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FOREWORD

In 2000 the Rossendorf research centre (Forschungszentrum Rossendorf, FZR; homepage
http://www.fz-rossendorf.de) continued and further developed its basic and application-oriented
research. Research at the Institute of Bioinorganic and Radiopharmaceutical Chemistry, one of five
institutes in the Research Centre, was focused on radiotracers as molecular probes to make the
human body biochemically transparent with regard to individual molecular reactions. In this respect the
potential for diagnostic application depends on the quality and versatility of radiopharmaceutical
chemistry, which is the main discipline in our Institute. Areas in which the Institute was particularly
active were the design of new radiotracers, both radiometal-based and natural organic molecules, the
elaboration of radiolabelling concepts and procedures and the chemical and pharmacological
evaluation of new tracers.

This was complemented by more clinically oriented activities in the Positron Emission Tomography
Centre Rossendorf, which closely links the Institute with the Medical Faculty of the Dresden University
of Technology. The PET Centre is manned by a joint team of staff members from both the Institute and
the University Department of Nuclear Medicine.

During the period under review the Scientific Council as the advisory body to the German Federal
Government and the state governments assessed the work of the Institute and commended the
established areas of research.

With numerous contributions in the fields of radiopharmaceutical chemistry, tumour agents, tumour
diagnosis and brain biochemistry this Annual Report will document the scientific progress made in
2000.

The achievements attained so far were only possible thanks to the dedication and commitment of the
permanent and temporary staff, the Ph.D. students and collaborators inside and outside the
Rossendorf Research Centre. I would like to extend my thanks to all of them. The Institute wishes to
acknowledge in particular the support and assistance received from the Executive Board of the
Rossendorf Research Centre, from the competent authorities and funding agencies.

Rossendorf, January 2001

Prof. Dr. Bernd Johannsen

http://www.fz-rossendorf.de/
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I. RESEARCH REPORTS





RADIOPHARMACEUTICAL CHEMISTRY





1. 186/188Re Labelled Stents for Prophylaxis of Restenosis: First Animal Results

B. Noll, L. Dinkelborg1, P. Muschik1, G. Tepe2

1Schering AG, Berlin, 2Universität Tübingen

Introduction
Restenosis is a major problem occurring after angioplasty, atherectomy and implantation of stents. It
was shown that external beam teletherapy (X-rays) and intravascular brachytherapy (e. g. Iridium-192
ribbon seeds, Re-188 filled catheters, P-32-coated stents) may prevent restenosis by inhibiting the
proliferation of medial smooth muscle cells [1, 2]. But these methods require a high radiation dose
during the short-time radiation and involve an additional risk for the patient. The hitherto studied ap-
proach to implanting 32P into the stent surface requires the availability of a cyclotron. It was the aim of
this study to label stents by an uncomplicated method with 186Re and 188Re and to investigate the po-
tential of 186/188Rhenium labelled stents to prevent restenosis in an animal model.

Experimental
Stainless steel stents (2 cm long, Palmaz P204, Cordis, Warren, NJ) were labelled with 186Re and
188Re by a modified process ("kitlike") as described in the US patent application US006103295. The
activity of each stent was determined by its γ-component in a scintillation chamber, the axial distribu-
tion of the activity in the stent was determined by gradually passing the labelled stent through a cylin-
drical collimator (slit width 2.0 mm).
The 186Re stents were implanted with activities in several groups ranging from 3 MBq to 25 MBq. The
delivered radiation dose (0.5 mm from a stent wire of a 4 mm stent) ranged from 38 Gy to 377 Gy.
New Zealand White rabbits were fed a 0.5% cholesterol diet four weeks prior to the intervention. 186Re
(T1/2=3.8 d) labelled Palmaz stents were placed in the infrarenal aorta of the rabbits after balloon de-
nudation. Animals with implanted unlabelled stents served as controls. Whole-body scintigrams were
obtained after 1, 4, 24 hours and after 7 and 14 days to determine the bleaching of Re-186 from the
stents in vivo. Seven weeks later the animals were sacrificed and morphometry and immunohistology
were performed.

Results
Depending on the labelling time and the amount of 186/188Re activity in the labelling solution, the stent
can be labelled with a defined amount of activity. The labelling process is reproducible and the activity
bound at the stent surface stable, the axial distribution of the 186/188Re activitivity is nearly constant
(Fig.1). Challenge investigations in physiological saline solution and in human blood at 37°C showed
that after 72 h not more than 5 % of the activity is lost. Thrombogenicity studies showed no differences
between the labelled and the reference stents. The surface of the labelled stent was not negatively
affected. (Fig.2)
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Fig 1. Determination of the axial distribution of 188Re activity on a labelled Palmaz stent
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Fig. 2. Metallic grain observed by electron microscopy (500fold scale-up)

More than 90 % of the 186Re remained on the stents two weeks after their implantation in the rabbits
as was found by ROI analysis of the scintigrams. Seven weeks after stent implantation a neointima
was found in the control group, which significantly differed from the treatment groups. A dose-
dependent reduction of neointimal formation was observed. In the highest activity groups (16.0 and
25.3 MBq) neointimal growth was completely suppressed. With increasing radioactivity the media in-
creasingly atrophied (Fig. 3).
No intraluminal thrombus formation was observed. The minor luminal accumulation of fibrin and fibro-
blasts directly at the stent struts implies that the delivered dose can even be reduced.

a b

Fig. 3. Cross-sections of rabbit aorta with stent grid seven weeks after implantation.
a- control, b-186Re labelled stent

Further animal studies with 188Re labelled stents as an alternative are in preparation.

Conclusions
Stents labelled with 186Re and 188Re are reproducible used over a large radioactivity range. The arte-
rial implantation of 186Re labelled stents was feasible and stable in vivo. The activity of 25 MBq totally
inhibited neointimal formation. In further studies we will reduce the stent activity in order to determine
the therapeutic window of 186Re and 188Re labelled stents.

References
[1] Fischell, T.A.; Kharma, B.K,; Fischell, D.R.; Loges, P.G.; Coffey, C.W. 2nd; Duggan, D.M.; Nafti-

lan, A.J. Low-dose, beta-particle emission from 'stent' wire results in complete, localized inhibition
of smooth muscle cell proliferation. Circulation. 90 (1994) 2956-63.

[2] Crocker, I.; McGinley, P.; Waksman, R.; Robinson, K.; King, S.B. 3rd; Beta-particle emission from
stent wire. Circulation. 92 (1995) 1353-4.
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2. Preparation of 188Re Gluconate by Reduction of [188Re]Perrhenate by Stannous
Chloride

B. Noll, H. Spies

Re gluconate is a useful precursor for the preparation of numerous rhenium complexes in aqueous
solution at the oxidation state +5 [1]. The preparation of 186Re gluconate at 10-7 M level has been de-
scribed previously [2]. These are experiments for the carrier free preparation of 188Re gluconate from
eluate of the 188W/188Re generator, since that is of special interest for radiotherapeutical preparations
[3, 4]. Labelling experiments were carried out by variation of the stannous chloride concentration and
the reaction time. To prevent possible radiolysis ascorbic acid as scavenger of radicals was added in
some preparations.

Preparation
To a 0.5 M sodium gluconate solution the 188Re eluate was added and argon was bubbled through the
solution. The reduction was carried out by stepwise addition of the stannous chloride solution in a
range from 0,5 mg/ml to 2 mg/ml  at room temperature. The remaining content of perrhenate was de-
termined by TLC on silica gel plastic sheets (Merck) and acetone as eluent. Analyses were done up to
120 min after adding the last amount of stannous chloride.

Results
The time dependence of the 188Re gluconate formation at different amounts of stannous chloride is
described in Fig. 1.
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Fig. 1. Formation of 188Re gluconate as a function of time and concentration of stannous chloride

The yield of 188Re gluconate increases at stannous chloride concentrations lower than 1.0 mg/ml after
about 90 min. At a stannous chloride concentration of 2.0 mg/ml the 188Re gluconate is stable over a
longer period.
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Fig. 2. Time dependence of an optimized preparation (2.0 mg SnCl2/ml) without (----) and after adding
of ascorbic acid (- - -)

Furthermore, the effect of ascorbic acid on yield and stability of 188Re gluconate was studied. The yield
of 188Re gluconate is decreased about 10 % in the presence of ascorbic acid. The initially aimed effect-
inhibition of radiolysis was not observed. After 20 h no increase of the perrhenate amount was ob-
served, both preparations are stable over several hours.

Good analytical results are obtained on silicagel coated plastic sheets (Merck, without fluorescence
indicator) and acetone as eluent, [188ReO4] - migrates with Rf = 0.9 and 188Re gluconate with Rf = 0 -
0.1. On TLC plates containing a fluorescence indicator in the silicagel layer a lower amount of 188Re
gluconate and, respectively, an increase of the perrhenate content by about 20 % is observed. It is
likely, that the indicator favours reoxidation of Re(V) species to perrhenate.
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3. Labelling of the Neurotensin(8-13) Derivative RP498s with 188Re: Ligand Exchange
versus Direct Labelling Approach

K. Chavatte1, B. Noll, H. Spies.
1Vrije Universiteit Brussel

Introduction
Radiolabelled neurotensin (NT) analogues are of interest for diagnosis and internal radio therapeutic
treatment of a broad spectrum of neuro-endocrine tumours. DiMet-Gly-Ser-Cys-Gly-[Arg-ψ(CH2-NH)-
Arg]-Pro-Tyr-Ile-Leu-OH (RP498s) is a derivative of the biologically active C-terminal part of neuroten-
sin with an  N2N�S type bifunctional chelator linked at its N-terminus. A reduced amide bond of the
ψ(CH2-NH) type was introduced between the amino acids Arg8 and Arg9 for biological (enzymatic)
stability reasons. RP414 (Fig. 1) was shown to be successful in the formation of 99mTc(V) or Re(V) oxo
complexes based on the reduction of pertechnetate or perrhenate to 99mTc(V) or Re(V) respectively
using stannous gluconate at a pH of 5.5 - 6 [1].

NHHNO
NH

N S

NH

O

O
OH

O

OH

O

Fig. 1. RP414 a MAG3-like bifunctional metal chelator

The labelling of RP498s with 188Re was investigated in analogy with the labelling with 99mTc as earlier
described [2]. 188Re labelling follows two different approaches, i.e. ligand exchange reaction by means
of 188Re(V) gluconate as described by B. Noll et al. [3] and direct labelling using SnCl2, beta-
cyclodextrin and sodium tartrate as described by Bolzati et al. [4]. Quality control was performed by
TLC.

Results
188Re gluconate
188Re gluconate was obtained in about 95 % radiochemical purity by reduction of 30 MBq of 188Re
eluate  (188W/188Re generator, Oak Ridge National Laboratory) with stannous chloride  in 0.5 M sodium
gluconate at room temperature.

SP-TLC: Observed Rf values and yields (silica gel on plastic, acetone):
Re-gluconate: 0.1 (95 % for 1h*)

(60 � 65 % at 4h)
Perrhenate: 0.7 (5 %)

188Re RP498s by ligand exchange reaction
After addition of RP498s to the 188Re gluconate solution and standing at room temperature, the radio-
labelled peptide was observed as a double peak with an Rf of 0,1-0,2 (TLC: RP-18 F TLC plates, 5 x
10cm, Merck, Germany; eluent H2O/MeCN//TFA 70/30//0). 188Re gluconate and perrhenate both have
Rf 0.9.
Fig. 1 shows the RP-TLC chromatogram as observed in the labelling of 1.41 mg of RP498s after
15 min reaction time. The position of the cold peptide on the RP-TLC plate was checked at 254 nm
confirming an Rf of  0.1 - 0.2. The Re-labelled peptide clearly shows a front-shoulder / double peak
that can be assigned to the syn and anti arrangement of the Re-O group in the chelator.
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Fig. 2. RP-TLC-chromatogram of the reaction mixture using 1410 µg RP498s for labelling after 15min

The influence  of the amount of peptide on the labeling yield is shown in Table 1. For relatively small
amounts of peptide (250 µg), labelling yields of up to 85 % within 60 min can be obtained. Longer re-
action times or larger amounts of peptide do not significantly increase the radiolabelling yields, ranging
between 87 % and 91 %.

Table 1. Labelling of RP498s with 188Re by ligand exchange method: Effect of the
substrate amount and reaction time on radiochemical yied (RP-TLC analysis).

-----------------------------------------------------------------------------------------------
RP498s 188Re- RP498s [%]   after
  [µg]      15 min 60  min 150 min
------------------------------------------------------------------------------------------------
 250 77 85 87
 810 85 87 90
1410 85 87 91
-----------------------------------------------------------------------------------------------

188Re RP498s by direct labelling
This route follows the procedure put forward by Bolzati et al. [4], where the use of γ-cyclodextrin and
oxalate makes it possible to label dithiolate ligands at room temperature.
In typical experiments 1.5 mg of RP498s together with 10mg of (2-hydroxypropyl)-β-cyclodextrin
(Fluka Chemica, Switzerland) and 20mg / 40 mg of di-natriumtartrate-dihydrate were used for labeling.
The pH value of the reaction mixture was 5.5. The reaction was left at room temperature. Samples
were taken for RP-TLC after 15 min and 30 min.
Table 2 shows the labelling yields of 188Re-RP498s. A clear effect is seen as regards both the reaction
time and the amount of sodium tartrate used. Here, labelling yields of up to 81 % within 15 min were
observed.

Table 2. Labelling of RP498s with 188Re by direct labelling:
Effect of sodium tartrate amount and reaction time on
radiochemical yied (RP-TLC analysis).
-------------------------------------------------------------------------
Sodium tartrate 188Re-RP498s [%] after
 [mg]      15 min 30 min 
-------------------------------------------------------------------------
 20 64 81
 40 81 80
-------------------------------------------------------------------------

0 5 10 [cm]

[cts]
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Conclusion
RP498s can be labelled with 188Re by either  ligand exchange or  direct labelling methods. Both meth-
ods seem to be equal in efficiency. Within 15 min at room temperature, yields of up to 80 % and 85 %
were observed for the proposed direct labelling method and the ligand exchange method.
The Re-labelled peptide clearly shows a front-shoulder / double peak that can be assigned to syn and
anti isomers in the light of our previous experience with Re(V) tetradentate chelator chemistry [5].
Further investigations regarding the stability of the Re(V)-RP498s are in progress .
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4. Technetium and Rhenium Complexes with Modified Fatty Acid Ligands
2. Synthesis and Crystal Structure of an "SSS" Oxorhenium(V) Complex Bearing a
ωωωω-Mercapto Fatty Acid Ligand

C. M. Jung, P. Leibnitz1, H.-J. Pietzsch, H. Spies
1Bundesanstalt für Materialforschung und -prüfung, Berlin

Introduction
In our attempt to develop fatty acid bearing technetium complexes for myocardial metabolism imaging,
we reported the synthesis of a rhenium(V) model compound according to the ‘3+1’ mixed-ligand con-
cept [1]. In the present note we want to describe the preparation and X-ray analysis of an analogous
oxorhenium complex chelated by an "SSS" tridentate and a modified ω-mercapto fatty acid. To the
best of our knowledge, it is the first example of a crystal structure of a group 7 metal fatty acid com-
plex.

Experimental

The utilized thia-inserted ω-mercapto fatty acid ligand was prepared in four steps by organic standard
procedures, starting from commercially available 5-bromo valeric acid. The formation of the corre-
sponding "SSS" complex 1 was achieved by ligand exchange on an appropriate oxorhenium(V) pre-
cursor [2].

Results and Discussion
Suitable crystals for X-ray single crystal analysis were obtained by slow evaporation of a saturated
chloroform/acetonitrile solution of complex 1 at room temperature. The accompanying X-ray structure
of 1 is shown in Fig. 1.
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Fig. 1. X-ray structure of the fatty acid "SSS" oxorhenium(V) complex 1.

As characteristic of "SSS"-coordinated ‘3+1’ mixed-ligand complexes the four sulphur donor atoms are
arranged in a square pyramidal geometry around the oxorhenium(V) core. The distorted basal surface
of the pyramid exhibits a twisted orientation with respect to the planar arrangement of the fatty acid
chain. The bond lengths and angles within the chelate moiety were found to be in the order of magni-
tude expected for this type of rhenium complexes.
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5. Technetium and Rhenium Complexes with Modified Fatty Acid Ligands
3. Synthesis of Novel Rhenium Complexes as Model Compounds of Technetium Tracers
for Myocardial Metabolism Imaging

C. M. Jung, H.-J. Pietzsch, J. Kropp1, H. Spies
1TU Dresden, Universitätsklinikum Carl Gustav Carus, Klinik und Polyklinik für Nuklearmedizin

Introduction
Naturally occurring long-chain fatty acids serve as the principal energy source of the normoxic myo-
cardium. Radiolabelled fatty acids displaying efficient myocardial uptake and adequate retention are
therefore attractive candidates for the clinical evaluation of regional discrepancies in the cardiac me-
tabolism and energy turnover. In our efforts to find technetium-coordinated fatty acids with in vivo
properties comparable to those of the currently favoured iodine-123-labelled derivatives, we concen-
trated on small-sized neutral chelating systems according to the �n+1� design and on metal carbonyl
moieties [1]. We prepared various nonradioactive rhenium complexes containing the metal core at the
oxidation states +5, +3 or +1 as reference compounds for potential technetium tracers.

Experimental

Suitable ω-functionalized fatty acid ligands required for the �n+1� mixed-ligand concept were synthe-
sized, starting from the commercially available ω-bromo pentadecanoic acid [2]. Thiol groups were
introduced by nucleophilic attack of sodium thiophosphate and subsequent acidic hydrolysis; the
ω-isocyano unit was built up in four steps via the ω-azido and the ω-amino derivative by dehydration of
the analogous ω-formanido acid.
In order to obtain ligands for the dithioether-carbonyl design, the bromo acid was coupled with 3-thia-
1-butanethiol and 5-mercapto-3-thiapentanoic acid under basic conditions. Schiff base ligands attach-
ing to the bromotricarbonylrhenium(I) moiety were obtained by reaction of ω-amino lauric acid salt with
picolinaldehyde.

Results and Discussion
15-Mercapto pentadecanoic acid 1 was reacted with the two oxorhenium(V) precursors 2 and 3 to
form the "SSS"- and "SNMeS"-coordinated �3+1� mixed ligand complexes 5 and 6 (Fig. 1). Replace-
ment of the halide in precursor 2 by the thiol 1 in refluxing acetonitrile produced the reddish brown
"SSS" complex 5 in excellent yields. The alternative �3+1� complex with "SNMeS" chelate was con-
veniently prepared in a one step synthesis of the protected tridentate 4, the mercapto fatty acid 1 and
the oxorhenium(V) precursor 3 under basic conditions. Subsequent chromatographic purification and
crystallization from methanol yielded 64 % of 6 as a green powder.
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Fig. 1. Syntheses of fatty acid oxorhenium(V) complexes according to the �3+1� concept.
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Considering the poor imitation of the lipophilic fatty acid chain by a polar oxometal chelate, the
�4+1� version of the �n+1� concept is expected to be superior to those using technetium and rhenium in
the oxidation state +5. The trigonal-bipyramidal complex geometry allows extensive shielding of the
metal(III) core. The five coordination sites are occupied by a tetradentate "NS3" ligand and a mono-
dentate isocyanide. The synthesis of such a �4+1� complex 9 was accomplished in moderate yields by
exchange of the phosphane ligand in precursor 8 for the ω-isocyano fatty acid 7 at room temperature
(Fig. 2).
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Fig. 2. Synthesis of a rhenium(III) fatty acid complex according to the �4+1� concept.

ALBERTO et al. recently introduced the "fac-[M(CO)3]+" fragment as a promising synthon for the label-
ling of biomolecules [3]. Due to the known tendency of the metal(I) core to interact strongly with soft
donor ligands, dithioether units were used to attach fatty acids to the tricarbonylrhenium moiety. The
sulphur atoms of the dithialigands 10 and 11 replace two bromine atoms of the precursor 12. In com-
plex 13 the third bromide substituent remains in the octahedral coordination sphere; in complex 14
however compensation of the electric charge is achieved by coordination of the adjacent carboxylate
group (Fig. 3). Compounds 13 and 14 were received as colourless solids in moderate yields.
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Fig. 3. Syntheses of fatty acid tricarbonylrhenium(I) complexes according to the dithioether design.

Apart from the thioether compounds, bidentate aromatic Schiff base ligands are exceedingly suitable
for coordinating tricarbonylmetal(I) moieties [4]. The reaction between the organometallic precursor 12
and the soft nitrogen donor atoms of the fatty acid ligand 15 proceeds in the same way as mentioned
above for dithioether units. Complex 16 was obtained in a satisfactory yield as a rich orange solid
(Fig. 4).
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Fig. 4. Synthesis of a fatty acid tricarbonylrhenium(I) complex according to the Schiff base design.
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6. Potentially Redox-Active Rhenium and Technetium Complexes Based on the
Pyridinium/Dihydropyridine System
3. Synthesis of Pyridinium/Dihydropyridine Bearing Rhenium(V) ‘3+1‘ Mixed-Ligand
Complexes with Variable Spacer Lengths and N-Substituents

A. Rother, T. Kniess, H. Spies, H. Jungclas1

1Universität Marburg, Fachbereich Kernchemie

Introduction
Radiopharmaceutical chemistry is increasingly focused on tracers displaying an accumulation or
transport that reflect relevant biochemical processes. One aim in this context is the visualization of the
various redox processes occurring in the organism. Bodor et al. [1] used the NAD+/NADH-analogous
pyridinium/dihydropyridine system for drug transport across the blood-brain barrier. We wondered
whether this principle could be exploited to develop redox-active 99mTc complexes. For this reason we
initially investigated pyridinium/dihydropyridine-bearing rhenium(V) �3+1� mixed-ligand complexes,
using rhenium as a surrogate for 99mTc. A main requirement for the suitability of these complexes is an
appropriate lifetime of their dihydropyridine form. Since investigations showed that the dihydropyridine
form of complex 1a undergoes rapid reoxidation in buffered aqueous solutions with half-lives between
1 and 5 min [2], dihydropyridine complexes of increased stability had to be synthesized.
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Experimental
According to the literature dihydropyridines may be stabilized by substitution of the methyl group for
isopropyl [3] or benzyl [4]. Series of pyridinium bearing rhenium(V) �3+1� mixed-ligand complexes were
therefore synthesized. In addition to the alteration of the alkyl group at the pyridine nitrogen atom, the
length of the spacer between the pyridinium group and the metal chelate was varied. The syntheses
were performed according to the general reaction pathway in scheme 1.
Methyl-nicotinate and an aminoalcohol (chain-lengths of 2, 3 and 5 carbon atoms) were heated at 150
°C to relieve the methanol and to form 3(ω-hydroxyalkyl-carbamoyl)pyridine. Treatment of the hydroxyl
group with thionyl chloride led to 3(ω-chloro-alkyl-carbamoyl)pyridine. The introduction of the thiol
group was achieved by reacting the chloro group with sodium thiophosphate in a mixture of water and
acetone according to a modified literature procedure [5]. Acid hydrolysis of the phosphoric acid thio-
ester supplied the free thiol. The pyridine nitrogen atom was alkylated by an excess of either methyl
iodide, isopropyl iodide or benzyl bromide. Alkylation of the sulphur was prevented by use of acetone
as an aprotic solvent. The thiols produced in this way were reacted with the precursor chloro(3-
thiapentane-1,5.dithiolato)oxorhenium(V) according to the �3+1� principle.
The resulting complexes were characterized by 1H NMR, 13C NMR and elemental analysis. Table 1
shows the list of synthesized complexes.

Table 1. List of synthesized pyridinium substituted �3+1� rhenium mixed-ligand complexes

Complex R X- N

1a methyl- I- 2
1b methyl- I- 3
1c methyl- I- 5
2a isopropyl- I- 2
2b isopropyl- I- 3
2c isopropyl- I- 5
3a benzyl- Br- 2
3b benzyl- Br- 5
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Scheme 1. Reaction pathway for the preparation of pyridinium substituted �3+1� rhenium mixed-ligand
complexes
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7. Potentially Redox-Active Rhenium and Technetium Complexes Based on the
Pyridinium/Dihydropyridine-System
4. Dependence of the Stability of Pyridinium/Dihydropyridine Bearing Rhenium(V)
Mixed-Ligand Complexes on Variable Spacer Lengths and N-Substituents

A. Rother, T. Kniess, H. Spies, H. Jungclas1

1Universität Marburg, Fachbereich Kernchemie

Introduction
With respect to redox-active 99mTc-labelled radiotracers based on the pyridinium/dihydropyridine sys-
tem we described the synthesis of series of rhenium(V) complexes of the following type [1, 2].
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In this paper the reduction of the pyridinium complexes into their dihydropyridine-form by sodium di-
thionite and investigations of the stability of these dihydropyridines against reoxidation are Kinetic
measurements were performed by UV-vis spectrometry. The following complexes were analysed (Ta-
ble 1).

Table 1. List of analysed pyridinium substituted �3+1� rhenium mixed-ligand complexes

Complex R N

1a Methyl 2
1c Methyl 5
2b Isopropyl 3
3a Benzyl 2
3b Benzyl 5

Experimental
The complexes 1a – 3b were reduced to their dihydropyridine form by an excess of sodium dithionite
in alkaline solution. The reaction took place in the biphasic system of diethyl ether/water under reflux
while vigorously stirring according to a literature procedure [3] (Fig. 1). In this way the lipophilic dihy-
dropyridine complexes accumulate in the organic phase and can be separated, especially from the
dithionite, which would falsify the results of the kinetic measurements. In the ethereal solution the di-
hydropyridine complexes show a much higher stability than in the aqueous phase and can be used for
the further investigations.
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Fig. 1. Reduction of pyridinium substituted �3+1� rhenium mixed-ligand complexes
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For kinetic measurements of the reoxidation of the dihydropyridine complexes 100 µL of the ethereal
solution were injected into 2.0 mL of phosphate buffer (c = 0.1 mol*L-1) with pH values between 6.7
and 7.6 in a quartz-glass cuvette and the ether was removed from the solution by a stream of argon.
Then the reoxidation was followed by UV-vis spectrometry, using a diode array spectrometer with
1,024 diodes at appropriate intervals. The measurements were performed at 20 and 37 °C. The in-
creasing intensity of the bond at 260 nm reflects the re-formation of the pyridinium complex,while the
decrease in the bond at 360 nm is characteristic of the decay of the dihydropyridine complex. The
appearance of isosbestic points at 245 and 315 nm may serve as proof of a pure two-compound sys-
tem (Fig. 2a).
By fitting an exponential function to the decrease in intensity at 360 nm the half-lives of the reoxidation
of the dihydropyridine complexes were determined (Fig. 2b).
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Fig. 2a (left). UV-vis-spectra of complex 1c at pH = 7.6 and 20 °C about 25 min, the arrows
show the course of measurement

Fig. 2b (right). Exponential decrease of the absorption of complex 1c at 360 nm at pH = 7.6 and
20 °C over time
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Fig. 3. Half-life of the reoxidation of complex 1c as a function of the pH-value

Fig. 3 shows the half-lives of the reoxidation of complex 1c as a function of the pH-value of the buffer.
As a result two effects can be observed: the half-life decreases with increasing temperature and
higher pH values result in a higher stability of the dihydropyridine complex.

Table 1 shows the highest and lowest half-lives of the analysed complexes.



20

Table 1. Highest and lowest half-lives of the analysed complexes

Reoxidation to
complex

R N t1/2(min) / s t1/2(max) / s

1a methyl 2 53 394
1c methyl 5 49 556
2b isopropyl 3 58 586
5a benzyl 2 335 1892
5b benzyl 5 385 2266

It was thus shown that lengthening the spacer between the pyridinium group and the metal chelate
does not significantly stabilize the dihydropyridine against reoxidation. Nor does the exchange of the
methyl group for isopropyl result in enhanced stability. The replacement of methyl by benzyl however
causes an increase in stability by a factor of 4 � 8. Nevertheless, the reoxidation of even the benzyl-
substituted complexes still proceeds much too fast for application of the analogous 99mTc complex as a
redox tracer. Complexes bearing a quinolinium/dihydroquinoline functionality are therefore synthe-
sized at present. In addition, we are trying to proceed from the investigated �3+1� complexes to pyri-
dinium complexes according to the �4+1� principle (Fig. 4).
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Fig. 4. Quinolinium substituted �3+1� rhenium mixed-ligand complexes (a), pyridinium substituted
�4+1� rhenium mixed-ligand complexes (b)
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8. Synthesis of a 99Tc Complex with a Cationic Lipid as Initial Stage for Preparation of
Tc-Labelled Cationic Lipid/DNA Complexes

T. Kniess, G. Byk1

1Laboratory of Peptidomimetics and Genetic Chemistry, Bar-Ilan University, Israel

Introduction
The approach of gene therapy in medicine which considers DNA as a therapeutic drug is currently
undergoing first clinical trials. New perspectives are being opened up for gene transfer by viral vectors
because of their high transfection efficiency. However, the use of viruses as DNA carriers for gene
delivery presents major disadvantages: (1) the limited length of the DNA that can be introduced into a
single viral particle, (2) the difficulties and cost of production and purification of the particles and (3)
the immunological and pathological risks.
Synthetic vectors of the DNA represent a novel alternative to viruses since they display potentially less
risks in terms of immunogenicity and propagation and are easier to produce under GMP conditions. In
the last decade significant efforts have been invested in developing such non-viral methods for DNA
delivery [1]. Some of these lipid/DNA complexes were launched into clinical trials at very early stages
of development and produced varying results [2, 3]. The lack of physicochemical characterization of
the self-assemblies prevented the interpretation, correlation and comparison of transgene expression
with the biodistribution of the DNA complexes.
For a better understanding of biodistribution and final localization of the complexes formed with DNA,
we propose to design novel cationic lipids bearing a chelating side chain able to complex with
99mtechnetium, a probe for scintigraphic investigation. Here we describe the synthesis of a 99Tc com-
plex with a cationic lipid as the first stage of preparation of 99mTc-labelled cationic lipid/DNA complexes
suitable for biodistribution studies on animals.

Experimental
General
The cationic lipid with the side chain able to complex was synthesized at Bar-Ilan University. Its struc-
ture was confirmed by mass spectroscopy. The labelling was carried out with 99/99mTc gluconate. The
reaction was observed by HPLC on an RP-2 column with a gradient of water (0.01 TFA) A and aceto-
nitrile (0,01 TFA) B and a flow rate of 2ml/min. The gradient was as follows: 3 min 80 % A ,20 % B
isocratic; 22 min 0 % A, 100 % B; 10 min 0% A, 100 % B isocratic; 5 min 80 % A, 20 % B. The inactive
cationic lipid was detected by UV adsorbance at 220 nm, the Tc compounds were detected by γ de-
tection and UV adsorbance.

Labelling procedure
18 mg of sodium gluconate was dissolved in 250 µl 0.01M K99TcO4 solution (2.5 µmol) to which 100
MBq 99mTcO4

- was added. The synthesis of 99/99mTc gluconate was carried out by addition of 50 µl
0.01M SnCl2 solution in 0.1M HCl (5µmol). The complete reduction of the pertechnetate was controlled
by TLC.
A solution of 9.54 mg (10 µmol) of the cationic lipid in 100 µl sodium methanolate solution was added
to this 99/99mTc gluconate and the mixture was heated at 80 °C for 20 minutes. After cooling the reac-
tion mixture was investigated by HPLC.

Results and Discussion
The structure of the cationic lipid is visible in Fig. 1. Its Tc chelating moiety was designed after the
structure of mercaptoacetyltriglycine (MAG3), the mercapto functionality is protected by an acetyl
group to prevent oxidation during storage. Deprotection occurred by treatment with sodium methano-
late before complexation.
Fig. 2a shows the HPLC chromatogram of the cationic lipid after deprotection with sodium methano-
late with a retention time of 12.31 min. After reaction with 99/99mTc gluconate a new peak at 14.44 min
was observed by UV detection (Fig. 2b). Its counterpart was found by γ detection at 14.77 min (Fig.
2c). Unreacted starting material both of free ligand and of Tc gluconate (1.21 min) was detectable
despite the molar excess of the former over the latter. The yield of the new Tc complex was found by
radiochromatography to be 45 %. By carrying out the reaction without heating a very poor yield of
complexation products was obtained.
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Fig. 2a,b,c. HPLC analyses of the reaction of the cationic lipid with 99/99mTc gluconate

To sum up, we can report that we are able to prepare a complex of a cationic lipid with
99/99mTechnetium. This encourages us to take the next steps, which include increasing the yield, isola-
tion of the Tc complex and further complexation with DNA to obtain Tc-labelled cationic lipid/DNA
complexes suitable for biodistribution studies.
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9. Labelling Dithiol Ligands with the Tc-99m Synthon [[[[99mTc(N)(PNP4)Cl2]]]]

C. Bolzati1, A. Duatti1, A. Boschi1, L. Uccelli1, H.-J. Pietzsch, S. Seifert, H. Spies
1Laboratory of Nuclear Medicine, Department of Clinical & Experimental Medicine, University Ferrara,
Italy.

Bis(phosphinoethyl)amine (PNP) ligands react with labile nitridotechnetium and nitridorhenium precur-
sors to yield the novel complexes [MNCl2(PNP)] (M = Tc, Re) [1]. The halide groups in these com-
plexes can easily be exchanged by various bidentate ligands, such as mercaptoacetic acid, N-acetyl-
L-cysteine or S-methyl-2-methyldithiocarbazate [2]. These are the results of the reaction of Tc-99m
synthon [99mTc(N)(PNP4)Cl2]  with esters of  dimercaptosuccinic acid, which are considered proto-
types of dithiolate ligands.

Alternative procedures were employed for preparing neutral Tc-99m unsymmetrical nitrido complexes
of the type [99mTc(N)(PNP4)(DT)], where DT represents a dithiol ligand. These are schematized in
Chart 1.

Chart 1. Reaction routes to [99mTc(N)(PNP4)(DT)]

Chromatographic characterization revealed that the chemical nature of the resulting complexes was
independent of  the method of preparation, i.e. that identical compounds obtained by different chemi-
cal procedures exhibited the same chromatographic properties.

The optimal labelling procedure involved two separate steps. The first step was required to generate a
mixture of intermediate nitrido Tc-99m complexes, all containing the [Tc≡N]2+ core as a result of the
reduction of  Tc-99m pertechnetate by tin(II) chloride in the presence of SDH as the donor of nitrido
nitrogen atoms. As the second step  the diphosphine ligand (PNP4) and the dithiol ligand  were added
to the reaction vial containing the mixture of Tc-99m nitrido precursors to afford the final products after
1 hour of heating at 50 °C.  The complexes were purified by a PR-C18 cartridge, from which the Tc-
99m species was eluted by 30% ethanol. The total radiochemical purity (by TLC) was 95 %. Fig. 1
shows a schematic drawing of the structure of the resulting complexes.
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Fig.1. Proposed structure of  syn- and anti- [99mTc(N)(PNP4)(DT)]

The PNP4 ligand is bound to the Tc≡N group by the two phosphorous atoms, while the dithiol ligand is
coordinated by the two deprotonated sulfur atoms, thus yielding a final neutral compound.
All complexes were found to exist in two distinct isomeric forms, presumably differing in the relative
syn or anti positions of the functional groups attached to the carbon backbone of the dithiol ligand
relative to the Tc≡N multiple bond. The final isomeric ratio was approximately 50:50 in all cases and
the two isomers were easily separated by TLC chromatography.

Table 1. Rf values and relative radiochemical yields for all isomeric complexes.

Complex Rf Yield [%]

[99mTcN(PNP4)(DT2)] a 0.4 42.3

[99mTcN(PNP4)(DT2)] b 0.3 40.8

[99mTcN(PNP4)(DT3)] a 0.36 45.8

[99mTcN(PNP4)(DT3)] b 0.28 42.3

[99mTcN(PNP4)(DT4)] a 0.3 46.2

[99mTcN(PNP4)(DT4)] b 0.25 42.6

The stability of all asymmetrical Tc-99m complexes towards transchelation by GSH and cysteine was
investigated. No significant changes of RCPs were observed after 2 h of incubation,  indicating that
these compounds were almost inert towards substitution with cysteine and glutathione. On the con-
trary, the stability in the serum was found to be weak and all complexes were rapidly transformed into
more hydrophilic species, which could presumably be identified as the same complexes having lost
their lateral ester groups after hydrolysis by serum enzymes, a well-recognized phenomenon occurring
in-vivo with ester substituents [3].
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10. Synthesis and Characterization of Trigonal-bipyramidal Technetium(III) Complexes
with Tridendate/Bidendate NS2/PS Coordination: A Novel Approach to Robust Tc
Mixed-Ligand Chelates as Tools for Conjugating Biologically Active Molecules

H.-J. Pietzsch, P. Leibnitz1, F. Tisato2, F. Refosco2, S. Seifert, H.Spies
1Bundesanstalt für Materialforschung- und testung, Berlin
2Istituto di Chimica e Tecnologie Inorganiche e dei Materiali Avanzati, Consiglio Nazionale delle
Ricerche, Padova, Italy

Introduction
Oxo-free technetium in lower oxidation states, such as +3 and +1, is of increasing interest for coupling
lipophilic Tc chelates to biologically active molecules, e.g. CNS receptor targeted agents [1]. After we
reported on trigonal-bipyramidal mixed ligand technetium(III) complexes with 2,2',2"-nitrilotris-
(ethanethiol) und isocyanides as co-ligands [2], which are neutral and non-polar since they contain
sterically well shielded oxo-free Tc(III) ions, in the present paper we describe the basic chemistry of Tc
complexes with analogous coordination geometry formed by the combination of a tridendate HS-E-SH
ligand (E = N(CH3), S) with a bidendate PR2-SH chelator. Syntheses procedures at the no-carrier-
added level including challenge experiments with glutathione and biodistribution studies in rats will be
described in [3].

Results and Discussion
As shown in Scheme 1 the complexes can be prepared in a two-step substitution/reduction procedure
via a chlorine-containing oxotechnetium(V) complex (A). The alternative methode (B) is a one-step
ligand exchange reaction of the labile tetrachloro oxotechnetate(V) with mixtures of the ligands and
simultaneous reduction of the metal centre. Both reactions are characterized by a typical change in
colour from orange to deep-violet indicating the transfer from Tc(V) to Tc(III).

Scheme 1. Reaction routes to Tc(III) complexes with �3+2� coordination (E = N(CH3), S)
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The complexes are characterized by elemental analyses as well as by NMR-, IR- and UV/Vis spec-
troscopy. X-ray structure analyses of two representatives confirm the expected trigonal-bipyramidal
coordination geometry of this type of complexes (Figs. 1 and 2).
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Conclusion
The common reaction of a tridendate HS-E-SH ligand (E = N(CH3), S) with a bidendate PR2-SH che-
lator leads to the formation of non-polar, lipophilic technetium complexes which contain sterically
shielded oxo-free Tc(III) ions. This combination enables easy functionalization in order to fine-tune
physico-chemical properties of the complexes and to link the chelate unit to biomolecules. 99mTc com-
plexes can easily be prepared at no-carrier-added level in high radiochemical yields. The complexes
are stable towards re-oxidation and ligand exchange in challenge experiments with glutathione. This
will be discussed in detail in [3].
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11. Preparation and Characterization of 99mTechnetium(III) Complexes with Tridentate
and Bidentate Ligands (‘3+2‘ Complexes)

S. Seifert, H.-J. Pietzsch, R. Syhre, F. Tisato1, H. Spies
1Istituto di Chimica e Tecnologie Inorganiche e dei Materiali Avanzati, Consiglio Nazionale delle
Ricerche, Padova, Italy

Introduction
The search for neutral and stable mixed-ligand complexes of technetium at other oxidation states than
+V led to the development of Tc complexes with �4+1� and �3+1+1� coordination. The trigonal-
bipyramidal '4+1' Re and Tc complexes containing 2,2�,2�-nitrilotris(ethanethiol) and isocyanides as
co-ligands [1, 2, 3] are stable in vitro and in vivo while '3+1+1' complexes which contain a monothiol
and a phosphine molecule besides the tridentate dithiol ligand, however, are unstable to oxidation as
well as to ligand exchange [4, 5]. One approach to overcoming the stability problem of this type of
complexes might be complexation of a bidentate ligand which contains the donor atoms P and S be-
sides the tridentate ligand. In fact, the preparation of such '3+2' mixed-ligand Tc(III) complexes was
successfully performed, while it was not possible to form the corresponding rhenium complexes [6].
The aim of this work was to prepare the technetium complexes at the n.c.a. level, to study their reac-
tivities in various media and to check the biodistribution of a number of model complexes.

Experimental
No carrier added preparations of 3+2 technetium(III) complexes were studied with the tridentate lig-
ands 3-thiapentane-1,5-dithiol (HS-(CH2)2-S-(CH2)2-SH), 3-methylazapentane-1,5-dithiol (HS-(CH2)2-
N(CH3)-(CH2)2-SH) and 3-oxapentane-1,5-dithiol (HS-(CH2)2-O-(CH2)2-SH) and the following bidentate
ligands P-S1 � P-S5 shown in Table 1.

Table 1. Ligands used for preparation of 3+2 99mTc complexes.

3+2 Complex Bidentate ligand

P-S1
P

SH

P-S2 P SH

P-S3 P
SHH3COC3H6

H3COC3H6

P-S4
SH

P

P

STc

SE

S

RR

E = S, NMe, O
R = alkyl, aryl

P-S5 P
SH

CH3

CH3
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The preparation of the 99mTc complexes was achieved by reducing the pertechnetate by stannous
chloride in the presence of both ligands. A mixture of ethanol, propylene glycol and acetonitrile was
used. Short warming to 50 °C produces 60 � 90 % of the required labelled product. The preparations
were purified by HPLC for stability and biodistribution studies using a semi-preparative Hypersil col-
umn (250 x 8 mm, 10 µm). The radiochemical purity and the stability of the preparations were deter-
mined by TLC and HPLC.
For stability studies the complex solution was diluted with 0.1 M phosphate buffer solution of pH 7.4
(Sörensen) to adjust the desired radioactive concentration to 20 � 30 MBq/ml. The equivalent volume
of buffer, buffer with 2.0 mM GSH for challenge experiments, and plasma of rats was added to 0.5 ml
of that solution and incubated at 37 °C.
Plasma analyses were performed with a Supelguard column (20 x 4.6 mm, 10 µm, flow rate 1.0
ml/min) using a linear gradient 95 % A to 40 % A in 15 min [A: isopropanol/0.1 % trifluoroacetic acid
(TFA) (10/90), B: isopropanol/0.1 % TFA (90/10)].
Octanol/buffer partition coefficients of the 99mTc complexes were determined by the shake flask
method.
Biodistribution studies in male Wistar rats ( 5 - 6  weeks old) were carried out in accordance with the
relevant national regulations. 500 µl of 99mTc complex solution (500 kBq; saline, 15 % propylene gly-
col) were injected into the tail vein. 5 to 120 min p.i. the rats were sacrificed by heart puncture under
ether anaesthesia. The selected organs were isolated for weighing and counting.

Results and Discussion
'3+2' mixed-ligand 99mTc(III) complexes of the general formula [Tc(SES/P-S)] (E = O, S, NMe) were
prepared in a one-step procedure in neutral solutions, using optimized quantities of the bidentate as
well as the tridentate ligands. While 0.05 mg of the P-S ligands is enough for preparation of the
SNMeS and SOS complexes, the formation of SSS complexes requires 1.0 mg of P-S ligand. The
optimum amount of tridentate ligands used for preparations was determined to be 0.05 mg as it was
for preparations of the '3+1' Tc complexes [7].
A comparison of the chromatographic data of fully characterized 99Tc reference complexes described
in the article above confirms the identity with the 99mTc preparations.
Stability studies
'3+2' 99mTc complex solutions purified by HPLC are stable for hours. After dilution with saline or phos-
phate buffer solution they decompose slightly. Especially the SOS complexes are slowly transformed
into more hydrophilic compounds. The reason for that slight instability is still unknown. Oxidation proc-
esses in these solutions cannot be excluded with certainty.
A very important result from the point of view of radiotracer design is the fact that no ligand-exchange
reaction occurs when the complexes have been incubated with glutathione (GSH) solution. This is
demonstrated in Fig. 1.

0 10 20
Time (min)

0 10 20
Time (min)

0 10 20
Time (min)

Fig. 1. 99mTc(SSS/P-S4) after 60 min incubation at 37 °C. A: complex solution after HPLC purification,
B: in phosphate buffer pH 7.4, C: in 1 mM GSH solution.

When the complex solution is diluted with saline or phosphate buffer about 1:200, as is normally done
for determination of the partition coefficient octanol/water, the radiochemical purity of the diluted sam-
ple decreases. After one hour this decrease is about 80 % for the complex [Tc(SNMeS/P-S5)]. Due to
the formation of hydrophilic impurities the calculated partition coefficients are too low. For that reason
we only diluted the original complex solution 1:1 with phosphate buffer solution of pH 7.4, immediately
added octanol, shaked the solution for 5 minutes, separated the phases and measured the partition
the following day in a Bohrloch scintillation counter (Table 2). In some cases the real log P values are
perhaps slightly higher than the calculated ones, despite of beginning of decomposition.

A B C
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These slight stability differences of the complexes are reflected by their incubation behaviour in rat
plasma. While there is no indication of the SSS and SNMeS complexes binding to rat plasma, the
SOS complexes are bound more or less to plasma proteins, especially to albumin (Fig. 2). It is not
clear whether the complex themselves or their decomposition products are bound to albumin. It is
likely but remains to be proved that the '3+2' Tc(III) complex with E = O is oxidized to Tc(V) oxo spe-
cies which reacts with plasma proteins in the known way [8].

Table 2. Log Po/w values and reaction against rat plasma of various 3+2 99mTc complexes.

Complex Log Po/w Plasma binding

[Tc(SSS/P-S1)] 3.1 -
[Tc(SSS/P-S2)] 2.2 -
[Tc(SSS/P-S3)] 1.6 -
[Tc(SSS/P-S4)] 1.5 -
[Tc(SSS/P-S5)] 1.3 -

[Tc(SNMeS/P-S1)] 1.5 -
[Tc(SNMeS/P-S2)] 1.8 -
[Tc(SNMeS/P-S3)] 1.6 -
[Tc(SNMeS/P-S4)] 1.2 -
[Tc(SNMeS/P-S5)] 1.0 n. d.

[Tc(SOS/P-S1)] 1.5 +
[Tc(SOS/P-S2)] 1.2 +
[Tc(SOS/P-S4)] 1.6 +

n.d. = not determined because of decomposition of P-S5 ligand
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Fig. 2. Plasma binding of [Tc(SSS/P-S2)] and [Tc(SOS/P-S1)]. A: [Tc(SSS/P-S2)] after 5 min
incubation at 37 °C; B: after 150 min; C: [Tc(SOS/P-S1)] after 5 min;

dotted line: UV detection (220 nm), solid line: γ detection.

Most of the complexes are stable enough for their biological behaviour to be studied in animals.

A B

C

albumin [Tc(SSS/P-S2)]
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Biodistribution studies
Biodistribution studies indicate that the ligand significantly influences the distribution pattern. Appre-
ciable differences were observed, in particular in the brain, blood, lungs and liver of rats. All com-
plexes listed in Table 2 are able to penetrate the blood-brain barrier of rats and show a relatively fast
washout from the brain. The brain uptake is moderate for complexes with alkyl sustituents (P-S3 � P-
S5) compared with complexes containing the phenyl substituted bidentate ligands P-S1 and P-S2.
Differences in lipophilicity are assumed to govern the biodistribution patterns. However, no correlation
was found between the brain uptake and the lipophilicity of complexes and, in general, no significant
influence of tridentate ligands on the brain uptake was observed.

Table 3. Biodistribution of �3+2� 99mTc complexes in the blood pool (% injected dose /gram) and in
selected organs (% injected dose) of  Wistar rats ( mean ± SD; n=5)

. min p.i Blood Brain Heart Lungs Kidneys Liver

P-S1
SSS 5 0.3 ± 0.1 0.6 ± 0.04 0.5 ± 0.1 1.3 ± 0.5 1.8 ± 0.2 43.0 ± 1.2

120  0.1 ± 0.01 <0.05   0.1 ± 0.01 0.4 ± 0.1 0.9 ± 0.2 21.2 ± 0.8

SNMeS 5 0.6 ± 0.1 1.0 ± 0.1 0.9 ± 0.2 2.7 ± 0.2 3.5 ± 0.3 37.2 ± 2.3
120  0.1 ± 0.01 <0.05   0.1 ± 0.02 0.8 ± 0.1 0.7 ± 0.3 30.8 ± 1.7

SOS 5 1.5 ± 0.1 0.6 ± 0.1 0.6 ± 0.1 3.1 ± 0.1 2.1 ± 0.5 53.5 ± 0.7
120 0.8 ± 0.2 <0.1 0.2 ± 0.1 3.4 ± 0.7 2.5 ± 0.2 47.8 ± 3.7

P-S2
 SSS 5 0.4 ± 0.1 0.9 ± 0.2 0.7 ± 0.1 2.2 ± 0.5 3.1 ± 0.4 79.8 ± 6.4

120  0.1 ± 0.01 <0.05   0.1 ± 0.01 1.1 ± 0.2 1.4 ± 0.3 56.7 ± 4.7

SNMeS 5 0.4 ± 0.04 0.5 ± 0.1 0.8 ± 0.1 1.5 ± 0.2 2.4 ± 0.2 41.3 ± 3.0
120 0.2 ± 0.03 <0.1   0.1 ± 0.02 1.1 ± 0.2 2.2 ± 0.2 47.5 ± 0.9

SOS 5 0.9 ± 0.1  0.6 ± 0.01 0.6 ± 0.1 4.5 ± 0.4 2.0 ± 0.2 85.4 ± 3.4
120 0.5 ± 0.1 <0.1   0.2 ± 0.03 5.7 ± 0.7 2.0 ± 0.2 79.3 ± 4.3

P-S4
SSS 5 0.6 ± 0.1  0.1 ± 0.01 0.9 ± 0.1 2.4 ± 0.4 2.1 ± 0.2 78.5 ± 5.1

120  0.2 ± 0.01 <0.1   0.1 ± 0.01 0.7 ± 0.1 1.4 ± 0.2 33.3 ±1.2

SNMeS 5 1.8 ± 0.2  0.1 ± 0.02 0.6 ± 0.1 2.4 ± 0.4 2.2 ± 0.2 67.3 ± 2.1
120   0.3 ± 0.02 <0.05   0.1 ± 0.02 0.6 ± 0.1 2.5 ± 0.1 35.6 ± 2.7

SOS 5 3.8 ± 0.6  0.3 ± 0.04 0.9 ± 0.1 3.8 ± 0.6 6.1 ± 0.3 44.7 ± 2.3
120 2.3 ± 0.3 0.2 ± 0.1 0.4 ± 0.1 2.2 ± 0.4 9.9 ± 0.3 31.9 ± 1.1

Interestingly, complexes with the SOS chelate unit show a higher initial blood pool activity as well as a
much slower blood clearance than the "SSS" or "SNMeS" complexes, an effect that is ascribed, in
part, to the observed  reactivity towards plasma proteins (Table 2). Furthermore, this chelate unit leads
to a persistent high lung uptake. Similar distribution patterns were found for '3+1' complexes contain-
ing proteins as monodentate ligands [8].
The high liver uptake (40 - 85 % of the injected dose) does not directly correlate with the lipophilicity of
these model complexes.
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12. Preparation and Characterization of New ‘3+1’ Tc(V) Oxocomplexes Containing a
Tridentate PNS or PNO Ligand and a Monothiol Ligand

S. Seifert, C. M. Fernandes1, R. Syhre, I. Santos1, H. Spies
1Inorganic and Radiopharmaceutical Chemistry Group, Chemistry Department, ITN, Sacavém,
Portugal

Introduction
The stability of the so-called 3+1 approach for the synthesis of mixed-ligands Tc complexes, used in
Tc tracer design, is strongly dependent on the nature of the tridentate as well as the monodentate
ligand [1, 2].
The (tri)bidentate PNS(O) ligands (Scheme 1), developed and introduced by one of us, (I. Santos).
present different coordination modes, depending on the reaction conditions [3].

Scheme 1

P

N
H

RH

O
PhPh R = O (PNO), R = S (PNS)

With Re(V) different complexes have been synthesized and fully characterized [4]. Some of them are
of the "3+1" mixed-ligand type [5]. Although the rhenium chemistry have investigated today, the Tc
chemistry at the carrier added and non carrier added level is still lacking.
We report our studies to  3+1 oxotechnetium(V) complexes at the n.c.a. level, using the PNS and also
the PNO tridentate ligands and different monodentate sulphur co-ligands, done within a short term
scientific mission of C.M. Fernandes in Rossendorf.

Results and Discussion
3+1 99mTcO(PNS/RS) complexes
We studied complexation reactions at the n.c.a. level with the tridentate ligand PNS and with different
monodentate sulphur donors (thiophenol, benzylmercaptan, cyclohexanthiol, mercaptopropionic acid,
mercaptoacetyldiglycine and glutathione). The procedure is in accordance with the preparation of
common 3+1 complexes described in [6].
The complex formation was optimized for the thiophenol ligand and yields of more than 90 % were
reached using the following preparation conditions:

500 µl pertechnetate eluate, 50 µl propylene glycol, 1300 µl EtOH,
0.5 mg thiophenol and 0.05 mg PNS ligand.

Only 1 - 3 % of reduced hydrolyzed technetium were found by TLC. Similar results were obtained with
lower quantities of ligands, when they were diminished in the same ratio. With only 0.01 mg thiophenol
and 0.001 mg PNS ligand yields of > 90 % are possible.
The following stability and biodistribution studies were performed with this model complex only.
Stability studies
99mTcO(PNS/PhS) was stable in saline and 0.01 M PBS pH 7.4 at 37 ºC during at least 2 hours (1:1
dilutions). It was not attacked by glutathione in 10 mM solutions at 37 ºC for 120 min.. The expected
"3+1" mixed oxotechnetium(V) complex with glutathione and PNS (99mTcO(PNS/GS)  was prepared at
a reference, but no impurity that would correspond to (99mTcO(PNS/GS) was observed.
Biodistribution studies
The animal experiments were carried out according to the relevant national regulations. Organ distri-
bution studies were performed on male Wistar rats (5 - 6 weeks old). 500 µl complex solution (500
KBq 99mTc) was injected into the tail vein. 5 min. and 120 min p.i. the rats were sacrificed by heart
puncture under ether anaesthesia. The selected organs were isolated for weighing and counting. The
results are presented in Table 1.
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Table 1. Biodistribution of 99mTcO(PNS/PhS) complex in rats (n = 5)

% injected dose ± s.d.
Organ 5 min. p.i. 120 min. p.i.

Brain 0.14 ± 0.03 0.11 ± 0.02
Spleen 0.95 ± 0.25 0.35 ± 0.11
Kidneys 4.16 ± 0.22 7.52 ± 0.41
Heart 0.93 ± 0.08 0.46 ± 0.03
Lungs 1.88 ± 0.16 0.80 ± 0.11
Liver 51.30 ± 1.40 26.60 ± 1.60

Preparation of 99/99mTcO(PNS/PhS)
The preparation of 99/99mTcO(PNS/PhS) was tried using 99/99mTc(V) gluconate, 99/99mTcO4

- and
Bu4N[99TcOCl4] as starting compounds. While aqueous solutions of Tc gluconate are not suitable for
preparation of the desired complex because of insolubility of ligands in water, the complex could be
prepared with Bu4N[99TcOCl4] but in a low yield (20 %).
We were able to prepare the complex 99/99mTcO(PNS/PhS) in good yields using nearly the same reac-
tion conditions as for the n.c.a. preparation when 10-8 or 10-7 mole of 99Tc are added in the form of
sodium pertechnetate to the pertechnetate eluate.
After separation by HPLC the technetium complex was applied to mass spectrometric analyses (Fig.
2) The peak at m/z = 588 (M+1) corresponds to TcO(PNS/PhS).

Fig. 2. ES+ MS of [99/99mTcO(PNS/PhS)]; m/z (found) 588 (M+1),
m/z (calc.) 587 for [TcO(PNS/PhS)] (C27H23NO2PS2Tc)

3+1 99mTcO(PNO/RS) complexes

For the complexation reactions at the n.c.a. level with the tridentate ligand PNO and with thiophenol as
monodentate ligand. the general labelling procedure as above is applicable, except the pH. With the
PNO ligand alkaline conditions are required to form the 3+1 mixed-ligand complex (addition of 200 µl
0.1 N NaOH). With these labelling conditions 99mTcO(PNO/PhS) was obtained in high yields (> 90 %).
The complex was separated by HPLC and presents a good radiochemical purity after concentration.
The complex stability is less than that for the 99mTcO(PNS/PhS) complex when diluted with saline or
GSH solution (Fig. 3). As it was observed for the 99mTcO(PNS/PhS) complex, there is no exchange of
the monodentate ligand by glutathione but the complex decomposes to more hydrophilic species.

[TcO(PNS/PhS)]
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Fig. 3. Stability studies of 99mTcO(PNO/PhS) complex by HPLC; stability in saline at 37 ºC, A: after
30 min; B: after 60 min incubation; stability in 1 mM GSH at 37 ºC, C: after 30 min;

D: after 60 min incubation.

Summarizing we are able to prepare ‘3+1’ oxotechnetium(V) complexes at the n.c.a. level, using the
PNO and the PNS tridentate ligands and different monodentate sulphur co-ligands. The ‘3+1’ com-
plexes show different in vitro stability. While 99mTcO(PNS/PhS) is a stable complex the corresponding
PNO complex is unstable under the same conditions. So, the tridentate ligand used seems to play a
very important role in the complex stabilization.
The complexes do not exchange the monodentate ligand against glutathione as observed for common
3+1 complexes, but they decompose after dilution in different rates and form more hydrophilic un-
known radiochemical species. The results obtained with the 99mTcO(PNS/PhS) complex are very
promising. In further work the used high lipophilic PNS ligand should be replaced by more hydrophilic
derivatives and biologically interesting monothiols should be used as co-ligands.
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13. The Coordination of 4-Mercapto-5-Methylthio-1.2-Dithiol-3-Thione with Technetium
and Rhenium: First Results

H.-J. Pietzsch, H. Stephan, H. Spies, W. Banße1, H.J. Holdt1
1Institut für Anorganische Chemie und Didaktik der Chemie, Universität Potsdam

4-Mercapto-5-methylthio-1,2-dithiol-3-thione (1) reacts with Zn2+, Cd2+, and Mn2+ to give neutral com-
plexes [M (1)2] [1]. We became interested in this sulfur-rich compound as a potential ligand for the
radioactive nuclides of technetium and rhenium. Because of the well documented high thiophilicity of
Tc and Re , stable complexes are expected to be formed. A Tc complex of  4,5-dimercapto-1,3-dithiol-
2-thione (L) was earlier described [2]. Unlike this dithiolate ligand which forms an anionic complex
[TcO(L)2]-, only one mercapto group in (1) is available for coordination. On the one hand this requires
participation of the thione group in the coordination and favours the formation of neutral species. On
the other, the 5-thiol position may be used to introduce biomolecules, thus enabling stable
"Tc-labelling".
Experiments to bind technetium and rhenium at the oxidation states V, III, and I will be made. Here we
report first experiments to coordinate 4,5-mercapto-1.2-dithiol-3-thione derived ligands with Re(V).

Results

4-Mercapto-5-methylthio-1,2-dithiol-3-thione (1) was allowed to  react with tetrachloro-oxorhenate(V).
Thus, 56 mg (0.094 mmol) of  the Re(V) precursor NBu4[ReOCl4] was dissolved in 2 ml methanol and
a solution of 40 mg (0.19 mmol) of (1) in 3 ml chloroform was added at room temperature. An orange-
coloured solid precipitated. After stirring for 30 min. the solid was separated and washed with chloro-
form and methanol. The solid was extracted by hot acetonitrile, from which a complex (2) resulted as
an orange powder (m.p.: 215 � 216 oC). Yield: 48 mg (77 % rel. to NBu4[ReOCl4]). Based on the ele-
mental analysis we assume the formula C8H10OS10ClRe. The infrared spectrum shows an intensive
band at 972 cm-1

 assigned to Re=O.
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S
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S
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S
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S
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+ 2 MeOH/CHCl3, RT

(1) (2)

Fig. 1. Reaction scheme of the formation of  the rhenium complex (2)

Relying on these experimental results a coordination pattern of (2) is derived, where  two ligands are
bound to the oxorhenium core. To become neutral, a chlorine also coordinates, most  likely trans to
the oxo group.
As the hitherto described complexes of (1), the rhenium complex (2) is slightly soluble in common
solvents.

References
[1] Rudershausen, S. Synthese und Koordinationschemie mono- und dialkylierter Derivate des 1,2-

Dithiol-3-thion-4,5-dithiolates und acyclisch-substituierter und verkronter Thiodesaurine sowie
verkronter 1,3-Dithiafulvene. Thesis, Universität Rostock (1998).

[2] Spies, H.; Johannsen, B. Oxotechnetium(V)bis(dithiolato) complexes. Inorg. Chim. Acta 48 (1981)
255-258



36

14. Bromoalkylated Tetradentate N2S2 Chelates and their Technetium Complexes

I.Heimbold, A.Drews

Introduction
Tetradentate N2S2 ligands are known to form stable monooxo complexes with technetium(V) and rhe-
nium(V). They therefore play an important role in the search for new Tc-radiopharmaceuticals [1 - 3].
To improve the  utility of these ligands we synthesized bromopentyl- and bromohexyl- funtionalized
derivatives of the amine-amide-dithiol (AADT) ligand and the diaminodithiol (DADT) ligand.

R= p-methoxybenzyl

NH

RS

NH

SR

O

NH

RS

NH

SR

AADT DADT

Simple alkylation reactions make it possible to attach these chelates to receptor-specific molecules
which are to be labelled with technetium or rhenium.
Here we report on the synthesis of  bromoalkyl AADT and bromoalkyl DADT. For a better under-
standing of the labelling reaction with 99Tc which involves simultaneously deprotection of the thiol
groups we studied this reaction for bromohexyl AADT  and bromohexyl DADT.

Results and Discussion
Alkylation of the tetradentate AADT ligand occurs with an excess of dibromohexane or dibromopen-
tane in dioxane using K2CO3 as a base. Bromoalkyl AADTs were purified by flash chromatography on
silica gel using first chloroform for separation of excessive dibromoalkyl and then chloroform / metha-
nol (100:1) to yield the desired product (60 � 80 %).
The reduction of bromoalkyl AADTs was achieved with BH3/THF by refluxing for several hours. Purifi-
cation occurs by flash chromatography with chloroform /methanol (20:1) to yield the bromoalkyl
DADTs in a 30 to 70 % yield.
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bromoalkyl-AADT

bromoalkyl-DADT

General procedure
Alkylation
0.43 g (1.0 mmol) of the AADT ligand was dissolved in dioxane. 10.0 mmol of dibromoalkyl and 0.28 g
(2.0 mmol) K2CO3 were added and the mixture was refluxed for about 20 hours. Then the solution was
filtered, evaporated and purified by liquid chromatography on silica gel with at first chloroform to yield
the excessive dibromoalkyl and then chloroform / methanol (100:1) to yield the bromoalkyl AADT.
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6-Bromohexyl AADT ( yield: 0.48 g, 80 % )
1H NMR (400 MHz, CDCl3): δ = 1.22-1.29 (m, 2H, hexylchain ), 1.30-1.38 (m, 4H, CH2-AADT), 1.81
(quint, 2H, hexylchain), 2.35 (t, 2H), 2.42 (t, 2H), 2.48 (t, 2H),  2.56 (t, 2H), 2.96 (s, 2H, -CH2-C=O),
3.29-3.37 (m, 4H, CH2-AADT and �CH2-Br), 3.57 (s, 2H, -S-CH2-Ph), 3.60 (s, 2H, -S-CH2-Ph), 3.75 (s,
3H, -O-CH3), 3.76 (s, 3H, -O-CH3), 6.80-6.83 (m, 4H, Harom.), 7.17-7.21 (m, 4H, Harom.), 7.73 (t, 1H, -
NH).
13C NMR (100 MHz, CDCl3): δ = 26.61, 27.32, 28.17, 29.72, 31.24, 32.85, 34.11, 35.23, 36.02, 37.82,
54.54, 55.07, 55.45 (O-CH3), 55.47 (O-CH3), 58.68, 114.11   (Carom.), 114.13 (Carom.), 130.07 (Carom.),
130.15  (Carom.), 130.18 (Carom.), 130.29 (Carom.), 158.82 (Carom.-p-methoxy), 158.87 (Carom-p-methoxy),
171.78 (C=O).

5-Bromopentyl AADT (yield: 0.34 g, 60 %)
1H NMR (400 MHz, CDCl3): δ =1.39-1.71(m, 6H), 1.82 (quint, 2H, pentylchain), 2.48-2.55 (m, 6H), 3.02
(s, 2H, -CH2-C=O), 3.37 (quart.,2H, CH2-AADT), 3.46 (t, 2H, -CH2-Br), 3.62 (s, 2H, -S-CH2-Ph), 3.65
(s, 2H, -S-CH2-Ph), 3.75 (s, 3H, -O-CH3), 3.76 (s, 3H, -O-CH3), 6.76-6.82(m, 4H, Harom.), 7.17-7.22 (m,
4H, Harom.) 7.79 (t, 1H, NH).
13C NMR (100 MHz, CDCl3): δ = 27.50, 29.52, 31.12, 32.71, 33.90, 34.95, 35.24, 35.86, 37.75, 53.82,
55.45(O-CH3), 55.48(O-CH3), 57.97, 58.61, 114.09(Carom.), 114.15(Carom.), 130.08 (Carom.), 130.17
(Carom.), 130.32 (Carom.), 130.45 (Carom.), 158.83 (Carom-p-methoxy), 158.89 (Carom-p-methoxy), 171.34
(C=O).

Reduction
0.5 mmol of bromoalkyl AADT was dissolved in dry THF under argon and 3.0 ml of BH3/THF (1M)
were added. The reaction mixture was allowed to reflux for about 10 hours. Then it was cooled down
to 0 °C and water was dropwise added until the gas development was finished. The solution was
evaporated to dryness, the residue dissolved in 30 ml ethanol and  5ml of concentrated HCl were
added. This mixture was refluxed for one hour and then evaporated. The residue was dissolved in
water and KHCO3 (10 %) was added until pH 8 - 9. The bromoalkyl DADT was extracted with chloro-
form, dried over MgSO4 and evaporated to dryness. The resulting oil was purified by liquid chromatog-
raphy on silica gel with chloroform / methanol (20:1)

6-Bromohexyl DADT (yield: 0.2 g, 70 %)
1H NMR (400 MHz, CDCl3): δ =  1.20-1.25 (m, 2H),  1.32-1.39 (m, 4H), 1.72 (quint, 2H, hexylchain),
2.31 (t, 2H), 2.42-2.52 (m, 10H),  2.69 (t, 2H), 3.46 (t, 2H, -CH2-Br), 3.59 (s, 2H, -S-CH2-Ph), 3.60 (s,
2H, -S-CH2-Ph), 3.71 (s, 3H, -O-CH3), 3.72 (s, 3H, -O-CH3), 6.76-6.78 (m,4H, Harom.), 7.15-7.17 (m,
4H, Harom.), 7.76 (t, 1H, NH).
13C NMR (100 MHz, CDCl3): δ = 26.82, 26.96, 27.32, 29.39, 31.59, 32.76, 35.72, 36.08, 45.29, 47.44,
48.77, 53.83, 53.84, 54.37, 55.44(O-CH3), 55.45(O-CH3), 114.08(Carom.), 114.10(Carom.), 130.08(Carom.),
130.11(Carom.), 130.16(Carom.), 130.50(Carom.), 158.78(Carom-p-methoxy), 158.81(Carom-p-methoxy).

5-Bromopentyl DADT (yield: 85 mg, 30 %)
1H NMR (400 MHz, CDCl3): δ = 1.36-1.68(m, 6H), 1.79 (quint, 2H, pentylchain), 2.38-2.58 (m, 12H),
3.28(t, 2H, -CH2-Br), 3.60 (s, 2H, -S-CH2-Ph), 3.65 (s, 2H, -S-CH2-Ph), 3.76 (s, 3H, -O-CH3), 3.77 (s,
3H, -O-CH3), 6.74-6.80(m, 4H, Harom.), 7.18-7.22 (m, 4H, Harom.), 7.78 (t, 1H, NH).
13C NMR (100 MHz, CDCl3): δ = = 27.51, 29.52, 32.71, 33.90, 35.24, 35.86, 37.75, 45.27, 47.42,
48.75, 53.80, 53.83, 54.35, 55.44(O-CH3), 55.46(O-CH3), 114.09(Carom.), 114.10(Carom.), 130.09(Carom.),
130.10(Carom.), 130.15(Carom.), 130.49(Carom.), 158.77(Carom-p-methoxy), 158.80(Carom-p-methoxy).

Labelling reaction with 99Tc
The preparation of the 99Tc compounds Tc1 and Tc2 simultaneously with deprotection of the thiol
groups of the ligands was performed by transchelation from [99Tc]technetium gluconate under the
following conditions: 9 mg of the tetradentate ligand (6-bromohexyl AADT and 6-bromohexyl DADT)
was dissolved in 2.0 ml ethanol while adding 0.2 ml of 37 % HCl, 0.2 ml of 99Tc pertechnetate solution
(0.05 M, 0.6 MBq)), 0.2 ml (40 MBq) 99mTc pertechnetate and 0.5 ml stannous chloride solution, which
contained 2 mg of stannous chloride and 25 mg sodium gluconate. The mixture was stirred at 80 �
100 °C for 6 h.



38

N

S

N

S

O
Br

Tc

O

N

S

N

S

Br

Tc

O

Tc 1 Tc 2

After neutralization with 1 N NaOH, the mixture was partitioned between CHCl3 and bidistillated water.
The layers were separated and the organic phase was concentrated.
The reaction was examined by an HPLC system (Hypersil ODS column, Knauer, 250 x 4mm, 10 µm,
flow rate 1ml/min) using a linear gradient system [t(min)/%A] (0/50), (5/100) of methanol (A) and
0.01M phosphate buffer (Sörensen) of pH 7.4 (B).
The compounds were purified, using a semipreparative Hypersil ODS column (Knauer, 250 x 8 mm,
10 µm, flow rate 2 ml/min) under the same mobile phase conditions as described above.

Fig. 1. HPLC pattern of purified Tc1 and the protected, unlabelled ligand

The Tc1 complex was obtained in a yield of 20 % after a first HPLC purification. The retention time of
the Tc2 complex was 6.8 min, obtained in the same way as the Tc1 complex from the analytical HPLC
system. Unfortunately, the Tc2 complex was only observed in a yield of < 5 % after HPLC purification.

To sum up the bromoalkyl AADT and DADT ligands were prepared in good yields. The yields of 5-
bromopentyl DADT should be further optimized. The results demonstrate that simultaneously labelling
and deprotection of these tetradentate ligands is possible. The yields of the DADT ligand labelling
were very low, but an optimization will probably lead to better results.
The bromoalkyl AADTs and DADTs are good tools for further investigations of radiopharmaceuticals
with tetradentate chelate units. Some first encouraging results of coupling with receptor-specific mole-
cules have been obtained.
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Introduction
Among a broad variety of complex compounds differing in the oxidation state of the technetium atom
and the denticity and composition of ligands used, the Tc(I) carbonyl complexes represent a new
promising approach to low valent, non-polar and inert technetium compounds [1, 2, 3]. Intensive in-
vestigations in the Tc carbonyl chemistry showed the availability of an organometallic Tc(I) aqua ion,
[Tc(OH2)3(CO)3]+, which acts under normal pressure [4, 5] as a precursor for the preparation of com-
plexes containing the small [Tc(CO)3]+ moiety starting from TcO4

-.
In the present paper we describe the preparation and characterization of some 99Tc(I) and 99mTc(I)
carbonyl thioether complexes and their reaction products in aqueous solution. Besides chroma-
tographic methods for the characterisation of the no-carrier-added (n.c.a.) Tc complexes and their
reaction products, we used Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy and
mass spectrometry for the identification of the 99Tc congeners (K-edge at 21.044 keV).

Experimental
The 99Tc precursor complex (NEt4)2[TcCl3(CO)3] was prepared according to the standard procedure
[6]. The thioether complex Tc1 ([TcCl(CO)3L], L = 3,6-dithiaoctane) was prepared by addition of equi-
molar amounts of the thioether ligand to the methanolic precursor complex solution, separation of
NEt4Cl (filtration of the solution after addition of tetrahydrofurane), removing of the solvent by vacuum
evaporation and washing of the white residue with water and diethyl ether. The complex Tc1a
([Tc(H2O)(CO)3L]+) was obtained by dissolution of complex Tc1 in water/methanol (1/1) and removing
the chloride by addition of one equivalent of AgNO3 to the solution.
The corresponding 99mTc complexes were prepared and analysed as described in [6].
The complexes were characterized by chromatographic methods, electrospray mass spectrometry
and EXAFS analysis.
EXAFS measurements of the technetium compounds were performed, using the Rossendorf Beamline
(ROBL) facility at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France [7].
The sample preparation and experimental EXAFS data are described in [8].

Results and Discussion
As known from n.c.a. studies of technetium dithioether complexes of the general formula [TcX(CO)3L]
(X = Cl, L = bidentate thioether ligand), the chloride ion is in all probability substituted in aqueous solu-
tion by water [6]. The resulting cationic complex [Tc(OH2)(CO)3L2]+ can reversibly be converted into
the neutral species by adding an excess of sodium chloride.
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The fastest chloride exchange reaction was observed in the n.c.a. solution. At this low concentration
level the transformation into the aqua complex Tc1a proceeds nearly completely and the rate of the
reaction should be pseudo first order since the water concentration can be considered as constant. In

Fig. 1. Time course of conversion of the complex
Tc1 into the complex Tc1a in a solution of 45 %
H2O / 45 % MeOH / 10 % propylene glycol at vari-
ous Tc concentrations determined by HPLC.
A: 10-2 M, B: 10-3 M, C: n.c.a. solution.



40

fact, the time course of the converting reaction fits the equation for a pseudo first order reaction. With
increasing 99Tc concentrations the conversion results in an establishment of the equilibrium (Fig. 1).
The cationic charge of the conversion product was confirmed by paper electrophoresis as well as by
capillary electrophoresis.
Mass spectrometric analyses and EXAFS measurements of the 99Tc complexes Tc1 and Tc1a confirm
the compositions [TcCl(CO)3L] and [Tc(OH2)(CO)3L]+.
Besides the molecule mass for complex Tc1a (m/z = 351) the fragmentation product [99Tc(CO)3L] (m/z
= 333) was found. The same fragmentation product was also found in the sample Tc1. For obvious
reasons, the chloride ion and water were easily split off during ionization. Instead of the molecule ion
peak of Tc1 the sodium adduct was detected (m/z = 391).
EXAFS spectroscopy was applied to investigate the coordination spheres of these complexes. The
complex Tc1 was analysed both as powder and liquid sample. The identity of the EXAFS data and
their Fourier transforms of both the solid and the dissolved Tc1 can be seen in Fig. 2.
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Fig. 2. Tc K-edge k3-weighted EXAFS spectra and the corresponding Fourier transforms of samples
Tc1 and Tc1a. A: Tc1 solid, B: Tc1 dissolved in saline/methanol, C: Tc1a dissolved in wa-

ter/methanol. (solid line: experimental data, dotted line: fit).

Table 1. Structural parameters obtained by the Tc K-edge k3-weighted EXAFS spectrum of Tc1 and
Tc1a (R: bond distance, N: coordination number, σ2: Debye-Waller factor, standard deviation in pa-
rentheses).

Tc1
(powder)

Tc1
(dissolved in methanol/saline)

Tc1a
(dissolved in methanol/water)

Path R [Å] N σ2 [10-3 Å2] R [Å] N σ2 [10-3 Å2] R [Å] N σ2 [10-3 Å2]

Tc-C 1.92(1) 3.7(2) 2.3(2) 1.92(1) 4.0(3) 3.1(3) 1.92(1) 3.3(3) 2.2(5)
Tc-Cl 2.49(1)1) 1.3(1)1) 4.9(2)1) 2.49(1)1) 1.3(1)1) 5.1(3)1)

Tc-O 2.19(1) 1.2(1)1) 2.2(8)
Tc-S 2.49(1)1) 2.7(2)1) 4.9(2)1) 2.49(1)1) 2.7(2)1) 5.1(3)1) 2.49(1) 2.5(2) 1) 5.6(4)
Tc-C-O
(3 legs)

3.07(1)2) 5.9(2)2) 3.4(2)2) 3.06(1)2) 5.7(3)2) 3.0(3)2) 3.06(1)2) 5.0(2)2) 3.1(3)2)

Tc-C-O
(4 legs)

3.07(1)2) 2.9(1)2) 3.4(2)2) 3.06(1)2) 2.8(2)2) 3.0(3)2) 3.06(1)2) 2.5(1)2) 3.1(3)2)

1) 2) In each column, identically marked parameters were forced to have constant ratios during the fits.

From EXAFS fit results (Table 1), nearly the same coordination numbers and bond lengths of the dif-
ferent groups of backscatterers as for the rhenium reference complex can be concluded for the tech-
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netium carbonyl complex Tc1. The Fourier transform of the experimental EXAFS data, corresponding
to the distribution function of the neighbours in R-space, shows three clearly resolved peaks. The left
peak represents the C coordination shell, the middle the S and Cl atoms (Tc1) or the O atom (Tc1a)
and the right peak is the O coordination shell of the CO. When Cl is substituted by water (see C in
Fig. 2) the magnitude of the second peak of the Fourier transform is smaller because oxygen is a
weak back-scatterer compared to chlorine. The initial fit with freely floated parameters R, N, σ2 for the
Tc-S and Tc-Cl paths resulted in very high standard deviations of these parameters and a smaller
difference in bond lengths than the expected resolutions of 0.13 Ǻ. In addition, the scattering phases
and amplitudes for the Tc-S and Tc-Cl paths are nearly identical since S and Cl are neighbouring ele-
ments in the periodic table. To model the Tc-S and Tc-Cl coordination shells with a higher degree of
precision, their R and σ2 values were fixed to be equal and the ratio of N(Tc-S) to N(Tc-Cl) was set to
two during the fit.
The relative short distance of 2.19 Ǻ demonstrates the strong coordination of water in complex Tc1a.
The Tc-C and Tc-S distances are in agreement with those found by X-ray diffraction analyses of simi-
lar Re complexes [9] and are not changed by exchange of chlorine against water.
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Introduction
The precursor complex ion [99mTc(CO)3(H2O)3]+ and also the Tc(I) thioether carbonyl complexes show
a strong tendency to bind to plasma and other blood proteins [1, 2]. The highest plasma binding was
found for the cationic complex [Tc(CO)3(H2O)(S-S)]+ but also the neutral complexes [Tc(CO)3Cl(S-S)]
and [Tc(CO)3(S-S-O)] (S-S-O = tridentate carboxylato dithioether ligand) exhibit a plasma binding of
more than 50 %. On the other side we found that 99mTc(I) tricarbonyl complexes with N-donor ligands
like histidine or Schiff bases are not bound to plasma proteins. It can be assumed that the strong
binding of thioether carbonyl complexes to proteins of plasma is caused by a ligand exchange reac-
tion. It is known from the biobehaviour as well as challenge experiments of so-called 3+1 complexes of
Re(V) and Tc(V) with monothiols like glutathione that the original monothiol of the 3+1 complex is sub-
stituted by glutathione in vitro and in vivo. Likely, the Tc(I) thioether carbonyl complexes react with N-
donor groups of proteins. For that reason we studied the behaviour of some Tc(I) thioether carbonyl
complexes, Tc1: [Tc(CO)3ClL1] (L1 = 3,6-dithiaoctane), Tc1a: [Tc(CO)3(H2O)L1]+, Tc2: [Tc(CO)3L2]
(L2 = 1-carboxylato-3,6-dithiaheptane) in aqueous solutions containing histidine as high potential li-
gand for complexing the [Tc(CO)3]+ moiety.
EXAFS measurements of the 99Tc compounds were performed, using the Rossendorf beamline
(ROBL) facility at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France [3]. Ex-
perimental and results are described in detail in [4].

Results and Discussion
We found that the complexes Tc1, Tc1a and Tc2 react with histidine to the products Tc1b and Tc2b
in aqueous solution which are identically with the reference [Tc(CO)3His], Tc3 (Fig. 1).
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Fig. 1. Reaction of Tc thioether carbonyl complexes with histidine.

A comparison of HPLC analyses data of 99Tc and 99mTc histidine carbonyl complexes prepared by
reaction of the precursor complex with histidine and by ligand exchange reaction of the dithioether
complexes with histidine confirm the structural identity of the 99Tc and 99mTc complexes. The bidentate
dithioether ligand L1 is substituted by histidine in a higher exchange rate than the tridentate carboxy-
lato dithioether ligand L2, thereby the conversion of Tc1 into Tc1a was prevented by addition of saline.
The exchange results in a complete conversion of Tc1, Tc1a or Tc2 into Tc3.
The lower stability of Tc1 in comparison with Tc2 is also reflected in the fact that Tc1 shows a distinct
higher protein binding in plasma and blood [1]. Capillary electrophoresis studies confirm the neutrality
of complexes Tc1, Tc2, Tc3, which are detected together with the neutral marker acetone, and the
positive charge of Tc1a at pH 7.0. Moreover, Tc2 and Tc3 shows neutrality at pH 2.5 and 9.3, which
confirms the coordination of the carboxylic group. The results of ESI-MS analysis are in agreement
with the expected molecular weights of all 99Tc complexes.
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EXAFS analyses
To obtain a satisfactory interpretation of the EXAFS spectra and the corresponding Fourier transforms
the following single-scattering paths including the C, N/O and S/Cl coordination shells and multiple-
scattering paths to model the oxygen atom of carbon monoxide were taken into account (Table 1). All
other possible scattering paths did not lead to a significant improvement of the fit results.
The Fourier transforms of the experimental EXAFS data of Tc1 and Tc2 show three well resolved
peaks and two clearly resolved peaks for Tc1b, Tc2b and Tc3. Peak A represents mainly the C coor-
dination shell but also the coordination of the N and O atoms (Tc1b, Tc2, Tc2b, Tc3), peak B the S
and Cl atoms (Tc1) or the S and partly the O atom (Tc2) and peak C the O coordination shell of CO.
The coordination of an O atom from the carboxylic group (Tc2) in comparison with the coordination of
a Cl atom (Tc1) causes a decrease in magnitude of peak B of the Fourier transform because oxygen
is a weak back-scatterer compared to chlorine (Fig. 2).
The estimated atomic distances in Tc1 and Tc2 are almost the same as those found by single-crystal
X-ray diffraction analyses of Re carbonyl complexes containing similar dithioether ligands, which we
recently published [1]. The estimated coordination numbers agree with the expected values.
The EXAFS spectra, their Fourier transforms and the fit results of Tc1b and Tc2b are almost identical
to the results of EXAFS analysis of reference Tc3. This fact proves the substitution of bidentate dithio-
ether and tridentate carboxylato dithioether ligands by histidine, which coordinates in a tridentate
manner. The obtained atomic distances are in agreement with those found for the Re congener by
single-crystal X-ray diffraction analysis [5].

Fig. 2. Tc K-edge k3-weighted EXAFS spectra and the corresponding Fourier transforms (solid line:
experimental data, dotted line: fit). Tc1: [Tc(CO)3ClL1], Tc1b: Tc1 after the reaction with histidine;

Tc2: [Tc(CO)3L2], Tc2b: Tc2 after the reaction with histidine; Tc3: [Tc(CO)3His].

4 6 8 10 12 14

0

20

40

60

χ(
k)

*k
3

k [Å-1]

0 1 2 3 4 5 6

0

2

4

6

T
ra

ns
fo

rm
 m

ag
ni

tu
de

R + ∆ [Å]

    A   B   C                 Tc1

Tc1b

     

Tc2

Tc2b

Tc3



44

Table 1. Structural parameters obtained by the Tc K-edge k3-weighted EXAFS spectra of Tc1, Tc1b,
Tc2, Tc2b and Tc3 (R: atomic distance, N: coordination number, σ2: Debye-Waller factor).

Path Tc-S or Tc-S/Cl Tc-O or Tc-N/O Tc-C Tc-CO (2, 3 and 4 legs)

R [Ǻ] 2.49 ± 0.02 1.92 ± 0.02 3.07 ± 0.02 1)

N 3.9 ± 0.9 3.4 ± 0.6 1) 6.8 ± 1.1 1) a)

3.4 ± 0.6 1) b)

Tc1

σ 2 [10-3 Ǻ2] 5.0 ± 0.9 2.3 ± 0.8 3.7 ± 0.6 1)

R [Ǻ] 2.21 ± 0.02 1.90 ± 0.02 3.07 ± 0.02 1)

N 3.0 ± 1.2 3.0 ± 1.0 1) 6.1  ± 2.0 1) a)

3.0 ± 1.0 1) b)

Tc1b

σ2 [10-3 Ǻ2] 2.6 ± 2.7 1.6 ± 1.7 2.9 ± 1.1 1)

R [Ǻ] 2.50 ± 0.02 2.21 ± 0.02 1.92 ± 0.02 3.07 ± 0.02 1)

N 2.1 ± 0.6 1) 1.0 ± 0.3 1) 3.0 2) 6.0 2) a)

3.0 2) b)

Tc2

σ2 [10-3 Ǻ2] 3.3 ± 1.7 1.1 ± 3.1 1.0 ± 0.7 2.7 ± 0.7  1)

R [Ǻ] 2.20 ± 0.02 1.91 ± 0.02 3.07 ± 0.02 1)

N 3.0 ± 1.1 3.4 ± 0.9 1) 6.9 ± 1.8 1) a)

3.4 ± 0.9 1) b)

Tc2b

σ2 [10-3 Ǻ2] 2.7 ± 2.1 2.6 ± 1.3 3.7  ± 0.9 1)

R [Ǻ] 2.20 ± 0.02 1.91 ± 0.02 3.06 ± 0.02 1)

N 3.2 ± 0.8 3.1 ± 0.6 1) 6.3 ± 1.1 1) a)

3.1 ± 0.6 1) b)

Tc3

σ2 [10-3 Ǻ2] 3.0 ± 1.5 1.5 ± 0.8 3.0  ± 0.6 1)

1)  In each line, identically marked parameters were forced to have constant ratios during the fits.
2) These parameters were hold constant.
a) Path Tc-CO (3 legs).
b) Path Tc-CO (2 legs) and path Tc-CO (4 legs).
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17. EXAFS Analyses of Technetium and Rhenium Complexes
3. Reaction of His, Gly and Small Model Peptides with the Precursor Complex
(NEt4)2[Tc(CO)3Cl3] in Solution

J.-U. Künstler, S. Seifert, T. Reich1, B. Johannsen
1Institute of Radiochemistry

Introduction
The recently introduced [Tc(CO)3]+ building block is of high interest for the design of 99mTc labelled
peptides. Coordination of peptide sequences or amino acids � particularly histidine � with the
[Tc(CO)3]+ moiety can be obtained by ligand exchange reactions, using the precursor [Tc(CO)3Cl3]2-.
On the other hand, peptide sequences were able to replace less stable ligands bound to the
[Tc(CO)3]+ moiety, resulting in strong protein binding of some Tc(I) tricarbonyl complexes in vivo [1, 2].
The aim of this work was to study the exchange of the chloride ligands of [Tc(CO)3Cl3]2- by His, Gly
and simple peptides at the 99Tc level. Gly-Gly and Gly-Gly-Gly, which offer three or four ligating
groups, served as models for a peptide backbone. His-Gly, Gly-His, His-Gly-Gly, Gly-His-Lys and Gly-
Gly-His are prototypical peptide sequences containing pendant or integrated histidine and represen-
ting tri- or tetradentate ligands. The possibility of detecting any other than the ligating atoms of the
amino acids and peptides was to be checked by Tc K-edge EXAFS analysis.

Experimental
The precursor complex (NEt4)2[Tc(CO)3Cl3] was synthesized according to [3]. The precursor complex
(2.5 x 10-5 mol) was dissolved in 2 ml water/methanol (1/1) and His, Gly-His, His-Gly, Gly-Gly-Gly,
His-Gly-Gly, Gly-Gly-His, Gly-His-Lys (in an approximately 1.2-fold excess) and Gly, Gly-Gly (ap-
proximately 2-fold excess) were added. The samples were named TcHis, TcGlyHis, TcHisGly,
TcGlyGlyGly, TcHisGlyGly, TcGlyGlyHis, TcGlyHisLys, TcGly and TcGlyGly. The final stage of
the ligand exchange reaction was checked by HPLC and ESI mass spectrometry.
The Tc K-edge EXAFS spectra were recorded at the Rossendorf beamline [4]. All samples were
measured in solution (Tc concentration ≈ 0.01 M, transmission mode, sample thickness ≈ 1 or 2 cm) at
room temperature. The spectra were recorded in steps of 0.05 Ǻ-1 with gradually increasing counting
time per data point from 2 to 20 s. The EXAFS spectra were obtained from two or three averaged
scans. The EXAFS spectra were evaluated, using the program package EXAFSPAK; single and mul-
tiple effective scattering amplitude and wave phase-shift functions were generated with the theoretical
EXAFS modeling code FEFF6 [5, 6]. Constraints between parameters of various scattering paths were
set for the fits. For all paths the shift in threshold energy was forced to be the same. All other variables
were freely floated, unless stated otherwise in the table of the results. The amplitude reduction factor
was held constant at 0.9 for all fits.

Results and Discussion
In the studied systems amino, amido, carboxylato groups of the amino acids or peptides, chloride and
the solvent molecules water and methanol represent possible ligands for the [Tc(CO)3]+ moiety, which
requires three-fold coordination.
HPLC was performed to check whether a predominant single Tc species or several Tc species were
formed in the solution, assuming that one peak in the ß- trace corresponds to one Tc species. In the
reaction with Gly-Gly-Gly and the peptides with the C-terminal His, several Tc species were found
simultaneously in each sample in contrast to the reaction products with the other amino acids or pep-
tides. From a mixture of Tc species the main compound was isolated by semipreparative HPLC, but
instability of the compounds was observed by rechromatography.
For all samples except for TcGly, we found m/z values of the ions [Tc(CO)3(L)]- and [Tc(CO)3(L)]+
(L: amino acid or peptide charged minus one) using ESI-MS. For TcGly a m/z value of [Tc(CO)3GlyCl]-
was obtained, while the species with two Gly ligands or water and Gly bound to the [Tc(CO)3]+ moiety
were not observed in the mass spectrum. Coordination of chloride with the [Tc(CO)3]+ moiety was not
found for TcGly by EXAFS analysis (see below). A possible explanation for the contradiction could be
seen in the ionization mechanism of the electrospray techniques. When charged sample droplets
evaporate, their surface charge density increases until a �Coulomb explosion� occurs which produces
daughter droplets [7]. The chloride concentration increases in the droplet because of solvent evapora-
tion and the equilibrium shifts to the species [Tc(CO)3GlyCl]-.
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EXAFS measurements
We carried out EXAFS measurements only of samples showing one peak in the HPLC chromatogram
(ß--ray detection).
To obtain a satisfactory interpretation of the EXAFS spectra and the Fourier transforms, single-
scattering paths including the C, N/O coordination shells and multiple-scattering paths to model the
oxygen atom of the carbonyl goups were taken into account. For evaluation of the EXAFS spectra
effective scattering amplitude and wave phase-shift functions were generated, using simple atom
clusters consisting of a Tc atom ideal-octahedrally surrounded by three facial CO groups and three N
or O atoms or two N or O atoms and one Cl atom. In the Fourier transform peak A represents the C
atom of the carbon monoxide and the mixed N/O coordination shell of the coordinated amino acids,
peptides or solvent molecules, and peak B is the oxygen coordination shell of carbon monoxide (Fig-
ure 1). Fitting the experimental EXAFS data simultaneously with freely floated Debye-Waller factors,
δ2, and other parameters (see Table 1) resulted in high confidence limits for the coordination number,
N, (about ± 1.0) and δ2 of the N/O coordination shell. N and δ2 are highly correlated variables in each
EXAFS wave. As peak A in the Fourier transform is dominated by the backscattering off the C atoms,
parameters describing the Tc-N/O scattering were obtained with a lower precision; δ2 were therefore
fixed at 0.003 Ǻ-2 deduced from initial fit results.
Fitting the experimental EXAFS function with Tc-Cl single-scattering paths failed for all samples.
Hence Cl coordination with the [Tc(CO)3]+ moiety can be excluded for all investigated samples, i. e.
the chloride ligands of the precursor were substituted by amino acids, peptides or molecules of the
solvent. The EXAFS measurements also confirm the mononuclear nature of the investigated com-
plexes. The estimated atomic distances of the CO ligands square with those obtained for other Re(I)
or Tc(I) tricarbonyl complexes. Single-crystal X-ray diffraction analyses of mononuclear Re(I) tricar-
bonyl complexes with imidazole, histamine, picolinic acid or picolinamine-N,N-diacetic acid show Re-N
distances of 2.17, 2.08 Å (pyridine), 2.17 to 2.22 Å (imidazole), 2.18, 2.32 Å (amino group) and Re-O
bond lengths of 2.14, 2.10 Å (carboxylic group) [3, 8]. The structure of [Re(CO)3His] with bond lengths
of 2.19 Å (Re-N) and 2.15 Å (Re-O) was recently published [9]. The estimated  bond lengths of the
mixed Tc-N/O coordination shells are therefore in the expected range for similar Re complexes.
Several publications investigate peptide coordination, using XAFS analysis. The involvement of the
peptide backbone chain in the metal chelate rings is proved in special cases by the multiple scattering
approach, including carbonyl groups of the peptide backbone and backscattering from the peptide
backbone carbon atoms. Detection of the oxygen of the peptide backbone carbonyl groups can be
improved by the nearly colinear arrangement of the central atom and the carbonyl group resulting in a
significant amplitude enhancement by foreward-scattering by the intervening C atom. This effect,
however, drops off very rapidly for bond angles below 150° [10]. For instance, in the complex
[TcO(MAG2)]-, six carbon atoms (Tc-C distance ≈ 2.95 Ǻ ) and three carbonyl groups (Tc-O distance ≈
4.07 Ǻ) of the peptide backbone are included in the chelate rings. These C or O atoms have only very
small differences in their distance from the central atom, the angle Tc-C-O is about 160° [11]. The
analogous coordination shells of a Re congener were detected by Re LIII-edge EXAFS analysis. In the
Fourier transform, however, the height of the peak indicating the Re-O coordination shell of the pep-
tide backbone carbonyl groups exceeds the background only three times [12]. In the investigated Tc
complexes the coordination shells mentioned are also expected at roughly the same distance from the
central atom. In the Fourier transform a peak expected at roughly 3.5 R + ∆ [Ǻ] on account of Tc-O
backscattering of the peptide backbone carbonyl groups was not observed, perhaps due to the num-
ber of these ligands being too low, and/or the Tc-C-O arrangement deviates more from a linear one.
The carbon atoms of the peptide backbone are expected at approximately the same distance as the
oxygen atoms of carbon monoxide. They cannot be detected because of overlap with the very strong
backscattering off the three oxygen atoms, which is enhanced by a strong multiple-scattering effect.
The evaluation of the EXAFS spectra for the investigated type of complexes shows that no detection
of the imidazole ring is possible, which will be discussed in [13].
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Fig. 1. Tc K-edge k3-weighted EXAFS spectra and corresponding Fourier transforms of
TcHis (above), TcHisGly, TcHisGlyGly, TcGlyHisLys, TcGly, TcGlyGly (below);

solid line: experimental data, dotted line: fit.

Table 1. Structural parameters obtained by the Tc K-edge k3-weighted EXAFS spectra of the samples
TcHis, TcHisGly, TcHisGlyGly, TcGlyHisLys, TcGly, TcGlyGly (R: atomic distance, N: coordination
number, σ2: Debye-Waller factor).
Coordination
shell

Sample R [Å] a) N σ2 [10-3 Å2]

Tc-C TcHis
TcHisGly

TcHisGlyGly
TcGlyHisLys

TcGly
TcGlyGly

1.91
1.91
1.91
1.91
1.90
1.90

3.2 ± 0.5
3.2 ± 0.5
3.2 ± 0.5
2.7 ± 0.4
3.1 ± 0.5
2.9 ± 0.6

1.6 ± 0.7
1.7 ± 0.6
1.8 ± 0.6
1.0 ± 0.6
1.4 ± 0.6
1.0 ± 0.8

Tc-N/O TcHis
TcHisGly

TcHisGlyGly
TcGlyHisLys

TcGly
TcGlyGly

2.20
2.20
2.21
2.20
2.20
2.20

3.2 ± 0.4
3.1 ± 0.4
2.9 ± 0.4
2.8 ± 0.3
3.2 ± 0.4
3.3 ± 0.5

3.0 1)

3.0 1)

3.0 1)

3.0 1)

3.0 1)

3.0 1)

Tc-OCO 
2) TcHis

TcHisGly
TcHisGlyGly
TcGlyHisLys

TcGly
TcGlyGly

3.06
3.06
3.06
3.06
3.05
3.05

3.1 ± 0.4
3.0 ± 0.4
3.2 ± 0.4
2.9 ± 0.3
3.1 ± 0.4
3.3 ± 0.6

2.9 ± 0.6
2.8 ± 0.6
3.1 ± 0.6
2.9 ± 0.6
3.2 ± 0.7
3.6 ± 0.9

a) The confidence limit is ± 0.02 Å.
1)  The parameter were fixed.
2) The three scattering paths (2, 3 and 4 legs) were included. For the different paths, each of the parameters R, N and σ2 were
forced to have constant ratios during the fits.
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To sum up, the reaction of the precursor [Tc(CO)3Cl3]2- with His, Gly and small peptides containing
these amino acids was studied by HPLC, ESI-MS and EXAFS analysis in solution. EXAFS measure-
ments confirmed the exchange of chloride, the mononuclear structure and typical structural parame-
ters expected for such type of complexes. For all complexes, the same local structure was observed.
Detection of any other than the ligating atoms of the amino acids or peptides was not possible. That
could be realized in complexes in which the central atom is surrounded by a relatively large number of
C atoms and carbonyl groups of the peptide backbone or imidazole rings and if the various coordina-
tion shells have a small distribution in distance; the angle between the central atom and the oxygen of
the carbonyl groups is almost linear, and there is little overlapping with strong scattering paths (such
as that from carbon monoxide). Furthermore, changing the experimental conditions to reduce the
background (measurement at low temperature) and enlargement of the k-range of the EXAFS spec-
trum may improve the detectibility of those coordination shells.
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18. EXAFS Analyses of Technetium and Rhenium Complexes
4. EXAFS Analyses of the Complexes [Re(CO)3(Phe)(PPh3)] and [Re(CO)3(Phe)(H2O)] –
Comparison with the EXAFS Spectra of a Binuclear Oxorhenium(V) Complex Measured at
Room Temperature and 15 K

J.-U. Künstler, S. Seifert, H.-J. Pietzsch, T. Reich1, H. Funke1, R. Alberto2, B. Johannsen
1Institute of Radiochemistry, 2Institute of Inorganic Chemistry, University of Zurich, Switzerland

Introduction
One of us (R. Alberto) obtained two rhenium complexes in solid form with the assumed formula
[Re(CO)3(Phe)(H2O)], Re1, and as reference [Re(CO)3(Phe)(PPh3)], Re2. For Re1, a binuclear struc-
ture can be discussed. We wanted to carry out EXAFS measurements to compare structural parame-
ters of these complexes and to clarify whether Re1 is a mononuclear or a binuclear complex. The well-
characterized complex [ReO(S-S)2Cl2]2O, Re3, (S-S = 5,8-dithiadodecane) served as a reference for
an oxygen bridged binuclear complex [1].
Moreover, EXAFS spectra of the binuclear reference complex were recorded both at room tempera-
ture (RT) and 15 K in order to evaluate the new possibility for XAFS measurements at temperatures
down to 15 K for Re or Tc EXAFS studies which is available at the Rossendorf beamline since the end
of 1999.

Experimental
All EXAFS spectra were recorded in transmission mode at the Re LIII-edge (10535 eV) using a water-
cooled Si(111) double-crystal monochromator of fixed-exit type. The complexes were measured as
solids. 17 mg of Re1, 40 mg of Re2 and 20 mg of Re3 were mixed with 200 mg Teflon powder and
pressed into pellets, respectively. The spectra were recorded in steps of 0.05 Ǻ-1 with gradually in-
creasing counting time per data point from 2 to 30 s for Re1, Re2 and to 20 s for Re3. The energy of
the first inflection point of the Re LIII-edge spectrum was defined as 10535 eV, and the ionization en-
ergy for the Re LIII electron was arbitrarily set to 10555 eV. All samples were measured at room tem-
perature. In addition, sample Re3 was also measured at a temperature of 15 K using a closed-cycle
He cryostat.
The EXAFS spectra for Re1 and Re2 were obtained from two averaged scans and the EXAFS spectra
for Re3 from single scans, respectively. The EXAFS spectra were evaluated using the program pack-
age EXAFSPAK; single and multiple effective scattering amplitude and wave phase-shift functions
were generated with the theoretical EXAFS modeling code FEFF6 [2, 3]. For the fits, constrains be-
tween parameters of different scattering paths were set. For all paths the shift in threshold energy was
forced to be the same. All other variables were freely floated if not stated otherwise in the table with
the results. The amplitude reduction factor was held constant at 0.9 for all fits.

Results and Discussion
EXAFS analyses of the complexes [Re(CO)3(Phe)(PPh3)] and [Re(CO)3(Phe)(H2O)]
To obtain a satisfactory interpretation of the EXAFS spectra and the Fourier transforms, single-
scattering paths including the C, N/O or P coordination shells and multiple-scattering paths to model
the oxygen atom of the carbonyl groups were taken into account. For evaluation of the EXAFS spec-
tra, effective scattering amplitude and wave phase-shift functions were generated using simple atom
clusters consisting of a Re atom which is ideal-octahedrally surrounded by three facial CO groups and
three N or O atoms for Re1 and two N or O atoms and one P atom for Re2.
In the Fourier transform, peak A represents mainly the C coordination shell, peak B the P atom (Re2)
and peak C the O coordination shell of CO (Fig. 1). The coordination of the N and O atoms contributes
mainly to peaks A and B. The coordination of an O atom from the assumed water coordination (Re1)
in comparison with the coordination of a P atom (Re2) causes the loss of peak B in the Fourier trans-
form because oxygen is a weaker back-scatterer compared to phosphorus. EXAFS analysis of Re1
shows approximately the same structural parameters for the N/O, C and CO coordination shells like
the reference Re2 except the fact that the coordination number for the N/O coordination shell is in-
creased by one and no P coordination shell is found (Table 1). This fact confirms the coordination of
an additional O-ligand like water in Re1.
The estimated atomic distances are almost the same as found by single-crystal X-ray diffraction
analyses and EXAFS measurements of similar ligands-bearing Re or Tc tricarbonyl complexes [4 - 6].
The obtained coordination numbers agree with the expected values.
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EXAFS spectroscopy is extremely useful for detecting metal-metal interactions [7]. Backscattering
from a heavy atom like Re in a binuclear Re complex has a strong effect on the EXAFS spectrum and
causes a characteristic peak in the Fourier transform. For a µ�oxo Re complex, an intensive peak at
roughly 4 R + ∆ [Ǻ] in the Fourier transform is expected (see Fig. 3 and Table 2). That is not observed
for Re1 - hence, it follows that Re1 represents a mononuclear complex. The mononuclear structure of
Re2 is also confirmed.

Fig. 1. Re LIII-edge k3-weighted EXAFS spectra and corresponding Fourier transforms of
Re2 (above) and Re1 (below); solid line: experimental data, dotted line: fit.

Table 1. Structural parameters obtained by the Re LIII-edge k3-weighted EXAFS spectra of Re1 and
Re2 (R: atomic distance, N: coordination number, σ2: Debye-Waller factor).

Re1 Re2
Path R [Å] a) N σ2 [10-3 Å2] R [Å] a) N σ2 [10-3 Å2]

Re-C 1.91 2.9 ± 0.5 1) 1.8 ± 0.7 1.92 2.7 ± 0.4 1) 1.6 ± 0.6

Re-N/O 2.16 3.5 ± 0.8 4.1 ± 1.3 2.19 2.4 ± 0.4 2) 3.6 ± 1.1

Re-P 2.50 1.2 ± 0.2 2) 5.9 ± 2.1

Re-C-O

(3 legs)

3.06 1) 5.9 ± 1.0 1) 2.3 ± 0.5 1) 3.07 1) 5.3 ± 0.8 1) 2.2 ± 0.4 1)

Re-C-O

(2 and 4 legs)

3.06 1) 2.9 ± 0.5 1) 2.3 ± 0.5 1) 3.07 1) 2.7 ± 0.4 1) 2.2 ± 0.4 1)

a) The confidence limit is ± 0.02 Å.
2) In each column, identically marked parameters were forced to have constant ratios during the fits.
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EXAFS measurements of a binuclear oxorhenium(V) complex at room temperature and 15 K

Re

O
ClS

S
O

Cl

Re
SCl

Cl
O

S

R

R

R

R

Fig. 2 Representation of [ReO(S-S)2Cl2]2O, Re3, (S-S = 5,8-dithiadodecane)
used as reference for an oxygen bridged binuclear complex.

EXAFS analyses of Re3 show a shape of the Fourier transform and structural parameters which are
evidently for a binuclear complex (Fig 3. and Table 2).
To obtain a satisfactory interpretation of the EXAFS spectra and the corresponding Fourier transforms,
the following single-scattering paths had to be included in the fit to the experimental EXAFS data: Re-
S/Cl (N = 4); Re-O (Re=O, N = 1) and Re-O (Re-O-Re, N = 1). Given in parentheses are the coordina-
tion numbers N derived from the single-crystal X-ray diffraction analysis [1]. To model the Re coordi-
nation shell, the equivalent multiple-scattering paths Re-O-Re-Re and Re-Re-O-Re (3-legs, degener-
acy of 2), the non-degenerated path Re-O-Re-O-Re (4-legs) and the single-scattering path Re-Re
were taken into account (Table 2). All other possible scattering paths did not lead to a significant im-
provement of the fit results. Effective scattering amplitude and wave phase-shift functions were gene-
rated using a simple atom cluster consisting of a Re atom which is ideal-octahedrally surrounded by
four equatorial S or Cl atoms and one axial O atom and oppositely axial O and Re atoms linear arran-
ged.
The peak system A in the Fourier transform represents the coordination of the O, S and Cl atoms and
the peak B the coordination shell of the second Re atom (Fig. 3). The estimated atomic distances
square with those obtained by single-crystal X-ray diffraction analysis (Table 2).

Fig. 3. Re LIII-edge k3-weighted EXAFS spectra and corresponding Fourier transforms of
Re3 measured at RT and 15 K; solid line: experimental data, dotted line: fit.
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Table 2. Structural parameters obtained by the Re LIII-edge k3-weighted EXAFS spectra of Re3 mea-
sured at RT and 15 K (R: atomic distance, N: coordination number, σ2: Debye-Waller factor) - Compa-
rison with atomic distances obtained by single-crystal X-ray diffraction analysis.

R [Å]Path T
EXAFS a) XRD 3)

N σ2 [10-3 Å]

Re-O (Re=O) RT
15 K

1.70
1.70

1.72 1.0 ± 0.3 1)

0.9 ± 0.3 1)
0.8 ± 1.1
0.4 ± 1.8

Re-O (Re-O-Re) RT
15 K

1.93
1.93

1.93 1.0 ± 0.3 1)

0.9 ± 0.3 1)
2.3 ± 1.4
1.0 ± 1.2

Re-S/Cl RT
15 K

2.41
2.41

2.41 4.2 ± 0.4
4.2 ± 0.3

3.6 ± 0.5
2.4 ± 0.3

Re-O-Re (3 legs) RT
15 K

3.85 1)

3.85 1)
3.85 1.7 ± 0.6 2)

1.7 ± 0.4 2)
2.0 ± 0.7 1)

0.6 ± 0.4 1)

Re-O-Re (4 legs) and
Re-O-Re (2 legs)

RT

15 K

3.85 1)

3.85 1)

3.86 (4 legs)
3.83 (2 legs)

0.9 ± 0.3 2)

0.9 ± 0.2 2)

2.0 ± 0.7 1)

0.6 ± 0.4 1)
a) The confidence limit is ± 0.02 Å.
1) 2) In each column, identically marked parameters were forced to have constant ratios during the fit.
3) [1]

Measurement at 15 K results in a decrease of noise. The Debye-Waller factor, σ2, is the mean-square
relative displacement of absorber and backscatterer atoms caused by thermal vibrations and static
disorder. The measurement at low temperature results in a decreasing of the thermal vibration and
therefore of σ2 (Table 2). That causes an increase of the EXAFS amplitude. This effect increases ex-
ponentially as k increases. In the Fourier transform the peaks are narrowed and enlarged in height
(Fig. 2) [8]. In special cases, detection of backscatterer atoms which are not detectable at RT could be
possible at low temperatures.
The expected resolution in distance, δR, is given by the ratio δR = π / 2 ∆k (∆k: k range of the EXAFS
data). To improve the resolution in distance, it is necessary to enlarge ∆k, i. e., the energy range of an
EXAFS measurement. Usually, the evaluation of an EXAFS spectrum recorded at RT is limited by
noise at higher k values. For Re compounds it is not possible to enlarge ∆k because the Re LIII-edge
spectrum at 10535 eV overlaps with the LII-edge at 11959 eV. On the other hand EXAFS spectra of Tc
compounds can be obtained with a larger ∆k due to the possibility to measure at the Tc K-edge at
21044 eV. The Re K-edge (71676 eV) is outside of the energy range of the synchrotron beam (5 � 35
keV) which is provided by the Rossendorf beamline [9]. Hence, EXAFS analyses should be carried out
on the Tc congeners to fully exploit the advantages of a measurement at low temperature. Generally,
the measurement at low temperature connected with an enlargement of the available ∆k of an EXAFS
spectrum results in a better resolution of the coordination shells and a determination of the structural
parameters with a higher degree of precision.
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Introduction

Owing to their suitable nuclear properties the β-particle emitting radionuclides 186Re and 188Re are
gaining in importance in the development of therapeutic agents in nuclear medicine [1 - 3]. 188Re is
conveniently available as �carrier free� perrhenate anion
from a 188W/188Re generator system. Hence it appears
highly desirable to directly complex this anion in the gen-
erator eluate. The binding of such a large, lowly charged
anion requires hosts which are able to form inclusion com-
pounds. In this nexus cyclodextrins may be very promising
agents [4 - 6]. Especially the cage cavity of α-cyclodextrin
[470...530 pm) should be ideally suited for inclusion of the
perrhenate anion having a diameter of 520 pm [7]. In order
to enhance the binding strength to the monovalent perrhen-
ate anion a pyridinium moiety is introduced into the α-
cyclodextrin scaffold (cf. Fig. 1).
In this paper we report the thermodynamic data of the com-
plexation of the anions perrhenate and perchlorate [8] by α-
cyclodextrin (α-CD) and monopyridinium-α-cyclodextrin (Pyr-
α-CD) in aqueous solution. The complexation behaviour was
studied by isothermal titration calorimetry (ITC).

Experimental

All chemicals were reagent grade and used as obtained. α-CD was received from Fluka. Pyr-α-CD
was prepared according the route described by Matsui et al. [9, 10]. Thus, α-CD was sharply dried in
vacuum (0.05 Torr) at 105 °C for 2 days. After reaction with 2-mesitylenesulphonyl chloride the mono-
substituted C(6)-O-sulfonylated α-cyclodextrin was isolated, using column chromatography (RP-8).
This product was converted into 6-deoxy-6-(1-pyridino)-α-cyclodextrin by refluxing in dry pyridine.
Cation exchange (Sephadex C-25) was applied for purification. Elution with ammonium hydrogencar-
bonate solution followed by evaporation to dryness produced to the corresponding hydrogencarbonate
salt. 0.04 M stock solutions of α-CD and Pyr-α-CD in aqueous NaCl (0.9%) were prepared. These
solutions were diluted to the appropriate concentration for calorimetric titration, using aqueous NaCl.
The experiments were performed in an isothermal titration calorimeter (MicroCal Inc., Northamp-
ton/USA) at 303 K. The degassed host solution (0.01...0.015 M CD in aqueous NaCl) was filled into
the sample cell (1.3 ml) and 0.15 M NaClO4 (NaReO4) in aqueous NaCl was titrated, using a burette
syringe (250 µl). 50 injections of 4.5 µl for α-CD and 60 injections of 2 µl for Pyr-α-CD were chosen at
300 second intervals. Blank titration was carried out under the same experimental conditions (metal
salt solution into aqueous NaCl). Data collection and analysis were performed with MicroCal-Origin
ITC software.

Results and Discussion

The thermodynamic parameters for the association of α-CD with sodium perchlorate were at first de-
termined and compared with known data from the literature (cf. Table 1). There was a good agree-
ment between our experimental results with the literature data [12, 14 - 17]. The thermodynamic pa-
rameters obtained by Hansen [11] and Kaifer [13] slightly differed from the other results, obviously due
to the choice of an unsuitable concentration range for calorimetric titration.
Table 2 summarizes the thermodynamic parameters for the complexation of perchlorate and perrhen-
ate with α-CD and Pyr-α-CD. In all cases a clean 1:1 host-guest association was pointed out by ITC
analysis (cf. Fig. 2). The association constant of α-CD with perrhenate was 2.6 times higher than with
perchlorate. This was mainly caused by a less negative entropic contribution for the perrhenate inclu-
sion. As expected the Kass value increased when the pyridinium unit is introduced into the cyclodextrin
skeleton. In addition to stabilizing the anion in the cyclodextrin cage by van-der-Waals interactions and
forming hydrogen bonds, electrostatic attraction amplified the host-guest binding.

ReO4
-

Fig. 1. Conceptual sketch of binding
perrhenate by monopyridinium-
α-cyclodextrin
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Table 1. Thermodynamic parameters for the complexation of  α-CD with perchlorate

K [M-1] ∆∆∆∆G0 [kJ⋅⋅⋅⋅mol-1] ∆∆∆∆H0 [kJ⋅⋅⋅⋅mol-1] T∆∆∆∆S0 [kJ⋅⋅⋅⋅mol-1] Method Reference

24 ± 0.5* -8.0 -25.4 ± 0.3 -17.4 Cal (ITC) This work

19.9** -7.5 -41 ± 5 -29 Cal (IPC) [11]

42 ± 2** -9.0 -25.9 ± 0.3 -16.9 Cal (IPC) [12]

66 ± 5** -10.4 -15.8 ± 1 - 5.4 Cal (FMC) [13]

45.8** -9.5 -26.4 ± 0.8 - 16.4 Pot [14]

28.9** Cond [15, 16]

29.4** Spec [17]

*: 303 K, **: 298 K, IPC: Isoperibolic calorimeter, FMC: Flow microreaction calorimeter, Pot: pH potentiometry
Cond: Conductance measurements, Spec: Spectrophotometric measurements

Table 2. Thermodynamic parameters for the complexation of perchlorate and perrhenate with α-CD
and  Pyr-α-CD under ITC study in aqueous NaCl at 303 K

System K [M-1] ∆∆∆∆G0 [kJ⋅⋅⋅⋅mol-1] ∆∆∆∆H0 [kJ⋅⋅⋅⋅mol-1] T∆∆∆∆S0 [kJ⋅⋅⋅⋅mol-1]

NaClO4/α-CD 24 ± 0.5 -8.0 -25.4 ± 0.3 -17.4

NaReO4/α-CD 62.4 ± 2.2 -10.4 -23.9 ± 0.4 -13.5

NaClO4/Pyr-α-CD 130 ± 2.5 -12.2 -31.9 ± 0.3 -19.7

NaReO4/Pyr-α-CD 124 ± 1.7 -12.2 -32.1 ± 0.2 -19.9

Fig. 2. ITC analysis of the α-CD-
perrhenate host-guest binding
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The thermodynamic parameters for complexation of
perchlorate and perrhenate with Pyr-α-CD are almost
the same. In comparison with the unsubstituted CD,
the monopyridinium host shows a more favourable
enthalpic term. On the other hand, the more negative
value of T∆S compensates part of free energy for host-
guest complexation.
To sum up, derivatives of α-CD seem to be well suit-
able for binding perrhenate in aqueous solution. How-
ever, in view of the complexation of 188ReO4

- in the
generator eluate, the stability of host-guest complexes
has to improved. One way of doing this may be the
progressive replacement of the 6-hydroxy group in α-
CD by positively charged functional groups. In this
relation it is known that the hexapyridino derivative of
α-CD forms complexes with iodide, obtaining an asso-
ciation constant of almost 106 M-1 in water [10]. Fur-
thermore the entropic term for the complexation reac-
tion of perrhenate with α-CD derivatives has to be
more favourable. The most promising way of achieving
this seems to be the preorganization of host molecules.
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20. Benzodiazepine Technetium Complexes

A. Drews, R. Syhre, P. Brust, A. Nudelman1, H.- J. Pietzsch, B. Johannsen
1Bar Ilan Universität, Raman Gan, Israel

Introduction
Benzodiazepines are known to have clinically relevant anxiolytic, muscle relaxant and anticonvulsant
effects and they are among the most widely prescribed psychotropic medications [1]. Some of these
drugs have been used to develop 11C and 123I labelled radiopharmaceuticals for benzodiazepine re-
ceptor studies in neurologic disorders [2, 3].
We are interested in 99mTc- labelled benzodiazepines. Technetium carbonyl complexes with a benzo-
diazepine ligand were described by Marchi et al. [4].
In this study we synthesized �3+1� technetium complexes (Tc1, Tc2) bearing demoxepam [5] deriva-
tive moieties by reduction of pertechnetate with stannous chloride in a mixture of monothiol ligands (7-
chloro-1,3-dihydro-5-phenyl-2H-1,4-benzodiazepin-1-(propylthiol)-2-oxo-4-oxide) (L1) and (7-chloro-
1,3-dihydro-5-phenyl-2H-1,4-benzodiazepin-1-(butylthiol)-2-oxo-4-oxide) (L2) with a tridentate dithiol
ligand (3-methylazapentane-1.5-dithiol) (SNMeS).
The new complex Tc1 was investigated for its in-vitro benzodiazepine receptor affinity [6, 7]. The
biodistribution of both compounds (Tc1, Tc2) was studied in rats.

N

ON

Cl
O -

H

Fig.1. Demoxepam

Experimental
Preparation of the technetium complexes
C.a. preparation
The synthesis of the [99Tc]Tc1 reference compound was performed by transchelation from 99Tc gluco-
nate. It was purified by semipreparative HPLC on a Hypersil ODS column and by passing it through a
silica gel column with ethyl acetate / MeOH (1:1) as an eluent.
The synthesis of the [99Tc]Tc2 reference compound was carried out as described in this report [8].
The 99Tc compounds were characterized by mass spectrometry on a Micromass Tandem Quadrupole
Mass Spectrometer (Quattro LC) operating in the MS mode. Mass spectral data were recorded in the
positive ESI mode, using a cone voltage of 30 - 35 V. A solution of about 0.1 mg of the 99Tc complex
in 1 ml acetonitrile was injected at a flow rate of 5 µl/min.
The values confirmed the assumed composition:
MS-Tc1 ES+: m/z (found) 624 (M+), m/z (calc.) 623 for [99TcO(SNMeS)/L1]
MS-Tc2 ES+: m/z (found) 638 (M+), m/z (calc.) 637 for [99TcO(SNMeS)/L2].
N.c.a. preparation
The oxotechnetium(V)complexes were synthesized in a reaction as described by Seifert et al [9, 10]
and purified as desribed in this report [8].
The partition coefficient was measured by the shake-flask method.

Receptor binding assay
The preparation of rat occipital cortex was performed as previously described [11]. The [99Tc]Tc1
compound for the benzodiazepine receptor was used for the binding assay.
To determine the IC50 value for this compound, various concentrations of the [99Tc]Tc1 complex were
incubated with cold Tris/HCl buffer (50 mM, pH 7.4) containing 0.12 nM [3H]flunitrazepam and 0.16
mg/ml protein in a final volume of 5 ml. Non specific binding was determined by addition of 10 mM
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GABA to the incubate. Incubation was at 7 °C for 90 min. The binding assay was terminated by rapid
filtration through GF/B fibre filters (Whatman). The filters were rapidly washed three times with 5 ml of
ice cold buffer, transferred into 4 ml of scintillation fluid (Ultima-Gold, Packard) and analysed for radio-
activity (by liquid scintillation counting (Beckman-LS600-LL).
The protein content was estimated according to the method of Lowry et al. [12].

Biodistribution experiments
The biodistribution in rats was carried out as described in the previous report [8].

Results and Discussion
As shown in Table 1, 99Tc complexes were obtained in 20 to 30 % yields after purification. The 99mTc
complexes were obtained in 50 to 80 % yields in a radiochemical purity of over 95 % after purification.
The [99Tc]Tc1 compound displayed a low in-vitro affinity of 467 ± 6 nM to the benzodiazepine receptor.
The partition coefficients (log PO/W) of both 99mTc complexes (Tc1, Tc2) are very similar, regardless of
the small variation in the spacer length (C3 versus C4) of the benzodiazepine moiety.

Table 1. 3+1 mixed-ligand [99/99mTcO(SNMeS)/L)] complexes Tc1 and Tc2 used for biodistribution
studies in rats

Tc S

S

S

O

N

CH3

O -

N

NCl

O

                                                                    Tc1

Tc S

S

S

O

N

CH3

O -

N

NCl

O

Tc2

                             logPO/W  1.2                                logPO/W  1.3

      c.a.yield: 20 %    n.c.a.yield: 70 - 80 %         c.a.yield: 30 %    n.c.a.yield: 50 � 60 %

Table 2. Biodistribution of the complexes Tc1 and Tc2 in Wistar rats as a percentage of the injected
dose per gram of blood and per gram of tissue (mean ± SD ; n = 5).

Time
[min] p.i. Blood Heart Lung Spleen Kidney Liver

Tc1
5 0.5 ± 0.1 1.0 ± 0.2 0.9 ± 0.2 0.8 ± 0.1 2.8 ± 0.3 4.8 ± 0.7

120 0.15 ± 0.03 0.1 ± 0.02 0.2 ± 0.04 0.3 ± 0.1 3.0 ± 0.1 4.8 ± 0.8
Tc2

5 0.4 ± 0.1 1.0 ± 0.1 0.9 ± 0.2 0.6 ± 0.1 3.3 ± 0.4 5.8 ± 0.5
120 0.2 ± 0.05 0.1 ± 0.01 0.2 ± 0.02 0.1 ± 0.03 3.7 ± 0.3 6.8 ± 0.9
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As illustrated in Table 2, the biodistribution pattern of the two complexes is very similar. Both com-
plexes showed a fast blood elimination. No brain uptake was observed in the rat brain (< 0.05 % ID up
to 5 min post injection). After 120 min approx. 40% of the injected dose was found in the liver and 5%
in the kidneys.

Conclusion
The first results of the combination of benzodiazepine derivatives with a technetium moiety according
to the �3+1�mixed ligand concept did not meet the criteria of a CNS-receptor imaging agent in terms of
an acceptable brain uptake and a high affinity to the target receptor.
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Introduction
Phenothiazine derivatives have been discussed as affine ligands for central dopamine receptors [1 - 4]
and are therefore of interest for labelling with technetium-99m [5]. Our concept of labelling involves
thiol functionalized monodentate phenothiazine derivatives (2-trifluoromethyl-N-(4-butylthiol)-pheno-
thiazine) (L1) or (2-chloro-N-(4-butylthiol)-phenothiazine) (L2) and a tridentate ligand (3-methyl-
azapentane-1,5-dithiol) (SNMeS). Such �3+1� mixed ligand complexes were prepared according to
Seifert et al. [6, 7]. The technetium phenothiazine complexes (Tc1 and Tc2) were investigated with
regard to their biodistribution in rats.

Experimental
C.a. labelling
Labelling of the 99Tc reference compounds was performed by transchelation from [99Tc]technetium
gluconate, adding monodentate thiol ligand (L1 or L2), tridentate ligand (SNMeS) and stannous chlo-
ride dissolved in methanol/acetonitrile. The complexes were stirred at 50 °C for 5 h and purified by
HPLC on a semipreparative Hypersil ODS column.

N.c.a. labelling
The 99mTc complexes were synthesized as described by Seifert et al. [6, 7]. The compounds were
purified, using a semipreparative Hypersil ODS column.

The 99Tc reference compounds were characterized by mass spectrometry on a Micromass Tandem
Quadrupole Mass Spectrometer (Quattro LC) operating in the MS mode. Mass spectral data were
recorded in a the positive ESI mode, using a cone voltage of 30 V. A solution of about 0.1 mg of the
99Tc complex in 1 ml chloroform and 0.05 % formic acid was injected at a flow rate of 5 µl/min.
The values confirmed the assumed composition:

MS-Tc1 ES+: m/z (found) 619 (M+) m/z (calc.) 618 for [99TcO(SNMeS)/L1]

MS-Tc2 ES+: m/z (found) 585 (M+), m/z (calc.) 584 for [99TcO(SNMeS)/L2]

The partition coefficient was measured by the shake-flask method.

Biodistribution
The animal studies in male Wistar rats ( 5 - 6 weeks old) were carried out according to the relevant
national regulations. 500 µl of [99mTc]technetium complex solution (500 kBq; saline propylene glycol 15
%) were injected into the tail vein. After the injection the rats were sacrificed by heart puncture under
ether anaesthesia 5 - 120 min post injection (p.i.). The selected organs were isolated for weighting and
counting.

Results and Discussion
99Tc complexes were obtained in yields of 30 � 45 % after HPLC purification as shown in Table 1. The
99mTc complexes were obtained in 70 � 90 % yields. The radiochemical purity was > 95 %. The parti-
tion coefficients (log PO/W) did not reflect the small structure differences of Tc1 and Tc2. The com-
plexes were stable in aqueous solutions.
Accumulation of both complexes was mostly observed in the liver as illustrated in Table 2. More than
80 % of the radioactivity accumulated in the liver within 5 - 120 min post injectionem without any sig-
nificant biliary clearance. A high initial uptake was also found in the lungs after administration of the
complex Tc1, whereas complex Tc2 was more extracted by the spleen. The preliminary data suggest
that these neutral, lipophilic complexes are not able to cross the blood-brain barrier. Less than 0.1 %
of the injected dose was found in the whole rat brain up to 5 minutes after the injection. The com-
plexes were fast eliminated from the blood pool of rats.
From the biodistribution studies it can be concluded that this type of mixed-ligand 99mTc complexes
containing a phenothiazine moiety is not suitable for the design of new CNS radiotracers.
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Table 1. 3+1 mixed-ligand [99/99mTcO(SNMeS)/L)] complexes Tc1 and Tc2 used for biodistributi-
on studies in rats

Tc1

Tc
S

N
CH3

S

S

O

S

N CF3

Tc2

Tc
S

N
CH3

S

S

O

S

N Cl

                             logPO/W  1.5                                logPO/W  1.3

       c.a.yield: 30 %       n.c.a. yield: 90 %       c.a. yield: 45 %        n.c.a. yield: 70 %

Table 2. Biodistribution of the complexes Tc1 and Tc2 in Wistar rats as a percentage of the injected
dose per gram of blood and per gram of tissue (mean ± SD ; n = 5)

Time
[min]  p.i.

    Blood      Heart       Lung      Spleen    Kidney     Liver

Tc1
5 0.8 ± 0.1 0.7 ± 0.1   18.3 ±1.6   4.1 ± 0.8 1.5 ± 0.2 13.9 ± 1.9
120 0.5 ± 0.1 0.4 ± 0.1   4.8 ± 1.1   3.1 ± 0.7 3.5 ± 0.3 12.8 ± 1.6

Tc2
5 0.6 ± 0.2 0.6 ± 0.1   1.4 ± 0.2 11.4 ± 2.0 0.6 ± 0.1 11.3 ± 0.5
120 0.2 ± 0.1 0.2 ± 0.1   0.4 ± 0.1   8.1 ± 1.7 1.0 ± 0.1   9.4 ± 0.7
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22. '3+1' Mixed-Ligand Oxorhenium (V) Complexes Bearing 1,2,3,4-Tetrahydro-
quinoline and Quinoline

A. Zablotskaya1, I. Segal1, E. Lukevics1, A. Drews, T. Kniess, H. Spies
1Latvian Institute of Organic Synthesis, Aizkraukles str. 21, Riga, LV-1006, Latvia

To continue our investigations of �3+1� mixed-ligand oxorhenium(V) complexes containing quinoline
and tetrahydro(sila,iso)quinoline as monodentate ligands [1], we synthesized [2-(N-tetrahydro-
quinolyl)ethanethiolato](3-thiapentane-1,5-dithiolato)- 1 and (2-quinolylthiolato)(3-thiapent-ane-1,5-
dithiolato)oxorhenium(V) 2 (Scheme 1).

Scheme 1. Reaction scheme for the synthesis of [2-(N-tetrahydroquinolyl)ethanethiolato](3-thiapent-
ane-1,5-dithiolato)- 1 and (2-quinolylthiolato)(3-thiapentane-1,5-dithiolato)oxorhenium (V) 2

N-(2-Hydroxyethyl)-1,2,3,4-tetrahydroquinoline 1 obtained by condensation of 1,2,3,4-tetrahydro-
quinoline with 2-iodoethanol in the presence of triethylamine was further converted into N-(2-
mercaptoethyl)-1,2,3,4-tetrahydroquinoline 3 suitable for complexation. The introduction of a thiol
group into the tetrahydroquinoline molecule was possible via thiobenzoate by the Mitsunobu proce-
dure [2, 3]. This reaction is the method of choice for the introduction of a sulphur moiety under mild
conditions in a high yield. By treating the alcohol 1 with the system of triphenylphosphine/ diisopro-
pylazodicarboxylate/benzoic acid the thiobenzoate 2 was obtained in a satisfactory yield of 90 %. The
saponification of 2 by sodium methoxide in MeOH produced the desired thiol 3.
Thiols 3 and 5 were transformed into the corresponding �3+1� mixed-ligand complexes 6 and 7 by the
oxorhenium (V) precursor 4 [4]. The newly prepared complexes were characterized by elemental
analysis, 1H and 13C NMR and IR spectroscopy.
The brain-receptor-binding test in vitro reveals that the complexes 6 and 7 have very low affinities to
the serotonin 5-HT1A and 5-HT2A receptors. But 6 was found to have a higher selectivity for the 5-HT1A
subtype and 7 for 5-HT2A .
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The psychotropic activity and acute toxicity in vivo and antitumour activity in vitro of compounds 6 and
7 are under investigation. The results will be published in the subsequent paper.
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23. Biological Study of '3+1' Mixed-Ligand Oxorhenium(V) Complex Bearing 1,2,3,4-
Tetrahydroisoquinoline in the Monodentate Ligand

A. Zablotskaya1, I. Segal1, S. Germane1, I. Shestakova1, E. Lukevics1, A. Drews, H. Spies
1Latvian Institute of Organic Synthesis, Aizkraukles str. 21, Riga, LV-1006, Latvia

Prompted by the fact that some alkaloids with opiate activity contain hydrogenated moieties of quin-
oline or isoquinoline and by the literature data that tetrahydro(iso)quinoline containing ligands display
affinity to serotonin (5-HT1A) and dopamine receptors [1,2], we studied the synthesis of a '3+1' mixed-
ligand oxorhenium(V) complex with a 1,2,3,4-tetrahydro-isoquinoline-containing monodentate ligand to
investigate its pharmacological properties [3].
The results of the in vivo study of the neurotropic activity and acute toxicity of [2-(N-tetrahydro-
isoquinolyl)ethanethiolato](3-thiapentane-1,5-dithiolato)oxorhenium(V) hydrochloride are presented in
Table 1.

Table 1. Neurotropic activity of [2-(N-tetrahydroisoquinolyl)ethanethiolato](3-thiapentane-1,5-
dithiolato)oxorhenium(V) hydrochloride in vivo

1 LD50, mg/kg > 500

2 Hypoxic hypoxia, %* 120

3 Phenamine hyperthermia, oC -0.8(30�)

4 Phenamine induced hyperactivity, %* 110

5 Hexenal induced narcosis, %* 113

6 Ethanol induced narcosis, %*   82

7 Electroshock, % > 50

8 Corazol induced convulsions

(clonic/tonic), %*
128/212

9 Retrograde amnesia, %*   40

%* - % to control (100%)

The investigated compound possesses antihypoxic activity and increases the life span of mice by
20%. In the test of Corazol induced convulsions it shows anticonvulsive properties, increasing the
threshold of Corazol convulsions 1.3 times in the clonic phase and more than 2 times in the tonic one.
Concerning the pharmacological effects of phenamine, hexenal and ethanol, the expressed biological
properties are low. The investigated complex is slightly toxic.
[2-(N-Tetrahydroisoquinolyl)ethanethiolato](3-thiapentane-1,5-dithiolato)oxorhenium(V) was used in
receptor binding assays to determine the affinity and selectivity of this ligand for serotonin 5-HT1A and
5-HT2A receptors in vitro (Table 2). The affinity (IC50 values) to receptor subtypes is relatively low but it
reveals a higher selectivity for the 5-HT1A subtype (389 nM) than for 5-HT2A (1258 nM) .
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Table 2. In vitro binding data of [2-(N-Tetrahydroisoquinolyl)ethanethiolato](3-thiapentane-1,5-
dithiolato) oxorhenium(V) hydrochloride to serotonin receptors (5-HT1A, 5-HT2A)

IC50 (nM)

Formula 5-HT1A
competitor

[3H]8-OH-DPAT

5-HT2A
competitor

[3H]ketanserin

389.5 ± 4.86 1258.6 ± 14.7

The antitumour activity of [2-(N-tetrahydroisoquinolyl)ethanethiolato](3-thiapentane-1,5-dithiolato)
oxorhenium(V) was tested in vitro on four monolayer tumour cell lines: MG-22A (mouse hepatoma),
HT-1080 (human fibrosarcoma),  Neuro 2A (mouse neuroblastoma) and B16 (mouse melanoma). The
experimental evaluation of cytotoxicity properties is presented in Table 3. The studied compound pos-
sesses a good antitumour activity and NO-induction ability. It has a high cytotoxic effect on MG-22A
and B16 cell lines and a high NO-generation activity, being the most active (500 %) in the B16 test.
This compound was recommended for antitumour activity testing in vivo.

Table 3. In vitro cell cytotoxicity and the ability of intracellular NO generation caused by [2-(N-
tetrahydroisoquinolyl)ethanethiolato](3-thiapentane-1,5-dithiolato)oxorhenium(V) hydrochloride

Cell lines

HT-1080 MG-22A Neuro2A B16

IC50 IC50 NO% IC50 IC50 NO% IC50 IC50 NO% IC50 IC50 NO%

CVa MTTb CVc CV MTT CV CV MTT CV CV MTT CV

5 6 150 0.5 0.9 200 7.7 9 250 3 4.5 500

a Concentration (µg/ml) providing 50% cell killing effect (CV: coloration)
b Concentration (µg/ml) providing 50% cell killing effect (MTT: coloration)
c NO concentration (%) (CV: coloration)
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24. Psychotropic Activity of O-Organosilicon Containing 3-Thia, 3-Oxa and 3-Methyl-
azapentane-1,5-Dithiolato-Oxorhenium(V)

A. Zablotskaya1, I. Segal1, S. Germane1, E. Lukevics1, H. Spies
1Latvian Institute of Organic Synthesis, Riga

Earlier we reported on the synthesis and a physico-chemical study of organosilicon rhenium com-
plexes, where the oxorhenium(V) core ReO3+ was coordinated by a tridentate 3-thia, 3-oxa or 3-
methylazapentane-1,5-dithiolate and additionally by an organosilicon containing monodentate thiolate
with various organosilicon substituents [1 − 3].
The newly prepared complexes were tested on mice for their psychotropic activity and acute toxicity
in-vivo being administered within the peritoneal cavity in doses of 5 mg/kg in comparison with their
precursors. The action on the CNS was evaluated by indicators of hypoxia, hexenal and ethanol-
induced narcosis, phenamine hyperactivity, corazol-induced convulsions, electroshock and retrograde
amnesia. The results of the biological investigation are presented in Table 1.

Table 1. In vivo neurotropic activity of oxorhenium(V) complexes

M ± m,  % to control (100 %)

Test

N X n R
Hypoxic
hypoxia

Hexenal
anaes-
thesia

Ethanol
narcosis

Phena-
mine
hyper-
activity

Corazol
convulsions
clonic/tonic

Retro-
grade

amnesia

I S 2 H 113* 97 113 77* 134*/178* 80*

2 S 3 H 134* 118* 91 80 119*/157* 40

3 O 2 H 132* 103 60* 72* 135*/216* 60

4 O 3 H 146* 76* 62* 22* 134*/173* 80*

5 N 2 H 150* 89 96 2* 120/318* 80*

6 S 2 SiMe3 95 92 73 111 125*/165* 60

7 S 2 SiPh3 95 148* 84 183* 133*/178* 17

8 S 3 SiPh3 150* 89 60* 48* 138*/213* 20

9 N 2 SiMe3 126* 81* 104 22* 131*/301* 60
* Differences in relation to the control are statistically reliable at P < 0.05

All the investigated compounds exhibited the antihypoxic action; prolonging the life of mice under hy-
poxia by 13 − 50 %.
With respect to hexenal and ethanol narcosis, nearly all the compounds have only a slight influence.
Nevertheless, the introduction of the triphenylsilyl-group into these compounds resulted in a 48 %
prolongation of the hexenal anaesthesia for (2-hydroxyethanethiolato)- 7 and a 40 % reduction in the
ethanol-induced narcosis for (3-hydroxypropanethiolato)(3-thiapentane-1,5-dithiolato)-oxorhenium(V)
8. An antagonistic action to ethanol was established for 3-oxapentane-1,5-dithiolato complexes 3 and
4.
The pharmacological effect of the interaction with phenamine for all investigated compounds is highly
expressed. Almost all of them are phenamine antagonists, reducing its action by 23 − 98 %. The
phenamine antagonistic action is expressed most for (2-hydroxyethanethiolato)[3-(N-methylaza-
pentane-1,5-dithiolato)oxorhenium(V) 5, which fully depresses the phenamine action (by 98 %). (2-Tri-



67

phenylsiloxyethanethiolato)(3-thiapentane-1,5-dithiolato)oxorhenium (V) 7 is the only compound which
definitly increases the phenamine action by 83 %.
For both silylated and unsilylated complexes the tendency to antiphenamine action decreases, de-
pending on the heteroatom of the tridentate ligand (from aza to oxa and further to thia-):  5 (98%) >> 3
(28 %) > 1 (23 %),  4 (78 %) >> 2 (20 %),  9 (78 %) >> 6 ( increases the action of phenamine by 11 %),
and with silylation of complexes containing the 2-hydroxyethanethiolato-monodentate ligand: 5 (98 %)
> 9 (78 %), 1 (23 %) > 6 > 7 (compounds 6 and 7 increase the phenamine action by 11 and 83 %).
For complexes containing the 3-hydroxypropanethiolato monodentate ligands 2 and 8, the opposite
effect was occured: the antagonistic action to phenamine increased with triphenylsilylation of the
monodentate ligand.
Contrary to the test with the maximal electroshock in which no protective properties were found, in the
test with Corazol-induced convulsions (clonic and tonic) all the synthesized compounds showed anti-
convulsive activity. Here, as in the study of phenamine hyperactivity, the decisive part was played by
the heteroatom of the tridentate ligand. The increase in the threshold of Corazol convulsions along the
thia, oxa, methylaza sequence of tridentate ligands was observed for hydroxyalkylthiolato as well as
for trimethylsiloxy-ethanethiolato complexes:

1 (134/178) << 3 (135/216) << 5 (120/318);

2 (119/157) < 4 (134/173);           6 (125/165) << 9 (131/301).

It was established that the strongest anticonvulsive activity was exhibited by the (3-methylazapentane-
1,5-dithiolato) complexes 5 and 9, which increase the corazole dose, leading to a lethal outcome in
more than 3 times as many mice. The introduction of the organosilicon substituent into the molecule
has little influence on anticonvulsive properties, except in the case of (3-triphenylsiloxypropane-
thiolato)(3-thiapentane-1,5-dithiolato)oxorhenium(V) 8, whose protective properties are essentially
higher than those of the unsilylated precursor 2 (by 20 % in clonic and by 60 % in tonic phases).
The data obtained indicate that, unlike the trimethylsilyl group, the introduction of the bulkier triphenyl-
silyl group, which is more stable to hydrolysis (lipophilicity, log P, increase up to 5.37 [3]) results in an
essential increase in the sedative properties of the complex containing the parent hydroxyl group. 7 is
thus the only compound by which the hexenal action is maximally prolonged (in 1.5 times), but 8 pos-
sesses strong antihypoxic and anticonvulsive action in comparison with its unsilylated precursor 2, and
at the same time shortens the ethanol narcosis.
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25. Substrates of the Herpes-Simplex-Virus 1 Thymidine Kinase and Escherichia Coli
Cytosine Deaminase for Monitoring Gene Expression.
Part 1: Syntheses of New Modified Acyclic Purine and Pyrimidine Nucleosides

St. Noll, M. Grote, B. Große, B. Noll

Suicide gene therapy with the herpes simplex virus type 1 thymidine kinase gene (HSV1-tk) is consid-
ered to be one of the most promising approaches to the treatment of cancer. The HSV1-tk gene ex-
presses the enzyme thymidine kinase HSV1-TK in virus-infected cells. Unlike the host thymidine ki-
nase, this enzyme of low substrate specificity phosphorylates numerous nucleosides or nucleoside
analogues into monophosphates. The substrates were further phosphorylated by host cellular kinases
into di- and triphosphates, which inhibit DNA polymerase and induce cell death.
As the phosphorylated metabolites are negatively charged and remain trapped in the cell, radiolabel-
ling these antiviral agents with a positron-emitting isotope may make it possible to monitor the viral
kinase enzyme activity by positron emission tomography (PET) [1, 2, 3]. PET with a suitable radio-
tracer represents a potential tool for determining the level of HSV-tk expression and establishing the
optimal protocol of gene and prodrug administration in humans. Promising candidate radiotracers
were recently described for this purpose [4 - 15], but an optimal tracer has not yet been developed.
Suicide gene therapy also seeks to make use of the bacterial cytosine deaminase / 5-fluorocytosine
system. The Escherichia coli CD gene in transfected cancer cells expresses the enzyme cytosine
deaminase. This enzyme converts the nontoxic prodrug 5-fluorocytosine into the toxic metabolite 5-
fluorouracil, which induces cell death. However, 5-fluorouracil is not significantly accumulated in the
transduced cells as it freely diffuses out (high bystander effect) is therefore not suitable for monitoring
[16, 17, 18]. The aim of our investigations in this context is the search for new 18F–labelled tracers
which are substrates of the CD and will be trapped in the cell.
As for the herpes simplex virus 1 thymidine kinase system (HSV1-tk), our activities are focused on
finding a new substrate for monitoring gene expression. Thus, we synthesized the adenine derivative
N6-methyl-9-[(1,3-dihydroxy-2-propoxy)methyl]adenine (metacycad) (I) and the uracil derivatives 5-
hydroxy-1-[(1,3-dihydroxy-2-propoxy)methyl]uracil (hydracyclur) (II) and 6-methyl-1-[(1,3-dihydroxy-2-
propoxy)methyl]uracil (metacyclur) (III). Because 6-methyl-1-[(1-hydroxy-3-fluoro-2-propoxy)methyl]-
uracil (IV) was found to have a high affinity to HSV 1-TK comparable to ganciclovir [19], this com-
pound seemed to us worth being labelled with 18F and so we prepared the precursor for 18F labelling
and the nonradioactive reference compound. At last we synthesized N1-methyl-9-[(4-hydroxy)-3-
hydroxy-methylbutyl]guanine (V) as a representative of the penciclovir analogues.
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The synthesis of the acyclic part of the compounds (I), (II) and (III) was modified according to a proce-
dure described in [20, 21] and follows the route shown in Fig. 2.
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Fig. 2. The synthesis of 1,3-dibenzyloxy-2-chloromethoxypropane

Benzyl alcohol and sodium hydride were stirred at room temperature in dry hexane. 1,3-Dichloro-2-
propanol was added and stirring was continued for 8 hours under nitrogen at 100 °C to produce 1,3-
dibenzyloxy-2-propanol (1) in a yield of 64 %. (1) was added to 1,2-dichloroethane followed by para-
formaldehyde and with bubbling of dry HCl gas through the reaction mixture 1,3-dibenzyloxy-2-
chloromethoxypropane (2) was obtained (82 %).
The bases N6-methyladenine, 5-hydroxyuracil and 6-methyluracil were coupled to 1,3-dibenzyloxy-2-
chloromethoxypropane (2) in dry dimethyl formamide with triethyl amine to produce N6-methyl-9-[(1,3-
dibenzyloxy-2-propoxy)methyl]adenine (3), 5-hydroxy-1-[(1,3-dibenzyloxy-2-propoxy)-methyl]uracil (4)
and 6-methyl-1-[(1,3-dibenzyloxy-2-propoxy)methyl]uracil (5). Splitting off the protection group resulted
in N6-methyl-9-[(1,3-dihydroxy-2-propoxy)methyl]adenine (metacycad) (I), 5-hydroxy-1-[(1,3-dihydroxy-
2-propoxy)methyl]uracil (hydracyclur) (II) and 6-methyl-1-[(1,3-dihydroxy-2-propoxy)-methyl]uracil
(metacyclur) (III) (Fig. 3).
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Fig. 3. The syntheses of metacycad (I), hydracyclur (II) and metacyclur (III)

The preparation of fluor-substituted metacyclur involved the protection of the hydroxylic group in posi-
tion 1‘, followed by introduction of a leaving group for fluorination in 3‘. The precursor 6-methyl-1-[[1-
(p-anisyldiphenylmethoxy)-3-(p-toluenesulphonyloxy)-2-propoxy]methyl]uracil (7) was obtained from 6-
methyl-1-[(1,3-dihydroxy-2-propoxy)methyl]uracil (III) by treatment with p-anisychloro-diphenyl-
methane in dimethyl formamide and with a trace of dimethylamino pyridine to produce 6-methyl-1-[[1-
(p-anisyldiphenylmethoxy)-3-hydroxy)-2-propoxy]methyl]-uracil (6) in a 47 % yield, followed by tosyla-
tion with tosyl chloride in anhydrous pyridine (63 %).
Fluorination occurred with potassium fluoride and kryptofix 2.2.2. in acetonitrile at 120 °C, forming 6-
methyl-1-[[1-(p-anisyldiphenylmethoxy)-3-fluoro 2-propoxy]methyl]uracil (8) in a yield of 23 %. Finally
the protection group was split off, yielding the fluorinated compound 6-methyl-1-[(1-hydroxy-3-fluoro 2-
propoxy)methyl]uracil (IV) (63 %) (Fig. 4).
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Fig. 4. Synthesis of 6-methyl-1-[(1-hydroxy-3-fluoro-2-propoxy)methyl]uracil (IV)

The synthesis of penciclovir (14) was carried out according to a modified procedure described in [22].
The reaction scheme is illustrated in Fig. 5.
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Fig. 5. The synthesis of penciclovir

2-(Hydroxymethyl)butane-1,4-diol (10) was prepared in a yield of 94 % from triethyl-1,1,2-ethane-
tricarboxylate by heating in tert. butanol with sodium borhydride. (10) was isolated as a colourless oil
which reacted with 2,2-dimethoxypropane and a trace of toluenesulphonic acid in tetrahydrofurane
under mild conditions to yield 5-(2-hydroxyethyl)-2,2-dimethyl-1,3-dioxane (11) (34 %). Treatment of
(11) with carbon tetrabromide in dimethyl formamide at low temperature provided 5-(2-bromoethyl)-
2,2-dimethyl-1,3-dioxane (12). The yield of the bromination reaction was (83 %). Reaction of (12) with
2-amino-6-chloropurine and anhydrous potassium carbonate afforded a 31 % yield of 2-amino-6-
chloro-9-[2-(2,2-dimethyl-1,3-dioxane-5-yl)-ethyl]purine (13). In order to obtain the desired penciclovir
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(14), deprotection of (13) in refluxing hydrochloric acid was required. This reaction was carried out in a
yield of 90 %.
We decided to optimize the substrate properties of penciclovir to TK by introducing a methyl group into
the molecule in order to change the lipophilicity of the compound, referring to [23, 24] where the
change in antiviral activities depending on a methyl group in the acyclovir molecule is described
(Fig. 6).
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Fig. 6. Methylation of penciclovir

The desired product (V) was obtained from penciclovir (14) by treatment with methyl iodide in dimethyl
formamide followed by an extensive preparative column chromatography.
All substances were identified by elemental analysis and structures were proved by 1H NMR spectros-
copy. The content of fluorine was determined by 19F NMR spectroscopy. The compounds (I)-(IV) were
evaluated by an isolated nucleoside kinase essay for their enzyme affinity to HSV-1TK and (IV) was
found to have a high affinity to HSV-1 TK in comparison with ganciclovir [18].
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26. Substrates of the Herpes-Simplex-Virus 1 Thymidine Kinase and Escherichia Coli
Cytosine Deaminase for Monitoring Gene Expression
Part 2: Synthesis of New IVFRU Derived Nucleosides

T. Kniess, B. Noll

Introduction
(E)-5-(2-iodovinyl)-2’-fluoro-2’-deoxyuridine (IVFRU), a nucleoside analogue that displays potent and
selective anti-HSV-1 activity in vitro, is an effective substrate for herpes simplex virus type-1 thymidine
kinase (HSV-1 Tk) [1, 2]. Bearing a fluorine substituent at the 2’-position, IVFRU is also resistant to
phosphorylase–mediated deglycosation [3]. The facile noninvasive scintigraphic detection of HSV-1 Tk
gene expression in tumour cell lines, using [125I] and [131I] iodo labelled IVFRU, was reported [4, 5].
It seems to be worthwhile developing an IVFRU derivative labelled with the positron emitter
[18F]fluorine for utilization of the nucleoside to monitor gene expression by PET. Early attempts to in-
troduce a [18F]fluorine into the 2’-position of uridine produced very low yields [6]. Our approach started
with the synthesis of new nonradioactive nucleosides derived from the IVFRU structure.

Experimental
General
2’-Fluoro-2’-deoxy-uridine 1 and 2’-chloro-3’,5’-diacetyl-uridine 3 were synthesized as described in the
literature [6, 7]. Preparative HPLC separation was performed with an RP 18 column (16 mm diameter)
at a flow rate of 5 ml/min, isocratic mixtures of acetonitrile and water as eluents and UV detection at
254 nm. The melting points and 1H NMR spectroscopic data of the new compounds were given as
follows:
2’-Fluoro-2’-deoxy-3’,5’-diacetyl-uridine 2: colourless crystals; melting point: 172 – 173 °C
1H NMR-data (ppm, DMSO-d6): 2.02 (s, 3H, -OCH3); 2.10 (s, 3H, -OCH3); 4.17/4.35 (m, 1H, 5’-H);
              4.26 (m, 1H, 4’-H); 5.22 (m, 1H, 3’-H); 5.47/5.60 (dd, 1H, 2’-H); 5.68 (d, 1H, 5-H), 5.89 (d, 1H,
              1’-H), 7.72 (d, 1H, 6-H); 11.46, (s, 1H, -NH).
5-Iodo-2’-fluoro-2’-deoxy-uridine 4: light yellow crystals; melting point: 210 – 213 °C
1H NMR-data (ppm, DMSO-d6): 3.59/3.80 (dd, 2H, 5’-H); 3.88 (d, 1H, 4’-H); 4.17 (d, 1H, 3’-H); 4.94 /
              5.07 (dd, 1H, 2’-H); 5.38 (t, 1H, 5’-OH); 5.60 (d, 1H, 3’-OH); 5.85 (d, 1H, 1’-H); 8.49 (s, 1H,
              6-H); 11.71 (s, 1H, -NH).
5-Iodo-2’-fluoro-2’-deoxy-3’,5’-diacetyl-uridine 5: yellow foam; melting point: 71 – 73 °C
1H NMR-data (ppm, CDCl3): 2.13 (s, 3H, -OCH3); 2.19 (s, 3H, -OCH3); 4.35 (m, 1H, 4’-H); 4.43 (d, 2H,
              5’-H); 5,13 (m, 1H, 3’-H); 5.24/5.37 (dd, 1H, 2’-H); 5.89 (d, 1H, 1’-H); 7.88 (s, 1H, 6-H); 9.93
              (s, 1H, -NH).
5-Iodo-2’-chloro-2’-deoxy-3’,5’-diacetyl-uridine 6: white foam; melting point: 62 - 66 °C
1H NMR-data (ppm, CDCl3): 2.18 (s, 3H, -OCH3); 2.24 (s, 3H, -OCH3); 4.39 (s, 2H, 5’-H); 4.46 (m, 1H,
              4’-H); 4.57 (t, 1H, 3’-H); 5.19 (t, 1H, 2’-H); 6.10 (d, 1H, 1’-H); 7.92 (s, 1H, 6-H); 9.42 (s, 1H,
              -NH).
5-Iodo-2’-chloro-2’-deoxy-uridine 7: white solid; melting point: >230 °C (decomp.)
1H NMR-data (ppm, DMSO-d6): 3.60/3.75 (dd, 2H, 5’-H); 3.94 (m, 1H, 4’-H); 4.23 (m, 1H, 3’-H); 4.58
              (t, 1H, 2’-H); 5.44 (t, 1H, 5’-OH); 5.89 (d, 1H, 1’-H); 5.92 (d, 1H, 3’-OH); 8.52 (s, 1H, 6-H);
              11.75 (s, 1H, -NH).
5-(3-Hydroxy-1(E)-propenyl)-2’-fluoro-2’-deoxy-uridine 8: white solid; melting point: 180 - 183 °C
1H NMR-data (ppm, DMSO-d6): 3.60/3.77 (dd, 2H, 5’-H); 3.83 (d, 1H, 4’-H); 3,97 (d, 2H, propenyl-
              CH2); 4.20 (m, 1H, 3’-H); 4.70 (t, 1H, propenyl-OH); 4.87/5.01 (dd, 1H, 2’-H); 5.37 (t, 1H,
              5’-OH); 5.62 (d, 1H, 3’-OH); 5.91 (d, 1H, 1’-H); 6.19 (d, 1H, =CH-); 6.47 (dt, 1H, =CH-); 7.88
             (s, 1H, 6-H); 11.46 (s, 1H, -NH).
5-(3-Hydroxy-1(E)-propenyl)-2’-fluoro-2’-deoxy-3’,5’-diacetyl-uridine 9: light yellow foam; melting point:

62 - 64 °C
1H NMR-data (ppm, DMSO-d6): 2.02 (s, 3H, -OCH3); 2.09 (s, 3H, -OCH3); 4.02 (t, 2H, propenyl-CH2),
              4.14/4.35 (dd, 2H, 5’-H); 4.27 (t, 1H, 4’-H); 4.81 (t, 1H; propenyl-OH); 5.28 (m, 1H,
              3’-H);5.49/5.62 (dd, 1H, 2’-H); 5.91 (dd, 1H, 1’-H); 6.23 (d, 1H, =CH-); 6.59 (dt, 1H, =CH-);
              7.80 (s, 1H, 6-H); 11.56 (s, 1H, -NH).
5-(3-Hydroxy-1(E)-propenyl)-2’-chloro-2’-deoxy-uridine 10: oil
1H NMR-data (ppm, DMSO-d6): 3.24/3.29 (m, 2H, 5’-H); 4.02 (t, 2H, propenyl-CH2); 4.07 (t, 1H, 4’-H);
            4.38 (m, 1H, 3’-H); 5.19 (m, 1H, 2’-H); 5.90 (s, 1H, -OH); 6.29 (d, 1H, 1’-H); 6.31 (d, 1H, =CH-);
            6.68 (dt, 1H, =CH-); 8.01 (s, 1H, 6-H); 11.42 (s, 1H, -NH).
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5-(3-Methoxy-1(E)-propenyl)-2’-fluoro-2’-deoxy-3’,5’-diacetyl-uridine 11: oil
1H NMR-data (ppm, DMSO-d6) : 2.02 (s, 3H, -COOCH3); 2.10 (s, 3H, -COOCH3); 3.23 (s, 3H, -OCH3);
             3.94 (d, 2H, propenyl-CH2); 4.20/4.32 (m, 2H, 5’-H); 4.27 (t, 1H, 4’-H); 5.29 (m, 1H, 3’-H);
             5.49/5.62 (dd, 1H, 2’-H); 5.90 (d, 1H, 1’-H); 6.26 (d, 1H, =CH-); 6.55 (dt, 1H, =CH-); 7.84 (s,
             1H, 6-H); 11.60 (s, 1H, -NH).
5-(3-Methoxy-1(E)-propenyl)-2’-fluoro-2’-deoxy-uridine 12: white solid; melting point: 73 - 77°C
1H NMR-data (ppm, DMSO-d6) : 3.31 (s, 3H, -OCH3); 3,62/3.79 (dd, 2H, 5’-H); 3.88 (d, 1H, 4’-H); 3.92
             (d, 2H, propenyl-CH2); 4.20 (m, 1H, 3’-H); 4.97/5.10 (dd, 1H, 2’-H); 5.38 (t, 1H, 5’-OH); 5.62
             (d, 1H, 3’-OH); 5.92 (d, 1H, 1’-H); 6.24 (d, 1H, =CH-); 6.43 (dt, 1H, =CH-); 8.17 (s, 1H, 6-H);
              11.49 (s, 1H, -NH).

Results and Discussion
The synthesis strategy was based on the introduction of an alkenyl side chain to 5-iodo-2’-halogeno-
uridines. This chain was to bear a formal functional group, primarily hydroxyl, to facilitate a further
modification with a view to [18F]fluorine labelling.
The scheme of synthesis is outlined in Fig. 1. 2,2’-Anhydrouridine was the general starting material.
Ring cleavage with hydrogen fluoride in dioxane under anhydrous conditions produced 2’-fluoro-2’-
deoxy-uridine 1 .By reacting 2,2’-anhydrouridine with an excess of acetyl chloride in acetonitrile, a
chlorine atom was introduced at the 2’-position with simultaneous acetylation of the 3’- and 5’-position
to yield 2’-chloro-2’-deoxy3’,5’-diacetyl-uridine 3.
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Fig. 1. Scheme of synthesis of nucleosides derived from IVFRU

Compound 2 was synthesized in a 62 % yield by reaction of 1 with acetic anhydride in the classical
manner. For the introduction of the side chain at the 5-position of the uridine, this point had to be acti-
vated by a iodine substituent. So 5-iodo-2’-fluoro-2’-deoxy-uridine 4 was produced by iodination of 1
with iodine monochloride in methanol at 80 °C, which produced good results (a 67 % yield). This
seems to be a simpler procedure than iodination of 1 with sodium iodide and nitric acid as described in
the literature [9]. For iodination of 2 and 3 an aprotic solvent such as dichloromethane was required to
prevent complete deprotection of the hydroxyl groups. For 5 the yield of this reaction came to 88 %
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and for 6 it was 93 %. 5-Iodo-2’-chloro-2’-deoxy-uridine 7 was synthesized by removing the acetyl
protective groups in 6 with potassium carbonate in water.
Furthermore, we focused on having a hydroxyl group at the end of the side chain. The preparation of a
protected tributylstannylated unsaturated alcohol seemed to be difficult, so we tried coupling it with E-
(1-tributylstannyl)-propene-1-ol. By reaction of 5 and E-(1-tributylstannyl)-propene-1-ol with
(PPh3)2PdCl2 in dry tetrahydrofurane the 5-alkylated nucleoside 9 was obtained in a 49 % yield. Using
the nonprotected nucleosides 4 or 7 as starting compounds, the yields of the products were small (8 to
26 % ).
To modify the free hydroxyl group of the side chain 9 was methylated with diazomethane. The struc-
ture of the resulting methyl ether 11 was identified by the appearance of a new methyl group in the 1H-
NMR spectrum at 3.23 ppm, while the signal of the former hydroxyl group at 4.81 ppm was no longer
detected. Compound 11 was also deprotected with potassium carbonate to obtain the nucleoside 12 in
a 32 % yield.
To sum up, alkenylation of the 5-position of 2’-fluoro-2’-deoxy-uridine with a stannylated 3-hydroxy-
(E)-1-propenyl side chain opened the way to synthesizing new 3-hydroxy-(E)-1-propenyl substituted
uridine derivatives similar to IVFRU.
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27. Substrates of the Herpes-Simplex-Virus 1 Thymidine Kinase and Escherichia Coli
Cytosine Deaminase for Monitoring Gene Expression
Part 3: Synthesis of a Precursor for Labelling of 5-Iodo-2’-fluoro-2’-deoxy-uridine (FIRU)
with [18F]Fluorine

T. Kniess, St. Noll, B. Noll

Introduction
Imaging by gamma scintigraphy has been of increasing interest for the detection of HSV-1 Tk expres-
sion. For that purpose 5-Iodo-2’-fluoro-2-deoxy-uridine (FIRU), a substrate of HSV-1 Tk was labelled
with the isotopes [131I] and [125I]iodine and the in-vitro uptake of the radioiodinated compounds was
determined in tumour cells transducted with a retroviral vector possessing the HSV-1 Tk-gene
[1, 2]. In a comparative study between [123I]IVFRU and [125I]FIAU, the [125I]FIRU provided optimal per-
formance in terms of selectivity for HSV-1 Tk expressing cells and with 14 % of the injected dose/gram
of tumour the highest uptake [3].
To make use of the advantages of PET we were looking for a method to introduce [18F]fluorine into
FIRU. Previous attempts at labelling 2’-fluoro-2’-deoxy-uridine with [18F]fluorine in the 2’-position were
thwarted by very low yields [4]. Our approach consisted in labeling FIRU in the 3’-position, for which
we needed a suitable precursor. This paper reports the synthesis of a FIRU derivative which is meth-
ylsulphonylated in the 3’-position and methoxy-tritylated in the 5’-position and may serve as a precur-
sor for [18F]fluorine labelling.

Experimental
5-Iodo-2’-fluoro-2’-deoxy-5’-(p-methoxy-triphenylmethyl)-uridine 2: melting point: 96 - 100 °C
1H NMR data (ppm, DMSO-d6): 3.23 (s, 2H, 5’-H); 3.73 (s, 3H, -OCH3); 4.01 (m, 1H, 4’-H); 4.33 (m ,
              1H, 3’-H); 5.09/5.23 (dd, 1H, 2’-H); 5.59 (d, 1H, 3’-OH); 5.84 (d, 1H, 1’-H); 6.90-7.42 (m, 14H,
              Harom); 8.06 (s, 1H, 6-H); 11.79 (s, 1H, -NH).
5-Iodo-2’-fluoro-2’-deoxy-5’-(p-methoxy-triphenylmethyl)-3’-methylsulfonyl-chloride 3: melting point :
              122 – 126 °C
1H NMR-data (ppm, DMSO-d6): 3.18 (s, 3H, SO2CH3); 3.23/3.37 (dd, 2H, 5’-H); 3.72 (s, 3H, -OCH3);
              4.20 (s, 1H, 4’-H); 5.47 (m, 1H, 3’-H); 5.56/5.69 (dd, 1H, 2’-H); 5.90 (d, 1H, 1’-H); 6.87-7.41
             (m, 14H, Harom); 8.21 (s, 1H, 6-H); 11.91 (s, 1H, -NH).

Results and Discussion
The synthesis of the precursor 3 is illustrated in Fig. 1. FIRU 1 [2] was reacted with p-methoxy-
triphenylmethyl chloride and 4-dimethylamino-pyridine in acetonitrile at 40 °C. After purification by
column chromatography the p-methoxy-tritylated product 2 was obtained in a 64 % yield. Although we
used a twofold excess of p-methoxy-triphenylmethyl chloride, no tritylation in the 3’-position was ob-
served, as was proved by 1H NMR spectroscopy with the appearance of the –OH signal at 5.59 ppm.
This is consistent with the literature where the protecting reagent is described as being selective for
the 5’-position of nucleosides.
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Mesylation was carried out by reacting 2 with methanesulphonyl chloride in dry dichloromethane and
triethylamine at room temperature. For separation of 3 from unreacted starting material we had to
carry out a preparative HPLC on a RP 18 column with an isocratic mixture of acetonitrile/water. In this
way 3 was obtained as a white foam in a 60 % yield. In the 1H NMR spectrum of 3 the mesyl group is
detectable as a new signal at 3.18 ppm while the signal of the 3’-proton is shifted by the new substitu-
ent to 5.47 ppm compared from 4.33 ppm in the starting compound 2.
The mesylated product 3 will be used as a precursor for fluorination with potassium fluoride and kryp-
tofix-2.2.2 in acetonitrile to obtain the inactive 2’,3’-difluorinated nucleoside needed after deprotection
as reference compound for the labelling with [18F]fluorine.
Efforts to synthesize a 3’-tosylated precursor by reaction of 2 with p-toluenesulphonyl chloride in dry
pyridine resulted in the loss of the methoxytrityl group during this reaction so that only the 5’-iodo-2’-
fluoro-2’-deoxy-3’-(p-tolylsulfonyl)-uridine was isolated.
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28. Substrates of the Herpes-Simplex-Virus 1 Thymidine Kinase and Escherichia Coli
Cytosine Deaminase for Monitoring Gene Expression.
Part 4: Synthesis and Tosylation of 5-Hydroxymethyl-Cytosine

T. Kniess, St. Noll, B. Noll

Introduction
The cytosine deaminase gene of Escherichia coli is one of the suicide genes used in gene therapy.
For monitoring the gene expression by PET, a cytosine derivative labelled with the positron emitting
element [18F]fluorine is obligatory. 5-[18F]Fluoro-cytosine, synthesized some years ago [1] is unlikely to
be suitable since the resulting 5-[18F]fluoro-uracil is not accumulated in the cell which results in an
unfavourable target/nontarget ratio.
Looking for other substrates of cytosine deaminase usable for development of a [18F]fluorine labelled
imaging agent, we considered 5-hydroxymethyl-cytosine .The synthesis and tosylation are described
in this report.

Experimental
The structures and purity of the synthesized compounds were confirmed by elemental analysis and
1H NMR spectroscopy.
4-Amino-5-carbethoxy-2-mercaptopyrimidine 1: white solid; melting point: 261 - 265 °C
1H NMR data (ppm, DMSO-d6): 1.25 (3H, t, -CH3); 4.22 (2H, q, -CH2-); 7.86 (1H, s, -NH), 8.01 (1H, s,
                                                 -=CH-); 8.50 (1H, s, -NH); 12.65 (1H, s, -SH).
4-Amino-5-carbethoxy-2-methylthiopyrimidine 2: white crystals; melting point: 125 – 127 °C
1H NMR-data (ppm, DMSO-d6): 1.27 (3H, t, -CH3); 2,45 (3H, s, -SCH3), 4,24 (2H, q, -CH2-), 7.64(1H, s,
                                                 -NH); 8.01 (1H, s, -NH); 8.55 (1H, s, =CH-).
4-Amino-5-hydroxymethyl-2-methylthio-pyrimidine 3: white cristals; melting point: 121 - 123 °C
1H NMR-data (ppm, DMSO-d6): 2.37 (3H, s, -SCH3); 4.27 (2H, d, -CH2-); 5.28 (1H, s, -OH); 

6.74 (2H, s, -NH2); 7.87 (1H, s, =CH-).
5-Hydroxymethyl-cytosine 4: white solid, melting point: > 300 °C (decomp.)
1H NMR-data (ppm, DMSO-d6): 4.13 (2H, d, -CH2-); 4.94 (1H, t, =CH-); 6.48 (1H, s, -OH), 7.25 (2H, s,
                                                 -NH2); 10.47 (1H, s, -NH-).
N4-Tosyl-5-hydroxymethyl-cytosine 5: white solid, melting point: 190 - 192°C
1H NMR-data (ppm, DMSO-d6): 2.39 (3H, s, -CH3); 4.25 (2H, d, -CH2-); 5.26 (1H, t, -OH); 7.33 (1H, s
                                                   -NH-); 7,44 ( 2H, d, Ar); 7.82( 2H, d, Ar); 8.00 (1H, s, =CH-); 8,10
                                                   (1H, s, -NH-).

Results and Discussion
The synthesis of 5-hydroxymethyl-cytosine was adapted from the literature [2]. The scheme of reac-
tion is illustrated in Fig. 1. 4-Amino-5-carbethoxy-2-mercaptopyrimidine 1 was synthesized in a 56 %
yield by cyclization of ethyl-ethoxymethylene-cyanoacetate with thiourea. The methylation of 1 was a
crucial step in the course of the reaction. Despite using an excess of dimethyl sulphate, large amounts
of unreacted starting material remained. An effective separation of product 2 was required, which was
only possible by Soxhlet extraction with 20 % acetic acid. In this way the pure 2 was isolated only in a
37 % yield. The reduction of the carboxylic group of 2 with LiAlH4 went without problems to supply the
hydroxyl compound 3 in a 68 % yield. The desired 5-hydroxymethyl-cytosine 4 was obtained by desul-
phuration of 3 with hydrochloric acid, the yield in this step was 39 %. Summing up, we find the overall
yield of this 4-step synthesis to be only 5.4 % compared with 36 % described in the literature.
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To label 5-hydroxymethyl-cytosine with [18F]fluorine, a precursor bearing an activated leaving group is
required. Tosylate and triflate, the most often used leaving groups, were introduced by reaction of a
hydroxyl group with p-toluenesulphonyl chloride or trifluoromethanesulphonic anhydride. In the reac-
tion of 5-hydroxymethyl-cytosine 4 with tosyl chloride in dry pyridine, tosylation was expected at the
hydroxyl or at the amino group. The product we isolated was identified as N4-tosyl-5-hydroxymethyl-
cytosine 5 (Fig. 2). The structure was confirmed by 1H NMR where a free unsubstituted hydroxyl group
occurred at 5.26 ppm. So the amino group was found to be the preferred position for tosylation. When
tosylation at the 5-position is intended, the amino group has to be protected, for instance by a BOC
group.
The usefulness of the N-tosylated compound 5 as a precursor for fluorination with fluorine gas to yield
an N-fluorinated cytosine derivative will be investigated.
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29. Substrates of the Herpes-Simplex-Virus 1 Thymidine Kinase and Escherichia Coli
Cytosine Deaminase for Monitoring Gene Expression.
Part 5: Efficiency Study to Improve the 18F-labelling of N1-Methyl-9-[(1-hydroxy-3-
[18F]fluoro-2-propoxy)methyl]guanine by HPLC Detailed Control

B. Noll, M. Scheunemann, M. Grote, St. Noll

The 18F-labelled derivative of Ganciclovir 9-[(1-hydroxy-3-[18F]fluoro-2-propoxy)methyl]guanine
([18F]FHPG) is an useful substrate of the Herpes-Simplex-Virus 1 Thymidine Kinase (HSV1-TK) for
monitoring the expression of the therapeutic gene.
The predominant elimination for the tracer is via the renal excretion pathway. Although, significant
tracer amounts of [18F]FHPG were found in the intestine [1]. To increase the renal excretion pathway
we intended to vary the lipophilicity of [18F]FHPG by introduction of a methyl group into the N1-position
of ganciclovir to get N1-Methyl-9-[(1-hydroxy-3-[18F]fluoro-2-propoxy)methyl]guanine 3 [1]. Attempts to
label the corresponding precursor according to the procedure described in [2] for [18F]FHPG synthesis
failed. However we succeeded in modifying the procedure so that the labelling product 3 results to
>25 % yield.

18F-Labelling Procedure
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Fig.1. [18F] labelling of the precursor (1) containing methoxy trityl (MTr) protecting groups and a tosyl
leaving group (Ts).

The modified procedure involves the azeotropic destillation of the 18F containing mixture of kryptofix
2.2.2 and K2CO3 with acetonitrile and evacuation of the reaction vial under vacuum. To this anhydrous
fluoride / kryptofix complex a solution of the precursor 1 in dry acetonitrile was added and heated at
140 °C. After cooling, first HPLC analysis was performed to investigate the formation of the intermedi-
ate compound 2. Subsequently, the reaction mixture was passed through a Sep-Pak silica gel car-
tridge (LiChrolut Si, MERCK). It was pretreated with methanol and dried before use. The cartridge was
eluted with 15 % MeOH in CH2Cl2 and in a further HPLC analysis the eluate was investigated. The
methylene chloride was removed in a continuous flow of nitrogen. To split off the protecting groups 1
N HCl was added and the closed vial heated. The completeness of the reaction was checked after
2 min and 5 min. The mixture was neutralised by adding of NaOH and purified by semipreparative
HPLC (eluent: 5 % acetonitrile / water, flow rate 5 ml/min, column: Knauer Hypersil-ODS, 10 µm,
250 × 8 mm).
The isolated fraction was diluted with water and passed through an activated polystyrene cartridge
(LiChrolut EN, Merck). The cartridge was washed with 2 ml water and finally the product eluted with
ethanol. HPLC analysis reveals that the "cold" reference compound co-elutes with the [18F] labelled
product.
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Fig. 2. HPLC chromatograms of the intermediate 2 after adding the inactive reference compound;
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Fig. 3. HPLC chromatogram of the 18F labelled final product 3; (column: Eurospher-100 C18,
250x 4mm, eluent A: H2O, eluent B: MeCN; 5 min 92% A/ 8 % B; 15 min from

92% A/8 % B to 0 % A/100 % B; 5 min 0 % A/100 % B).

Discussion
We found that 1 can be converted in the fluorinated product 2 in about 75 % yield showing that the
tosyl leaving group is well appropiated for this labelling step (Fig. 1). Several inactive substances in
the reaction mixture (unreacted precursor 1 (Rt = 9.7 min), p-toluenesulfonic acid (Rt = 2.1 min) and
some unidentified species (Rt = 3.2 min) and additionally some radioactive impurities (Fig. 2) were
successfully removed by a Sep Pak cartridge purification. A reaction time of 5 min was sufficient to
remove the methoxytrityl protecting groups.
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Whereas the radiochemical yield of the labelling method described in [2] was approximately 10 %
(decay corrected), the yield in our preparation amounts to >20 % with a radiochemical purity >95 %.
The preparation time was not optimized but does not exceed, in sum, 175 min. This modified method
of the 18F labelling of precursors having tosyl as leaving group can successfully be transferred to a
series of precursors with acyclic sugar derivatives.
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30. Substrates of the Herpes-Simplex-Virus 1 Thymidine Kinase and Escherichia Coli
Cytosine Deaminase for Monitoring Gene Expression.
Part 6: Results of a Fast and Simple Screening Method to Determine Possible Substrates
for the Herpes-Simplex-Virus 1 Thymidine Kinase

M. Grote, B. Noll, St. Noll, T. Kniess, L. Scapozza1

1Department Pharmacy, ETH Zurich

As explained in the editorial, the Herpes Simplex Virus Type-1 Thymidine Kinase (HSV1-TK) is char-
acterized by a broad substrate diversity. It phosphorylates several pyrimidine and purine nucleoside
analogues into their corresponding monophosphates. Because of the low stereochemical demands for
the sugar moiety, ribofuranosyl and arabinofuranosyl derivatives of these bases as well as molecules
with open-chain side groups are accepted. The knowledge as to whether a compound is a suitable
substrate for the HSV-1-TK or not is important for the use of radiolabelled derivatives for monitoring. A
modified version of a previously published method [1] was used for this purpose.

Experimental Procedures
Materials: [Methyl-3H]thymidine (185 GBq/mmol), adenosine-triphosphate (ATP) and bovine serum
albumin (BSA) were obtained from Sigma. 5-Iodo-2’-fluoro-2’-deoxy-β-D-arabinofuranosyl-uridine
(FIAU) 24 was purchased from Hartmann Analytic and 2’- fluoro 2’-deoxy-β-D-arabinofuranosyl-uridine
23 from ABX. Compounds 13 –16, 25 – 29 were commercially available (Aldrich), all others were pre-
pared in our laboratories. Analysis was performed by RP-HPLC using Eurospher RP-18 (Knauer) col-
umns (25 x 4 mm).
The viral TK was selected as previously described [1].

Nucleoside kinase assay: Standard assay conditions [2] were 50 mM tris buffer solution pH 7.5, 5 mM
MgCl2, 5 mM ATP, 0.5 mg/ml BSA and 1 µM [methyl- 3H]thymidine in a final volume of 50 µl. Assays
were incubated at 37 °C for 15 min. Fractions obtained by HPLC separation were collected and the
radioactivity was determined by liquid scintillation measurement. 90 units/mg enzyme were deter-
mined, but one enzyme unit is defined as the amount of enzyme catalysing the formation of 1nm thy-
midine monophosphate / min. This correlates with previously published data.[3]

HPLC assay: In order to predict wether a compound is a substrate for the viral TK or not, the formation
of ADP and the corresponding monophosphate was quantitatively monitored by ion-pair HPLC with
NaH2PO4-buffer, tetrabutylammonium hydrogensulfate and varying amounts of methanol as the elu-
ent. The ratio ADP / ATP provided information about the possible substrate affinity. The formation of
the nucleoside monophosphate was qualitatively checked. A typical assay was carried out at 37 °C
and contained 50 mM tris, pH 7.5, 5 mM MgCl2, 5 mM ATP, 1 – 5 µg enzyme (HSV-1 TK) and 1 mM
substrate. Samples were taken after 1 h, 4 h and 8 h and diluted with water to stop the reaction. Every
assay was repeated at least three times. Two blank reactions (no enzyme or no substrate) were run
concurrently to determine the minimal reaction. ATP hydrolysis was not taken into account.
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Results
A series of nucleosides were tested to obtain information about a possible substrate affinity to the
HSV-1 TK. The results are shown in Fig. 1 and Fig. 2.

1 2 3 4 5 6 7 8 9 10 11 12

0

0,05

0,1

0,15

0,2

0,25

0,3

%
AD

P/
%

AT
P

                     Substrate

NN

NN

O

NH2

R

O

OH
R

1

2

NN

NN

O

NH2

R

OH
R

R

1

2

3

NN

NN

X

OH
OH

NH
CH3

N

NH

O

O

O

OH R

R

R1

2

3

1 - 4 5 - 7 8 + 9 10 - 11

1. R1 = H, R2 = OH 5. R1 = H, R2 = OH, R3 = H 8. X = O 10. R1 = H, R2 = CH3, R3 = OH

2. R1 = H, R2 = F 6. R1 = CH3, R2 = OH, R3 = H 9. X = CH2 11. R1 = H, R2 = CH3, R3 = F

3. R1 = CH3, R2 = OH 7. R1 = H, R2 = OH, R3 = Br 12. R1 = OH, R2 = H, R3 = OH

4. R1 = CH3, R2 = F

Fig.1. ADP/ATP ratio of tested acyclopurines and -pyrimidines



86

13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

0

0,2

0,4

0,6

0,8

1

1,2

1,4
%

AD
P/

%
AT

P

Substrate

O

R OH

OHN

NH

O

O
R1

2

O

OH

OHN

N

O

NH2

O

R OH

OHN

NH

O

O
R

2

1 1

O
F

OH

OHN

NH

O

O
R

O

OH OH

NN

NNH

O

OH
R

R
O

OH OH

NN

NNH

O

OH
Br

O1

2

O

OH OH

NN

NN

OH
R

NH2

2

13 -15, 17 -19 16 20 - 22 23 + 24

25, 27, 28 26 29

13. R1 = CH3, R2 = H 19. R1 = I, R2 = F 24. R1 = I, R2 = F

14. R1 = H, R2 = OH 20. R1 = CH2OH, R2 = F 25. R1 = H, R2 = H

15. R1 = Br, R2 = OH 21. R1 = I, R2 = F 27. R1 = NH2, R2 = H

17. R1 = H, R2 = F 22. R1 = CH2OCH3, R2 = F 28. R1 = NH2, R2 = Br

18. R1 = H, R2 = Cl 23. R1 = H, R2 = F

Fig. 2. ADP/ATP ratio of tested ribofuranosyl and arabinofuranosyl derivates



87

Discussion
The ion-pair HPLC allows quick screening of substances for their substrate activity in response to the
HSV-1-TK enzyme. The retention times of ADP (5.8 min) and ATP (11.5 min) under standard condi-
tions show a high reproducibility and permit a quantitative evaluation of the enzymatic conversion rate.
Substances with an acyclic sugar moiety (1-12) generally have a lower conversion rate compared to
those with cyclic sugar moiety (13-18) (Figs.1, 2).
A comparison of purines with an acyclic sugar moiety (1 with 2 and 3 with 4, Fig.1) shows that the
substitution of a hydroxy group by fluorine results in a lower substrate affinity. An exception are the
pyrimidine derivatives 10 and 11 where the fluorinated compound 11 shows a higher ADP formation
rate than the non-fluorinated 10. This phenomenon will be studied in further investigations. The carba
analogue 5 (penciclovir) of 1 (ganciclovir) shows a similarly good ADP / ATP ratio as 1. Against that,
alkylation of the 1-NH group (3, 6) or the N-methyl derivative of adenine (8, 9) instead of guanine
leads to a drastic decrease in the ADP / ATP ratio (Fig. 1).
Ribofuranosyl and arabinofuranosyl derivatives with a pyrimidine moiety show good ratios compared
with thymidine (Fig. 2). By contrast, the affinity of derivatives with a purine base (25-28) is reduced.
The substitution of the methyl group in 6-position of the uracil ring against bromine (15) or iodine (19),
or of hydrogen respectively a hydroxy group in the 2’-position by fluorine (17, 19, 23, 24) does not
show great differences. But the introduction of a longer side chain (20 – 22) reduces the conversion
rate. No differences worth mentioning were observed between furanosyl and arabinofuranosyl deriva-
tives (17, 19, 23, 24).
However, several ribofuranosyl pyrimidines (13-16, 23) are also substrates for the mammalian thymi-
dine host kinase and therefore not suitable for gene therapy nor, possibly, for monitoring.[4, 5]
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31. Substrates of the Herpes-Simplex-Virus 1 Thymidine Kinase and Escherichia Coli
Cytosine Deaminase for Monitoring Gene Expression.
Part 7: Preparation of Cytosine Deaminase from Escherichia Coli

M. Grote, A. Gupta, St. Noll, T. Kniess, B. Noll, H. K. Schackert1, M.Hauses1

1Abt. Chirurgische Forschung, Uniklinikum der TU Dresden

Introduction
Cytosine deaminase (CD), an enzyme which catalyses hydrolytic deamination of cytosine 1 to uracil 3,
originates in lower organisms such as Escherichia Coli and yeast’s but not in mammalian cells [1]. The
ability to convert 5-fluoro-cytosine 2 into cell-toxic 5-fluoro-uracil 4 makes it suitable for use in several
suicide gene therapy protocols [2]. A suitable radiolabelled cytosine derivative would make it possible
to monitor the transfection and expression of the suicide gene in tumor cells by positron emission to-
mography (PET), provided that a sufficient amount of the radiotracer is trapped in the tumor cells. The
first step to developing such compounds is to prove their substrate affinity to cytosine deaminase in
vitro. For that purpose the isolated enzyme was obtained by over-expression and purification from
transformed Escherichia Coli bacteria. This paper describes the isolation of the CD and the determi-
nation of enzymatic activity by measuring the enzyme units, KM and Kkat of the substrates cytosine and
5-fluorocytosine.
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Fig.1. CD catalysis the deamination of cytosine 1 and 5-fluoro-cytosine 2

Materials and Methods

Bacterial strain: Escherichia coli S∅ 113(CSH01 codA) with the expression vector pTrcHisCD were
gifts from Dr. J. Gebert, Ruprecht-Karls-University, Heidelberg. Isopropyl β-D-thiogalactopyranoside
(IPTG), imidazole, lysozyme, cytosine and 5-fluorocytosine were obtained from Sigma, purification
was carried out using a standard kit (Quiagen). Pall Filtron Microsept Centrifugal Devices were used
for concentration of the enzyme.
Media and growth conditions: The growth medium was LB medium (bacto-tryptone, bacto-yeast ex-
tract and NaCl in H2O) containing 100 mM MgCl2 and 100 mM CaCl2.
Over-expression and purification: 200 ml LB liquid media (containing 400µl ampicilin) were inoculated
with 5 ml of an overnight culture (LB/ampicilin) and grown at 37 °C until the OD600 was 0.5 (140min).
Expression was induced by adding IPTG up to a final concentration of 1 mM, followed by cultivation
for another of 4 hours, centrifugation and freezing of the cell pellets at –70 °C. To prove the expres-
sion of the CD, a Coomassie-stained SDS-PAGE analysis was performed which showed a clear in-
duction tag in contrast to the noninduced sample. The cell pellets were resuspended in lysis buffer,
lysozyme (1mg/ml) was added and the probes incubated on ice for 30 min. After ultrasonic treatment
the lysate was centrifuged, the supernatant decanted and saved on ice until purification using a Ni-
NTA Spin Kit under native protein conditions as described by Quiagen and analysed for purity by
SDS-PAGE. Subsequently the purified protein was concentrated with Pall Filtron Microsept Centrifugal
Devices followed and finally the enzyme was stored at –70 °C prior to being used.
Enzyme assay: Various amounts (up to 2 µg) of cytosine deaminase were added to quartz cuvette
with 0.2 cm length of path containing 1 mM cytosine or 5-fluoro-cytosine dissolved in tris-buffer pH 7.5.
The cuvette was shaken up once and than the absorbance at 286 nm was continuously measured by
an uv/vis spectrometer for 5 min. One unit of activity is the amount of enzyme catalysing the deamina-
tion of 1.0 µmole of substrate per minute at 25 °C. Specific activity is given in units per milligram pro-
tein [3].
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For each substrate the initial rates were measured with various substrate concentrations ranging from
0.1 mM to 3.0 mM as described above and the KM, Vmax and turnover number k of the protein was
determined. The data were fitted, using a Lineweaver-Burk plot (Figs. 2, 3).
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Fig.2. left: Direct plot of initial rate vs concentration of cytosine, right: Lineweaver-Burk plot of cytosine
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Fig.3. left: Direct plot of initial rate vs concentration of 5-fluorocytosine, right: Lineweaver-Burk plot of
5-fluorocytosine

Results and Discussion
The expression and purification of cytosine deaminase, followed by ist concentration using Pall Filtron
Microsept Centrifugal Devices, result in a concentrated enzyme (up to 50 mg CD/ml) of high specific
activity in a good yield. It is stable and can be stored at –70 °C for several weeks. The enzyme unit,
specific activity and the KM value were determined for two substrates by kinetic measurements. The
results are given in Table 1.

Table 1. Results of kinetic measurements and specific activity of the CD

Substrate Enzyme Unit
[µmole/min]

Specific activity
[U/mg protein]

KM
[mM]

Vmax
[mM/s]

k
[1/s]

Cytosine 16·10-3 38 0.63 9.5 10-4 0.127
5-Fluorocytosine 4.3 10-3 2.1 5.2 8.4 10-4 0.026

For cytosine a KM of 0.63 mM falls in the range of further data published, ranging from 0.2 mM to
2.5 mM [3]. The decrease in specific activity and the increase in KM of one dimension by using
5-fluoro-cytosine as substrate is also in good agreement with published data. The highly concentrated
enzyme obtained can be used now for screening of new substances of lower substrate affinity.
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Introduction
The radioligand (+)-[11C]McN5652 ([11C]1) is the most promising PET tracer for noninvasive investiga-
tions of the serotonin transporter (SERT) in the living organism. However, the kinetics of this radio-
tracer in the human brain is to slow in relation to the half-life of carbon-11 (t½ = 20.4 min). A satisfac-
tory ratio of 1.8 between specific (midbrain) and nonspecific binding (cerebellum) was reached after
115 min [1].
Suehiro et al. [2] therefore made an effort to label (+)-McN5652 with fluorine-18 (t½ = 110 min) by
synthesis of the [18F]fluoroethyl analogue [18F]2. Replacement of the original S-methyl group by the S-
fluoroethyl moiety led to a considerable decrease in affinity and selectivity for the SERT. The penetra-
tion of [18F]2 into the brain of mice and the ratios between specific and nonspecific binding are lower
than with [11C]1.
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Fig. 1. Structure of serotonin transporter radioligands based on (+)-McN5652

Alternatively, the fluoromethyl analogue 3 of (+)-McN5652 (FMe-McN) is also of interest as its struc-
ture is close to the original structure of McN5652. The affinity to the SERT of this new compound is
similar to that of 1. The 18F-labelled 3 can be synthesized by reaction of demethylated 1 with
[18F]bromofluoromethane, which was introduced in the late eighties by Coenen and co-workers [3].
In this paper we describe the preparation of the nonradioactive FMe-McN, its preliminary biological
evaluation as well as the synthesis of [18F]FMe-McN.

Experimental

General
All reagents and solvents were of analytical or HPLC grade and used without further purification. (+)-
McN5652 and the thioester precursor 4 were synthesized as described in an earlier report [4]. The
[18F]fluoromethylation reagent [18F]bromofluoromethane was prepared from dibromomethane by nu-
cleophilic substitution of bromine by [18F]fluoride according to Eskola et al. [5].
NMR spectra were recorded on a Varian INOVA 400 spectrometer. 1H and 13C NMR spectra were
obtained, using CDCl3 as a solvent and internal standard. Mass spectrometric analyses were per-
formed on a Perkin Elmer mass spectrometer PE SCIEX API 150 EX, using the positive ion mode with
a turbo ion spray as an ion source.
The chemical and radiochemical purity was determined by high pressure liquid chromatography
(HPLC) with a Purospher RP18 column (Merck) isocratically eluted with water/acetonitrile (50/50)
containing 0.1M ammonium formate. Semipreparative HPLC purification was carried out with a Kro-
masil RP18 column (7 µm, 300 mm x 8 mm) isocratically eluted with water/acetonitrile (60/40) con-
taining 0.1M ammonium formate at a flow rate of 4 ml/min. The enantiomeric purity of [18F]FMe-McN
was determined by chiral HPLC or by 1H NMR of the complexes of 3 with R-(+)-α-methoxy-α-
trifluoromethylphenylacetic acid ((+)-MTPA, Mosher's acid) as described in [4].
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Synthesis of (+)-trans-1,2,3,5,6,10b-hexahydro-6-[4-(fluoromethylthio)phenyl]-pyrollo-[2,1-a]-isoquino-
line (FMe-McN, 3)
Normethyl-(+)-McN5652 was prepared by hydrolysis of the thioester 4 (100 mg, 0.34 mmol) by 1 M
tetrabutylammonium hydroxide solution in methanol (TBAH, 600 µl, 0.6 mmol). The resulting solution
was diluted with dimethyl formamide (4 ml), placed in a sealed reaction vessel and cooled down with
methanol/dry ice.
Bromofluoromethane (200 mg, 1.8 mmol) was trapped in this solution at -78 °C. The reaction mixture
was warmed up to room temperature and stirred for 5 min at this temperature.
After dilution with water (10 ml), the product was extracted with dichloromethane (3 x 25 ml). The
combined organic extracts were washed with water (2 x 30 ml), dried with magnesium sulphate and
evaporated in vacuum.
The crude product was purified by flash chromatography and converted into the (+)-O-di-p-
toluoyltartrate.
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Fig. 2. Synthesis of the thioester precursor, FMe-McN, and [18F]FMe-McN

Synthesis of (+)-trans-1,2,3,5,6,10b-hexahydro-6-[4-([18F]fluoromethylthio)phenyl]-pyrollo-[2,1-a]-iso-
quinoline ([18F]FMe-McN, [18F]3)
The thioester precursor 4 (0.5 mg, 1.5 µmol) was treated with a 0.3 M TBAH solution in methanol
(60 µl, 18 µmol) for 10 min at room temperature. The reaction mixture was then diluted with DMF (200
µl). [18F]Bromofluoromethane was trapped in this solution at room temperature. After trapping
[18F]bromofluoromethane, the reaction vessel was heated at 40 °C for 1 min. The reaction mixture was
then diluted with water/acetonitrile (50/50, 400 µl). [18F]FMe-McN was separated by semipreparative
HPLC using the system described above. The product fraction was diluted with water (20 ml) and
pressed through an activated Chromafix RP18 cartridge. The cartridge was washed with water (5 ml)
and [18F]FMe-McN was eluted with absolute ethanol (1 ml).
Radioligand binding assays
The affinity of FMe-McN to the serotonin, dopamine (DAT), and norepinephrine transporter (NET) was
tested, using the radioligand binding assays summarized in Table 1.

Results and Discussion

Synthesis of FMe-McN
The synthesis of the fluoromethyl analogue of (+)-McN5652 2 (FMe-McN) was prepapred by fluo-
romethylation of demethylated (+)-McN5652 with bromofluoromethane. The structure of the resulting
product was confirmed by mass spectrometric and NMR spectrometric analyses. The 1H NMR spec-
trum is characterized by a doublet for the thiofluoromethyl moiety at 5.7 ppm with a H-F coupling con-
stant of 53.1 Hz. The 13C NMR spectrum has a doublet for the thiofluoromethyl group at 88.8 ppm with
a C-F coupling constant of 216 Hz.
In vitro binding studies
FMe-McN was used for in vitro binding studies to determine its affinity to the 5-HT, dopamine, and
norepinephrine transporter in comparison with (+)-McN5652 (Table 2).The affinity of FMe-McN to the
5-HT transporter was compared with other inhibitors (Table 3).
The replacement of hydrogen by fluorine at the S-methyl group of McN5652 slightly reduces the affin-
ity to the 5-HT transporter. However, it is still better by a factor of 3 than the affinity of citalopram, the
most selective 5-HT uptake inhibitor kwnon so far. The affinity of FMe-McN to the dopamine and nor-
epinephrine transporter is similar to that of (+)-McN5652.
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We therefore expect [18F]FMe-McN to be a suitable radiotracer for in vivo imaging of the 5-HT trans-
porter.

Table 1. Radioligand binding assays
Transporter Membran

preparation
Radioligand Buffer Incubation Nonspecific binding

SERT
Caudate nucle-
us from porcine

brain

[3H]Paroxetine
(17.1 Ci/mmol)

50 mM TRIS-HCl,
100mM NaCl,
5 mM KCl, pH 7.4

60 min,
20 °C

10 µM clomiprami-
ne

DAT
Cloned human

transporter
[3H]WIN 35,428
(83.5 Ci/mmol)

50 mM TRIS-HCl,
100mM NaCl,
5 mM KCl, pH 7.4

120 min,
4 °C

1 µM GBR-12909

NET
Rat cortex

pre-paration
[3H]Nisoxetine
(80.6 Ci/mmol)

50 mM TRIS-HCl,
100mM NaCl,
5 mM KCl, pH 7.4

120 min,
4 °C

10 µM protriptylin

Table 2. Inhibition constants (Ki) of FMe-McN and (+)-McN5652 for the 5-HT (SERT), dopamine
(DAT), and norepinephrine transporter (NET)

Transporter FMe-McN (+)-McN5652

SERT 2.3 nM 0.72 nM

DAT 9.6 nM 9.4 nM

NET 9.3 nM 6.6 nM

Radiochemistry
[18F]Bromofluoromethane was prepared, starting from dibromomethane, by nucleophilic substitution of
bromine by [18F]fluoride. The product was reacted with normethyl-McN5652 to yield [18F]FMe-McN.
After separation by semipreparative HPLC and solid phase extraction, [18F]FMe-McN was obtained in
a radiochemical purity > 97 %. The decay-corrected radiochemical yield (based on [18F]fluoride, cal-
culated at the end of bombardment) was 5 ± 1 %. The total synthesis time was about 65 min. The
specific radioactivity was 200 - 2,000 GBq/µmol (5.4 - 54 Ci/µmol) at the end of synthesis.
The reaction mixture resulting from the fluoromethylation step contained [18F]FMe-McN (50 %), a polar
by-product (45 %) and unreacted [18F]bromofluoromethane (< 5 %). The composition of the reaction
mixture was not dependent on the reaction temperature in the range from 25 to 60 °C. Prolongation of
the reaction time to up to 10 min did not significantly change the product ratio.
The incomplete conversion of [18F]bromofluoromethane is an indication of the lower reactivity of this
fluoromethylation agent in comparison with [11C]methyl iodide. Under similar reaction conditions
[11C]methyl iodide completely reacted with thiol 5.

Table 3. Inhibition constants (Ki) of FMe-McN and other ligands for the 5-HT transporter

Inhibitor Ki (nM)
Paroxetine 0.19 ± 0.05

Clomipramine 0.19 ± 0.04
(+)-McN5652 0.72 ± 0.20

Fluoxetine 0.89 ± 0.12
FMe-McN 2.30 ±±±± 0.05
Imipramine 2.90 ± 0.49
Citalopram 6.61 ± 0.64
Venlafaxin 35.0 ± 5.0

Protryptiline 35.9 ± 7.1
Nisoxetine 57.9 ± 14.0
Serotonin 592 ± 98
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Conclusion
After demonstration of the high in vitro affinity to the serotonin transporter, the [18F]fluoromethyl ana-
logue of (+)-McN5652 was synthesized as a potential radiotracer for imaging of the serotonin trans-
porter. Satisfactory radiochemical yields were achieved by fluoromethylation of S-demethylated (+)-
McN5652 with [18F]bromofluoromethane.
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Introduction
Several 11C- and 18F-labelled tracers are known for investigating the serotonin transporter, but only
(+)-[11C]McN5652 was recently demonstrated to be suitable for clinical use. Satisfactory ratios be-
tween specific and nonspecific binding were reached In the human brain after 115 min [1]. By that time
the total amount of radioactivity in the brain is quite low due to the half-life of 11C (20.4 min).
In view of the slow washout of the unspecifically bound tracer, we expected an improvement in the
target-to-nontarget ratios by prolonging the investigation time. We therefore synthesized the
[18F]fluoromethyl analogue of (+)-McN5652 ([18F]FMe-McN) [2]. With a comparable affinity to the se-
rotonin transporter, this new radioligand allows longer investigation times.
Several authors described solvolysis of [18F]fluoromethyl compounds [3, 4]. We therefore have the
stability of FMe-McN and [18F]FMe-McN in various solvents.

Experimental

General
All reagents and solvents were of analytical or HPLC grade and were used without further purification.
FMe-McN and [18F]FMe-McN were prepared as described in an earlier report [2].
Radio thin layer chromatography (radio TLC) was performed, using Merck silica gel 60 F254 plates
eluted with ethyl acetate/hexane/methanol (5/5/1). The compounds were detected, using a radio TLC
scanner [5].
Mass spectrometric analysis of the decomposition of FMe-McN
(+)-FMe-McN (1 mg) was dissolved in a water/methanol mixture (80/20) containing 0.01 M ammonium
formate. This solution was kept at room temperature. In order to follow the course of the decomposi-
tion reaction, samples of the solution were analysed with the LC-MS system according to [2] after 0,
15, and 38 min.
Stability of [18F]FMe-McN
The stability of [18F]FMe-McN was analysed in ethanol, propylene glycol, water containing 0.9 % so-
dium bicarbonate, and mixtures of ethanol or propylene glycol with sodium bicarbonate solution.
The ethanolic solution of [18F]FMe-McN resulted from solid phase extraction after synthesis and purifi-
cation of the labelled compound as described in [2]. Parts of this solution were diluted with various
volumes of sodium bicarbaonate solution (0.9 %).
The solution of [18F]1 in propylene glycol was prepared by evaporating the starting ethanolic solution
almost to dryness. The residue was diluted in propylene glycol and diluted with appropriate amounts of
sodium bicarbonate solution (0.9 %).
The solution of [18F]FMe-McN in water containing sodium bicarbonate (0.9 %) was prepared in a simi-
lar manner.
The decomposition was monitored by radio TLC as described above.

Results and Discussion
We studied the stability of FMe-McN and [18F]FMe-McN in various solvents and solvent mixtures. Sol-
volysis of FMe-McN in a water/methanol mixture (80/20) at pH 7 yielded a product with a molecular
mass of 281 g/mol, which corresponds to normethyl-McN5652. These findings indicated, that the sul-
phur-fluoromethyl bond was cleaved in the course of the decomposition reaction.
The stability of [18F]FMe-McN was analysed in solutions with various contents of ethanol or propylene
glycol at room temperature. In ethanol or propylene glycol no solvolysis was observed within 180 min.
In ethanol or propylene glycol solutions containing 50 % of a sodium bicarbonate solution (0.9 %)
10 % of [18F]FMe-McN was converted into a polar product within 180 min. The rate of solvolysis in-
creased with increasing proportions of the sodium bicarbonate solution as shown in Table 1.

[18F]FMe-McN is stable in solutions containing 50 % ore more ethanol. Such solutions cannot be ad-
ministered to animals or humans. Our observations suggest that [18F]FMe-McN possesses a satisfac-
tory stability in solutions containing 50 % propylene glycol. Solutions with this amount of propylene
glycol are acceptable for intravenous injection. Preliminary in vivo studies in rats demonstrate the sta-
bility of [18F]FMe-McN under these conditions.
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Table 1. Stability of [18F]FMe-McN

Solvent Solvent
composition

Time
[min]

Amount of
[18F]FMe-McN [%]

propylene glycol - 200 96
propylene glycol/NaHCO3 (0.9 %) 50:50 120 86
ethanol/ NaHCO3 (0.9 %) 50:50 120 95
propylene glycol/ NaHCO3 (0.9 %) 25:75 30 76
ethanol/ NaHCO3 (0.9 %) 25:75 30 80
ethanol/ NaHCO3 (0.9 %) 10:90 30 55
NaHCO3 (0.9 %) - 10 55
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Introduction
Pentamethinium salts, belonging to the extensive class of polymethines, are of great interest because
of their electronic properties, which make them attractive for theoretical investigations as well as for
synthetic purposes.
The structure-property relationships of polymethines have been widely examined, especially in terms
of their suitability as dyestuffs [1]. In addition, their reactivity towards various classes of compounds
(e.g. oxidants, reductants [1], nucleophiles [2]) as well as their thermal behaviour [1, 3] have been
described.
We applied pentamethinium salts as precursors in labelling reactions to synthesize 11C-ring labelled
benzenoid aromatics [4]. In various reactions starting from 5-dimethylamino-1-methyl-penta-2,4-
dienylidene-1-dimethylammonium perchlorate (1), the occurrence of typical by-products was ob-
served.
Our intention was now to identify the nature of these substances as well as the pathway of their for-
mation.

Results and Discussion

In our condensation experiments to obtain 11C-labelled compounds, 5-dimethylamino-1-methyl-penta-
2,4-dienylidene-1-dimethylammonium perchlorate (pentamethinium salt 1) was found to give
N,N-dimethylaniline (3) in the presence of a base (Scheme 1). Yields of 3 are found to range between
about 20 % and a nearly quantitative yield (determined by HPLC), depending on the reaction condi-
tions and the compounds reacting.

Scheme 1. Formation of N,N-dimethylaniline starting from compound 1

NMe2

NMe2Me2N
 

+ ClO4

_

This finding can be explained by means of a base-catalysed intramolecular condensation reaction of
compound 1 (Scheme 2). Obviously, the pentamethinium salt itself has a considerable inherent CH
acidity leading to deprotonation of the 1-methyl group by the auxiliary base, resulting in the formation
of a hexatriene system (2a/2b) as shown in Scheme 2. At higher temperatures, those hexatriene sys-
tems are known to undergo a cyclisation reaction (synchronous six-electron cyclisation) into cyclo-
hexadienes, followed by elimination and thus aromatisation, provided that they bear a suitable leaving
group [5].

             1                                                                                                                  3
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Scheme 2. Base-catalysed intramolecular condensation reaction of pentamethinium salt 1

NMe2Me2N

NMe2Me2NNMe2Me2N
+

(base)

NMe2Me2N
H

+
-

- Me2NH
Me2N

∆

According to [5], compounds 2a, 2b and 2c (Scheme 2) are postulated to be intermediates of the re-
action, although they were neither isolated nor characterised.
N,N-dimethylaniline was identified by HPLC, corresponding to an authentic sample in retention time
and UV spectrum.

Depending on the strength of the CH acidity of the compound to be reacted, the described in-
tramolecular cyclisation reaction of the pentamethinium salt may occur as a competitive reaction or
even become the main process. In those cases the suitability of the precursor 1 for the synthesis of
11C-labelled aromatic compounds in the described way [4] seems to be limited.

References

[1] Berlin, L.; Riester, O. Cyanine. in: Methoden der Organischen Chemie (Houben-Weyl)-5/1d,
4.Aufl., 1972, 227-299.

[2] Viteva, L.; Stefanovski, Y.; Gospodova, T.; Mazières, M.R.; Wolf, J.G. Lithium reagents addition in
cyanine dyes series. Tetrahedron Lett. 41 (2000) 2541-2544.

[3] Schedler, U.; Bendig, J.; Dähne, L. Solid state chemistry of polymethines. Mol. Cryst. Liq. Cryst.
Sci. Technol. Sect.A 264 (1995) 11-22.

[4] Steinbach, J.; Mäding, P.; Füchtner, F.; Johannsen B. N.c.a. 11C-labelling of benzenoid com-
pounds in ring positions: Synthesis of nitro-[1-11C-]benzene and [1-11C-]aniline. J. Labelled
Compd. Radiopharm. 36 (1995) 33-41.

[5] Mäding, P.; Steinbach, J.; Johannsen B. N.c.a. 11C-labelling of benzenoid compounds in ring
positions: [11C]Anisole derivatives. J. Labelled Compd. Radiopharm. 39 (1997) 585-599.

[6] Mäding, P.; Steinbach, J. N.c.a. 11C-labelling of benzenoid compounds in ring positions: Synthe-
sis of 3-nitro-[3-11C-]toluene and 4-nitro-[4-11C-]toluene and their corresponding toluidines. J. La-
belled Compd. Radiopharm. 41 (1998) 647-656.

[7] Jutz, C.; Wagner, R.M. Die synchrone Sechs-Elektronen-Cyclisierung von Hexatriensystemen. 
Angew. Chem. 84 (1972) 299-302.

1                                                             2a

3                                                 2c

2b



98

35. Simultaneous Preparation of 16αααα-[18F]Fluoroestradiol-Sulphamates in an Automat-
ed Module. A High-Yield Procedure for 16αααα-[18F]Fluoro-Estradiol-17ββββ-Sulphamate
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Introduction

Our efforts to produce 16α-[18F]fluoroestradiol ([18F]FES) in a high radioactivity level has resulted in a
module-assisted procedure [1] applied for breast cancer diagnosis in our PET centre since that time.
Later, we were able to convert [18F]FES in the same module into 16α-[18F]fluoroestradiol-3,17β-
disulphamate ([18F]FESDS) [2]. We were further able to produce [18F]FESDS in a module-assisted
one-pot procedure [3] within 90 min.
After the discovery that 16α-halogen-estradiol-3,17β-disulphamates are highly active steroid sulpha-
tase inhibitors [4, 5], it was supposed that steroids as 16α-fluoro-estradiol-3,17β-disulphamate
(FESDS) should be suitable for chemotherapeutic intervention in breast cancer because the breast
cancer tissue contains steroid sulphatase in high activity. On the other hand, [18F]FESDS should be
applicable in PET investigations to image such sites of high steroid sulphatase activity.
The conditions for producing sulphamates were exactly studied. When estradiol was subjected to sul-
phamoylation with excess sulphamoyl chloride (H2N-SO2Cl, SCl) in anhydrous acetonitrile and in the
presence of solid sodium carbonate as a base, three sulphamates were formed: estradiol-3-
sulphamate, estradiol-17β-sulphamate, and estradiol-3,17β-disulphamate. The same result was found
for substituted estradiols. Thus, using 16α-fluoroestradiol (FES) as the starting compound, a  proce-
dure for  producing 16α-fluoroestradiol-3-sulphamate (FES3S), 16α-fluoroestradiol-17β-sulphamate
(FES17S), and 16α-fluoroestradiol-3,17β-disulphamate (FESDS), and for purifying them by HPL
chromatography was elaborated [6].
 In the module-assisted procedure [3], SCl was applied in high excess related to n.c.a. [18F]FES. The
primary product was [18F]FESDS, as expected. 16α-[18F]fluoro-estradiol-3-sulphamate ([18F]FES3S)
and 16α-[18F]fluoroestradiol-17β-sulphamate ([18F]FES17S) were obtained with a very low radioactivity
level.
In the first animal experiments [18F]FESDS was found to bind strongly to the erythrocytes [7]. Thus,
the blood vessels were primarily imaged. The questions whether this applies to both monosulpha-
mates and whether there were also other targets are still unanswered.  We therefore carried out
modified module-assisted experiments to produce [18F]FES3S and [18F]FES17S with an appreciable
radio-activity level.

Experimental

Materials and methods
The experiments were carried out in an automatically operating module which was also used to pro-
duce [18F]FES and [18F]FESDS . Module and procedure were described in detail [3]. The necessary
precursor, 3-O-methoxymethyl-16,17-O-sulphuryl-estra-1,3,5(10)-triene-3,16β,17β-triol (cyclic sul-
phate), was prepared according to a given formula [8]. Sulphamoyl chloride (SCl) was prepared from
commercially available N-carbonylsulphamoyl chloride [9] and stored at 5 °C under nitrogen. Solvents
and reagents (Sigma-Aldrich) were used as supplied. Kryptofix 2.2.2 (K222) was purchased from
Merck. [18F]HF was produced in an IBA CYCLONE 18/9 cyclotron using enriched  [18O]H2O (1.5 ml, 94
%) from Chemotrade (Leipzig, Germany). After 60 min irradiation time, the radioactivity at end of bom-
bardment (EOB) was between 40 and 60 GBq. To separate the final products, an HPLC system
(JASCO) was used. It consisted of an injection loop (10 ml), a semipreparative RP column (SP 250/10
Nucleosil 120-7 C18, Macherey & Nagel, Germany), a UV/VIS detector and a radioactivity detector. 45
% EtOH was used as the eluant at a flow of 1.5 ml/min. To keep check of the purity of the final prod-
ucts, an HPLC system (Hewlett Packard) with a diode array detector, a radioactivity detector and an
analytical column (ET 125/8/4 Nucleosil 120-5 C18 Macherey & Nagel) were used.
Before the synthesis the following solutions were prepared:
Solution I K222 (10 mg) and K2CO3 (1.85 mg) per ml 86 % aqueous MeCN (3 ml)
Solution II Cyclic sulphate  (2 mg) in 1 ml absolute MeCN (freshly prepared solution)
Solution III 0.1 M hydrochloric MeCN (6 ml), freshly prepared by mixing 9 parts of 

MeCN and 1 part of 1 M HCl
Solution IV SCl (10 – 25 mg) in 1.5 ml absolute MeCN (freshly prepared solution)
Solution V 22.5 % EtOH (4 ml)



99

Before each synthesis, the module was washed with acetone and dried by an air stream (cleaning
program). Five storage vials of the module were filled with solutions I - V, a sixth vial with absolute
MeCN (12 ml). Then the starting [18F]HF solution was transferred from the cyclotron into the module.
After measuring the starting radioactivity A0 at  t = t0, the synthesis program was started.

Simultaneous synthesis of [18F]FES3S and [18F]FES17S
After starting the synthesis program, the following operating steps were automatically carried out:
1. Careful drying of the reaction mixture before fluorination. – Addition of solution I (1.5 ml) and

MeCN (3 ml) and removing the solvent at 100 °C for 4 min. Addition of MeCN (3 ml) alone. Re-
peat of the drying process.

2. Nucleophilic fluorination. – Addition of solution II. Closing the reaction vessel and heating the
reaction mixture to 100 °C. After 10 min the reaction mixture was cooled and dried.

3. Acidic hydrolysis to remove the protective groups. – Addition of a third of solution III and
removing the solvent at 100 °C for 3 min. Repeat of the process twice.

4. Careful drying of the reaction mixture before sulphamoylation. – Addition of solution I (1.5
ml) and MeCN (2 ml) and removing the solvent at 100 °C for 4 min. Addition of MeCN (2 ml) and
removing the solvent at 100 °C for 4 min. Repeat of the latter process. The temperature was re-
duced to 30 °C.

5. Sulphamoylation of the reaction mixture at 30 °C . – Addition of solution IV. The temperature
was kept at 30 °C for 5 min. The reaction mixture was dried.

6. Destruction of the excess SCl. – Addition of solution V (1 ml). The reaction mixture was dried.
7. Preparation of the HPLC purification. – Addition of solution V (3 ml). After 1 min the solution

was transferred into the injection loop.
8. HPLC purification. - The solution was injected into the column. The radiochromatogram was

observed, and the eluate was fractionated according to the peaks being eluted. The radioactivity
of the peaks was measured.

Synthesis of [18F]FES17S from [18F]FESDS
Before synthesis an additional hose pipe was installed for adding further solutions through the MeCN
vial into the reaction vessel. 0.1 M HCl was ready to hand. After starting the synthesis program, the
operating steps 1 - 4 were carried out as before, but the temperature was reduced to only 70 °C. The
synthesis was continued as follows:
5. Sulphamoylation of the reaction mixture at 70 °C. – Addition of solution IV. The temperature

was kept at 70 °C for 5 min. The reaction mixture was dried.
6. Destruction of the excess SCl. – Addition of solution V (1 ml). The reaction mixture was dried.
7. Alkaline treatment of the reaction mixture . – Addition of solution I (1.5 ml) and MeCN (3 ml)

through the additional supply pipe into the reaction vessel. The temperature was kept at 70 °C for
5 min. The reaction mixture was dried.

8. Ensuring an acidic medium for HPLC and preparation of HPLC purification. – Addition of
solution V (3 ml) and 1 ml of  0.1 M HCl through the additional supply pipe into the reaction ves-
sel. Then the solution was transferred into the injection loop.

9. HPLC purification. – The solution was injected into the column. The radiochromatogram was
observed, and the eluate was fractionated according to the peaks being eluted. The radioactivity
of the peaks was measured.

Results and Discussion

Synthesis of [18F]FES-monosulphamates
In non-radioactive experiments we succeeded in preparation of FES-monosulphamates by stirring
FES in an anhydrous solvent in the presence of a base and excess SCl only at room temperature. The
yields increased with the stirring time [6]. The sulphamates were formed in the following descending
order: m(FESDS) > m(FES17S) > m(FES3S). On average 25 % FES17S and 15 % FES3S were ob-
tained.  At higher temperatures, the monosulphamates were not obtained in noticeable amounts. Nu-
merous radioactive module-assisted experiments [3] which were performed at 70 °C confirmed this
result.
The module allowed to work with 30 °C as the lowest temperature. All the experiments described here
were therefore carried out at this temperature.
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The results of 10 experiments are compiled in Table 1. The sulphamoylation reaction was carried out
while stirring in absolute acetonitrile, using 10 - 20 mg SCl within 5 min. Only the base for deprotonat-
ing the hydroxy groups (Table 1, column  2) was modified.
Similar to the experiments at 70 °C [2], the highest radioactivity (up to 50 %) was again found in the
polar products . The highest radioactivity for [18F]FES-monosulphamates was found when the sul-
phamoylation was carried out in the presence of a reduced potassium carbonate concentration (condi-
tion B in Table 1). Nevertheless, it did not exceed 25 %. Experiments without a base (condition C) or
without a base and Kryptofix 2.2.2 (condition D) produced even worse results.
The Expts. 5, 6, and 7 of Table 1 started with a high radioactivity level from a 60 min irradiation. The
radioactivities of [18F]FESDS, [18F]FES3S, and [18F]FES17S found at the end of synthesis (EOS, about
90 min after EOB) are summarized in Table 2. By starting with a high radioactivity ( A0 = 40 - 60 GBq)
and carrying out the following sulphamoylation reaction under condition B of Table 1, the accessible
amounts of radioactivity of [18F]FES3S and [18F]FES17S were about 3 GBq and 1 GBq.
Expt. 4 of Table 1 showed the highest proportions of both [18F]FES-monosulphamates. The ra-
diochromatogram of Expt. 4 is illustrated in Fig. 1. The retention times found for [18F]FESDS,
[18F]FES17S, [18F]FES3S, and for the remaining [18F]FES were: 28.2 min, 34.3 min, 37.2 min, and
46.4 min.

Table 1. Distribution of the radioactivity after sulphamoylation of [18F]FES with sulphamoyl chloride
under miscellaneous conditions. Solvent: acetonitrile (1.5 ml); reagent applied: 10 - 20 mg; reaction
temperature : 30 °C; stirring time: 5 min.

Expt. Conditions                            Distribution of radioactivity   %    b)
a) Polar products [18F]FESDS [18F]FES3S [18F]FES17S [18F]FES  c)

  1 A 45 36   6 2 11
  2 A 47 31   7 2 13
  3 A 48 35   9 4   4
  4 B 40 13 16 9 22
  5 B 41 18 15 7 19
  6 B 46 21 16 6 11
  7 B   d) 37 27 14 6 16
  8 C   e) 56   9   8 5 22
  9 C 46 15   9 5 25
10 D 43   2 12 4 39

a) A - Sulphamoylation  in presence of  15 mg K222 and 2,77 mg K2CO3 ; B -  Sulphamoylation  in presence of
15  mg K222 and 0,46 mg K2CO3 ; C - Sulphamoylation  in presence of  15 mg K222 alone; D –Sulphamoy-
lation in absence of any base

b) Radioactivity of the peaks eluted from the column was measured, time-corrected and related to the sum of all
c) Unconverted [18F]FES
d) Instead of  0.46 mg K2CO3 only 0.18 mg had been used
e) Instead of  15 mg K222 only 7 mg K222 had been used

Table 2. Radioactivities of [18F]FES3S and [18F]FES17S available at EOS
after starting the synthesis with [18F]fluoride  from a  60 min irradiation

Expt. A0 [MBq] Radioactivity obtained [MBq] at EOS
a) [18F]FESDS [18F]FES3S [18F]FES17S
5 52000 3980 3080 1110
6 58000 4070 3000 1070
7 46200 4360 2350 1000

a) Experiment number as in Table 1
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 Fig. 1. Radiochromatogram of Expt. 4 of Table 1     Fig. 2. Radiochromatogram of Expt. 3 of Table 2

Different results of radioactive and non-radioactive reactions
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Scheme  1 :  Equilibriums between hydroxysteroid  A , deprotonated 
                      hydroxysteroid  B, and amidosulphonyloxysteroid  C
                      Eq.1  -  Substitution of the proton of the phenolic 3-hydroxy group
                           Eq.2  -  Substitution of the proton of the aliphatic 17β-hydroxy group

-

At first sight, it seemed surprisingly that the radioactivity proportion of [18F]FES3S was  greater than
that of [18F]FES17S in all experiments of Table 1, while former non-radioactive sulphamoylation ex-
periments [6] had produced more of the corresponding 17-monosulphamate. But this is not contradic-
tory as several reactions proceed side by side, depending on the existing equilibrium (see the reac-
tions in Scheme 1). The more acidic proton of the phenolic hydroxy group is easily deprotonated and
hence 3-monosulphamate is preferentially formed by sulphamoylation (Scheme 1, Eq. 1, A→B→C).
This is the case in the rapid radioactive reactions with a high excess of SCl. However, the non-
radioactive experiments were carried out in the presence of solid sodium carbonate as a base for sev-
eral hours. During this time the base split off the 3-amidosulphonyloxy group from FES3S and FESDS
(Scheme 1, Eq. 1, C  → A). Because the 17-amidosulphonyloxy group is less sensitive to sodium car-
bonate (Scheme 1, Eq. 2, C −�−> A), FES17S outweighed FES3S in the non-radioactive reactions
due to the long contact time.
Synthesis of [18F]FES17S from [18F]FESDS
The high sensitivity of the 3-amidosulphonyloxy group to a base was confirmed in non-radioactive
experiments. FESDS was shown to be quantitatively converted into FES17S, and likewise FES3S into
FES. This fact should open a new approach to [18F]FES17S at a higher radioactivity level. In order to
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prove this, we carried out three experiments in which a reaction mixture from the module-assisted
procedure [3] was subjected to an additional alkaline treatment before HPL-chromatographic separa-
tion. Only the alkaline conditions were modified to a slight degree in these three experiments. The
results are summarized in Table 3. In two cases (Expt. 1 and 2) the alkaline reaction mixture was
carefully dried, then heated and stirred.  A moderate conversion of [18F]FESDS into [18F]FES17S took
place. But the highest conversion was observed when the careful drying of the alkaline reaction mix-
ture was left out (Expt. 3). A radiochromatogram of Expt. 3 is illustrated in Fig. 2.

Table 3. Distribution of the radioactivity after alkaline treatment of [18F]FESDS. Solvent: acetonitrile;
reagent: 15 mg K222 and 2.77 mg K2CO3; stirring time: 5 min.

            Distribution of radioactivity   [%]   c)Expt. Conditions
a)

A0

[MBq]

[18F]FES17S
at EOS   b)
[MBq]

Polar products [18F]FESDS    d) [18F]FES17S [18F]FES

1 A 46200 1160 47.5 25.0 27.4   0
2 B 59000 1650 44.5 23.7 19.5 12.3
3 C 58000 2580 26.1 22.7 44.5   6.5

a) A – Alkaline treatment as described in Experimental.  B – Alkaline treatment as described in Experimental, but
90 °C in place of 70 °C.  C – Reaction mixture was not carefully dried as done in  A or B.

b) EOS was 100 min after starting the synthesis.
c) Radioactivity of the peaks eluted from the column were measured, time-corrected and related to the sum of

radioactivity.
d) Unconverted [18F]FESDS

Different from the non-radioactive experiments, Fig. 2 shows that [18F]FESDS was not completely
converted into [18F]FES17S by the additional alkaline treatment. But the peak of [18F]FES17S was the
highest. The radioactivity proportion of the remaining [18F]FES was small, as expected. Because the
starting radioactivity was high (A0 = 52 GBq) the radioactivity of [18F]FES17S obtained at EOS was
also high (2.6 GBq). In this way [18F]FES17S can be made accessible for biological experiments on a
large scale.
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36. Mass Spectroscopic Investigations of By-Products in the Synthesis of 16αααα-
[18F]Fluoro-Estradiol-3,17ββββ-Disulphamate

K. Fischer, J. Römer

Introduction

In the radioactive synthesis of 16α-[18F]fluoroestradiol-3,17β-disulphamate ([18F]FESDS) [1], some
polar by-products are formed which are eluted in the following RP HPLC purification process before
[18F]FESDS (see Fig. 1). They contain almost  half the total amount of radioactivity. Optimization ex-
periments to reduce this percentage of radioactive by-products failed. However, if the composition of
these polar products and the conditions of their formation were known, successful optimization ex-
periments should be possible. The by-products were therefore investigated by mass spectroscopy.
Surprisingly, highly radioactive polar products were also formed when pure [18F]FESDS was treated in
an alkaline medium. Alkaline treatment of [18F]FESDS is a new method of producing 16α-
[18F]fluoroestradiol-17β-sulphamate [2], which was not otherwise available in a high yield. The polar
products were also investigated by mass spectroscopy.

Fig. 1. Typical column radiochromatogram after synthesis of 16α-[18F]fluoro-estradiol-
3,17βdisulphamate

Experimental
General
Mass spectrometric analyses were carried out on a Micromass tandem quadrupole mass spectrome-
ter (Quattro LC) operated in the MS mode and combined with an HPLC system of the 1100 series
(Hewlett Packard). The LC-MS method used a Macherey-Nagel NUCLEOSIL 120 C-18 column (10
mm x 4 mm) and 50 % ethanol as the mobile phase at 0.25 ml/min. The UV absorption of the column
eluate was recorded at 216 nm.
The MS parameters:
Detection mode positive and negative API
Cone 40 V
Capillary 3.5 kV
Desolvation gas flow 763 L/h
Nebulizer gas flow 53 L/h
Mass range 50-800 amu
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Products to be investigated
The products to be investigated were eluted as the red and yellow peaks, which were collected in sin-
gle fractions and lyophilized (Fig. 1). Before measurement the residue of each fraction was dissolved
in 1 ml 50 % EtOH.

Strategy
The following test series were carried out:
Investigation of the eluate of the (yellow) peaks between 15 and 20 min.
Investigation of the eluate of the (red) peaks between 10 and 15 min.
Investigation of the eluate of the polar products formed by alkaline treatment of column-purified
[18F]FESDS with Kryptofix 2.2.2/K2CO3.

Results and Discussion

Investigation of the eluate of the (yellow) peaks between 15 and 20 min
The tests produced mass spectra which contained m/z 524 and m/z 445. The difference ∆ m  = 79
indicates the presence of NH-SO2 as a fragment. If this is true, the mol peak M+ = 524 should  originate
from a substituted fluoroestradioldisulphamate, e.g. 3-(N-amidosulphonyl)fluoroestradiol-3,17β-
disulphamate (M = 526 g/mol, N-amidosulphonyl-FESDS). Such a compound would be more polar
than fluoroestradiol-3,17β-disulphamate (FESDS).

H2N-SO2-O

O-SO2-NH2

F

FESDS

SCl

O-SO2-NH2

F

N-amidosulphonyl-FESDS
H2N-SO2-NH-SO2-O

Eq. 1

In the sulphamoylation reaction, excess sulphamoyl chloride (SCl) is used to convert fluoroestradiol
(FES) into FESDS. If excess SCl were also to substitute a proton of the NH2-SO2 group of just formed
FESDS, N-amidosulphonyl-FESDS would be present as shown in Eq. 1.

But it is also possible that two SCl molecules react with each other to produce N-amidosulphonyl-
sulphamoyl chloride (AS-SCl) as shown in Eq. 2. If AS-SCl were to substitute the favoured 3-OH of
fluoroestradiol (FES) and SCl the 17β-OH of FES, the same substituted FESDS would be present (Eq.
3).

H2N-SO2-Cl   +   H2N-SO2-Cl 
-  HCl

H2N-SO2-NH-SO2-Cl

F

H2N-SO2-NH-SO2-O

O-SO2-NH2OH

F

H2N-SO2-NH-SO2-Cl + HO

+ Cl-SO2-NH2

Eq. 2

Eq. 3

N-amidosulphonyl-FESDSFES

Investigation of the eluate of the (red) peaks between 10 and 15 min
Since the development of the FESDS synthesis we have known that sulphamoyl acid and Kryptofix
2.2.2 (K222) are eluted from an RP column as the first compounds. But especially for K222, the exact
analytical detection has not been previously reported. And we have been unable to explain why the
polar products contained half the total radioactivity in a radioactive synthesis.
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Fig. 2. Mass spectra of the polar products which were eluted as the red peaks in Fig. 1. Only the
peaks at 5.17, 8.85 and 10.04 min in the TIC chromatogram (below) contained masses

of N-amidosulphonyl derivatives of FESDS as shown in the mass spectra (above)

We recorded ESI–  and ESI+ spectra of the polar products. The ESI– spectra of these eluates showed
m/z 96 due to the sulphamoyl acid (H2H-SO2-OH, M = 97 g/mol), which was formed from the decom-
position of SCl in water. Analysis of the total-ion-current (TIC) chromatograms showed the appearance
of m/z 366, 367 and m/z 445, 446, 448 in three TIC peaks (see Fig. 2). In another sample m/z 525,
527 and m/z 604 were found. The known difference ∆ m = 79 again indicates the presence of NH-SO2
as a fragment. This fragment is most likely due to the presence of FESDS, which is substituted by one
or two sulphamoyl groups. Even molecules with more than two sulphamoyl groups are imaginable.
Such substituted FESDS molecules can explain why the polar products contain a lot of radioactivity.
The ESI+ spectra of all eluates of the red peaks showed m/z 377 and m/z 415. This is K222 (M =
376 g/mol) as (M + H)+ and (M + K)+. Further masses were 189, 158, 114 and 70. As the mass-
spectral behaviour of a tertiary amine resembles that of a secondary amine, which often has m/z 70 at
the end of its fragmentation pathway, we believe that the proposed pathway in Fig. 3 is plausible for
K222 fragmentation. The occurrence of m/z 377 and m/z 415 shows that LC-MS (ESI+) is a rather
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important analytical method of detecting K222. The high proportion of radioactivity of the polar prod-
ucts can be explained by clusters (M + K)+F-.
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Fig. 3. Mass-spectral reactions after ES+ ionization of Kryptofix 2.2.2 (M = 376) g/mol)

Investigation of the eluate of polar products formed by alkaline treatment of column-purified
[18F]FESDS with Kryptofix 2.2.2/K2CO3.
The mass spectra confirmed the results, i.e. we found sulphamoyl acid (ESI–) and K222 (ESI+).  An-
other important result was the fact that the eluate of the polar products did not contain steroids, i.e. a
reaction as given in Eq. 1 did not occur when [18F]FES was sulphamoylated. However, as radioactivity
is present in the eluate of these polar products , we have to conclude that [18F]fluoride was split from
[18F]FESDS as a result of its alkaline treatment.

Conclusion
We  made efforts to optimize the synthesis of [18F]FESDS in order to reduce the losses of radioactivity
bound in the polar products, but the experiments were not successful. The results obtained show that
the sulphamoylation of [18F]FES as well as the splitting of [18F]fluoride from the labelled molecules are
both due to the alkaline medium, i.e. that the automated procedure of the production of [18F]FESDS
already represents a compromise. There is little chance to improve it. Thus, the results of the present
report can be summarized as follows:
1. The radioactivity of the polar products is due to (N-amidosulphonyl)n FESDS with n = 1,2,3,4 and

[18F]fluoride. The counterion of [18F]F –  is  (K222 + K) +.
2.   K222 is quantitatively eluted in the eluate of the polar products.
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37. Steroidal  16,17-O-Sulphuryl Derivatives  as Suitable Precursors for 18F-Labelled
trans 16,17-Fluoro Hydrines
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Introduction

After the synthesis and successful application of 16α-[18F]fluoroestradiol (ααααFES) [1] we were anxious
to find out whether 16α-[18F]fluoro-androst-5-ene-3β,17β-diol (ααααFAD) can be developed as a new PET
tracer because androst-5-ene-3β,17β-diol was known as a compound with a high affinity to the estro-
gen receptor.
A general route to synthesize suitable precursors for ααααFES and  ααααFAD was elaborated by Kasch et al.
[2]. This route made it possible to synthesize 16α,17α-O-sulphuryl and 16β,17β-O-sulphuryl derivatives
of 16,17-diols in the estrane as well as in the androstane series. Thus, the isomeric trans fluoro hy-
drines of ααααFES and  ααααFAD, 16β-[18F]fluoro-estra-1,3,5(10)-triene-3,17α-diol (ββββFES) and 16β-
[18F]fluoro-androst-5-ene-3β,17α-diol (ββββFAD), should also be accessible. The reactions of the cis
16,17-cyclic sulphates are illustrated in Scheme 1.
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ααααFES
HO

OH
18F

ββββFES
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OH
18F
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Scheme  1 .  
trans 16,17- Fluoro hydrines  of the  estrane series (ααααFES, ββββFES) and                           
androstane  series (ααααFAD, ββββFAD)  from  cis 16,17- cyclic sulphates

The first radioactive experiments are described in the present paper to produce ααααFAD , ββββFES , and
ββββFAD .

Experimental
The experiments were carried out in a Nuclear Interface module, which was normally used for routine
production of  16α-[18F]fluoroestradiol (ααααFES). The procedure is described in detail elsewhere (see
[1]). Irradiated [18O]H2O which contained either 1700 MBq (two experiments) or 3400 MBq (one ex-
periment) of no-carrier-added (n.c.a.) [18F]HF was used in the experiments. The complete procedure
consisted of three parts: (1) nucleophilic fluorination of the cyclic sulphate as 3-methoxymethyl ether,
(2) acid hydrolysis to remove the protective groups, (3) semipreparative HPLC purification, using an
RP column and 50 % EtOH as solvent. The column was eluted at 1.5 ml/min. The following precursors
were used:

3-O-Methoxymethyl-16,17-O-sulphuryl-androst-5-ene-3β,16β,17β-triol to synthesize  α α α αFAD.
3-O-Methoxymethyl-16,17-O-sulphuryl-estra-1,3,5(10)-triene-3,16α,17α-triol to synthesize ββββFES.
3-O-Methoxymethyl-16,17-O-sulphuryl-androst-5-ene-3β,16α,17α-triol to synthesize  β β β βFAD.
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The non-radioactive analogues of  α α α αFAD,  β β β βFAD and β β β βFES were prepared as reference substances
also according to Scheme 1.

Results and Discussion
The most important result is the fact that we were able to prepare all the 18F-labelled fluoro hydrines
ααααFAD,  β β β βFAD and β β β βFES  according to the module-assisted procedure used for ααααFES [1]. The precur-
sors were rapidly converted and  produced the desired fluoro hydrines in yields of about 25 %. The
results are compiled in Table 1. Berridge’s opinion [3] that the cyclic sulphates were a useful synthetic
tool was fully confirmed.

Table 1. Real yields of 18F labelled trans 16,17-fluoro hydrines after nucleophilic fluorination of the
corresponding trans 16,17-cyclic sulphates with no-carrier-added (n.c.a.) [18F]HF

18F Labelled trans 16,17-fluoro hydrinesExpt. A 0

[MBq]

EOS

[min] after t 0
Compound Radioactivity at EOS

[MBq]

Real yield at EOS

[%]
1 3480 87  α α α αFAD 873 25.0
2 1720 88  β β β βFAD 393 22.8
3 1740 80  β β β βFES 466 26.8

Each 18F labelled fluoro hydrine showed the same retention time as found for its non-radioactive ana-
logue: ααααFES (30.0 min),  β β β βFES (34.6 min), ααααFAD (38.2 min), and  β  β  β  βFAD (51.0 min). As can be seen,
ββββFES was eluted later than ααααFES,  β β β βFAD was eluted later than  α α α αFAD. This means that the β-
analogue is less polar than the α-compound, probably because of the interaction between the 13-
methyl group and 16β-fluorine.
The radiochromatogram of each 18F labelled fluoro hydrine revealed polar products, the radioactivity
being almost 50 %. The degree of conversion of [18F]fluoride into the fluoro hydrines investigated was:
 α α α αFAD (50.9 %), ββββFAD (52.8 %), ββββFES (50.4 %). The radiochemical purity of the 18F-labelled fluoro
hydrines immediately after semipreparative HPLC separation was 99.9 % for  α α α αFAD and ββββFAD, but
99.5 % for ββββFES.

Conclusions
The first results are very promising. It should be possible to perform further reactions in the automated
module. Our plans include especially oxidizing  α α α αFAD to 16α-[18F]fluoro-dehydroepiandrosterone be-
cause the non-radioactive analogue is an anti-cancer drug.
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38. 16αααα-Fluoro-Estradiol-3-Monosulphamate (FESMS) and 16αααα-Fluoro-Estradiol-3,17ß-
Disulphamate (FESDS)– New Carbonic Anhydrase Inhibitors of High Potency
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Introduction

Recently the synthesis of 16α-[18F]fluoroestradiol-3,17β-disulphamate ([18F]FESDS) was described [1,
2] and the compound suggested as a potential PET tracer for imaging steroid-dependent breast tu-
mours because it has a high affinity to the enzyme estrone sulphatase which is present in these tu-
mours in high amounts [3]. However, as a result of in-vivo studies it was concluded that this tracer is
not suitable for tumour imaging, irrespective of whether the tumours express estrone sulphatase or not
[4]. Furthermore, evidence was obtained that the binding to estrone sulphatase seems to be negligible
compared with the binding to another target: carbonic anhydrase. This is not surprising because the
sulphonamides are well-known carbonic anhydrase inhibitors [5, 6].
Carbonic anhydrase (CA; EC 4.2.1.1) is a widespread enzyme whitch catalyses the hydration of car-
bon dioxide and the dehydration of bicarbonate [7]. At least seven, probably nine, distinct isoenzymes
are known, designated CA I – CA IX [8]. They are localized in various compartments of the mammal-
ian cell [7].  CA I, II, III, and VII are cytosolic, CA V is mitochondrial, CA IV and V are membrane-
bound, CA VI is secreted outside the cell.
The sensitivity of the isoenzymes to the sulphonamides varies, CA II and CA V are the most sensitive
isoenzymes, CA I, IV, and VI are somewhat sensitive and CA III is insensitive towards inhibition by
sulphonamides [9, 19].
To test the hypothesis that [18F]FESDS binds to the CA, we used purified enzyme preparations of hu-
man CA I and CA II (HCA I, HCA II) and bovine CA II (BCA II) and investigated the enzyme activity in
the presence of well-known CA inhibitors (Table 1) and of FESDS and 16α-Fluorestradiol-3-
monosulphamate (FESMS) (Fig. 1).

Table 1. Comparison of the Ki values of various carbonic anhydrase inhibitors
CA inhibitor Formula Ki value (nM) Species,

Isoenzyme
Reference

Acetazolamide N N

S
NH SO2NH2

CH3

O 7

5

16

dog (25 oC)

cattle, CA II

human, CA II

[10]

[11]

[14]
Ethoxyzolamide

S

N

H5C2O

SO2NH2

0.7

7.1

9.0
3.4

dog (25 oC)

dog (25 oC)

human, CA I
human, CA II

[10]

[13]

[12]
[12]

Furosemide

NHCH2

Cl

H2NO2S

OO

O

80 dog (25 oC) [10]

Hydrochlorothiazide

N
H

NH
S

Cl

H2NO2S
O O 2350 dog (25 oC) [10]
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Fig. 1a. 16α-Fluorestradiol-3,17ß-disulphamate
(FESDS)

Fig. 1b. 16α-Fluorestradiol-3-monosulphamate
(FESMS)

Experimental
Chemicals
Acetazolamide, hydrochlorothiazide, ethoxyzolamide, furosemide, p-nitrophenylacetate and p-
nitrophenolate were purchased from Sigma (Steinheim, Germany). FESDS and FESMS were synthe-
sized as previously described [2]. Human carbonic anhydrase I and II (HCA I and II) from erythrocytes
was obtained from Sigma and bovine carbonic anhydrase II  (BCA II) from Biochemika (Steinheim,
Germany).

Enzyme assay
We used a CA assay according to Verpoorte et al. [15] to measure the esterase activity of CA. P-
nitrophenylacetate was converted into p-nitrophenolate and acetate (Fig. 2). Because of the colour
shift from white to yellow it was possible to measure the reaction by spectroscopy at a wavelength of
340 nm.

NH3O +

O

OCH3
NH3OCH3

O

P-nitrophenyl acetate                                         P-nitrophenolate                 Acetate

Fig. 2. Reaction scheme of measuring the esterase activity of carbonic anhydrase

The assay was performed in 2 ml reaction tubes (Eppendorf, Germany) containing 450 µl buffer (50
mM Tris-HCl, 50 mM Tris-aminomethane, or 50 mM Tris-sulphate, pH 7.4), 0.1 mg/ml human or bo-
vine CA II or 0.2 mg/ml human CA I, between 0.07 and 0.7 mM p-nitrophenylacetate, and between
10-10 and 10-3 M inhibitor diluted in 50 µl water from 10 mM and 1 mM stock solutions (in 60 % DMSO).
Blanks contained the same reagents without enzyme.

Various incubation temperatures (4, 25, 30, and 37 °C), incubation times (3, 5, 10, 20, and 30 min-
utes), and buffers (see above) were used to optimize the assay.

The absorption of p-nitrophenolate was measured at 340 nm with an anthos htII photometer (anthos
labtec instruments, Salzburg, Austria). The substrate turnover was calculated from a standard curve.
IC50 values were estimated from sigmoidal dose-response curves using the software Prism 3.0.

Results and Discussion
Fig. 3 shows the dependency of the CA activity on the incubation temperature. As expected the high-
est activity was found at 37 oC. At 25 °C the activity was reduced by more than 50%, which indicates
the need to use the higher temperature in our study. In a direct assay of anhydrase activity of human
CA I the reduction by decreasing the temperature was only 30 % [16]. The affinity of the sulphonamide
binding was also found to decrease with increasing temperature [12]. For comparison an assay tem-
perature of 37 oC is therefore recommended.

To optimize the conditions we performed the assay, using various buffers (50 mM Tris-sulphate, Tris-
HCl, and Tris-aminomethane at pH 7.4). No major differences between the buffers were found (data
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not shown). We therefore continued to use Tris-sulphate as described by Verpoorte et al. [15]. The
esterase activity of carbonic anhydrase increased linearly with the incubation time (Fig. 4)so that the
activity after 30 min was 4 times as high as after 5 min. For our experiments we chose an incubation
time of 30 min for high measuring signals.
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Fig. 3. Carbonic anhydrase activity at  various
incubation temperatures

Fig. 4. Carbonic anhydrase activity at various
incubation times

Various concentrations of FESDS and FESMS were used in the CA assay to obtain IC50 values for
these compounds as a measure of their affinity towards carbonic anhydrase. For comparison inhibition
experiments were also performed with acetazolamide, hydrochlorothiazide, ethoxyzolamide, and furo-
semide (Table 2).

Table 2. IC50 values (nM) of FESDS and FESMS in comparison with
various carbonic anhydrase inhibitors
Ligand HCA I HCA II BCA II

FESDS 288 ± 3 54 ± 1 271 ± 4
FESMS 1050 ± 12 53 ± 1 323 ± 3
Acetazolamide 219 ± 2 30 ± 1 100 ± 1
Ethoxyzolamide 655 ± 8 27 ± 1 337 ± 4
Furosemide 631 ± 1 1061 ± 8 795 ± 5
Hydrochlorothiazide 15200 ± 169 7654 ± 90 4304 ± 42

Both FESDS and FESMS have a high affinity towards the human CA II which is only slightly lower
than the affinities of the clinically used CA inhibitors acetazolamide and ethoxyzolamide. FESDS and
FESMS differ by about a factor of three in their affinities to human CA I. The affinity of FESDS is again
similar to that of acetazolamide. It is known that human CA II is more sensitive to sulphonamides than
human CA I [9]. This was confirmed by the present study.

The IC50 values determined in this paper correlate well with data from the literature which were ob-
tained by direct measurement of anhydrase activity (Tab. 1). Generally, the values obtained by Maren
[10], using dog red cells at 25 oC, are about one-tenth of those obtained from our measurements of
esterase activity. However, as mentioned above, the affinity is inversely correlated to the incubation
temperature. This may not be the only explanation. Another study, also performed at 25 oC, found a
ten times increased Ki for ethoxyzolamide (7.1 nM) in dog erythrocytes compared with Maren [13]. We
therefore conclude that FESDS has about the same potency as acetazolamide to inhibit the anhy-
drase activity of CA. an The IC50 for acetazolamide of 550 nM and 64 nM for human CA I and II is also
close to our values [17]. Bayne et al. [18] studied the binding of acetazolamide to CA I and CA II in
human erythrocytes and found inhibitory constants of 2.72 µM and 41 nM.

To sum up, we demonstrated that FESDS and FESMS are among the best carbonic anhydrase in-
hibitors described so far. It remains to be seen whether these compounds will gain clinical importance.
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39. Synthesis of Labelled Advanced Glycation End Products Using N-Succinimidyl
4-[18F]Fluorobenzoate

P. Mäding, Ch. Heichert, M. Scheunemann, R. Helling1, T. Henle1, J. Steinbach, B. Johannsen
1TU Dresden, Institut für Lebensmittelchemie

Introduction
The Maillard reaction between reducing carbohydrates and amino compounds, well studied in food
systems over the last 80 years, turned to a new point of interest when various reaction products in
human tissues were detected in the last few years.
Such “advanced glycation end products” (AGEs) were found to accumulate in vivo during aging as
well as in diabetes or uremia. The physiological effects attributed to AGEs include cell activation, cyto-
kine synthesis by monocytes, interaction with specific receptors (RAGE), an increase in oxidative
stress and others [1, 2, 3, 4].
Whereas the endogenous formation of individual protein-bounded amino acids and their possible
pathophysiological importance are intensively discussed, consequences resulting from dietary AGEs
are still unknown. Nε-Carboxymethyllysine (CML) and Nε-carboxyethyllysine (CEL) proved to be AGE
candidates from the nutritional and physiological point of view, because both amino acids are formed
at proteins during food processing as well as under physiological conditions in vivo according to
Scheme 1.
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Based on studies of the proteolytic release and resorption of peptide-bounded CML and CEL (espe-
cially as dipeptides or tripeptides), the in vivo distribution, metabolism and elimination kinetics of 18F-
labelled derivatives were to be investigated in comparison with 18F-labelled lysine. For this purpose
CML (1a) and CEL (1b) were modified at their free α-amino group, using N-succinimidyl
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4-[18F]fluorobenzoate ([18F]SFB), to obtain the 4-[18F]fluorobenzoylated derivatives 2a or 2b according
to Scheme 2.

N
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OH-
O N

O

O18F
O

[18F]SFB

1a: R = CH2COOH (CML)
1b: R = CH(CH3)COOH (CEL)
1c: R = Boc (Nε-Boc-lysine)

18F

O

NHR

COOH
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COOH

NH2
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2a: [18F]FB-CML
2b: [18F]FB-CEL
2c: [18F]FB-Nε-Boc-lysine

Scheme 2

The compounds 2a and 2b could be a useful model for dipeptides containing CML / CEL, possibly
resulting from the digestion of glycated food proteins. In this case the fluorobenzoyl moiety acts as a
surrogate for the second amino acid of the dipeptides.
The 4-[18F]fluorobenzoylated derivative of lysine was used as a reference substance.

Experimental
Synthesis of the nonradioactive substances
CML and CEL were synthesized by means of reductive amination, starting from the sodium salt of Nα-
acetyllysine and glyoxylic acid or pyruvic acid according to [2]. Reductive amination was carried out
with Pd/C in a hydrogen atmosphere under pressure, followed by acidic deacetylation and purification,
using ion exchange chromatography.
The nonradioactive fluorobenzoylated reference compounds were synthesized as follows. SFB (0.4
mmol) in dioxane (3 ml) and the amino acid (0.4 mmol) in water (8 ml) were well mixed, the pH was
adjusted to 9 with 1 M NaOH. After stirring for 3 h at 50 °C, the reaction mixture was acidified with 1 M
HCl to pH 3 and purified by preparative column chromatography on an RP-18 phase. Reaction prod-
ucts were identified by elemental analysis, NMR and ESI-MS studies.

Carrier-added radiosyntheses
[18F]SFB was synthesized according to [5] with some modifications. The dried residue of [18F]SFB was
redissolved in 50 µl MeCN. A solution of SFB (1.34 µmol) in EtOH (100 µl) and a solution of CML, CEL
or Nε-Boc-lysine (1.53 µmol) in carbonate buffer (pH 8.9, 680 µl)  were added. The reaction mixture
was heated at 65 °C for 30 min. When CML or CEL were added, the reaction mixture was diluted with
H2O (1 ml) after heating and acidified by addition of HCl (1 M, 100 µl). The mixture was passed
through an activated polystyrene cartridge (Merck, LiChrolut EN). The cartridge was washed with H2O
(3 ml), 5 % EtOH in H2O (2 ml) and 16 % EtOH in H2O (2 × 4 ml). About 35 % of the radioactive sub-
stances were eluted with the last two fractions as [18F]FB-CML or [18F]FB-CEL. After purity control by
HPLC the 16 % ethanolic fractions were used for the biodistribution experiments.
The synthesis of [18F]FB-lysine required a hydrolysis step for removing the Boc group at the end of the
labelling reaction. For that reason HCl (6 M, 180 µl) was added and the reaction mixture was heated at
65 °C for another 20 min, diluted with H2O (1 ml), and purified as described above.

Analysis
To determine the extent of conversion and the radiochemical purity and to identify the labelled prod-
ucts, an HPLC system (JASCO) was used, consisting of a pump, a Rheodyne injector with a 20 µl
loop, a LiChrospher WP300 RP-18 column (5 µm, 250 mm x 3 mm, Merck) and a UV detector (230
nm) 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 ml/min with mixtures of MeCN and water con-
taining 0.2 % TFA. The gradient of the eluents was: 0 min - 10 % MeCN/ 90 % water; 14 min - 50 %
MeCN/ 50 % water; 17 min - 100 % MeCN/ 0 % water; 20 min - 100 % MeCN/ 0 % water.
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Results and Discussion
The synthesis of [18F]SFB was carried out according to the three-step procedure described in [5]. The
suitability of [18F]SFB for [18F]fluorobenzoylation of several peptides at their N-terminal α-amino group
was investigated in [6, 7, 8] at the same time by another working group [9].
The conversion of [18F]SFB with CML (1a), CEL (1b) or the Nε-Boc-protected lysine (1c) was carried
out in carbonate buffer (pH 8.9) at increased temperatures (65 °C). The labelling experiments were
carrier-added syntheses, i.e. nonradioactive SFB was added to the reaction mixture of the amino acids
1 and [18F]SFB. Under these conditions we obtained the 4-[18F]fluorobenzoylated derivatives as pre-
dominant products together with smaller amounts of various unknown by-products, indicating that the
α-amino group of the amino acids reacts preferably with [18F]SFB.
The purification of the labelled derivatives was performed by means of solid phase extraction, using an
adsorber resin cartridge. The 4-[18F]fluorobenzoylated products were eluted with aqueous ethanol in
radiochemical yields up to 35 % (decay-corrected) starting from [18F]SFB. This is a fast and easy way
of isolating the main products [18F]FB-CML and [18F]FB-CEL in radiochemical purities (90 to 96 %),
which is sufficient for biochemical investigations.
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40. Aspects of the 6-[18F]Fluoro-L-DOPA Preparation: Effective Chromatographic
Purification of the Reaction Mixture and Determination of Radiochemical Purity

F. Füchtner, J. Steinbach, R. Lücke, E. Kraus

Introduction
The increasing number of PET centres using 6-[18F]fluoro-L-DOPA ([18F]FDOPA) as a radiotracer in
PET studies [1] indicates the usefulness of this tracer for various medical indications. Accordingly, the
number of papers dealing with [18F]FDOPA applications in medicine is rather high. About 490 papers
relating to [18F]FDOPA are listed on the internet page of the U.S. Food and Drug Administration, the
Center for Drug Evaluation and Research [2]. For 1999 and 2000 50 titles are listed.
Since the middle of the 1990s we have been dealing with studies related to the dopaminergic system
using [18F]FDOPA as a radiopharmaceutical. During this period more than 250 preparations according
to the method described in [3] were performed.
In contrast to our results with the standard quality control method for the determination of the radio-
chemical purity we obtained indications of the presence of some [18F]fluoride impurities in the final
product. To improve the quality of the [18F]FDOPA we were looking for more effective methods for
purification of the reaction mixture by HPLC and for quality control.

Experimental
Purification
At first the [18F]FDOPA crude product was synthesised by fluorination of the stannyl precursor by ele-
mental [18F]F2 and hydrolysis of the protective groups. Afterwards the reaction mixture was directly
transferred to a 10 ml injection loop passing through a 0.22 µm vented filter. After cooling down for 2
minutes the product was injected into the HPLC column. In Fig. 1 the chromatograms of semi-
preparative HPLC using two different types of columns are shown.

Fig. 1. Chromatograms of the semi-preparative separation of the reaction mixture
A - column: Nucleosil 120 C18, 7 µm, 250 x 10 and 50 x 10 mm, Macherey – Nagel,
B - column: PRP-1, 250 x 10 mm, 10 µm, two columns in line, Hamilton.
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general
- sample volume: 4 ml,
- eluent: 105.6 mM of CH3COONa and CH3COOH, pH 4.7,

isotonic, prepared with sterilised water (aqua ad iniectabilia),
- flow rate: 3 ml/min,
- detection: UV: 1 mm path length, 280 nm; radioactivity.

The eluent is fractionated by monitoring the radioactivity and the UV signal by switching a stream se-
lection valve.

Radiochemical purity
For the determination of the radiochemical purity an analytical HPLC method is applied. Two different
RP-chromatographic systems were tested for that purpose. Fig. 2 shows the chromatograms of the
final product produced by semi-preparative HPLC purification as described in Fig. 1, using a silica-gel
and a polymer-based RP column.

A B C

Fig. 2. HPLC chromatograms of the analytical separation of the final product
A - column: LiChrosorb RP-18, 7 µm, 250 x 4 mm, MERCK

- sample: product of semi-preparative HPLC purification, using
silica-gel-based RP-18 material (see Fig. 1 A)

B - column: PRP-1, 150 x 4 mm, 5 µm, Hamilton,
- sample: product of semi-preparative HPLC purification, using

silica-gel-based RP-18 material (see Fig. 1 A)
C - column: PRP-1, 150 x 4 mm, 5 µm, Hamilton,

- sample: product of semi-preparative HPLC purification, using
polymer-based RP-18 material (see Fig. 1 B)

general
- sample volume: 10 µl,
- eluent: A: 70 mM KH2PO4, 1.5 mM octan-1-sulphonic acid sodium salt, 0.1 mM EDTA

pH 3.40, adjustment  with 1 M H3PO4
B: acetonitrile : eluent A = 2 : 1

- gradient: linear, 0 – 100 % B (10 min)
- flow rate: 1 ml/min
- detection: radioactivity.
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As the exact sample recovery is difficult to determine for column chromatography, we tried to use the
TLC method for the quantification of the radiochemical purity. Fig. 3 shows the TLC chromatograms
obtained from  the final product, using a silica gel and a polymer-based RP column for semi-
preparative purification. The TLC analysis was performed on RP-18 glass plates (5 x 10 cm, F254S,
MERCK). The chromatographic development was carried out in a chamber filled with 0.1 M acetic acid
/ ethanol (95 : 5). For visualisation the dried TLC plates were contacted with an imaging plate (IP-BAS-
III, 20 x 25 cm, FUJI). The distribution of radioactivity on the TLC plate was recorded by an imaging
analyser (BAS2000, FUJI).

Fig 3. TLC chromatograms of the final product fraction as shown in Fig. 1. A: sample using
silica-gel-based RP-18 material, B: sample using polymer-based RP-18 material.

Results and Discussion
During the purification of the crude product by semi-preparative HPLC the main radioactive peak
([18F]FDOPA) is eluted after about A –11 minutes or B – 15 minutes. As shown in Fig. 1 A, the
[18F]FDOPA peak is eluted on the tailing of the [18F]F-fluoride peak, using silica-based RP material.
This is due to the anion exchange properties of the free OH groups of silica gel. Silica gel is the sup-
porting material of  the reversed phase stationary phase used.
Analysing a sample of this fraction by means of the frequently used reversed phase chromatography
with C-18 as the stationary phase on the base of silica gel (see Fig. 2 A), we did not detect any radio-
chemical impurities. If a polymer-based RP column is used, approximately 7 % of [18F]fluoride are
detected in the same sample. The reason for this difference are again the anion exchange properties
of the silica-gel supporting material. Accordingly, the small amount of fluoride is completely retained
on the silica-based RP column, while on the inert polymer supporting material fluoride is not absorbed
and therefore eluted with the death volume of the column (see Fig. 2 B).
This fact is supported by the results of a TLC analysis. Fig. 3 A also shows that about 6 % of
[18F]fluoride are included in sample 1 A. Unfortunately, we did not find a suitable method for the sepa-
ration of catecholamines. As is well known, during the TLC runs catecholamines are very sensitive to
oxidation. [18F]FDOPA is therefore partially decomposed and shows a double peak. Nevertheless,
TLC is an absolute analysing method without any problems in relation to the recovery of the sample.
The separation into fluoride and FDOPA is sufficient for fluoride quantification.

The disadvantages of an incomplete fluoride isolation from the final product that are associated with
the use of silica-based RP materials in the [18F]FDOPA preparation can be overcome by using a
polymer-based RP column (PRP-1 column) for this purpose. In this case the [18F]FDOPA -containing
peak is eluted after about 15 minutes in a high radiochemical purity. Analysing the obtained fraction by
HPLC with the PRP-1 column less than 0.5 % [18F]fluoride was found in the chromatogram (see Fig. 2
C). The same result was observed by TLC analysis. Fig. 3 B shows that only about 0.5 % [18F]fluoride
is present in the sample.
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To sum up, it can be pointed out that by replacing the silica-gel-based HPLC column by a polymer-
based one for semi-preparative separation of [18F]FDOPA from the reaction mixture, the radiochemical
purity of the final product can be increased up to > 99 %.
For the determination of the radiochemical purity by HPLC, polymer-based RP material gives more
correct results. The radio TLC analysis as an absolute method for the determination of radiochemical
purity would be the best analysing method.
However, we have to improve the stability of [18F]FDOPA during the analysing run so that it shows
only a single peak.
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41. Separation of Radioactively Labelled Compounds by on-line Combination of SEC
and HPLC

H. Wittrisch, R. Bergmann, C. Heichert

Introduction
For biotransformation investigations of in vivo and in vitro studies, radioactively labelled compounds
provide one of the most important tools to completely track the metabolites in complex biological ma-
trices, such as blood, urine, faeces, bile and in vitro samples. Chromatographic techniques such as
high performance liquid chromatography (HPLC) and capillary electrophoresis (CE) are used for sepa-
ration of the metabolites. Due to the high affinity of various substances such as plasma proteins to the
column packing, a preparation of the biological material is often needed to obtain reproducible results
and extend the lifetime of the columns. Especially solid–phase extraction (SPE) [1, 2], columns with
special “restricted access” material (RAM) [3, 4] and several liquid extraction mixtures are used to
separate the compounds of interest from the biological matrix. However, the recovery from these
techniques is often poor and they are moreover time consuming.
Size exclusion chromatography (SEC), often referred to as gel permeation chromatography (GPC), is
an entropically controlled separation technique in which molecules are separated on the basis of their
hydrodynamic molecular volume or size [5, 6]. With proper column calibration a separation of the
analyte and the most parts of the matrix can be readily achieved. Sample preparation using SEC has
been reported for residue analysis of pesticides and herbicides in agricultural products [7, 8], fat-
containing foods and biota samples [9], veterinary drugs in foodstuffs [10], metabolites of polychlorin-
ated biphenyls, dibenzo-p-dioxins and dibenzofurans in microsomal assay extracts [11].
In this study, the removal of matrix components using an on-line SEC clean-up column in tandem with
an analytical RP-18 column is demonstrated. A new configuration of two six-port valves was used to
transfer only the compounds within a certain range of molecular weight to the analytical LC column for
final separation. The metabolically stabilized pseudopeptide [Arg8Ψ(CH2NH)Arg9] NT (8-13) was used
to optimize the separation conditions.

Material and Methods
The HPLC system (HP1100, Agilent Technologies, Waldbronn, Germany) consists of an autosampler,
two HPLC pumps, two six-port valves, a variable-wavelength UV detector and a radio-chromatography
detector Flo-one-ßeta (Canberra-Packard, Dreieich, Germany). The instrumental setup is shown in
Figure 1. Pump 1 delivers the buffer for SEC (column ZORBAX GF-250, 4.6 mmID x 250 mmL), while
pump 2 delivers the buffer for the analytical column (ZORBAX 300SB-C18, 4.6 mmID x 50 mmL). Both
columns were protected by a short (4.6 mmD x 12 mmL) precolumn filled with the appropriate packing.
Typically, 5 - 150 µl of neurotensin standard solution or rat urine were injected, without any sample
pre-treatment,. In most cases a phosphate buffer adjusted to pH 7 was used for SEC (Fig. 1A). When
the analytes were eluted from the SEC column both six-port valves were switched by the software (HP
ChemStation for LC) (Fig. 1B). During this step the RP column was loaded with the sample (“transfer
step”). Then the first valve switched back and the compounds were separated, using the analytical
column under gradient conditions at 40 °C (Fig. 1C). Solvent A consisted of water with 0.05 % trifluoro
acetic acid (TFA), and solvent B of acetonitrile with 0.04 % TFA. For UV detection the wavelength of
214 nm was used.

Results and Discussion
SEC conditions
The buffer substance, the buffer concentration, the flow rate and the temperature were varied to reach
the fastest possible separation in view of the limited lifetime of the 18F labelled analytes. A stock solu-
tion of the stabilized NT (8-13) was used to optimize the SEC conditions.
At first 100 mM acetate and phosphate buffers were tested at pH 7 (Fig. 2). With the phosphate buffer
(Fig. 2A) a shorter elution time of stabilized NT (8-13) as well as a better signal-to-noise ratio were
observed. Phosphate buffers were therefore used in all further separations.
Next the concentration of the phosphate buffer was varied (Fig. 3). Due to the increased ionic strength
shorter elution times and better peak shapes were obtained at higher buffer concentrations. With con-
centrations above 300 mM no further significant reduction in elution time was observed.
Flow rates between 0.5 ml/min and 2 ml/min and temperatures between 20 °C and 40 °C were ap-
plied. By varying the temperature the best results were observed at 40 °C. Because of a significant
increase in back pressure at higher flow rates, especially during the transfer step, a flow of 1 ml/min
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was used. Furthermore, 5 % acetonitrile was added to the buffer to minimize unspecific adsorption
effects of matrix compounds.

Fig. 1. Setup of the SEC-HPLC instrumentation

Fig. 2. SEC separation of NT(8-13) with a 100 mM
phosphate buffer pH 7 (A) and a 100 mM acetate
buffer pH 7 (B)

Fig. 3. SEC separation of NT(8-13) with
different concentrated phosphate buffers
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Transfer step
The time for switching the valves to transfer the analytes to the analytical column can be determined in
various ways. One method is to use standard substances. The elution time observed in a separate run
of the reference substance can be used for analysis of biological samples. However, wrong results
could be obtained by this method, if the sample contains unknown metabolites with a big difference in
molecular weight. In this case some metabolites are not transferred to the analytical column.
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Fig. 4. SEC separation of [18F]fluorbenzoyl labeled NT(8-13) and its metabolites in
rat urine in 300 mM phosphate buffer with UV and coincidence detection

This problem is solved by using radioactively labelled substances. In this case the elution time of a
compound and its metabolites is determined on-line with an X-ray detector. The SEC separation of rat
urine containing [18F]fluorobenzoyl-labelled NT (8-13) and its metabolites is shown in Fig. 4.

The UV signal shows that a large part of the biological matrix is flushed into the waste before the
transfer step starts. With the coincidence signal it was observed, that the labelled NT(8-13) and its
metabolites were eluted between 2.8 min and 4.3 min.

RP conditions
The analytical system was optimized for the separation of peptides. A special column packing (ZOR-
BAX 300SB-C18) was therefore used. This material allows separation below pH 2. The separation of
neurotensin derivatives was carried out with a varying acetonitrile / water gradient. Each of the sol-
vents contained TFA in different concentrations. The gradient was varied, and so were the flow rate
and the temperature. The best resolution was obtained with the conditions shown below:

eluent A: water + 0.05 % TFA
eluent B: acetonitrile + 0.04 % TFA
gradient:   0 –  8 min 5 % B

  8 – 12 min from  5 % to 60 % B
12 – 14 min from 60 % to 80 % B
14 – 15 min 80 % B

flow: 1 ml/min
temperature: 40 °C

Fig. 5 shows the separation of 18FB[Arg8Ψ(CH2NH)Arg9] NT (8-13) (compound A) and its metabolite
18FB-Arg8Ψ(CH2NH)Arg9Pro10 (compound B).
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Fig. 5. Separation of the stabilized 18FB-NT (8-13) (A) and its metabolite (B)

The results presented in this paper clearly demonstrate that the on-line combination of SEC and HPLC
is a very useful tool for metabolism studies of radioactively labelled compounds. By using this method
no further preparation of urine samples is necessary.
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42. Optimization of the Synthesis of [18F]FClO3

A. Jordanova, J. Steinbach

Introduction
The electrophilic introduction of no carrier added (n.c.a.) 18F at electron rich sites of molecules as
aromatic rings by electrophilic fluorinating agents is a challenging task. The development of appropri-
ate techniques to fulfil this task is a prerequisite for labelling various compound of radiopharmaceutical
interest.
Some carrier added (c.a.) electrophilic fluorinating agents [1, 2] were synthesised from readily acces-
sible [18F]F2 precursor and used for labelling of biologically interesting compounds. Methods for syn-
thesising n.c.a. electrophilic fluorinating agents from n.c.a. [18F]fluoride have not been described so far
in the literature.
Our method for 'Umpolung' of reactivity from the nucleophile [18F]F- to an electrophile 18F-labelled
fluorinating agent makes it possible to synthesise an n.c.a. 18F-labelled electrophilic fluorinating agent.
Previous studies [3] showed that [18F]FClO3 (perchloryl fluoride) could be synthesised starting from
n.c.a. [18F]fluoride. This is a one-pot procedure which combines two reactions. The reaction [4] results
in the in-situ formation of [18F]HSO3F from n.c.a. [18F]fluoride and oleum and [5] to the formation of
[18F]FClO3 in the presence of KClO4. The generation of perchloryl fluoride is confirmed by reactions
with various compounds.
However, the radiochemical yield of obtained [18F]FClO3 is not at all satisfactory (0.5 % after 30 min)
and not reproducible as the experimental conditions have not yet been optimised.
Based on the proposed formation of ClO3

+ ions during the reaction of KClO4 with an excess of HSO3F
[6] one can assume a reaction with HF forming FClO3 as a mixed anhydride of HF and HClO4. Hance
the synthesis of [18F]FClO3 should be possible directly from n.c.a. [18F]HF and anhydrous HClO4.

Experimental
Reaction of n.c.a.[18F]HF with anhydrous HClO4 as one - pot procedure
Cold oleum (H2SO4, 65 % SO3) was added to the cooled aquatic n.c.a. [18F]HF. After HClO4 (70 %)
was distilled over P4O10 and introduced into the vial with n.c.a. [18F]HF and oleum. The reaction mix-
ture was reacted within 30 min at RT. The formed [18F]FClO3 was not isolated and was led out by
means of a nitrogen stream from the reaction mixture to the second reaction vessel containing the
tracer substance and directly applied for the labelling reaction.

Reaction of [18F]FClO3 with the tracer substances
[18F]FClO3 was passed within 30 min through a cooled solution of phenyllithium in THF/diethylether or
a solution of sodium malonic acid diethyl ester in THF. After stopping the reaction, an aliquot was
taken from the reaction mixture and was analysed by radioluminiscence thin-layer chromatography
(BAS2000, Fuji, Silicagel F254, as a mobile phase - petroleum ether:diethyl ether = 9:1 for fluoroben-
zene and diethyl ether:petroleum ether = 2:1 for fluoromalonic acid diethyl ester). The presence of the
18F-labelled products was proved by comparison with nonradioactive reference substances.

Results and Discussion
Using the described optimised synthetic procedure, [18F]FClO3 was prepared in yields corrected for
decay ranging from approximately 3 to 6 %. [18F]FClO3 was not isolated. The radiochemical yield was
estimated from the fluorinated radiotracer in the labelling reactions and based on the starting activity
level of the n.c.a.[18F]HF. Fig.1 shows radioluminescence thin–layer chromatograms of the products of
the reaction of [18F]FClO3 with phenyllithium (a) and of the reaction of [18F]FClO3 with sodium malonic
acid diethylester. In both cases the crude reaction mixture was analysed without any techniques for
separation and purification of the final labelled product.
Phenyllithium was chosen in this reaction not only as a tracer substance for proving the synthesis of
[18F]FClO3 by this method, but as a model compound of an unfunctionalized aryllithium for demon-
strating the ability of [18F]FClO3 to label aromatic compounds. By this labelling procedure  [18F]fluoro-
benzene was prepared within 30 min in radiochemical yields of up to 6.4 % corrected for decay and
based on the starting radioactivity of n.c.a. [18F]HF. The share of [18F]fluorobenzene (related to activity
level at the beginning of synthesis) in the reaction mixture was 36 % as shown by the chromatogram
(Fig. 1 (a)).
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Fig. 1. Radioluminescence thin-layer chromatograms of the reaction mixture containing
[18F]fluorobenzene (a) and [18F]fluoromalonic acid diethyl ester (b).

Nevertheless, a much better but still modest yield was achieved by this approach in the synthesis of
[18F]FClO3 as well as of fluorinated products. The optimization took place on the basis of an alternative
reaction pathway. The results obtained imply and provide a promising route for preparation of 18F-
labelled aromatics with potential biological function and interest.
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43. Quality Assurance in Manufacturing Radiopharmaceuticals for Positron Emission
Tomography (PET)

K. Smolinka, R. Syhre, F. Füchtner, J. Steinbach

Introduction
The PharmPlantReg (Pharmaceutical Manufacturing Plant Regulations) [1] oblige all holders of a
Manufacturing Authorization to follow the principles of Good Manufacturing Practice (GMP) expressed
in the European Economic Community Guide to Good Manufacturing Practice for Medicinal Products
(EEC GMP Guide) [2]. This guide calls for a functioning pharmaceutical quality assurance system
(quality management system, QMS). The QMS should ensure that products are consistently produced
and controlled to the quality standards appropriate to their intended use. It is a wide ranging concept
which covers all matters which individually or collectively influence the quality of a product. It is there-
fore concerned with both production and quality control.

Activities in the Rossendorf PET Centre
The Rossendorf PET Centre has held a Manufacturing Authorization since 1997. Since then the facil-
ity has been continually developed. In particular the necessary staff are involved guaranteeing routine
production. There are, for example, directors of production and quality control and the quality assur-
ance manager. Many quality assurance activities have been carried out last year.
At the end of 1999 a quality assurance circle was established. The circle consists of members of the
executive board of the Research Centre Rossendorf Inc. and of representatives of various areas (pro-
duction, quality control, research). It meets once or twice a year to coordinate important future actions
and to discuss fundamental questions. Evaluating this year´s inspection by the authority, the quality
assurance circle decided to install a more effective changing zone (airlock) and to develop a quality
manual. The latter should contain the complete standards of quality assurance in production, quality
control, personnel, documentation and research based on the EEC GMP Guide and the ISO 9000
series.

Fig. 1. Radiopharmaceuticals for Positron Emission Tomography (drug products) currently produced at
the Rossendorf PET Centre

Five radioactive drug products are at present routinely produced at the Rossendorf PET Centre for
medical research and routine diagnostic (see Fig. 1). This year, the  16α-[18F]fluoroestradiol injection
and the [13N] ammonia injection were fully validated. This means that all analytical methods used in
routine quality control were validated, at least three or more lots produced and the drug products sub-
jected to extensive quality control.
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The manufacturing of 16α-[18F]fluoroestradiol injection was validated with three batches. We deter-
mined the radiochemical, radionuclidic and chemical purity, the bacterial endotoxin value before and
after sterile filtration, the pH value, the sterility and the bioburden before sterile filtration, usually in
double determinations. Additionally the content of heavy metals was quantified by ICP-MS and the
radionuclidic impurities of the [18O]water target were identified. The specifications were fully met. 16α-
[18F]fluoroestradiol injection is used in a clinical study for imaging breast cancer.
We produced seven batches for validation of the manufacturing of [13N]ammonia injection. We deter-
mined the radiochemical purity by cation and anion exchange chromatography, the radionuclidic and
chemical purity, the radionuclidic impurities before purification, the bacterial endotoxin value before
and after sterile filtration, the pH value, the osmolality, the sterility and the bioburden before sterile
filtration, usually in double determinations. One batch was produced for quantification of the aluminium
specified in the monograph (draft) [3] of the European Pharmacopoeia and of heavy metals. The
specifications were fully met. The [13N]ammonia injection is used for imaging myocardial perfusion.
Future QMS activities will include validation of the manufacture of further drug products for PET, work
on the quality manual and a thorough revision of the documentation.
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44. Operation of the Rossendorf PET Cyclotron "CYCLONE 18/9" in 2000

St. Preusche, J. Steinbach

Routine operation
Our radionuclides produced in routine operation are [18F]F-, [18F]F2 and 11C, which are used in the
synthesis of different radiotracers, radiopharmaceuticals and for various experimental purposes. The
routine production of 13N was introduced in the fourth quarter of 2000. In the same period the radionu-
clide 15O was made available as prerequisite for [15O]H2O.
The daily operating time of the CYCLONE 18/9 varies between two and four hours.
At the end of September we received an extended licence for routine operation from our authority.
Now we are able to
increase the maximum target activity produced by the 18F water target and the 11C gas target
increase the maximum activity produced per year by the 13N water target
We are subject to fewer limitations in terms of runs per days and weeks for all our radionuclides in the
confirmed annual schedule as well.

Table 1 gives an overview of the 2000 radionuclide production.
The radionuclide 13N was produced to optimize the irradiation and extraction conditions and to intro-
duce [13N]ammonia as a standard radiopharmaceutical while 18F and 11C are in routine use for the
daily radiotracer and radiopharmaceutical production and for research purposes.

Table 1. Radionuclide production in 2000

Radionuclide productionRN
Number of
Irradiations

    SumAEOB
GBq

[18F]F- 359 15350
[18F]F2 119*) 771

11C 37 624
13N 51 237
15O 29 233

*) including pre-irradiations

Fig. 1 shows the number of irradiations of our radionuclides and Fig. 2 the total amount of activity pro-
duced from 1997 to 2000.
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Improvements at the cyclotron
- Modification of the 18F water target loading procedure
The original IBA 18F water target loading procedure with the syringe actuator system was designed for
only one [18O]H2O grade. The request for 18F to be utilized in the production of radiotracers and radio-
pharmaceuticals and for research purposes, varies strongly from day to day and from run to run. We
therefore modified the 18F water target loading procedure in the sense that it is now possible to fill the
18F water target with [18O]H2O of two grades of enrichment. When there is only little demand for 18F,
recycled water of a low grade of enrichment can now be used. A modification of the IBA software was
not necessary in our case [1].

- Modification of the PLC/PC hardware
The two seven-year-old PCs of our two control terminals were exchanged by IBA at the beginning of
January for new ones with Windows NT as an operating system better adapted to the upgraded PLC
system. The PCs received a new set-up and all communication tests between them and the PLC sys-
tem were carried out successfully. Most of the cyclotron functions were tested with the new computers
and found to be ready for routine operation.
In November the PLC central processor unit (CPU) as well as the communication processor (CP) were
equipped by IBA with EPROMs instead of RAMs in order to solve finally the problem of data loss in
case of  failures in the CPU and CP boards [2].

Maintenance and service
Because of the great demand for radionuclides and the associated increases in operating time (Table
2) and also in wear of several cyclotron parts, the maintenance and service intervalls have become
shorter. The cathodes of the ion sources and the puller electrodes have now to be replaced three
times a year, the chimneys of the ion sources two to three times a year.

Table 2. Operation of the proton ion source for the production of 18F
1997 1998 1999 2000

Number of irradiations 168 223 227 359
Sum AEOB / GBq 5307 13829 13300 15350
Ion beam on the target / h 108 197 204 283

According to Table 2 the operating time of the proton ion source increased in 2000 by about 40 per
cent compared with 1999.

The main reasons for venting and opening the cyclotron were problems with the highly stressed proton
ion source as well as maintenance and service work at both ion sources.
Unplanned turn-off periods:
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Three days: - problems with the ventilation system (interlock signal) as a result of a destroyed
  heating system
- problems with the proton ion source.

The annual check of the CYCLONE 18/9 facility by the TÜV Sachsen organization (TÜV = Association
for Technical Inspection) under § 76 of the German Radiation Protection Order took place in the mid-
dle of September. There were no objections to the further operation of the cyclotron.

Radiation protection
- Modification of the emission measurement system of radionuclides in the exhaust air
 After the 41-year-old 120 cm cyclotron (U-120) was switched off at the end of 1999, the CYCLONE
18/9 is now the only emitter of radionuclides in the cyclotron building. The dose rate meter of the U-
120 exhaust air tube was moved to the air tube of the hot cell 0 (cyclotron end terminal of the pneu-
matic transport system) of the CYCLONE 18/9 facility. If the emission of radionuclides exceeds the
thresholds, the source of emission, i.e. the cyclotron or the loading process of the pneumatic rabbit,
can now be identified as the responsible party.
Furthermore the monitoring system is now located in the control room of the CYCLONE 18/9.

- Emission of radionuclides with the exhaust air
The emission of radionuclides with the exhaust air is monitored. As shown in Table 3 it is far below the
limit. The annual limit of emission of radionuclides from the cyclotron building was reduced by a factor
of 30 after switching off the old 120 cm cyclotron.

Table 3: Emission of radionuclides with the exhaust air in 2000
 as a result of operation of the CYCLONE 18/9

Radionuclide Emission [Bq/a]
41Ar 1.2E10
18F 1.5E10
13N 1.0E08

Sum 2.7E10
Percentage of the

Annual limit 13.6

- Exposure to radiation of the cyclotron staff
The cyclotron staff belong to category A of occupational exposed persons. The average exposure to
radiation was 1.8 mSv in 1997, 2.9 mSv in 1998, 3.5 mSv in 1999 and 4.4 mSv in 2000 (Jan. to Sep.).
This is due to more frequent maintenance and shorter service intervals.
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45. Modification of the 18F Water Target Loading Procedure

St. Preusche, H. Ross

Introduction
The steep increase in the prices of enriched [18O]H2O requires this target material to be used repeat-
edly as the basis of 18F production. Unfortunately, after each cycle of irradiation and separation of 18F
the target water has to be refind, which results in decrease of enrichment. As the grade of enrichment
linearly determines the 18F yield, target water of various grades of enrichmnet has to be used as re-
quired. This requires separate equipment and procedures for handling of various [18O]H2O grades.
The original IBA 18F water target loading procedure with the syringe actuator system was designed for
only one [18O]H2O grade. The demand for 18F to be used in the production of radiopharmaceuticals
and for research purposes varies strongly from day to day and from run to run in our PET Center. We
therefore modified the 18F water target loading procedure in the sense that it is now possible to fill the
18F water target with [18O]H2O of two different grades of enrichment. For a low 18F activity level, recy-
cled enriched water is now available. A manually driven syringe system is used as a first step of modi-
fication and for getting experience. As we had no access to the programs of the control system, the
modification was carried out without changing the IBA software.

Status before modification
The principle of the water target loading procedure is shown in Fig. 1. In the PLC controlled IBA water
target loading procedure the target is filled by four strokes of a syringe actuator system within two
minutes. One stroke consists of 15 seconds syringe loading and 15 seconds target loading. The
[18O]H2O is transferred into the target via a Rheodyne valve.

Solution
We installed:
A 24 V 3-way valve in the filling tube (see Fig. 1, dotted line), very close to the Rheodyne valve. The 3-

way valve is normally open to the IBA syringe actuator system. It is operated by a push button to
use our modification.

A switch in the + 24 V power line of the syringe actuator system (see Fig. 1, dotted line) for switching
off the system.

A water supply vial with the recycled enriched water and a syringe with a manually driven 3-way valve.

water
target
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   valve
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 syringe
actuator
 system

Rossendorf
    syringe
    system

  water
 supply:
enriched
  water

  water 
 supply:
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Fig. 1. Principle of the 18F water target loading (dotted lines: our modification)
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Course of a cycle
For using recycled enriched water, the 24 V power supply of the IBA syringe actuator system is first
switched off. Our syringe is then manually loaded with 1.4 ml of recycled enriched water and the
manually driven 3-way valve is turned towards the target filling tube. Now the IBA water target loading
procedure can be started at the control terminal. In the two minutes when the Rheodyne valve is in the
"target filling position" and the IBA syringe actuator system would normally work, the enriched water is
filled into the target by switching the 3-way valve with the push button and acting our syringe. After two
minutes the Rheodyne valve returned automatically to the "target irradiation position" and the water
target loading procedure is finished. The 24 V power supply is again switched to the IBA syringe ac-
tuator system. The target is ready for irradiation.

Conclusion
The modified 18F water target loading procedure has worked without any problems for half a year now.
By this method it is possible to save the expensive enriched water (> 94 %) when there is only little
demand for 18F activity. Based on our experience with the manually driven syringe system we are
planning to install a second IBA syringe actuator system.
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46. Measurement of Recovery Coefficients for HR+ and their Application in a
Correction Method

H. Linemann, E. Will, B. Beuthien-Baumann, H. Kutzner

Introduction
The concentration of the activity of small lesions is underestimated in PET measurements. Sphere
phantom measurements show such underestimations for object sizes of up to four times  the resolu-
tion of the PET camera (measured in FWHM) [1]. The resolution is determined by the camera char-
acteristics and also by the reconstruction algorithm and by the  filter conditions used. These deviations
have to be corrected for  quantitative evaluation. This is possible for simple shaped lesions, if their
size and the spatial resolution in the reconstructed image are known and appropriate phantom meas-
urements are available. From the PET image the lesion size can be approximately determined by the
width of the profile.
The aim of the study was to determine the resolution as well as the hot spot recovery coefficients
(HSRC ) for small spheres by phantom measurements and to investigate whether it is possible to cor-
rect  the underestimation, using the ratio of the two measured lesion values for reconstructions of
clearly differing image resolution. The same conditions as for the patient measurements  were used
for the phantom reconstructions.

Materials and Methods
All measurements were carried out on an ECAT EXACT HR+ PET scanner with the software version
V7.1 (Siemens, CTI) in the 2D mode. For measurement of the HSRC the IEC head phantom with the
hollow spheres insert was used. These 6 spheres have inside diameters from 9.6 mm to 37.2 mm.
Eight thin-walled glass spheres with inside diameters ranging from 5.0 mm to 8.6 mm were addition-
ally examined. The phantom measurements were reconstructed by FBP (Ramp/0.5; Hann/0.5;
Hann/0.4; Hann/0.3) and OSEM (iterations/subsets from 1/24 to 8/24).
The transverse resolution was measured with three line sources (inside diameters: 1.0 mm) in water.
The average radial and tangential values were calculated.
The scatter correction was checked in accordance with the NEMA standard.
The HSRC were calculated from the activity in a ROI with a diameter equal to FWHM for each recon-
struction. The measured activity of the largest sphere (37.2 mm ) reconstructed by FBP (ramp/0.5)
was used as the reference value. In each case the ROI was set into the slice (plane) with the highest
value.
The patient measurements were analysed by calculating the image contrast (IC) of the lesion:

IC = (measured concentration of lesion - concentration of background) / concentration of
background

Results
The transverse resolution is shown in Fig. 1 for an axial distance of up to 11.5 cm. The rise in FWHM
with increasing axial distance is  exclusively caused by the radial component.

Fig. 1a. Resolution (FBP) Fig. 1b. Resolution (OSEM 1/24)
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Although scatter correction was applied, a scatter value of 5.3 % was observed in the case of FBP
(without scatter correction 12.6 %). With OSEM a value of 6 % scatter is only achieved with a suffi-
ciently large product of iteration and subset numbers (e.g. 8/24). In the case of OSEM (1/24) a “scat-
ter” value of 16 % was obtained.
The HSRC measured for various reconstruction conditions (OSEM and FBP) are summarized in Fig.
2. By plotting the HSRC values against the diameter of the spheres (in FWHM of the reconstruction in
question), all values are made to fit a common curve.

The quotient of HSRC obtained from the reconstructions with OSEM 1/24 and FBP / Hann 0.4 over
the sphere size is shown in Fig. 3. A significant change in the quotient is observed at sphere diame-
ters smaller than approximately 15 mm.

Discussion
The HSRC dependence on the sphere size in units of resolution, as shown in Fig. 2, agrees with the
values published by Geworski et al. [1].
The validity of the relationship CRC = HSRC
has to be presupposed to be able to use the dependence of the HSRC quotient, shown in Fig. 3 with
various reconstruction conditions, for recovery correction in patient pictures. This condition is met if all
influencing disturbances are completely corrected, except the recovery itself [1]. Under these condi-
tions this method of  recovery correction requires only the image contrast of the lesion to be deter-
mined. The filter conditions of the two reconstructions have to be so chosen that the resolutions of the
images differ significantly. The combination of OSEM (1/24) and FBP (Hann/0.4) is only one example.
Further investigations have to be carried out to show the limits of this method.
The recovery of a small structure for various reconstruction filters was used by Buchert et al. to distin-
guish between atrophy and  reduced metabolism in brain studies [2].

Fig. 2b. Hot spot recovery coefficients.
Measurements with the 8 spheres of
smaller diameter (Di = 5.0...8.6 mm)

Fig. 2a. Hot spot recovery coefficients.
Measurements with the 6 spheres of
the EEC phantom (Di = 9.6...37.2 mm)

Fig. 3. Quotient Q calculated from HSRC(OSEM 1/24)
divided by HSRC (FBP/Hann0.4) for all used spheres
(distance from centre max. 7 cm)

Di (FWHM)
0 2 4 6 8 10

0

20

40

60

80

100

measurements
Geworsky  et  al.

Di (FWHM)
0 0,5 1 1,5 2

0

20

40

60

measurements
HSRC from Fig. 2a
Geworski et al.

D (mm)
0 5 10 15 20 25 30 35 40

0

0,5

1

1,5

2

2,5

3

3,5

4



135

Proposed procedure:

Prepare two images with different resolution of the same study.
Define ROIs with diameters corresponding to the FWHM into lesion [Rl] and surrounding back-
ground [Rb].
Image contrast = (Rl-Rb)/Rb for the same lesion in both images.
Q = image contrast(high resolution)/image contrast (low resolution) -> diameter of lesion (Fig. 3).
Convert the diameter of the lesion into FWHM (high resolution).
HSRC for lesion from calibration curve (Fig. 2).
Calculation of the object contrast OC = IC / HSRC, IC=IC (high resolution).

 
For application of the procedure to lesions on the periphery of the body, the dependence of the reso-
lution on the axial distance has to be considered.
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47. 3-O-Methyl-6-[18F]Fluoro-L-DOPA – a Promising PET Tracer for Tumour Imaging.
Autoradiographic Description of the Biodistribution in a Tumour-Bearing Nude
Mouse and in the Rat Brain

M. Kretzschmar, P. Brust , F. Füchtner, J. Steinbach, B. Johannsen

Introduction
The synthesis of 3-O-methyl-6-[18F]fluoro-L-3,4-dihydroxyphenylalanine (OMFD) was originally devel-
oped to correct human PET studies performed with 6-[18F]fluoro-L-3,4-dihydroxyphenylalanine
(FDOPA) for the transfer of this FDOPA metabolite into the brain. We recently found that there is a
high accumulation of this amino acid in animal and human tumours [1 - 3]. Up to now the distribution
of the compound in tumours and organs of animals was studied by dissection of rats and mice [3], a
method which has a rather low spatial resolution. A whole-body autoradiography was therefore per-
formed in this study in order to exactly match the image of the tracer distribution with the histological
image of organs and tissues.
Previous [18F]OMFD-PET studies of patients with glioblastoma multiforme showed an elevated tracer
accumulation in the basal ganglia in addition to the tracer uptake in the brain tumour tissue [1, 4]. To
be able to differentiate between the various substructures of the basal ganglia we studied the distribu-
tion of [18F]OMFD in the rat brain by use of ex-vivo autoradiography.

Experimental
Whole-body autoradiography
A male nude mouse (weight: 39 g) bearing a FaDu human squamous cell carcinoma was intrave-
nously injected with 1.75 MBq (20 GBq/µmol) [18F]OMFD (dissolved in saline and 20 % ethanol). 60
min after injection the animal was sacrificed with ether, quickly frozen by immersion in an ethanol /dry-
ice solution at – 70 0 C and fixed in carboxymethyl cellulose gel on the microtome stage, using liquid
nitrogen. The stage-mounted mouse was cut in a cryo-polycut microtome into 20 µm frontal sections
which were attached to Tesa tape and dried by freeze drying (LGA 05, Janetzki, Leipzig ) for 30 min.
Thereafter the sections were apposed to standard imaging plates overnight. The plates were scanned
in the bio-imaging analyser BAS 2000 (FUJI photo film Co,Tokyo) and the quantitative analysis of the
in-vivo radioactivity distribution was performed with the AIDA software (Raytest, Straubenhardt).

Ex-vivo autoradiography
Two female Wistar rats (weight: 188 and 199 g) were intravenously injected with 18 – 19 MBq
[18F]OMFD (chemical dates see above). 2 hours later the animals were sacrificed as described above.
The brains were quickly removed, immediately frozen by immersion in a 2-methylbutane / dry ice solu-
tion at –60 0C, weighed and measured in an automated γ counter (Capintec CRC-15-R) to determine
their total radioactivity. Thereafter the stage–mounted brains were cut into 20 µm sagittal and hori-
zontal sections, using a cryocut microtome. The sections were dried in a continous cold air stream for
about 2 min. The autoradiographic technique was the same as described above.

Results and Discussion
Whole-body autoradiography
The in-vivo distribution of [18F]OMFD was investigated in a male tumour-bearing nude mouse 60 min
after i.v. injection to evaluate the tumour uptake of the tracer in relation to the other organs and tis-
sues. The results of this whole-body autoradiographic study are shown in Fig. 1 and Table 1. Due to
the rapid renal excretion of the tracer [3], we found the highest accumulation in the urinary bladder (50
% D/g). In addition to this, a high uptake was also found in the vital tumour (10 % D/g) and in the pan-
creas (10 % D/g). The skeletal muscles and the skin showed an intermediate uptake and the liver,
digestive tract, lung and blood a very low uptake of [18F]OMFD. The necrotic part within the tumour
displayed only a small uptake (2.68 %D/g). The slightly greater accumulation of [18F]OMFD in the
muscles was also detected in rhesus monkeys [5] and rats [6]. In the nude mouse we obtained a high
tumour uptake, good tumour to background ratios (tumour/liver and tumour/blood = 8, tumour/muscle
= 4) and a low tracer retention in the body, which supports the use of [18F]OMFD as a PET tracer for
the visualization of various human tumour entities.
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Fig. 1. Whole-body autoradiogram (above) in the frontal section level, radioactivity standard (right) and
corresponding histological section (below) of a nude mouse bearing a human squamous cell carci-

noma, 60 min after i.v. application of [18F]OMFD.

Table 1. Uptake (%D/g) of [18F]OMFD in a tumour-bearing nude mouse 60 min after i.v. application

Organ [18F]OMFD (%D/g)

Whole tumour    8.14 ± 1,29
Vital tumour  10.04 ± 1.36
Necrotic tumour    2.68 ± 0.88
Liver    1.24 ± 0.04
Skeletal muscle    2.64 ± 0.28
Skin    2.26 ± 0.50
Testicle    1.61 ± 0.08
Cecum    0.20 ± 0.05
Pancreas  10.55 ± 1.16
Small intestine    1.62 ± 0.17
Blood    1.20 ± 0.07
Lung    1.08 ± 0.15
Urinary bladder  50.69 ± 20.31
Bone    0.88 ± 0.09

Ex-vivo autoradiography
The [18F]OMFD uptake in the brain was low (~0.15 % D/g) 2 hours after i.v. application. No selective
accumulation was observed in most brain regions except in the nucleus accumbens (Fig. 2). The up-
take in the nucleus accumbens was 0.25 % D/g tissue. A smaller uptake of between 0.17 and 0.19
%D/g tissue was found in the dorsal striatum, globus pallidus, subthalamic nucleus and substantia
nigra. Similar values were also found in the cerebral cortex, thalamus and hippocampus. [18F]OMFD is
nearly stable metabolically in the brain of the rat. 92 % of the original compound was found in the brain
120 min after i.v. application [7]. We therefore expect that the higher 18F uptake into the nucleus ac-
cumbens is caused by a regionally different tracer distribution rather than by differences in tracer me-
tabolism. The volume of distribution of [18F]OMFD was slightly higher also in the striatum of monkeys
[5] and pigs [Füchtner et al., in preparation] than in the other brain regions. However, the resolution of
the PET images in these studies did not allow us to differentiate between the various nuclei.
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Fig. 2. In-vitro autoradiogram (above ), radioactivity standard and corresponding histological image
(below) of a sagittal brain section of the rat 2 hours after i.v. application of [18F]OMFD.

To sum up, we found a low, rather homogeneous uptake of [18F]OMFD in the rat brain. In keeping with
studies performed on other species, a slightly higher uptake was found in the nuclei of the basal telen-
cephalon [1, 4, 5]. In addition, we showed that this selective accumulation of [18F]OMFD occurs only in
the ventral extension of the striatum, the nucleus accumbens. This knowledge may contribute to the
diagnostic accuracy of [18F]OMFD PET studies in patients with intracerebral tumours.
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Introduction
Gene therapy delivering genes into humans is a promising new approach to the treatment of cancer
and other diseases [1] which has advanced from the experimental stage to the first successful clinical
applications [2]. The transfer of the herpes simplex virus thymidine kinase (HSV-tk) gene was suc-
cessfully employed in a variety of tumour models in vitro and in vivo [3 - 5]. It is based on the idea to
use the selective expression of this gene in tumour cells for their destruction (suicide approach).
Phase I/II clinical trials for brain, breast, colon and other tumours are currently being performed, but
convincing positive results of the suicide gene therapy approach have not yet been reported.
Cancer gene therapy includes gene delivery to the tumour cells and the cellular expression of the spe-
cific transferred gene. But it is not yet known whether this gene is strongly enough expressed in the
target tissue and how long the expression takes. To overcome this lack of information and to assess
the distribution and duration of gene expression, strategies for monitoring the gene transfer by posi-
tron emission tomography (PET) have been developed [6, 7].
Two main categories of substrates for the HSV-TK, uracil nucleoside and acycloguanosine derivatives,
have recently been investigated as reporter probes for imaging HSV-tk reporter gene expression [7].
The best compounds investigated for those two categories are [124I]FIAU (5-iodo 2´-fluoro-2´-deoxy-1-
ß-D-arabinofuranosyluracil) [8] and 9-[(3-[18F]fluoro-1-hydroxy-2-propoxy)methyl]guanine (FHPG) [9,
10]. It is still an open question which lead structure is the most suitable for imaging HSV-tk reporter
gene expression.
In this study we have compared two tracer for monitoring gene expression using the HSV-tk gene as a
reporter gene. The uptake [18F]FHPG and [125I]FIAU was studied in vitro in four HSV-tk-transfected cell
lines and compared with the uptake of tritiated acyclovir, a compound successfully used in the treat-
ment of Herpes simplex virus infection [11].

Material and Methods
The animal experiments were performed in accordance with the German Law on the Protection of
Animals. The study was approved by the Saxon State Government Committee for Animal Research
(75-9185.81-4.6/95). Methods are described in detail elsewhere [12, 13].

Fig. 1. Structures of the radioligands used in this study to monitor gene transfer. [3H]Acyclovir:
[8-3H]-9-(2-hydroxyethoxy-methyl)guanine, [125I]FIAU: 5-[125I]iodo-2´-fluoro-2´-deoxy-1-ß-D-
arabinofuranosyluracil, [18F]FHPG: 9-[(3-[18F]fluoro-1-hydroxy-2-propoxy)methyl]guanine.

Results
The transport and distribution of radioligands depends on their ability to cross the plasma membranes
of cells. This process is influenced by the plasma membrane composition, the expression of transport
systems and the lipophilicity of the radioligands. Partition experiments were therefore performed to
estimate the partition coefficients of the various radioligands (Fig. 1) used in this study. The results are
shown in Table 1. Data from the literature are included for comparison. We found that the 1-
octanol/phosphate buffer partition coefficient of [125I]FIAU is about 16 times that of acyclovir and 6
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times that of [18F]FHPG. For [18F]FHPG no change of Poct was observed between pH 5.2 and pH 8.0.
Poct of [125I]FIAU only slightly decreased between pH 7.1 and pH 8.0 (data not shown).

Table 1. Partition coefficients of various nucleoside analogues used for monitoring gene therapy

Compound Log POct
1

Ganciclovir -2.10 ... –1.662

[3H]Ganciclovir -1.94 ± 0.02

Acyclovir -1.62 ... –1.223

[18F]FHPG -0.96 ± 0.01

[125I]FIAU -0.20 ± 0.02
1Log POct  was determined from the tracer distribution in a 1:1 mixture of 1-octanol and phosphate buffer (pH 7.4);
2Data from the literature: [14, 15]; 3Data from the literature: [16 - 18].

The uptake of [3H]acyclovir, [18F]FHPG, and [125I]FIAU was studied in four HSV-tk-expressing cell lines
and their controls. Using [3H]acyclovir, a low tracer uptake was measured in all cell lines with only
small differences between HSV-tk-expressing (tk-positive) and non-expressing (tk-negative) cells (Fig.
2). The tk-positive/tk-negative cell uptake ratio after 240 min was between 1.45 (CMS-5) and 2.04
(T1115). The uptake after 240 min incubation increased for both series in the order: T1115 glioblas-
toma cells (514 ± 99 fmol/mg) followed by rat Morris hepatoma (MH3924A) cells (795 ± 145 fmol/mg),
CMS-5 fibrosarcoma cells (990 ± 97 fmol/mg) and MCF7 mamma carcinoma cells (1048 ± 30
fmol/mg). The same order was found in the HSVtk-expressing cells (Fig. 2B), but the differences be-
tween the various cell lines were less pronounced.
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Fig. 2. Accumulation of [3H]acyclovir in HSVtk-negative (left) and HSVtk-positive (right) cell lines as a
function of the incubation time. Data are means ± S.E.M. (n = 6 - 12)

With [18F]FHPG as a tracer, a relatively low uptake and a rather large variability between the cell lines
was found (Fig. 3). In both groups, i.e. non-transfected HSVtk negative cells (Fig. 3A) and transfected
tk+ cells (Fig. 3B), the highest uptake was observed in the CMS-5 cell line. About 90% lower uptake
values were measured in the T1115tk- cells and T1115tk+ cells. The tk+/tk- uptake ratios obtained with
[18F]FHPG as a tracer ranged from 2.1 (MCF7) to 6.6 (T1115) (Fig. 5).
With [125I]FIAU as a tracer about 10 times higher uptake values than with [18F]FHPG and 100 times
higher uptake values than with [3H]acyclovir were found (Fig. 4). The uptake ratios between trans-
fected and non-transfected cells were also significantly higher. The lowest ratio was found for CMS-5
and the highest for MCF7 cells (Fig. 5). Therefore, in vitro the highest selectivity was observed for
[125I]FIAU. Furthermore, we found (cf. data from Table 1 and Figs. 2 - 4) that the tracer uptake in tk+

cells correlated with the partition coefficient of the radioligand used. It is still unclear whether this ob-
servation reflects a causal relationship.
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Fig. 3. Accumulation of [18F]FHPG in HSVtk-negative (left) and HSVtk-positive (right) cell lines as a
function of the incubation time. Data are means ± S.E.M. (n = 6 - 12)

FIAU

0

200

400

600

0 30 60 90 120
min

%
do

se
/m

g 
pr

ot
ei

n

CMS tk+
MCF tk+
MH3924A tk+
T1115 tk+

B
FIAU

0

20

40

60

0 30 60 90 120
min

%
do

se
/m

g 
pr

ot
ei

n CMS
MCF
MH3924A
T1115

A

Fig. 4. Accumulation of [125I]FIAU in HSVtk-negative (left) and HSVtk-positive (right) cell lines as a
function of the incubation time. Data are means ± S.E.M. (n = 6 - 12).

Discussion
In this study we directly compared [18F]FHPG and [125I]FIAU in vitro using four HSV-tk transfected cell
lines to evaluate the potential of the radiotracers to monitor gene therapy with PET.
Significant differences between the tumour cell lines were observed. While the uptake of acyclovir was
similarly low in all tk-expressing cell lines the CMS-5 fibrosarcoma cells accumulated about 4 times
more FHPG during 2 h incubation than the other cell types. And the uptake of FIAU into T1115 tk-
expressing glioblastoma cells was more than two times that measured in the Morris hepatoma or
CMS-5 cells. These differences are therefore assumed to be due to differences in the plasma mem-
brane composition of the cells, including differences in the expression of specific transport systems.
Cell-type-specific differences in the uptake rates of nucleosides were reviewed before [19] and may be
related to both facilitated transport and non-mediated permeation.
The greatest variability between the various HSVtk expressing cell lines was seen using [18F]FHPG.
After 4 h incubation the highest uptake was found in CMS5-tk+ cells (40.4 % dose/mg) and the lowest
in T1115-tk+ cells (5.0 % dose/mg). However, the greatest uptake ratio was found for the cell lines with
the lowest uptake (MH, T1115). Our data are comparable to those previously published by others [20-
22]. In cell lines of human origin the highest uptake ratio of [18F]FHPG or [3H]ganciclovir between
HSVtk-expressing and non-expressing cells was 8.
The use of [18F]FHBG, in which the ether oxygen in the side chain was substituted by carbon, in-
creased this ratio by the factor 2 [23]. Cell lines derived from rat glioma generally showed a much
higher ratio (between 35 and 100) [24, 25]. However, the C6 rat glioma model was criticised for its use
in the investigation of gene therapy strategies [26]. De Vries et al. [24] compared this cell line with PA-
317tk+ cells derived from mouse fibroblasts and failed to demonstrate the selective uptake of
[18F]FHPG in PA-317-tk+ cells while the toxicity of ganciclovir was comparable to C6-tk+ cells. The
uptake ratio between HSVtk-positive and HSVtk-negative C6 cells was drastically reduced by the in-
troduction of 18F in position 8 of ganciclovir ([18F]ganciclovir). The same phenomenon was observed
for penciclovir. Altogether these data support our observation that  the [18F]FHPG uptake depends
very much on the specific tumour type. The reason for this could be the variability in transporter ex-
pression between the cells.



145

0

10

20

30

40

50

CMS-5 MCF7 MH3924A T1115

R
at

io
 tk

+/
tk

-

Acyclovir
FHPG
FIAU

The uptake of FIAU by tk-expressing cells is about ten times that of FHPG and 100 times that of acy-
clovir. Among the three radiotracers used in this study, FIAU is the only ligand which is only trans-
ported by nucleoside transport systems. Its uptake into MH3924A and T1115 cells was not inhibited by
adenosine, uracil or hypoxanthine (unpublished data). It was strongly inhibited by thymidine and by
high concentrations of nitrobenzylthioinosine (NBTI) or dipyridamol (Fig. 6). These data suggest that at
least two different nucleoside transporters are involved in the transport of FIAU, i.e. the equilibrative-
insensitive (ei) transporter and the concentrative (cit) transporter which accepts thymidine as per-
meant [for review see 27]. In T1115 cells but not in MH3924A cells part of the transport was sensitive
to low concentrations of NBTI, which suggests a partial contribution of the equilibrative-sensitive (es)
system.
Similar results were found for another uracil nucleoside derivative. The tritiated 5-fluoro-1-(2-deoxy-2-
fluoro-ß-d-ribofuranosyl)uracil (FFUdR), a ribofuranosyl analogue of FIAU in which iodine was substi-
tuted by fluorine [28], was transported into MH3924A-tk+ cells mainly via the equilibrative and concen-
trative nucleoside transporters but not by nucleobase transport systems [29]. About 7 – 8 % of the
total radioactivity was found in the cells after 2 h incubation with the tracer, 35 - 40 times more than in
the corresponding control cells [29]. We found a [125I]FIAU uptake of between 15 % and 49 % of the
total dose, which corresponds to between 12 times (CMS-5) and 50 times (MCF7) the uptake in
HSVtk-negative cells.
This study compares two potential reporter probes for monitoring the HSV-TK activity after gene
transfer. The study clearly demonstrates that in our direct comparison in vitro FIAU is a substantially
better reporter probe than acyclovir or FHPG. But further studies are needed to decide whether the
development of a suitable PET tracer should be primarily based on uracil nucleoside derivatives as the
lead structures.
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49. Separation of 18 F-Labelled Neurotensin Derivatives and its Metabolites

H. Wittrisch, R. Bergmann, K. Fischer, C. Heichert, P. Mäding, M. Scheunemann, P. Brust

Introduction
Neurotensin (NT) (pGlu-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pro-Tyr-Ile-Leu) is a naturally occurring
peptide hormone consisting of 13 amino acids. It is heterogeneously distributed throughout the central
nervous system and also found in the gastrointestinal tract of various mammals [1]. This peptide dis-
plays a wide spectrum of biological activities. It is involved in hypotension, hyperglycemia, hypother-
mia, increased vascular permeability etc. Its various functions are evoked by interaction with specific
neurotensin receptors.
Neurotensin receptors were also found in several tumours, such as Ewing’s sarcoma, meningioma,
astrocytoma and small cell lung cancer [2]. Previous studies showed that the hexapeptide NT (8-13) is
the shortest sequence of the native peptide to maintain receptor binding [3]. NT (8-13)-based radiola-
belled analogues were synthesized for diagnosis of cancer [4].
However, the labelled peptides are subject to rapid metabolism. Especially endopeptidase 24.15 and
the angiotensin-converting enzyme are known to cleave the Arg8-Arg9 bond [5], while endopeptidases
24.11 and 24.16 cleave the Pro10-Tyr11 bond [6]. Moreover, the angiotensin-converting enzyme can
cleave the neurotensin between Tyr11and Ile12 [7]. The separation of the resulting metabolites was
usually performed by high performance liquid chromatography (HPLC) [8,9], ion exchange chromatog-
raphy [10] or capillary electrophoresis [11]. Radioimmuno-assays were used for identification of the
separated compounds [12].
The synthesis of [18F]fluorobenzoyl-labelled NT (8-13) (18FB-NT (8-13)) was recently described [13].
The separation of 18FB-NT (8-13), the metabolically stabilized pseudopeptides [Arg8Ψ(CH2NH)Arg9-
Pro10-Tyr11-Ile12-Leu13] and [Arg8Ψ(CH2NH)Arg9-Pro10-Tyr11-Tle12-Leu13] and their metabolites from in-
vivo and in-vitro samples is shown in this study. The separation was performed by HPLC and the
identification by mass spectrometry.

Material and Methods
For in-vitro studies rat blood was centrifuged at 14,000 rpm for 5 min. Blood or the plasma obtained
was mixed with the pseudopeptide in question (0.5 MBq) and incubated at 37 °C for 1 to 480 min. For
in-vivo experiments Wistar rats (male, 250 – 350 g) were used. About 25 MBq of the neurotensin de-
rivatives (5 – 15 GBq / µmol) were injected into each rat. Plasma samples were taken after various
periods (1 to 120 min). The plasma samples were directly used for HPLC analysis.
The HPLC system (HP1100, Agilent Technologies, Waldbronn, Germany) consists of an autosampler,
two HPLC pumps, two six-port valves, a variable-wavelength UV detector and a radiochromatographic
detector Flo-one-βeta� (Canberra Packard, Dreieich, Germany). Pump 1 delivers the buffer for the
size exclusion chromatography (SEC) (column ZORBAX GF-250, 4.6 mmID x 250 mmL), while pump
2 delivers the buffer for the analytical column (ZORBAX 300SB-C18, 4.6 mmID x 50 mmL).
Typically, 10-150 µl plasma or urine samples were injected. A 300 mM phosphate buffer pH 7 con-
taining 5 % acetonitrile (MeCN) was used for SEC. When the analytes were eluted from the SEC col-
umn, both six-port valves were switched by the software (HP ChemStation for LC). During this step
the RP column was loaded with the sample. Than the first valve switched back and the compounds
were separated, using the analytical column under gradient conditions at 40 °C and a flow rate of 1
ml/min. Solvent A consisted of water with 0.05 % trifluoro acetic acid (TFA), and solvent B of MeCN
with 0.04 % TFA. The gradient contained the following steps: 0 – 8 min 5 % B, 8 – 12 min 5 % up to
60 % B, 12 – 14 min 60 % up to 80 % B, 14 – 15 min 80 % B. A wavelength of 214 nm was used for
UV detection. The radioactivity concentration was continuously recorded during separation. After
passing through the radiochromatographic detector, the HPLC fractions were collected with a Redi-
Frac collector (Pharmacia Biotech, Sweden) and lyophilized. For identification of the metabolites a
micromass Quattro LC system (micromass Limited, UK) was used. The instrument was operated in
positive electrospray mode and a cone voltage of between 25 and 75 kV. The scan range was 50-
1000 DA per minute. The ion source temperature was set to 250 °C.
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Results and Discussion
[18F]fluorobenzoyl-labelled NT (8-13)
The in-vitro stability of FB-NT (8-13) was investigated in the blood of Wistar rats. After only 5 min of
incubation at 37 °C two metabolites were found (Fig. 1). One was identified as FB-Arg-Arg and the
other as FB-Arg by mass spectrometry (Fig. 2). When the incubation was performed with plasma in-
stead of blood, only FB-Arg was detected. This shows that the enzyme cleaving the Arg9-Pro10 bond is
located at blood cells such as leucocytes [14] or erythrocytes [15]. No FB-NT (8-13) was detected in
the rat blood in vivo. Only 2 min after the injection of FB-NT (8-13) 49 % of the compound was me-
tabolized into FB-Arg-Arg and 51 % into FB-Arg. A fast degradation of FB-Arg-Arg into FB-Arg oc-
curred later.
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Fig. 1. Separation of rat blood containing
FB-NT (8-13) and its metabolites FB-Arg-Arg
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Fig. 2. Mass spectra of the peaks containing
FB-Arg and FB-Arg-Arg

In the rat urine obtained 120 min after injection only the metabolites of FB-NT (8-13) were found (data
not shown). Approximately 96 % FB-Arg and 4 % FB-Arg-Arg was detected.

[18F]fluorobenzoyl-labelled [Arg8Ψ(CH2NH)Arg9-Pro10-Tyr11-Ile12-Leu13]
For a higher stability of the neurotensin molecule the Arg8-Arg9 bond was protected. After 5 min incu-
bation of the stabilized NT derivative at 37 °C with rat blood or rat plasma, two metabolites were ob-
served (Fig. 3).

0

5

10

15

5 10 15time [min]

cp
s

FB-NT(8-13) 

FB-ArgΨΨΨΨArg-Pro-Tyr 

FB-ArgΨΨΨΨArg-Pro

FB-ArgΨΨΨΨArg-Pro

FB-ArgΨΨΨΨArg-Pro-Tyr

Fig. 3. Separation of rat blood plasma containing   

FB-[Arg8Ψ(CH2NH)Arg9] NT (10-13) and its meta-
bolites FB-ArgΨArg-Pro-Tyr and FB-ArgΨArg-Pro

Fig. 4. Mass spectra of the peaks containing
FB-ArgΨArg-Pro and FB-ArgΨArg-Tyr



150

FB-[Arg8Ψ(CH2NH)Arg9-Pro10-Tyr11-Ile12-Leu13] was identified by chromatographic comparison with a
reference substance. Mass spectrometry (Fig. 4) identified the first metabolite as FB-ArgΨArg-Pro-Tyr
and the second as FB-ArgΨArg-Pro.
In accordance with the theoretical prediction an increased stability of the pseudopeptide was obtained.
The unchanged compound was observed in rat blood up to 4 min after injection. During this time ap-
proximately 45 % of the pseudopeptide was metabolized into FB-ArgΨArg-Pro-Tyr and 53 % into FB-
ArgΨArg-Pro. Due to the high activity of the peptidases (e.g. endopeptidase 24.11 and endopeptidase
24.16) the amount of FB-ArgΨArg-Pro-Tyr decreased very fast to a level of about 5 %.
Rat urine was obtained 120 min after injection. It coniained only 1 % unchanged FB-
[Arg8Ψ(CH2NH)Arg9-Pro10-Tyr11-Ile12-Leu13]. Approximately 97 % of the pseudopeptide was degraded
into FB-ArgΨArg-Pro and 2 % into FB-ArgΨArg-Pro-Tyr.

[18F]fluorobenzoyl-labelled [Arg8Ψ(CH2NH)Arg9-Pro10-Tyr11-Tle12-Leu13]
Further metabolic stabilization of the peptide was achieved by replacing isoleucine by tertiary leucine.
No degradation products were detected after incubation of the pseudopeptide in rat plasma for 8 hours
at 37 °C. However, a cleavage of the Pro10-Tyr11 bond was observed in vivo. Five min after injection
approximately 20% of FB-ArgΨArg-Pro was detectable in rat plasma (Figs. 5, 6).
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Fig. 5. Separation of rat blood plasma containing
the double stabilized FB-NT (8-13) and its
metabolite FB-ArgΨArg-Pro

Fig. 6. Mass spectrum of the peak containing
FB-ArgΨArg-Pro

Twenty-five min p. i. about 50 % of the double stabilized FB-NT (8-13) still remained in the plasma.
Approximately 6 % unchanged pseudopeptide and 94 % FB-ArgΨArg-Pro were found in the urine 120
min after injection.

Our results clearly show that neurotensin derivatives and their metabolites can be separated under
given HPLC conditions. The detected metabolites were identified by mass spectrometry. An increased
stability of the [18F]fluorobenzoyl-labelled neurotensin derivatives was observed.

This work was supported by the European Union (BMH4-CT98-3198).
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Introduction
Estrogen sulphates are quantitatively the most important form of circulating estrogens during the men-
strual cycle and in the post-menopausal period. Huge quantities of estrone sulphate and estradiol
sulphate are found in the breast tissues of patients with mammary carcinoma. Many tumours in endo-
crine-sensitive tissues, such as the breast and endometrium, are hormone-dependent and hydrolysis
of estrone sulphate to estrone by estrone sulphatase (ES) is a major source of estrogen in such tu-
mours. It was demonstrated that various estrogen-3-sulphates (estrone-3-sulphate, estradiol-3-
sulphate, estriol-3-sulphate) can provoke important biological responses in mammary cancer cell lines.
[3H]Estrone sulphate is converted into estradiol in a very high percentage in various hormone-
dependent mammary cancer cell lines (MCF-7, R-27, T-47D), but very little or no conversion occurs in
the hormone-independent mammary cancer cell lines (MDA-MB-231, MDA-MB-436) [1]. It is expected
that control of the sulphatase will open new possibilities in the treatment of hormone-dependent
mammary cancer. Administration of danazol was found to cause a fall in plasma estrone levels and to
diminish the conversion ratio of estrone sulphate to estrone in breast cancer patients [2]. It also inhib-
ited tissue sulphatase activity. Although this drug is only a weak sulphatase inhibitor, these observa-
tions indicate the potential value of developing more efficient sulphatase inhibitors.
Estrone-3-O-sulphamate (EMATE) was shown to be a potent ES inhibitor in vitro and in vivo. The ad-
ministration of EMATE almost completely inhibited ES in the liver [3]. However, this compound still
possesses a potent estrogenic activity [4]. A novel class of ES inhibitors was recently described. Es-
tradiol-disulphamate and some of its derivatives exhibit a 2 to3 times higher potency of sulphatase
inhibition [5]. Based on these findings 16α-[18F]fluoroestradiol-3,17β-disulphamate ([18F]FESDS) was
developed as a potential PET tracer for imaging steroid-dependent breast tumours [6]. The suitability
of [18F]FESDS for imaging studies was investigated in this paper.

Material and Methods
Synthesis of [18F]-FESDS
The synthesis of [18F]FESDS was previously described [6].
Cell culture
MCF-7 cells (human breast adenocarcinoma; DSMZ No. ACC 115) were purchased from DSMZ Hei-
delberg. These cells were cultivated at 37 °C and 5 % CO2 in RPMI 1640 medium with Glutamax I
(Life Technologies GmbH, Karlsruhe) to which 10 % stripped fetal bovine serum (Greiner, Frickenhau-
sen), 1 mM sodium pyruvate, 1 % MEM non-essential amino acids (Biochrom KG, Berlin), 20 mM
Hepes buffer (Biochrom KG), 1 % penicillin/streptomycin (10 000 U/10 000 µg/ml; Biochrom KG), 10
µg/ml insulin and 5 nM ß-estradiol (Sigma, Deisenhofen) were added.
Tumour implantation
MCF-7 tumours were produced in nude mice by injection of 100 µl cell suspension (107 cells) into the
axilla. To obtain good tumour growth 0.5 mg/kg/week ß-estradiolbenzoate (Sigma, Deisenhofen) was
subcutaneously injected [7]. The dose was divided into three single injections per week. The hormone
was dissolved in DMSO (0.1 mg/µl) and diluted with peanut oil in the ratio 1:200, of which 100 µl was
injected.
FaDu is an established human hypopharyngeal squamous cell carcinoma. In nude mice FaDu grows
as an undifferentiated carcinoma. For the experiments source tumours were excised, cleaned of ne-
crotic tissue, cut into small pieces and subcutaneously transplanted into the right hindleg. No estradiol
was given to the FaDu-tumour-bearing mice. When the tumours had reached a diameter of approx. 1
cm, the animals were sacrificed and the tumours frozen at –50 oC. After thawing, pieces of frozen
FaDu tumours were cut up and subcutaneously injected into the thigh of the nude mice. Animals with
a tumour diameter of between 0.7 and 1.0 cm were used for the biodistribution studies.
Biodistribution studies
Biodistribution studies were carried out in rats and in tumour-bearing nude mice according to the na-
tional regulations for animal research.
The animals were intravenously injected with approximately 125 kBq [18F]FESDS per rat and about 85
kBq [18F]FESDS per mouse. The animals were sacrificed and dissected between 5 and 60 min after
the tracer injection. Tumours, blood, six brain regions, ovaries, uterus, pancreas, spleen, adrenals,
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kidneys, fatty tissue, muscle, heart, lung, thymus (except nude mice), liver, femur and intestine were
sampled and weighed, and the radioactivity in each tissue was measured. The results were expressed
as the percentage of the injected dose per gram of tissue (mean ± S.E.M.). Inhibition studies were
performed by i.v. injection of the inhibitor (10% DMSO in saline or 50% ethanol in saline) ten minutes
before the tracer injection. The following drugs were used as inhibitors: acetazolamide 5mg/kg, eth-
oxyzolamide 5 mg/kg, quercetin 5 mg/kg, naringin 5 mg/kg, FESDS 0.05 mg/kg.
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Table 1. Inhibition of the [18F]FESDS uptake (% dose/g 60 min p.i.) into various organs of Wistar rats
by a number of sulphatase inhibitors (mean ± S.E.M.)

Control
(n = 23)

Quercetin
5 mg/kg (n = 6)

Naringin
5 mg/kg (n = 5)

FESDS
0.05 mg/kg (n = 5)

Blood 10.951 ± 0.372 10.643 ± 2.015 12.789 ± 2.361 7.702 ± 0.987b

Cerebellum 0.265 ± 0.012 0.272 ± 0.056 0.324 ± 0.047 0.201 ± 0.011a

Pons 0.303 ± 0.017 0.262 ± 0.059 0.285 ± 0.031 0.230 ± 0.022
Colliculi 0.255 ± 0.028 0.287 ± 0.063 0.308 ± 0.090 0.236 ± 0.011
Thalamus 0.215 ± 0.013 0.209 ± 0.035 0.216 ± 0.028 0.163 ± 0.027
Striatum 0.190 ± 0.015 0.162 ± 0.027 0.211 ± 0.025 0.132 ± 0.012
Cortex 0.201 ± 0.010 0.200 ± 0.036 0.246 ± 0.021 0.146 ± 0.010a

Ovary 0.561 ± 0.072 0.815 ± 0.185 0.994 ± 0.175 0.536 ± 0.063
Uterus 0.577 ± 0.052 0.759 ± 0.174 1.066 ± 0.213 0.839 ± 0.137
Pancreas 1.434 ± 0.108 1.738 ± 0.268 1.785 ± 0.197 1.575 ± 0.067
Spleen 2.161 ± 0.159 1.384 ± 0.183b 1.438 ± 0.246a 1.598 ± 0.238
Adrenal 1.540 ± 0.222 1.647 ± 0.259 2.033 ± 0.459 0.996 ± 0.016
Kidney 1.863 ± 0.100 1.828 ± 0.301 2.049 ± 0.344 1.505 ± 0.200
Fat tissue 0.446 ± 0.042 0.764 ± 0.191 1.129 ± 0.250 0.490 ± 0.042
Muscle 0.284 ± 0.103 0.198 ± 0.045 0.281 ± 0.050 0.336 ± 0.167
Heart 1.775 ± 0.143 2.484 ± 0.524 2.630 ± 0.506 1.337 ± 0.153
Lung 2.866 ± 0.235 3.934 ± 0.880 4.186 ± 0.735 2.405 ± 0.277
Thymus 0.862 ± 0.067 1.323 ± 0.314 2.024 ± 0.425 0.674 ± 0.060
Liver 4.364 ± 0.272 2.434 ± 0.229c 2.589 ± 0.277c 3.981 ± 0.178
Femur 0.739 ± 0.032 1.056 ± 0.229 1.230 ± 0.192 0.766 ± 0.066
ap < 0.05, bp < 0.01, cp < 0.001

Fig. 1. Biodistribution of [18F]FESDS in
Wistar rats as a percentage of the in-
jected dose per gram (mean ± S.E.M.)
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Fig. 1 shows the biodistribution of [18F]FESDS in Wistar rats 5 min and 60 min p.i.. Surprisingly, most
of the tracer remains in the blood. Clearance from the blood and all other organs is rather slow. Elimi-
nation is mainly by the enterohepatic route (~ 18 % dose in intestine vs. 0.5 % dose in urine 60 min.
p.i.). Administration of 0.05 mg/kg FESDS 10 min before the tracer injection significantly diminished
the uptake in the blood and in the brain (cerebellum and cortex) (Table 1). Estrone sulphatase inhibi-
tors such as quercetin and naringin inhibited the uptake in the spleen by 36 % and 33 %. The uptake
in the liver was reduced by 44 % and 41 %. The intestine showed a reduction in tracer uptake of more
than 50 %.
Because of the structural relationship of FESDS with certain inhibitors of carbonic anhydrase (CA)
(see Rodig et al., this volume) the inhibition of the [18F]FESDS uptake by acetazolamide and ethoxy-
zolamide was studied. Organs rich in carbonic anhydrase, such as blood, spleen, lung, heart and fe-
mur (bone marrow), showed a remarkable reduction. In equal doses (5 mg/kg), ethoxyzolamide was a
stronger inhibitor than acetazolamide. The uptake into the intestine was about 3 times increased, indi-
cating a much faster elimination of FESDS.

Table 2. Inhibition of the [18F]FESDS uptake (% dose/g 60 min p.i.) into various organs of Wistar rats
by a number of carbonic anhydrase inhibitors (mean ± S.E.M.)

Control
(n = 23)

Acetazolamide
(5 mg/kg) (n = 5)

Ethoxyzolamide
(5 mg/kg)(n = 5)

Blood 10.213 ± 0.340 0.585 ± 0.071c 0.390 ± 0.031c

Cerebellum 0.249 ± 0.010 0.161 ± 0.019c 0.147 ± 0.011c

Pons 0.277 ± 0.014 0.177 ± 0.023b 0.147 ± 0.015b

Colliculi 0.245 ± 0.020 0.183 ± 0.022 0.138 ± 0.011a

Thalamus 0.202 ± 0.010 0.174 ± 0.022 0.145 ± 0.010a

Striatum 0.177 ± 0.011 0.175 ± 0.017 0.138 ± 0.011
Cortex 0.186 ± 0.008 0.150 ± 0.017 0.141 ± 0.011
Ovary 0.498 ± 0.051 0.663 ± 0.076 0.467 ± 0.061
Uterus 0.519 ± 0.041 0.800 ± 0.174 0.361 ± 0.046
Pancreas 1.385 ± 0.087 3.077 ± 0.446 2.234 ± 0.239
Spleen 2.051 ± 0.112 0.354 ± 0.046c 0.259 ± 0.018c

Adrenal 1.305 ± 0.161 0.962 ± 0.150 0.614 ± 0.033
Kidney 1.720 ± 0.083 0.520 ± 0.054c 0.456 ± 0.028c

Fat tissue 0.429 ± 0.031 0.614 ± 0.074 0.331 ± 0.075
Muscle 0.238 ± 0.068 0.217 ± 0.024 0.172 ± 0.010
Heart 1.627 ± 0.117 0.401 ± 0.052c 0.266 ± 0.033c

Lung 2.524 ± 0.191 0.458 ± 0.058c 0.346 ± 0.052c

Thymus 0.747 ± 0.061 0.249 ± 0.030c 0.212 ± 0.020c

Liver 4.310 ± 0.180 4.055 ± 0.143 4.841 ± 0.234
Femur 0.722 ± 0.027 0.359 ± 0.031c 0.148 ± 0.023c

ap < 0.05, bp < 0.01, cp < 0.001

The uptake of [18F]FESDS was also studied in tumour-bearing nude mice (Table 3). The highest up-
take was found in organs rich in CA. As in rats, this uptake was drastically reduced by pre-injection of
acetazolamide. Coinjection of FESDS did not further diminish but rather increased the uptake.
Two tumours were studied in the nude mice: human FaDu squamous cell carcinoma and human MCF-
7 mamma carcinoma. [18F]FESDS uptake into the estrogen dependent MCF-7 tumour was only 36 %
higher than uptake into the non-estrogen dependent FaDu tumour. The tumour/muscle ratio was 1.39
and 1.89. The tumour uptake was only slightly inhibited by acetazolamide but not by FESDS.

Discussion
The aim of the study was to investigate the suitability of [18F]FESDS as a PET tracer for tumour imag-
ing. We found that [18F]FESDS does not accumulate in FaDu squamous cell carcinoma and MCF-7
human breast carcinoma, the two types of tumours studied. In contrast to the FaDu tumours, MCF-7
tumours are expected to express large amounts of estrone sulphatase [8]. However, the comparison
between these two tumours indicates that the binding of [18F]FESDS to the enzyme represents less
than 30 % of the total tracer accumulation in the tumour. To obtain a reasonable tumour-to-
background ratio a specific tumour accumulation of the tracer of more than 90 % is needed.
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The [18F]FESDS accumulation in the tumour, uterus and ovaries was not reduced by the steroid sul-
phatase inhibitors quercetin and naringin, while a significant inhibition of about 40 to 50 % was ob-
served in other organs (liver and spleen) with a high estrone sulphatase activity [9, 10]. 0.05 mg/kg
FESDS only inhibited  the accumulation of [18F]FESDS in the blood and in the brain. Higher concen-
trations of this ligand (0.5 mg/kg and 5 mg/kg) showed an inhibitory effect only on the brain (data not
shown).

Table 3. Inhibition of the [18F]FESDS uptake (% dose/g 60 min p.i.) into various organs of tumour-
bearing nude mice by pre-injection of acetazolamide and FESDS (mean ± S.E.M.)

Control
(n = 10)

Acetazolamide
5 mg/kg (n = 5)

Acetazolamide+FESDS
5 mg/kg (n = 4)

Blood 32.557 ± 4.251 3.198 ± 0.811c 6.790 ± 0.780
Cerebellum 0.999 ± 0.067 0.387 ± 0.044c 0.568 ± 0.066
Colliculi 0.973 ± 0.065 0.443 ± 0.061c 0.522 ± 0.013
Cortex 0.764 ± 0.035 0.361 ± 0.031c 0.491 ± 0.027
Ovary 1.309 ± 0.182 3.022 ± 0.821 5.307 ± 0.982
Uterus 1.392 ± 0.172 6.794 ± 2.893 7.431 ± 1.287
Pancreas 3.230 ± 0.235 8.086 ± 1.519 9.545 ± 1.530
Spleen 11.067 ± 0.716 2.832 ± 0.487c 7.488 ± 0.340
Kidney 13.512 ± 1.787 3.111 ± 0.386c 10.356 ± 0.565
Fat tissue 1.920 ± 0.369 4.148 ± 0.594 9.800 ± 3.132
Muscle 0.553 ± 0.047 0.668 ± 0.106 2.479 ± 0.262
Heart 6.138 ± 1.628 1.181 ± 0.280a 5.672 ± 0.496
Lung 16.767 ± 2.354 2.435 ± 0.439c 9.338 ± 0.476
Liver 9.550 ± 0.712 11.684 ± 1.486 26.634 ± 1.176
Femur 1.670 ± 0.095 1.283 ± 0.251a 2.334 ± 0.171
Tumour (FaDu) 0.768 ± 0.125
Tumour (MCF-7) 1.043 ± 0.063 0.855 ± 0.064a 3.315 ± 0.479
ap < 0.05, bp < 0.01, cp < 0.001

The highest tracer accumulation of all organs was found in the blood, where it is mainly bound (>90 %)
to the erythrocytes. A considerable part of the [18F]FESDS accumulation measured in the organs is
therefore due to the blood component, which is another disadvantage for a potential PET tracer. The
strong binding of [18F]FESDS to the erythrocytes is caused by the presence of large amounts of car-
bonic anhydrase in these cells. Sulphonamides have long been described as inhibitors of carbonic
anhydrase [11].The two sulphonamide groups of FESDS are therefore expected to interact with CA.
We have evidence to support this hypothesis because pre-injection of the well-known CA inhibitors
acetazolamide and ethoxyzolamide reduced the [18F]FESDS accumulation in the erythrocytes by
about 95 %. A significant inhibition was also observed in other organs rich in CA, such as the lungs,
kidneys and spleen. A decrease of about 20 % was also observed in tumours. However, the CA does
not seem to be a useful target for tumour imaging [12].
To sum up, the in-vivo data obtained with [18F]FESDS in this study indicate that this tracer is not suit-
able for tumour imaging, irrespective of whether the tumours express estrone sulphatase or not. The
binding to estrone sulphatase seems to be negligible compared with the binding to carbonic anhy-
drase. Further studies are needed to test whether this enzyme could serve as a possible target of
[18F]FESDS.
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Introduction
Many diseases are caused or at least accompanied by chemical changes in constituents of the cells.
Such chemical changes often occur before a disease can be diagnosed, although even the newest
bioanalytical methods are often not capable of detecting these changes as early as necessary for suc-
cessful therapy. One chance to improve the diagnostic capabilities is the combination of bioanalytical
methods [1]. One of the promising combinations is based on in vivo Positron Emission Tomography
(PET) and ex vivo FTIR spectroscopy. The great potential of both methods for diagnosing cancer was
demonstrated before [2, 3].
Important compounds for in vivo cancer diagnostics by PET are 2-[18F]fluoro-2-deoxy-D-glucose
([18F]FDG) and 3-O-methyl-6-[18F]fluoro-dihydroxyphenylalanine ([18F]OMD). The accumulation of both
compounds in cancer tissue is based on their enhanced glucose or amino acid metabolism. But non-
cancer-specific accumulation of these radiotracers in the surrounding tissue or other organs is also
detected. Another restriction on PET in cancer imaging and localization is the lateral resolution of PET,
which is restricted to a few millimetres.
But the combination of infrared imaging and ex-vivo autoradiography should result in a powerful tool
for obtaining images of greater diagnostic value for tissue properties. FTIR imaging was successfully
used to study cancer with a spatial resolution down to 20 µm in histological sections [4, 5]. Further-
more by using mid-infrared fibres [6] in vivo spectroscopic measurements should be feasible during
surgery in tissue localized by PET examination.
For the tissue section studies in this project the common PET modality was favourably substituted by
imaging with BAS 2000 high resolution autoradiography (100 µm lateral resolution), which was com-
bined with FTIR mapping of the sections. Tissue sections of mouse muscles were investigated. Some
first results of the in-vivo detection of enhanced metabolic activity and the subsequent discrimination
between healthy and cancer tissue by FTIR mapping will be demonstrated.

Materials and Methods
All experiments were carried out on mice according to the relevant national regulations. 5 MBq of the
lipophilic 99mTc cation hexakis(2-methoxy-isobutyl-isonitrile)technetium(I), [99mTc]sestamibi (Cardiolite,
Du Pont Pharma GmbH, Bad Homburg, Germany) and 2 MBq of 2-[18F]fluoro-2-deoxy-D-glucose
([18F]FDG) were simultaneously injected into the tail veins of 25 g athymic nude mice bearing a solid
tumour from human squamous (FaDu) cells or from human colon adenocarcinoma HT-29 cells. All
tumours were smaller than 10 mm in diameter. 30 min after the injection the mice were sacrificed by
heart puncture under ether anaesthesia. Selected organs were isolated for weighing and counting.
The samples were assayed for gamma radioactivity in a multichannel well-type sodium iodine gamma
counter (COBRA II, Packard Instrument Company, Meriden, CT, USA) using two energy windows
(99mTc: 110 - 180 keV and 18F: 450 - 1500 keV). For autoradiography and infrared spectroscopy a 10
µm tissue section was cut from the tissue block. The section was transferred onto a 10 x 10 x 1mm
CaF2 window and air dried.
A Nicolet 5PC FTIR spectrometer (Nicolet, Offenbach, Germany) equipped with an IR microscope (IR-
Plan, SpectraTec Ltd, Brichwood, UK) and MCT detector were used to record the infrared spectra. 64
spectra were co-added at 4 cm-1 resolution. Infrared maps were generated by an automatic XY stage
controlled by the spectrometer. The stage was moved by increments of 90 µm in X and Y directions.
At first a background spectrum was recorded from a sample-free area of the CaF2 window. After every
10 sample spectra a new background was recorded at the same position as the first. Principal compo-
nent analysis was performed, using the Unscrambler software (Camo, Trondheim, Norway) and the
Matlab 5 package (MathWorks Inc. Natric, MA, USA).
For histological characterization one section of the sample was stained with Papanicolaous solutions
[7] 1a, 2a and 3a (Merck, Darmstadt, Germany) and dehydrated in an ethanolic Rotihistol solution
(Roth, Karlsruhe, Germany). Finally the samples were covered with Rothi-Histokitt (Roth, Karlsruhe,
Germany) and overlaid by a thin glass slide. After staining the cell nucleus shows a blue colouring, the
cytoplasm of acidophilic cells a pink or red colouring, and the cytoplasm of basophilic cells a bluish-
green one. Parallel to the histological characterization the autoradiogram of the non-stained sample
was obtained, using a standard imaging plate (BAS MP 2040, Raytest, Straubenhardt, Germany). The
sample was scanned at constant time intervals in order to obtain the 18F and 99mTc radioactivity contri-
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butions. A bio-imaging analyzer BAS 2000 (FUJI Photo Film Co, Tokyo, Japan) was used. After an
hour the radioactivity levelled off. All data were gathered as a percentage of the injected dose per g
tissue (% ID/g tissue).

Results and Discussion
Fig. 1 shows a black-and-white reproduction of an optical micrograph of a section across the tumour
and the surrounding tissue. Connective tissue is indicated as a small band between the growing tu-
mour tissue and the muscle cells. The connective tissue region is characterized by an exceedingly
high concentration of normal cells due to the growth of the adjacent cancer tissue.

Fig. 1. Black-and-white reproduction of an optical micrograph of a non-stained tissue section.

Fig. 2. Autoradiogram of the tissue section adjacent to the sample shown in Fig. 1. Dark colour indi-
cates regions of high radioactivity. The cancer region is highlighted by a surrounding line.

Fig. 2 shows a typical autoradiogram of the FDG distribution in the tissue section. Despite the re-
stricted lateral resolution the autoradiogram clearly renders the morphology of the sample. Areas de-
picted in dark colour indicate an enhanced metabolism. The growing zone of the tumour is clearly
discernible due to its high metabolism. It has to be noted, though, that differences in sample thickness
are also reflected in the autoradiogram. Such thickness variations have to be expected for air-dried
samples. A greater sample thickness may more or less contribute to the enhanced activity detected in
the dark area at the lower centre of Fig. 2. In contrast to the optical micrograph shown in Fig. 1, the
PET autoradiogram shown in Fig. 2 does not permit sharp discrimination of the boundary between
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cancer tissue and healthy tissue. Two reasons may be responsible for this situation. On the one hand,
the cancer grows towards healthy cells, i.e. the healthy is compressed. A higher density of healthy
cells per volume unit results, and the autoradiogram indicates enhanced activity for this volume unit.
On the other hand, the narrow boundary between tumour tissue and healthy tissue is averaged out
due to the limited lateral resolution achieved by the PET method. Whichever of the reasons is the pre-
dominant one, the discussion clearly indicates the need for a complementary analytical method, such
as FTIR spectroscopy.
After PET autoradiography the samples were mapped by FTIR spectroscopy. Fig. 3a shows an optical
micrograph of a non-stained section together with FTIR spectra taken under the microscope. Scanned
areas are marked by an overlaid grid. Single spectra were recorded in order to map the complete
sample area. Full squares denote regions in which the spectra shown in Fig. 3b originate. These
spectra are typical of muscle tissue, connective tissue, and cancer.

a) b)
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Fig 3. a) Black-and-white reproduction of an optical micrograph of the non-stained tissue section of
Fig. 2 together with a measuring grid; b) typical infrared spectra of cancer,

connective tissue and muscle (from bottom to top).

The spectra in Fig. 3b are dominated by amide bands (1,650 and 1,540 cm-1). Weaker ν C-H and ν
PO2 bands can be observed between 1,000 and 1,400cm-1. Simple IR maps of the functional group do
not yield unambiguous results. In order to improve the utilization of the wealth of information contained
in the IR spectra, a principal component analysis (PCA) was carried out. Only the wave number range
with the highest information content (fingerprint range) between 1,800 and 950 cm-1 was considered
so as to ensure an effective data analysis. The first derivatives were calculated from the genuine ex-
perimental spectra, then the derivatives were normalized. The best PCA results were obtained by
assessing a weight factor of three to the phosphate band region between 1,080 and 1,380 cm-1. The
PCA scores were imported into the Matlab software package and finally evaluated as colour code
images.



160

X variables

X loadings

950 1105 1262 1418 1575 1731

0

0.15

0.3

-0.15

-0.3

X variables

X loadings

950 1105 1262 1418 1575 1731

0

0.15

0.3

-0.15

-0.3

X variables

X loadings

950 1105 1262 1418 1575 1731

0

0.15

0.3

-0.15

-0.3

1st component

2nd component 

3rd component

IR Maps of the Tissue Section 
based on PCA 

Fig. 4. IR maps of the tissue section in fig. 3and graphs of the PC loadings: a) first, b) second,
c) third PC.
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Of the 10 computed principal components (PCs) the first three permit a clear discrimination between
morphologically different tissue areas. An example is given in Fig. 4. The full information content de-
velops only for images displayed in colour. Grey scale images merely indicate the sample topology
and the boundaries between tissue areas.
The first three PCs are given in Fig. 4. Maps are displayed on the left, the corresponding graphs of the
PC loading on the right. The first PC mainly depicts the topology of the sample. The second and third
PCs reveal very good consistency with the histological results (Fig. 1). Both PCs permit unambiguous
discrimination between cancer and healthy tissue. The cancer growing area is particularly well dis-
played in the second PC, while connective tissue is emphasized by the third PC. The PC evaluation of
the biochemical information contained in the FTIR microspectra clearly indicates the different distribu-
tion of tumour and healthy tissue across the section. In combination with PET a better demarcation of
the tumour should be possible.
This study illustrates how FTIR spectroscopic mapping can support modern bioanalytical methods
such as PET in the differentiation of tissue. Spectra in the range of 1,800 – 950 cm-1 were measured
over a complete tissue section. Using the principal component analysis, chemical maps were evalu-
ated and compared with the autoradiogram of the same tissue section. Fundamental changes from
normal to malignant tissue were found in the 2nd and 3rd principal component. In contrast to the auto-
radiogram a sharp demarcation of tumour tissue was demonstrated. The combination of the two
methods promises to improve identification of cancer and to open a new approach to in vivo diagnos-
tics.
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Introduction
For individual treatment planning and prognostic evaluation knowledge of the dimension of the tumour
and the lymph node status is mandatory for this tumour entity [1 - 3]. In addition to clinical investiga-
tion, tumour staging and the evaluation of cervical lymph nodes in terms of possible metastatic spread
is based on magnetic resonance imaging (MRI) and computed tomography (CT) and Ultrasound (US).
With CT morphologic tumour representation is often degraded by scatter due to metallic inlays or
prothetic restauration, especially in the dental area. In MRI motion artefacts can limit the diagnostic
validity concerning tumour localization and extension. The aim of this prospective study was to inves-
tigate whether the primary tumour can be better delineated by its metabolic characteristics by FDG-
PET than by MRI or CT, and whether lymph node metastases are detected more frequently and with
higher accuracy by FDG-PET than by US, CT or MRI.

Patients and Methods
Patients
38 patients (28 males, mean age 59 ± 11 years and 10 females, mean age 66 ± 14 years) with biopsy-
confirmed squamous cell carcinomas of the oral cavity were evaluated prior to surgical treatment. The
preoperative tumour staging included FDG-PET (n = 38), MRI (n = 35), CT (n = 31) and US of the
head and neck region (n = 38). All patients were treated by radical tumour resection and cervical
lymph node dissection. In 30 patients a cervical lymph node dissection was performed on both sides
of the neck, in 8 it was only performed on the side of the primary tumour.
Diagnostic imaging
Sixty min after intravenous injection of 300 MBq 18F-FDG a PET scan in 2D-mode (ECAT EXACT
HR+, Siemens/CTI) was performed. The acquisition comprised the area from the inguinal region up to
the orbits. Measured attenuation was performed at least in the head and neck region, after imple-
mentation of the software, measured attenuation correction of all bed positions and iterative recon-
struction of the data was performed. The scans were qualitatively and quantitatively evaluated via
standard uptake values (SUVs) of areas suspected to be malignant [4]. A SUV exceeding 2.0 was
considered highly suspicious of being malignant.
CT of the head and neck region (Somatom DRH, Siemens) was performed in axial direction in a slice
thickness of 5 mm before and after application of intravenous contrast media (Ultravist�).
The MRI scan (Magnetom 1.5 tesla, Siemens) of the head and neck region was performed applying
0.5 mm/0.5 slice thickness in T1 and T2 mode in axial and coronal view. Gadolinium DTPA (Mag-
nevist�) was used as the intravenous contrast medium. The classification of malignant and benign
lymph nodes visible in CT or MRI was performed according to the radiological criteria defined by Van
den Brekel et al. 1990 (axial diameter, grouping, evidence of necrosis, uptake of contrast media). Ul-
trasound of the head and neck region was performed with a 7.5 MHz transducer and an annular probe
(Tosbee ). The horizontal and vertical diameters of the lymph node were documented. All lymph nodes
detected by ultrasound were classified as being malignant.
Statistics: Sensitivity, specificity, positive and negative predictive value (PPV, NPV) and accuracy
were determined for each diagnostic modality, using the two by two frequency table [5]. Statistical
evaluation was performed with the software package SPSS for Windows, applying the PearsonChi2-
test for independent examples. A value of p ≤ 0.05 was defined as being significant.

Results and Discussion

Primary tumour
By CT the visualization of the primary tumour was positive only in 22 of 31 cases. CT was negative for
seven T1 and two T2 tumours, resulting in the lowest sensitivity (80 %) of all imaging modalities for the
oral cavity (Table 1). The missed tumours were located in the dental area of the alveolar process, the
lateral base of the oral cavity or the margin of the tongue.
In contrast to CT, by MRI all primary tumours, except one carcinoma in situ, were visualized, resulting
in the highest sensitivity (97 %).
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With FDG-PET 35 of 38 primary tumors were correctly identified. Two intermediate differentiated (G2)
T1 tumours 6 and 8 mm in diameter in the anterior-lateral base of the oral cavity and the margin of the
tongue, as well as one carcinoma located in the retromolar area and derived from a papillary leucopla-
kia did not show the typical increased FDG uptake. The sensitivity of FDG-PET therefore reached
92%.

Table 1. Detection rate of the primary tumour with FDG-PET, MRI and CT. TP/ FN: true/ false positive/
negative

Imaging modality TP FN Sensitivity (%)

PET 35 / 38   3 / 38 92
MRT 34 / 35   1 / 35 97
CT 22 / 31   9 / 31 80

Cervical lymph node metastases
In 12 of the 38 patients (15 of 68 neck sides) the histopathological work-up of all neck sides revealed 1
to 7 lymph node metastases. Altogether 38 lymph node metastases were histologically detected. The
prevalence of lymph node metastases in our group of patients was 22 %.
The results of the morphologic and functional investigations are summarized in Table 2. Four of the 14
neck sides with lymph node metastases were identified by CT, which is a sensitivity of 29 %. With MRI
it was possible to detect lymph node metastases in 7 of 13 cases, resulting in a sensitivity of 54 %.
Ultrasound, with a sensitivity of 80 % showed a high detection rate. Only 3 neck sides harbouring re-
gional lymph node metastases were missed. FDG-PET identified 14 of 15 neck sides with histologi-
cally proven lymph node metastases. Only in 1 patient an ipsilateral lymph node metastasis of a di-
ameter of 4 mm was not detected. The smallest lymph node metastasis, identified by FDG-PET, had a
diameter of 6mm. FDG-PET showed the highest sensitivity in the detection of cervical lymph node
metastases (93 %).

Table 2. Detection of lymph node metastases with FDG-PET, MRI, CT und US on the basis of his-
tologically investigated neck sides (NS). PPV/NPV: positive/negative predictive value for a prevalence
of 22 %.

Imaging
modality

NS Sensitivity
%

Specificity
%

PPV
%

NPV
%

Accuracy
%

PET 68 93 83 61 98 85
US 68 80 62 38 92 66
MRT 63 54 84 49 87 78
CT 57 29 93 54 82 77

The predictive value of a positive PET result (positive predictive value, PPV) was 61 %. The predictive
value of a negative PET result (negative predictive value, NPV) of 98 % was confirmed by histology.
With FDG-PET 58 of 68 neck sides were preoperatively correctly classified as being N+ or N-, result-
ing in an accuracy of 85 %.
In three patients FDG-PET showed additional foci of increased uptake, in 2 patients in the lungs, and
in one patient in the area of the epipharynx. One focus in the lung was identified as tuberculosis After
biopsy and resection the other two areas were identified as secondary squamous cell carcinomas.

It was shown in this study that FDG-PET can identify tumour-related increases in the glucose metabo-
lism of tumours of the oral cavity with high sensitivity. Concerning the primary tumour, when compared
with other imaging modalities, no additional diagnostic gain was established if MRI or CT were of high
quality. PET seems to be indicated if the quality of CT and MRI are limited by artefacts. An increase in
sensitivity by image fusion of the functional modality PET and the anatomical information by CT/MRI
can be expected.
In accordance with most of the results published in the literature [6 - 10](LIT), FDG-PET revealed bet-
ter results for the detection of cervical lymph node metastases than MRI, CT and US. Due to the high
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sensitivity and high negative predictive value of FDG-PET concerning the exclusion of cervical lymph
node metastases, a more restrictive attitude towards lymph node surgery might be feasible.
PET, applied in the whole body mode, seems to be the most effective diagnostic tool for the detection
of secondary tumours and distant metastases.
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Introduction
To estimate the diagnostic value of 2-[18F]fluoro-2-deoxy-D-glucose (FDG) in breast cancer, many
studies have been performed until today [1 - 5]. For detection of estrogen-receptor positive tumours
with PET, the radiolabelled 16α-[18F]fluoro-17β-estradiol (FES) was developed by KATZENELLEN-
BOGEN et al. in 1980 [6]. Some first results of the clinical application of this radiotracer were pub-
lished by MINTUN et al. and DEHDASHTI et al. [7, 8], who reported a good correlation between the
post-operative estrogen-receptor status and the PET findings. Knowledge of the extent of the tumour,
its multicentricity, evidence of axillary lymph-node metastases, and estrogen-receptor status is deci-
sive for the planning of the surgical procedure. The purpose of this prospective study is to compare
the results of PET with FES and FDG in patients with known breast cancer to validate the agreement
between tumour estrogen-receptor status (ER) as determined by FES and to assess the relationship
between tumour metabolic activity determined by FDG and tumour ER status.

Materials and Methods
20 patients with suspected breast cancer of the clinical stage cT2 or higher were  included in the
study. They were randomized and investigated either with FES or FDG. For the PET studies a dedi-
cated PET system (ECAT EXACT HR+, Siemens/CTI, Knoxville, TN) was used. The scanner con-
tained a full-ring system (32 rings, BGO crystals) with a ring diameter of 827 mm. The spatial resolu-
tion at 1 cm was 4.0 mm (axial) and 4.2 mm (transaxial). The axial field of view was 15,5 cm. The im-
ages consisted of 63 planes of a thickness of 2.46 mm.
In the FES studies the patients were injected with about 222 MBq, and the acquisition of a static study
of the axillary and breast region in prone position, using a special cushion, started 90 min p.i. After-
wards a second scan of the wole body was carried out in supine position in 2D mode. A transmission
scan for attenuation correction using 68Ga/68Ge rod sources was performed in all studies. Coronal,
sagittal and transaxial tomograms were reconstructed, using an iterative algorithm. The image data
were visually and semiquantitatively evaluated (ROI technique). In the FDG studies 290 to 370 MBq
were administered, and the waiting period p.i. was 60 min; otherwise the acquisition parameters were
the same as for FES.
Five patients were investigated in this study with FES and 4 patients with FDG.

Results and Discussion
Table 1. Results of the PET studies in comparison with histological findings (tumour
stage, lymph node metastases, estrogen-receptor status)

Comparison PET - histological
findings

No. Diagnosis
postoperative

Tracer PET:
T/Lnall

ER
[%]

T MC Lnax ER SUV
1 pT4NxM1G3L1 (MC) FDG +/- 0 RP RP (FN)* 2.0
2 pT4bN1M1G2 FES -/- 0 RN RN RN RN 0.2
3 pT2N0M0G2L0V0 FDG +/- 0 RP RN RN 6.8
4 pT2N1M0G3L1 (MC) FES +/+ >80 RP RP RP RP 4.3
5 pT2N0M0G2L0V0 FES +/- >80 RP RN RN RP 1.5
6 pT4N1M1G3L1 FDG +/+ 20 RP RP RP 4.5
7 pT2N0M0 Dcis (MC) FDG +/- 0 RP FN RN 1.8
8 pT2N1M0L1V1 (MC) FES +/- 0 RP RP FN FP 1.6
9 pT4NxM1 (MC) FES +/+ >90 RP RP (RP)** RP 7.3

PET: T = tumour detected, Lnall = lymph node metastases in general, MC = multicentricity, Lnax = axillary lymph
node metastases, SUV = standardized uptake value, RN: right negative, RP: right positive FP: false positive,
FN: false negative, *not histologically proven; but clinical findings and MRI indicate lymph node metastases,
**only tumour biopsy, lymph node metastases not histologically proven.
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The results (Table 1) obtained with both radiotracers were found to correspond as regards the primary
tumour and multicentricity. But some false positive and false negative results had to be registered in
terms of the detection of axillary lymph node metastases and the estrogen-receptor status, using FES.
Our first results indicate the usefulness of FES in the pre-operative diagnosis of breast cancer with
PET. To improve the validity, the studies will be continued.
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Fig. 1. [18F]FDG PET scan (projection) of a 37
year old woman with clinically suspected breast
carcinoma (CA) without lymph node metastases
(histologically proven)

Fig. 2. [18F]FES PET scan (projection) of a 60
year old woman. Multicentric carcinoma (CA) of
the right breast with evidence of axillary lymph
node metastases (LN) (histologically proven)
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54. Parametric Imaging of Oncological Brain PET Studies Using [18F]OMFD

R. Hinz, J. Bredow1

1Department of Nuclear Medicine, Dresden University of Technology

Introduction
As reported before [1], a number of patients suffering from recurrent glioblastoma multiforme after
neurosurgical and radiotherapeutic treatment were investigated by the amino acid derivative 3-O-
methyl-6-[18F]fluoro-L-DOPA ([18F]OMFD). Within an acceptable time after administration, this PET
tracer shows a high uptake in the tumour in contrast to normal brain tissue. The aim of this work was
to compute parametric images of the volume of distribution of [18F]OMFD in the brain tissue as a pos-
sible means of quantitative assessment of the grade of malignancy of the tumour.

Material and Methods
Fig. 1 depicts the general two compartment model for reversible tracers. The assumptions are that the
influx of tracer from the blood to the tissue is determined by the rate constant K1 and that the efflux
from the tissue to venous blood can be described by the rate constant k2. Within the tissue compart-
ment the tracer is neither irreversibly trapped nor metabolised.

Fig. 1. The compartmental model used
to describe the kinetic behaviour of re-
versible PET radiotracers.

The ordinary differential equation for the description of this single-tissue compartment model is

( ) ( ) ( )tcktcK
t
tc

ga
g ⋅−⋅= 21d

d

where
cg(t) (in Bq·ml-1) denotes the concentration of the activity in the tissue as a function of time t (in s),
ca(t) (in Bq·ml-1) is the concentration of the activity in the arterial blood,
K1 (in ml·ml-1·min-1) is the blood to tissue rate constant,
k2 (in min-1) is the rate constant of the elimination from tissue.

Because of the limited spatial resolution of PET, the measured total PET signal cs(t) comprises both
label in the extravascular tissue, which is a function of ca(t) as given above, and also label in the vas-
culature:

( ) ( ) ( )tctbvtctbvtc ags ⋅+⋅−= )1(

denoting the vascular volume fraction tbv (total blood volume). The above equations are written in
terms of decay-corrected variables c(t).
The dynamic PET scans were performed on a high resolution scanner ECAT EXACT HR+ after intra-
venous injection of 330 MBq [18F]OMFD. 34 frames were acquired within an overall scan time of about
90 minutes. The images were iteratively reconstructed using the Brain Mode of the ECAT 7.2 software
(CTI PET Systems, Knoxville, TN, USA). 6 iterations, 16 subsets and a Hanning filter with 4 mm full
width at half maximum were chosen.
The arterial input function was obtained from a region of interest (ROI) at the base of the skull from the
A. carotis interna. Since the amount of labelled metabolites of [18F]OMFD in the blood is less than 2
per cent, no metabolite correction was applied [2].
Prior to parameter estimation on a pixel-by-pixel basis, the images were smoothed by a three-dimen-
sional Savitzky-Golay filter [3] to reduce noise and to improve the statistical significance of the esti-
mated parameters. The three free parameters K1, k2 and tbv were estimated for every pixel from a
linearised formulation of the model equation, taking the correction for the blood volume in a two-step
procedure into account [4].

intravascular

ca(t)

tissue

cg(t)

K1

k2

PET signal  cs(t)
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Fig. 2. Transaxial slices of a patient image.

The nuclear magnetic resonance (MR) image after administration of the contrast agent gadolinium
diethylenetriaminepentaacetic acid (Gd-DTPA) as a T2-weighted image sequence is to be seen in the
top row on the left side. The tumour can be recognised by the enrichment of the contrast agent in the
bright region of the cortex. The measured PET activity distribution from a frame 60 minutes after tracer
administration is depicted by the top row right image. On account of its high tracer accumulation, the
tumour can clearly be detected.
In the central row are the maps of the computed rate constants K1 and k2. The values of K1 are in-
creased in the sector of the occipital cortex. The parametric image of k2 is relatively noisy and of low
contrast. The sinus sigmoideus (venous blood vessel) in the lower left part of the image is represented
by a white spot of k2 values very close to zero.
The same vessel is visible as a dark area in the total blood volume map (bottom right) because it is
filled with blood. The volume of distribution image (bottom left) shows a high uptake of tracer in the
area of the glioblastoma and a violation of the modelling assumptions at the vessel.
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Results and Discussion
In Fig. 2 a representative slice of a computed parametric volume data set is shown. Based on the es-
timated parameters K1 and k2, the volume of distribution Vd is computed by the equation:

Vd = K1 / k2.

This is the ratio of the total tissue volume to the volume occupied by the tracer at equilibrium. It is a
virtual volume (the volume the tracer would need to distribute within if it would adopt the same con-
centration in the tissue as in the blood).
The value of Vd is an indicator of the amino acid transporter activity in the cells. The expression of
transporters for neutral amino acids are supposed to be a characteristic feature of tumour cells but not
of normal brain tissue. After iterative image reconstruction and generation of parametric images of Vd,
the image quality was superior to that of the original dynamic images of the activity distribution. Since
the images are visually assessed by the nuclear medicine physician, the parametric images may help
to improve the accuracy of diagnosis.
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55. Characterization of [11C]McN5652 in Various Animal Species: Implications for
Tracer Development

P. Brust, M. Kretzschmar, J. Zessin, R. Bergmann, A. Friedrich, F. Füchtner, R. Hinz, J. Steinbach

Introduction
Transport systems for neurotransmitters such as the serotonin transporter (SERT) play a key role in
synaptic transmission in the brain. Located in presynaptic terminals, they serve to reduce high synap-
tic cleft concentrations of released neurotransmitters by facilitating re-uptake. Disturbances in this
system are thought to contribute to various brain diseases. Reductions in the transporter in various
brain regions were observed in the postmortem tissue of patients with Alzheimer´s [1, 2] and Parkin-
son´s disease [3, 4]. Dysfunction of the SERT has also been implicated in depression [5 - 7], suicidal
behaviour [8 - 10] and obsessive compulsive disorders [11, 12].

The development of suitable radioligands for neroimaging of the SERT in the human brain is therefore
important. Most compounds investigated to date had a low specific binding to serotonin uptake sites in
the living brain, and the approach to equilibrium binding was often too slow for PET experiments using
short-lived isotopes [13 - 15]. [11C](+)McN5652 is the only PET radioligand available for clinical use
[16, 17]. But this compound is not optimal because of its rather slow kinetics and high non-specific
binding in the human brain [14]. For evaluation of further radioligands in animal experiments a com-
parison with [11C](+)McN5652 is recommended. We therefore studied the binding and distribution of
[11C](+)McN5652 in various animal species.

Fig. 2. Uptake of [11C]McN5652 by a
human SERT expressing cell line
(JAR cells)
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Material and Methods
The in-vitro binding of [11C](+)McN5652 was studied on tissue homogenates and slices of rat and por-
cine brain and on the SERT-expressing human placental cell line JAR. The in-vivo binding of
[11C](+)McN5652 was investigated in rats, mice and pigs. 35 Wistar rats (age: 8 weeks) were injected
with 20 MBq [11C](+)McN5652 and sacrificed 5, 30, 60, or 90 min p.i. Eleven rats were additionally
treated with 5 mg/kg i.v. fluoxetine or citalopram 5 min before the tracer injection. Six mice were in-
jected with 80 - 200 MBq [11C](+)McN5652 and sacrificed 60 min p.i. The brains were quickly removed
and frozen for autoradiography. Three six-week-old farm-bred female pigs were studied with PET (31
frames, 120 min) under general anesthesia (0.5 - 0.75 % isoflurane in N2O/O2. Forty-six to forty-eight
arterial blood samples were obtained at defined time points. Additional arterial samples were with-
drawn for detection of metabolites, using thin-layer chromatography. A three-compartment model was
used to analyse the transport and binding of [11C](+)McN5652 in the brain. The distribution of radioac-
tivity occurs between the intravascular space (compartment 1), the extravascular pool of the free li-
gand (compartment 2) and extravascular pool of the bound ligand (compartment 3). The transfer con-
stants K1 and k2 describe the blood-brain and brain-blood transfer of [11C](+)McN5652. The rate con-
stants k3 and k4 describe the reversible binding of [11C](+)McN5652 to the serotonin transporter.

Fig. 5. Binding of [11C]McN5652 in mouse brain 60 min after i. v. application . Left radioluminogram,
centre radioactivity standard, right histological image of the corresponding section.

Results
Evidence of a significant binding of [11C](+)McN5652 not only to SERT (IC50 = 0.72 nM) but also to the
norepinephrine (NET) and dopamine transporters (DAT) was found in vitro. IC50 values of 6.6 and 9.4
nM for NET and DAT were measured (Fig. 1). SERT-expressing JAR cells were used to study the
mechanism of the cellular uptake of [11C](+)McN5652 (Fig. 2).
The nonspecific uptake (defined by 10 µM citalopram) was 76 %, which is close to the  values meas-
ured at 4 oC (66 %). The same reduction in [11C](+)McN5652 “uptake” was found at 37 oC (24 %) and
4 oC (23 %), indicating that this fraction represents binding to SERT rather than uptake by the SERT.
In rats a high brain uptake was found, with the highest values measured in the thalamus, colliculi and
olfactory bulb (~1.3 % g-1). Only in these regions and in the striatum the uptake increased between 5
and 30 min p.i. (Fig. 3). A significant inhibition (38 – 48 %) by fluoxetine and citalopram was found in
the thalamus, colliculi and olfactory bulb but not in the striatum (Fig. 4). It is therefore assumed that
the high striatal uptake is a result of the binding to the DAT. Similar results were obtained by autoradi-
ography in mice (Fig. 5). The highest binding was observed in the substantia nigra and the thalamus.
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After 60 min the ratio thalamus:cerebellum was 3.2 in mice as compared to 3.6 in rats. The PET data
obtained from pigs revealed a high blood-brain transfer of [11C](+)McN5652 (K1: 0.22-0.43 ml g-1 min-1)
(Table 1). The initial brain uptake is thus assumed to depend on the blood flow. A significant binding of
[11C](+)McN5652 was observed in all brain regions studied (k3: 0.018 - 0.044 min-1). The highest bind-
ing potential was found in thalamus and colliculi (Fig. 7). Pre-injection of citalopram or fluoxetine re-
duced k3 by 30 to 70 % (Fig. 8). A rapid metabolism of the tracer was also observed. More than 50 %
metabolites were found 12 min p.i. (Fig. 9).

Table 1. Transfer coefficients of [11C]McN5652 in various regions of the porcine brain

Region K1 (ml g–1 min-1) k2 (min-1) k3 (min-1) k4 (min-1)

Thalamus 0.3813 0.0326 0.0343 0.0025

Colliculi 0.3264 0.0311 0.0289 0.0025

Basal Cortex 0.3367 0.0352 0.0374 0.0038

Hippocampus 0.3090 0.0349 0.0269 0.0033

Mesencephalon 0.3146 0.0313 0.0435 0.0039

Olfactory Bulb 0.3731 0.0421 0.0300 0.0036

Caudate/Putamen 0.3819 0.0385 0.0287 0.0043

Pons 0.2219 0.0256 0.0314 0.0040

Frontal Cortex 0.4274 0.0425 0.0204 0.0032

Occipital Cortex 0.2821 0.0370 0.0195 0.0038

Cerebellum 0.2870 0.0378 0.0317 0.0062

Fig. 6. MRI and corresponding PET image of
porcine brain after injection of [11C]McN5652
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Discussion
[11C]McN5652 was introduced as a new radioligand for PET to selectively label the SERT in vivo  [18 -
20]. It has a high binding potency for the SERT. Its (+) optical/trans geometrical isomer has a sub-
nanomolar  inhibitory constant for the synaptosomal 5-HT uptake (Ki = 0.40 nM) [101, 102]. The po-
tency of (+)McN5652 is similar to that of paroxetine and sertraline, two high affinity ligands for the
SERT. It is the only PET radioligand that is so far available for clinical use [16, 17]. But the compli-
cated chemistry of the compound restricts its use among PET facilities. The kinetics of the uptake into
the human brain is rather slow and a correction for non-specific binding using [11C](-)McN5652 is nec-
essary for good quantification. There is therefore still a need for the development of other radioligands
for SERT imaging, for which [11C](-)McN5652 may be used as a reference. In this study the binding
and distribution of [11C](-)McN5652 was investigated in various animal species: mice, rats and pigs.
The in vitro and in vivo studies in these species proved to be highly consistent. The data revealed a
displaceable binding in target regions with the highest SERT density but also a significant binding
potential in  other regions, such as the caudate/putamen, which is not reduced by SERT inhibitors.
This may be due to binding to other targets, such as the NET and DAT. The location of serotonin up-
take sites in the porcine brain appears to be similar to that found in rats and mice [this presentation,
19], which makes pigs a suitable animal model for the development of radioligands for studying sero-
tonergic functions with PET as was recently suggested [21].
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56. Ex-Vivo Autoradiographic Studies to Investigate the Pharmacological Specificity
and Selectivity of [99mTc ]TRODAT Binding in the Rat Brain

M. Kretzschmar, I. Heimbold, S. Seifert, P. Brust

Introduction
The 99mTc-labelled tropane derivative [99mTc ] TRODAT was successfully introduced by Kung et al. [1]
for imaging cerebral dopamine transporters (DAT) [2 – 6] . The goal of our studies was to map and
verify the specific and selective regional brain distribution of the compound in the rat by ex-vivo auto-
radiography.

Experimental
Five male rats (weight 150 – 170 g) were intravenously injected with 0.5 ml of a saline solution con-
taining 27 – 47 MBq [99mTc]TRODAT-1. The radiotracer was prepared by reduction of 2.0 ml (500
MBq) of pertechnetate eluate with 20 µl SnCl2 (1.5 mg SnCl2 dissolved in 5 ml 0.1 N HCl) in a solution
of 1.0 ml of propylene glycol, 0.2 ml of 0.1 N NaOH and 1.0 mg TRODAT dissolved in 0.2 ml of etha-
nol [7]. Sixty minutes after the injection  the animals were sacrificed by CO2 inhalation. The brains
were rapidly removed and immediately  frozen by immersion in a  2-methylbutane / dry ice solution at
-70 0C. Before cutting , the frozen brains were weighed and the radioactivity concentration was deter-
mined , using an automated γ counter (Capintec-15-R). Then the stage-mounted brains were cut in a
cryocut microtome into 40 µm horizontal and sagittal sections, thaw–mounted on microscope slides ,
and  dried under a continuous   air stream  for about 2 min.
The blocking studies were carried out by pretreating the rat with GBR 12909  (5 mg/kg i.v.) or citalo-
pram (5 mg/kg i.v.) 5 min prior to the tracer injection .
For radioluminography the slides containing the brain sections were apposed to imaging plates in an
autoradiographic cassette for approximately 24 h and scanned  in the bio-imaging analyser BAS 2000
(FUJI photo film Co,Tokyo). The quantitative analysis of the in-vivo distribution was carried out with
the AIDA program (Raytest, Straubenhardt).

Results and Discussion
Figs. 1 – 3 illustrate the distribution of [99mTc] TRODAT-1 in the rat brain. The highest tracer accumu-
lation was found in the striatum and in the ventricles (0.12 % D/g) followed by the pyramidal cell layer
of the hippocampus (0.06 % D/g tissue). Pretreatment of the rats with GBR 12909, a dopamine trans-
porter ligand, diminished the uptake only in the striatum but not in the pyramidal cell layer and ventri-
cles, i.e. in regions which do not express DAT.

Fig. 1. Effect of pretreatment with citalopram and GBR 12909 on the distribution and regional brain
uptake of [99mTc]TRODAT-1 in rats 60 min after the injection (% D/g tissue).
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Fig. 2. Ex-vivo autoradiogram (right ) radioactivity standard and corresponding histological image (left)
of sagittal brain sections of rats 60 min after i.v. application of [99mTc]TRODAT-1, after pretreatment

with isotonic saline (below) and with citalopram (middle) and GBR 12909 (above)

Fig. 3. Ex-vivo autoradiogram (above) radioactivity standard and corresponding histological image
(below) of horizontal brain sections of rats 60 min after i.v. application of [99mTc]TRODAT-1, after pre-

treatment with isotonic saline (left) and with GBR 12909 (right)

high

low

cortex

cortex

cortex

cortex

olfactory bulb

olfactory bulb

ventricle

ventricle

ventricle

ventricle

striatum

striatum

striatum

striatum

hippocampus

hippocampus

hippocampus

hippocampus

cerebellum

cerebellum

cerebellum

cerebellum

(pyramidal cells)

(pyramidal cells)(pyramidal cells)

(pyramidal cells)

high

low

medulla oblongata

cerebellum hippocampus cerebellum hippocampus

striatum striatummedulla oblongata

cortex cortex

ventricle
ventricle

ventricle

hippocampushippocampus

medulla oblongata medulla oblongata

striatumstriatum

cortexcortex

ventricleventricle

cerebellum cerebellum

ventricle ventricleventricle



180

An increased uptake was observed in all other structures of the brain after administration of GBR
12909.  The administration of citalopram, a potent serotonin transporter ligand , did not compete with
the [99mTc]TRODAT-1 uptake in several brain regions. An increased uptake of the compound was
observed in the whole brain.
To sum up, we can say that our findings are consistent with those previously reported by Kung and
coworkers [1]. [99mTc]TRODAT-1 accumulates selectively and specifically in the striatum, a region
which expresses the dopamine transporter. The striatum to cerebellum ratio was 2.5. However, a
significant affinity of [99mTc]TRODAT-1 to the 5-HT transporter was not demonstrable in our experi-
ments, while  Dresel et al. clearly showed the capacity of the tracer for imaging also the 5-HT trans-
porter in their baboon studies [8]. The pretreatment with ligands of DAT and 5-HT transporters re-
sulted in an increased uptake of [99mTc]TRODAT-1 in all nontarget regions of the brain, probably in
consequence of a blockade of metabolizing enzymes.
In this study we used the method of radioluminography instead of the  traditional photofilm autoradiog-
raphy. It provides the same quality of images with only 10 % of the injected dose.
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Introduction
The importance of the intrauterine environment for the fetal brain development was revealed by stud-
ies showing persistent behavioral abnormalities in prenatally stressed animals [1]. Inadequate nutri-
tional supply, mainly due to uteroplacental insufficiency or restricted maternal protein intake in the late
gestation period, is mostly responsible for asymmetrical intrauterine growth restriction (IUGR) [2]. The
immature dopaminergic system appears to be sensitive to inadequate prenatal nutritional supply fol-
lowed by IUGR in offspring, because the dopamine content of the brainstem of fetal IUGR guinea-pigs
is increased despite an unchanged oxygen delivery [3], and an altered dopamine release persists in
IUGR born rats after maternal protein malnutrition [4]. This is suggested to contribute to etiological
factors of the attention deficit hyperactivity disorder, a highly prevalent neurodevelopmental disorder
with a prefrontal [5 - 7] and nigrostriatal [8, 9] dysfunction. However, the effects of IUGR on regional
in-vivo brain dopamine metabolism have not yet been determined. We therefore determined the AADC
activity, the ultimate enzyme in the dopamine synthesis as well as the regional cerebral blood flow
(CBF), the brain tissue PO2 and the cerebral metabolic rate of oxygen (CMRO2) in newborn normal
weight (NW) and IUGR piglets. We used a morphometrically well-characterized state of asymmetrical
intrauterine growth restriction in newborn piglets [10] and included animals with optimal vital conditions
early after birth [11]. We postulated that IUGR may activate the brain dopamine turnover.

Table 1. Organ weights of newborn piglets following normal growth and intrauterine
growth restriction.

NW piglets
n = 10

Body weight (g)
Brain weight (g)
Liver weight (g)
Brain/liver ratio

2142 ± 373
36 ± 2
63 ± 15

0.61 ± 0.16

IUGR piglets
n = 10

908 ± 109 &
30 ± 1 &

22 ± 5 &

1.42 ± 0.24 &

Values are presented as mean ± SD; & P < 0.01, comparison between normal
weight (NW) newborn piglets andd intrauterine growth restricted (IUGR) ones.

Material and Methods
The animal experiments were performed according to the German Law on the Protection of Animals.
The study was approved by the Saxon State Government Committee for Animal Research (75-
9185.81-4.6/95). Methods are described in detail elsewhere [12, 13].

Results
In IUGR piglets the body weight was significantly reduced (42 % of NW group; Table 1). The naturally
occurring growth restriction in pigs is asymmetrical with an increase in the mean ratio of the brain
weight to the liver weight from 0.61 ± 0.16 to 1.42 ± 0.24 (P < 0.01). The reduction in brain weight was
quite small (83 % of NW group). By contrast, the decrease in liver weight (35 % of NW group) was
similar to that in body weight (42 % of NW group). All differences in organ weights were significant (P
< 0.01).
The physiological values measured for newborn NW and IUGR piglets were consistent with other data
obtained from mildly anaesthetized and artificially ventilated newborn piglets [14, 15]. The arterial
blood pressure, the heart rate, and the arterial glucose content were slightly but significantly lower in
IUGR piglets (P < 0.05). Other physiological values obtained, such as the CMRO2, the brain tissue
PO2, and the regional CBF, were similar in NW and IUGR piglets (data not shown). But the regional
CBF distribution showed marked differences. The mesencephalic and cerebellar blood flow in NW and
IUGR piglets was increased compared with the forebrain structures (Fig. 1, P < 0.05).
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Fig. 1. Regional cerebral blood flow (CBF) in normal-weight (NW; n=10; filled columns) and intrauter-
ine growth-restricted (IUGR; n=10; open columns) newborn piglets. Regional CBF was similar in NW
and IUGR piglets and remained unchanged throughout the experiment. How-ever there were marked

regional differences in the lowest CBF values in the frontal cortex. (Values are mean + SD, † ‡ P <
0.05, † indicates a significant difference to the frontal CBF values, ‡ indicates significant

difference to the striatal CBF values).
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Fig. 2 shows the time course of the 18F activity accumulated in the striatum, measured by PET. The
data are normalized to the injected activity and corrected for differences in body weight. A distinctly
larger amount of 18F activity accumulated in the striatum of IUGR piglets (P < 0.05). The regional
transport of FDOPA to the brain indicated by K1

FDOPA
 and  PSFDOPA, and the clearance rate of labelled

metabolites from brain tissue (kcl
FDA+acids) were similar (Table 2) in both groups. However, the regional

rate constants for the backflux from the brain (k2
FDOPA) were markedly increased in IUGR piglets in the

striatum (72 %) and the frontal cortex (83 %) (P < 0.05).

Fig. 2. The measured 18F activity (mean ± SD) in
the striatum of normal-weight (NW, n = 10, open
squares) and intrauterine growth restricted pig-
lets (IUGR, n = 10, filled circles). The coinci-
dence counts detected by PET were divided by
the injected activity and corrected for the differ-
ences in the body weight. Note the larger
amount of 18F activity accumulated in striatum of
IUGR piglets (* P < 0.05, significant difference in
18F activity in the striatum between NW and
IUGR at the end of acquisition).
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Table 2. Transfer coefficients and PS product of FDOPA of various brain regions calculated from the tracer
activities in arterial blood and brain of normal weight (NW) and intrauterine growth restricted (IUGR) piglets

K1
FDOPA (mL����g-1

����min-1) k2
FDOPA (min-1)

NW IUGR NW IUGR

Mesencephalon 0.070 ± 0.020 0.068 ± 0.029 0.087 ± 0.045 0.100 ± 0.068

Cerebellum 0.086 ± 0.028 0.076 ± 0.029 1,3 0.096 ± 0.025 0.104 ± 0.075

Frontal Cortex 0.062 ± 0.018 1,2 0.056 ± 0.018 0.057 ± 0.026 2 0.104 ± 0.058 *

Striatum 0.072 ± 0.016 0.064 ± 0.022 0.072 ± 0.020 0.124 ± 0.076 *

kcl
FDA+acid (min-1) PSFDOPA (mL����g-1

����min-1)
NW IUGR NW IUGR

Mesencephalon 0.009 ± 0.014 0.012 ± 0.007 0.074 ± 0.022 0.073 ± 0.033

Cerebellum 0.012 ± 0.006 0.014 ± 0.007 0.093 ± 0.0311,3 0.081 ± 0.033

Frontal Cortex 0.006 ± 0.014 0.013 ± 0.008 0.066 ± 0.020 0.060 ± 0.020 1,2,4

Striatum 0.011 ± 0.012 0.011 ± 0.007 0.079 ± 0.019 0.068 ± 0.025

Values are mean ± SD; *, 1,2,3,4 P < 0.05, * indicates significant differences between NW and IUGR piglets; 1,2,3,4 indi-
cates significant differences within NW and IUGR piglets to 1 mesencephalon, 2 cerebellum. 3 frontal cortex, 4 striatum.

In all brain regions of IUGR piglets studied the rate constant of FDA production (k3
FDOPA) was markedly

increased by between 48 % (cerebellum) and mesencephalon (91 %) (Figure 3; P < 0.05), indicating a
distinct upregulation of AADC activity. Cerebellar k3

FDOPA was significantly lower than the mesence-
phalic and striatal k3

FDOPA in the IUGR piglets.

Fig. 3. Marked increase in the rate constants of FDA production (k3
FDOPA)in various brain regions of

intrauterine growth-restricted piglets (IUGR, n = 10) compared with those of normal weight
(NW, n = 10). (Values are mean ± SD,  * P < 0.05, indicates significant difference

between NW and IUGR piglets.)

Discussion
The main new finding in this study is that IUGR induces a markedly increased dopamine production
within the mesencephalon (91 %) and in two major projection areas of the mesotelencephalic dopami-
nergic system, indicated by an increased AADC activity of 85% in the striatum  and 93 % in the frontal
cortex (p < 0.05). The changes in AADC activity are obviously not linked to brain oxygen delivery or
brain tissue PO2. This is noteworthy, because the immature cerebral dopaminergic system is sensitive
to altered brain oxidative metabolism. There is obviously no "oxygen reserve" to protect the dopamine
release and metabolism from a decrease in oxygen pressure, since the reduction in brain tissue PO2
in the brain of the newborn piglet causes a significant increase in the striatal extracellular dopamine
content in a dose-response relationship [16]. We recently found that the synthesis rate of fluorodopa-
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mine from FDOPA also increases under those circumstances [13]. The upregulation of AADC activity
found in this study may indicate an accelerated maturity of the dopaminergic system. The AADC is
mainly localized in the presynaptic dopaminergic neurons and an increased expression of both D1 and
D2 dopamine receptors occurs during postnatal development (for review see ref. [17,18]. No conclu-
sions concerning the cause for the AADC upregulation in the dopaminergic system due to IUGR can
be drawn from this study. There is, however, evidence that an altered glucocorticoid metabolism in
IUGR fetuses due to disturbed placental clearance function for maternal glucocorticoids may influence
brain dopaminergic activity in IUGR offspring. As the concentration of the circulating corticosteroid is
two to ten times higher in the mother than in the fetus [19], fetal protection against maternal cortico-
steroid intoxication is normally effected by an appropriate placental 11β-hydroxysteroid dehydroge-
nase activity which rapidly converts physiological glucocorticoids into inactive products [20]. This is
obviously changed during IUGR pregnancies. It was shown that the placental 11β-hydroxysteroid de-
hydrogenase activity was markedly reduced in the late gestational period of maternal protein-
malnutrition causing IUGR offspring [21]. In addition, IUGR rats exhibited elevated liver and brain ac-
tivities of specific glucocorticoid-inducible marker enzymes [22], suggesting an increased glucocorti-
coid action in brain and liver. Diaz et al. also showed that prenatal glucocorticoid administration in-
duces a disturbed dopamine metabolism in juvenile rats with concomitant short-term and long-term
neurobehavioral alterations [23,24]. The upregulation of AADC activity due to IUGR occurred mainly in
the mesencephalon and in two major projection areas of the mesotelencephalic dopaminergic system,
i.e. striatum and frontal cortex, which is fully developed at birth. A functional role of dopamine already
in the early postnatal period is therefore suggested [25]. However, the cerebellar AADC activity was
also moderately increased in IUGR. An “unspecific” AADC activity seems thus to be similarly sensitive
to IUGR.
In summary, this study shows that the intrauterine growth restriction is associated with a marked in-
crease in AADC activity in the mesostriatal and mesotelencephalic dopaminergic system of the brain of
the immature piglet. However, the brain oxidative metabolism remains unchanged.
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Introduction
Treatment of brain diseases is often limited by poor brain drug uptake due to the restrictive nature of
the blood-brain barrier (BBB), particularly for hydophilic, water soluble substances [1]. There are nu-
merous methods to improve the brain drug delivery, such as increasing the drug lipid solubility. An
alternative approach is to study the expression of saturable nutrition transporter systems at the BBB to
use this knowledge for the design of drugs which are transported by these transporters.
Carnitine, which is important for the intracellular transport of fatty acids, was found to inhibit choline
transport [2]. It was therefore possible that the accessibility of choline and acetyl moieties, transported
by a carnitine carrier, was a limiting factor for the synthesis of the neurotransmitter acetycholine [3].
There was a carnitine transport reported at the immortalized rat brain endothelial cell line (RBE4) [4]
which was sodium independent. This transporter was only described by functional and not by mo-
lecular studies. On the other hand, another specific transporter for carnitine was cloned and function-
ally identified (OCTN2). This transporter is sodium dependent [5] and has not been described at the
BBB up to now. In this study we characterized the transport of carnitine at an in-vitro model of the BBB
by functional and molecular methods. We obtained evidence that the OCTN2 transporter is also ex-
pressed at the BBB.

Methods
The RBE4 cell line was used as an in-vitro model of the BBB. The cells were cultured as described [6]
and it was shown that these cells express typical BBB markers such as γ-glutamyltransferase and
alkaline phosphatase [6].
Tracer uptake studies were performed in 24 multi-well plates using buffers containing 25 mM
Hepes/Tris (pH 7.5), supplemented with 0.5% albumin, 5 mM glucose, 5.4 mM KCl, 1.8 mM CaCl2, 0.8
mM MgSO4 and 140 mM NaCl. Whenever Na+-free buffers were used, NMDG chloride replaced NaCl
isoosmotically. Cells were washed with the uptake buffer before starting the uptake studies and then
incubated at 37°C with [3H]L-carnitine (20 nM, Moravek Biochemical, St. Louis, CA) added to the incu-
bation buffer. Km values and Vmax values were calculated from the uptake data using computer pro-
grams for nonlinear regression (Fig. P and Sigma Plot). Specific inhibitors (L-carnitine, MPP, TEA, 2
mM) of the transporter were added to the incubation buffer to study the specificity of the process.
RT-PCR with mRNA derived from RBE4 cells and rat kidney was performed using specific primers.
The primers were designed on the basis of of the cDNA sequence of the rat OCTN2 transporter [7].
The upper primer was 5‘ CCT TCA TTT CGG GAC AGC 3‘ (position 570-587) and the lower primers
was 5‘ GAC AGG ACT TCT CGG TGG 3‘ (position 1894-1911). An RBE4 cell cDNA library was con-
structed, using the Superscript plasmid system. This plasmid cDNA library, grown on NitroPure trans-
fer membranes, was screened by the colony screening method as described by Vogeli and Kaytes [8].
The cDNA probe used for screening was 2.1 kb pair long and consisted of most of the coding region of
rOCTN2 cDNA. The probe was labelled with [α-32P]dCTP using the ready-to-go oligolabelling kit, and
used to screen the RBE4 cDNA library under low stringency conditions. The cDNA was functionally
expressed in HeLa cells by the vaccinia virus expression system [9]. Transport measurements were
made at room temperature using the
same uptake buffer as described above
without albumin.

Fig. 1. RT-PCR with specific primers of
the rat OCTN2 and mRNA derived from
RBE4 cells (RBE4) and rat kidney (RK)
as a positive control. As a negative con-
trol mRNA from RBE4 cells without rever-
se transcriptase (w/o RT) was used.
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Results and Discussion
The RT-PCR with specific primers of the rat OCTN2 transporter shows clearly that OCTN2 is ex-
pressed in RBE4 cells (Fig. 1). The uptake studies with [3H]L-carnitine at the RBE4 cells exhibit a lin-
ear time course over 4 hours. The estimated Kt value for the carnitine uptake at 37 °C in RBE4 cells is
45 µM and the Vmax value is 161 pmol/mg/h (Fig. 2). It is reported that carnitine is accumulated by
neuronal cells in a sodium dependent way [10]. The Kt value of this uptake is 123 µM, which is about 3
times the value found in RBE4 cells.  On the other hand, the OCTN2 transporter derived from rat pla-
centa [7] was cloned into HRPE cells and mediates a sodium dependent carnitine transport with a Kt
of 14.8 µM which is about 3.5 times lower than at RBE4 cells.

Fig. 2. Time course (A) and kinetics (B) of L-carnitine uptake in RBE4 cells at 37 °C in buffer with so-
dium (NaCl) and isoosmotic replacement of sodium by NMDG (NMDG). (NaCl - NMDG)

resembles the specific sodium dependent L-carnitine uptake in the RBE4 cells.

In primary cultures of porcine brain capillary endothelial cells Mroczkowska et al. described a sodium-
independent carnitine uptake with a Kt of 28 µm [11]. The same authors also found a sodium inde-
pendent carnitine uptake in RBE4 cells [4]. However, we found that the RBE4 cells also take up fatty
acid esters of carnitine such as propion-L-carnitine and acetyl-L-carnitine (data not shown), which is
known for the OCTN2 [7] and was not observed by Mroczkowska et al..

Fig. 3. Na-dependence of [3H]L-carnitine (A) and [14C]TEA (B) uptake at room temperature in HeLa
cells transfected with the OCTN2 clone from RBE4 cells or the empty pSPORT vector as a control.

To further characterize the OCTN2 transporter of the RBE4 cells we isolated a full-length OCTN2
clone from the RBE4 cDNA library. HeLa cells transfected with this clone also show a Na+-dependent
carnitine uptake but a Na+-independent uptake of tetraethylammonium (TEA) (Fig. 3) as described for
OCTN2 [7]. Several organic cations (MPP+ and TEA) known to be inhibitors of the OCTN2 transporter
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[7] inhibit the carnitine uptake expressed in HeLa cells by the OCTN2 cDNA clone from RBE4 cells
(Fig. 4).

Fig. 4. Influence of specific inhibitors (2 mM) of organic cation transporters on the uptake of [3H]l-
carnitine and [14C]TEA at room temperature in HeLa cells transfected with the OCTN2-clone

from RBE4 cells.

In summary the sodium dependent carnitine transport at the RBE4 cells seems to be mediated by the
OCTN2 transporter. The expression of OCTN2 at the BBB may help to understand the way the brain
is supplied with acetyl groups for the synthesis of acetylcholine and lipids. It was suggested that the
accessibility of choline and acetyl moieties could be a limiting factor for the acetylcholine synthesis [3].
Furthermore, knowledge of the expression of these transporters may be useful for the development of
new drugs and radiotracers for brain diagnostics and treatment of brain diseases.
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59. Transport of L-Tryptophan at the Brain Endothelium in vitro

A. Friedrich, V. Ganapathy1, P. Brust
1Department of Biochemistry and Molecular Biology, Medical College of Georgia, Augusta, USA

Introduction
Immortalized brain endothelial cell lines are used as an in-vitro model to characterize the transport of
drugs across the blood-brain barrier (BBB). We recently showed that the RBE4 cell line [1] expresses
the drug efflux pump P-glycoprotein which determines the uptake of certain 99mTc-labelled radiophar-
maceuticals [2]. Various centrally acting drugs and radiopharmaceuticals are neutral amino acids
which are transported across the BBB by a special transporter expected to be system L [3] later des-
ignated LAT [4]. Among them are 3,4-dihydroxyphenylalanine (L-Dopa) which is used for the treatment
of Parkinson´s disease [5, 6], the tyrosine hydroxylase inhibitor α-methyltyrosine [7] and the antihy-
pertensive drug α-methyldopa [8]. The radiopharmaceutical L-3,4-dihydroxy-6-[18F]fluorophenyl-alan-
ine (FDOPA) is used for the imaging of dopaminergic diseases [9], and 3-O-methyl-[18F]FDOPA is a
promising tracer for brain tumour imaging [10].
In this study we showed that the transport of amino acids into immortalized rat brain endothelial cells
(RBE4) is characterized by similar features as the transport at the brain endothelium in vivo. The
RBE4 cell line can therefore be used as an in-vitro model to study the BBB transport of new drugs and
radiotracers which are analogues of amino acids.

Fig. 1 Time course (A) and kinetics (B) of the L-[3H]tryptophan uptake in RBE4 cells at room tempera-
ture. Unspecific uptake was determined with 500 µM L-tryptophan in the uptake buffer.

Methods
RBE4 cells were cultured as described in a preceding report in this volume [11].
Tracer uptake studies with RBE4 cells were performed in 24 multi-well plates using buffer containing
25 mM Hepes/Tris (pH 7.5), supplemented with 0.5% albumin, 5 mM glucose, 5.4 mM KCl, 1.8 mM
CaCl2, 0.8 mM MgSO4 and 140 mM NaCl. Whenever Na+-free buffers were used, NMDG chloride
replaced NaCl isoosmotically. Cells were washed with the uptake buffer before starting the uptake and
then incubated at room temperature with L-[3H]tryptophan (50 nM) added to the incubation buffer. Kt
values and Vmax values were calculated from the uptake data using computer programs for nonlinear
regression (Fig. P, Sigma Plot). Specific inhibitors (BCH, 1 mM; tryptophan, 500 µM) of the transporter
and several amino acids (1 mM) were added to the incubation buffer to study the specificity of the
uptake process.
RT-PCR with mRNA derived from RBE4 cells and rat brain was performed using specific primers. The
primers were designed based on the cDNA sequence of the rat LAT1 subunit [12]. The upper primer
was 5’ GGG CTG TGT GCG GCG TCT 3’ (position 332-349) and the lower primer was 5’ CCA GAA
GGA CAC GGC GAT GAG 3’ (position 1414-1434). PCR products were run on a 1 % agarose gel,
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cDNA bands were cut from the gel and purified using the Qiaex II gel extraction kit (Qiagen). The puri-
fied PCR products were then enzymatically digested with the restriction endonuclease BamH1 and
digestion products were run on a 1 % agarose gel.

Fig. 2A. RT-PCR with specific primers for rat LAT1, mRNA derived from RBE4 cells (RBE4) and rat
brain (RB) as a positive control and RBE4 cell mRNA without reverse transcriptase (w/o RT) as a

negative control. B: Digestion of the RT-PCR products with restriction endonuclease BamH1.

Fig. 3. Influence of specific inhibitors (1 mM) for system L (BCH) and system A (MeAiB) on the uptake
of L-[3H]tryptophan into RBE4 cells at room temperature. The uptake buffer contained either NaCl

(open columns) or it was isoosmotically  replaced by NMDG chloride (filled columns).
NMDG vs. NaCl (one-tailed t-Test): **- p<0.01, ***- p<0.001

L-tryptophan vs. BCH (two-tailed t-Test): ++- p<0.01

Results and Discussion
The uptake of L-[3H]tryptophan into RBE4 cells is linear over a period of up to 10 minutes (Fig. 1A).
The uptake measurement in further studies were therefore performed for 5 minutes. Fig. 1B shows
that the transport of L-[3H] tryptophan has a saturable and a non-saturable component. For the
saturable component the half-saturation constant Kt of 31.3 µM and the transport capacity Vmax of 5.35
nmol/mg/5min were determined. The transporter affinity is in the same range as published for the rat
BBB in vivo (Kt = 52 µM) [13], the cloned bLAT1 obtained from bovine brain endothelium (Kt = 31.5
µm) [14] and the cloned hLAT1 obtained from human placenta (15 µM) [15]. This carrier of the BBB is
sodium independent, bidirectional, and therefore an equilibrative transport system [16]. Kanai et al.
[12] cloned a protein from rat C6 glioma cells which mediates the Na+-independent transport of neutral
amino acids when coexpressed in Xenopus laevis oocytes with the heavy chain of the 4F2 antigen
(CD98). This protein, designated rLAT1, is not capable of transporting amino acid on its own, but as a
heterodimer with the heavy chain of the 4F2 antigen (4F2hc), rLAT1 possesses amino acid transport
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activity with the characteristics of system L. In this study, using the RT-PCR, we demonstrated the
presence of the rLAT1 subunit at the RBE4 cells. Fig. 2A shows the expression of the L-system sub-
unit LAT1 in the RBE4 cells in comparison to the rat brain. The PCR products of 1103 bp were specifi-
cally digested by BamH1 to confirm them as parts of the LAT1 cDNA from rat. The expected frag-
ments after digestion with BamH1 were 804 bp and 299 bp and are shown in Fig 2B.

Fig. 4. Influence of various L-amino acids (1 mM) on the uptake of L-[3H]tryptophan in RBE4 cells at
room temperature.

Furthermore, we showed that the uptake of L-[3H]tryptophan is sodium independent (Fig. 3) and that
the specific LAT inhibitor BCH clearly reduces the tracer uptake into the RBE4 cells by about 87%
while MeAiB, an inhibitor of system A, has no effect. Several large neutral amino acids such as trypto-
phan, leucine and phenylalanine inhibit the [3H]L-tryptophan uptake into RBE4 cells while small neutral
amino acids such as glycine and alanine or acidic amino acids (glutamate) do not (Fig. 4). These fea-
tures characterize the transport of L-[3H]tryptophan as primarily LAT1 mediated. However, a small part
of about 8.5 % seems to be sodium-dependent because replacement of NaCl by NMDG significantly
reduced the uptake of L-[3H] tryptophan. L-tryptophan also showed a much greater inhibition than BCH
at similar affinities of those two amino acids [16]. Measuring the uptake of L-[3H]phenylalanine into
vesicles prepared from bovine brain endothelium, Sanchez del Pino et al. [16] found a small sodium-
dependent component which was sensitive to BCH. If tryptophan has a higher affinity to this trans-
porter than BCH, this could explain our finding. It is unlikely that the sodium-dependent uptake of L-
[3H]tryptophan is caused by y+LAT1, a transporter which mediates the efflux of basic amino acids in
exchange for the Na+-dependent uptake of neutral amino acids [17.] This transporter cannot be inhib-
ited by BCH but it does not seem to take up L-tryptophan above background levels [10]. On the other
hand, it should be taken into consideration that an affinity of L-tryptophan to other sodium-dependent
transporters which at present are not known to exist at the BBB was described [17].
In conclusion we showed that the RBE4 cells may be used as a model to study the BBB transport of
neutral amino acids via the Na+-independent system L. The cells highly express LAT1. The affinity of
this transporter to L-tryptophan and its selectivity for various amino acids is comparable to in-vivo
studies and to investigations using isolated brain microvessels or primary brain endothelial cells.

References
[1] Roux, F.; Durieu-Trautmann, O.; Chaverot, N.; Claire, M.; Mailly, P.; Bourre, J.M.; Strosberg,

A.D.;  Couraud, P.O. Regulation of gamma-glutamyl transpeptidase and alkaline phosphatase
activities in immortalized rat brain microvessel endothelial cells. J. Cell Physiol. 159 (1994) 101-
113.

[2] Bergmann, R.; Brust, P.; Scheunemann, M.; Pietzsch, H.-J.; Seifert, S.; Roux, F., Johannsen B.
Assessment of the in vitro and in vivo properties of a 99mTc-labeled inhibitor of the MDR gene
product P-glycoprotein. Nucl. Med. Biol. 27 (2000) 135-141.

[3] Pardridge, W.M. Blood-brain barrier carrier-mediated transport and brain metabolism of amino
acids. Neurochem. Res. 23 (1998) 635-644.

[4] Christensen, H.N.; Albritton, L.M.; Kakuda, D.K.; MacLeod, C.L.  Gene-product designations for
amino acid transporters. J. Exp. Biol. 196 (1994) 51-57.

0

20

40

60

80

100

120

co
nt

ro
l

 T
ry

pt
op

ha
n

Le
uc

in
e

L-
D

O
PA

Ph
en

yl
al

an
in

e

G
l y

ci
n

A
la

ni
ne

G
lu

ta
m

atL-
[3 H

]T
ry

pt
op

ha
n 

up
ta

ke
,

(%
 o

f c
on

tr
ol

)



192

[5] Carlsson, A. Development of new pharmacological approaches in Parkinson's disease. Adv. Neu-
rol. 45 (1987) 513-518.

[6] Wade, L. A.; Katzman, R. Synthetic amino acids and the nature of L-Dopa transport at the blood-
brain barrier. J. Neurochem. 25 (1975) 837-842

[7] Brogden, R.N.; Heel, R.C.; Speight, T.M.; Avery, G.S. alpha-Methyl-p-tyrosine: a review of its
pharmacology and clinical use. Drugs 21 (1981) 81-89.

[8] Markovitz, D. C.;  Fernstrom, J. D. Diet and uptake of aldomet by the brain: competition with large
neutral amino acids. Science 197 (1977) 1014-1015.

[9] Barrio, J.R.; Huang, S.C.; Phelps, M.E. Biological imaging and the molecular basis of dopaminer-
gic diseases. Biochem. Pharmacol. 54 (1997) 341-348.

[10] Füchtner, F.; Steinbach, J.; Vorwieger, G.; Bergmann, R.; Syhre, R.; Brust, P.; Beuthin-Baumann,
B.; Burchert, W.; Zips, D.; Baumann, M.; Johannsen, B. 3-O-Methyl-6-[18F]fluoro-L-DOPA - a
promising substance for tumour imaging. J. Labelled Cpd. Radiopharm. 42 (1999) S267-S269.

[11] Friedrich, A.; Ganapathy, V.; Brust, P. Transport of carnitine at the blood-brain barrier in vitro (this
volume)

[12] Kanai, Y.; Segawa, H.; Miyamoto, K. I.; Uchino, H.; Takeda, E.; Endou, H. Expression cloning
and characterization of a transporter for large neutral amino acids activated by the heavy chain of
4F2 antigen (CD98). J. Biol. Chem. 273 (1998) 23622-23632.

[13] Pardridge,W. M.; Choi, T. B. Neutral amino acid transport at the blood-brain barrier. Fed. Proc. 45
(1986) 2073-2078.

[14] Boado, R. J.; Li, J. Y.; Nagaya, M.; Zhang,C.; Pardridge, W. M. Selective expression of the large
neutral amino acid transporter at the blood-brain barrier. Proc. Natl. Acad. Sci. USA 96 (1999)
12079-12084.

[15] Prasad, P. D.; Wang, H.; Huang, W.; Kekuda, R.; Rajan, D. P.; Leibach, F. H.; Ganapathy, V.
Human LAT1, a subunit of system L amino acid transporter: molecular cloning and transporter
function. Biochem. Biophys. Res. Commun. 255 (1999) 283-288.

[16] Sanchez del Pino, M.M.; Peterson, D.R.; Hawkins, R.A. Neutral amino acid transport characteri-
zation of isolated luminal and abluminal membranes of the blood-brain barrier. J. Biol. Chem. 270
(1995) 14913-14918.

[17] Pfeiffer, R.; Rossier, G.; Spindler, B.; Meier, Ch.; Kühn, L.; Verrey, F. Amino acid transport of y+L-
type by heterodimers of 4F2hc/CD98 and members of the glycoprotein-associated amino acid
transporter family. EMBO J. 18 (1999) 49-57.

[18] Centanni, M; Canettieri, G; Viceconti, N; Sibilla, R; Bei, A; Andreoli, M. Effect of tryptophan on the
early tri-iodothyronine uptake in mouse thymocytes. Eur. J. Endocrinol. 143 (2000) 119-123.



193

60. Changes in the Cerebral Glucose Metabolism of Patients with Wilson’s Disease

W. Burchert, B. Kunath1, B. Beuthien-Baumann2, U. Reuner1, W.-G. Franke2

TU Dresden, 1Klinik und Poliklinik für Neurologie und 2Klinik und Poliklinik für Nuklearmedizin /PET-
Zentrum Rossendorf

Introduction
Wilson’s disease is an inherited abnormality of the hepatic excretion of copper that results in toxic
accumulation in the liver, the brain and other organs [1 - 3]. Subsequent changes in the cerebral glu-
cose metabolism (MRGlc) were reported in the striatum, the thalamus, the cerebellar cortex and also
in some other cortical areas [4 - 8]. The aim of the study was to evaluate whether the regional glucose
metabolism can be used to characterize the cerebral disease activity.

Materials and Methods
Patients
22 consecutive patients (12 male, 10 female; 38.2 ± 11.8 (19 - 63) years ) with Wilson's disease were
included in this study. At the time of positron-emission tomography (PET) the duration of the disease
was 18.6 ± 13.0 (0 - 42) years. The PET scan was performed on all patients under continued drug
treatment (penicillamine, TTD). The patients were divided into two groups. The first group showed
distinct neurological symptoms (wilson+; n = 13) while the second group of patients had no neurologi-
cal signs and symptoms (wilson-; n = 9). These patients were compared with 7 controls (6 male, 1
female; 36.7 ± 12.8 (26 - 59) years).

Positron emission tomography
Prior to the PET scan patients fasted for at least 6 hours. The scan was performed in a dimmed room
in supine position with eyes closed and ears unplugged. After an intravenous injection of 300 MBq
[18F]-fluorodeoxyglucose (FDG) a dynamic data acquisition (scan time period 60 minutes) was started.
The data were recorded by a Siemens/CTI ECAT EXACT HR+ scanner with a 15.2 cm field of view
and a reconstructed resolution of about 7 mm FWHM. During the reconstruction process (filtered
backprojection) the data were corrected for attenuation (transmission scan, 10 minutes) and decay.
The resulting images were calibrated in absolute activity concentration units. To provide an arterial
input function arterialized venous blood samples from the patient`s heated hand were taken according
to the midframe times during the scan period.

Data analysis
Quantitative images of regional metabolic rates of glucose were generated from the dynamic image
data and the arterial input function on a pixel-by-pixel basis, using the GJEDDE/PATLAK Plot [9, 10].
The resulting quantitative 3D volumes were normalized into the TALAIRACH stereotactical space [11]
(MEDx, Sensor Systems). Standardized validated ROI sets were used for regional analysis of the
glucose metabolism. Student's t-test was used to evaluate the observed regional differences of meta-
bolic values between patient groups. A p-value of < 0.05 was considered to be significant.

Results and Discussion
Patients with Wilson‘s disease showed no significant differences in their global cerebral metabolic
rates of glucose as compared with the controls (Fig. 1; Table 1).

In patients with Wilson‘s disease exhibiting distinct neurological symptoms a reduced glucose metabo-
lism was found in the putamen and the caudate nuclei on both sides. An increased metabolism was
observed in the thalami. By contrast, patients with Wilson‘s disease but without neurological symp-
toms showed a normal metabolism of the basal ganglia. Almost in all patients the observed changes in
the glucose metabolism were symmetrical (Fig. 2; Table 1).

A decreased glucose metabolism in the lateral temporal cortex was found in all patients with Wilson‘s
disease as compared with the controls, regardless of the presence of neurological symptoms (Fig. 3;
Table 1).
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Table 1. rMRGlc in Wilson‘s disease and controls. Relation to neurological symptoms (+/-)

Controls
rMRGlc

Wilson -
rMRGlc

Wilson +
rMRGlc

(c/w-)
p

(c/w+)
p

(w-/w+)
p

Gbl. gray matter 35.8 ± 5.9 35.4 ± 4.8 34.9 ± 5.3 n.s. n.s. n.s.

Caudate nucleus 40.5 ± 8.6 38.7 ± 7.4 34.2 ± 6.2 n.s. 0.07 n.s.

Putamen 43.0 ± 10.3 40.7 ± 7.3 31.4 ± 7.5 n.s. 0.008 0.008

Thalamus 38.6 ± 7.2 34.1 ± 5.4 40.8 ± 7.6 n.s. n.s. 0.03

Front. cortex 39.3 ± 8.0 35.2 ± 5.4 36.2 ± 4.7 n.s. n.s. n.s.

Temp. cortex 32.1 ± 4.9 27.6 ± 3.5 28.6 ± 4.1 0.05 0.09 n.s.

Parietal cortex 37.9 ± 7.7 35.0 ± 5.1 35.5 ± 5.5 n.s. n.s. n.s.

Cerebellar cortex 33.6 ± 5.9 28.5 ± 5.6 30.7 ± 5.3 n.s. n.s. n.s.

MRGlc in µmol/100ml/min; significance of regional differences by student's t-test; Controls or c =
control group; Wilson- or w- = Wilson patients without neurological symptoms; Wilson+ or w+ =
Wilson patients with distinct neurological symptoms.

Examples of typical distributions of the regional cerebral glucose metabolism are shown in Figure 4.
An unimpaired cerebral glucose metabolism was found in the basal ganglia and  thalamus of a patient
with Wilson's disease but without clinical symptoms. Patients with neurological symptoms exhibited a
severe symmetrical impairment of the metabolism in the putamen and the caudate nuclei.

Fig. 4. FDG-PET of patients with Wilson's disease. Transaxial slices at the height of the basal ganglia.
(A) 29-year-old female with symptoms for 11 years and a homozygote gene defect. PET was per-
formed when Wilson`s disease was first diagnosed, without any previous treatment. Distinct neuro-
logical symptoms were observed. Decreased regional glucose metabolism in the area of the caudate
nuclei and putamen. (B) 29-year-old male with a known Wilson‘s disease for 13 years. Treatment for
six months with penicillamine. Distinct neurological symptoms. A severe reduction in the regional glu-
cose metabolism in the caudate nuclei and the putamen was also found. (C) 30-year-old male with
Wilson‘s disease known for 2 years. Tomography was performed under continued drug treatment with
penicillamine. Clinically no neurological symptoms. Normal regional glucose metabolism.

FDG-PET may therefore be a useful parameter to support the clinical diagnosis of patients with Wil-
son‘s disease. Metabolic impairment was mostly bilateral. A moderate reduction in the glucose me-
tabolism of the lateral temporal cortex was found in all patients with Wilson‘s disease. A decreased
glucose metabolism in the basal ganglia was only observed in Wilson patients with clinically manifest
neurological symptoms.
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Introduction
In order to safely resect lesions close to eloquent brain areas, knowledge of their spatial distribution is
essential. The classic technique is to perform surgery in the conscious patient under local anaesthe-
sia, using brain-mapping techniques [1]. As an alternative, the location of eloquent areas can be visu-
alized by preoperative functional brain imaging techniques, including positron emission tomography
[2 - 7]. Both methods were combined by integration into a neuronavigation system (BrainLab) and
were used to monitor speech-eloquent areas.

Patients and Methods

Speech-eloquent areas were preoperatively localized
in five patients with left-sided lesions, using fluoro-18-
desoxy-glucose PET. The patients were first scanned
under conditions of silence and in a second study with
speech activation, using a verb generation paradigm.
The two scans were matched, the image maxima were
adjusted, and the “zero” scan was subtracted from the
activation study. The net activation was then superim-
posed on the “zero” scan (Fig. 1). This PET data set
was transferred to a neuronavigation workstation and
matched with a preoperative 3D-MRI, using a new
image fusion algorithm. Intraoperative localization was
performed, using brain-mapping techniques under
local anaesthesia with bipolar stimulation. The stimu-
lator position was mapped into the MRI-PET data set
by neuronavigational tracking of the instrument.

Results and Discussion
Using this novel technique, which is not yet
commercially available, the preoperative acti-
vation PET and MRI can be exactly matched
(Fig. 2). By integration of functional PET im-
ages and position tracking of the brain map-
ping electrode into neuronavigation, both
methods can be compared and exactly trans-
ferred to the operative field. Five patients were
operated according to this protocol, confirming
the technical feasibility. Interestingly, the elo-
quent areas localized by speech-activation
PET differed slightly from intraoperative areas
of speech disturbance. These differences
might be accounted for by slightly varying
activation procedures during PET and the
intraoperative setting. Further modifications of
the activation paradigms might therefore be
necessary. Apart from the speech activation
itself, further experience with this new tech-
nique will have to be gathered to identify pos-

Fig. 1. Upper row: FDG-PET under  condi-
tions of silence (“zero” scan). Middle row:
Net activation. Lower row: Net activation
superimposed on the “zero” scan.

Fig. 2. Intraoperative display of the neuronavigation
system. Intraoperative situs (upper left) MRI (upper
right and middle row) and FDG-PET are visualized on
one screen, superimposing the current position of the
stimulator on each modality.



198

sible technical influences such as intraoperative brain shift, regional image distortion of MRI or the
spatial resolution of the reference method (bipolar stimulation).
The new technique is suitable for monitoring eloquent speech areas during surgical resection of ex-
tended left-sided low-grade gliomas. By allowing a comparison with intraoperative electrophysiological
brain mapping findings, the sensitivity and specificity of new functional imaging techniques can be
evaluated by reconciling the data with the intraoperative situs.
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Introduction
Although regional changes in the cerebral glucose metabolism and blood flow have been well de-
scribed in depressed subjects, enduring abnormalities in longitudinal studies are less reliably identified
[1 - 4]. Medication effects are an important design limitation because the brain metabolism and blood
flow have been shown to change under the influence of psychotropic drugs. The following prospective
longitudinal PET study aims to determine brain areas associated with depressive illness in patients
with first episode and recurrent unipolar depression (DSM-IV) carefully matched for medication status
and to define correlates of acute and remitted illness.
Patients and Methods
Study design
We measured the pattern of change in the regional cerebral glucose metabolism (rCMRGlu) with PET
(Siemens-CTI Exact HR Plus) in patients scanned during acute major depression (DSM-IV) and in
those patients optimally matched for antidepressant drugs following clinical remission. Patients were
considered to be in remission when their HAM-D scores remained lower than 7 for at least 12 weeks.
An additional clinical assessment was carried out 6 months after the follow-up PET. Patients were
initially investigated with  MRI and subjected to neuropsychological tests in the acute and remitted
state.

Patients
A total of 33 patients (8 male/25 female, mean age 44.5 years) were investigated by PET in acute
depression. HAMD-21 at entry into study was 27.7 ± 3.8. Up to now 18 patients have been evaluated
by PET in clinical remission. The mean HAMD-21 at this point in time was 1.7 ± 1.6. The cerebral glu-
cose metabolism from both studies was compared with data from 7 normal controls (6 male/1 female,
mean age 36.9 years).

PET
The PET scans were performed on a dedicated PET scanner (ECAT EXACT HR+). A transmission
scan for measured attenuation correction was performed. A dynamic acquisition over 60 min was
started with an intravenous injection of 300 MBq FDG. Pseudoarterial blood samples were taken for a
quantitative analysis.
The dynamic emission data was transformed into a
parametric data set (Gjedde-Patlak Plot), followed by
spatial normalization into Talairach space (medx sensor
system). On these spatially normalized data a
standardized evaluation was performed with predefined
regions of interest (ROI) according to the Brodmann (Br.)
areas (Fig. 1). The values of the regional brain meta-
bolism of each investigation were normalized to the
mean of the whole brain grey matter.
For statistical analysis the paired t-test and the Mann-
Whitney U-test were applied (Statview, SAS).

Results and Discussion
Qualitative evaluation
Patients in acute depression showed areas of decreased tracer uptake in the prefrontal cortex (Fig.
2a). In clinical remission (Fig. 2b) these prefrontal areas showed incomplete increases in 8/18 pa-
tients, in 10/18 patients the pattern was unchanged.

Fig. 1. ROI set of the frontal cortex accor-
ding to the Brodmann areas.
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Quantitative evaluation
Absolute metabolic values:
No significant differences were found between the mean of the whole brain grey matter values of the
acute state (37.1± 8.4 µmol/100ml/min), clinical remission (37.7± 6.0) and the controls (36.9± 6.4).
Normalized data (Table 1):
Compared with the control group, significantly lower values were found in Br. 6, 8 and 46 in the right
hemisphere in the acute state and in clinical remission. A significant asymmetry (left<right) in Br. 10,
32, 44,45 and 46 was observed in the acute state, persisting in remission only in Br. 46. No significant
differences were seen in additional frontal areas, other cortical, subcortical or cerebellar regions.

Table 1. Normalized data of the frontal cortex. Acute state versus clinical remission

Patients (n = 33) Patients (n = 18)
acute phase acute phase remission
right left right left  right left

ROI mean (SD) mean(SD) mean (SD) mean (SD)  mean (SD) mean(SD)
Br. 6 1.02 ± 0,16** 1.03 ± 0.16 1.01 ± 0,17** 1.05 ± 0.14 0.99 ± 0.15** 1.06 ± 0.16
      8 0.93 ± 0.15* 0.94 ± 0.20 0.93 ± 0.15* 0.96 ± 0.20 0.90 ± 0.15* 0.95 ± 0.16
    10 1.00 ± 0.18 0.95 ± 0.18 1.01 ± 0.19 0.95 ± 0.18* 0.97 ± 0.17 0.93 ± 0.17
    32 1.04 ± 0.13 0.99 ± 0.14 1.02 ± 0.13 0.98 ± 0.14* 1.00 ± 0.15 0.97 ± 0.15
    44 1.07 ± 0.14 1.02 ± 0.15 1.07 ± 0.15 1.02 ± 0.15** 1.05 ± 0.14 1.01 ± 0.15
    45 1.08 ± 0.15 0.99 ± 0.17 1.08 ± 0.16 1.00 ± 0.18*** 1.04 ± 0.14 0.99 ± 0.15
    46 1.11 ± 0.16* 0.98 ± 0.20 1.11 ± 0.17* 0.98 ± 0.21*** 1.08 ± 0.14* 0.95 ± 0.19***
*p<0,01; **p< 0,005 patients versus controls
*p<0,01; **p<0,005; ***p<0,0001 left versus right hemisphere

An acute depressive state was associated with a significant asymmetry localized in specific prefrontal
regions. In the recovered state the asymmetry was no longer present. It may therefore represent a
state marker of depression. Altered rCMRGlu in Br. 6, 8 and 46 that persists upon recovery may be
related to histopathological changes that have been revealed by a recent morphometric study [5].

References[1] Bench, C.J.; Frackowiak, R.S.; Dolan, R.J. Changes in regional cerebral blood flow on
recovery from depression. Psychol. Med.  25 (1995) 247-61.

[2] Videbech, P. PET measurements of brain glucose metabolism and blood flow in major depressive
disorder: a critical review. Acta Psychiatr. Scand. 10 (2000) 11-20.

[3] Drevets, W.C. Functional neuroimaging studies of depression: the anatomy of melancholia. Ann.
Rev. Med. 49 (1998) 341-61.

[4] Soares, J.C.; Mann, J.J. The functional neuroanatomy of mood disorders. J. Psychiatr. Res. 31
(1997) 393-432.

[5] Rajkowska, G.; Miguel-Hidalgo, J.J.; Wie, J.; Delley, G.; Pittman, S.D.; Meltzer, H.Y.; Overholser,
J.C.; Roth, B.L.; Stockmeier, C.A. Morphometric evidence for neuronal and glial prefrontal cell
pathology in major depression. Biol. Psychiatry 45 (1999) 1085-1098.

Fig. 2. A 59-year-old female depressive patient in the
acute state (a) and in clinical remission (b). The glu-
cose metabolism in the prefrontal and anterior cin-
gulate cortex is markedly decreased during acute
depression and increases upon recovery, although
some metabolic impairment persists compared with
the normal control.
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COOPERATIVE RELATIONS AND JOINT PROJECTS

In multidisciplinary research such as carried out by this Institute, collaboration, the sharing of ad-
vanced equipment and, above all, exchanges of ideas and information play an important role. Effective
collaboration has been established with colleagues at universities, in research centres and hospitals.

Dresden University of Technology has been a major partner in our cooperative relations. Cooperation
with various groups in the Department of Chemistry and the Faculty of Medicine was again signifi-
cantly extended last year. Common objects of radiopharmacological and medical research link the
Institute with the Dresden University Hospital, above all with its Department of Nuclear Medicine (Prof.
Franke). A joint team of staff members from both the Institute and the Clinic of Nuclear Medicine are
currently working at the Rossendorf PET Centre.
The Institute cooperates with the Department of Surgical Research (Prof. Schackert) on a project con-
cerning gene therapy monitoring. The Institute of Analytical Chemistry (Prof. Salzer) plays an impor-
tant part in tumour research.

Special thanks go to Schering AG Berlin (Dr. Dinckelborg).

Very effective cooperation exists with the Federal Material Research Institute in Berlin (Mr. Leibnitz,
Dr. Reck), whose staff members carried out X-ray crystal structure analysis of new technetium and
rhenium complexes.

Our Institute is linked with the Institute of Pathology (Prof. Zwiener, Dr. Bauer) of Jena’s Friedrich-
Schiller University by long-standing fruitful cooperation on the pathophysiological aspects of brain
functions.

The fruitful collaboration with the Paul Scherrer Institute (Prof. Schubiger) of Villigen, Switzerland,
which involves bioinorganic, radiochemical and biological topics, is much appreciated. PSI is also one
of the main partners in the current BIOMED2 project on tumour-affine neuropeptides.

Cooperation in Tc chemistry exists with the University of Ferrara (Prof. Duatti, Dr. Bolzati), CNR Pa-
dova (Dr. Tisato, Dr. Refosco), and, more recently, with the Instituto Tecnologico e Nuclear (ITN),
Lisbon (Dr. Santos).

Our long-standing cooperation with the "Demokritos" National Research Centre for Physical Sciences
in Athens (Dr. Chiotellis) has been continued. Various joint projects on technetium and rhenium
chemistry were dealt with.

In the field of supramolecular chemistry, successful cooperation was established with the Institute of
Organic Chemistry and Biochemistry (Prof. Schmidtchen) of Technische Universität München and with
the Kekulé Institute of Organic Chemistry and Biochemistry (Prof. Vögtle) of the University of Bonn.

Cooperation in PET tracer chemistry and radiopharmacology has been established with the Turku
Medical PET Centre (Dr. Solin).

In the field of PET tracers (steroid chemistry) the Institute works together with the Hans-Knöll-Institute
for Natural Products Research, Jena (Prof. Hinnen, Dr. Kasch).

The further development of the regioselective labelling of compounds is the subject of a fruitful coop-
eration with BASF, Ludwigshafen (Dr. Schlecker).

The identification of common objects in PET radiopharmacy has led to collaborative research with the
Department of Nuclear Medicine (Prof. Georgi) of the University of Leipzig as well as with the Institut
für Interdisziplinäre Isotopenforschung Leipzig (Prof. Stöcklin).

Effective cooperation also exists with the Riga Institute of Organic Chemistry (Dr. Zablotskaya), Latvia.
The Institute works with the Bar-Ilan University in Ramat-Gan, Israel (Prof. Nudelman).
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National Centre of Scientific Research Athens, Greece
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Dr. T. Pajpanova
Institute of Molecular Biology Sofia, Bulgaria
April 6 - May 6, 2000

Dr. C.M. Fernandes
Instituto Tecnológico e Nuclear, Sacavém, Portugal
May 2 - June 2, 2000

Dr. A. Zablotskaya
Latvian Institute of Organic Synthesis Riga, Latvia
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Prof. E. Golovinsky
Institute of Molecular Biology Sofia, Bulgaria
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Vrije Universiteit Brussel, Belgium
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PET Center of the University School of Medicine, Debrecen, Hungary
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Singapore General Hospital, Singapore
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MEETINGS ORGANIZED

Workshop
"Aspects of dendrimers in drug targeting"
May 8, 2000.

Two-days seminar on "Promisses and pitfalls in radiopharmaceutical research"
June 22 - 23, 2000

TEACHING ACTIVITIES

Winter term 1999/2000

B. Johannsen
One-term course on Radiopharmaceutical Chemistry

H. Spies
Laboratory course on Radiopharmaceutical Chemistry

Summer term 2000

B. Johannsen
One-term course on Metals in Biosystems

OTHER ACTIVITIES
B. Johannsen

Chairman of the DGN Working Group on Radiochemistry and Radiopharmacy.

B. Johannsen
Co-editor of the Journal “Nuclear Medicine and Biology“.

B. Johannsen
Co-organizer of the 7th International Symposium on “The Synthesis and Applications of Isotopes
and Isotopically Labelled Compounds“ of the International Isotope Society.
Dresden, June 18 - 22, 2000.
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TALKS OF VISITORS
Prof. Dr. P. Comba, Universität Heidelberg
Design, Synthese und Charakterisierung von biologisch relevanten Kupferverbindungen.
02.02.2000.

Dr. R. Reszka, Max-Delbrück-Zentrum Berlin
Liposomale in-vivo-Gentherapie mit dem HSV-tk-Gen/Ganciclovirsystem zur Behandlung von Gliobla-
stomen.
18.02.2000.

Dr. M. Friebe, Havard Medical School Boston, USA
Technetium-99m probes with affinity for malignant melanoma: Synthesis and evaluation in vitro and in
vivo.
28.04.2000.

Dr. G. Westera, Universitätsspital Zürich, Switzerland
Neuronale nAChR-Liganden auf der Basis von Epibatidin.
19.05.2000.

Dr. S. R.Waldvogel, Universität Münster
Supramolekulare Rezeptoren und Katalysatoren auf der Basis von funktionalisiertenTriphenylenketa-
len.
08.06.2000.

Dr. P. Kumar, University of Alberta, Canada
Nitroimidazoles in hypoxia management: Our activities.
16.06.2000.

Prof. Dr. H. F. Kung, University of Pennsylvania, Philadelphia, USA
Development of CNS receptor imaging agents for SPECT.
23.06.2000.

Prof. L. I. Wiebe, University of Alberta, Edmonton, Canada
Gene therapy imaging.
04.10.2000.

Dr. G. Horvath, PET-Center of the Univ. School of Medicine, Debrecen, Hungary
PET in Debrecen.
08.11.2000.

Prof. K. Yoshizuka, Saga University, Japan
Application of molecular modeling toward separation science of metallic ions.
17.11.2000.

Dr. S. Eichler, EU-Forschungskoordinatorin, Leipzig
Europäische Forschungsförderung auf dem Gebiet der Lebenswissenschaften (5.RP)
24.11.2000.

Prof. J. Ostyk-Narbutt , Institute of Nuclear Chemistry and Technology, Warsaw, Poland
Liquid-liquid partition and hydration of amphiphilic chelates of metal ions.
24.11.2000.

Dr. W. Mier, DKFZ Heidelberg
Rezeptorvermittelter Transport von Antisense-Oligodesoxynukleotid-Molekülen.
08.12.2000.

Prof. Inoue, Saga University, Japan
Development of lyophilic chitosan as novel solvent extraction reagents friendly environments.
18.12.2000.
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Scheunemann M.
Neue Ergebnisse zur 18F-Markierung an NT- und BN-Derivaten.
05.01.2000.

Fischer K.
Möglichkeiten und Grenzen massenspektroskopischer Untersuchungen im Haus.
20.01.2000.

Zessin J.
Neue Radiotracer für 5HAT-Transporter.
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Römer J.
Ergebnisse und Perspektiven der modulgestützten Synthese von fluorierten Estradiolsulfamaten.
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Jordanova A.
Darstellung von n.c.a. [18F]FclO3-Optimierungsarbeiten.
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Fischer K.
Massenspektroskopie (LC-MS)
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Füchtner F.
3-O-Methyl-6-[18F]fluor-DOPA - Ansatzpunkt für aussichtsreiche Tracer zur Tumordarstellung?
08.03.2000.

Rodig H.
Biologische Charakterisierung von [18F]Fluorestradioldisulfamat.
22.03.2000.

Will E.
Rechnernetz und www.
12.04.2000.

Preusche S.
Betriebserfahrungen unter Nutzung der aktuellen Steuersoftware.
19.04.2000.

Steinbach J.
Elektrophile Fluorierung.
05.05.2000.

Künstler J.-U.
EXAFS-Untersuchungen von Re/Tc-Carbonylverbindungen.
24.05.2000.

Syhre R.
Die Ratte als Tiermodell zur Beurteilung des in vivo-Verhaltens von Radiotracern.
14.06.2000.

Drews A.
Rezeptoraffine Komplexe.
05.07.2000.
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Rother A.
Stand zur Arbeit zu redox-aktiven Tc-Komplexen.
30.08.2000.

Noll St.
Synthese von Substraten der HSV-1-Thymidinkinase und der entsprechenden Präkursoren für die 18F-
Markierung.
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Jordanova A.
Synthesis of [18F]FCLO3 and labelling of aromatics.
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Mäding P.
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Grote M.
Gentherapie.
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Smolinka K.
AMG und AmRadV: Bedeutung und Konsequenzen für die Entwicklung radioaktiver Arzneimittel für
PET.
25.10.2000.
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186Re/188Re-markierte Stents zur Prävention von Restenosen.
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[18F]FSB als Fluorbenzoylierungs-Reagens.
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18F-markierte Aminosäuren - Herstellung und Anwendung.
29.11.2000.
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Rezeptorbindende Tc-Komplexe.
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Stand der Arbeit zu Tc-Komplexen mit modifizierten Fettsäureliganden.
20.12.2000.
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