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Abstract

Trace elements are closely associated with the normal functioning of the brain. Therefore, it is important to
determine how trace elements enter, accumulate, and are retained in the brain. Using the multitracer
technique, which allows simultaneous tracing of many elements and comparison of their behavior under
identical experimental conditions, we examined the influence of different administration methods, i.e.,
intravenous (IV), intraperitoneal (IP), intramuscular (IM), subcutaneous (SC), intracutaneous (IC),
intranasal (IN), peroral (PO), and percutaneous (PC) administration, on the uptake of trace elements.
A multitracer solution containing 16 radionuclides (i.e., "Be, %Sc, ¥V, 3ICr, >*Mn, *Fe, °Co, Zn, "*As,
73Se, 83Rb, 8°Sr, 88y, 87r, PMTc, and lO3Ru) was used. The results indicated that the **Rb brain uptake
rate with intranasal administration was approximately twice those obtained with the other administration
methods. This result indicated that a portion of Rb was delivered into the brain circumventing the blood
circulation and that delivery could be accomplished mainly by olfactory transport. Multitracer screening of
trace element delivery revealed differences in brain uptake pathways among administration methods.

Introduction

To sustain normal functions, homeostasis of the
brain is strictly maintained by the blood—brain
barrier, which is composed of endothelial cells of
the central capillary. This barrier protects the
brain from harmful substances and regulates the
exchange of biologically important substances
(Pollay & Roberts 1980). The exchange of essential
trace elements is also strictly regulated. Therefore,
it is important to examine and discuss how they
enter, accumulate, and are retained in the brain
from the extracranial environment. The type of
biological system used for trace-clement delivery
depends on the entry pathway of the elements.
Therefore, it may alter the transport velocity and
uptake rate of the elements. However, the influ-
ence of the delivery pathway during the transport

and uptake of trace elements has not been
examined in detail.

Simultaneous determination of a whole range
of trace elements can be achieved by a multi-ele-
ment method, such as the radioactive multitracer
technique developed at RIKEN (Ambe ef al.
1991a, b). This technique uses a large number of
radioactive tracers produced from a metal target,
such as Ag or Au foil, irradiated with high-energy
heavy ions, which enables the simultaneous eval-
uation of behavior for a large number of elements
under identical conditions. The technique has been
applied successfully in various fields and has been
shown to be effective in studying the metabolism
of trace elements in biological systems (Ambe
et al. 1995; Ambe 1996; Enomoto & Hirunuma
2001; Nayak 2001). Using the multitracer tech-
nique, Gouthu ef al. studied the subcellular
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Table 1. Specification of the multitracer solution in one administration (25 ul).

Tracer Half-Life v-Energy” Intensity” Activity Mass (pg) Concentration Chemical
(days) (keV) (%) (kBq) (nmol/ml) form™

"Be 53.1 477.6 10.5 2.64 0.20 1.16 Be?*

43¢ 83.8 1120.6 100 0.18 0.15 0.13 St

By 16.0 983.5 100 0.33 0.05 0.04 VO**, VO,2*

Sicr 27.7 320.1 9.9 0.82 0.24 0.19 crit

*Mn 312.3 834.9 100 0.43 1.49 1.11 Mn?"*

5Co 71.3 1238.3 67.6 0.12 0.11 0.08 Co?*

*Fe 44.5 1099.3 56.5 0.08 0.04 0.03 Fe?*

%7Zn 2443 1115.6 50.6 0.43 1.41 0.87 Zn**

T4As 17.8 595.8 59 0.33 0.09 0.05 AsO3

Se 119.8 264.7 58.9 0.87 1.62 0.87 Se03~

8Rb 86.2 552.6 16 2.45 3.63 1.75 Rb*

85Sr 64.8 514 96 3.19 3.65 1.72 Sr2*

8y 106.7 1836.1 99.2 0.72 1.39 0.63 Y3

87r 83.4 392.9 100 0.97 1.48 0.67 7rO*"

9SmTe 61.0 204 63.2 0.17 0.20 0.08 TcO*

103Ru 39.3 497 91 0.11 0.10 0.04 Ru*™, Ru**

“The energy and intensity used for y-ray spectrometry are shown.” Amano et al. (1996); Yanagiya et al. (2000).

distribution of trace elements in soybean (Glycine
max Merr.) and cucumber (Cucumis sativus L.),
and the translocation of plant-absorbed radioac-
tive tracers with growth in soybean (Gouthu et al.
1999). Monitoring the uptake and translocation of
tracers in plants should indicate how these cle-
ments enter the plant system and reach the edible
parts. Ozaki et al. also applied the multitracer
technique to examine the uptake mechanism of
yttrium and rare earth elements by autumn fern
(Dryopteris  erythrosora) (Ozaki et al. 2002).
Yanagiya et al. reported the reduction of Cd
cytotoxicity by Mn. They established a cadmium-
resistant cell line from immortalized metallothi-
onein-null mouse cells, and found that these cells
exhibited a marked decrease in Cd uptake. To
investigate the mechanism of altered uptake of Cd,
incorporation of various metals was determined
simultaneously using the multitracer technique
(Yanagiya et al. 2000). Nabekura et al. compared
uptake of the multitracer in the lenses of normal
and hereditary cataract UPL rats to investigate the
mechanisms of trace element transport during
cataract development (Nabekura et al. 2003).
Radioactive tracers in the multitracer are salt-
and carrier-free, and are extremely useful for ani-
mal experiments because the in vivo behavior of
elements can be traced without toxic effects on
animals (Amano et al. 1996a, b; Enomoto ef al.

1996; Yanaga et al. 1996; Hirunuma et al. 1997). In
fact, using the multitracer technique, several
researchers have examined the distribution behav-
ior of trace elements in the brain, using intravenous,
intraperitoneal, or peroral administration. Hirate
et al. investigated the distribution of trace elements
in the brain of mice with epileptic seizures by
intravenous injection and discussed the alterations
in brain homeostasis of Zn, Co, and Se associated
with susceptibility, development, and termination
of epileptic seizures (Hirate et al. 2002). Amano
and Enomoto examined the brain regional uptake
of trace elements in mice during aging following
intraperitoneal injection and demonstrated the
functional degenerative process of the blood—brain
barrier (Amano & Enomoto 2001). To obtain bet-
ter understanding of the functions of elements in
the brain, it is necessary to examine the influence of
different types of administration on brain uptake.
It is necessary to investigate several adminis-
tration methods to analyze the brain uptake be-
havior of trace elements, to determine if indeed the
brain uptake of trace elements is dependent on the
entry pathway. Therefore, we examined the influ-
ence of method of administration on the uptake of
trace elements. In the present study, the multi-
tracer technique was applied to a massive screen-
ing study of the uptake behavior of trace elements
using eight different administration methods.



Materials and methods
Preparation of multitracer solution

A multitracer was obtained from an Ag foil target
irradiated with the 135 MeV/nucleon "N beam
from the RIKEN Ring Cyclotron. Chemical sep-
aration was performed according to the method
described previously (Ambe et al. 1991a, b, 1995).
After cooling, the Ag target, which contained
various kinds of radioisotopes, was dissolved in
(1:1) HNOs;. The Ag was precipitated as AgCl with
concentrated HCI, and the AgCl was filtered out
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completely. The filtrate was evaporated to dryness
under reduced pressure and was finally dissolved
in 0.9% NacCl solution as the multitracer solution
for the animal experiments (pH 6-7). All chemi-
cals used were of reagent grade and were pur-
chased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). The Ag foil was 250 um thick,
measured 15 x 15 mm? and were of high purity
(99.99%). The multitracer solution contained
tracers of various elements: 'Be, **Sc, ¥V, 3!Cr,
SMn, Fe, %Co, ®Zn, ™As. "*Se, **Rb, %Sr.
9Smre 8y, 87r and 'Ru. The chemical species
of these elements were as follows: Be?", Sc+,

Table 2a. Uptake rates (%dose/g) of multitracers in blood, plasma, and brain following administration by 8 different methods.

Radionuclide Time "Be 465¢
. . interval ; )

Administration Blood Plasma Brain Blood Plasma Brain

method

v 2 min 5.618 £ 0.365 11.897 + 2.350 0.026 + 0.025 38.26 + 5.70 73.56 + 4.77  0.242 + 0.090
30 min 0458 + 0.119  0.603 = 0.156 0.026 = 0.019 32.68 + 1.25 61.30 = 1.43  0.175 = 0.046
3h 0.183 £ 0.069  0.107 + 0.044 0.024 + 0.002 1598 + 2.15 28.63 + 6.31 0.285 + 0.074
24 h 0.090 £ 0.004 0.013 £ 0.010 0.032 £ 0.009 2.72 + 0.21 5.00 £ 0.13  0.540 + 0.059

1P 5 min 1.287 £ 1.148  2.496 £ 2.233 0.008 + 0.002 237 £ 228 4.02 £ 395 0.268 £ 0.059
30 min ~ 0.658 + 0.603 1.194 £ 1.100 0.015 £ 0.010 291 + 255 6.64 £ 5.87  0.090 £ 0.020
3h 0.124 £ 0.086  0.059 + 0.091 0.019 £ 0.010 3.61 = 525 7.70 £ 11.27 0.117 £ 0.056
24 h 0.170 £ 0.035  0.010 £ 0.008 0.033 + 0.042 2.60 + 0.72  5.13 £ 1.43  0.272 £ 0.077

M 5 min 0.491 £ 0.104  0.799 + 0.353 0.007 £ 0.002 0.15 £ 0.07 0.29 £ 0.18  0.041 £+ 0.013
30 min  0.820 + 0.171 1.001 £ 0.286 0.006 + 0.003 1.01 £ 0.55 148 £ 047 0.045 + 0.014
3h 0.292 + 0.077  0.169 + 0.075 0.021 + 0.005 192 £ 046 3.74 £ 0.83  0.038 + 0.015
24 h 0.155 £ 0.058  0.028 + 0.040 0.009 + 0.005 1.30 £ 0.25 234 £ 020 0.092 + 0.010

SC 30 min ~ 0.610 + 0.488 1.169 + 1.002 0.017 £ 0.022  0.65 + 0.77 1.21 £ 1.47  0.121 + 0.027
3h 0.107 £ 0.089  0.159 + 0.048 0.009 + 0.006 1.91 £+ 1.61 337 £ 245 0.116 + 0.055
24 h 0.097 £+ 0.071 0.024 + 0.009 0.037 £+ 0.027 1.29 £ 0.67 223 +£ 0.76  0.132 £+ 0.095

1C 30 min ~ 0.211 + 0.068  0.310 &£ 0.111 0.003 £+ 0.003  0.09 = 0.03 0.23 £ 0.07 0.006 + 0.008
3h 0.162 = 0.010  0.165 £ 0.012 0.007 £ 0.003 0.79 + 0.07 1.44 £ 0.20 0.012 = 0.006
24 h 0.124 + 0.026  0.014 + 0.002 0.014 + 0.007 1.23 £ 0.10 229 £ 0.30  0.041 + 0.008

IN 30 min  0.081 + 0.060 0.124 + 0.105 0.008 + 0.004  0.09 = 0.09 0.14 £ 0.04  0.048 + 0.002
90 min  0.069 + 0.033  0.064 + 0.015 0.004 £ 0.005 0.10 £ 0.08 0.27 = 0.11 0.029 £+ 0.012
3h 0.058 £+ 0.032  0.046 + 0.043 0.006 + 0.002 0.13 = 0.08 0.31 £ 0.15  0.025 £ 0.005
24 h 0.046 £ 0.038  0.017 £ 0.013 0.009 + 0.007 0.08 + 0.01 0.12 £ 0.07 0.041 £ 0.013

PO 30 min ~ 0.039 + 0.011 0.006 & 0.005 0.043 £ 0.027 0.28 £ 0.13  0.20 £ 0.02  0.313 £+ 0.026
90 min  0.020 + 0.022  0.037 = 0.038 0.034 + 0.026  0.31 = 0.10  0.22 + 0.18  0.247 = 0.062
3h 0.028 £+ 0.011 0.009 £+ 0.001 0.028 + 0.022 0.24 + 0.17 029 £ 0.10  0.166 £+ 0.067
24 h 0.031 £ 0.024  0.015 £ 0.015 0.061 + 0.082 0.39 + 0.24 044 £+ 0.13  0.106 £+ 0.021

PC 3h 0.030 £ 0.022  0.015 £ 0.010 0.017 £ 0.016 0.16 = 0.05 0.24 £ 0.08 0.113 £+ 0.011
24 h 0.003 £+ 0.003  0.021 + 0.007 0.006 + 0.004 0.13 £ 0.06 0.14 £ 0.05 0.095 + 0.011

Abbreviations used: 1V, intravenous; IP, intraperitoneal; IM, intramusuclar; SC, subcutaneous;

PO, peroral; PC, percutaneous administration. Data are presented as mean + SD of three mice.

IC, intracutaneous; IN, intranasal;
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Table 2b. Uptake rates (%dose/g) of multitracers in blood, plasma, and brain following administration by 8 different methods.

Radionuclide Time By Sicr
. . interval - K

Administration Blood Plasma Brain Blood Plasma Brain

method

v 2 min 7.03 £ 1.60 11.55 £ 1.22  0.020 + 0.027 1438 £ 1.53  32.63 + 0.25 0.059 + 0.042
30 min 4.10 £+ 1.60 589 £ 204 0.023 £ 0.020 10.23 + 1.58 20.62 + 3.65 0.095 £+ 0.018
3h 3.13 + 0.36 522 £ 0.81  0.060 £+ 0.031 6.98 + 093 13.83 £ 2.20 0.088 £+ 0.052
24 h 0.56 + 0.11 1.27 £ 0.09 0.026 + 0.016 1.46 + 0.30 3.05 £ 0.61 0.044 £ 0.030

IP 5 min 4.77 £ 4.37 5.52 £ 5.13  0.010 £ 0.005 1.22 £ 1.04 2,66 £ 2.32  0.017 £ 0.023
30 min 2.10 + 1.82 2.52 £ 228 0.009 + 0.005 2.76 + 2.58 556 £ 5.17 0.017 £+ 0.015
3h 1.66 + 2.00 2.11 £ 341 0.018 + 0.014 2.85 + 391 4.69 £ 7.25 0.023 £+ 0.022
24 h 0.87 £+ 0.30 1.48 £ 091 0.027 £ 0.025 1.21 £ 0.23 222 £ 045 0.018 £ 0.012

M 5 min 242 £ 0.47 297 £ 141 0.005 + 0.004 1.74 £+ 0.69 3.01 = 0.74 0.010 £ 0.004
30 min 3.51 £ 1.09 493 + 1.87 .0010 + 0.010 4.29 + 0.88 6.73 £ 0.46 0.012 £ 0.014
3h 2.10 = 0.65 3.38 £ 1.30  0.023 £+ 0.019 4.08 + 0.59 6.64 £ 0.72  0.023 £+ 0.008
24 h 0.56 + 0.40 0.99 £ 0.71 0.014 £ 0.013 1.14 + 0.28 191 £ 0.24  0.026 + 0.032

SC 30 min 795 £ 048 1029 £ 1.24  0.036 + 0.034 3.46 + 1.74 540 £ 3.10 0.064 £+ 0.047
3h 2.57 £ 0.70 3.48 £ 0.09 0.007 £ 0.006 3.09 + 1.40 475 £ 146  0.019 + 0.010
24 h 1.19 + 0.36 2.09 £ 047 0.073 + 0.054 1.84 + 0.46 2.85 £ 049 0.122 £ 0.123

IC 30 min 323 + 1.44 3.81 £ 1.99 0.013 £ 0.011 1.20 + 0.44 2.19 £ 0.75 0.011 £+ 0.009
3h 2.30 + 0.49 2.88 + 1.04 0.017 £ 0.013 229 + 0.35 394 £ 0.88 0.005 + 0.003
24 h 1.02 £ 0.24 1.29 £ 0.22  0.038 + 0.015 1.46 £ 0.31 2.17 £ 0.32  0.010 £ 0.009

IN 30 min 0.89 £+ 0.25 1.42 £ 040 0.026 + 0.009 0.18 £ 0.10 0.49 £ 0.17 0.034 + 0.014
90 min 0.36 + 0.08 0.29 £ 0.24  0.004 + 0.003 0.34 + 0.30 0.33 £ 0.11  0.012 £+ 0.010
3h 0.80 £ 0.21 0.84 £ 0.54 0.007 £+ 0.008 0.77 £ 0.18 0.86 = 0.33  0.011 £+ 0.009
24 h 0.41 £ 0.22 0.58 £ 0.03 0.011 + 0.004 0.08 £+ 0.05 0.15 £ 0.03  0.046 + 0.069

PO 30 min 0.03 £ 0.03 0.04 £ 0.04 0.010 = 0.008 0.03 + 0.03 0.06 £ 0.04 0.034 + 0.025
90 min 0.01 £ 0.02 0.01 £ 0.02 0.012 £+ 0.010 0.08 + 0.04 0.05 £ 0.03  0.037 + 0.012
3h 0.09 £+ 0.04 0.08 £ 0.06 0.010 = 0.014 0.08 + 0.02 0.11 £ 0.03 0.010 + 0.007
24 h 0.05 £+ 0.06 0.04 £ 0.05 0.019 £+ 0.009 0.06 + 0.02 0.06 £ 0.03  0.069 + 0.008

PC 3h 0.78 £+ 0.30 1.00 +£ 0.44  0.012 + 0.006 0.46 + 0.37 0.64 = 0.38 0.027 + 0.019
24 h 0.15 £ 0.13 0.32 £ 0.27  0.005 £+ 0.006 0.08 £+ 0.07 0.12 £ 0.11  0.013 + 0.010

Abbreviations used: 1V, intravenous; IP, intraperitoneal; IM, intramusuclar; SC, subcutaneous; IC, intracutaneous; IN, intranasal;
PO, peroral; PC, percutaneous administration. Data are presented as mean + SD of three mice.

VO**, VO3*, Cr*", Mn*", Fe'", Co**, Zn*",
AsO3, SeO3~, Rb™, Sr**, Y**, ZrO**, TcO;,
Ru’", and Ru*™ (Amano et al.1996a, b; Yanagiya
et al. 2000). The half-life, energy of measured vy-
rays, activity, and calculated mass of the tracers
contained in an administered volume of the mul-
titracer solution are listed in Table 1. Although the
impurities of the target and chemical contaminants
from the reagents were not checked, the multitr-
acer solution was prepared essentially under car-
rier-free conditions and no carriers were added
during the subsequent screening experiments.
Using ICP-MS, the mass of stable isotopes in 25 ul

of the multitracer solution were estimated at levels
less than the calculated mass shown in Table 1.
Each isotope in the multitracer behaved indepen-
dently in vivo and showed the characteristic bio-
behavior of the element.

Animal experiments

All animal experiments were carried out in compli-
ance with the guidelines for the care and use of lab-
oratory animals as approved by the Committee on
Animal Experimentation of Kanazawa University.
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Table 2¢c. Uptake rates (%dose/g) of multitracers in blood, plasma, and brain following administration by 8 different methods.

Radionuclide Time *Mn Co
. . interval B B

Administration Blood Plasma Brain Blood Plasma Brain

method

v 2 min 330 £ 089 513 +£ 145 0425 £ 0.039 557 £ 043 10.04 £ 0.67  0.173 £ 0.040
30 min 1.59 £ 1.16 220 + 1.82  0.316 + 0.041 3.18 £ 0.77 441 £ 0.67 0.184 £ 0.065
3h 257 £ 1.29 441 £ 247 0.325 + 0.047 2.06 + 0.52 2.76 £ 0.43  0.124 £+ 0.018
24 h 0.88 + 0.48 1.69 £ 0.86 0.445 + 0.080 0.54 + 0.23 0.87 £ 0.30  0.239 £ 0.067

IP 5 min 2.96 + 2.81 297 + 291 0.038 + 0.036 1.48 £ 1.15 243 £ 202 0.071 + 0.025
30 min 0.77 £ 0.69 095 + 0.84 0.033 £ 0.027 2.00 + 1.71 5.03 £ 425 0.106 + 0.016
3h 359 £ 266 211 £ 3.18 0.064 £ 0.052 097 £+ 1.21 223 +£2.89 0.076 £ 0.022
24 h 1.50 £ 0.99  2.50 + 2.01 0.252 + 0.208  0.94 + 0.26 2.14 £ 043  0.113 + 0.031

M 5 min 2.07 £ 0.77 287 £ 1.50 0.156 £ 0.004 2.73 £ 0.40 5.67 £ 0.84  0.060 = 0.044
30 min 0.71 £ 0.53 0.78 £ 0.68  0.259 + 0.005 2.81 + 0.35 4.84 £ 0.35 0.097 £ 0.011
3h 229 £ 1.25 399 +£249 0.262 + 0.058 2.13 + 0.77 4.05 £ 0.82  0.085 £ 0.040
24 h 0.66 £ 0.72 1.14 £ 142 0.335 =+ 0.051 0.59 + 0.23 142 £ 048  0.074 = 0.020

SC 30 min 0.84 £ 0.24 1.02 £ 097 0.330 £ 0.093  2.77 + 0.81 511 + 1.81 0.152 £+ 0.045
3h 1.74 £ 0.63 2.69 £ 1.59 0.314 + 0.094 2.13 + 0.38 392 + 0.11 0.123 £+ 0.098
24 h 0.81 + 0.24 1.24 £ 0.57 0.384 + 0.098 1.04 + 0.40 1.56 £ 0.33  0.187 = 0.030

IC 30 min 0.54 £+ 0.11 0.39 £ 0.08 0304 £ 0.023 242 +£ 0.23 434 £ 0.39  0.065 £ 0.023
3h 1.03 £+ 0.31 1.05 £+ 0.01 0.254 £ 0.166  2.07 £ 0.25 3.87 £ 0.21 0.062 + 0.031
24 h 0.60 £ 0.17 0.54 £ 0.15 0.461 + 0.078 1.23 £ 0.16 2.18 £ 0.19 0.076 + 0.013

IN 30 min 096 £ 0.14 0.76 £ 0.16  0.081 = 0.041 0.95 + 0.30 1.61 £ 0.39 0.044 + 0.015
90 min 0.52 £ 030 036 £ 052 0.023 £ 0.006 0.52 + 0.19 0.83 £ 0.16  0.045 £ 0.007
3h 1.51 £ 0.10 1.22 £ 1.14  0.026 +£ 0.017 0.78 + 0.28 1.20 £ 0.18  0.067 = 0.015
24 h 143 £ 096 210 £ 0.30  0.139 + 0.057  0.38 + 0.30 0.59 + 0.01 0.029 £ 0.011

PO 30 min 0.31 £ 0.12 0.12 £ 0.14  0.025 £ 0.016 0.33 + 0.14 0.40 £ 0.16  0.089 £ 0.080
90 min 048 £ 0.35 0.60 £ 0.24  0.010 = 0.008 0.15 + 0.07 0.40 £ 0.05 0.129 + 0.083
3h 1.73 £ 1.17 1.83 £+ 0.31 0.025 + 0.003  0.33 £ 0.03 0.35 £ 0.33  0.216 £ 0.055
24 h 1.88 + 0.60 1.41 £ 095 0.096 + 0.067 0.28 + 0.06 0.21 £ 0.19  0.164 £ 0.102

PC 3h 0.82 £ 040 094 + 0.41 0.198 + 0.251 0.94 £ 0.27 1.68 £ 0.35 0.193 + 0.085
24 h 0.71 £ 0.30 0.81 £ 0.13  0.069 + 0.043  0.37 + 0.23 0.51 £ 0.32  0.073 £ 0.068

Abbreviations used: IV, intravenous;

IP, intraperitoneal; IM, intramusuclar; SC, subcutaneous; IC, intracutaneous; IN, intranasal;

PO, peroral; PC, percutaneous administration. Data are presented as mean + SD of three mice.

Eighty-four 8-week-old ICR mice (purchased
from Charles River Japan, Inc., Yokohama,
Japan), weighing 32.8 + 1.7 g, were divided into
eight groups, and administered the multitracer
solution by eight different methods: intravenous
(IV), intraperitoneal (IP), intramuscular (IM),
subcutaneous (SC), intracutaneous (IC), intrana-
sal (IN), peroral (PO), and percutaneous (PC)
administration. The administration—dissection
time interval differed across the methods. In the IV
group, the mice were sacrificed at intervals of
2 min, 30 min, 3 h, and 24 h following adminis-
tration; in the IP and IM groups, 5 min, 30 min,

3h, and 24 h; in the SC and IC groups,
30 min, 3 h, and 24 h; in the IN and PO groups,
30 min, 90 min, 3 h, and 24 h; and in the PC
group, 3 h and 24 h (n = 3 mice/time point). The
volume of solution administered was also different
across the methods: the IV, IP, and PO groups
were administered 0.1 ml of the multitracer solu-
tion, while the other groups received 25 pul.

The detailed procedures of IN, PO, and PC
administration were as follows. In the IN group,
the mice were first anesthetized with thiopental
sodium (Ravonal; Tanabe Seiyaku Co., Ltd., Osaka,
Japan) in the supine position. The multitracer
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Table 2d. Uptake rates (%dose/g) of multitracers in blood, plasma, and brain following administration by 8 different methods.

Radionuclide Time *Fe %7n
. . interval ) B

Administration Blood Plasma Brain Blood Plasma Brain

method

v 2 min 27.06 £ 1.08 62.23 + 0.34 0.109 + 0.084 10.86 £ 0.80 19.89 + 2.50 0.376 + 0.016
30 min 19.31 £ 524  39.14 + 948 0.140 £ 0.115 1.17 £ 0.37 1.80 £ 0.54 0.614 + 0.059
3h 7.07 £ 0.47 8.27 £ 2.87 0.102 + 0.102 0.98 £+ 0.08 0.96 = 0.10 0.680 + 0.126
24 h 12.53 £ 091 0.35 £ 0.26  0.239 + 0.212 0.77 £ 0.05 0.32 +£ 0.06 1.053 £ 0.106

IP 5 min 0.39 £+ 0.37 1.61 £ 1.21  0.027 + 0.020 0.45 £ 0.36 1.30 £ 1.08  0.054 + 0.029
30 min 3.85 + 3.38 551 £ 480 0.039 + 0.022 091 + 0.75 1.63 £ 1.37 0.136 + 0.108
3h 2.57 + 348 2.52 £ 3.70  0.065 £+ 0.048 041 + 0.26 0.33 £ 0.21  0.194 £ 0.138
24 h 11.03 £ 1.97 0.27 £ 0.17  0.109 £ 0.083 0.73 £ 0.26 0.29 + 0.03 0.869 + 0.161

M 5 min 0.21 £+ 0.18 0.32 +£ 042 0.030 £ 0.041 244 + 0.33 432 £ 195 0.064 = 0.027
30 min 1.52 £ 0.25 226 £ 090 0.059 + 0.042 2.14 £ 0.25 330 £ 0.51  0.298 + 0.050
3h 2.33 £ 0.72 2.78 +£ 0.26  0.049 + 0.034 0.79 £ 0.18 0.84 £ 0.21  0.495 + 0.078
24 h 4.84 + 0.83 0.40 £ 0.08 0.051 £+ 0.019 0.78 £+ 0.03 0.39 £ 0.10 0.947 = 0.064

SC 30 min 0.97 £ 0.83 220 £ 3.75 0.070 + 0.062 1.31 £ 0.53 2.77 £ 045 0.156 + 0.007
3h 244 £ 245 337 £ 2.57 0.146 + 0.130 0.61 £ 0.14 0.65 = 0.24  0.395 £ 0.064
24 h 430 + 2.25 0.18 = 0.10 0.072 + 0.043 0.69 + 0.07 0.30 = 0.03 0.762 £ 0.099

IC 30 min 0.23 £+ 0.09 0.60 = 0.20 0.011 + 0.008 1.13 £ 0.14 1.95 £ 029 0.152 + 0.027
3h 1.05 £ 0.22 1.64 £ 0.05 0.026 + 0.021 0.75 £+ 0.05 0.83 £ 0.14 0.323 + 0.222
24 h 2.82 £ 0.46 0.23 £ 0.05 0.071 + 0.034 0.67 £ 0.04 0.28 £ 0.00 0911 £ 0.019

IN 30 min 0.34 £ 0.36 0.44 £ 0.40 0.023 £ 0.009 0.37 £ 0.04 0.55 £ 0.09 0.075 £ 0.028
90 min 0.46 + 0.25 0.39 £ 0.05 0.040 + 0.033 0.28 + 0.04 0.37 £ 0.06 0.044 + 0.011
3h 0.53 £+ 0.57 0.77 £ 0.22  0.041 + 0.032 0.26 + 0.06 0.37 £ 0.07 0.077 £ 0.009
24 h 0.85 £ 0.20 0.18 = 0.16  0.065 £ 0.028 0.28 £+ 0.05 0.17 £ 0.04 0.279 + 0.018

PO 30 min 1.15 £ 1.02 2.04 £ 1.92 0.118 £ 0.062 0.02 + 0.01 0.05 £ 0.05 0.031 £ 0.033
90 min 0.68 £ 0.44 098 £ 0.61 0.110 £ 0.097 0.03 £ 0.04 0.03 = 0.01  0.021 + 0.032
3h 1.71 + 1.89 273 £ 243 0227 +£ 0.110 0.03 £+ 0.02 0.09 = 0.05 0.050 £ 0.046
24 h 577 + 7.89 0.14 £ 0.17 0.356 + 0.152 0.13 + 0.12 0.07 = 0.08 0.160 £ 0.186

PC 3h 142 + 1.33 1.88 £ 1.51  0.038 + 0.008 0.13 £+ 0.09 0.21 +£ 0.10 0.186 + 0.223
24 h 0.80 + 0.23 0.08 = 0.02 0.033 £ 0.025 0.09 £+ 0.04 0.06 £ 0.01 0.119 = 0.028

Abbreviations used: IV, intravenous;

IP, intraperitoneal; IM, intramusuclar; SC, subcutaneous;

IC, intracutaneous; IN, intranasal;

PO, peroral; PC, percutaneous administration. Data are presented as mean + SD of three mice.

solution was instilled slowly into the nostrils of
12 mice using a micropipette. A total of 25 ul was
administered over 5 min with a break of 2 min
between instillations on the right and left sides
(time intervals for distribution were measured
immediately after the start of administration). In
the PO group, the mice were not allowed to eat but
were provided tap water ad libitum for 12 h prior to
administration. Then, the multitracer solution was
introduced perorally into the stomach using a
sonde. I the PC group, to examine percutancous
absorption of the multitracer, the dorsal fur of the

mice was shaved taking care not to scratch their
skin one day before the experiment. Each mouse
was anesthetized with thiopental sodium in the
prone position during the examination. The mul-
titracer solution was applied slowly onto the dorsal
skin and air-dried. Then, Vaseline (Wako Pure
Chemical Industries, Ltd., Osaka, Japan) was
applied to the same part of the skin. The mice were
housed individually to avoid radioactivity cross-
contamination until sacrifice. For the other
administration methods, the multitracer was
injected into appropriate parts of the body.
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Table 2e. Uptake rates (%dose/g) of multitracers in blood, plasma, and brain following administration by 8 different methods.

Radionuclide Time T4As Se
. . interval B B

Administration Blood Plasma Brain Blood Plasma Brain

method

v 2 min 433 £ 0.87 9.10 £ 1.07 0.073 £ 0.018 791 + 2.52 10.66 = 3.72  0.094 £+ 0.016
30 min 1.38 £ 0.55 1.39 £ 043  0.215 £ 0.066 4.43 + 0.59 741 £ 1.58  0.087 + 0.023
3h 0.24 £ 0.05 0.28 + 0.11 0.368 + 0.152  6.81 + 0.47 12.03 + 1.81 0.102 £+ 0.020
24 h 0.16 £ 0.10  0.02 + 0.01 0.060 + 0.033  2.87 £ 045 501 £ 1.08  0.198 £ 0.037

IP 5 min 3.02 + 2.51 473 £ 3.82  0.020 £ 0.016 239 +£ 223 3.56 £ 327  0.028 + 0.027
30 min 0.76 + 0.68 1.0I £ 095 0.063 + 0.055 1.68 + 1.43 234 +£ 198  0.033 £ 0.029
3h 0.20 £ 0.03 0.10 £ 0.06 0.375 + 0.131 5.09 + 0.84 9.02 £ 1.80  0.082 = 0.052
24 h 0.03 £+ 0.01 0.02 £+ 0.01 0.021 + 0.013  2.93 £+ 0.59 511 £ 1.11 0.184 £+ 0.027

M 5 min 1.22 £ 025 244 £ 0.68 0.017 £ 0.015 6.99 + 0.31 9.65 £ 1.01 0.043 £+ 0.009
30 min 0.89 £ 020 086 +0.13 0.084 = 0.019 2.98 + 0.24 334 +£ 038 0.062 = 0.003
3h 0.17 £ 0.14  0.29 = 0.08 0.143 = 0.050  6.69 + 0.71 11.79 £ 1.28  0.106 + 0.031
24 h 0.04 £ 0.02 0.01 £ 0.01 0.019 £ 0.016 2.86 £ 0.77 472 £ 122 0.163 £ 0.018

SC 30 min 149 £ 043 212 +£ 0.12  0.145 £+ 0.056 1.88 + 0.25 223 £ 0.79 0.082 + 0.019
3h 028 £ 0.09 0.17 £ 0.03  0.223 + 0.032 5.76 + 0.87 998 £ 226 0.099 + 0.021
24 h 024 £ 036 0.06 £ 0.04 0.078 + 0.054 2.66 + 0.23 4.04 £ 0.53  0.139 £ 0.013

IC 30 min 0.96 £+ 0.11 0.90 = 0.09 0.058 £+ 0.020 243 + 0.21 2.51 £ 044  0.068 = 0.006
3h 0.23 £ 0.10  0.15 £ 0.05 0.217 £ 0.045 5.80 £+ 0.30 9.86 £ 0.46  0.081 = 0.042
24 h 0.02 £+ 0.01 0.03 + 0.01 0.019 £ 0.015 2.71 £+ 0.56 434 £+ 0.71 0.165 £+ 0.009

IN 30 min 092 £ 022 076 £ 0.29  0.085 = 0.037 0.64 + 0.20 0.81 £ 0.25 0.050 £+ 0.018
90 min 044 £ 0.14 028 = 0.23  0.029 + 0.009 0.88 £+ 0.04 1.18 £ 0.06  0.026 = 0.009
3h 0.63 £ 0.13 041 + 0.17  0.071 £+ 0.043 1.93 £ 0.23 3.18 £ 0.56  0.031 = 0.003
24 h 0.05 £ 0.05 0.02 + 0.01 0.031 + 0.005  2.62 £+ 0.36 4.59 £ 0.69  0.098 £+ 0.017

PO 30 min 1.28 + 0.31 0.66 + 0.41 0.172 £ 0.057  0.29 £ 0.08 0.45 £ 0.23  0.011 £ 0.004
90 min 0.65 £ 044 047 £ 029  0.322 £ 0.104 1.67 £ 0.85 3.14 £ 147 0.018 = 0.005
3h 0.29 £ 0.12  0.16 = 0.11 0.462 = 0.075  3.03 £ 091 593 + 1.81 0.023 £+ 0.011
24 h 0.04 £ 0.04 0.02 £ 0.01 0.088 + 0.089  2.31 £ 0.50 388 £ 049 0.113 + 0.015

PC 3h 0.56 £ 0.23 048 £ 0.10  0.353 + 0.123  2.66 + 0.94 4.80 £ 1.76  0.041 £ 0.034
24 h 0.06 £ 0.01 0.06 £ 0.03  0.034 £ 0.036 2.27 = 0.65 4.07 £ 1.08  0.101 £ 0.018

Abbreviations used: 1V, intravenous; IP, intraperitoneal; IM, intramusuclar; SC, subcutaneous; IC, intracutaneous; IN, intranasal;

PO, peroral; PC, percutaneous administration. Data are presented as mean + SD of three mice.

Radioactivity measurement and data analysis

The mice were dissected under ether anesthesia.
Approximately 0.9 ml of blood was obtained from
the right ventricle of the heart using a heparinized
syringe for each animal. One-third of the blood
sample was kept as whole blood, and the remain-
der was centrifuged. The supernatant was carefully
obtained as the plasma sample. All the animals
were perfused transcardially with physiological
saline immediately after blood collection, and their
brains were removed. After immediate weighing
and lyophilization, the amount of radioactivity in

each sample was measured by y-ray spectrometry
using high-purity Ge detectors. The uptake rates
of each radioactive element into the blood, plasma,
and brain are given as percentages relative to the
administered dose per wet weight (%dose/g). The
mean + standard deviation for three mice was
determined for each condition.

Results

Table 2 shows the uptake rates of "Be, #°Sc, ¥V,
SICr, *Mn, PFe, *Co, ©Zn, ™As, 5Se. ¥*Rb,
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Table 2f. Uptake rates (%dose/g) of multitracers in blood, plasma, and brain following administration by 8 different methods.

Radionuclide Time 8Rb 85Sr
. . interval ) B

Administration Blood Plasma Brain Blood Plasma Brain

method

v 2 min 0.58 £ 0.22 0.35 £ 0.07 0.101 = 0.014 5.068 £ 0.371 10.350 + 0.814  0.074 + 0.006
30 min  0.32 £ 0.13 0.14 £ 0.03 0.171 £ 0.037 1.756 £+ 0.268 3.270 £ 0.506  0.142 + 0.018
3h 0.57 £ 0.10 0.12 £ 0.01 0.431 £+ 0.021 0.412 + 0.070 0.822 4+ 0.047  0.220 £+ 0.013
24 h 1.06 £ 0.14 0.15 £ 0.03 1.193 £ 0.066 0.053 £+ 0.015 0.102 + 0.015  0.049 £+ 0.012

IP 5 min 0.14 £ 0.05 0.17 £ 0.01 0.020 = 0.015 3.045 £+ 2.612 2.486 £ 2.103  0.046 £+ 0.038
30 min  0.19 £ 0.08 0.07 &£ 0.06 0.051 + 0.028 1.229 + 1.058 2.033 +£ 1.752  0.091 £+ 0.077
3h 0.56 £ 0.08 0.14 = 0.08 0.386 + 0.058 0.461 £ 0.390 0.838 + 1.099  0.105 £+ 0.120
24 h 1.00 £ 0.03 0.16 £ 0.02 1.150 + 0.174 0.067 £+ 0.013 0.287 + 0.094  0.055 £+ 0.015

M 5 min 0.51 £ 0.10 0.49 = 0.07 0.037 £ 0.007 3.049 £+ 0.147 5464 £ 0.572  0.023 + 0.001
30 min  0.25 £ 0.01 0.16 = 0.01 0.094 + 0.012 1.830 £+ 0.087 3.048 £ 0.254  0.101 £ 0.005
3h 0.57 £ 0.07 0.15 £ 0.06 0.324 + 0.087 0.450 + 0.042 0.632 + 0.144  0.173 £+ 0.033
24 h 1.16 £ 0.20 0.12 £ 0.03 0.985 + 0.140 0.065 + 0.018 0.110 £+ 0.021 0.044 + 0.007

SC 30 min  0.29 £ 0.17 0.62 &£ 0.81 0.086 + 0.005 2.739 + 0.518 5.967 £ 0415  0.137 £ 0.008
3h 0.52 £ 0.07 0.09 = 0.03 0.325 + 0.041 0.480 £+ 0.043 0.917 £ 0.086  0.195 £+ 0.003
24 h 1.17 £ 0.11  0.17 £ 0.04 1.073 £ 0.074 0.104 £+ 0.027 0.162 £ 0.019  0.062 £+ 0.008

IC 30 min  0.22 £ 0.03 0.08 & 0.04 0.070 + 0.003 1.943 + 0.477 3.220 + 1.135  0.090 + 0.033
3h 047 £ 0.03 0.10 £ 0.01 0.305 £ 0.013 0.358 £+ 0.068 0.566 + 0.142  0.141 £ 0.060
24 h 1.14 £ 0.06 0.13 &£ 0.01 1.058 £ 0.050 0.070 £+ 0.004 0.120 £ 0.035  0.052 £+ 0.013

IN 30 min  0.33 £ 0.03 0.24 = 0.07 0.150 + 0.030 0.896 + 0.181 0.786 + 0.305  0.081 £ 0.046
90 min  0.42 + 0.04 0.11 £ 0.08 0.208 £+ 0.044 0.555 + 0.027 0.591 + 0.142  0.044 £ 0.001
3h 0.51 £ 0.09 0.10 £ 0.01 0.474 + 0.037 0.435 £+ 0.043 0.414 + 0.034  0.074 £ 0.017
24 h 1.05 £ 0.07 0.11 £ 0.04 2.002 + 0.477 0.065 £+ 0.031 0.285 + 0.019  0.045 £ 0.006

PO 30 min  0.34 £ 0.10 0.30 &£ 0.10 0.094 + 0.015 0.137 £+ 0.032 0.219 &£ 0.131 0.010 £+ 0.005
90 min  0.36 = 0.06 0.16 = 0.03 0.193 £ 0.027 0.063 + 0.010 0.107 £ 0.027  0.011 £ 0.003
3h 0.59 £ 0.09 0.23 £ 0.07 0.395 £ 0.073 0.085 £+ 0.052 0.144 + 0.096  0.034 + 0.017
24 h 1.10 £ 0.01 0.11 £ 0.01 1.197 + 0.083 0.028 + 0.025 0.059 + 0.031 0.020 + 0.017

PC 3h 044 £ 0.09 0.10 £ 0.03 0.291 + 0.062 0.267 + 0.127 0.441 £ 0.206  0.126 £+ 0.097
24 h 1.18 £ 0.18 0.14 £ 0.02 1.152 £ 0.251 0.026 + 0.013 0.040 = 0.020  0.019 + 0.011

Abbreviations used: 1V, intravenous; IP, intraperitoneal; IM, intramusuclar; SC, subcutaneous; IC, intracutaneous; IN, intranasal;
PO, peroral; PC, percutaneous administration. Data are presented as mean + SD of three mice.

88r, PmTe, 8y, 887, and '’Ru into the blood,
plasma, and brain within 24 h after administra-
tion.

The "Be blood and plasma uptake rates de-
creased with time in all but the IM and PO groups.
The "Be brain uptake rates were quite low and
were almost the same in all groups (Table 2a). ¥V
uptake behavior was similar to that of "Be, except
for high blood and plasma uptake rates in the SC
group 30 min after administration. For **V, the
plasma uptake rate was higher than the blood
uptake rate. The brain uptake rates were very low

for all administration methods (Table 2b). %Y
uptake behavior was also similar to 'Be uptake
behavior. Y was hardly taken up into the blood
in the PO and PC groups. **Zr showed the same
tendency as *®Y. However, the blood and plasma
uptake rates of ®*Zr were higher than those of **Y
(Table 2g). In contrast, 3°Sr was taken up into the
brain for 3 h, and then washed out almost com-
pletely at 24 h in the IV, IP, IM, SC, and IC
groups. The *Sr blood and plasma uptake rates
decreased with time and these elements were
washed out at 24 h (Table 2f).
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Table 2g. Uptake rates (%dose/g) of multitracers in blood, plasma, and brain following administration by 8 different methods.

Radionuclide ~ Time %Y 8zr
o . interval I K

Administration Blood Plasma Brain Blood Plasma Brain

method

v 2min  13.557 £ 1.010 26.800 + 2.100 0.027 £ 0.007 15.603 £+ 0.476 31.370 £+ 1.858 0.029 £ 0.009
30 min - 4.715 £ 0.793 9.264 £ 2.276 0.008 £+ 0.003 10.981 =+ 0.882 20.850 + 1.930 0.021 + 0.013
3h 1.080 £+ 0.415 1.922 + 0.487 0.033 + 0.010  7.104 + 0.635 13.171 + 1.511 0.029 + 0.010
24 h 0.084 £+ 0.040 0.188 £+ 0.102 0.017 = 0.007 0.800 + 0.077 1.596 + 0.144 0.025 + 0.014

IP 5 min 0.975 £ 0.910 2.099 £+ 2.066 0.004 £ 0.003 1.514 £ 1.320 3.061 + 2.690 0.002 + 0.001
30 min  1.882 + 1.718 3.457 £ 3.208 0.009 £ 0.002 2.312 + 2.387 4.589 + 4.806 0.005 £+ 0.004
3h 0.555 + 0.860 1.234 + 1.771 0.007 = 0.010  2.692 + 3.745 5.258 + 7.936 0.006 + 0.007
24 h 0.259 £+ 0.121 0.533 + 0.395 0.031 + 0.030 2.005 + 0.076 3.946 + 0.189 0.025 + 0.018

M 5 min 0.347 + 0.137 0.634 + 0.325 0.0017 = 0.0004 0.407 + 0.070 0.776 + 0.157 0.002 + 0.001
30 min - 2.298 + 1.031 3915 £ 1.747 0.002 £ 0.003  2.579 £+ 0.673 4.259 £+ 0.764 0.002 £+ 0.002
3h 1.020 + 0.224 1.883 £ 0.757 0.020 = 0.016  3.331 + 0.776 6.179 + 1.401 0.008 + 0.007
24 h 0.164 + 0.054 0.384 + 0.135 0.0125 = 0.0004 1.120 + 0.302 2.076 + 0.407 0.014 + 0.002

SC 30 min -~ 1.145 + 0.843 2376 + 1.974 0.004 + 0.001 1.747 + 1.327 3.398 + 2,931 0.005 + 0.005
3h 0.831 + 0.234 1.610 + 0.324 0.008 + 0.004 2.657 + 0.671 4.758 + 1.317 0.006 + 0.002
24 h 0.248 £+ 0.067 0.410 £ 0.237 0.007 + 0.005 1.664 + 0.453 2.784 + 0.863 0.020 + 0.015

IC 30 min = 0.264 £ 0.093 0.511 £ 0.173 0.001 £+ 0.001 0.397 + 0.154 0.760 + 0.266 0.001 + 0.001
3h 0.825 + 0.231 1.733 + 0.485 0.002 + 0.001  2.515 + 0.445 4.752 + 1.123 0.004 = 0.002
24 h 0.191 £+ 0.047 0.466 + 0.067 0.016 £+ 0.011 1.590 £+ 0.357 2.862 &+ 0.441 0.013 £+ 0.008

IN 30 min ~ 0.053 £ 0.028 0.082 £+ 0.093 0.002 £ 0.001  0.201 £ 0.090 0.317 £+ 0.180 0.0080 = 0.0002
90 min  0.044 £+ 0.045 0.101 £+ 0.096 0.004 £ 0.003  0.182 £+ 0.101 0.258 £ 0.133 0.002 £+ 0.002
3h 0.042 £ 0.046 0.116 £ 0.072 0.002 + 0.001  0.265 = 0.173 0.427 + 0.289 0.003 + 0.002
24 h 0.005 £+ 0.003 0.011 £+ 0.006 0.026 = 0.009  0.063 + 0.017 0.112 + 0.042 0.003 + 0.001

PO 30 min  0.008 £+ 0.007 0.010 £ 0.010 0.006 £ 0.001  0.006 = 0.002 0.006 = 0.002 0.008 £ 0.006
90 min  0.011 £ 0.008 0.004 £ 0.004 0.012 £ 0.008 0.009 £+ 0.005 0.013 = 0.005 0.008 £+ 0.007
3h 0.005 £+ 0.005 0.006 = 0.002 0.011 = 0.007 0.013 = 0.011 0.034 + 0.018 0.006 + 0.002
24 h 0.005 £+ 0.006 0.002 £+ 0.002 0.003 + 0.001 0.017 £ 0.012 0.016 + 0.010 0.012 + 0.010

PC 3h 0.002 £+ 0.003 0.013 + 0.010 0.004 = 0.004 0.046 + 0.039 0.081 + 0.036 0.005 £+ 0.007
24 h 0.003 £+ 0.004 0.003 £+ 0.002 0.0012 + 0.0002 0.010 + 0.007 0.030 + 0.026 0.003 + 0.002

Abbreviations used: 1V, intravenous; IP, intraperitoneal; IM, intramusuclar; SC, subcutaneous; IC, intracutaneous; IN, intranasal;

PO, peroral; PC, percutaneous administration. Data are presented as mean + SD of three mice.

The uptake rates of **Sc were higher than those
of "Be in most of the samples examined. The blood
and plasma uptake rates were the highest in the IV
group but decreased with time while the brain
uptake rates increased. For the other seven meth-
ods, the blood, plasma, and brain uptake rates
were very low. However, unlike those of 'Be, in-
creases in the blood and plasma uptake levels of
465¢ were observed not only in the IM group but
also in the IP, SC, and IC groups. The **Sc brain
uptake rates of the PO and PC groups were higher
than those of the IM, IC, and IN groups at 24 h

(Table 2a). The >'Cr brain uptake rates were very
low in all groups (Table 2b). The *'Cr blood and
plasma uptake rates of the IV, IP, IM, SC, and IC
groups were higher than those of the IN, PO, and
PC groups. The blood and plasma uptake rates of
>*Mn were low in all groups. However, the >**Mn
brain uptake rates were high in the IV, IM, SC,
and IC groups. The brain uptake in the IN group
increased from 3 to 24 h after administration
(Table 2c). For *°Co, the brain uptake rates of the
IV, SC, and PO groups were higher than those of
the other groups (Table 2c).
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Table 2h. Uptake rates (%dose/g) of multitracers in blood, plasma, and brain following administration by 8 different methods.

Radionuclide Time 9SmTg 103Ru
. . interval ; B

Administration Blood Plasma Brain Blood Plasma Brain

method

v 2 min 8.18 + 0.62 8.52 + 1.07 0.054 £+ 0.026 5.16 + 0.43 9.79 £+ 1.40 0.070 £+ 0.022
30 min 396 + 0.58 4.27 + 0.69 0.022 £+ 0.008 2.35 £ 0.51 4.62 £ 0.18 0.042 £+ 0.064
3h 1.41 + 0.36 1.39 + 0.36 0.023 £ 0.008 1.84 + 0.33 3.58 £ 0.79 0.036 £+ 0.011
24 h 0.10 £ 0.04 0.03 £+ 0.01 0.046 £+ 0.046 1.09 + 0.11 1.78 £ 0.24  0.039 = 0.046

1P 5 min 6.92 + 0.63 7.96 + 0.66 0.040 £+ 0.027 224 £ 1.37 430 £ 2.25 0.020 £+ 0.023
30 min 3.01 £ 2.39 3.10 + 2.47 0.006 £+ 0.003 1.53 + 1.31 2.55 £ 2.21 0.021 £ 0.021
3h 1.67 + 0.56 1.44 £+ 0.60 0.024 + 0.017 1.25 + 0.96 2.03 £ 2.16 0.021 + 0.029
24 h 0.07 + 0.08 0.04 + 0.01 0.004 + 0.005 1.25 £ 0.19 1.98 + 0.67 0.032 + 0.025

IM 5 min 6.27 £+ 0.30 6.20 + 0.45 0.019 £ 0.007 2.17 £ 0.26 3.79 £ 0.19 0.028 £ 0.009
30 min 4.07 £ 0.61 4.00 £ 0.23 0.008 £+ 0.004 1.63 £+ 0.34 3.01 + 0.48 0.010 &+ 0.013
3h 1.90 + 0.44 1.84 + 0.31 0.012 £+ 0.012 1.57 + 0.29 296 + 0.28 0.030 £+ 0.009
24 h 0.02 £+ 0.01 0.07 £ 0.02 0.008 £+ 0.002 0.78 £ 0.05 1.34 £ 0.31 0.034 £+ 0.028

SC 30 min 462 £ 030 482 £+ 0.53 0.023 £+ 0.026 1.76 + 0.69 3.61 £ 1.42 0.055 + 0.011
3h 1.49 + 0.51 1.43 + 0.28 0.007 £+ 0.007 1.66 + 0.40 2.61 £+ 0.60 0.023 + 0.015
24 h 0.04 £ 0.03 0.04 + 0.03 0.046 £+ 0.026 1.22 £ 0.34 1.62 + 0.02 0.094 £+ 0.057

1C 30 min 393 + 0.29 3.99 + 0.07 0.021 + 0.007 1.09 £+ 0.13 1.78 + 0.15 0.021 £+ 0.013
3h 1.51 £ 0.10 1.53 £ 0.07 0.004 + 0.004 1.27 + 0.03 2.16 £ 0.12 0.013 £+ 0.007
24 h 0.02 + 0.02 0.04 + 0.01 0.012 £+ 0.002 1.06 + 0.19 1.70 + 0.07 0.021 £+ 0.009

IN 30 min 3.06 + 0.56 2.96 + 0.40 0.043 £+ 0.023 0.65 £ 0.16 1.45 £ 0.32  0.049 + 0.033
90 min 2.19 + 0.17 1.71 + 0.31 0.010 £+ 0.010 0.46 + 0.06 0.67 £ 0.22 0.013 + 0.004
3h 1.09 £ 0.07 1.05 £ 0.25 0.006 £+ 0.003 0.58 £+ 0.06 0.86 £ 0.17 0.012 £+ 0.003
24 h 0.12 £ 0.08 0.17 £ 0.06 0.020 = 0.024  0.32 = 0.12 0.53 £ 0.03 0.030 £+ 0.040

PO 30 min 2.93 + 0.37 2.37 £ 0.12 0.052 £+ 0.041 0.90 £ 0.25 1.30 + 0.55 0.044 + 0.037
90 min 2.34 + 0.51 2.40 + 0.51 0.056 £+ 0.031 0.48 £ 0.27 0.90 £ 0.04  0.049 + 0.036
3h 1.17 £ 0.20 1.12 £ 041 0.043 £ 0.020 045 £ 0.14  0.96 + 0.35 0.128 £+ 0.154
24 h 0.08 £+ 0.07 0.05 £ 0.03 0.044 £ 0.015 0.32 £ 0.28 0.37 £ 0.31 0.112 £+ 0.067

PC 3h 147 +£ 043 1.51 £+ 0.56 0.012 £+ 0.010 0.95 + 0.22 1.34 + 0.35 0.034 + 0.018
24 h 0.08 + 0.02 0.08 £+ 0.02 0.006 £+ 0.007 0.47 £ 0.19 0.70 £ 0.36 0.020 £+ 0.020

Abbreviations used: IV, intravenous;

IP, intraperitoneal; IM, intramusuclar; SC, subcutaneous;

IC, intracutaneous; IN, intranasal;

PO, peroral; PC, percutaneous administration. Data are presented as mean + SD of three mice.

*Fe concentration in the blood increased with
time and reached the highest levels at 24 h in all
groups except the IV and PC groups. In compar-
ison with the plasma uptake rate, the blood uptake
rate was low until 3 h, although it exceeded the
plasma uptake rate at 24 h. In contrast, the brain
uptake rates were the highest in the PO group
(Table 2d). ®*Zn concentrations in the blood and
plasma decreased rapidly with time, while that in
the brain increased. The ®°Zn brain uptake rates of
the IV, IP, IM, SC, and IC groups were higher
than those of the IN, PO, and PC groups. The

7n brain uptake rate of the IN group increased
slightly from 3 to 24 h after administration
(Table 2d).

"As was washed out of the blood at 24 h after
administration in all groups. It was taken up into
the brain for 3 h, and then washed out almost
completely at 24 h (Table 2e). For "°Se, the blood
uptake rates were almost the same in all groups at
24 h. The plasma uptake rates were higher than the
blood uptake rates, but were comparable in all
groups. The brain uptake rates of the IV, IP, IM,
SC, and IC groups were similar or slightly higher
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Figure 1. Brain uptake rates (%dose/g wet weight) of multitracer 24 h after administration. The uptake rate of intranasally admin-
istered Rb was the highest among those of all combinations of elements and administration methods examined. Abbreviations used:
IV, intravenous; IP, intraperitoneal; IM, intramuscular; SC, subcutaneous; IC, intracutaneous; IN, intranasal; PO, peroral; PC,
percutaneous administration. The errors are standard deviations for three samples.

than those of the IN, PO, and PC groups
(Table 2e¢).

The behavior of 3*Rb uptake was of interest. In
each method, %*Rb showed the highest brain
uptake rate among the 16 elements in the mul-
titracer. Its blood and brain uptake rates increased
with time and were comparable in all except the IN
group. Twenty-four hours after administration,
the ®Rb brain uptake rate of the IN group was
approximately twice those of the other groups,
which was the highest brain uptake rate in all
combinations of the 8 methods and 16 elements
(Figure 1). In contrast, with all administration
methods, the *Rb blood uptake rate increased and
reached comparable levels. The *Rb plasma
uptake rates were retained at almost the same
levels, and were lower than the **Rb blood uptake
rates (Table 2f).

The *™Tc blood uptake rates were high during
the early periods after administration, and then
decreased rapidly with time. The brain uptake
rates of *>™Tc were very low, similar to those of
8y and *Zr, and were not markedly different
across the administration methods examined (Ta-
ble 2g, h). The blood and plasma uptake rates of
13Ru, were similar at 3 h in the IV, IP, SC, and IC

groups. The '"*Ru brain uptake rates were very
low at 24 h except in the PO group (Table 2h).

Discussion

The main findings of the present study can be
summarized as follows: (1) Be, V, Cr, Y, Zr, Tc,
and Ru did not enter the brain; (2) As and Sr
entered the brain and were completely washed out
within 24 h; (3) Sc, Co, and Fe entered the brain,
yet their uptake rates differed across administra-
tion methods; and (4) Mn, Zn, Se, and Rb entered
the brain and accumulated gradually within 24 h.

The delivery mechanisms of trace elements can
be broadly classified into three patterns. The first is
the uptake pattern of the IV group. As the solution
entirely enters the blood circulation with IV
injection, which is the most commonly used
administration method, the IV uptake pattern is
seen as the baseline for evaluation of the other
methods. The second is the rapid accumulation
pattern as seen in the IP, IM, SC, and IC methods.
In these methods, trace elements were injected into
the respective tissues using a hypodermic needle,
and therefore can access the capillary circulation
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directly and be distributed easily throughout the
whole body. The last is the slow pattern as ob-
served the IN, PO, and PC methods. In these
administration methods, the trace elements must
pass through several biological systems to reach
the bloodstream, e.g., intranasally administered
trace elements first spread in the nasal cavity, and
are then absorbed by the nasal mucosa before
coming into contact with the blood vessels. If the
uptake pattern of an element is different from
these three patterns, then a different delivery route
for the element would be required.

Some elements showed unique uptake patterns.
The **V blood concentrations were comparable
between the IV and SC groups, although the
mechanism underlying the V distribution is
unclear. The Fe brain uptake rate of the PO group
was relatively high as compared with the other
groups. Hirunuma et al. reported that the liver
uptake of Fe is similar to that of Sc because of
their chemical similarity in vivo. These elements are
usually trivalent in the blood; their ionic radii are
0.64 & for Fe*" and 0.73 4 for Sc®>* (Weast 1990;
Hirunuma et al. 1999). In the present study, Fe
and Sc showed similar brain uptake behavior in
the PO group.

The ®Rb uptake showed a more distinctive
pattern. There was almost no difference in **Rb
uptake pattern among all the methods examined
except IN administration. This may have been
because Rb is physiologically most similar to K
and thus, when administered, it is distributed
easily throughout the body in the same way as K
(Love & Burch 1953; Meltzer 1991). Although
there were no significant differences among blood
and plasma uptake rates in all eight methods, the
brain uptake rate for the IN method was approx-
imately twice those of the other methods. These
observations suggested that there is a direct
transport route from the nasal cavity to the brain
for Rb. One possible mechanism for this is olfac-
tory transport, i.e., the axonal transport of olfac-
tory sensory neurons from the nasal mucosa
through the cribriform plate to the olfactory bulb
(Mathison et al. 1998; Tjidlve & Henriksson 1999).
In addition, the uptake of ®*Rb in the brain was
the highest among those of all tracers administered
by the IN method (Fig. 1).

Mn and Zn showed high brain uptake rates
close to that of Rb. Similar results were observed
by Hirunuma et al. who determined the uptake and

distribution of multitracers in normal and vitamin-
D-overloaded rats (Hirunuma ez al. 1999). The Mn
and Zn brain uptakes were applicable to the three
patterns as described above. In animals, ionic Mn,
Co, and Zn have been shown to enter the brain via
olfactory neurons (Brenneman et a/. 2000; Persson
et al.2003a, b). In the present study, the slight in-
creases in the >*Mn and ®°Zn brain uptake rates
observed in the IN group at 24 h may have been
associated with olfactory transport. Nevertheless,
these metals were not taken up effectively. There-
fore, we speculated that there is a specific direct
olfactory transport route to the brain for Rb, an
alkaline metal, and it is different from the known
olfactory transport for Mn, Co, and Zn.

In conclusion, multitracer screening provided a
clearer understanding of the delivery mechanism
of 16 trace elements by 8 administration methods.
The results of the present study indicated that
there is a novel Rb-specific delivery route to the
brain circumventing the blood—brain barrier.

Acknowledgements

This work was supported by a Grant-in-Aid for
Scientific Research (14540512) from the Ministry
of Education, Culture, Sports, Science, and Tech-
nology of Japan.

References

Amano R, Enomoto S, Nobuta M, Sakamoto M, Tsujioka R,
Ambe F. 1996a Bone uptake of vanadium in mice: simulta-
neous tracing of V, Sc, Sr, Y, Zr, Ru and Rh using a radio-
active multitracer. J Trace Elements Med Biol 10, 145-148.

Amano R, Enomoto S. 2001 Brain regional uptake of radio-
active Sc, Mn, Zn, Se, Rb and Zr tracers into normal mice
during aging. J Radioanal Nucl Chem 247, 507-511.

Amano R, Oishi S, Enomoto S, Ambe F. 1996b Biodistribution
of trace elements in normal, aluminium-overloaded and
cadmium-overloaded mice. Ann Clin Lab Sci 26, 531-541.

Ambe S, Chen SY, Ohkubo Y, Kobayashi Y, Iwamoto M,
Yanokura M, Ambe F. 1991a Preparation of a radioactive
multitracer solution from gold foil irradiated by 135 MeV/
nucleon "N ions. Chem Lett 20, 149-152.

Ambe S, Chen SY, Ohkubo Y, Kobayashi Y, Iwamoto M,
Yonekura M, Ambe F. 1991 Preparation of radioactive
multitracer solutions from Au, Ag and Cu foils irradiated
with high-energy heavy ions. Anal Sci 7 (Suppl), 317-320.

Ambe S, Chen SY, Ohkubo Y, Kobayashi Y, Maeda H,
Iwamoto M, Yanokura M, Takematsu N, Ambe F. 1995
Multitracer a new tracer technique- Its principle, features,
and application. J Radioanal Nucl Chem 195, 297-303.



Ambe S. 1996 Preparation of multitracers. RIKEN Review 13,
3-4.

Brenneman KA, Wong BA, Buccellato MA, Costa ER, Gross
EA, Dorman DC. 2000 Direct olfactory transport of inhaled
manganese (**MnCl,) to the rat brain: toxicokinetic inves-
tigations in a unilateral nasal occlusion model. Toxicol Appl
Pharmacol 169, 238-248.

Enomoto S, Yanaga M, Hirunuma R, Endo K, Ambe S, Ambe
F. 1996 Multitracer study on distribution of carrier-free
radioactive isotopes in organs of rats. J Radioanal Nucl
Chem 205, 277-282.

Enomoto S, Hirunuma R. 2001 The multitracer techinique:
Manufacturing and application to bio-trace elemental
research. Anal Sci 17 (suppl) 617-620.

Gouthu S, Weginwar R, Arie T, Ambe S, Ozaki T, Enomoto S,
Ambe F, Yamaguchi I. 1999 Subcellular distribution and
translocation of radionuclides in plants. Environ Toxicol
Chem 18, 2023-2027.

Hirate M, Takeda A, Tamano H, Enomoto S, Oku N. 2002
Distribution of trace elements in the brain of EL (epilepsy)
mice. Epilepsy Res 51, 109-116.

Hirunuma R, Endo K, Enomoto S, Ambe S, Ambe F. 1999
Study on the distribution of radioactive trace elements in
vitamin D-overloaded rats using the multitracer technique.
Appl Radiat Isotopes 50, 843-849.

Hirunuma R, Endo K, Yanaga M, Enomoto S, Ambe S,
Tanaka A, Tozawa M, Ambe F. 1997 The use of a mul-
titracer technique for the study of the uptake and reten-
tion of trace elements in rats. Appl Radiat Isotopes 48,
727-733.

Hirunuma R, Sotogaku N, Endo K, Enomoto S, Ambe S,
Ambe F. 1999 Time dependence of distribution of radioac-
tive trace elements in Se-deficient rats: Application of the
multitracer technique. J Radioanal Nucl Chem 239, 213-215.

Love WD, Burch GE. 1953 A comparison of potassium,
rubidium, and cesium as tracers of potassium in the study of
cation metabolism of human erythrocytes in vitro. J Lab
Clin Med 41, 351-362.

565

Mathison S, Nagilla R, Kompella UB. 1998 Nasal route for
direct delivery of solutes to the central nervous system: Fact
or fiction. J Drug Target 5, 415-441.

Meltzer HL. 1991 A pharmacokinetic analysis of long-term
administration of rubidium chloride. J Clin Pharmacol 31,
179-184.

Nabekura T, Minami T, Hirunuma R, Enomoto S, Tomohiro
M, Ito Y, Kitagawa S. 2003 Transport of trace elements in
lenses of normal and hereditary cataract UPL rats. Toxi-
cology 191, 227-232.

Nayak D. 2001 Multitracer techniques: applications in chemical
and life sciences. Appl Radiat Isotopes 54, 195-201.

Ozaki T, Ambe S, Enomoto S, Minai Y, Yoshida S, Makide Y.
2002 Multitracer study on the uptake mechanism of yttrium
and rare earth elements by autumn fern. Radiochim Acta 90,
303-307.

Persson E, Henriksson J, Tallkvist J, Rouleau C, Tjdlve H.
2003a Transport and subcellular distribution of intranasally
administered zinc in the olfactory system of rats and pikes.
Toxicology 191, 97-108.

Persson E, Henriksson J, Tjilve H. 2003b Uptake of cobalt
from the nasal mucosa into the brain via olfactory pathways
in rats. Toxicol Lett 145, 19-27.

Pollay M, Roberts PA. 1980 Blood—brain barrier: a definition
of normal and altered function. Neurosurgery 6, 675-685.
Tjalve H, Henriksson J. 1999 Uptake of metals in the brain via

olfactory pathways. Neurotoxicology 20, 181-196.

Weast RC (Ed). 1990 CRC Handbook of Chemistry and Physics,
70th ed., CRC Press, Inc., Boca Raton, Florida, F-187.
Yanaga M, Enomoto S, Hirunuma R, Furuta R, Endo K,
Tanaka A, Ambe S, Tozawa M, Ambe F. 1996 Multitracer
study on uptake and excretion of trace elements in rats. App/

Radiat Isotopes 47, 235-240.

Yanagiya T, Imura N, Enomoto S, Kondo Y, Himeno S. 2000
Suppression of a high-affinity transport system for manga-
nese in cadmium-resistant metallothionein-null cells. J Phar-
macol Exp Ther 292, 1080-1086.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


