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ABSTRACT

Multitracer (MT) is a solution containing many radionuclides together for tracing simultaneously

the behavior of these elements in various systems. Basic principles, wide applications and new

progresses of MT are presented. We suppose that MT is a versatile and powerful tool for movement-
and fate-screenings among related plural elements, and MT sometimes gives us the breakthrough in
studying some confronted themes. Our recent progresses on the bo-behavior of trace elements in brain

are described as typical examples. The future perspectives of the MT will also be outlined.
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1. INTRODUCTION

In 1990, Fumitoshi Ambe considered the fusion of cyclotron technology and tracer technology,

and then he and his co-workers realized and developed an exciting new method of radioisotope

utilization, which is named the multitracer (MT) technique.(1,2,3) Their idea was to produce a wide
range of radioisotopes in a target due to nuclear fragmentation using heavy ions with RIKEN Ring

Cyclotron, to remove chemically the target material to yield the carrier-free radioisotopes, and to use

them together as a multitracer in order to trace many elements simultaneously in various systems.
Significant features of the MT technique are as follows: (a) MT is covered a wide range of elements,
including those which are not readily available such a 2Mg, "Ca 4V and 95'Tc A covered elemental

range is dependent on an atomic number of target material. From a Au target, MT solution containing

radionuclides of elements from Be to Hg have been obtained as shown in Fig. 1. (b) All the tracers in

MT solution are in carrier-free state; that is, the multitracer contains little of stable isotopes of the
tracers. (c) One experiment yields information about many elements. (d) Accurate comparison of the

behavior of a number of elements under identical experimental conditions is realized. This is

extremely important for biological studies where individual differences of samples are always
problematic. (e) Serendipity: since many elements are included in a MT solution, it is possible to

discover previously unobserved, interesting behavior of one or more elements, which have not been

the intended or main subject of an investigation.
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Table 1. Multitracer specification prepared from Ag target, which we have mainly used.

Half-live Activity Main y-ray energy Branch. Mass Chemical
Nuclides (d) (kBq) (keV) ratio (pg) species

7Be 53.29 3.669 477.6 10.4 0.28 7Be"

46SC 83.81 0.061 1120.5 100 0.05 46 SC 3+

48V 15.97 0.523 983.5 100 0.08 ?
I"Cr 27.70 1.721 320.1 10.1 0.50 5I C r3+

52 Mn 5.59 0.356 1434.1 100 0.02 52 Mn 2+

A4 Mn 312.12 0.445 834.8 100 1.55 MMn 2+

58 Co 70.92 0.792 810.8 99.4 0.67 58 Co 2+

59 1Fe 44.50 0.130 1099.3 56.5 0.06 '19 Fe'+
65 Zn 244.26 0.432 1115.5 50.6 1.42 65 Zn'+
75 Se 119.77 1.167 264.7 58.5 2.17 75 Seo,2-

83 Rb 86.20 2.345 520.4 45.0 3.47 83 Rb+
94 Rb 32.77 0.367 881.6 69.0 0.21 'Rb+
8 Sr 64.84 3.574 514.0 96.0 4.08 8 5Sr 2+

&8Zr 83.40 3.703 392.9 97.2 5.63 nZrO'+
97 Ru 2.90 2.625 215.7 85.6 0.15 ?

101MRh 4.34 5.677 306.9 94.0 1 0.52 1 'o'-Rh 3+

These activities were contained in one injection volume for an animal.

So far, the MT technique has been successfully applied in chemistry, biochemistry,
pharmaceutical sciences, medical sciences, nutritional sciences, agricultural sciences, and
environmental sciences in more than 50 laboratories, as summarized in the publications.(4,5) In the
past years our laboratory has been aimed at establishing and developing the MT technology for the
behavior and function of bo-trace elements in bomedical researches, in a collaboration with S.
Enomoto of RIKEN-MT group.(6,7,8) We have mainly used this MT solution, which prepared from
Ag target, to trace simultaneously the behavior of many elements in various identical systems, because
almost the bio-trace elements are covered with the MT solution shown in Table 1. From our
experiences, we suggest that MT technology is a versatile and powerftil tool for movement- and
fate-screenings during several days among the related plural elements, and it sometimes gives us the
breakthrough in studying some confronted themes. In this paper we summarized our latest progresses
on the bio-behavioral study of trace elements in brain. The future perspectives of the MT technique
will also be outlined in life and environmental sciences.

2. OUR LATEST BIO-BEHAVIORAL STUDIES OF TRACE ELEMENTS IN BRAIN

2.1 Brain regional uptake of radioactive Sc, Mn, Fe, Co, Zn, Se, Rb and Zr tracers into normal mice
aged 6 to 52 weeks.(9 I 0,1 1)

The unique property of cerebral capillary endothelial cells is that they selectively restrict the
passage of water and nutrients between blood and brain, forming the blood-brain barrier (BBB) We
have focused on the transportation of various trace elements through BBB and their retention in the
brain. The present work aims to study the brain regional uptake behavior Of 46SC, 48v, 54 Mn, 59Fe , 58CO,

65 Zn, "Se, "'Rb and "Zr, using MT physiological saline solution (0.9%NaCl in .O IN HCI solution,
pH 34), at 48 hours after intraperitoneal injection. Comparative 48-hr uptakes were examined among
the brain regions (corpus striaturn, cerebellum, cerebral cortex, hippocampus and pons plus medulla)
and blood in 6- to 52-week old male C57BL/6N normal mice. The MT solution was expected to give
us new findings concerning the relationship between the regional BBB function and the uptake
behavior of some elements.
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Table 2 summarizes the 48-hr uptake rates of Sc, Mn, Zn, Se, Rb and Zr into the brain regions
aged 6 to 52 weeks. The brain regional uptake rates of the 6 trace elements in aged mice found higher
than those in young mice. The MT solution, moreover, enabled simultaneous tracing of the elements in
the identical brain regions in details and a strict comparison for the uptakes among the regions,
although the uptake by whole brain is very low. Brain uptake distributions were divided into two
groups: heterogeneous distribution for Mn, Sc and Zr tracers and fairly even distribution for Rb, Zn
and Se tracers among all regions. No significant difference was showed in the Zn uptake levels among
all brain regions of young and aged mice. The regional uptake of Mn, however, were different and
observed in the following order: cerebellum > cerebral cortex corpus striaturn > pons plus medulla
= hppocampus in the young brain: cerebellum corpus striaturn cerebral cortex = hippocampus >
pons plus medulla in the aged brain. I should be noted that the regional Mn uptake by hippocampus
was substantially increasing with aging, and that by pons plus medulla was the lowest and unchanged
during aging.

The comparison among the Sc, Mn, Zn, Se, Rb and Zr tracers was well undertaken in the 48-hr
uptake level of the brain regions. In all regions, the uptake rates of Rb were the highest and those of
Zr were the lowest among these 6 elements in normal mice aged 6 to 52 weeks. Scandiurn showed the
second value in hippocampus of aged mice, on the other hand it had lower values than Wo and Zn in
other regions. The variation of Zr in the 48-hr uptake level over the range of age from 6 to 52 weeks
was larger than that of other elements, although its uptake rate were very low. In aged mice the Zr
tracer can be presumed remaining as itis in the brain or affected by the high blood retention. It should
be noted in any event that non-essential Zr is likely to be transported into whole brain with aging and
its transportation may be involved in neurodegenerative changes, such as the decline of BBB.

Table 2 Brain regional and blood 48-hr uptakes of Sc, Mn, Zn, Se, Rb and Zr in normal mice
aged 6 to 52 weeks.

Brain region Regina] uptake rate (% dose/g wet weight)
4(,sC 54 Mn 65 Zn 75 Se K3 Rb 88Zr

6-week-old mice
Corpus striaturn 066 -+-0.13 0.42 ±0.13 0.92 017 0.21 +0.04 1.76 0.13 ND
Cerebral cortex 043 zb 0.08 0.45 ±0.09 1.10 004 0.24 002 1.69 0.07 0.024 ± 0003
Hippocampus 1.23 : 054 0.22 +0.08 1.24 033 0.28 :k 0.08 1.72 0.24 0.062 + 0034
cerebellum N D 0.61 _L 0. 3 1.40 ± 0.15 0.35 004 1.52 0.05 0.045 ± 0037
pons plus medul 037 ±0.04 0.25 ±0.03 1.10 0.03 0.27 003 1.61 0.04 0.030 :i: 0.0 2
blood 0.54 zi: 0. 1 8 0.31 ± 006 0.79 0.05 1.81 +0.15 1.79 019 0.210 ± 0040

1 O-week-old mice
Corpus striaturn 071 a: 0. 7 0.43 ±0.02 0.96 013 0.24 :L 0. 06 1.85 + 0.18 N D
Cerebral cortex 0.42 :f: 0.08 0.46 ±0.10 1.18 +0.06 0.25 +0.02 1.79 zi: 0 I 0.033 ± 0007
Hippocampus 1.12 :L O�21 0.25 ±0.06 1.59 :i:0.85 0.28 ±0.08 1.76 ± 006 0.084 ± 0004
cerebellum N D 0.58 006 1.38 +0.25 0.37 : 006 1.66 ± 017 0.061 ± 0040
pons plus medul 032 : 009 0.27 ±0.06 1.19 +0.05 0.26 003 1.61 ± 0.08 0.042 ± 0014
blood 0.56 0.13 0.30 ±0.04 0.94 ±0.07 2.01 =E: 0 12 1.76 ± 007 0.500 ± 0.110

28-week-old mice
Corpus striaturn 1.48 0.70 0.49 +0.17 1.89 :i-0.33 0.37 0.12 3.25 028 ND
Cerebral cortex 0.66 : 023 0.57 ±0.23 1.51 ±0.65 0.35 0. 3 2.80 096 0.089 �b 0040
Hippocampus 3.14 _- 062 0.49 ±0.11 2.04 ± 079 0.42 0.15 3.38 :j- 0.55 0.255 ± 0097
cerebellum ND 0.85 +0.23 2.07 036 0.57 0.08 2.89 0.42 0.153 ± 0039
pons plus medul 063 ±0.09 0.36 ±0.17 1.80 022 0.43 +0.05 2.97 0.42 0.136 ± 0020
blood 1.66 ± 0.18 1.74 +0.72 1.61 : 029 4.58 ±0.71 2.85 0.49 3.920 ± 0.500

52-week-old mice
Corpus striaturn 1.61 ± 0.58 0.78 ±0.21 1.55 029 0.36 +0.09 3.22 0.34 ND
Cerebral cortex 0.68 ±0.05 0.70 ±0.26 1.68 = 033 0.43 004 3.19 0.29 0.122 ± 0017
Hippocampus 2.71 : 047 0.70 ±0.20 1.62 086 0.56 :LO.12 3.37 0.66 0.165 :L 0066
cerebellum ND 0.80 ±0.20 2.08 +0.34 0.59 + 0.10 2.97 0.32 0.325 ± 0258
pons plus medul 063 + 0.08 0.30 ±0.12 1.74 ±0.24 0.45 A 006 3.02 0.29 0.175 ± 0040
blood 1.82 +0.65 1.97 :i 1. 3 1.61 +0.29 4.76 :LO.54 3.01 : 033 5.100 ± 0920

Each values represents the mean -SD of data from five mice. ND means "not detected"
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2.2 Multitracer screening for in vivo element-element interrelations: Uptake Of 46SC, 54 Mn, 5917e, Co,
65 75 83 -deficient,Zn, Se, Rb, 85Sr and 88Zr by brain and other organs of mice bred under Mn, Zn or Se
-adequate and -excessive diets.(12,13,14)

MT technique was applied to study on screening of in vivo interrelations between radioactive
tracers (46SC, 54 Mn , 59Fe, 11CO 6Zn 7 Se, 13 Rb, "Sr and Zr) and stable Mn, Zn or Se species.
Comparative uptake rates were examined in the blood, 9 organs (thymus, lung, cardiac muscle, spleen,
pancreas, kidney, liver, testes and bone) and brain regions (cerebral cortex, striatum, hippocampus,
thalamus and hypothalamus, midbrain, cerebellum, pons and medulla, olfactory bulb) using the
3-weeks-old mice fed the Mn, Zn or Se-deficient, -adequate or -excessive diets.
There are no storage forms for Mn such as an existing form for iron and no "recall" mechanism for
releasing the mineral from bone. Tissue Mn concentrations, however, fall typically within a narrow
and low-level range. Biliary excretion is known to be a key mechanism for maintaining manganese
homeostasis. We used the 3-weeks-old mice fed the Mn-deficlent, -adequate or -excessive diets with
Mn concentration from 04 to 300.4ppm. Significant diet-related differences were found for 61 Zn
uptake in some organs: The dietary Mn-deficient state induced increase Zn absorption in thymus and
lung in short-time span (during 48 h after injection). On the other hand, no significant diet-related
differences were observed in any brain regional uptake rates except for 54Mn uptake rate. The
screening results are expected to give us new findings concerning the diet-related element-element
interrelations in living bodies. In this experiment, the regional Mn, Na and K concentrations in brain
were examined using the instrumental neutron activation analysis (INAA). Although the brain Mn
concentrations of all regions were increased, the Na and K concentrations were almost constant from
0.4 to 300.4ppm with Mn concentration of the diet. It suggested that the mice bred under the
Mn-deficient diets were nutritionally in the Mn-deficient state in each brain regions and required the
dietary Mn for brain functions. In Mn-adequate mice, the Mn concentration in brain regions was in the
following order: hippocampus =_ thalamus and hypothalamus = corpus striaturn > midbrain = pons plus
medulla > olfactory bulb = cerebellum > cerebral cortex. The homeostasis of the electrolytes such as
Na and K, and the homeostasis of some trace bio-elements such as Zn and Se were also, however,
maintained in the brain under all sorts of diets during postnatal period to 3 week-old. It should be
noted that the homeostasis and short-span regularities in 65 Zn, 75 Se and 8'Rb should be maintained in
the Mn-diet from 04 to 300.4ppm with Mn concentration during the early postnatal period.
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Fig. 2 Zn concentrations in eight brain Fig. 3 Placenta transfer of trace elements.
regions of Zn-deficient (1) and 2 (Multitracer experiment)
-adequate, and -excessive mice.

CC: cerebral cortex; ST: corpus striaturn; HI: hippocampus; HY: thalamus and hypothalamus; MB:
midbrain; CB: cerebellum; PM: pons and medulla; OB: olfactory bulb. The bar and the line
represent the mean - S.D. (n=5), except for Zri-deficient mouse (1) (n=l). Asterisks indicate
significant differences (*p<0.05, **p<0.0 1) via the Zn-adequate mice.
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In the MT experiments using Zn-diet mice, we also examined the 3-week-old mice fed the four
kinds of Zn-deficient, -adequate and -excessive diets with Zn content from 07 to 3520ppm. As a result,
no significant difference between the dietary Zn-deficient state (Zn content: 3.6ppm) and Zn-adequate
state (Zn content: 36ppm) was observed in the uptake rates of 65 Zn and other 46SC, 4 Mn, "Co and 71 Se

except for 83 Rb. In addition, significant differences among the organ and brain regional uptakes Of 46SC,

54 Mn, 11CO, 75 Se and 83 Rb were found in the dietary Zn-excessive state (Zn content: 3520ppm) It

indicate that the organ and brain regional uptakes of tracers in Zn-deficient and excessive mice are

strongly correlated with the blood uptakes and retentions of the tracers. The unique findings can be
interpreted on the basis from some differences among Zn-Mn, Zri-Se and Zn-Rb interrelations.

Nowadays we have been gathering information about interrelation of macro-amount Zn and trace
elements, but in future we will discuss in detail the in vivo interrelations.

INAA was also applied for brain regions (cerebral cortex, corpus striaturn, hippocampus,

thalamus and hypothalamus, mdbrain, cerebellum, pons and medulla, olfactory bulb) to study the
regional distributions of the minor (Na, K) and trace (Sc, Cr, Mn, Co, Zn, Se) elements in mice bred

under the controlled diets with Zn content from 07 to 3520ppm. The trace elements were distributed

heterogeneously and concentrated in corpus striaturn and hippocampus. No significant change was

observed in Zn concentration of most brain regions between the Zn-deficient, -adequate and -excessive
state, shown the concentrations of Zn in Fig. 2 The results suggest that homeostasis of Zn is

maintained in all brain regions over a wide range of dietary Zn concentration.

2.3 MT screening for trace element in brain and spinal cord of fetal, suckling and developmental mice:

Search for Mn movement and function in brain during developmental age.(15,16)

To gain a comprehensive understanding of the biological ftinction of Mn, the tracer uptake and
retention behavior and elemental concentration of Mn and other trace metals were studied, using MT,

single tracer, autoradiography and INAA techniques in the brains and other organs of the fetuses,

suckling infants and developmental mice.
First, MT screening for the tracer transfer from 16-days-pregnant dam to fetuses through placenta

46sC, 48v, 54 , 58CO, '9Fe,was examined by evaluating simultaneously the retention and uptake of 'Be, Mn
65 Zn , 75 Se'83 Rb, 95Sr, 88 Zr, 99R-h and 59Ru in the matemal blood, placentas, fetuses and amniotic fluid.

Figure 3 summarizes the transportation behavior of placenta and separates into the 3 groups. The trace

elements, Mn, Zn, Se and Rb, in the group 3 which are easily passing through placenta into fetuses,

was also found to transfer into fetal brain. These elements are required in brain due to their
essentialities. After this MT screening, we took some autoradiographies using 54 Mn and 65 Zn single

tracers to examine in details the exogenous Mn and Zn distribution, respectively In these images, Mn

tracer was found to distribute well in both brain and spinal cord. To understand the distribution of

endogenous Mn, on the other hand, we applied INAA to the brain and spinal cord samples. The brain

Mn concentration in fetal period was found lower than the spinal cord one, and after birth the brain
concentration was increasing with development although the spinal cord kept up the constant level.

Next, the transfer of MT to neonatal pups for 2 days after birth via milk from their dam injected

MT was examined. Moreover, the kinetics of the in vivo MT previously incorporated at fetal stage was

also studied in the brain, blood, liver and parietal bone from I to 28 days after birth. As a result, the
fetal Mn was found to retain in the brain during long time after birth in comparison with other trace

elements in the fetal period. It also indicates that the biological half-life of 54 Mn is longer in brain than

those of other tracers. Using 54 Mn autoradiography, the fetal Mn was found to move evenly in whole

brain and concentrate gradually in the basal ganglia until 3 weeks after birth, when the BBB almost
completes.

54 For well understanding exogenous Mn movements, we examined the brain uptake behavior of
Mn in 5-week-old mice at minutes, I day, 3days and 7 days after intravenous injection and took

some autoradiograms as shown in Fig. 4 From these results, we suggest that first 54 Mn is accumulated

selectively in the choroids plexus immediately after injection, and then taken up into other regions via
cerebrospinal fluid, and 3 days after injection 54 Mn is likely concentrated in piriform cortex and globus

pallidus.
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Fig. 4 Brain uptake behavior of 54 Mn at min, I day, and May after intravenous injection

6h

12h

Sectioned sample Autoradiographic image

Fig. 5. Nasal turbinate and brain autoradiographic images 6 12 hr after
intranasal instillation of 86 Rb ET: ethmoid bone, OB: olfactory bulb
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2.4. MT screening for metal delivery manners into brain: Rb is directly delivered into brain bypassing
BBB.( 7)

Metal tissue uptake is closely associated with metal delivery manner. The aim of this study was to

increase understanding of the blood metal clearance and brain metal uptake, retention and elimination
using delivery techniques (intravenous, intraperitoneal, intranasal, intramuscular, subcutaneous,

intracutaneous, percutaneous, and perroral administration). To do this we applied the MT technique for

accurate comparing among their behaviors. ICR mice (8-week-old, male) were used, and appropriate
minutes, 3hr and 24hr after MT administration, the 0.2mL of blood was collected, and the brain was

excised. These samples were measured using gamma-ray spectra and evaluated in terms of uptake rate
"%dose/g". As the results, the MT techni ue enabled simultaneous tracing of 46sC, 48v, 54 Mn , 59Fe,
58co, 65 Zn , 74 AS, 75 Se, 83 Rb, 85Sr' 88 Zr and 91mTc. The manner of blood clearance and brain uptake was

variable with different injection method. From the results of the brain high uptake of Rb after IN, it
showed that intranasal Rb was transported into the brain twice higher than those of Rb by other sorts

of injections.

To confirm the olfactory axonal transport of intranasal Rb, we also applied 86 Rb single tracer to

examine the difference in the behavior of Rb transport after intranasal and intravenous injections. In
the intranasal group, the physiological saline 86 Rb solution was instilled only into the right nostril. At

different times post dose, blood, liver, and right and left sides of nose and 7 different brain regions
were collected. No significant difference was in the 86 R uptakes between right and left sides after IV

administration, and similar Rb uptakes were observed in different brain regions. Following IN

administration, Rb uptakes within 24 hr were found to considerably differ in different brain regions.
Significant differences were apparently in the 86 Rb uptakes between right and left sides in olfactory

bulb and forebrain regions. The highest uptake was observed in olfactory bulb, followed by the

forebrain and then the remaining part of the brain. In a range of 3 to 12 hr post dose, the 16 Rb uptakes

in the right olfactory bulb after IN administration were 3 to times higher than those of left one, and
were 30 to 60 higher than the IV levels. Over 12 hr after N dose, the uptakes of both right and left

sides became similar each other and were found to be nearly equal to those after IV dose. We conclude
that a fairly part of nasally administered 86 Rb was directly transported from the nasal cavity to the

brain via bypassing BBB.

Moreover, we confirmed the direct transport from nose to brain by 86 Rb autoradiographic studies,

From these images as shown in Fig. 5, 12 hours after intranasal instillation 86 Rb is found to move

within olfactory bulb of the brain. These findings will open a new horizon in pharmaceutical and
medical sciences.

Anyway, as mentioned above in this paper, we showed you how to use the MT technique in your
research and what kinds of information the MT give you.

3 CROSSOVER RESEARCH PROJECT ON MULTITRACER

From the usefulness and versatileness of the MT technique, it has been applied in many research
fields. To develop it furthermore, we took parts in the 3rd stage crossover research project in 1999 and

there put up the following three research-boards; the researches on a new type of MT, rapid group

separation and a new apparatus of MT imaging. Owing to this strategy, the MT technique has been

developed to work and cooperate with one another to achieve synergistic effects in various research
fields. These developments for latest few years are summarized in RIKEN Review No. 35.(2)

Takamiya et al in Kyoto University Research Reactor Institute established a new type of MT
solution consisting of fission products, called FP multitracer (FP-MT), using thermal neutron fission of

... U.(18) This FP-MT solution can be supplied in an ampoule to various researchers in response to

their demands. Especially, this MT solution will be useftil for environmental studies. On the other

band, as one of developments of rapid group separation research, Haba et al in RIKEN plan to develop

a gas-jet coupled multitarget system for MT production and separation. This system has following

advantages: (a)MT can be separated from target without chemical separation. (b)MT can be

transported through a capillary tube to the chemistry room. (c)Target materials can be selected
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diversely to optimize the composition of MT. (d)This MT technique is easy to fusion to a liquid
chromatographic technique. (e)AII of the targets can be cooled with He gas during the irradiation.(19)

By Gono et al in Kyushu University, a new imaging system for MT, MT gamma-ray emission

imaging (MT-GEI) has been designed and is under development to take radioactivity distribution
images simultaneously for plural radioisotopes. The principle of this Ge telescope system is the same

as that of a Compton camera. This camera consists of two segmented (position sensitive) Ge detectors.
At present, preliminary two-dimensional images were obtained using three gamma-ray sources of 60CO,

"'Cs and "'Eu.

4. MULTITRACER IN FUTURE

RIKEN Accelerator Research Facility has undertaken construction of radioisotope (RI) beam

factory as next generation facility. This factory is capable of providing the world's most intense RI
beams. This RI beam factory will prepare our liking and favorite MT. RI beam intensity at RKEN RI

beam factory is presented. Haba and Enomoto tried to calculate the obtainable radioactivity in various
cases. If for an example they use 6'Cu RI beams, which can be directly implanted in solution, they

obtain 61CU solution in the rate of IOGBq/day. This is surprising and sufficient value for applying to

tracer experiments in various fields. We will easily prepare a MT cocktail, as we will like. That is our

dream. If you want to use a MT, please join us. We have the same dream!
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