a frit glas filter. The clear yellow precursor so-
lution of 2 was stored at 4 °C for use within 4 weeks.

Radiosynthesis

[''CICO, was produced on the cyclotron Cyclone 18/9 (IBA) by the “N(p,a)''C nuclear reaction.
['"C]Methyl iodide was prepared by the classic one-pot method [6] involving the reduction of ["'CJCO,
with LiAlH,, hydrolysis of the intermediate organometallic complex and subsequent iodization of the
[''Clmethanol formed with HI.

[''CIMel was trapped in a cooled 2 mi vessel (- 78 °C) containing the precursor solution of 2 (250 ).
For methylation the well-sealed vessel was heated at 120 °C for 3 min. Then the THF was evaporated
by means of a stream of nitrogen gas. 0.5 M HC! (0.6 ml) was added to the residue. The mixture was
heated at 120 °C for 2 min. After cooling to room temperature the solution was neuiralized by addition
of 0.5 M NaOH (0.6 ml) and a solution of physiological phosphate buffer (pH 7.2; 0.7 mi). The resulting
solution was transferred 1o a 10 mi syringe. The reaction vessel was washed with water (2.8 ml) and
this solution was also drawn up into the 10 ml syringe. The radioactive solution was put through a
sterile filter into a sealed sterile flask containing an aqueous solution of 5.85 % NaCl (0.37 mi).
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Results and Discussion

[''CIMG (4) was synthesized according to Scheme 1 by methylation of the potassium salt of diaceto-
ne-D-glucose (2) with [''Clmethyl iodide followed by acidic hydrolysis of the ketal groups of the
[''C]methyl-diacetone-D-glucose (3) formed.

Me><o Me><0 Me °© CH,0H
* O
O 0. CH,1 >< o HYH,0

M Me Me
c ©° Q _‘—"KH © Q '_""—»3 o * O ——-’2 OEH HOH

OH XMc oK XM: OCH, XMC 5

HO
o Me o Me o
1 2

Me OH

3 4

Scheme 1

The preparation of 4 in this way is described in [4]. But we have modified this procedure for our purpo-

ses:

— changing the solvent for preparing the precursor 2 and for the methylation reaction, i.e. substitution
of THF for diethyl ether;

— preparation of the precursor 2 from compound 1 using KH instead of K;

— reduction of the methylation time from 6 min to 3 min, reduction of the hydrolysis time from 6 min to
2 min;

— using 0.5 M aqueous HCl instead of 0.5 M aqueous methanolic HCI for hydrolysis;

— simple working-up of the reaction mixture without HPLC purification.

We performed 34 production runs for animal experiments which yielded 686 + 212 MBq [''CJMG. The
["'CIMG was obtained in radiochemical yields of 56.1 + 11.2 % (decay-corrected) with specific ra-
dioactivities of 12 - 42 mCi/umol (450 - 1550 MBg/pmol) within 16 min, starting from [''C]Mel.

Quality parameters of ['CIMG:

e radiochemical purity >96 %

o content of D-glucose 0.47 + 0.22 mg/mi

= content of 3-O-methyl-D-glucose 0.0244 + 0.017 mg/ml
e pH 7122

e osmolality 335 + 30 mOsmol/kg
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36. ‘3+1’ Mixed-Ligand Oxorhenium(V) Complex with 1,2,3,4-Tetrahydroisoquinoline

A. Zablotska', |. Segal’, E. Lukevics', H.-J. Pietzsch, T. Kniess, H. Spies
"Latvian Institute of Organic Synthesis, Riga

It has been reported that some tetrahydro(iso)quinoline-containing ligands display affinity to serotonin
(5HT,4) and dopamine receptors [1, 2]. In addition, we found earlier that some tetrahydro-, tetrahy-
droiso- and tetrahydrosilaisoquinoline derivatives exhibited the sedative action [3-5]. One may there-
fore expect that the tetrahydro(iso)quinoline moiety may serve as an anchor group in the design of
receptor-affine rhenium and technetium complexes. As an access to such compounds we synthe-
sized the first prototype of 3+1° mixed-ligand oxorhenium(V) complexes with 1,2,3,4-
tetrahydroisoquinoline-containing monodentate (Scheme 1).

Scheme 1. Reaction pathway for synthesis of tetrahydroisoquinoline containing oxorhenium(V) com-
plex 4
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N-(2-hydroxyethyl)-1,2,3.4-tefrahydroisoquinoline  obtained by condensation of 1,2,34-
tetrahydroisoqui-noline with 2-iodoethanol in the presence of triethylamine was further converted into
N-(2-mercaptoethyl)-1,2,3,4-tetrahydroisoquinoline suitable for complexation. Thus, the reaction of
aminoalcohol 1 with thionyl chloride produced the aminoalkyl chloride 2 in a 59% isolated yield. The
subsequent treatment of 2 with sodium thiophosphate dodecahydrate in dimethylformamide [6] fol-
lowed by acid hydrolysis resulted in mercaptane 3 in a 30 % vyield (after isolation).

N-(2-mercaptomethyl}-1,2,3,4-fetrahydroisoquinoline 3 was further used for complexation with (3-
thiapen-tane-1,5-dithiolato)oxorhenium(V) chloride to obtain the desired mixed-ligand complex 4. The
newly prepared complex was characterized by elemental analysis, 'H and *C NMR and IR spectros-
copy. Fig. 1 shows the infrared spectrum with the Re=0 band at 967 cm™.

The molecular structure, brain receptor-binding in vitro, psychotropic activity and acute toxicity in vivo
of compound 4 are under investigation and the resulits will be published in the subsequent paper.
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37. Tc-99m Labelled Fatty Acids on Basis of “n+1“ Mixed-Ligand Complexes ?
H. Spies, H.-J. Pietzsch, J. Kropp', T. Fietz, C. Jung®

'TU Dresden, Universitatsklinikum Carl Gustav Carus, Klinik und Poliklinik fiir Nuklearmedizin
2Universitat Marburg, Fachbereich Kernchemie

Introduction

Although some efforts have been made to develop Tc-99m-labeled fatty acid analogues, poor recog-
nition of those compounds as substrates for beta-oxidation has prevented their application [1-3]. Rea-
sons for failure may come from the nature of the chelate, that is has been chosen to attach at the
omega position of a fatty acid and in the nature of this fatty acid itself. The majority of previously
known chelates used for binding technetium to a fatly acid moiety are almost without exception
square-pyramidal oxotechnetium(V) complexes of tefradentate complexing agents, in which the prop-

erties, and thus the in vivo behavior, is strongly influenced by the coupling to the polar Te=0 unit (Fig.
1).

CH,CH,C(O)NH(CH,),,COOH

pel= @i~ 24

HOOC(CH,),,S S(CH,),,COOH
(CH,)nCOOH
>[ " , ]< \II/N
O

{CH,),,COOH

Fig. 1. Tc complexes intended as fatty acid analogues showing no uptake in myocardium [1 - 3].

intended working strategy

It is to be expected, but remains to be proven, that ligands that allow extensive shielding of the metal,
may particularly suitable to be combined with fatty acids. We want to apply the "n+1" mixed-ligand
approach [4, 5] (Fig. 2), with emphasis on the "4+1"-version [6], to the synthesis of new types of Tc-

99m-labelled fatty acid analogs in the hope to make them acceptable as substrates for energy produc-
tion in living cells.

MOP+

N
ranamy
HS E su * RSH </(
E=0O,N[R),S l Y = PR?, NC

SH SH SH l

S\M"S\R (\S
E N—_ / a
A

s

Fig. 2. "3+1" and "4+1" complexes as two versions of the "n+1"concept [4 - 6.

145



Concerning the nature of the fatty acid sequence, "modified" fatty acids as used to be labeled with '°F
and "®| will preferably be used. Fig. 3 shows schematically the intended working program that aims at
“"thia" acids bearing a lipophilic mixed-ligand chelate unit at the omega-position.

- . . strongly modified acid
"native” tatty acids modified fatty acids (fatty aZid + eoordiﬂon compound)
fast metabolism inhibited metabolism slow metabolism 7?7
11C, 123} 18F’ 123' 9emTe
1C-paimitate for PET PET, SPECT SPECT
123); planar imaging
inhibition of the beta-oxidation by: potential Tc-labeled fatty acids

- insertion of hetero atoms, e.g. S
~ phenyi substitution
- insertion of a methyl group in beta-position

e N
H,C-(CH,),-COOH AAAAASAAOH FTHA <€1Tc “Ca
S

o
B4-(CH,),-COOH
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T2y (CH ) CHACH-(CH OO —_p—chad Y~cn.coon PHIP3-10

g ’\/\i
SN g OH

n
Ce-'
‘”x—Q—(cH -COOH s
he m|—®—-(CH2)q-CH-CHz~COOH 3-BMIPP —
oH, E=0, Nislky),
p?/
ﬂS\Tc“SR,
N,
s7 | “sm

\/S\N\/\/WS\/\AI«OH

o]

Fig. 3. Intended development of Tc-99m-labelled fatty acid analogs; from ["*lJiodine "native® fatty ac-
ids to [*™Tc]Tc coupled "modified” fatty acids

Preliminary resuits

To become familiar with synthesis and handling of this class of high-lipophilic acids, 1 was synthesized
as a representative of omega-mercapto substituted fatty acids and used for the preparation of “3+1"
mixed ligand complexes 2 according to Fig. 4 [7]. Both species were obtained in moderate yields and
were characterized by elemental analysis, '"H NMR and IR spectroscopy. Lipophilicity/pH profiles (de-
termination of Pyp.c at different pH values as described in [8]) show the form expected for highly lipo-
philic carboxylic acids.

S ﬁ . s NN NN COOH
~Re™ + 1 ——> ~Re™
N C &
LS LS
2

Fig. 4. Reaction scheme for the synthesis of long-chain fatty acid *3+1" Re complexes [7].

146



References

[
(2]

[3]
[4]

(5]

6]

[7]
(8l

Mach R. H. and Kung H. F. (1991) Synthesis and biodistribution of a new class of Tc-99m-labeled
fatty acid analougs for myocardial imaging. Nucl. Med. Biol. 18, 215-226.

Alagui H., Vidal M., Riche F., du Moulinet d’'Hardemare A., Mathieu J. P. and Pasqualini R.
(1995) Synthesis and evaluation of *™Tc labelled fatty acids. In: Technetium and Rhenium in
Chemistry and Nuclear Medicine 4 (M. Nicolini, G. Bandoli, U. Mazzi Eds.) SGEditoriali, Padova,
pp. 325-328.

Jones jr. G. S., Eimaleh D. R., Strauss H. W. and Fishman A. J. (1994) Synthesis and biodis-
tribution of a new **™technetium fatty acid. Nucl. Med. Biol. 21, 117-124.

Spies H., Fietz T., Glaser M., Pietzsch H.-J. and Johannsen B. (1995) The n+1 concept in the
synthesis strategy of novel technetium and rhenium tracers. In: Technetium and Rhenium in
Chemistry and Nuclear Medicine 4 (M. Nicolini, G. Bandoli, U. Mazzi Eds.) SGEditoriali, Padova,
pPp- 243-246.

Spies H. and Johannsen B. (1995) Functionalization of technetium complexes to make them ac-
tive in vivo. Analyst 120, 775-777.

Spies H., Glaser M., Pietzsch H.-J., Hahn F. E., Kinizel O. and Liigger T. (1994) Trigonal-
bipyramidale Technetium- und Rhenium-Komplexe mit vierzahnigen tripodalen NSs-Liganden.
Angew.Chem. 106, 1416-1418.

Jung C. Diplomarbeit 1999, Universitat Marburg, Fachbereich Kernchemie.

Berger R., Fietz T., Glaser M., Spies H. and Johannsen B. (1995) Determination of partition coef-
ficients for coordination compounds by using HPLC. Annual Report 1995, Institute of Bioinorganic
and Radiopharmaceutical Chemistry, FZR-122, pp. 69-72.

147



38. '%18%Re | abelling of Stents for the Prevention of Restenosis

B. Noli, H. Goerner, L. Dinckelborg’, C. S. Hilger', E. Richter®
'Research Laboratories of Schering AG, Berlin
2Forschungszentrum Rossendorf, Institut fiir lonenstrahlphysik und Materialforschung

Intracoronary implantations of stents allow an improved revascularization of obstructive coronary ar-
tery disease compared to the conventional balloon angioplasty. Despite this progress restenosis is still
significant. The use of ionizing radiation is a promising approach to prevent restenosis after stent im-
plantation.

There are several approaches for delivering radioactive gamma or beta rays to decrease the prolifera-
tion response by coronary irradiation. One way is the use of liquid filled balloons containing solutions
with beta- and gamma-emitting radionuclides [1]. Another approach, catheder-based vascular brachy-
therapy, uses wires or wire coils of radioactive metals, which are centred within the vessel lumen. The
very high activity level of sources for vascular brachytherapy needed because of the short exposure
time being available during the treatment leads to a significant radiation exposure for both the patient
and the laboratory staff [2].

An attractive concept for irradiation of the vessel wall is the use of stents implanted with low activities
of a B-emitting radioisotope to inhibit the proliferative process in arteries [3]. For this purpose, pre-
loading of the stents with a radioisotope can be carried out, e.g. by implanting %P, This, however, has
to be done by means of accelerator facilities remote from the site of stent application. To overcome
this and other limitations, we searched for a convenient method to label stents with the rhenium iso-
topes "®**Re and "*®Re directly at the site of application. The labelling procedure should allow individual
g)greparations with easily adjusted radiation doses as well as the preparation in a similar easy way as
™T¢ radiopharmaceuticals are prepared in a hospital.
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Results and Discussion

Several methods for the labelling of stents were developed in cooperation with the Research Labora-
tories of Schering AG. Because of intellectual property reasons they are not disclosed in detail in this
report.

25—

20

15 |-

Stent activity [MBq]

time [min]

Fig. 1. Dependence of the "®*Re uptake on the labelling time

Using this technology, the '**Re deposition on the stent surface increases with the time (Fig.1). Within
a labelling time of ten minutes no significant modification of the metallic grain was observerd by elec-
tron microscopy (500 fold scale-up).

Furthermore, the amount of bound ™Re in dependence on the activity in the labelling solution was

investigated. Up to 2 MBg/mg stent in the labelling solution a linear increase of "™Re uptake was ob-
served (Fig.2).
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Fig. 2. "®°Re uptake on stents in dependence on the activity of the labelling solution,
g g
n = number of labelled stents.

Because of the strong linearity between the amount of activity in the labelling solution and the '**Re
uptake on the stent we consider this as the preferred control variable in the labelling process.

Thus, a reproducible method for labelling of stents was developed. There is, however, still an increase
of the tenacity of the deposited radioactivity to achieve. in preliminary studies, the stability was inves-
tigated by incubation of the labelled stents in isotonic saline solution and in human blood at 37 °C.
Under these conditions, '**Re was released from the stent surface. After 24 h incubation about 50 -
60 % of the start activity remains deposited. In further experiments the stability of the deposited '**Re
on the stent will be improved by e. g. coating the stent with an organic polymer.
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39. Synthesis and Molecular Structure of Chloro(3-Thiapentane-1,5-Dithiolato)-
Oxotechnetium(V)

B. Noll, P. Leibnitz', H. Spies
'Bundesanstalt fiir Materialforschung und -priifung Beriin

Tetrachlorooxotechnetate(V) [TcOCL]® and the tridentate ligand HS-CH,CH,-S-CH,CH2-SH (H.S3)

react in acetonitrile to produce the (chioro)oxotechnetium(V) complex [TcO(Ss)Cl] according to the
following reaction scheme:

Ci, O _ci S_ 0 _C
\¥c/ H,S; ( \_II[/
_ -

VRN nd c\S
Gl Ci N

The new Tc complex is an analogue to the neutral Re(V) complex that was described earlier [1]. The
chlorine at the Tc core can be replaced by monodentate thiols in a subsequent step forming "3+1”

complexes. A new precursor for the synthesis of derived mixed-ligand Tc complexes has thus become
available.

Synthesis:

132 mg (CeHs)aAs[TcOCI,] (0.2 mmol) are dissolved in 10 ml acetonitrile. 0.2 mmol 3-thiapentane-1.5-
dithiol dissolved in 2 ml acetonitrile are slowly added to the reaction mixture while stirring and cooling
to -20 °C under argon. The colour changes from yellowish green to dark green. After stirring for 30 min
the completeness of the reaction is controlled by TLC (silicagel / acetone), the R; is 0.6. After reducing

the volume of the solution by slow evaporation in an argon stream, yellowish green prismatic crystals
are recrystallized from acetonitrile. The yield is about 70 %.

The complex was identified by elemental analysis, infrared spectroscopy, and X-ray crystal structure
determination.

Elemental analysis: (found C, 16.01; H, 2.72; S, 31.21, TcOC,4H:S:Cl requires
C, 15.92; H, 2.67; S, 31.88 %)

IR absorption: Ag./cm™ 956 (TcO)

Melting point: >340 °C (decomp.)
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Fig. 1. CELLGRAPH drawing of the TcOCIS,

The structure was confirmed by X-ray crystallography. The X-ray data were collected at room tem-
perature (296 K) with an ENRAF-NONIUS CAD 4 diffractometer, graphite monochromatized Mo K,
radiation (A =0.71073 A)

Crystal structure analysis shows the square-pyramidal arrangement, where the the tridentate H,S;
ligand and the chloro atom form the square. The bond lengths of Tc=O(1), Tc-O(2) and Tc-S in
[TcOCIS;] are found in the region expected. This complex can be used as a precursor for preparation
of a variety of Tc complexes by analogy with the corresponding rhenium precursor.
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40. Synthesis and Molecular Structure of [T¢(CN-CH,-COOCH;)c]TcO,

B. Noll, P. Leibnitz", H. Spies
'Bundesanstalt fiir Materialforschung und -prifung Berlin

Organometallic homoleptic isocyanide compounds of technetium are described both at c.a. and n.c.a.
level [1, 2]. They were prepared either from the [Tc(diphosphine),Cl.]* precursor in organic solution or
directly by reduction of pertechnetate in the presence of isocyanides under while heating the reaction
mixture.

We observed an uncommon formation of a Tc(l) hexakisisonitriie complex [Tc(CN-CHx-
COOCHS)e]TcO4 when Tc(V) gluconate in aqueous solution was heated in the presence of the isoni-
trile ligand. The complex was exiracied into methylene chloride, purified by column chromatography
on silica gel and crystallized from methanol. The resulting compound contained the pertechnetate
anion as a counter ion. A possible explanation is that Tc(V) disproportionates to the oxidation states
+1 and +7 when Tc(V) gluconate is attacked by the isonitrile.

The structure was confirmed by X-ray crystallography. The X-ray data were collected at room tem-
perature (296 K) with an ENRAF-NONIUS CAD 4 diffractometer, graphite monochromatized Mo K,
radiation (A = 0.71073 A). Crystal structure analysis shows the symmetric coordination of the six car-
bon atoms of the isonitrile figand at the technetium central atom. The bond length of Tc-C is found in
the region expected (2.033 A) [3]. The geometry around the Tc central atom is octahedral. The per-
technetate counter ion is fixed within the molecular packing of the Tc complex.

& 3

Fig. 1. CELLGRAPH drawing of the [Tc(CN-CH,-COOCH3)s] TcOs4
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41. Crystal Structure of the Nitridorhenium(V) Complex
[ReN{CMe,PPh Me,}(DMSMe,).]

S. Seifert, P. Leibnitz', H. Spies
'Bundesanstalt fiir Materialforschung und —priifung Berlin

The preparation and partial characterization of nitridorhenium(V) complexes with DMSA and
DMSdimethylester as ligands were described some years ago [1]. By elemental analysis and NMR
studies it was found that a phosphine molecule remains in the complex after the ligand exchange
reaction of ReNCl(Me,PhP); with the DMS ligands and that a solvent acetone reacts with the ReN
core. However, the formulation [ReN(C(CHs).)(PMe,Ph){(DMSMe,),] was still rather speculative and
had to be clarified by mass spectrometry and X-ray analysis.

Mass spectrometric analyses show that in addition to the DMS ligands and the phosphine molecule a
component with the mass of 42 (CHs-C-CHg) is part of the molecule ion (m/z = 795, 797). A reaction
product with condensed acetone was not found [2, 3].

When methylethylketone is used as solvent instead of acetone, the formation of a similar complex of
the mass m/z = 810, 812 is observed. The resulting complex [ReN{C(CHz)(C.Hs)PMe,Ph}(DMSMey);]
is formed by addition of CHs-C-C,Hs to the ReN core. Moreover, an additionai complex
[ReN{C(CH3)(C2Hs)CH,C(O)CoHsPMe.Ph}(DMSMe,),] of the mass m/z = 881, 883 is found by FAB-
MS. As described for other ReN complexes [2, 3] this complex is formed by acid condensation of two
solvent molecules and addition of the reaction product to the ReN core.

The X-ray analysis of the complex [ReN{C(CHs).PMe,Ph}{DMSMe,),] leads to a surprising result.
The phosphine molecule is bound to the central C atom of the added solvent molecuie and not, as
expected, directly to the Re atom (Fig. 1).

Fig. 1. X-ray crystal structure of the complex [ReN{C(CHz),PMe,Ph}(DMSMe,).]

The resulting chain Re=N-C-P has never been described before and shows an angle N1-C13-P1 of
99.5 °. The Re-N bond length of 1.697 A is in the range of a double bound nitrogen atom. The Re-S
distances are of the order generally found for these complexes.

The exceptional configuration found by X-ray analysis can possibly be explained by the reductive
attack of a free phosphine molecule on a solvent molecule and following formation of a carbonium ion
and phosphine oxide. The resulting electrophilic agent is added onto the nitrido atom and the unusual
Re-N-C-P configuration is formed by the nucleophilic atiack of a second phosphine (Scheme 1).
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42. Reactions of Hydroxy-Group-Containing ‘3+1’ Mixed-Ligand Oxorhenium(V)
Complexes.
Part 3*. Synthesis and Physico-Chemical Investigation of O-Organosilicon-Containing 3-
Thia-, 3-Oxa- and 3-Methylazapentane-1,5-Dithiolato-Oxorhenium(V)

A. Zablotska’, I. Segal', A. Kemme, E. Lukevics', R. Berger, H. Spies
*Latvian Institute of Organic Synthesis, Riga

To investigate the influence of substituents on the physico-chemical and biological properties a series
of neutral oxorhenium(V) complexes 1-10 was synthesized in which the oxorhenium(V) core ReO* is
coordinated with a tridentate 3-thia- [1,2], 3-oxa- and 3-methylazapentane-1,5-dithiolate as well as
with a hydroxy- or triorganylsiloxy-containing monodentate thiolate. In the synthesis of novel O-
silylated oxorhenium complexes 6-10 silylation experiments were performed, starting from ‘3+1°
mixed-ligand rhenium complexes 1-5 in which the monodentate ligand part contains a hydroxy group.
A ligand containing the hydroxy group was first fixed at the complex core first and then the silyl group
was introduced by silyl halogenides in the presence of triethylamine (Scheme 1).

The structure of the synthesized compounds was proved by the elemental analysis, 'H and #°Si NMR
spectroscopy. The molecular structures of complexes 5, 8 and 10 was established by X-ray analysis.
No additional coordination of the silicon atom in organosilicon oxorhenium complexes was observed.
But the ®Si resonance for (2-trimethylsiloxyethanethiolato)[3-(N-methyl)azapen-tane-1,5-dithiolato}-
oxorhenium(V) 10 is shifted strongly down-field, suggesting the deshielding anisotropic effect of
rhenium on the silicon atom in solution. .
X-ray analysis revealed the presence of two crystallographic independent molecules per unit cell for
(2-hydroxyethanethiolato)[3-(N-methyl)azapentane-1,5-dithiolatoJoxorhenium(V) 5 (Fig. 1). A disorder
of C atoms in o-position to the N atom of the tridentate ligand with its occupation factors ratio of
approximately 2:3 was observed in one of them.

§0

Fig. 1. Molecular structures of two conformers of
(2-hydroxyethanethiolato)[3-azapentane(N-methyl)-1,5-dithiolatoJoxorhenium(V) 5
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To evaluate the difference beiween the silylated and parent compounds, their lipophilicity was
determined by a HPLC procedure (Table 1). The data obtained adequately describes (a) the effect of
the organosilicon-substituent introduction, (b) the sequence concerning 3-thia-, 3-oxa- and 3-(N-
methyl)aza ligands, and (c) the side chain length. For unsilylated complexes 1 and 3-5 log P values
are under 1. For the silylated ones these values vary from 2.4 1o 5.4 and depend on the increase in
the steric bulk about the silicon atom. The maximal value, 5.4, was found for (3-triphenylsiioxy-
propanethiolato)(3-thiapentane-1,5-dithiolato)oxorhenium(V) 8. Log P for (3-trimethyisiloxypropane-
thiolato)(3-thiapentane-1,5-dithio-lato)oxorhenium(V) 9 is about two times smaller (Table 1).

For both silylated and unsilylated complexes the tendency of log P fo increase from aza to oxa and
further to thia is consistent with the electronic effect caused by S, O and N atoms of the tridentate
ligands.

The influence of the carbon chain length of monodentate ligands for the complexes 3-4 and 6-7 is also
reasonable.

The synthesized compounds are tested in vivo for psychotropic activity caused obviously by the
infroduction of the silyl group.
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Table 1. Lipophilicity data

Denotation Structure PhpLe log PrpLc
SH s
1 ( )Re/ ~"“OH 2.66 + 0.06 0.4249
57 S
S
5§
3 ( S ~on 2.06 £ 0.12 0.3139
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s O
4 ( \ “e SAS~oH 2.73+0.04 0.4362
o*‘FI ~s
i Me
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S \S Me
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Me
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o /Re\s Me
s 0O
A\l Me
10 ) e\/s\/\o—Sif—Me 275+ 8 2.4393
N S Me
50 s
5 Re” " OH 1.66 % 0.02 0.2201
N~ S
7

* Part 2 has been published in Annual Report 1997, FZR-200, pp. 116-117.

References

[1] Fietz T., Spies H., Zablotskaya A. and Scheller D. (1997) Reactions of hydroxy-group containing
3, 1” mixed-ligand rhenium(V) compounds. Part 1: Silylation of “3+1” mixed-ligand complexes.
Annual Report 1997, Institute of Bioinorganic and Radiopharmaceutical Chemistry, FZR-200, pp.

113-116.
[2] Spies H., Fietz T., Zabloiskaya A., Belyakov S. and Lukevics E. (1999) Organosilicon containing

rhenium(V) complexes with mixed ligands. Chem. Heierocycl. Comp. 35, 116-125.

158



43. Artificial Guanidinium Hosts for Binding Pertechnetate

H. Stephan, F. P. Schmidichen’, H. Spies, B. Johannsen
"Institut fir Organische Chemie und Biochemie, Technische Universitit Miinchen

Introduction

Noncovalent binding of pertechnetate may be of considerable interest as a new approach to labelling

organic compounds with technetium without any reduction step, and for removal of pertechnetate as

an environmental contaminant. Special requirements have to be met in the first envisaged area of

application, particularly as specific imaging agents, including

e high kinetic stability of the host-pertechnetate complex in the presence of competitive anions such
as chloride and bicarbonate

o adjustment of the shape, charge, redox properties and lipophilicity of the complex

e host-guest complex may be conjugated to targeting molecules in order to govern the
biodistribution.

This objective should be realizable on the basis of modular assembled supramolecular receptors that

can provide multi-point fixation of pertechnetate as shown in Fig. 1.

Thus, the receptor should have a

framework that is complementary to

the charge and topology of tetrahedral "

pertechnetate. The receptor may be COORDINATION

ditopic, with the coordination centre 1 CENTRE 1

designed for charge compensation and

both coordination groups operating by

ion-dipole binding. In the latier nexus

hydrogen bonds are the most

prominent and prototypical

representatives of dipolar elements.

The spacer moiety makes it possible to

adjust the stability and lipophilicity, and

most important, to introduce BIo

biomolecules without disturbing the MOLECULE

coordination centre.

Recently we developed ditopic

guanidinium receptors as selective

extractants for tetrahedral oxoanions

[11. In this paper we report the binding behaviour of guanidinium compounds towards pertechnetate.

Liquid-liquid partition of *TcO, in a CHCly/aqueous buffer system was chosen to characterize the

binding properties of various host compounds.

COORDINATION
CENTRE 2

SPACER

Fig. 1. Conception for the complexation of pertechnetate

Experimental

All chemicals were reagent grade and used as obtained. Compound 1 was received from Fluka, the
bicyclic guanidinium hosis 2 - 4 were synthesized as described earlier [2] and used as chiorides.

The exiraction studies

were  performed  at (;"Q o m N Hc\l./ Q:;L .
° . \C\\\‘ c” i3 "?"o\c@ C’o_
25+ 1°C n 2 mi I!IQI!I G’!i H, CH, H !ilolll H2
3

1
microcentrifuge tubes by "on
mechanical shaking. The 1 2
phase ratio Vixg):Viw wWas
11 (05 mi each); the

shaking period was \l/ m \l/
30 min. The extraction @‘ O~ o el _®
equilibrium was achieved g on R

during this period. All

samples were centrifuged 4
after extraction. The
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pertechnetate concentration in both phases was determined radiometrically using the B-radiation
measurements of **TcO, (Amersham) in a liquid scintillation counter (Tricarb 2500, Canberra-
Packard). The aqueous solution was adjusted using 0.05 M 4-(2-hydroxyethyl)piperazine-1-
ethanesulphonic acid (HEPES)/NaOH buffer.

Results and Discussion

Fig. 2 shows the results of pertechnetate extraction with the guanidinium hosts 1 — 4. It can be seen
that the most lipophilic compounds 3 and 4 are capable of transferring pertechnetate with high
efficiency from water into trichloromethane. The distribution ratios Dr.04 are of the same order of
magnitude as obtained for exiractants that are mainly used for pertechnetate such as
tetraphenylarsonium [3-5], Log D

tetraphylphosphonium [6] and trioctyl- 9 Dreos
methylammonium chloride (Aliquat 4 )
336) [7,8]. The exiractability is i

lowered with decreasing lipophilicity of ~ O + ;
the guanidinium hosts (cf. 1 and 2),  °] OS& i ;%O . j{*&m%c}
but even the highly hydrophilic ' : ‘=
derivative 1 extracts pertechnetate 2] ?
with unprecedented efficiency. This
finding points to the reinforcement of ”:,’(:’Qf" ‘
binding caused by using two hydrogen 14 z
bonds in addition to electrostatic T

attraction. As expected, the
guanidinium hosts investigated form
clean 1:1 complexes with
pertechnetate in the organic phase [9]. al
In the presence of the competitive
anions chloride and bicarbonate the
periechnetate extraction decreases. 2]
But even at a huge excess of these
anions pertechnetate is siill exiracted
with high efficiency. Thus, more than =
60% of pertechnetate is transferred
into trichlorometham: with guanidinium LOg Ciigand(org)
host 4 (Cq(org) =110"Min CHCIs) ata N
concentration ratio=1:1000 for Fig. 2. Extraction of pertechnetate with bicyclic guanidinium
TcO,: CI(HCO3). compounds 14
[KTcOy] = 1-10* M; pH = 7.4 (HEPES/NaOH buffer); fligand] = 5-10..
1-10°M in CHCl, ; points represent the experimental data; lines correspond
fo 1:1 complex formation.

IS
&
3
o

Summary

Guanidinium hosts may serve to complex periechnetate. Lipophilic derivatives transfer this tetrahedral
anion from water 1o trichloromethane with high efficiency. A remarkable selectivity of pertechnetate
over chloride and bicarbonate was obtained. Structural modifications of host molecules in terms of
complex stability and lipophilicity are under way.

We conclude that supramolecular recepetors having at least one guanidinium unit are very promising
for direct complexation of pertechnetate.
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44. EXAFS Analysis of a Rhenium(l) Carbonyl Complex

S. Seifert, J.-U. Kiinstler, H. Funke', A. RoBberg’, C. Hennig', T. Reich’, G. Bernhard', B. Johannsen
'Institut fiir Radiochemie

Introduction

After joint EXAFS experiments at the Hamburger Synchrotronstrahlungsiabor (Hasylab) and the
Stanford Synchrotron Radiation Laboratory (SSRL), EXAFS measurements of various rhenium
complexes were performed, using for the first time the sophisticated Rossendorf Beamline (ROBL)
facility at the European Synchrotron Radiation Facility (ESRF) in Grenoble. Being a collaboration
between the Institute of Radiochemistry and the Institute of Bioinorganic and Radiopharmaceutical
Chemistry, this analysis serves as a stepping stone towards preparing future EXAFS experiments with
**Tc carbonyl complexes.

Rhenium and technetium carbonyl complexes of the general formula [M(CQ)sXL] (M = Re, Tc; X = Br,
CI; L = bidentate thioether or Schiff base ligand) are at present under investigation for the
development of neutral receptor-affine complexes which are able to cross the blood-brain barrier and
to bind to receptors of the central nervous system. Some of the rhenium carbonyl thioether complexes
are fully characterized by X-ray analysis and other chemical methods, the data of which may be used
for comparison with the EXAFS results.

Experimental

The EXAFS spectra of the Re Ly and Br K-edges of the same sample were measured in transmission
mode, using the Si(111) double-crystal monochromator in fixed-exit mode.

The sample consists of 20 mg of the following rhenium complex: F F
This complex was mixed with Teflon powder as mairix material o F
and pressed into a pellet. The EXAFS specira were evaluated, \S/\é A~ F
using the program package EXAFSPAK [1], and phases and Br\:qe/ F
amplitudes were calculated with the scattering code FEFF6. CO/c’o\C o

Resulis

To obtain a satisfactory fit result for the Re specira, the individual scattering paths Re-C, Re-S, and
Re-Br and the multiple scattering path along the carbonyl group, i.e. Re-C-O, have to be included
(see Fig. 1 and Tab. 1).
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Fig. 1. Re Ly edge EXAFS spectrum and Fourier transform of the rhenium(l) carbonyl complex
(solid line: experimental data, dotted line: fif).
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Table 1. Comparison of bond distances obtained by EXAFS measurement
and X-ray analyses data of similar complexes (ARgxars < 0.02 A)

EXAFS XRD " XRD ?

Path N *? RIA] RIA] RIA]
Re-C1 27 1.8 1.92 1.92 1.98
Re-C2 1.90 1.94
Re-C3 1.90 1.92
Re-Br 0.9 3.3 2.62 264 2.61
Re-S1 24 3.6 2.49 247 2.54
Re-S2 2.46 253
Re-C-O 2.7% 3.0 3.07 3.07 no
(3 legs) data
Re-C-O 2.7 3.0 3.06 3.06
(4 legs)

) Re(CO)sBr{CH3-S-C.H,-S-CHs-CCH), [2]

2 Re(CO)aBr(CI-C2H,-8-CoH,-S-CzH,-Cl), [3]
¥ Debye Waller factors in 107 A®
“ The degeneracy of 2 was taken into account

The EXAFS scan of the same compound with Br as the central atom produces a more complicated
spectrum dominated by the heaviest possible back-scatierer, rhenium. Apart from the main scattering
path Br-Re, the nearly linear multiple scattering paths Br-Re-C and Br-Re-C-O make the main
contributions to the radial distribution function (Fig. 2). The evaluated bond length is 2.6 A.

1 (kK
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8 10

kAT

14 16

Transform magnitude

R+ aRA

Fig. 2. Br K-edge EXAFS spectrum and Fourier transform of the rhenium(l) carbonyl complex
(solid line: experimental data, dofted line: fit).

163



Measurements of the inner coordination spheres of rhenium carbonyl complexes with different
dithioether ligands, using X-ray crystal-structure methods, show Re-Br distances between 2.61 and
2.64 A [2, 3]. The EXAFS-results presented are consistent with these data.
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45. First XANES and EXAFS Measurements of Technetium Model Compounds at the
Rossendorf Beamline ROBL

T. Reich’, H. Funke', C. Hennig', A. RoBberg’, H.-J. Pietzsch, S. Seifert, J.-U. Kiinstler, G. Bernhard’
"Institut fir Radiochemie

Technetium K-edge EXAFS measurements on model compounds demonsirate the superb quality of
the radiochemistry endstation of ROBL for X-ray absorption spectroscopy.

Experimental

The structure of novel Tc complexes has been studied successfully in the framework of a coliaboration
between the Institute of Radiochemistry and the Institute of Bioinorganic and Radiopharmaceutical
Chemistry over the last few years [1, 2].

In order to evaluate the possibilities of the new Rossendorf Beamline (ROBL) for Tc EXAFS studies,
we prepared four samples for a first experiment with *Tc at ROBL. The samples were 127 mM
NaTcO4aqg), 1.3 mM NaTcO,(aq), KTcOu(s), and TcOz*nH,O(s). Except for the 1.3 mM Tc solution,
the amount of Tc in the samples yielded an edge jump of ~1 across the Tc K absorption edge at 21
keV. These samples were measured in transmission mode using the Si(111) double-crystal
monochromator in fixed-exit mode with an additional feedback system to minimize beam intensity
fluctuations. The Tc K-edge EXAFS spectrum of the dilute solution was recorded using a four pixel Ge
fluorescence detector. The energy scale of the XANES scans was calibrated with a Mo metal foil (Mo
K-edge at 20004.3 eV). For the EXAFS analysis, the first inflection point of the pre-edge absorption
peak for the NaTcO4(aq) sample was defined as 21044 eV [3].

Results and Discussion

Fig. 1 displays the raw Tc K-edge k>-weighted EXAFS spectrum of NaTcO,(aq). The spectrum of the
127 mM Tc solution was recorded in a single sweep up to k = 21 A™'. During this sweep the counting
time per data point was gradually increased from 2 to 20 sec. To our knowledge, this is the first Tc
EXAFS spectrum of a liquid sample where it was possible to observe the fine structure of the X-ray
absorption spectrum over an energy range of 1700 eV. In addition, this spectrum is an impressive
demonstration of the superb quality and stability of all beamiine components. 1t follows from the best
theoretical fit to the data (Fig. 1) that Tc is surrounded by 4 oxygen atoms (N = 4.1:0.1) at a distance
of 1.72£0.01 A (¢® = 0.001320.0004 A%. The EXAFS spectrum of the 100 times more dilute
NaTcO.(aq) sample is also shown in Fig. 1 and represents an average of four sweeps measured in
fluorescence mode. The intensity of the Tc Ka: fluorescence line was 1.2 x 10° counts/sec. The total
count rate processed by the fluorescence detector was 6.4 x 10° counts/sec. Under these conditions, it
was possible to analyze the Tc K-edge K*-weighted EXAFS spectrum of the 1.3 mmol Tc solution up to
k = 15 A™. The structural parameters obtained are the same as for the TcO, ion in the concentrated
solution, i.e., N = 8.920.2, R = 1.72:0.01 A, and ¢ = 0.0016+0.0003 A2 Our structural parameters
agree with a previous Tc K-edge EXAFS measurement of a 0.2 M NH, TcO.{aqg) sample [3].

Fig. 2 displays the Tc K-edge XANES specira of KTcO,(s), and TcO*nH;O(s). The energy of the main
absorption edge defined by the first-derivative method increases from 21061.6 eV to 21065.8 eV as
the Tc valence increases from IV to VIl This energy shift of 4.2 eV is in qualitative agreement with
previous measurements [3]. The shape of the Tc K-edge XANES spectra reflects the symmetry of the
oxygen atoms surrounding Tc. The most distinct feature of the TcQ. ion, which has Ty symmetry, is
the pre-edge peak at 21050.8 eV. The XANES features can been used as a probe to determine the Tc
speciation as it has been shown, for example, in cement waste forms [3].

In summary, the Tc K-edge X-ray absorption measurements on Tc model compounds showed that
high-quality data can be obtained for liquids and solids at the new Rossendorf Beamline. We conclude
that ROBL provides excellent experimental conditions to study the structure of solid and liquid Tc

complexes with a large variety of organic and inorganic ligands covering a Tc concentration range of
at least two orders of magnitude.
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Fig. 1. Raw k*-weighted Tc K-edge EXAFS spectra (left) and corresponding Fourier transforms (right)
of experimental data (solid line) and theoretical fits (dots) for 127 mM (top)
and 1.3 mM (bottom) NaTcQ.(aq).
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Fig. 2. Raw Tc K-edge XANES spectra of TcOz*nH,0(s) (top) and KTcQOu(s) (bottom).
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46. Challenge Experiments with ”3+1” Mixed-Ligand *"Tc Complexes and
Glutathione: Influence of Structural Parameters on the Complex Stability

A. Gupta, S. Seifert, R. Syhre, B. Johannsen

introduction

“3+1” mixed-ligand *™Tc complexes, containing a tridentate ligand and a monodentate ligand, are of

particular interest in the development of new technetium-99m radiopharmaceuticals. An important
point is the stability of these complexes in the various biologically relevant fluids. The “3+1” mixed-
ligand *™Tc complexes proved 1o be stable in saline, phosphate buffer of pH = 7.4 and in plasma.

In blood, however, the complexes are converted. The assumption of a ligand exchange in terms of
replacement of the monodentate ligand by GSH is quite reasonable as recently shown by us and
others [1, 2, 3].

In fact, there is a high concentration of glutathione (GSH) in the erythrocytes (approx. 2 mM) compa-
red with plasma (approx. 10 pM), and in other cases GSH was even considered a converting agent [4,
5].

Challenge experiments are a useful tool for estimating the stability of complex compounds to tran-
schelation processes [6]. Systematic studies with GSH as a challenger were therefore carried out with
a number of "3+1” mixed-ligand *“™Tc complexes of the general formula [*™TcO(SES)(RS)] (E
=8, NMe). To investigate the influence of the structure of the tridentate as well as the monodentate
ligands on the stability the following complexes were used.

Table 1. General formula and numbering scheme of the "3+1” mixed-ligand *™Tc complexes .

General formula R-SH E=8| E=NMe

C 1a 1b
HS OCH;
2a 2b
" /\<

/_—\ <C% 3a 3b
HS
CH,
—N S\ 4a 4b
HS N o
[®"TcO(SES)(RS)] GH, 5a 5b
O
e}

S\(‘;/S“R K(j il e
N [

HS
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Experimental

Preparation of complexes

The *™Tc complexes were prepared by direct reduction of pertechnetate with stannous chioride in an
giatimized mixture of various amounts of the ligands and propylene glycol according to Seifert et al. [7,
Approx. 150 — 200 MBq of the ®"Tc periechnetate eluate were added to 1 ml propylene glycol and
filled up to 2 ml with a solution of 0.9 % sodium chloride. After mixing approx. 40 ug of the tridentate
ligand (diluted in acetone or methanol), 0.5 mg of the monodentate ligand (diluted in 100 pl H,0), 100
pl 0.1 N NaOH and 20 pl stannous chioride solution (1.0 — 2.0 mg SnCl, dissolved in 5 ml 0.1 N HCI)
were added and the reaction mixture was heated at 50 °C for 20 minutes.

The complexes were purified by HPLC with a semipreparative PRP-1 column (Hamilton, 305 x 7 mm,
10 pm, flow rate 2.0 mi/min) using a linear gradient system (timin}/%B): (5/30),(10/80), (10/80) of H,O
0.1 % trifluoroacetic acid (A) and acetonitrile 0.1 % trifluoroacetic acid (B). The effluent from the co-
lumn was monitored by y-detection and UV detectiion. After adding 200 pl propylene glycol and remo-
ving a;getogittrli!e by vacuum evaporation, the separated neutralized complex fraction was stable for
more than 8 h.

Challenge experimenis

For the challenge experiments about 1 MBq of the HPLC-purified *™Tc complexes was diluted in
0.1 M phosphate buffer (pH = 7.4 20 % propylene glycof) containing 1 mM or 10 uM solution of GSH
to a final volume of 200 pl. The reaction mixture was incubated at 37 °C in a thermoshaker. After va-
rious lengths of time the reaction products were analysed by HPLC.

HPLC analyses
HPLC analyses were carried out with a PRP-3 column (Hamitton, 150 x 4 mm,10 pm, flow rate 1.0

ml/min) using a linear gradient system (imin}/%BY): (5/0),(5/70), (10/70) of 10 mM phosphate buffer of
pH = 7.4 (A) and acetonitrile (B). The effluent from the column was monitored by y-detection.
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Results and Discussion

Influence of the nature of iridentate ligands

Remarkable differences are observed between the complexes containing the tridentate ligand with E =
S and the complexes containing the tridentate ligand with E = NMe. In all investigated cases the
SNMeS complexes are much more stable to transchelation with giutathione than SSS complexes.
Most of the so-called SSS complexes are so fast converted with GSH concentrations of 1 mM that the
time course of conversion could not be followed and only the transchelation product is found after 1 - 2

minutes. To compare the influence of the monodentate ligands we later studied these complexes with
GSH concentrations of only 10 pM.

% parent compound

| —e—1ai
=

mincies after incubation

Fig. 1. Time course of the conversion of the “3+1” mixed-ligand *™Tc complexes 1a/1b and 2a/2b
in the glutathione challenge

2. Influence of the nature of monodentate ligands

Variation of the monodentate ligand does not remarkably alter the different kinetics of complexes with
the E = S tridentate ligand versus E = NMe. When we compared the complexes with constant triden-
tate ligand and varying monodentate ligands for both types (E = S and E = NMe), we observed ex-
actly the same tendency. The complexes with the monodentate ligand 2 and with the monodentate
ligand 1 have almost the same relatively high stability. The most stable of all investigated complexes
was that with the monodentate ligand 7. All the other complexes are converted faster into the tran-
schelation product. All these complexes have a nitrogen atom in the side chain of the monodentate
ligand. This nitrogen atom is therefore assumed to have a destabilizing effect. This effect was investi-
gated by varying the spacer between the nitrogen atom and the coordinated sulphur atorn as well as
the ability of this nitrogen to be protonated.

For the complexes with the E = NMe tridentate ligand the challenge experiment was performed with
an initial GSH concentration of 1 mM. After 120 min the GSH concentration in the reaction mixture
was still 0.85 mM * 0.04 and so that the GSH concentration was considered to be almost constant.
The time course of the converting reaction therefore fits the equation for a pseudo first order reaction

and the parameter k thus obtained is a direct measure of the stability of the complex to conversion
with GSH.

For the complexes with the E = S tridentate ligand the challenge experiment was performed with an
initial GSH concentration of 10 pM. In this case the time course of the converting reaction becomes a
plateau. The reason for this behaviour seems 1o be the parallel autoxidation of the GSH so that the
GSH content during the challenge experiment cannot be considered to be constant for low GSH con-
centrations. Unfortunately, we were not in a position to measure the glutathione in this challenge ex-
periment because the detection limit of the test system used was 25 M. For these complexes the
following equation was used 1o fit the time courses (parameter not shown):

y = yO+A1* @ X0k
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Fig. 2. Time course of the conversion of the “3+1” mixed- ligand *Tc complexes with E = NMe
in the glutathione challenge with 1 mM GSH
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Fig. 3. Time course of the conversion of the “3+1” mixed-ligand #mTc complexes with E= S
in the giutathione challenge with 10 pM GSH
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3. Influence of the nitrogen atom of the monodentate ligand

y= A1* e X0 (A1-100%)

100
] Kk chi?

- 80

£ 8b 7.10+0.3 5.2
2 % 222414 14.5
° ] 10b 326+25 23.1
o 2 & &  ® w0 im
minutes after incubation

11b 39.2+3.8 39.6

Fig. 4. Time course of the conversion of the “3+1” mixed-ligand **™Tc complexes with E = NMe
in the glutathione challenge with 1 mM GSH

Interestingly, the compounds with the monodentate ligands 8b und 3b are converted the fastest. The-
se compounds both have an ethylene spacer between the nitrogen atom and the coordinated sulphur
atom. In Fig. 4 it is shown that the stability to GSH conversion increases with increasing spacer length
between the technetium core and the nitrogen atom. But even with five spacer carbon atoms the sta-
bility of the complexes containing nitrogen in the monodentate ligand does not reach the stability of
the complexes containing the monodentate ligands 1and 2. An exception in this range is compound
4b where the nitrogen atom is an element of a morpholine ring system. This compound also has the
ethylene spacer but it shows the same stability as the compounds 10b, 11b and 5b. This is not surpri-
sing when the destabilizing effect of the nitrogen is explained by an electron- withdrawing(-1) effect of
the protonated nitrogen that weakens the metal-sulphur bond of the complex. Because all compounds
except compound 4b have a pKa between 8.5 and 9.55 [9], the nitrogen of those compounds should
be protonated under our working conditions of pH = 7.4. Compound 4b has a pka of about 7.1, which
means that the oxygen of the morpholine ring weakens the base strength of the nitrogen atom and
increases in this way the stability of the metal-sulphur bond compared to complexes 8b and 3b.

The stability tendencies found can be summed up as follows:

Complexes with the E = NMe tridentate ligand are much more stable than those with the E=S triden-
tate ligand.

A nitrogen atom in the monodentate ligand has a destabilizing effect, which can be explained by an
-l-effect of the nitrogen on the complex core.

Compounds with an ethylene spacer between the nitrogen atom and the coordinated sulphur atom are
the fastest converted compounds.
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47.

Identification of the Transchelation Product of “3+1“ Mixed-Ligand Technetium and
Rhenium Complexes with Glutathione

A. Gupta, S. Seifert, R. Syhre, B. Johannsen

Introduction

The “3+1“ mixed -ligand *Tc complexes, developed for radiopharmaceutical application and proved
1o be stable in saline, phosphate buffer of pH 7.4 and in plasma, are shown to be subject to conversi-
on with GSH into a more hydrophilic metabolite [3]. GSH, the most abundant sulphydryl compound in
tissues, is present in almost all animal cells investigated in relatively high concentrations (0.5 mM to
12 mM). It is quite reasonable to assume that the “3+1“ mixed-ligand *™Tc complexes react with GSH
in vivo and in vitro forming the complex shown in Fig. 1 [3]. For some complexes this reaction has
been proven [6, 7].

To further support this explanation “3+1“ mixed-ligand rhenium complexes as well as the ™ Tc com-
plexes with varied tridentate ligands and GSH for a monodentate ligand were synthesized and compa-
red with the product resulting from GSH challenge experiments.

CO=—NH-— GH, ™~ COOH
o |
S “ s 7\ H
\R / T /NHz
e NH —CO— CH,—— GH 2---(~\H
E / \S

COOH

Fig. 1. General formula of the supposed transchelation product of the “3+1* mixed-ligand technetium
or rhenium complexes {E = S or E = NMe) with glutathione

Experimental

Preparation of [ReO(SSS)(glutathione)]

An equimolar amount of glutathione (50.9 mg, 0.166 mmol) diluted with acetonitritwater (60/50) and
0.166 mmol triethylamine (21 pl) were added to a stirred and refluxed solution of chioro{3-thiapentane-
1,5-dithiolato)oxorhenium(V) (65 mg, 0.166 mmol) in acetonitrile (10 mi)j4]. After a period of 60 minu-
tes the reaction mixiure was evaporated to dryness. The residue was again dissolved in a mixture of
acetonitrile/water (50/50) and the soluble part separated from the insoluble residue. Then the soluli-
on was again evaporated to dryness and the residue washed with methanol. The residue was again

dissolved in a mixture of acetonitrile / water and a solid reddish brown powder was formed by addition
of diethyl ether.

Preparation of [ReO(SNMeS)(glutathione)]

The complex was prepared by ligand exchange, starting from the gluconate precursor ( 0.125 mmol)
[5] by adding a fourfold molar excess of glutathione (150 mg, 0.5 mmol) dissolved in water. After the
solution had turned from blue to red the tridentate ligand dissolved in water was added in & molar
ratio of 1:1 (30.1 mg). After a period of 120 minutes the reaction mixture was evaporated o dryness.
The residue was dissolved in water and purified by liquid chromatography over silica gel with a mixtu-
re of methanol/water (80/20). The green fraction was collected and again evaporated to dryness. To
completely remove the glutathione excess the residue was again dissotved in water and purified by
HPLC (semipreparative PRP-1 column, Hamilton, 305 x 7 mm, 10 pm, flow rate 2.0 mimin using a
linear gradient system ({min}/%B): (5/20),(10/80), (10/80) of H,O 0.1 % trifluoroacetic acid (A) and
acetonitrile 0.1 % trifluoroacetic acid {B)). After purification the complex was precipitated as a green
solid by slow evaporation of the mixture of methanol/diethylether.
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Preparation of [ReO(SSS){glutathione)] by GSH challenge of [ReO(SSS)(S-CH,CHz-N(CHs),)]

100 mg of glutathione were added to 13 mg of (0.026 mmol) [ReO(SSS)(S-CH,CH,-N(CHs),)] dissol-
ved in water. After complete ligand exchange the glutathione excess was removed by HPLC as de-
scribed above. After evaporation of the solvent the residue was dissolved in a mixture of acetonitri-
le/water and a solid reddish brown powder was formed by addition of diethy! ether.

Preparation of the n.c.a. complex [TcO(SSS)(Glutathione)]

The **™Tc complexes were prepared by direct reduction of pertechnetate with stannous chloride in an
optimized mixture of amounts of the ligands and propylene glycol according to Seifert et al. [1, 2].
Approx. 150 - 200 MBq of the *™Tc pertechnetate eluate were added to 1 mi propylene glycol and
filled up to 2 ml with a solution of 0.9 % sodium chloride. After mixing approx.40 ug of the tridentate
ligand diluted in acetone, 0.5 mg of glutathione (diluted in 100 pl H,O), 100 pl 0.1N NaOH and 20 pi
stannous chloride solution (1.0 - 2.0 mg SnCl, dissolved in 5 ml 0.1 N HCI) were added and the reac-
tion mixture was heated at 50 °C for 20 minutes.

The complex were purified by HPLC as described above.

HPLC analysis of the Tc and Re complexes

HPLC analyses were carried out with a PRP-3 column (Hamilton, 150 x 4 mm, 10 pm, flow rate 1.0
ml/min) using a linear gradient system ({{min}/%B): (5/0),(5/70), (10/70) of 10 mM phosphate buffer of
pH = 7.4 (A) and acetonitrile (B). The effluent from the column was monitored by ydetection.

Infrared spectroscopy of the Re complexes
The complexes were compressed into KBr pellets and measured on a CARL ZEISS JENA infrared
spectrometer against air.

Capillary electrophoresis and UV speciroscopy of the Re complexes

Capillary electrophoresis was performed using a HEWLETT PACKARD device equipped with a diode
array UV detection system. The analysis was performed with a non-coated silica capillary (24.5 cm, ID
50 pm) in borate buffer (50 mM, pH 9.3).

1
H NMR
The complexes were recorded in DMSO-ds on an INOVA 400 spectrometer.

Fast atom bombardment mass spectrometry

FAB" mass spectra of the Re complexes were recorded with a MAT 95 spectrometer (Finnigan) by
mixing 1 pl sample solution with 5 pi glycerol and bombarding it with caesium atoms of low energy of
about 150 eV at room temperature.

Results and Discussion

The data in Table 1 show that the supposed challenge products with glutathione are available by a
standard synthesis procedure for “3+1“ mixed-ligand rhenium complexes. As shown for the SSS com-
plex, the complex corresponds to the complex resulting from the giutathione challenge of other “3+1“
rhenium complexes in terms of congruent UV, IR and NMR spectra.

The “3+1“ *™Tc complex with GSH was also obtained by the standard n.c.a. synthesis procedure and
was shown to have the same retention time in the HPLC analysis as the above-characterized rhenium
complex as well as the product resulting from challenge experiments and the metabolite resulting from
in vitro incubation of “3+1“ *™Tc mixed-ligand complexes with whole blood. Furthermore, the ligand-
exchange reaction leading to the GSH complex proved to be reversible. It was shown that after com-
plete turnover of the parent compound into the challenge product it was possible to reconstitute the
parent compound by an excess of the original monodentate ligand.
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Table 1. Chemical data of the “3+1“ mixed-ligand rhenium complexes containing glutathione as

monodentate ligand

Re(SSS){GSH) synthesis Re(SSS)(GSH) challenge Re(SNMeS)(GSH) synthesis
HPLC: R¢ = 4.67min Ri=4.61min Ri=4.58min
HPCE: Ri= 11.9min R: = 12.3min Ri= 12.3min
UV-spectra: )
o | ——ReisssasHyaus gynhese | — Re{SSS)(GSH) aus Crakenge [_———PRelSNMsSHGSH)) sus Syrhess |
Ll 3. 2.
GL-*—--———'——S:.——F o w m 1 e
MS:
659(48), 660(5), 661(100)M+1, |  ——eeemee 679(46),680(13),681(100) M+Na,
662(10),663(11) 682(27),683(15) ’

Elemental analysis:

found:

C,23.9 H,3.8 N,5.8 S,16.9
C14H2407ReSNax2H;0 requires:

found:
C,23.9H,35N,4.55,13.7

C:H200;ReSN-x2TFA requires:

found:
C,26.4H,45N,7.6 S,13.2
C.5H270,ReS:N4x2H,0 requires:

C,24.1 H,3.9N,6.0 5184 C,243H,295N,4.7S,14.4 C,26.0H,4.36 N,8.0 5,13.8
red powder red powder green powder
IR:
Vmadom™ (KBr): Vmax/Cm™ (KBr): Vmaom™ (KBr):
958.2(Re=0), 1522.4 (CO-NH), | 961.6(Re=0), 1529.8 (CO-NH), | 952.4(Re=0), 1526.9 (CO-NH),
1646.9 (CO-NH), 1648.6 (CO-NH), 1650 (CO-NH), 1729.2(COOH),

1724.4(COOH), 3290.6(NH),
3388 (OH)

1724.4(COOH), 3284.8NH),
3390 (OH)

3247.4(NH), 3391.7 (OH)

"H NMR in DMSO-Ds [3]:
signais of tridentate:
2.25(2H), 3.02(2H),4.05(2H),
4.29(2H)

signais of monodentate:
1.80/1.89 (2H), 2.31(2H)
3.68(4H), 4.54(1H) 8.34(1H),
8.59(1H)

signals of tridentate:
2.23(2H), 3.02(2H),4.04(2H),
4.29(2H)

signals of monodentate:
1.95(2H), 2.32(2H), 3.73(4H),
4.59(1H) 8.34(2H),

signals of tridentate:
2.59(2H), 3.53(2H),3.18{xH),
3.24(CHg)

signals of monodentate:
1.82,1.90 (2H), 2.29(2H),
3.67(4H), 4.51(1H), 8.31(1H),
8.46(1H)

For solubility or synthetic reasons the complexes contain either 2 mole water or trifluoroacetic acid as

shown by 'H ,"*C and °F NMR.

The trifluoroacetic acid results from HPLC purification.
The results show that the reaction of the “3+1* mixed-ligand rhenium complexes with GSH as well as
direct synthesis lead to a “3+1“ mixed-ligand rhenium complex with GSH as a monodeniate ligand.
The formation of a metabolite of the same structure can therefore be assumed for “3+1* mixed-ligand
¥™Tc complexes in vivo as well as in challenge experiments with GSH.
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48. Stability of "3+1" Mixed-Ligand **"Tc Complexes In Vitro: Inhibition of the GSH in
the Blood Results in a Stabilization of the Complexes In Vitro

A. Gupta, S. Seifert, R. Syhre, B. Johannsen

Introduction

When the "3+1" mixed-ligand **™Tc complexes are incubated in blood, they are converted into hydro-
philic products. If the tridentate ligand is SNMeS, only one product occurs, but with SSS as the tri-
dentate ligand two products are found. Glutathione (GSH) is responsible for this conversion [1]. In
challenge experiments of the "3+1* mixed-ligand *™Tc complexes against GSH, a relationship bet-
ween the complex stability and the structure of the tridentate or monodentate ligand is elucidated. The
supposed challenge products were synthesized with Re and chemically characterized (see previous
reports).

Here we report on the incubation studies performed to elucidate the influence of the structure of the
monodentate ligand on the in vitro stability of the complexes. Further we give a detailed description of
the inhibition experiments performed to support the GSH hypothesis.

Table 1. General formula and numbering scheme of the "3+1” mixed-ligand *"Tc complexes

General formula R-SH E=S ]| E=NMe

C 1a ib
HS OCH,
2a 2b
" /\<

o 3a 3b
s\" /s— R e / \<CH3
Tc
/7 CHy
E s
4a 4b

E=S, NMe \'—/

HS
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Experimental

Preparation of complexes

The *™Tc complexes were prepared by direct reduction of pertechnetate with stannous chioride in an
optimized mixture of ligand amounts and propylene glycol according to Seifert et al. [2, 3].

Approx. 150 — 200 MBq of [*"Tc]pertechnetate were added to 1 mi propylene glycol and filled up to 2
m! with a solution of 0.9 % sodium chloride. After mixing approx.40 pg of the tridentate ligand (diluted
with acetone or methanol), 0.5 mg of the monodentate ligand (diluted with 100 pl H,O), 100 pl 0.1 N
NaOH and 20 pl stannous chloride solution (1.0 — 2.0 mg SnCil, dissolved in 5 mi 0.1 N HCI) were
added and the reaction mixture was heated at 50 °C for 20 minutes.

The complexes were purified by HPLC with a semi-preparative PRP-1 column (Hamilton, 305 x 7
mm,10 pm, flow rate 2.0 ml/min), using a linear gradient system (timin)/%By): (5/30),(10/80), (10/80) of
H,0O 0.1 % trifluoroacetic acid (A) and acetonitrile 0.1 % trifluoroacetic acid (B). The effluent from the
column was monitored by y-detection and UV detection. After adding 200 pi propylene glycol and re-
moving acetonitrile by vacuum evaporation, the separated neutralized complex fraction was stable for
more than 8h.

GSH inhibition

For GSH-depletion experiments the whole blood was incubated with 2 % diethylmaleate (DEM) for 1 h
before the complex was added [4, 5]. After that time it was shown that the GSH content of the blood
had decreased under the detection limit.

GSH determination

The GSH determination in whole blood was performed according to the procedure of Coutelle et al.-[6,
7, 8. 50 pl of blood were haemolysed by addition of 100 ul of water and deproteinized by further addi-
tion of 50 pl metaphosphoric acid. After centrifugation for 5 min (10000g) the supernatant solution
(125 pl) was diluted with 375 pl of buffer (phosphate buffer 0.05 M, EDTA 0.005 M pH = 7.4). This
solution was analysed for GSH and GSSG, using the DTNB-GSSG reductase recycling procedure
first reported by Owens and Belcher [9] and later modified by Tietze [10] and Griffith [11].

In vitro studies

About 5 - 7 MBq of the ®™Tc complexes in 0.1 M phosphate buffer pH = 7.4 / 20 % propylene glycol
were incubated in 500 pi of whole blood or plasma at 37 °C. After the incubation time the blood is
centrifuged and the supernatant plasma was analysed by HPLC.

HPLC analyses

HPLC analyses were carried out with a PRP-3 column (Hamilion, 150 x 4 mm, 10 pm, flow rate 1.0
mi/min) using a linear gradient system ({{min}/%B): (56/0),(5/70), (10/70) of 10mM phosphate buffer of
pH = 7.4 (A) and acetonitrile (B). The effluent from the column was monitored by y-detection.

Results and Discussion

In vitro stability of the complexes in blood

For all complexes with the E = S #ridentate ligand, no parent compound was detectable in the plasma
part of whole blood after 1 - 2 minutes. It was therefore not possible to observe differences between
the used monodentate ligands for this class of complexes. On the other hand these complexes as well
as their metabolites show a tendency to label protein components of the plasma so that more than
one metabolite peak occurs in the chromatogram. Generally about 40 — 50 % of the activity in the
blood sample are found in the plasma fraction.

By contrast incubation in the blood of complexes with the E = NMe tridendate ligand results in only
one conversion product with the same retention time as the challenge product. The conversion is also
much slower than that of complexes with the E = S tridentate ligand, so that it was possible to observe
the time course for these complexes.

Conceming the influence of the monodentate ligand on the stability of the complexe in vitro incubation
in whole blood shows a similar tendency as the GSH challenge assays (see previous reports). That
means that complexes with nitrogen in the side chain of the monodentate ligand are less stable than
those with an aromatic or aliphatic monodentiate ligand (1b, 2b). in the challenge experiments as also
in vitro the complex with dimethylcystamine as a monodentate ligand is the compound that is conver-
ted the fastest. There are minor differences in the time courses of the complexes 6b, 4b and 5b com-
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pared with the challenge experiments. As reasons for these differences in the whole blood, interaction
with proteins and the various modes of transport of the complexes and their conversion products
through the membrane of the erythrocytes may be assumed.

% parent compound in plasma of
whole blood

minutes after incubtion

Fig. 1. Portion of parent complex of Tc species in plasma
at various incubation time

Depletion of GSH in whole the blood

For the complexes 5a and 4b it could be shown that the depletion of GSH with DEM in the whole
blood leads to a stabilization of the complex against conversion in the blood (Fig. 2). For control a
blood sample was preincubated at room temperature without diethylmaleate (DEM) for the same pe-
riod of time as the sample with DEM. After preincubation the *™Tc "3+1 “complex was added. It was
shown that after standing for about 4 h at 25 °C the GSH concentration in the blood was still 1.0 mM,
whereas after 4 h incubation with DEM no GSH was detectable. In another control experiment it was
also shown that there is no reaction between our complexes and DEM (Fig. 2B). in Fig. 2D it is shown
that in the whole rat blood preincubated for 4 h at 25 °C without DEM the complex 4b is converted into

one more hydrophilic metabolite while no conversion occurs in the bicod sample preincubated for the
same period of time with DEM (Fig. 2C).
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Fig 2. HPLC patterns of compound 4b. A. parent compound, B. after 60minutes incubation in rat
plasma containing 2 % DEM, C. plasma part of whole blood after 30 minutes incubation in the
whole blood containing 2 % DEM, D. plasma part of whole blood after 30 minutes incubation
in the whole blood.
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These results support the assumption that GSH is the converting agent in whole blood and is respon-
sible for the instability of the “3+1“ mixed-ligand complexes in vitro. The principle of the in vitro conver-
sion seems 1o be similar to that of the GSH challenge experiments.
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49. Reactivity of “3+1“ ™ Tc Complexes to Proteins

S. Seifert, A. Gupta, R. Syhre

Introduction

Mixed-ligand 3+1 complexes containing a tridentate dithiol and a monothiol exhibit reactivity towards
thiols. Ligand exchange with glutathione (GSH) is considered to be the main reason for the observed
instability of the complexes in blood {1, 2]. In vitro and in vivo studies of 3+1 #mTe complexes have
shown that structural differences of the tridentate ligand as well as the monothiolato ligand influence
the stability of these complexes in the blood and in the plasma. It was found that complexes with an
S(NR)S configuration (R = Me, Et, Pr) of the tridentate ligand are much more stable than complexes
with an SSS moiety [3]. Moreover, the stability of the complexes decreases when the monodentate
ligand contains an amino nitrogen in its side chain. Another important parameter for the stability of
these complexes with nitrogen in the side chain of the monothiolato ligand is the number of C atoms
between the SH group and the nitrogen atom [4]. On the basis of systematic stability studies per-

formed with a number of 3+1 complexes possibilities of labelling SH-containing components of the
blood with *“™Tc were investigated.

Experimental

Preparation of complexes. The ®™Tc complexes were prepared by direct reduction of pertechnetate
with stannous chloride in an optimized mixture of ligand amounts and propylene glycol (PG) and puri-
fied by HPLC 5, 6].
HPLC analyses. HPLC analyses were carried out with a PRP-3 column (Hamilton, 150 x 4 mm, 10
pym, flow rate 1.0 ml/min) using a linear gradient system [t(min)/%B]: (5/0), (10/70), (5/70) of 10 mM
phosphate buffer (PBS) of pH 7.4 (A) and acetonitrile (B). For plasma and blood analyses a Supel-
guard column (20 x 4.6 mm, 10 pm, flow rate 1.0 mi/min) was used with a linear gradient of 95 % A to
40 % A in 15 min [A: |sopropanoV0 1 % TFA (10/90), B: isopropanol/0.1 % TFA (90/10)].
In vitro studies. HPLC-purified *™Tc complexes were dissolved in 0.1 M PBS of pH 7.4 containing 15
% PG. In vitro incubation at 37° C was carried out in a thermoshaker for various lengths of time. 500pl
samples of 0.1 M PBS, pH 7.4 containing the *"Tc complex and 2 — 3 mg rat or human albumin or
globulin were used. For incubation in rat or human plasma, 50 - 100 pl of the *™Tc complex solution
(5 - 10 MBq) were added to a suspension of pre-washed erythrocytes as well as to heparinized whole
blood. The reactions were stopped in an ice bath and the reaction products analysed by HPLC.

Results and Discussion

For all tested complexes a correlation was visible between the stability to GSH and the in vitro stability

in plasma and blood. All complexes shown in Fig. 1 are unstable in the whole blood of rats and hu-
mans.

R-§ E=S E=N-Me RB-S E=8 E=N-Me

j\@)/s' HC_ \ 4a 4b
Cpu He”
ia 1b
) . -
N COOH Ba 5b
Q.o HOOC /l\/\(zi( W~
[ CH
0‘(:{ : 2a 2b

s

Fig. 1. 3+1 mixed-ligand [ TcO(SES/RS)] complexes 1 — 5 used for stability and reactivity studies
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In accordance with their high glutathione content, these solutions undergo, at various rates, a ligand-
exchange reaction with GSH to yield the [**™TcO(SES/GS)] complex. While most of the investigated
complexes are stable in plasma, the complexes 4a and 5a are converted.

The following HPLC analyses were performed with a Supelguard column, which is recommended for
the separation of proteins. The retention times of the ®mTe complexes 1 — 5 are shorter than those of
the reaction products with plasma and blood proteins, which are eluted at the same times as the main
components of the plasma (albumin and globulin) and blood (R, values between 8 and 13 minutes).

Incubation with plasma, albumin and globulin:

The more stable complexes 1 — 3, 4b and 5b do not undergo further reaction with plasma components
(Fig. 2). However, complexes 4a and 5a react with albumin and one of the globulin fractions of the
plasma (Fig. 3). It is remarkable that other plasma proteins eluted at 10 and 11 minutes are not la-
belled.

UV detection v-detection

T R e
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

Time (min) Time (min)
Rat albumin Complex 2b in rat albumin

Fig. 2. HPLC patterns of the incubation of complex 2b with a 3 % rat albumin solution

UV detection vdetection
,ﬁ\ globulin
W

Fasss e — bt s
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Tine (min) Tine (min) Time (min)

Rat plasma Complex [2a+GSH] in rat plasma Complex 4a in rat plasma

Fig. 3. HPLC analyses of incubation samples of the complexes 4a and 5a with rat plasma. Complex
5a was prepared in a challenge experiment of 2a with GSH; incubation time 30 minutes.

The reaction is reversible. Adding an excess of another monothiol B-SH to the plasma solution results
in the formation of the 3+1 complex with this monothiol (Fig. 4). The final product is eluted in the same
retention time of 5.5 min as the complementary rhenium complex [ReO(SSS/RS)].

i [TcO{SSS/RS)] ‘
i /
N L
6 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14
Thme {min} Time (min)
5 min after adding of R-SH
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Fig. 4. Reaction of labelled albumin and globulin fractions with the monothiol R-SH yielding the 3+1
complex [**"TcO(SSS/RS)]

The same reversibility was found for the ligand-exchange reaction with GSH (Scheme 1). The original
3+1 complex reacts with an excess of GSH 1o yield the 3+1 TcO(SES/GS) complex. The reaction
product can be re-converted by adding a higher excess of the original mercaptide ligand [7]. An equi-

librium reaction obviously exists, depending on the concentration of monodentate ligand in the reac-
tion solution.

Scheme 1.
o NH CH,SH
] SR’ 2
\”/ N n\/COOH s H/se
Mo + Hooc o — M + R'SH
E 8 o S
N—V o] \ /
E =8, N(CHy) GSH
M = Tc, Re
o] o}
s “ sSG s ” SR’
SNH»7 N7
I: M + R’'SH —_—— [ M + GSH
b ~ I ~
E s E S
N/ N/

The example shows that SH-containing peptides are also able to substitute the mercaptide ligand in
the 3+1 complex.

Albumin from bovine serum was also successfully labelled in this way. The labelling with complex 4a
failed when rat plasma was inhibited by adding diethyimaleate (DEM) 1o the incubation solution.

it is concluded that the unstable 3+1 complexes 4a and 5a can also form 3+1 complexes with proteins
such as albumin or globulin. The proteins containing at least one free SH-group react as monodentate
thiol ligands, substituting the dimethylcysteamine or glutathione ligand in the original complexes.

Incubation with rat blood

The incubation of complex 2b with the whole blood of rats results in the labelling of an unknown com-
ponent of the blood which is eluted in HPLC after 10.4 minutes (Fig. 5). After centrifugation most of
the radioactivity remains in the erythrocytes as an unchanged complex 2b [8].

!k‘w&“‘m l — w ,’ vy

..................

4 23 %5% 78 .‘QHI? g NS N7 R RN
Tlme [mm] Tm [rmn] Tove ]

A B Cc
Fig. 5. Reactions of the complexes 2a and 2b with rat blood and pre-washed erythirocytes.

A: 2b in rat blood (supematant), B: 2a in a suspension of erythrocytes,
C: 2a in rat blood (supematant); 30 min incubation time
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The presence of the free complex 2b in the incubation solution, which is eluted after 2.5 minutes, con-
firms the higher stability of that type of complex. Only traces of the metabolization product
[*"TcO(SNMeS/GS)] (5b) are found (R, = 0.7 min). It seems that primarily the [ TcO(SNMeS/GS)]
complex is formed, which immediately undergoes a ligand-exchange reaction with one of the compo-
nents of the blood (R; = 10.4 min) in a secondary step. The albumin and globulin fractions as well as a
third component (R, = 9.4 min) are not labelled. Complex 2a, however, reacts with albumin and globu-
lin after metabolization by GSH.

When complex 2a is incubated with a suspension of pre-washed red blood cells, the same component
is labelled as in the whole blood. No free complex 2a is found in this solution. It is obviously com-
pletely converted into complex 5a, which reacts with the unknown component. As observed for com-
plex 2b in the whole blood, the component with R, = 9.4 min is not labelled.

in both cases the incubation solutions are red. Perhaps a protein released by haemolysis is labelled
and serves as the monodentate ligand in the 3+1 complex formed.

Conclusions

e Some of our 3+1 **™Tc complexes can react with the plasma and blood proteins which replace the
monodentate ligand in the complexes.

e The reversibility of the reaction confirms that only the monothiol ligand is exchanged.

e All investigated 3+1 complexes are metabolized in the whole blood in vifro and in vivo into GSH-
containing complexes which are able to label a protein component of the blood.

e While the [*"TcO(SNMeS/GS)] complex is stable in rat and human plasma, the more unstable
[®*™TcO(SSS/GS)] complex 5a as well as the [*™TcO(SSS/DMCA)] complex 4a react with albumin
and globulin.

e The usefulness of this new labelling procedure for proteins and peptides should be examined.
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50. An Effective Pre-Labelling Method for Amino Acids with Activated
®mTc-MAG; in Aqueous Solution

T. KnieB3, St. Noll, B. Noll, H. Spies

Introduction

Mercaptoacelyliriglycine (MAG:) as an excellent *™Tc chelator has suitable properties for being used
as a bifunctional chelating agent (BFCA) since its carboxylic group is not necessary for complexation
and is therefore available for coupling with biomolecules. Some time ago we described a new pre-
labeliing method for coupling Re- and Tc-MAG; complexes to amines and nucleobases using O-
(benzotriazol-1-yl)-N,N,N’,N’-tetramethyl-uronium-tetrafiuoroborate (TBTU) [1]. However, as this pro-
cedure is limited to aprotic solvents we looked for a pre-labeliing procedure with *™Tc-MAG; in aque-
ous media that can be applied to water-soluble compounds such as amino acids, peptides and oligo-
nucleotides. Only a few papers are known on this topic where the M Te-MAGs complex was coupled
to biomolecules when the method suffered from low yields [2, 3, 4].

Here we describe a pre-labelling method that makes use of a “"Tc-MAGs-activated ester for coupling
to amino acids, esters and also a fatty acid in aqueous solution in good yields.

Experimental

General

HPLC investigations were carried out with a VYDAC C18 column, using a gradient of 0.01 M phos-
phate buffer pH = 6.0 / acetonitrile at a flow rate of 1.0 mi/min. The **"Tc compounds were determined
by y-detection, impurities such as unreacted 2,3,5,6-tetrafluorophenol were detected by UV ad-

sorbance at 230 nm. The purification of the intermediates was performed with cartridges for solid
phase exiraction RP 18 (LiChrolut, MERCK).

Labelling of “" Tc-MAG; and coupling to amino acids and amino esters (general procedure)

103 MBq *°"TcO, generator eluate diluted with 2.0 ml water was added to a commercial MAG; kit.
After 30 minutes the solution was acidified with 100 pl 1.0 M HCI and the mixture was eluted on an
activated RP 18 cartridge. The pure %M Tc-MAG; fraction was re-eluted with 800 pl acetonitrile. 20 mg
2,3,5,6-tetrafluorophenol dissolved in 50 ml acetonitrile and 50 mg N'-(3-dimethyi-aminopropyl)-N-
ethylcarbodiimide hydrochioride (EDC) dissolved in 100 pl 90 % acetonitrile were added to this solu-
tion. After 30 minutes the mixiure was diluted with 5.0 ml water and the active ester was separated by
elution through an RP 18 cartridge. After washing with diethyl ether the product was removed from the
cartridge with acetonitrile. The organic layer was removed in a stream of nitrogen and the residue was
dissolved in 1.0 ml water. 4.0 mg of amino acid (amino ester) in 500 ul phosphate buffer pH = 9.2 was
added to this solution and after 30 minutes the product was purified by HPLC. The total reaction time
was 2 hours and the product had an activity of 51 MBq (overall yield: 49 %).

Results and Discussion

The pre-labelling with %™ Tc-MAG; in aqueous solution was carried out in the order described in Figure
1. As a first step the activated ester of M Tc-MAG; was synthesized by reaction of the complex with
2,3,5,6-tetrafluorophenol in 90 % acetonitrile. Because both tetrafluorophenol and the coupling rea-
gent EDC were used in great excess over the Tc complex, the product had to be separated by solid-
phase extraction and the unreacted tetrafluorophenylester removed by washing with diethyl ether. In a
second step the active ester was reacted with the amino acid in alkaline solution where the active
ester bond was cleaved and the coupling to the amino group occurred.
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Fig.1. Course of the coupling reaction of *™Tc-MAG; with amino acids and esters

The reaction steps and the purity of all intermediates were checked by HPLC. Figure 2 shows the
radiochromatograms of the coupling to diglycine ethyl ester, starting from pure *™Tc-MAG; (Fig.2a),
the conversion into *"Tc-MAGs-tetrafiuorophenyl ester (Fig.2b) and the final product *™Tc-MAGs
diglycine ethyl ester (Fig.2c). It is remarkable that no by-products are observed and the reactions are
fully completed. The chromatogram of the *"Tc-MAG; diglycine ethyl ester detected by UV ad-
sorbance is represented in Fig.2d, and some impurity by tetrafluorophenol with a retention time of

15.85 min is visible.
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Fig. 2. HPLC analyses of the coupling of M Tc-MAG; to diglycine ethyl ester, (VYDAC C18, gradient
0.01 M phosphate buffer pH = 6.0/ acetonitrile, 1.0 ml/min)
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Table 1 provides information on HPLC retention times and yields of products obtained by coupling
some amino compounds to ™ Tc-MAGs. The total yields were calculated by measuring the activity of
the solution containing the product compared with the stariing activity. The amino ester and the free
amino acid N_-BOC-lysine reacted with similar results, the reaction with the free fatly acid showed
some impurities and a lower yield. Attempts of coupling nucleoside derivatives such as cytidine or
cytidine monophosphate failed.

It can be summarized that the pre-labelling procedure is an advantageous method of coupling hydro-
philic compounds such as amino acids or amino ester to *™Tc-MAG; in aqueous solution. In the future
this reaction is intended to be expanded to peptides and oligonucleotides.

Table 1. *™Tc-MAG; coupled amino compounds, retention times and yields

Amino compound Retention Total yield
time
[¢]
HzN\/U\ o, glycine methyl ester 11.24 min 53 %
(o]
(o]
/\n/NH\)]\ e diglycine ethyl ester 11.78 min 49 %
H,N (o]
(o]
o}
HN N_-BOC-lysine 11.32 min 51 %
OH
NH
BOC
o]
. /\/U\ 12-amino-laurinic acid 18.44 min 45 %
z \/\(CH2 , OH
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51. "™Re-Labelling of an Endothelin Derivative

B. Noll, L. Dinkelborg', H. Hilger’
'Schering AG

The radioactive isotopes of rhenium, "®®Re and '®Re, are of interest in nuclear medicine for therapeu-
tical use because of their nuclear properties. The labelling of peptides with Re-188 is described by
several authors. Guhike et al. explored a somatostatin analogue for its potential as a locally/regionally
administered radiotherapeutic agent targeting somatostatin-receptor- positive tumours [1]. Savavy et
al. describe the labelling of small molecule peptides (7-amino acid analogue of bombesin) with an-
tagonistic activities as potential radiotherapeutic agents [2]. Tc-labelled endothelin derivatives were
characterized for imaging experimentally induced atherosclerosis in vivo [3].

The aim of our work was to investigate the labelling of endothelin derivatives with rhenium186/188 in
analogy to technetium labelling. The compounds were labelled by means of "*®Re(V) gluconate [4]. To
optimize the conditions experiments were carried out, including variation of the amounts of the reac-
tants and the reaction time. In analogy to the **Tc labelling the ligand exchange reaction between the
®Qe(V) gluconate and the peptide Asp-Gly-Gly-Cys-Gly-CysPhe-(D-Trp)-Leu-Asp-lie-lle-Trp resuits
in a product that contains two species, which are separable by HPLC [5].

Preparafion and analysis

1.0 mg peptide is dissolved in 200 pl phosphate buffer solution pH 7.0 (SORENSEN) and stepwise
added to the "®*Re(V) gluconate solution. After 45 min the reaction mixture is analysed by HPLC (Eu-
rosphere RP 18, 250/4 mm, eluent A: 95 % 0.013 M phosphate buffer pH 7.4 / 5 % CHsCN, eluent B:
25 % 0.013 M phosphate buffer pH 7.4 / 75 % CH3CN, gradient elution: 5 min 80 % A, 5 min from
80 % A 1075 % A, 20 min 75 % A to 72 % A flow: 1 mi/ min, 5 min 100 % B, flow 1.5 ml/ min). For the
semipreparative separation a sample volume of 200 pl was injected and the peak fractions were sepa-
rated and frozen in a refrigerator to prevent the occurrence of perrhenate by radiolysis. The prepara-
tions took place under a nitrogen atmosphere, and a nitrogen stream was bubbled to all solutions. The
HPLC analysis of the isolated isomers (complexes | and 1I} after 24 h storage at —20 °C is shown in
Fig.1.

The reaction mixiure was separated into ®Re gluconate (R: 2.0 min, about 10 %), '®ReO; (R
2.5 min, <5 %), "**Re endothelin complex I (R, 22.0 min, about 15 %), "**Re endothelin complex Il (R,
25.0 min, about 25 %). The residual activity remained on the column under this separation conditions
and was eluted with acetonitrile.
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Fig. 1. The HPLC analysis of the separated fractions after 24 h storage at -20°C using a
B-radioactivity detector. a) complex |, b) complex ii



The stability of the'®Re labelled endothelin to radiolytic effects is a prerequisite for the success of a
possible therapeutical approach. The radiolysis was investigated without separating the *°Re labelled
endothelin into its isomers. The labelling preparation was separated from hydrophilic components on a
solid-phase LiCrolut column (Merck, RP-18 endcapped /200 mg). The high B-energy of the rhenium
isotope initiated the radiolytic formation of perrhenate o up to 20 % within 5 h at room temperature.
We found that storage in refrigerator at -20 or the addition of ascorbic acid to the preparations or the
isolated fractions stabilize the'**Re labelled endothelin complexes so that no radiolysis occurs. The
'®Re endothelin complexes were stabil for over 24 h and useful for in vivo animal studies.
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52. Capillary Electrophoresis of Tc Radiopharmaceuticals: Quality Control and pK
Determination at the Tracer Level

R. Jankowsky, B. Noll, H. Spies, B. Johannsen

Introduction

In radiopharmaceutical practice, quality control of radiotracers is of importance. Although the majority

of analytical controls are done by thin-layer chomatography (TLC) and HPLC; the capillary electropho-

resis (CE) as a micro-analytical technique becomes more and more relevant. Here we describe the

construction of a y-ray sensitive detector for CE and its usage for the quality control of the **™Tc radio-

pharmaceuticals M Te-MAGs, *"Tc-DTPA, *"Tc-DMSA, *™Tc-HMPAO, *™Tc-EHIDA, *Tc-MDP,
Tc-EC, *™Tc-Q12, *™T¢-ECD and *™Tc-Tetrofosmin.

As a further appilication of CE, it can be used for the determination of pK values as important molecu-
lar parameters which decisively influence the biological behaviour of pharmaceuticals [1 - 3]. In the
present work, we report on the pK determination of **Tc-MAG; and *™Tc-EC using the radio-CE.

Experimental
For measurements, a *°CE device (Hewlett-Packard, Waldbronn, Germany) was used. It was

equipped with a y-ray sensitive flow detector consisting of a cylindric scintillation crystal. The sche-
matic construction is given in Fig. 1.

F
Secondary electron
multiplier

Lead shielding

Nal(Tl) Scintillation crystal
Capillary

i

E Lead collimators

Fig. 1. Schematic construction of the CE radiodetector. Left skeich, arrangement of the detector at the
CE device; A, capillary inlet; B, capillary; C, diode array detector; D, capillary outlet; E, high
voltage supply; F, radioactivity detector. Right skefch, schematic construction of the detector.

*"Tc radiopharmaceuticals were prepared according to instructions with Na®"TcO, generator eluate
or were purchased readily from the University Hospital of the Dresden University of Technology, re-
spectively. For analytical CE runs, both conventional and pressure-modified capillary zone eleciropho-
resis were used [4]. pK determinations of *"Tc-MAG; and *™Tc-EC were accomplished by measuring
the relative electrophoretical mobility depending on the running buffer pH [5 - 8). The mobilities were
referred o the electrophoretical mobility of simulianeously measured internal standards [4].
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Results and Discussion

Radioactivity detector. The constructed radioactivity detector showed linear response over a broad
activity range and a low offset. The detection cell volume was determined to be 2.2 nl which ensures a
high spatial resolution. However, due to the small detection cell volume, the detector possesses a
rather low sensitivity. The lowest possible radioactivity amount is expected to be roughly 3 MBq P Te
per 100 pl, depending on the amount of components in the sample.

Quality control. **™Tc-Tetrofosmin, *™Tc-Q12 and *™"Tc-MIBI showed cationic migration behaviour
(Fig. 2). This is in accordance to the proposed complex charges [9].
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Fig. 2. Capillary zone electrophoresis of cationic and neutral *™Tc radiopharmaceuticals. The dotted
lines represent the extrapolated detection time of a neutral marker. Left sketch, cationic com-

plexes; A, ¥ Te-Tetrofosmin; B, “™Tc-Q12; C, *™Tc-MIBI. Right sketch, neutral complexes; A,
*"Tc-HMPAQ; B, *™Tc-ECD.

For *™Tc-Q12, a complex mixture could be detected while *™Tc-Tetrofosmin and *™Tc-MIBI deliv-
ered single peaks. The migration times are different for the three cationic complexes showing the pos-
sibility to analyze them simultaneously. In case of neutral complexes, no separation can be achieved
by capillary zone electrophoresis {Fig. 2). They do not exhibit any electrophoretical migration and are
thus detected with the neutral marker. However, this result is in agreement with the proposed neutral
complex structures [9]. For anionic complexes, it has to be distinguished between complexes of high
and low electrophoretical mobility. The first are detectable by conventional capillary zone electropho-
resis, while the latter are only analyzable by the pressure-modified capillary zone electrophoresis.
#mTc-EC, ®™Tc-DTPA and **Tc-EHIDA can be considered as low-mobile complexes. The *"T¢-EC
and *™Tc-DTPA complexes exhibited single peaks in their electropherograms showing that uniform
complex species are formed (Fig. 3).
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Fig. 3. Capillary zone electrophoresis of anionic **"Tc radiopharmaceuticals. The dotted lines repre-

In contrast, the **"Tc-EHIDA complex delivered a rather complicated peak pattern giving rise to the
assumption that a variety of complex species are formed. For *"Tc-MAGs, *"Tc-DMSA and *™Tc-
MDP, the pressure-modified capillary zone elecirophoresis was applied due to their high electrophore-
tical mobilities (Fig. 3). Remarkably, “"Tc-MAG; and **"Tc-DMSA showed nearly identical migration
times which is obviously caused by the similar charge-size ratio of the complexes. **"Tc-MDP exhibits
a broad peak, thus it can be assumed that several complex species with similar properties are formed.

pK determination. *™Tc-MAGs and *"Tc-EC bear free protonable carboxyl groups [9], whose pK val-
ues can be measured. For the determination of pK values, the complex structure-based thermody-
namical equilibria constants of ligand deprotonations were employed to derive equations describing
the relation between electrophoretical mobility and buffer pH [4]. The measured electrophoretical mo-

bility curves of *™Tc-MAG; and *"Tc-EC are given in Fig. 3.
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sent the extrapolated detection time of a neutral marker. Left sketch, conventional capillary
zone electrophoresis mode; A, *"Tc-EC; B, *™Tc-DTPA; C, *™Tc-EHIDA. Right sketch, pres-
sure-modified capillary zone electrophoresis mode; A, *"Tc-MAGs; B, *™Tc-DMSA; C, *™Tc-
MDP.
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Fig. 4. Electrophoretical mobility curves of **Tc-MAG; (left sketch) and *™Tc-EC (right sketch).
The curve fitling using structure-based thermodynamical equations are shown
as inseis, respectively.
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For both curves, sigmoidal decay properties could be obtained. The experimentally determined pK
values are 4.22 and 2.90 for the **™Tc-MAGs and *"Tc-EC complex, respectively. in case of #mTe-
MAG:, the value is higher than for carboxyl groups in comparable free peptides [10]. *"Tc-EC bears
two free carboxy! groups, which are obviously chemically identical. That can be assumed, since only
one step was obtained in the electrophoretical mobility curve. However, for **™Tc-EC the determined
pK value is significantly increased comparing to the free cysteine [10], which could be due to the
chemical modification of the ligand as well as to the metal complexation.

In summary, the CE equipped with a radioactivity detector proved to be a useful tool in both the analy-
sis and the determination of pK values of **™Tc radiopharmaceuticals. Although few **™Tc radiophar-
maceuticals show similar migration features under the described conditions, variation of the running
conditions should improve the separation efficiency. Considering the pK determination, the radio-CE
can be expected to become an essential tool in radiopharmaceutical research. Advantages are the
small required sample amounts, possible autornatization and very low running costs.
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