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1. Summary

We are now continuously exposed to a variety
of environmental toxicants that are released from
developing technology and industry. The style of
exposures become complex and the combined effect
of toxicants is concerned. This research group was
established in 1996 by researchers gathering from
environmental, risk analytical and biological fields,
in order to investigate the comparative risk
evaluation of radiation and other environmental
toxicants.

The main subject of this group was, therefore,
“Standardization of the perception of environmental
and biological effects of radiation and other
environmental toxicants”. In the first two years, we
concentrated our " efforts to develop necessary
methods, and then remaining 3 years were used for
the comparative studies of radiation (radioactive
nuclides) and environmental toxicants (especially
heavy metals and rare earth elements). For efficient
operation, the group was divided into 4 subgroups:
1) subgroup for mathematical model development,
2) subgroup studying the movement and kinetics of
toxicants, 3) subgroup for developing a artificially

controlled ecosystem, and 4) subgroup for
comparative toxicology. These subgroups
maintained tight cooperation, and obtained

excellent research outcome described as followings.

The first sub-group, methodology development
section, tried to develop the theoretical and
mathematical models which could estimate the
behavior of environmental toxicants and their
biological and environmental impacts. Two kinds of
models were developed; the first is a health risk
estimation model, and another is computer
simulation model of experimental exosystem. The
first one, named HESANS (Health and Environment
Safety Analysis Network System) is developed to
estimate the health risk of radiation exposure to the
population, and is now available through Internet as
an interactive risk communication source. The
second, named SIM-COSM, is also a computer
model, and was developed to simulate the
controlled microbial ecosystem (Microcosm), which
was developed and used experimentally by the third
sub-group. This model adopts the non-linear
population dynamics of organisms in Microcosm,
and well mimics the growth, foraging, maintenance,
reproduction and death of microorganisms in the
systems.

The second subgroup developed analytical
methods for long-lived radionuclides and trace
elements to obtain fundamental data on the levels
and behavior of toxic substances in the environment,
and established analytical methods using advanced

instruments such as ICP-MS, ICP-AES, XRF and
Ion-chromatography. This method allowed to
analyze quantitatively more than 50 elements in
variety of environmental samples (e.g. soil, plants,
fungi, water) collected from different places in
Japan. This subgroup also studied on the
distribution and circulation of radiocesium and
stable cesium in the forest ecosytem, the
4%py/***Pu atom ratios in several soil samples
collected in Japan and other countries, and
soil-to-plants transfer factors of Cs, Sr, I, Co, Zn,
Mn and Ce for several agricultural crops using
radiotracer method.

The third sub-group concentrated their effort to
construct controlled experimental ecosystems
applicable for evaluating the effects and risks of
environmental toxicants in comparison with
radiation. One of aquatic microbial ecosystems,
Microcosm, was introduced and improved for this
purpose. The microcosm consisting of flagellate
algae as a producer, ciliate protozoa as a consumer,
and bacteria as a decomposer, was established and
used for evaluating the ecotoxicity of radiation (7 -
rays) and some other toxicants (ultraviolet radiation,
acidification and metal ions such as Gd’*, Cu*,
Mn?, Ni** and AI*" ). The results indicate that
Microcosm used here is a novel, unique and useful
method for the comparison of toxicity to ecosystem.

The forth subgroup carried out the studies
on the effects of radiation and environmental
toxicants with respect to the comparative toxicology.
They found that environmental toxicants such as
arsenite (dioxide of arsenic) interfere with the
repair of DNA double-strand breaks induced by
gamma irradiation. The toxicity of gadolinium (Gd)
was also investigated, since this elements began
using widely in the advanced industry but its
toxicity was not well known. It was demonstrated
that cytotoxicity of Gd was remarkably high in
mouse alveolar macrophages than in rat alveolar
macrophages, and that this species differences may
be attributable to the solubility of Gd hydoodxide in
the phagolysosome. The administration of Gd also
affects the metabolism of plutonium (Pu) in rat lung.
Since the Gd is widely used as neutron absorber in
the reprocessing of nuclear fuel, this finding is very
important to estimate the combined effect of alpha
radiation (Pu) and Gd.

As described above, this research group obtained a
number of important findings with respect to the
kinetics and .effects of radioactive substances and
environmental toxicant.

(Written by Group leader, Dr. Y. Nakamura)
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Model for Risk Estimation of Environmental and Biological Irhpacts of Radiation and Toxic Agents

Yuji Nakamura, Masahiro Doi and Tetsuya Sakashita (Methodology Development Section)

Abstract

The scope of this study is to develop the theoretical and
mathematical models which could estimate the behavior of en-
vironmental toxicants and their biological and environmental
impacts. To estimate the health risk of radiation exposure to
the population, HESANS (Health and Environment Safety
Analysis Network System) is developed by featuring updated
risk projection models recommended by radiation protection
authorities and national vital statistics. HESANS is open for
the society through intemet as an interactive risk communica-
tion source.

To know the mechanism of symbiotic ecology, controlled
microbial ecosystem (Microcosm) is reproduced virtually in the
computer as a Simulated Model Ecosystem (SIM-COSM).
SIM-COSM is a kind of cell automata to regard each microbe
as a “particle” wearing demographic parameters, and their liv-
ing environment is divided by the lattice into the small square
“patch”.  Particles show growth, foraging, maintenance, re-
production and death by changing their living environment and
themselves interactively.  The non-linear population dynam-
. ics of the particles cause the demographic and environmental
stochasticities, which are studied theoretically to know the uni-
versal index of ecological hazard to compare the impacts of en-
vironmental toxicants mutually. Outcomes of these theoretical
modeling and simulation are returned as a reference to the ex-
perimental Microcosm researches.
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Fig3  Schematic figure of tﬁe SIMCOSM concept as a ob-

ject-oriented parallel base model, of which program code is de-
veloped with StarlogoT, an object-based parallel modeling lan-
guages (OBPML), developed and distributed by Professor Uri
Wilensky, Center for Connected Leaming and Computer-Based
modeling, North-eastern University, of which web address is
http://ccl.northwestern.edw/c/, '
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Analysis of the distribution and behavior of toxic and of tracer elements in the environment

Yasuyuki Muramatsu, Shigeo Uchida, Satoshi Yoshida, Tadaaki Ban-nai and Keiko Tagami

Abstract

In order to assess the levels and behavior of toxic substances in
the environment, analytical methods for long-lived radionuclides
and trace elements have been developed. Special attention is
paid to the elements such as Pu, U, Th, Tc, Cs, Sr, I, Co, Cr, Cu,
Mn, Zn and lanthanoid. Analytical methods mainly used were
ICP-MS, ICP-AES, XRF and Ion-chromatography. Several data
for these elements (nuclides) in variety of environmental
samples (e.g. soil, plants, fungi, water) have been obtained. For
soil, about 50 elements were determined in ca. 100 samples
collected from different places in Japan and useful information
on the distribution of many elements in Japanese soils were
obtained. High iodine concentrations are found in upland soils,
particularly in Andosol, while concentrations in lowland soils
were considerably lower. Results on the distribution of
radiocesium and stable cesium indicate that ’Cs entered into the
forest ecosystem is circulating. New data on the **Pu/*Pu atom
ratios in several soil samples collected in Japan and other
countries have been obtained. It was found that the ratios could
be used in identifying the source of contamination. Radiotracer
techniques were also applied to study the transfer of
radionuclides in the environment. Soil-to-plants transfer factors
of Cs, Sr, I, Co, Zn, Mn and Ce were investigated for several
agricultural crops usually consumed in Japan.
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TRETRESH~OGHA., 2EVRERBPOZTED
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iz, AREERE, TTRBEBERE L2ThiEe
b, iz, HETRORECHERORBREDOEL (F
U7 hed) IZonTh, REOERILICHANILERN
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v7) ECEREEELE, RIZ, MEBICENL, SbIZH
WRUT-, MEEOBEEIZS%E L, ERELE, BIERORY
TR EEFETHLOOREER L LT Bi, In, Rh
(20ppb) ZHM LT,

BT M ERER ICP-MS(Yokogawa PMS- 2000)% AW
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x)V )74 OE) . 0.86+0.07 Bakg, (B) IAEA-375 (F
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I Environmental sample I

———Incineration (450°C, 2h)

Samples A, B, C Samples D
& D (I-1&I-2) (except I-1&I-2)

—T—Volatilization +4M HNO
(1000°C, 3 h) 3

. =—d— Leaching

/’ (Trap solution) -(90°C, 3 h)
=T Filtration
I . Solution ]

—— Adjusting the acidity
(ca. 0.1M HNO;)

—j-— Extraction (TEVA resin)

| +2M HNO,3
. . +8M HNO,
Disc. drain

lStrip solution I

—— Evaporated to dryness

~—Dissolved with 2% HNO;

Nal scintillation countiner (Tc-95m)

v

ICP-MS (Tc-99)

Fig. 1 Analytical method developed in the present study
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Fig.2. Elemental concentrations in Japanese soils (average of ca. 100 samples collected in Japan)

Table 1. Analytical results on the *°Pu/*’Pu atom ratio and ****Pu

concentration in Japanese soils

Location Soil type #0py¥py 94240y
(Atom ratio) (Ba/kg)

Hitachinaka (Ibaraki)  Rice paddy  0.171 % 0.003 0.39

Ohmagari (Akita) Forest 0.168 =+ 0006 1.4

Rokkashomura

(Aomori) Forest 0.170 =+ 0.010 42

Rokkashomura .

(Aomori) Field 0.168 =+ 0.008 0.43

Joetsu (Niigata) Rice paddy  0.181 =+ 0.006 0.64

Ohtoyocho (Kochi)  Forest 0.179 + 0005 18

Toyotomicho

(Hokkaido) Moor 0.176 £ 0.005 1.5

Mean value (7) 0.173 £ 0.0l 1.5
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potatos and mushrooms (dry weight basis)
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Table 2 = Transfer factors of edible parts of agricultural products by radiotracer experiments
agricultural products* Cs Sr Mn Zn Co 1 Ce
brown rice (dried) 0.017  0.06 0.21 3.0 0.006 0.006 =0.0002*
cereals wheet (dried) 010 024 24 2.9 0.019 <0.01*
cabbage 0.13 0.13 0.23 0.11 0.013 0.0016 0.00009
Chinese cabbage 0.15 0.15 0.27 0.34 0.018 0.0013
spinach 0.17 0.30 1.51 1.74 0.18 0.0031 0.0015
leaf vegetables komatsuna 0.057 044 0.30 0.17 0.016 0.016 0.0027"
Japanese parsley 0.079 0.24 0.00079*
lettuce 0.055 0.18 0.72 0.24 0.0048 0.00076** 0.00087
onion 0.002 0.13 0.038 0.12 0.0009 =0.09*
fruit vegetables tomato 0.061 0.014 0.021 0.0018 0.0003 0.00087
sweet peper 0.080 0.029 0.052 0.016 :
carrot 0.014  0.12 0.23 0.21 0.005 0.0009 0.0002
root vegetables radish 0.02 0.05 0.02 0.04 0.004 0.0015 =0.0001"
turnip 0.026  0.25 0.030 0.14 0.0021 0.0013**
potatos sweet potato 0.050 0.040 0.095 0.12 0.0043 0.0002 0.00011
bean soy bean (dried) 0.13 0.0029 0.0004
IAEA 0.03 0.3 0.5 0.4 0.03 0.02 0.002

*TFs were calculated with wet weight of agricultural products expect for "dried".

** means the experiment was carriedout with other Andosols.

* the data from reference
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Fig. 6 Relationships between Cs-137 and stable Cs in
mushrooms collected from different forests. (Data for
Rokkasho-mura are from Tsukada et al. (1998).)
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Studies on Construction of Controlled Experimental Ecosystems for ecotoxicity evaluation.

Hiroshi Takeda, Kiriko Miyamoto, Kei Yanagisawa, Shoichi Fuma, Yoshikazu Inoue ,
Yoshito Watanabe (Division of Human Radiation Environment), Nobuyoshi Ishii (JSTC, Research Fellow)

The aim of the third sub-group was to  construct controlled
experimental ecosystems applicable for an ecotoxicity evaluation
at the community level and to evaluate the relative ecotoxicity
for various toxic agents in comparison with radiation. As a model
of aquatic microbial ecosystem, a microcosm was constructed
and the stability and reproducibility as an experimental tool were
investigated. This microcosm consists of flagellate algae Fuglena
gracilis Z as a producer, ciliate protozoa Tetrahymena
thermophila B as a consumer, and bacteria Escherichia coli DH5

@ as a decomposer. Three species in the microcosm interact
with each other and their populations can be maintained for more
than one year. The microcosm was used for evaluating the
ecotoxicity of radiation (7 - rays) and some other toxicants
(ultraviolet radiation ; UV-C, acidification and metals such as
Gd*, Cu®, Mn®, Ni** and AI** ). This microcosm test could
evaluate not only direct effects but also secondary effects, which
should be taken into account for ecological risk assessment. The
results indicate that the toxicity of 500 or 1,000 Gy 7 - rays is
equivalent to 50 kerg/mm® UVC, pH4 acidification, 300 1M
Gd™, 1004 M Cu™, 10,000 4 M Mn* and 100 4 M Ni**,
respectively. This suggests that microcosm tests are useful for
comparative evaluation of ecotoxicity. By using this
experimental model ecosystem, the combined effects from
radiation and some other toxicants are now being investigated.
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Fig. 1. Variations in the population density of three microbes
-in the microcosm after inoculation.
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Fig. 2. Interactions among three microbes in the microcosm.
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Fig. 3. Effects of 7 -rays on the populations in the microcosm.
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Table 1. Effect levels of ionizing radiation and other toxic agents on the microcosm.

Effects y-ray uv Electric Magnetic  Acidification Metals (uM)

(Gy) (kerg/mm?) field field Cu Mn Gd Ni Al

No damge — 1 1000 V 01T pH4.5 10 — 50 10 10
X 3h25min X 3h34min .

Population decrease 50-100 10 —_ —_— pH 4 -— 100-1000 100 —_ 100-500
Extinction of 500-1000 50 — —_ pH 3.5 100 10000 300 100 —_—
one or two species ’
Extinction of 5000 100 —_ — — — — 1000 1000 1000

all species

*: — denotes "not examined".
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Metabolism and Effect of Environmental Toxicants and New Risk Assessment
Sentaro Takahashi, Yoshihisa Kubota, Hiroshi Sato (Environmental and Toxicological
Sciences Research Group), and Xue-Zhi Sun (JSTC, Research Fellow )

The effect of arsenite(As) or nickel(Ni) on the repair of DNA
double-strand breaks (dsbs) was studied in y-imadiated Chinese
hamster ovary cells using pulse-field gel electrophoresis. Both As
and Nil inhibited repair of DNA dsbs in a concentration- dependent
manner; 0.08 mM As significantly inhibited the rejoining of dsbs, while
76 mM Ni was necessary to observe a clear inhibition. The mean lethal
concentrations for the As and Ni  treatments were approximately 0.12
and 13 mM, respectively. This indicates that the inhibition of repair by
As occumed at a concentration at which appreciable cell survival
occurred, but that Ni inhibited repair only at cytotoxic concentrations at
which the cells lost their proliferative ability. _

The cytotoxicity of gadolinium (Gd) was investigated in alveolar
macrophages (AM) cultured in vitro. The viability of rat AM was
decreased by exposure to gadolinium at doses more 3 pM, while
mouse AM appeared to be resistant even up to 1000 uM  Gd exposure.
The phagocytic activity of mouse AM was higher than that of AM and
mouse AM took up a larger amount of Gd thanrat  AM. Therefore,
the marked difference in the cytotoxic response to ~ gadolinium between
mouse and rat alveolar macrophages could not be attributed to the

" phagocytic activities for the colloidal fonn of Gd. The cytotoxic
sensitivity of AM to Gd present in non-colloidal form was almost the
same between mouse and rat  AM. Therefore, it is suggested that the
extent to which Gd-colloid phagocytosed. is dissolved in the
phagolysosome or the subsequent process to exhibit the cytotoxicity may
be different between mouse and rat AM

The effect of Gd on the hng retention, excretion, and
translocation of plutonium (Pu) was also studied in rats instilled
intratracheally with Pu-hydroxide with and without Gd. The lung
retention of Pu was higher and the fecal excretion was lower in the rats
administered Pu-hydroxide containing a high concentration of Gd
(Pu-GdH) than those administered pure Pu-hydroxide colloid. The
administration of Pu-GdH induced the inflammatory reactions in the
lmng. The delayed alveolar clearance of Pu in the rats administered
Pu-GdH may be attributable to the change in physicochemical

characteristics of colloid and the inflammation induced in the lung by

Gd. .

PHEBIRORBI > T A OLEENRERIC RS D
E3ic/e 0, EONE~DEEMNESSNTWS, AFEDER

it BERCH IR L ORETROBE L BEROAERE
ERFEREL LTHLMTTE & L bis, Bie oBgsico
WTHKRTL. ZhORENAEWHE L BERONE~DREY
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P L2y, DNA HIBOEEITZR2GE, MRSHIE, 22
IR L 2B BT & X bd, DNA RTINS 0hD
FATHRHBHH, Bz DNA “EHEHMT (double strand break, dsb)

MEELEZ HILHH, DNA-dsb DIEHEICHT A EBOBFID
WTIHEE A LHBIVTV VRV, 22 TAE T TR s h
72 DNA-dsb OERIZHT 5 E#(As) & = v F/UNDDZHFIT O
THET LI, —F., SompEBii oS R REI R i H e H
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#340Gy % R8T C DNA-dsb #FF & W7, BTk C
DNA-dsb 2EREE721%, b Y VAN X Y a2 ENL LT
05%7 Hra—A S MRREB L, KA TE—/N FIZEAL TV
E¥»plug & Uiz, Plugidm5—¥ K OKGTF, 1, B
IZS0CT— MU L CTERE DR L. Ve EE To 7t U RX
I VT —ETHHE LT, plug X TBE /Ny 77 —HT/ AT 4
—/\ FEXVKEIE 24 R T o7, 7VEGIVHL, plug & lane
FRECEENS C ORGRERRIRIES v FL—a Ay
»E—THRIEL, KAUZL Y DNA-dsb DEIS% FAR L LTHEH
L7z,
FAR (fraction of activity released) =

lane FROHGRENE/ (plug FROHEHTENEane FHOEHEN)

&€ 120 S
2 100 i
g W= o
£ 80 £
P -
; -
T 1
N -0~ Surviving N
S 4019 Fraction °
_g 20 |-|-#-Adhering 'g
; Cell c
(%) 0 ! ! (g
0.001 0.01 0.1 1
Concentration of As (mM)

120

100 #\%/aq—ﬂ—
80 L
\

F B AEFEA OBETHRMUE, 48 BAHE. MY T N—
ARISFRRBRIEC L D ifvr v 7 7 —VOEFRER, i<
7 a7y —IOTREFHENL. DNA OWHVEITEEC L v
Ul RARRIETHIRC T 7 v 7 ARLF 2N L C—ERrisss
L. BBt T Ciliad - ORI TR B 2 &
L DHRE U, S, HIAPICIRYIAENH FY =0 ADE
IXICP-MS THIE L=,

TV b= LOGREENCHT 55 K1) =) LOFE

2 FEORE (Low(L), HighH)) ® Gd #ETedlbans K

(Pu-Gd-L #, Pu-Gd-H ) BIUGd & T4\ auf K (Pu
B 2ENENSD R T > MIBE Lz, 4 BRHEIHE, AT, &,
., REEREZHEH L, ZERITRFENCEN U, &l BX O
ERPCEEND Pu OBGHEEZFHRIL, PHIPEIE TH O
IZFHET % Pu BTk D BER BRP O Pu BOBIS ZHH Uiz,
—%., Gd Offi~DFZEX. BRI, iivis Mg 1 7L
BOBLEFREC L TR LT,

# R
DNA-dsbO{E1E[RE

AsiI8—800pM TV b ATFRN0% L. L TR RN

60
-0~ Surviving \
40 1 Fraction \l
20 || - Adhering
Cell |
0 3 ] Il
0.1 1 10 100 1000

Concentration of Ni (II) (mM)

Fig. 1. Cell viability determined by the trypan blue dye exclusion test and the percentage of adherent cells after 2.5 h exposure to As. or Ni.
Vertical bars indicate the SD for 6 to 12 cultures obtained from at least three independent experiments.
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Fig. 2. Cell survival as determined by the colony-forming assay after 2.5 h exposure to As or Ni.  Vertical bars indicate the SD for 6 to 9 cultures

obtained from at least three independent experiments.
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Fig. 3. FAR values assayed imnwdiarelyvaﬁgr irradiation (@) or 30 min after the repair incubation with As orNi(I) (O). FAR values for the
nonirmradiated cells are also shown (A).  Vertical bars indicate the SD the 6 to 12 cultures from at least three independent experiments.
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Fig. 4. The viability of mouse and rat alveolar macrophages after 48hr of exposure to Gd and Cd. The viability was expressed as the percentage of
the viable cell number to that in control culture. Each data point is a mean of three separate experiments. Asterisks indicate the statistically
significant difference from C3H and B6 mice at the comresponding concentration of Gd or Cd.
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Table 1. The uptake of Gd by B6 mouse and SD rat AM after
0,4 and 10 hrs.

Incubatioin Incubation AM % Gd* v

Time (hr) Temperature (°C) _ Expl Expll
0 - B6 mouse 0.06 n.d.

0 - SD rat n.d. 0.10

4 4 B6 mouse 0.28 0.36

4 4 SD rat 0.22 0.27

4 37 B6 mouse 1.12 0.96

4 37 SD rat 0.58 0.60

10 4 B6 mouse 0.27 0.40

10 - 4 SD rat 0.31 0.26

10 ) 37 B6 mouse 1.40 2.00

10 37 SD rat 0.78 : 0.86

#The amount of Gd per 10% AM, expressed as a percentage of total amount

of Gd added, i.e. 2ml of 300uM Gd
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We used the multitracer technique to study the transfer of several radionuclides to two mushroom species.
Radionuclides accumulated in the fruiting bodies of the mushrooms in the order of #Rb > ©Zn > *Mn > *Na > "*Se and
85Gr > 0Co > 88y, 102R, 139Ce, 143.144Pm 146153Gd and '"Lu > 'SHf. The concentration ratio values for #*Rb, Zn and *Mn
in the fruiting bodies were more than 10, whereas those for 0Co, 8Y, 102Rh, 12!mTe, 1Hf and the rare earth elements were
less than 1. There were major differences in the accumulations of the alkali elements.

INTRODUCTION

Mushrooms accumulate Cs, including radiocesium'?. After the Chernobyl reactor accident, high
concentrations of radiocesium were found in European mushrooms*®. Cesium-137 concentrations in
mushrooms are markedly higher than those in autotrophic plants’. In a previous study'?, we-calculated the
contribution of mushrooms collected in-Japan to the total Japanese intake of '*’Cs (on average) as 32%,
whereas the intake for “K was only 1.7%. Mushrooms therefore are considered important in estimating the
internal radiation dose of '¥’Cs obtained from foods.

In terms of the forest ecosystem, mushroom species have important functions in the decomposition of .
plant materials and the absorption of elements, such as K and P, from soil'®. In a previous study'®, we
reported results of laboratory experiments on the accumulation of the radiotracers *’Cs, #Sr, %Co, *Mn and
Zn in three mushroom species and one higher plant (Medicago sativa). Mushrooms tended to accumulate

*Corresponding author
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large amounts of Cs, but there were marked differences among the mushroom species. Accumulations were
low for Sr and Co. There still is little data available on the transfer of various nuclides to mushrooms, in
comparison to the known data on the transfer of other biological materials'*'9. Reliable data on the accumula-
tion of other nuclides in mushrooms are needed for doing radioecological and environmental studies.

A multitracer, produced by irradiating targets with high-energy heavy-ions'?, can be used to study the
behaviors of various elements in the environment. Ambe ez al.'” made a multitracer study of the absorption
of radionuclides through the roots of rice and soybean plants cultivated in nutrient solutions or soil and
obtained the distributions of the radionuclides of 24 elements (Be, Na, Sc, Mn, Co, Zn, Se, Rb, Sr, Y, Zr,
Nb, Ru, Rh, Ag, Te, Ce, Pm, Eu, Gd, Yb, Lu, Hf and Ir) in the grain, leaves, stems and roots.

We used the multitracer technique to study the transfer of several radionuclides (elements) from a
medium (mixture of yeast extract and malt extract) to two mushroom species. The multitracers contained 17
nucliQes; including ones related to fission products (Sr, Ce, Te), activation products (Mn, Co, Zn) and
natural radionuclides (Rb).

MATERIALS AND METHOD

Multitracer

The radioactive tracers were produced by irradiating thin gold foil with a '“N beam accelerated to 135
MeV/nucleon in the RIKEN Ring Cyclotron'®. The irradiated foil was dissolved in aqua regia, and the
solution obtained evaporated to dryness. The residue was dissolved in 3 M HCl. Gold was extracted from
the solution with ethyl acetate. The aqueous solution with the multitracer was adjusted to 0.05 M HCI.
Details of the separation procedure are described in Ambe et al.'®. In our study, the irradiated gold foil was
cooled for more than 4 months before the separation. The radionuclides used were Na, 3*Mn, ®Co, %Zn,
5Se, #Rb, ®3Sr, #Y, 12Rh, 2!=Te, 1¥Ce, “*Pm, '“Pm, '%Gd, '%*Gd, *Lu and "*Hf. Chloride was the chemical
form of these nuclides in the multitracer.

Mushrooms Cultivation

Two mushroom species, Hebeloma vinosophyllum and Coprinus phlyctidosporus, were used in the
culture experiment. The medium solution was comprised of yeast extract (2 g), malt extract (10 g) and agar
(15 g) dissolved in distilled water (1000 ml), then 25 ml portions were poured into flasks (200 ml), and the
multitracer was added. The pH of the solution was adjusted to 6.0 with 0.IN~NaOH, and the mixture
autoclaved. Three flasks per mushroom species containing the medium solution and multitracer were
prepared and incubated at 25°C. After about one month, the mushrooms produced fruiting bodies. The
concentrations of radionuclides in the mushroom samples (whole fruiting bodies) were measured with a Ge-
detector. Details of the counting procedures are described elsewhere'”. The mean values of the three flasks
were calculated for each species. The concentration ratio, defined as the radionuclide activity in the fruiting
bodies of the mushroom (Bg/g, wet wt.) divided by the radionuclide activity in the medium at the beginning
of the experiment (Bq/g, wet wt.), was calculated.
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RESULTS AND DISCUSSION

The accumulations of the multitracer in the fruiting bodies of the two mushroom species are shown as
concentration ratios in Table 1.

Figure 1 shows radionuclides that had mean concentration ratio values (with standard deviation) higher
than 1. The ratios were in the order of Rb > Zn > Mn > Na > Se and Sr. Markedly high values of more than
10 were found for Rb (27), Zn (21) and Mn (11). The elements Co, Ce, Y, Rh, Te, Pm, Gd, Lu and Hf had
concentration ratios lower than 1 (Fig. 2). The concentration ratios of Mn, Zn and Sr found for the mushrooms
in this study were almost the same as the values reported previously'?. Because the concentration ratios of
radioactive Rb, Zn and Mn are markedly high, in order to protect against radiation attention must be paid to
the levels of these nuclides in contaminated forest ecosystems.

In a previous study'?, we found that radionuclide accumulation for mushrooms was in the order of Zn
> Mn > Sr > Co, whereas for the higher plant (Medicago sativa) the order was Sr > Zn and Mn > Co.
Mascanzoni'® also reported a tendency for the low accumulation of Sr in mushrooms collected from Swedish
forests. Ambe et al.' found a decreasing tendency in the transfer factor for soybean stem of the order Sr >
Rb >Zn>Mn > Se > Na. Yoshida and Muramatsu? analyzed many major and trace elements in mushrooms,
higher plants (tree leaf) and soil samples collected from a pine forest and found a high accumulation of Rb
and Cs and a low accumulation of Mg, Ca, Sr and Ba in mushrooms as compared with the higher plants.
There is a characteristic difference in the accumulation of Sr between mushrooms and higher plants.

Interestingly, there are specific differences in the accumulation of alkali elements. We found that Rb is
highly accumulated in mushrooms, whereas the concentration ratio of Na is significantly lower than that of

Table 1. Concentration ratios of radionuclides in the fruiting bodies of
two mushroom species '

H. vinosophyllum C. phlyctidosporus average
2Na 23 +0.3* 1.8 +05° 2.1
“Mn 12 %2 11 +2 11
$5Zn 24 t4 18 %2 : 21
3Se 27 £0.1 0.7 x0.1 1.7
BRb 32 %5 22 %3 27
Sr 20 £1.1 0.7 £02 14
“Co 0.67+0.48 0.64+£0.13 0.66
8y 0.52+0.46 0.26 +0.08 0.39
12Rh 0.47+£0.19 0.20+£0.05 0.34
R2imTe - 0.63+£0.19 — —
139Ce 0.47 £0.40 0.43£0.09 0.45
143.14pmp 0.48 £0.37 0.32£0.07 0.40
146.153Gd 045+0.37 0.21 £0.01 0.33
ML 0.47+0.39 0.16+0.03 0.32
5Hf 0.27£0.15 0.07 £0.03 0.17

*The mean values with standard deviation for three flasks
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B H. vinosophyllum
[.] C. phlyctidosporus

T T T e ?
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Concentration ratio .

Fig. 1. Concentration ratios of the multitracer in fruiting bodies of mushrooms (I)
Note: The mean values are for three flasks. Solid lines show the range of standard deviation.

Co-60F

Rh-102
Te-121m

H. vinosophylium
Hf-175 5 C. phlyctidosporus

0 02 04 06 0.8 1 1.2
Concentration ratio

Fig. 2. Concentration ratios of the multitracer in fruiting bodies of mushrooms(II)
Note: The mean values are for three flasks. Solid lines show the range of standard deviation.

Rb. There were no Cs isotopes in the multitracer used in this study. In a previous study using '*’Cs, however,
we found that it tended to be accumulated in mushrooms, the concentration ratios being 21 £ 1, 14 + 3 and
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2.6 + 0.3, respectively for H. vinosophyllum, F. velutipes, and C. phlyctidosporus. The concentration ratio
of Rb for H. vinosophyllum (32) was somewhat larger than that of Cs. Differences in the concentration
ratios among the species for Rb seemed to be smaller than for Cs. The concentration ratio of Cs for H.
vinosophyllum was about 8 times that for C. phlyctidosporus'®, whereas the ratio of Rb in H. vinosophyllum
in the experiment reported here was only about 1.5 times that for C. phlyctidosporus. Ingrao et al.'"” found
no marked correlation between the concentrations of Cs and Rb in mushrooms collected in the field (R =
0.5). '

In the present experiment, a small amount of Se was detected in the Silicon plug used to cover the
flasks and in the activated charcoal supplemented with tetramethylendiamine in a dish placed in the incubator.
We assumed that Se, added as an inorganic form, was converted to a gaseous organic species by the biological
activity of the fungi. Chau ez al.?® reported that inorganic and organic selenium compounds are converted to
volatile selenium compounds by microorganisms in lake sediments. The volatile selenium conip'ound
produced would be dimethyl selenide.

The chemical composition of the medium was determined by inductively coupled plasma mass
spectrometry (Yokogawa, PMS-2000). The element concentrations (on a wet weight basis) obtained (data
for Na, K, Ca, Mn, Zn and Sr were published in our previous study'?) are 2400 ppm for Na; 1000 ppm for
K; 77 ppm for Ca; 2.6 ppm for Zn; 1.9 ppm for Sr; 0.5 ppm for Rb; 0.3 ppm for Mn; 0.03 ppm for Co; < 0.01
ppm for Se, Ce and Hf; and < 0.003 ppm for Y, Te, Gd and Lu. Elsewhere'? we found that the concentration
ratios of mushroom to medium for Cs, Sr and Co were not markedly affected by coexisting stable elements
(up to 10 ppm in the medium), whereas the ratio of Mn decreased as the amount of stable Mn in the medium
increased. Because the concentrations of most elements (except Na, Sr and Zn) found in this study are very
low, the concentration ratio of the relevant nuclide may not be much affected by coexisting stable elements.
Sodium is known to function in the control of osmotic pressure and ionic strength in the cell. A high Na
concentration could be the cause of the low Na concentration ratio.

The concentration ratios of Co, Y, Rh, Te, Ce, Pm, Gd, Lu and Hf are very low (Fig. 2). This suggests
that there would be no particular accumulation of these elements in mushrooms in the case of contamination.
The concentration ratios of the rare earth elements in C. phlyctidosporus tended to decrease with increasing
atomic number, but the data are limited. ' ‘

Uptake experiments usirig a multitracer provided information about the concentration ratios of several
nuclides (elements) in mushrooms. Because there is little available information on the accumulation of
elements in mushrooms, our findings can be used to understand the behavior of radionuclides in the
environment and to estimate possible radiation doses due to the consumption of mushrooms.
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LIFETIME RISK OF LUNG CANCER DUE TO RADON
EXPOSURE PROJECTED TO JAPANESE AND SWEDISH
POPULATIONS

Masahiro Doi,* Yuji Nakamura,* Tetsuya Sakashita,* Nobuko Ogiu,*
Frédéric Lagarde, and Rolf Falk?

Abstract—Lifetime risk projections depend greatly on both
background lung cancer rates and the selection of the risk
model. Since background lung cancer rates differ from subject
populations and the time, etiological risk of lifetime lung
cancer mortality per unit radon exposure in WLM should be
estimated for each subject population and the time of interest.
To answer quantitatively how much are the differences among
the projected risks for different populations, the Swedish
case-control-study-based risk projection model was applied to
the Japanese and Swedish populations from 1962 to 1997 as
subject populations because of their distinct trends of lung
cancer rates. To compare the results with the reference
population and authorized risk projection models, U.S. popu-
lation 1997 and the two risk projection models in BEIR VI
report were applied, respectively. Lifetime risk of lung cancer
mortality projected for Japanese, Swedish, and U.S. popula-
tions in 1997 per radon progeny exposure were estimated to
range from 1.50 (0.40-3.19) X 10~* WLM™! to 9.86 (2.62—
20.9) x 10~ WLM™!, which could be compared to the
detriment associated with a unit effective dose. Conclusive dose
conversion coefficients in this study ranged from 2.05 (0.55-
4,37) to 13.5 (3.59-28.6) mSv WLM ™), and within this range
the discrepancy between dosimetric and epidemiological ap-
proaches was included.

Health Phys. 80(6):552-562; 2001
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INTRODUCTION

Tae CommrrTee on the Biological Effects of Ionizing
Radiations (U.S) reviewed the four epidemiological stud-
ies (Lundin et al. 1971; Muller et al. 1983; Radford and
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Renard 1984; Howe et al. 1986; Hornung and Meinhardt
1987) in the BEIR IV report (NRC 1988). As the
substantial revision of BEIR IV report, the recent BEIR
VI report (NRC 1999) reviewed 11 miner studies and
reexamined all approaches to assess the lung cancer risk
posed by residential radon exposure. The BEIR VI report
discussed uncertainties related to the induction of lung
cancer at low level radon exposure and the combined
impact of tobacco smoking, exposure to the mine dust,
arsenic, diesel exhaust, Silica and Mycotoxins, and
concluded that uncertainties posed by these known risk
factors were not significant. And two risk projection
models based on the pooled analysis of epidemiological
studies of miners (Lubin et al. 1995) were authorized to
extrapolate to estimate the potentially important public
lung cancer risk posed by indoor radon exposure. It also
emphasized that miner-based risk projection is an indi-
rect evidence of lung cancer risk of residential radon
exposure and must be validated by direct evidence of
lung cancer risk of residential radon proved in the
reliable epidemiological study.

BEIR committee reviewed some case-control stud-
ies on residential radon and lung cancer and their
meta-analysis (Lubin and Boice 1997) and regarded them
as inconclusive because of some potential limiting fac-
tors and errors in estimation of cumulative radon progeny
exposure (NRC 1999). BEIR committee listed several
formidable limitations of these case-control studies’ on
residential radon and lung cancer studies and expressed a
rather negative view of whether these limitations could
be addressed to achieve more definitive results. But if
they were not definitive, they showed direct evidence of
indoor radon risk.

It is trivial that risk projections with an excess
relative model depend greatly on background lung cancer
rate of the subject population and also the selection of the
risk model. But it is not answered quantitatively how
much are the differences in the projected risks for
different subject populations.

Lung cancer is one of the leading causes of cancer
death in most of the developed countries, and several
environmental toxins have been suspected to raise the
background lung cancer risk. Particularly, daily cigarette
smoking showed up as the most common cause of lung
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cancer, and year trends of cigarette consumption, sales,
and smoking prevalence are different by the population
and the times.

ICRP proposed the reference population, for which
survival probability and the age-specific lung cancer
mortality rate were derived by Land and Sinclair (1991)
from the average values of the five countries (i.e., Japan,
the United States, Puerto Rico, the United Kingdom and
China).

A conclusive lifetime lung cancer mortality coeffi-
cient was projected for the reference population with
miner-based relative risk projection model and was
estimated to be 2.83 X 10~ WLM™! (Working Level
Month)¥ (ICRP 1994a). This value was compared to the
estimate of BEIR IV, 3.5 X 107* WLM~! projected for
U.S. population 1980-1984 with time since exposure
model (NRC 1988).

ICRP (19942a) divided this etiological lifetime lung
cancer mortality coefficient by the detriment coefficient
for effective dose of 5.6 X 1073 mSv~! for adult workers
and 7.3 X 1075 mSv~! for members of the public (ICRP
1991) and recommended effective dose conversion fac-
tors of 5.06 mSv WLM ™! (or 1.43 mSv per mJ h m~3) for
workers and 3.88 mSv WLM™! (or 1.10 mSv per mJ h
m™3) for members of the public. These reference dose
conversion factors are general estimates, but it must be
emphasized that the confidence intervals are included in
these estimates substantially.

The ICRP has endorsed a dosimetric human respi-
ratory tract model in Publication 66 (ICRP 1994b), and
the modal value of 15 mSv WLM ™! was evaluated by the
model (Birchall and James 1994), which is 3 to 4 times
larger than the above conversion conventions. Sensitivity
analysis of each parameter in the respiratory tract model,
including quality factor of 20 for alpha-particle exposure,
was performed substantially by Birchall and James
(1994) but could not explain such a discrepancy consis-
tently. The BEIR VI report also reviewed the discrepancy
between epidemiological and dosimetric approaches and
discussed the uncertainty in the quality factor of alpha-
particle in the dosimetric model (NRC 1999).

It must be reconfirmed before discussing about the
discrepancy that the projected lung cancer risk of radon
exposure is proportional to the survival probability and
the age-specific lung cancer mortality rate of the subject
population.

The first objective of this study is to estimate the
etiological risk of lifetime lung cancer mortality for apply-
ing the Japanese and Swedish populations to a Swedish
‘case-control study-based relative risk projection model in
contrast to the miner-based risk projection models in BEIR
VI report (NRC 1999). The second objective is to apply

§ 1 WL (working level) is equivalent to the equilibrium equivalent
radon concentration of 100 pCi L~! or 3,700 Bq m~3 (EEC). Assuming
an equilibrium factor of 0.4, 1 WL is approximately equal to a radon
gas concentration of 9,250 Bq m™. :

I'1 WLM (working level month) is an exposure to 1 WL for 170 h

and is equal to 3.54 mJ h m™® (ICRP 1994a).

these models to the Japanese, Swedish, and U.S. popula-
tions in 1997, and to compare the dose conversion factors
with their confidence intervals,

MATERIAL AND METHODS

Japanese and Swedish populations from 1962 to
1997 were selected as subject populations because Jap-
anese population is just the opposite of Swedish popula-
tion in the indoor radon exposure as well as the smoking
rate. U.S. population was selected as a reference popu-
lation because it was thoroughly examined in BEIR IV
and VI reports (NRC 1988, 1999).

JAPANESE POPULATION

Residential radon concentrations in Japan were rel-
atively low in comparison with those in other countries
(UNSCEAR 1993). A recent nationwide indoor radon
survey was commenced for 940 houses (Sanada et al.
1999). Radon concentration in the Japanese houses
showed approximately a log-normal distribution of
which arithmetic and geometric means were 15.5 and
12.7 Bq m™?, respectively. Only one house exceeded the
action level of 150 Bq m™3 settled by the U.S. EPA
(1986).

Smoking rate of Japanese male has been high in
comparison with other countries. In 1965, 82.3% of
Japanese males were smoking, and although it has tended
to go downward, still 55.2% of Japanese males were
smoking in 1997. )

Smoking rate of total female had been very low, and
it tended to be reduced gradually; it reached down to 15%
in 1997. But the smoking rate of Japanese women in the
20-29 y age group has been constantly increasing since
1965, as illustrated in Appendix A.

By the census population study (Hirayama 1979),
daily cigarette smoking is showed as the largest cause of
lung cancer, of which excess relative risk and attributable
risk in males were 3.76-and 67.2%, respectively. As the
reflection of these conditions, malignant neoplasm by
site is changing its pattern drastically in these 40 y in the
Japanese population. In 1960, stomach cancer for males
and females was the most common, accounting for
52.3% of all deaths from cancer for males and 39.2% for
females, while lung cancer for males and females was
7.2% and 3.6%, respectively (Ministry of Health and
Welfare 1962). Death rates by stomach cancer for both
sexes are decreasing, and, instead, lung cancer has been
increasing consistently for both males and females.
According to the statistics in 1997, lung cancer was the
most common type of cancer for males, accounting for
21.4% of all cancer deaths (for females lung cancer
accounted for 11.7% of all cancer deaths). Fig. 1 shows
the age-specific lung cancer mortality rates by sex, r,(a),
for the Japanese population from 1962-1997, which were
calculated by the age-specific lung cancer cases in Vital
Statistics of Japan (Ministry of Health and Welfare
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Fig. 1. Probability of lung cancer mortality by age in the presence of other causes of death for the Swedish and Japanese
populations from 1962 to 1997 (calculated after Swedish Cancer Registry, Statistisk Arsbok, and Japan vital statistics).

1962-1997). A constant increase of background lung
cancer mortality for Japanese males and females, which
might reflect the year trend of smoking rates, is illus-
trated in Appendix A. Fig. 2 shows life expectancy of

90
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Fig. 2. Trends of life expectancy at birth of the Swedish and
Japanese populations in 1961-1997 (reproduced after Swedish
Statistisk Arsbok 1964—1999, and Japan vital statistics 1962—
1997).

Japanese males and ferhales shown in Vital Statistics of
Japan (Ministry of Health and Welfare 1962-1997).

SWEDISH POPULATION

Residential radon concentrations in Sweden were
regarded as some of the highest in the world (UNSCEAR
1993). As a rough guide to represent nationwide indoor
radon concentration, 506 houses including 191 apart-
ments in multi-family houses were measured in 1982,
and the radon concentration showed approximately a
log-normal distribution, of which arithmetic and geomet-
ric means of detached houses were 122 and 69 Bq m™3,
respectively (Swedjemark and Mjones 1984). Average
radon concentration in the houses built since 1981 was
surveyed to be 50 Bq m~3, which might be caused by
some social countermeasures to indoor radon, i.e., alm-
shale concrete was not .used in any houses built after
1975, and the building construction to decrease the
inflow of soil gas has been improved by the Swedish
1980 building code (Swedjemark and Akerblom 1994).

The proportion of smokers is steadily decreasing in
Sweden. The proportion of daily smokers for men 16—84
y has decreased from 36% in 1980 to 22% in 1995, while
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the proportion of daily smokers among women de-
creased during the corresponding period from 29% to
23% (Swedish National Board of Health and Welfare
1998). The proportion of smokers among men has
decreased significantly since the 1960’s, but among
women has changed its trend to decline since the latter
1970’s.

The Swedish Cancer Registry was established in
1958, and has collected statistics of cancer incidence in
Sweden. Regulations of the National Board of Health and
Welfare require that physicians send clinical reports of

all cancer cases and pathologists send reports for every

cancer diagnosis. This means that most of the cancer
cases are noted twice in separate reports by the Registry.
The background lung cancer mortality by age, r,(a) for
Swedish males and females are evaluated from Swedish
Cancer Registry data from 1962-1997 (Swedish National
Board of Health and Welfare 1964-1999, Statistiska
Centralbyrdn 1964-1999), of which results are shown in
Fig. 1. Recent vital statistics of Sweden are distributed by
the Swedish National Board of Health and Welfare
(http://www.sos.se/sos/publ/skrift/skrifte.htm). Fig. 1
shows background lung cancer mortality of Swedish
males had almost been saturated during the 1990’s, while
that of females still increased gradually. These figures
might reflect partly the trends of age-specific smoking
rates in the 1960’s and 1970’s for Swedish males and
females. As illustrated in Appendix A, smoking rates of
Swedish males began to decrease in 1970, while those of
Swedish females increased constantly. Fig. 2 shows the
life expectancy of Swedish males and females from 1961
to 1997 (Statistiska Centralbyrin 1964-1999).

U.S. POPULATION

As the reference of the above subject populations,
recent U.S. population figures were selected. The lung
cancer mortality rates of the U.S. population for 5-y age
groups and sex in 1997 were derived from the number
of lung cancer deaths reported by the U.S. Department
of Health & Human Services (http://www.cdc.gov/
nchs/data/gmwki_97.pdf) and populations by U.S. Cen-
sus Bureau (http://www.census.gov/population/www/
estimates/uspop.html). Life expectancy for females was
79.4 y and for males 73.6 y in 1997 (National Center for
Health Statistics 1999).

RISK PROJECTION MODEL

Etiological risk of lifetime lung cancer mortality due
to radon progeny exposure is evaluated at a radon
progeny exposure rate of 0.1 WLM y~! by adopting the
relative risk projection model to the background lung
cancer mortality of the subject population. Assuming 0.8
as an occupation factor and 0.4 as an equilibrium factor,
0.1 WLM y~! is given by the indoor radon gas concen-
tration of 22.4 Bq m™>.

According to the definition of relative risk, expected
risk is expressed in proportion to the control (or back-
ground) lung cancer mortality of the subject population.
This is a first simple approximation, and some modifying
factors must be taken into consideration for more precise
projection as the risk models in BEIR VI report (NRC
1999).

Excess relative risk’ and covered exposure period
could be derived from each case-control study on resi-
dential radon and lung cancer or their meta-analysis
(Lubin and Boice 1997; NRC 1999). For this study, a
Swedish nationwide case-control study (Pershagen et al.
1994) was selected because it was based on the well-
authorized cancer registry and radon monitoring, and the
result showed the clear pattern of increasing relative risk
with time-weighted mean radon exposure (Pershagen et
al. 1993, 1994).

Because a subsequent study accounting for random
error in the exposure assessment confirmed that measure-
ments of radon concentration are more valid when study
subjects who slept near open windows were excluded
(Lagarde et al. 1997), a relative risk coefficient obtained
by conditional logistic regression of all study subjects
except those who slept near an open window was adopted
in this study. Confounding by known risk factors, i.e.,
smoking, occupation, and urban living, was adjusted in
the multivariate analysis. The resulting excess relative

" risk of lung cancer (thereafter abbreviated as ERR) was

0.020 (95% CI 0.0055-0.0433) WLM ™.

Since the Swedish epidemiological study (Persha-
gen et al. 1993, 1994) covered an average exposure
period of 32.5 y for each case and control subject,
estimated excess relative risk corresponds only to 32.5 y
of cumulative radon exposure and does not reflect the
lifetime risk of lung cancer mortality. Hence, radon
exposure incurred 32.5 y or more before age at risk may
be weighted more or less in the risk projection analysis,
depending on hypotheses about the etiological relevance
of such exposure.

Taking this into account, the risk projection model
based on the Swedish case-control study is mathemati-
cally expressed as follows:

r(a) = ro(a)[1 + B X (W, + RF X W,)],
where

r(a) = lung-cancer mortality rate for given age and
calendar period by age a;

r,(a) = background of lung cancer mortality rate in
the population by age a;

B =excess relative risk per unit radon progeny
exposure per WLM, = 0.020 (95% CIL:
0.0055-0.0433) WLM~! (Pershagen et al.
1993, 1994);

W, = cumulative exposure in WLM incurred be-
tween 3 y and 32.5 y before age a;

W, =cumulative exposure in WLM incurred
32.5 y or more before age a; and

RF =reduction factor for cumulative exposure,
W,.
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The 3-y lag period in the model is based on the
assumption that radon progeny exposures have no
substantial effect on the lung cancer mortality for at
least 3 y (Pershagen et al. 1994). The reduction factor,
RF is introduced in this model to account for modifi-
cation of the risk coefficient related to exposure
outside the 32.5-y period. This ad-hoc procedure
allows conjectural extensions of the model tq a wider
time-frame in conjunction with values for RF varying
from unity to zero. The lifetime risk of lung cancer
mortality per unit WLM is the integration of [r(a)-
r(a)] over the expected years of life divided by the
lifetime exposure.

As the reference of the above model, two miner-
based risk projection models authorized in BEIR VI
report (NRC 1999) were also adopted to the subject
populations. The Exposure-Age-Duration (EAD) model
and the Exposure-Age-Concentration (EAC) model are
the extrapolations from miner studies to the residential
radon exposure and its lung cancer risk. Mathematical
notations of EAD and EAC models are summarized in
Appendix B.
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RESULTS AND DISCUSSION

Fig. 3 shows the trend of etiological risk of lung
cancer mortality per lifetime radon progeny exposure,
projected to Japanese and Swedish populations by sex
since 1962-1997, by applying the Swedish case-control-
study-based risk projection model in the case of RF = 0.
Error bars reflected the 95% confidence intervals of
excess relative risk of the Swedish case-control-study
(Pershagen et al. 1994).

Lifetime lung cancer risk for Japanese males in-
creased constantly, from 0.99 (0.26-2.11)-4.87 (1.69~
10.3) X 10~* WLM™! from 1962-1997. For Swedish
males, the lifetime lung cancer risk was estimated to be
1.77 (0.47-3.77) X 10~* WLM™! in 1962, which was
larger than that for Japanese male. It increased to reach
the maximum of 2.93 (0.78-6.23) X 10™* WLM™! in
1982, and then graduvally decreased to 2.70 (0.72—-
5.75) X 107* WLM™!in 1997. This estimate was around
half of that for Japanese males.

Lifetime lung cancer risk for Japanese and Swedish
females was similar to increase constantly. From 1962
1997, it increased from 0.41 (0.11-0.87)-1.79 (0.47-
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Fig. 3. Etiological risk of lung cancer mortality projected to the Japanese and Swedish populations from 1962-1997 by
the Swedish case-control-study-based risk projection model in the case of RF = 0 at an exposure rate of 0.1 WLM y~ !
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3.82) X 10~* WLM~™! for Japanese females, and from
0.51 (0.13-1.08)-1.50 (0.40-3.19) X 10~* WLM™! for
Swedish females.

The lung cancer mortality for Japanese males might
be on the rise, while the total smoking rate decreased
constantly. It may partly be explained that smoking rates
in young age groups of Japanese males were more than
80%, and they did not decrease significantly before 1980
as shown in Fig. A2. In addition, per capita cigarette
consumption of Japanese population increased constantly
until 1980 as shown in Fig. A3. These may suggest that
total exposure to tobacco of Japanese male was not
necessarily decreased. Fig. A2 also shows the constant
increase of smoking rates in the 20-29 y age groups of
Japanese females since 1962, which may cause the
increase of lung cancer risk for Japanese females as
suggested in Fig. 3.

Swedish lung cancer mortality and smoking habits
are discussed in the Swedish public health report (Swed-
ish National Board of Health and Welfare 1998). Indeed,
there are several complex reasons that influence the lung
cancer mortality of each subject population, and careful
epidemiological and biological analyses are required to
understand the true situation. In the Swedish case-control
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study, a weak interaction was found between tobacco
smoking and radon exposure, which was more than
additive and less than multiplicative (Pershagen et al.
1994). Detailed discussions on tobacco smoking and
radon exposure are shown in Appendix C, BEIR VI
report (NRC 1999).

When the relative risk projection model was applied,
etiological lung cancer risk due to lifetime radon expo-
sure reflected the trend of background lung cancer
mortality of each subject population by sex and age. Fig.
4 shows the age-specific etiological risk of lung cancer
mortality for Japanese, Swedish, and U.S. populations by
sex in 1997 at an exposure rate of 0.1 WLM y~! by
applying the three risk projection models. Swedish-case-
control-study-based model with RF = 0 was applied, and
the results were plotted with those of ‘the two risk
projection models in BEIR VI report (NRC 1999). Fig. 5
shows total etiological risk of lung cancer mortality per
lifetime radon progeny exposure at an exposure rate of
0.1 WLM y~! for Japanese, Swedish, and U.S. popula-
tions in 1997 projected by applying the above three risk
projection models. Error bars in Fig. 5 reflect the 95%
confidence intervals of excess relative risk for each risk
projection model.
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Fig. 4. Etiological risk of lung cancer mortality by age projected to the Japanese, Swedish, and U.S. populations in 1997
by the Exposure-Age-Duration (EAD) model, Exposure-Age-Concentration (EAC) model (BEIR VI, National Research
Council 1999), and the Swedish case-control-study-based risk projection model in the case of RF = 0 at an exposure

rate of 0.1 WLM y~ .
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Fig. 5. Etiological risk of lung cancer mortality projected to the Japanese, Swedish, and U.S. populations in 1997 by the .
Exposure-Age-Duration (EAD) model, Exposure-Age-Concentration (EAC) model (NRC 1999), and the Swedish
case-control-study-based risk projection model in the case of RF = 0 at an exposure rate of 0.1 WLM y~!. Error bars
reflect the 95% confidence interval of excess relative risk coefficient of each model.

As shown in Figs. 4 and 5, the largest risk projec-
tions were given by the Exposure-Age-Concentration
model (NRC 1999) for all subject populations. For
Japanese and U.S. populations, the minimum radon risk
estimates were given by the Exposure-Age-Duration
model (NRC 1999), while for Swedish populations they
were given by the Swedish case-control-study-based
model.

Since the Swedish case-control study corresponded
to 32.5 y of exposure at a constant radon concentration of
each case-control study subject (Pershagen et al. 1994),
the risk related to exposure outside the 32.5-y period
must be included in the lifetime lung cancer risk estimate
by weighting the reduction factor, RF, from unity to zero.
Table 1 shows the etiological lifetime lung cancer mor-
tality per lifetime radon progeny exposure projected to
Japanese, Swedish, and U.S. populations (1997) by
applying the risk projection model in the case of RF = 0,
0.5, and 1.0, respectively. In comparison with miner-
based EAD and EAC models in Fig. 5, RF might be fixed
to zero for Japanese and Swedish populations and 0.5 for
the U.S. population at most. Consequently, lifetime lung
cancer risk coefficients projected for Japanese, Swedish,

and U.S. populations (1997) were included in the range
from 1.50 (0.40-3.19) X 1074 WLM~! (Swedish female,
RF = 0) t0 9.86 (2.62-20.9) X 10~* WLM™! (U.S. male,
RF = 0.5) as listed in Table 1.

The ICRP has recommended the conversion from
radon progeny exposure to effective dose by a direct
comparison of the detriment associated with a unit
effective dose and a unit radon progeny exposure (ICRP
1994a). According to this method, the lifetime risk of
lung cancer mortality per lifetime, radon progeny expo-
sure was compared with nominal risk coefficients for
stochastic effects on atomic bomb survivors per unit
effective dose, namely 7.3 X 1075 mSv~! for the whole
population (ICRP 1991). By a comparison of the above
range of lung cancer mortality coefficients and the above
nominal detriment coefficients, the possible range of
conversion factors was estimated from 2.05 (0.55-4.37)
to 13.5 (3.59-28.6) mSv WLM-~!. ICRP proposed the
nominal dose conversion factor of 3.88 mSv WLM™! for
the general public by an epidemiological approach (ICRP
1991), which was based on-the lifetime lung cancer risk
coefficient of 2.83 X 107* WLM~! for the reference

Table 1. Etiological lifetime lung cancer mortality per lifetime radon progeny exposure projected to Japanese, Swedish,
and U.S. populations in 1997 by applying the risk projection model in the case of RF = 0, 0.5, and 1.0, respectively.
RF is a risk weighting factor of the cumulative exposure incurred more than 32.5 y before the age at risk comparing to
the exposure incurred between 3 and 32.5 y before the age.

Excess.life-time lung cancer mortality per 10,000 person WLM (95% CI)

Swedish-Epi-study-based risk projection model

RF =05

RF =10

Population Sex RF=0
Japan 1997 Male 4.87 (1.69-10.3)
Female 1.79 (0.47-3.82)
Sweden 1997 Male 2.70 (0.72-5.75)
Female 1.50 (0.40-3.19)
U.S. 1997 - Male 5.94 (1.58~12.6)
Female 3.61 (0.96-7.69)

8.40 (2.23-17.8)
3.19 (0.85-6.79)
4.40 (1.17-9.36)
2.40 (0.64-5.11)
9.86 (2.62-20.9)
6.02 (1.60-12.8)

11.9 (3.17-25.2)
4.59 (1.22-9.76)
6.09 (1.62-13.0)
3.30 (0.88-7.03)

13.8 (3.67-29.0)
8.42(2.24-17.9)
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population (Land and Sinclair 1991) with the miner-
based risk projection model.

On the other hand, the dosimetric approach by the
computer-aided human respiratory tract model implies
the arithmetic mean of effective dose per potential alpha
energy exposure to be 17.2 mSv WLM™!, with a modal
value of approximately 15 mSv WLM~' (ICRP 1994b;
Birchall and James 1994, 1999). The respiratory tract in
vivolin vitro biodosimetry approach using rats by Brooks
et al. (1999) found the absorbed dose per exposure for
nasal epithelial cell and for deep lung epithelial cells to

be 0.22-0.47 mGy WLM~! and 1.13-1.34 mGy WLM™!,

respectively. Taking a radiation-weighting factor for
alpha particles of 10 to 20, these dosimetric approaches
showed good agreement.

The estimated dose conversion coefficient in this
study ranged from 2.05 (0.55-4.37) to 13.5 (3.59-28.6)
mSv WLM-!, and within this range the discrepancy
between dosimetric and epidemiological approaches was
included. It is important to assess the uncertainties within
these alternative approaches and the selection of the
models, and it is also important to account for a possible
dependence on the background lung cancer mortality of
subject populations and their time trends.

CONCLUSION

To answer quantitatively how much are the differ-
ences among the projected risks for specific populations
with different risk projection models, the Swedish case-
control study-based risk projection model was applied to
the Japanese and Swedish populations 1962-1997 and
U.S. population 1997.

When the relative risk projection model was applied,
etiological lung cancer risk due to lifetime radon expo-
sure reflected the trend of background lung cancer
mortality of each subject population by sex and calendar
year. For Japanese males, estimated lifetime lung cancer
risk of radon exposure showed a significant increase
from 0.99 (0.26-2.11) in 1962 to 4.87 (1.69-10.3) X
10~* WLM™! in 1997.

For Swedish males it increased from 1.77 (0.47-
3.77) X 1074 WLM™! in 1962 to the maximum of 2.93
(0.78-6.23) X 10~ WLM™' in 1982. For Japanese and
Swedish females, it increased constantly from 0.41
(0.11-0.87)-1.79 (0.47-3.82) X 10~* WLM™! for Japa-
nese females, and from 0.51 (0.13-1.08)-1.50 (0.40-
3.19) X 10~* WLM~! for Swedish females. Significant
increase of lifetime lung cancer risk for Japanese males
during 1962-1997 reflected the increase of background

lung cancer mortality rates, which may partly be caused

by their trends of smoking habit from the 1930’s to the
1970’s.

Lifetime risk of radon exposure and lung cancer
mortality projected for Japanese, Swedish, and U.S.
populations in 1997 ranged from 1.50 (0.40-3.19) X
1074 WLM™ to 9.86 (2.62-20.9) X 10~* WLM™', which
could be compared to the detriment associated with a unit
effective dose, namely 7.3 X 107> mSv~! for the general

population. Conclusive dose conversion coefficients in
this study ranged from 2.05 (0.55-4.37) to 13.5 (3.59-
28.6) mSv WLM™!, which included the estimates of
dosimetric and epidemiological approaches.
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APPENDIX A

Trends of smoking rate as a significant contrib-
utor to background lung cancer mortality of Japanese
and Swedish populations from 1962 to 1998

As the health habit of the subject populations that
may be tied-in with the background lung cancer mortal-
ity, the smoking rate of Japanese and Swedish popula-
tions by sex from 1962-1998 are illustrated in Fig. Al
(Japan Tobacco Inc. 1963, 1978, 1990; Swedish National
Board of Health and Welfare 1998).

Trends of smoking rate of Japanese populations by
10-y age group from 1962 to 1998 was shown in Fig. A2
(Japan Tobacco Inc. 1963, 1978, 1990). Per capita
cigarette consumption rate of Japanese population more
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Fig. A1. Smoking rate of Japanese and Swedish males and females
from 1962-1998.
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Fig. A2. Smoking rate of Japanese populations by 10-y age group from 1962-1998.

than 15 y old from 1920 to 1998 was shown in Fig. A3
(Japan Tobacco Inc. 1963, 1978, 1990). Detailed infor-
mation on Japanese smoking rate and cigarette con-
sumption rate are distributed by the Japanese Ministry of
Health and Welfare (http://www.health-net.or.jp/
kenkonet/tobacco/front.html).

APPENDIX B

The miner:study based models in BEJR VI report,
1999 :

The BEIR committee developed. the revised risk
model of lung cancer risk associated with radon expo-
sure, incorporating an updated assessment of dose-effect
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Fig. A3. Per capita cigarette consumption rate of Japanese popu-
lation more than 15 y old during 1920-1998.

relationship from the latest review of historical miner
cohort studies, and an associated extrapolations from
miners to the general population.

The Exposure-Age-Duration (EAD) model is de-
scribed as:

r(a) = r(a) X [1 + B X ¢(a) X y
X (W, +0.72 X W, + 0.44 X W5)],
where

B =excess relative risk, 0.553 (95%CI 0.271-
1.125) X 1072 per WLM;
r(a) = lung-cancer mortality rate for given age and
calendar period; and
r(a) = background or baseline of lung cancer mor-
tality rate in the population.

Time-since-exposure Windows:

e W,: cumulative exposure in WLM incurred be-
tween 5 y and 14 y before age a;

e W,: cumulative exposure in WLM incurred be-
tween 15 y and 24 y before age a; and

e W;: cumulative exposure in WLM incurred 25 y
or more before age a.

Attained age: ¢(a): 1.0 when age a is less than 55 y,
0.52 when a is 55-64 y, 0.28 when a is 65-74 y, and 0.13
when a is 75 years or more.

Duration of exposure: y = 1.0 when duration is less
than 5 y, 2.78 when duration is 5-14 y, 4.42 when
duration is 15-24 y, 6.62 when duration is 25-34 y, and
10.20 when duration is 35 y or more.

The Exposure-Age-Concentration (EAC) model is
described as

r(a) = r(a)[1 + B X ¢(a) X vy
X (W, +0.78 X W, + 0.51 X Ws5)],
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where

B =Excess relative risk, 7.681 (95%CI 3.969—
14.864) X 1072 per WLM;
r(a) = lung-cancer mortality rate for given age and
calendar period; and
r.(a) =background or baseline of lung cancer mor-
tality rate in the population.

Time-since-exposure windows:

e W, = cumulative exposure in WLM incurred
between 5 y and 14 y before age a;

e W, = cumulative exposure in WLM incurred
between 15 y and 24 y before age a; and
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e W, = cumulative exposure in WLM incurred 25 y
or more before age a. ‘

Attained age: ¢(a) = 1.0 when age a is less than
55 y; 0,57 when a is 55-64 y; 0.29 when a is 65-74 y;
and 0.09 when a is 75 y or more. '

Exposure rate (1 WL = 3,700 Bq m~? EEC): y =
1.0 when exposure rate is less than 0.5 WL; 0.49 when
exposure rate is 0.5-1.0 WL; 0.37 when exposure rate is
1.0-3.0 WL; 0.32 when éxposure rate is 3.0-5.0 WL;
0.17 when exposure rate is 5.0-15.0 WL; and 0.11 when
exposure rate is 15 WL or more.
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Effects of y-rays on the populations of the steady-state
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Abstract. Purpose: To investigate the dose—response of an
aquatic microcosm exposed to y-rays and to test the suitability
of micro-cosms for elucidation of the mechanisms that account
for such ecological effects.

Materials and methods: The microcosm used in this study consisted
of algae Euglena gracilis Z as a producer, protozoa Tetrahymena
thermophila B as a consumer and bacteria Escherichia coli DH5a as
a decomposer. After the steady-state microcosm was irradiated
with #Co y-rays at various dose levels, the population densities
of each species were measured.

Results: Irradiation at up to 100 Gy did not affect the population
of the microcosm except for a temporary decrease of E. coli just
after irradiation. At 500 or 1000 Gy, E. coli died out just after
irradiation. Only Eu. gracilis and T. thermophila could survive.
Their populations, however, decreased compared with that of
each control, except for a temporary increase of T. thermophila
after 1000 Gy irradiation. These population changes were attrib-
utable to the extinction of E. coli in addition to the direct eflects
of radiation. Irradiation at 5000 Gy extinguished all species in
the microcosm.

Conclusions: The response of the microcosm to radiation was
dose-dependent over a range of high doses. The microcosm was
also shown to be suitable for examining not only direct effects
but also secondary effects.

1. Introduction

Ecosystems are exposed to various kinds of toxic
agents derived from human activities. For conserva-
tion of ecosystems, the activities which are more
harmful to ecosystems should be replaced with less
harmful ones if possible. Therefore, the ecological
effects of a toxic agent should be evaluated, as
compared with other agents, in a proper way. For
instance, the evaluation of the ecological effects of
radiation compared with acidification will be a help
to the decision-making of energy choice between
nuclear power generation and thermal power
generation.

The authors have started comparative studies with
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fuma@nirs.go jp

}{Department of Environmental Conservation,
University, Tarumi 3-5-7, Matsuyama 790-8566, Japan.

Ehime

various toxic agents, in comparison with ionizing
radiation. The reasons why radiation was chosen as
a standard are: (1) radiation is one of the agents
which potentially affects ecosystems, especially in the
case of severe nuclear accidents such as Chernobyl
and nuclear waste disposal to the deep sea or under-
ground; and (2) dose estimation and the biological
effects of radiation are investigated better than other
toxic agents.

Radiation effects on wild organisms have been
well investigated (IAEA 1976, 1988, 1992, NCRP
1991). However, the ecological effects of radiation
have scarcely been investigated at the community
level and there are few mechanistic studies of the
ecological effects of radiation. Radiation may affect
ecosystems, not only directly, but also secondarily
because ecosystems consist of many species that have
a wide range of radiosensitivities (Sparrow et al. 1967)
and have complex interactions, for example pred-
ator—prey interactions. After one species has been
damaged directly by radiation, another species which
is more resistant to radiation may also be affected by
the dlsappearance of interaction with that damaged
species. Radiation effects on ecosystems cannot there-
fore be deduced from the effects on each organism
isolated from the ecosystem, as shown in the case of
ultraviolet radiation (Bothwell et al. 1994) or some
chemicals (Mosser- et al. 1972, Hutchinson and
Czyrska 1975, Taub 1976, Wilkes 1978, Crow and
Taub 1979).

Radiation effects on ecosystems have been
observed in high-background radiation areas
(Léonard et al. 1981), nuclear test sites (Templeton
et al. 1971) and natural fields irradiated experiment-
ally (Woodwell 1967, Hinckley 1971) or contaminated
by the accidents of nudlear facilities (Kozubov and-
Taskaev 1990, Krivolutsky and Pokarzhevsky 1990).
These approaches, however, have not always led to
correct evaluation of radiation effects and could not
always contribute to the elucidation of the mechan-
isms which account for the ecological effects of
radiation, because natural ecosystems are extremely
complex and are affected by many variable factors

0955-3002/98 $12.00 © 1998 Taylor & Francis Lid
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apart from radiation. An attempt has therefore been
made to evaluate the radiation effects on ecosystems
by using a microcosm.

Microcosms are experimental ecosystems con-
structed in the laboratory to have some of the
physical, chemical and biological elements of natural
ecosystems. Microcosms contain interactions among
those elements as do natural ecosystems. Microcosms
provide biotic or abiotic simplicity, controllability
and replicability (Beyers and Odum 1993). It has
been demonstrated that microcosms can act as fairly
realistic models of natural ecosystems (Beyers 1963,
Cooke 1967, Gorden et al. 1969). Microcosms have
therefore been used for studies of basic ecology or
the evaluation of ecological effects of toxic agents at
the community level (Beyers and Odum 1993).

This paper investigated the effects of y-rays on
populations of a steady-state aquatic microcosm. The
aim was: (1) to investigate the dose-response in an
aquatic microcosm exposed to y-rays; and (2) to test
the suitability of microcosms for the elucidation of
mechanisms that account for ecological effects.

2. Materials and methods
2.1. Microcosm

The microcosm used in this study was synthesized
by Kawabata et al. (1995). It consisted of flagellate
algae Euglena gracilis Z as a producer, ciliate protozoa
Tetrahymena thermophila B as a consumer and bacteria
Escherichia coli DH5a as a decomposer. The culture
medium was a half-strength modified #36 Taub and
Dollar’s salt solution (Taub and Dollar 1968) con-
taining proteose peptone (Difco Laboratory, Detroit,
MI, USA) of 500 mg/1. The microcosm was cultured
in an incubator with fluorescent lamps under a 2500
Ix and a 12h light—dark cycle at 25°C.

In the microcosm the population change of each
organism reached a steady state 50 days after inocula-
tion as a result of interactions among the species. All
species can co-exist in the microcosm for as long as
1 year. When T. thermophila was cultured alone in the
microcosm medium it died out without reaching a
steady state and Eu. gracilis and E. coli when cultured
alone in the microcosm medium could not exist so
stably as they do in the microcosm.

In the microcosm, proteose peptone mainly con-
tributes to the growth of Eu. gracilis and E. coli in the
early stage of culture. After exhaustion of proteose
peptone, the microcosm is maintained with energy
which Eu. gracilis fixes by photosynthesis. Each species
is supported with metabolites or the breakdown

products of the other two species. 7. thermophila -

cannot exist without E. coli because T. thermophila

grazes E. coli as its staple food (Nakajima and
Kawabata 1996).

2.2. Procedures

The microcosms were synthesized in 250 ml polyp-
ropylene bottles with screw caps (Nalgene, Rochester,
NY, USA) containing 150ml culture medium. They
were irradiated with ®Co y-rays (0, 50, 100, 500,
1000, 5000 Gy) at a dose rate of 50 Gy/min on the
56th day after the beginning of the culture. Four
bottles of microcosm were irradiated with y-rays at
each dose and five bottles of microcosm were kept
as unirradiated controls.

The population density of each organism was
measured before irradiation and over 320 days after
irradiation. The population of Eu. gracilis and T.
thermophila was counted microscopically in a 1 mm
deep chamber of 50 X 20mm?, having 2 1 mm? grid.
The number of viable E. coli was measured by
counting colonies formed in a broth—-agar medium
(extract bonito: 3-0 g; polypeptone: 3-0 g; NaCl: 5-0g;
agar powder: 15-0g; distilled water: 11; pH adjusted
to 7-0) after incubation at 25°C for 5 days.

3. Results and discussion

3.1. Radiation effects on the cell populations of the
microcosm

Figure | shows the changes in the population
densities of the three species in the irradiated micro-
cosm compared with non-irradiated controls. The
patterns of changes observed can be separated into
three groups as follows.

3.1.1. 50 or 100Gy irradiation. At 50 or 100 Gy, the
population of E. coli in the microcosm decreased just
after irradiation compared with controls. Irradiation
at 100 Gy decreased E. coli more significantly than at
50 Gy. However, in both cases E. coli soon recovered
to control levels, and then its population density was
maintained at control level. Irradiation at 50 or
100 Gy did not affect the populations of Eu. gracilis
and 7. thermophila. It is therefore concluded that the
microcosm used in this study is resistant to up to
100 Gy y-irradiation.

3.1.2. 500 or 1000 Gy irradiation. At 500 Gy, E. coli died
out shortly after irradiation. After 500 Gy, the popula-
tion density of Eu. gracilis in the microcosm was
unchanged for a long time, and then became lower
than that of the controls. This decrease was first
observed on the 264th day after irradiation. This
decrease is, therefore, thought to be a secondary effect
rather than a direct effect of radiation. That is, it is
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thought that the extinction of E. coli in the irradiated
microcosm decreased Eu. gracilis because metabolites
of E. coli contribute the growth of Eu. gracilis in the
microcosm (Nakajima and Kawabata 1996).

After 500Gy irradiation, the population of T.
thermophila in the microcosm decreased compared
with that of controls. This decrease is not thought to
be direct damage of radiation because lethal dose
(LDsy) for pure-cultured Tetrakymena priformis is elucid-
ated to be approximately 4000 Gy (Elliott 1959). It
is thought that 500 Gy irradiation decreased 7. thermo-
phila by extinguishing E. colf in the microcosm; 7.
thermophila cannot exist without E. coli, which T.
thermophila grazes as a staple food (Nakajima and
Kawabata 1996).

At 1000 Gy, E. coli in the microcosm died out just
after irradiation. After 1000 Gy irradiation, the popu-
lation of Eu. gracilis in the microcosm decreased
compared with controls. This decrease was more
significant than the decrease after 500 Gy irradiation.
Irradiation at 1000 Gy also began to decrease Eu.
gracilis earlier than that after 500 Gy. These results
suggest that the decrease of Eu. gracilis in the micro-
cosm irradiated with 1000Gy y-rays was caused
by direct radiation damage in addition to the
secondary effects. '

After 1000 Gy irradiation, the population of T.
thermophila in the microcosm increased temporarily,
and then decreased compared with controls.
However, irradiation at 1000 Gy did not decrease 7.
thermophila as much as 500Gy. This population
change is thought to be a result of secondary effects
rather than direct effects of radiation because
Teirahymena is radioresistant. The mechanism is
thought to be that as a result of the direct effect of
1000 Gy irradiation, breakdown products of E. coli
were left in the microcosm. These contributed to the
growth of T. thermophila. Since dead E. coli also
contribute to the growth of Eu. gracilis, the latter
competes with 7. thermophila (Nakajima and
Kawabata 1996). The decrease of Eu. gracilis after
1000 Gy irradiation also provided 7. thermophila with
an advantage - in the competition for breakdown
products of E. cols. Therefore, T. thermophila temporar-
ily increased in the microcosm after irradiation.
When the consumption of breakdown products was
largely complete, T. thermophila decreased. However,
1000 Gy irradiation did not decrease 7. thermophila as
much as 500 Gy irradiation because 1000 Gy irra-
diation decreased Eu. gracilis, whose breakdown
products contribute to the growth of T. thermophila
(Nakajima and Kawabata 1996).

Gamma irradiation at 500 or 1000 Gy extinguished

E. coli in the microcosm. This resulted in the -

disappearance of interactions between E. colf and the

other two species that are necessary to their survival.
As a result of the disappearance of these interactions,
in addition to the direct damage of radiation, the
population of Eu. gracilis and T. thermophila changed
compared with controls, and did not fully recover.
Thus, 500 or 1000 Gy irradiation extinguished one
species and changed the populations of the other two
species in the microcosm.

3.1.3. 5000 Gy irradiation. At 5000 Gy, all species in
the microcosm died out shortly after irradiation and
the microcosm was completely destroyed.

The response of the microcosm was therefore dose- .
dependent within a high-dose range. A dose of 50 or
100 Gy was required for even temporary damage,
500 or 1000 Gy for severe damage, and 5000 Gy for
complete destruction.

3.2. Significance and problems of microcosm tests for the
evaluation of radiation effects on ecosystems

These results suggest that some species in eco-
systems may respond to radiation differently from
those in pure cultures. This phenomenon has been
observed in natural ecosystems. For example, in the
irradiated forest ecosystem the population and activ-
ity of micro-organisms decreased in spite of their
radioresistance, a decrease that was thought to be
the result of secondary effects of radiation, i.e. due
to destruction of trees and shrubs by radiation
(Poinsot-Balaguer et al. 1991). Populations of leaf
mining insects and aphids increased in the irradiated
forest ecosystem, though radiation is expected to
damage those species directly. This increase was
thought to be a result of radiation damage to trees
(Woodwell and Brower 1967, Hinckley 1971).
Microcosm tests therefore may be useful to investigate
the mechanisms of ecological effects of radiation, for
instance, to determine whether the effects arise
directly or secondarily.

In present study, some radiation effects on the
microcosm were first observed long after irradiation.
At 500Gy, the decrease of Eu. gracilis was first
observed on the 264th day after irradiation. At
1000 Gy, T. thermophila temporarily increased and
then began to decrease compared with that of con-
trols on the 130th day after irradiation. These results
indicate that it takes considerable periods of time to
express radiation effects at the ecosystem level, and
long-term studies are needed for evaluation of
radiation effects on entire ecosystems.

In general there is some conceptual danger in
extrapolating directly from model ecosystem data to
natural ecosystems. It is, however, reported that an
aquatic microcosm responded to heavy metals in a
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similar manner to natural ecosystems (Shen et al.
1986). It is also reported that an aquatic microcosm
responded to anionic surfactant in a similar manner
to a model ecosystem derived from lake water, which
had a greater number of species and is thought to
more closely resemble natural lake ecosystems than
the microcosm (Takamatsu et al. 1997). Microcosm
tests can be applied to the prediction of the ecological
impact of radiation by using an adequate safety
factor. In general, 1-1/3 is adopted as the safety
factor for extrapolating from model ecosystem data
to natural ecosystems, but 1/100 for extrapolating
from single-species assessment to natural ecosystems
(OECD 1981, CEC 1993, Nabholz et al. 1993). This
means that microcosm tests are at least better for the
evaluation of ecological impacts than single-species
assessment.
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Abstract—The cytotoxicity of gadolinium (Gd) chloride was investigated in alveolar macrophages (AM)
cultured in vitro. A marked difference in the cytotoxic response to Gd was found between mouse and rat AM.
The viability of rat AM was decreased by exposure to Gd at doses more than 3 pum, while mouse AM
appeared to be resistant even up to 1000 uM Gd exposure. The decrease in the viability of rat AM exposed to
Gd at doses up to 1000 pm was mitigated by centrifugation and filtration of the culture medium containing
Gd, or by the treatment of AM with lysosomotropic agents such as NH,Cl or chloroquine, suggesting that the
cytotoxic response of rat AM to Gd at doses up to 1000 uM was dependent on the intracellular uptake and
subsequent dissolution of Gd present in the culture medium in colloidal form. The phagocytic activity of
mouse AM, evaluated by the uptake of latex particles, was higher than that of rat AM. Furthermore, quan-
titative analysis of Gd with inductively coupled plasma-mass spectrometry revealed that mouse AM took up a
larger amount of Gd than rat AM. Therefore, the marked difference in the cytotoxic response to Gd between
mouse and rat AM could not be attributed to the phagocytic activities for the colloidal form of Gd. The
cytotoxic sensitivity of AM to Gd present in non—collondal form was almost the same between mouse and rat
AM. Therefore, it is suggested that the extent to which Gd-colloid phagocytosed is dissolved in the phago-
lysosome or the subsequent process to exhibit the cytotoxicity may be different between mouse and rat AM.

© 2000 Elsevier Science Ltd. All rights reserved

Keywords: gadolinium; cytotoxic; macrophages; alveolar; colloid; phagocytosis; cadmium; apoptosis.

Abbreviations: AM =alveolar macrophages; DMEM = Dulbecco’s modified Eagle’s medium; FCS = fetal
calf serum; Gd = gadolinium; HBSS = Hanks’ balanced salt solution; polyHEMA = poly 2-hydroxyethyl

methacrylate.

INTRODUCTION

The use of gadolinium (Gd), a lanthanide element,
has recently increased with the rapid development of
advanced technologies (Hirano and Suzuki, 1996).
Gd combined with chelating agents has been exten-
sively used in the field of clinical medicine as a con-
trast agent for magnetic resonance imaging (Rocklage
et al., 1991; Runge and Parker, 1997; Weinmann et
al., 1984). It has also been used medically and experi-
mentally to block the reticuloendothelial system,
since Lazar (1973) reported this action of rare earth
metals in rats. Intravenous administration of Gd
inhibited the phagocytic activity of Kupffer cells
(liver macrophages) and so has been frequently used

*Corresponding author. Tel: 043-206-3159; fax: 043-251-
4853; e-mail: y_kubota@nirs.go.jp

to study the role of Kupffer cells in physiological and
pathological conditions. From these studies, it has
been suggested that Gd affected not only the phago-
cytic activity of Kupffer cells (Suzuki et al., 1996;
Ruttinger et al., 1996) but also their ability to pro-
duce interleukins (Callery et al., 1990; Rai et al.,
1996), superoxide (Liu et al., 1995), NO (Roland et
al., 1994, 1996) and chemoattractant (Hisama et al.,
1996), as well as their viability (Kohno et al., 1997;
O’Neill et al., 1994; Sarphie et al., 1996).

There have been a few studies on the effects of Gd
on lung macrophages in vivo. The phagocytic activity
of pulmonary intravascular macrophages was sig-
nificantly depressed in sheep by the administration of
Gd (Molina er al.,, 1995). It was shown that O;-
induced enhancement of O3 and NO production by
alveolar macrophages (AM) was attenuated by Gd
pretreatment of rats (Pendino et al., 1995), and that

0887-2333/00/$ - see front matter © 2000 Elsevier Science Ltd. All rights reserved.
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lung injury after intratracheal instillation of lipopo-
lysaccharide was alleviated by GdCl; in guinea pigs
(Tasaka er al., 1996). It was obvious from these stu-
dies that Gd affected lung macrophages; however, the
extent of toxicity of Gd for the macrophages remained
obscure. Recently Mizgerd et al. (1996) demonstrated
the lethal effects of Gd on rat AM cultured in vitro. We
have also studied the cytotoxic effects of Gd on mouse
AM, but did not find the same lethal effect. This
prompted us to compare the cytotoxicity of Gd
between mouse and rat AM, and we here report a
marked difference in the cytotoxic response to Gd
between macrophages from the two species.

MATERIALS AND METHODS

Materials

The following items were purchased: gadolinium
chloride hexahydrate (GdCl;-6H,0) and cadmium
chloride hemi pentahydrate (CdCl,-2.5H,0) from
Wako Pure Chemical Industries, Ltd (Osaka, Japan);
Dulbecco’s phosphate buffered saline (PBS), Dulbec-
co’s MEM (DMEM), Hanks’ balanced salt solution
(HBSS), 100 bp DNA ladder and DNA MASS™
Ladder from Gibco BRL (Grand Island, NY, USA);
poly 2-hydroxyethyl methacrylate (polyH!EMA),
NH4CI and chloroquine from Sigma Chemical Co.
(St Louis, MO, USA); fetal calf serum ¢(FCS) from
C&C Lab (Tokyo, Japan); latex particles with 2 pm
in diameter from Polysciences Inc. (Warrington, PA,
USA); and ultrapure grade of HNO;, HF and HCIO,
from Tama Chemicals Co., Ltd (Kawasaki, Japan).
Complete culture medium consisted of DMEM sup-
plemented with heat-inactivated FCS (10%) and 100
U penicillin/ml and 100 pg streptomycin/ml.

Alveolar macrophages

Two strains of male rats, Sprague-Dawley (SD)
and Wistar, and two strains of male mice, C3H and
C57Black/6 (B6) were purchased from the domestic
breeder (SLC Co., Ltd, Shizuoka, Japan), and were
housed in a controlled environment with access to
food and water ad lib. All the animal experiments
were carried out with permission and according to the
regulations of the Institutional Committee for Animal
Safety and Welfare of the National Institute of Radi-
ological Sciences, and Regulations on Appropriate
Animal Breeding and Treatment, Ministry- Office of
Japan. After the animals were ariaesthetized by halo-
thane and killed by exsanguination, resident AM were
harvested by repeated post-mortem bronchoalveolar
lavage with PBS according to the procedure described
elsewhere (Kubota er al., 1994). 0.5-1.0x 106 cells per
mouse and 0.5-1.0x 107 cells per rat were collected.
The proportion of AM was greater than 95% of the
lung lavage cells based on morphological criteria, the
remainder being lymphocytes and neutrophils. More

than 98% of AM were viable according to trypan
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blue exclusion. The cells were then washed and sus-
pended in the complete culture medium.

Gd and Cd preparation

GdCl3-6H,0 and CdCl,-2.5H,0 were dissolved in
sterile saline to be a concentration of 30 mm and then
each preparation was diluted serially with complete
culture medium. Where the effects of the particulate
(colloidal) form of Gd and Cd preparations were
studied, the preparations were centrifuged at 12,000
g for 30 min after diluting to the designated con-
centrations, and the supernatants were filtered with a
0.22 pm membrane filter (Millipore MILLEX, Milli-
pore, Bedford, MA, USA) to remove the particulate
form (the resultant solutions are referred in the fol-
lowing as filtered Gd and Cd preparations).

Cell culture

The collected AM were plated in 24-well micro-
culture plates (Falcon 3046, B&D Lab, NJ, USA)
precoated with polyHEMA to prevent AM from
adhering, at a cell density of 5x10° in 0.5 ml com-
plete culture medium per well. 0.5 ml complete cul-
ture medium containing one or a combination of test
agents (Gd, Cd, NH4CIl, chloroquine) was then
added to the well to reach the designated final con-
centrations and the incubation was started at 37°C in
a humidified atmosphere of 5% CO in air (this time
point was defined as 0 hr). In the experiment where
filtsred Gd and Cd preparations were used, 5x10°
cells pelleted in an Eppendorf tube were resuspended
in I ml filtered Gd or Cd preparations and cultured

‘_\in 24-well microculture plates.

Determination of cell viability

At the end of culture, cells and medium were trans-
ferred to an Eppendorf tube and centrifuged. Then
0.4% of trypan blue in saline was added to the cell pel-
lets, and the number and viability of AM were deter-
mined microscopically. To compensate for variation in
experimental conditions in each series of experiments,
we calculated and used a standardized viability. Thus
the term “‘viability” in the following denotes the per-
centage of the viable cell number in metal-loaded cul-
ture to that in control culture at the corresponding time
point. Two wells were prepared for each data point.
The mean and standard error of the cell viability were
calculated from three separate experiments.

Morphological study of AM

The mode of cell death induced in AM by expo-
sure to Gd was examined by light microscopy, as
described previously (Kubota et al., 1994). After 48
hr of culture, the cells were collected by centrifuga-
tion, smeared on glass slides and dried in air. Then
the cells were fixed with acetic acid—ethanol (1:3) for
10-20 min and stained with Giemsa. The percentage
of cells showing pyknosis and/or nuclear fragmenta-
tion was calculated by observing at least 200 AM in
each individual sample under the microscope.

—65—
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DNA extraction and agarose gel electrophoresis

DNA was extracted by the method of Martin and
Cotter (1991) with slight modification. After protei-
nase K and RNAse digestion of the cell lysate, the
crude DNA was extracted twice using phenol-
chloroform buffered with 0.1 M Tris-HCI (pH 7.8),
then precipitated in the presence of 0.2 M NaCl and
70% ethanol at —20°C for 1 hr. Finally, the DNA
was rinsed with 70% ethanol, and resuspended in
20-30 ul Tris-EDTA buffer. Electrophoresis of the
DNA was carried out in a 1.2% agarose gel con-
taining 0.5 pg of ethidium bromide/ml at 100 V for |
hr in TAE buffer containing 0.5 pg of ethidium bro-
mide/ml. As size markers, 100 bp DNA ladder and
DNA MASS Ladder were used.

'Phagocytic activity of AM

AM were prepared as described above. At the
beginning of culture, latex particles 2 pm in diameter
were loaded to reach a final concentration of 1.5x 107
particles/ml, that is the ratio of particles to AM 30:1.
The cells were fixed and stained as described above 8,
24 and 48 hr after the beginning of culture. For each
sample, the number of particles phagocytosed by
each cell was counted under a microscope at least in
200 individual AM. Individual AM was classified

according to the number of phagocytosed particles,
namely 0, 1-5, 6-10, 11-20, or >20 particles. The"

number of classified AM was expressed as a pereen-
tage of the total AM counted. The mean and stan-
dard error were calculated from three separate
experiments.

Quantitative analysis of Gd incorporated into AM

AM were exposed to 300 puM Gd in the same cul-
ture conditions as described above, except that the
incubation time was 0, 4 and 10 hr, and that the
incubation temperature was 4 or 37°C. At the end of
culture, 10° cells were recovered on the filter from
two wells of the 24-well culture plates by the filtra-
tion through a 47-mm Nuclepore polycarbonate filter
with 3 um pore size (Corning Separations Division,
Acton, MA, USA). In a preliminary experiment it
was confirmed that Nuclepore filter with this pore
size effectively trapped both mouse and rat AM by
observing that no AM was found in the filtered
solution. AM trapped on the filter were washed twice
with 5 ml HBSS and lysed with 1 ml of 1% sodium
dodecyl sulfate and 10 mm EDTA in PBS. The
resultant cell lysate was digested with acids (HNOs;,
HF and HCIO,) using a microwave digester (CEM,
MDS2000). After digestion, the samples were heated
on a hotplate, then redissolved in 1% HNO;. The
amount of Gd was measured by ICP-MS (Yokogawa
PMS-2000, Yokogawa Analytical Systems, Tokyo,
Japan) (Yoshida and Muramatsu 1997). Internal
standards were used to compensate for the drift of
analytical signals during the operation. A standard
solution was prepared from SPEX Multi Element

Plasma Standards (SPEX Industries Inc., XSTC-
1,7,8 and 13) and used to make calibration curves.
The amounts of Gd in serially diluted Gd prepara-
tions (Gd solution in complete culture medium) and
the corresponding filtered Gd preparations were also
determined by ICP-MS with the same protocol as
described for the cell lysate, and the percentage of
Gd existing in a non-colloidal form (amount of Gd
in filtered Gd preparation) in total Gd (amount of
Gd in Gd preparation) was calculated.

Statistical analysis

The mean and standard error were calculated from
the data of independent samples; however, error bars
were omitted in some figures because they over-
lapped on many data points. A two-sample Student’s
t-test was used to evaluate the critical data. The dif-
ference between means was regarded as significant if
P<0.05

RESULTS

Figure 1 shows the viability of mouse and rat AM
after 48 hr of exposure to Gd or Cd. The viability of
AM was decreased by increasing exposure to Cd,
although the dose-response varied with species and
strain. The cytotoxicity of Cd for Wistar rat AM
appeared to be slightly higher than for AM from
other animals examined. The viability of AM
exposed to Gd was remarkably different between
mice and rats. The viability of SD rat AM decreased
linearly up to 10 M Gd, and was less than 10% at 10
pM. In ‘contrast, the viability of B6 mouse AM was
not affected at doses up to 1000 um. At 3000 pm, Gd
killed both mouse and rat AM almost completely. As
the cytotoxicity of Gd for AM was similar between
B6 and C3H mice and between SD and Wistar rats,
B6 mouse and SD rat AM:were used in the following -
studies.

Plate 1 shows light microscopic photographs of
AM exposed to Gd for 48 hr. SD rat AM exposed to
300 and 3000 um Gd and B6 mouse AM exposed to
3000 puM Gd contained a number of cells with con-
densed nuclei and/or two to three fragmented nuclei
within a cell, while B6 mouse AM exposed to 300 pm
Gd appeared to be intact. To obtain quantitative
data, the percentage of the apoptotic cells, that is the
cells with condensed nuclei and nuclear fragmenta-
tion, was determined. As shown in Fig. 2, the per-
centage of the apoptotic cells was markedly higher in
SD rat AM exposed to 300 and 3000 um Gd and in
B6 mouse AM exposed to 3000 pm Gd, compared
with those in control AM and B6 mouse AM
exposed to 300 uM Gd. Plate 2 shows the migration
profile of DNA extracted from AM in agarose gel
electrophoresis. DNA from B6 mouse AM exposed
to 3000 um Gd and from SD rat AM exposed to 300
and 3000 pM Gd revealed a distinct ladder migration
pattern (lanes 3,5 and 6, respectively), indicating
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Fig. 1. The viability of muse and rat AM after 48 hr of exposure to Gd (left) and Cd (right). The viability

was expressed as the percentage of the viable cell number to that in control culture. Each data point is a

mean of three separate experiments. Error bars were omitted because they overlapped on many data

points. Asterisks indicate the statistically significant difference from C3H and B6 mice at the correspond-
ing concentration of Gd or Cd.
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Fig. 2. The percentage of apoptotic cells showed pyknosis and/or nuclear fragmentation at 48 hr of cul-

ture. At least 200 AM were observed in each individual sample. The mean and standard error were cal-

culated from three separate experiments. Asterisks indicate the statistically significant difference from the
control (0 uM Gd) in B6 mice and SD rats, respectively.

internucleosomal DNA fragmentation that is a .

representative feature of apoptosis. On the other
hand, as expected from the data of Plate 1 and Fig. 2,
the ladder pattern of DNA migration was not
observed in the control AM (lanes 1 and 4) and B6
mouse AM exposed to 300 um Gd (lane 2).

Observations of the culture under an inverted
phase-contrast microscope revealed that Gd pre-
parations (Gd in complete culture medium) con-
tained particulate matter, the amount of which
appeared to depend on Gd concentration, suggesting
that Gd might exist as a colloidal form. Cd and Gd
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Fig. 3. Effects of filtration of Gd (right) and Cd (left) preparations on cell viability determined at 48 hr of

culture in B6 mouse (upper) and SD rat (lower) AM. Each data point is a mean of three separate experi-

ments. Error bars were omitted because they overlapped on many data points. Asterisks indicate the sta-

tistically significant difference from those exposed to filtered Gd at the corresponding concentration of
Gd. Note the scale of Gd concentration is different between upper and lower graphs.

preparations were centrifuged and filtered to remove In contrast, the filtered Gd preparations made by
particulate matter, and then the cytotoxic effects of the filtration of originally 3-1000 pm Gd prepara-
filtered and non-filtered preparations were compared tions exhibited a markedly reduced cytotoxicity for
(Fig. 3). Filtration did not alter the cytotoxicity rat AM in comparison with non-filtered prepara-
of Cd preparations for both mouse and rat AM. tions. Filtration did not affect the cytotoxicity of
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3000 pM Gd preparation for either mouse or rat
AM.

Figures 4 and 5 show the effects of NH,;C! or
chloroquine treatment on the cytotoxicity of Cd and
Gd for mouse and rat AM. These are well known
lysosomotropic agents which elevate pH in lyso-
somes and consequently suppress the acidic lysoso-
mal enzyme activities. The treatment of NH4Cl had
no effect on the cytotoxicity of Cd for either mouse
or rat AM. On the other hand, the cytotoxicity of Gd
at doses up to 1000 pm for SD rat AM was greatly
reduced by treatment with NH,C} or chloroquine at

appropriate concentrations. The cytotoxicity of Gd
at a dose of 3000 um was not altered by NH4Cl or
chloroquine treatment in either mouse or rat AM.

The phagocytic activity of mouse and rat AM was
evaluated by adding latex particles to the culture of
AM (Fig. 6). At all time points examined, both the
percentage of AM phagocytosing more than one
particle, and the percentage containing a relatively
large number of particles, that is more than 11, were
consistently higher in B6 mouse AM, indicating that
the phagocytic activity of B6 mouse AM was higher
than that of SD rat AM.
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Fig. 6. The percentage of AM classified according to the number of latex particles phagocytosed by

individual AM. B6 mouse and SD rat AM were exposed to latex particles for 8, 24 and 48 hr. The mean
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significant difference from B6 mouse AM at the corresponding data points.
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Fig. 7. The cytotoxicity of the filtered Gd preparation made

by the filtration of original 3000 uM Gd preparation in B6

mouse and SD rat AM. The mean and standard error were

calculated from three separate experiments. There was no

statistically significant difference between B6 mouse and SD
rat AM.

The amount of Gd incorporated into AM was
shown in Table 1. The values at 0 hr of incubation,
where 105 AM were suspended in 2 ml of 300 um Gd
preparation and immediately separated from the Gd
preparation through the filter, were approximately
0.1% of total Gd in the preparations, validating the
experimental procedure with a very small amount of
non-specific Gd contamination. The values at 4°C,
which might be considered as non-specific adsorption
of Gd to AM because phagocytosis is suppressed at
4°C, appeared to be similar between B6 mouse and
SD rat AM. The uptake of Gd by B6 mouse AM
incubated at 37°C was approximately twice that by
SD rat AM at both 4- and 10-hr incubations.

Finally, the cytotoxicity of filtered Gd preparation
made by the filtration of original 3000 um Gd pre-
paration was compared between mouse and rat AM
at several time points. As shown in Fig. 7, SD rat
and B6 mouse AM exhibited almost the same cyto-
toxicity to the particulate-free Gd preparation.

DISCUSSION

Gd has been utilized extensively as a functional
blocking agent of the reticuloendothelial system.
However, the extent and the mechanism of toxicity
of Gd for macrophages has not been fully elucidated.
Mizgerd et al. (1996) reported in SD rats that in vitro
exposure of AM to Gd caused cell death in both
dose- and time-dependent fashions, with a significant
decrease in AM viability by the exposure to more
than 27 uM Gd for 24 hr of culture. In the present
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Plate 1. Light microscopic photographs of B6 mouse AM (a,b,c) and SD rat AM (d,e,f) at 48 hr of cul-
ture. (a) and (d) control AM; (b) and () AM exposed to 300 pm Gd; (c) and (f) AM exposed to 3000 pm
Gd. All photographs were at the same magnification.

Table . Uptake of Gd by B6 mouse and SD rat AM after 0, 4 and

10 hr
% Gd*

Incubation Incubation AM Exp.1  Exp.II
time (hr) temperature (°C)

0 - B6 mouse 0.06 n.d
0 - SD rat nd 0.10
4 4 B6 mouse 0.28 0.36
4 4 SD rat 0.22 0.27
4 37 B6 mouse 1.12 0.96
4 37 SD rat 0.58 0.60
10 4 B6 mouse 0.27 0.40
10 4 SD rat 0.31 0.26
10 37 B6 mouse 1.40 2.00
10 37 SD rat 0.78 0.86

2 Amount of Gd per 10° AM, expressed as a percentage of total
amount of Gd added, i.e. 2 ml 300 uM Gd.

study, the viability of both SD rat and Wistar rat
AM was diminished by 48 hr of exposure of 3—10 um
Gd (Fig. 1). Although direct comparison is difficult
because of the different experimental protocols, the
degree of Gd toxicity observed appeared to be simi-
lar to those observed in the present study.
Interphase cell death can be induced via either of
two - morphologically and biochemically distinct
modes: necrosis or apoptosis (Kerr et al., 1972; Wyl-
lie, 1980). Apoptosis has been defined on the basis of
two hallmarks: characteristic cell morphology
including nuclear condensation and fragmentation;
and internucleosomal DNA fragmentation revealed
as a ladder migration pattern in DNA electrophor-
esis. All observations presented in Plates 1 and 2 and
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Plate 2. The migration profile of DNA extracted from AM
at 48 hr of culture. Lane M, a molecular size marker of 100
bp DNA; Lane 1, control B6 mouse AM; Lane 2, B6 mouse
AM exposed to 300 uM Gd; Lane 3, B6 mouse AM exposed
to 3000 um Gd; Lane 4, control SD rat AM; Lane 5, SD rat
AM exposed to 300 pm Gd; Lane 6, SD rat AM exposed to
3000 um Gd; Lane m, a molecular size marker of DNA
MASS™ Ladder.

Fig. 2 consistently indicated that the interphase cell
death of AM induced by Gd exposure was apoptotic
in both mice and rats. Mizgerd et al. (1996) also
identified Gd-induced apoptosis in SD rat AM, and
our findings were consistent with their findings.

Rare earth metals have been known to form col-
loidal macromolecules as carbonate, phosphate and
hydroxide complex in a physiological condition
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(Hirano et al., 1996). We identified particulate matter
on the bottom of culture plates with Gd preparations
under an inverted phase-contrast microscope. A
white cloudy substance was also observed immedi-
ately after adding Gd solution dissolved in sterile
saline into the culture medium at high concentra-
tions. From these observations, it is apparent that
part of the Gd might exist as colloid. Cd was inclu-
ded in almost all experiments of the present study
because it did not precipitate, and so to compare its
cytotoxicity in this rather simpler case. The primary
mechanism by which Gd has been considered as a
benign phagocytic blocking agent (Lazar, 1973)
without adverse effects on non-phagocytic cells,
might be attributed to this chemical characteristic of
Gd to form colloidal particles in vivo, which are
exclusively taken up by phagocytic cells such as
Kupffer cells. To determine whether the cytotoxicity
was related to the phagocytosis of colloidal Gd in
this study, Gd preparations were centrifuged and fil-
tered to remove particulate matter. As shown in Fig.
3, this treatment greatly reduced the cytotoxicity for
SD rat AM. This may be interpreted as indicating
that the cytotoxicity was caused by the particulate
form of Gd in the non-filtered medium, and that
below an initial concentration of 1000 uM there was
insufficient non-particulate Gd remaining after cen-
trifugation and filtration to cause significant cyto-

toxicity. Furthermore, the cytotoxic effect of Gd was ¥

also diminished in a dose-dependent manner when
rat AM were treated with NH4CI or chloroquine,
well-known lysosomotropic agents (Brazil er al.,
1997; Rao et al., 1995). NH,4Cl or chloroquine have a
pharmacologic action to elevate pH in lysosomes and
consequently to suppress the acidic lysosomal
enzyme activities. On this basis, it may be concluded
that the expression of Gd cytotoxicity in rat AM at
doses up to 1000 pm largely depends on the phago-
cytosis of particulate forms of Gd and the sub-
sequent dissolution of those in the phago-lysosomes.
The cytotoxicity of Gd at 3000 um was not sig-
nificantly affected by the filtration of Gd preparation
or the treatments of AM with NH4Cl or chloroquine.
Therefore, it is suggested that at a dose level as high
as 3000 pM, significant amounts of Gd existed in a
non-colloidal form and thus damaged the AM by the
mechanism independent from the phagocytosis of
particulate forms of Gd and subsequent dissolution
of those in the phago-lysosomes. It could be sup-
posed that the amounts of non-particulate Gd were
so different between 1000 and 3000 uM Gd prepara-
tions that mouse AM were almost alive and dead,
respectively. As shown in Table 2, the percentage of
Gd existing as a non-colloidal form (the amount of
Gd in the filtered Gd preparation) in total Gd (the
total amount of Gd in Gd preparation) was not very
different between 1000 and 3000 pm Gd, indicating
that non-particulate Gd concentration in 3000 pum
Gd preparation was roughly threefold that in 1000
uM Gd preparation, and that this threefold difference
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Table 2. Percentage of Gd existing as a non-colloidal form

% Non-collidal Gd®

Dose* Exp. 1 Exp. I
100 23.7 26.8
300 24.0 225
1000 24.7 253
3000 320 28.3

a Concentration of total Gd (um).

b percentage of Gd existing as a non-colloidal form (the amount of
Gd in the filtered Gd preparation) in total Gd (amount of Gd in
original Gd preparation).

in non-particulate Gd concentration might be crucial
for the viability loss in mouse AM. In the present
study, it was not elucidated in what chemical forms
the non-particulate Gd existed and which form of Gd
was cytotoxic to AM. These are a matter for future
research.

The present study demonstrates the marked dif-
ference in the cytotoxic effect of Gd on mouse and
rat AM. Surprisingly, mouse AM were extremely
resistant to Gd compared with rat AM. Gd did not
affect the viability of mouse AM at doses up to 1000
pM, whereas the viability of rat AM was much
reduced by exposure to Gd at doses more than 3 pm.
Naito et al. (1996) reported that peritoneal macro-
phages from Balb/c mice were not killed for up to 48
hr by exposure to GdCl; at a dose of 5 mg/100 ml
(135 um). At this dose level, rat AM are remarkably
damaged. The present study and that of Naito et al.
(1996) suggest the consistent resistance of mouse
macrophages to Gd toxicity. To explain the species
differente, we hypothesized that there might be less
phagocytosis of Gd-colloid by mouse AM compared
with rat AM. To clarify this point, the phagocytic
activity of AM was compared between mouse and
rat AM. In the first experiment, the phagocytosis of
latex particles was used as an indicator of phagocytic
activity, since latex particles are non-toxic and often
used for this purpose. As shown in Fig. 6, there was
no indication that the phagocytic activity of B6
mouse AM was lower than that of SD rat AM. In the
second experiment, the actual amount of ‘Gd incor-
porated into AM was measured by ICP-MS. To
avoid the influence of toxicity of Gd itself, the uptake
was compared in relatively short incubation times of
4 and 10 hr. As shown in Table 1, the non-specific
adsorption of Gd by AM, indicated by the uptake at
4°C, was similar for mice and rats. The amount of
Gd taken up by AM at 37°C was larger in B6 mouse
AM than SD rat AM. It thus appears that the
amount of Gd incorporated into the cells by phago-
cytosis was not significantly less in mouse AM than
in rat AM. Based on these two experiments, it could
be concluded that the difference in phagocytic activ-
ity was not responsible for the species difference
between mice and rats in the cytotoxicity of Gd.

Another possible explanation is that rat AM were
inherently more vulnerable to Gd toxicity than
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mouse AM. To examine this, the effect of the filtered
Gd preparation (original Gd concentration of 3000
uM before the filtration) was compared between rat
and mouse AM. As shown in Fig. 7, the viability of
AM exposed to the filtered Gd preparation was
almost same between mouse and rat AM at all the
time points examined. Therefore, the cytotoxic sen-
sitivity of AM to extracellular non-colloidal Gd
appeared to be the same between mice and rats.
Taking into account the above findings, the most
plausible explanation for the species difference in Gd
cytotoxicity, was that the dissolution rate or mode of
Gd-colloid in the phago-lysosomes may differ
between mouse and rat AM, and/or rat AM may be
more easily impaired by Gd dissolved in the phago-
lysosomes of AM. There are a few reports that the
intracellular particle dissolution rates in AM or intra-
phagolysosomal pH values differed between species
(Heilmann et al., 1992; Kreyling et al., 1990, 1992).

In conclusion, a marked difference in the cytotoxic
response to Gd at doses up to 1000 pum was found
between mouse and rat AM. The cytotoxicity of Gd
at the dose range was dependent on the intracellular
uptake and subsequent dissolution of Gd-colloid
formed in the culture medium. However, the marked
difference in the cytotoxic response to Gd between
mouse and rat AM could not be attributed to the
phagocytic activities for colloidal form of Gd.
Therefore, it is suggested that the extent to *which
Gd-colloid phagocytosed is dissolved in thé phago-
lysosome or the subsequent process to exhibit the
cytotoxicity may differ between mouse and rat AM.
Rat AM may dissolve Gd-colloid more actively or
may be more sensitive to Gd dissolved inside the
phago-lysosomes with respect to the cytotoxicity.
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The advance of recombinant DNA techniques allows us to construct novel
bacterial strains. The potential uses of such recombinant bacteria in the
environment include biocontrol of insects, environmental remediation anc} waste
treatment (Alexander 1981). Intended release of such gcncticall.y cngmc?rcd
microorganisms (GEMs) into natural environments has, however, raised questions
regarding their ecological impact and many studies are pcmg conductc.d to
evaluate their ecological effects (c.g. Goodnow et al. 1990; Min et al. 1998; Tiedje
ct al. 1989). The safety of releasing GEMs is still uncertain and, in Japan, the field
application of GEMs is prohibited by law to prevent possible ecological impact.
Recently, much more environmental concern has been paid to the unintended
release of laboratory bacterial strain, which may be recombinant, for research
purposes. (Av-Gay 1999). Although we can regulate the deliberate release of
GEMs into environment, we are still exposed to unintended release of
recombinant bacteria. '

Bacteria such as Escherichia, éoli X-12 are intensively used as laborgtqry
microorganisms in the area of molecular biology and their genetic characteristics
are frequently modified for research purposes by introducing a foreign gene.
Using E. coli K-12 as the parental strain for genetic manipulation has been
deemed safe because not only have theii modified characteristics led to loss of
their ability to survive in natural environments but they are also burdened with the
increased metabolic demands of the maintenance and expression of the introduced
foreign genes. Several studies have been conducted to evaluate the effects of
releasing genetically modified E. coli K-12 into the environment (e.g. Chao and
Feng 1990; Helling et al. 1981) but the results were inconsistent. Some support
the safety of releasing them and some cast doubt on their safety (Brill 1985;
Sobecky et al. 1992). To evaluate the impact of unintentionally releasing
genetically modified E. coli K-12, it is necessary to focus on the factors, which are
not site-specific, involved in its survival.

In this study, we focused on the effects of microbial interactions, which including
the competition with the parental strain, and the existence of protozoa and algae,
as factors which would be involved in the survival of genetically modified E. coli
K-12. For this purpose, we used a species-defined microcosm, which consisted of
the bacterium E. coli, a bacteria feeding protozoan Tetrahymena thermophila and
a photosynthetic alga Euglena gracilis (Kawabata et al. 1995). In this system, T.
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thermophila interact with E. coli directly through predation but E. gracilis
interact with E. coli only through its metabolites (Matsui et al. in press).
Therefore, we will be able to evaluate both direct and indirect effects of these
processes on the survival of the genetically modified E. coli K-12 in this system.
We also tried to evaluate the impact of the genetically modified E. coli K-12 for
the population dynamics of the protozoan and the alga in this microcosm.

MATERIALS AND METHODS

E. coli K-12 DHSa (Sambrook et al. 1989), designated here as E. coli, is a

laboratory strain commonly used for molecular biological studies and is used here
as the parental strain of the genetically modified strain. Plasmid pBluescriptll
SK(+) (Alting-Mees et al. 1989), encoding the antibiotics ampicillin resistance
gene, is a plasmid vector widely used for DNA recombination. It was transformed
into E. coli 1o construct the genetically recombinant strain, harboring the
extraneous plasmid, designated here as E. coli (P). E. coli and E. coli (P) were
maintained on Luria-Bertani (LB) agar medjum (Sambrook et al. 1989) and LB

with 50 & g/ml ampicillin agar medium respectively.

E. coli (P) was introduced into an E. coli single culture to test competition with
the parental strain. Half strength #36 Taub's salt solution (Taub and Doller. 1968)
without NaNO, was supplemented with 500 mg/L of proteose peptone (Difco -
laboratory, USA) and used as a culture medium. The medium was decanted into a
series of test tubes and autoclaved before inoculation with the organisms. To
synchronize the condition of the cells, E. coli were precultured in LB medjum
until they reached the late-logarithmic growth phase, washed twice in half
strength Taub's #36 salt solution, resuspended in the same solution and then
inoculated into each test tube at 10? cells/mL, the initial population density. Each
test tube was placed stationary, in an incubator under 2500 1x by fluorescent
lamps with 12-12LD light regime at 25°C and were sacrificed for counting on
each sampling day. E. coli(P);was introduced into E. coli cultures at the beginning
‘and after 5-days of the cultivation period. The numbers of E. coli (P) were
monitored by colony formation units (CFU) on broth-agar plate  medium
(extracted bonito 3.0 g, polypeptone 3.0 g, NaCl 5.0 g, and 15 g agar powder in 1
liter of distilled water; pH adjusted to 7.0) with 0.5mg/L of ampicillin. The total
cell number was obtained by the CFU on nutrient agar without ampicillin. Each
count was carried out for three petridishes and the mean values of three counts

were used as CFU per mL.

E. coli (P) were also introduced into a simple aquatic microcosm, which was
developed by Kawabata et al. (1995), to evaluate the effects of microbial
interactions on the survival of the recombinant strain. The microcosm consisted
of a photosynthetic alga Euglena gracilis (producer), a bacteria-feeding protozoan
Tetrahymena thermophila (consumer) and bacterium E. coli (decomposer) and
was thus, employed to represent a simplified aquatic microbial ecosystem
(Kawabata et al. 1995). High reproducibility of this microcosm.suggcstcd its
reliability as a model of a microbial community (Matsui et al. in press). The
microcosm was constructed by inoculating the E. gracilis, T. thermophila and E.
coli into culture medium by the same methods as used for E. coli single-culture
except that the pre-culture of T. thermophila and E. gracilis was conducted in
nutrient rich media ( for T. thermophila; proteose peptone 2.5 g, yeast extract 25
g and dextrose 10 g in 1 liter of distilled water; pH adjusted to 7.0: for E. gracilis;



tryptone 10 g, yeast extract 1 g, dextrose 10 g and vitamin B, 1004 g in 1 liter of

distilled water; pH adjusted to 3.0). £. coli (P) was inoculated into the microcosm
at the beginning of cultivation (day-0) and after 5-days of cultivation. The
methods used to obtain the numbers of E. coli (P) and the total cell numbers were
as described above. The numbers of T. thermophila and E. gracilis cell were
counted under a microscope according to Kawabata et al. (1995).

RESULTS AND DISCUSSION

Figure 1 shows the population changes of E. coli (P) in the E. coli single-culture
system. No significant difference in growth was observed between E. coli and E.
coli (P) when the latter was introduced to the E. coli culture at the beginning of
cultivation (Fig. 1A). This indicates that E. coli (P) has the same growth potential
as the parent E. coli. In contrast, E. coli (P) declined sharply when introduced into
E. coli single-culture after 5-days of incubation (Fig. 1B). The disappearence of E.
coli (P) from the culture may reflect an uncomfortable environment for its growth,
such as a scarcity of nutrients because both strains have the same metabolite
pathways and would compete for each others resources. Another possibility was
accumulation of metabolites from E. coli which might negatively affect the
growth for both E. coli and E. coli (P) (Matsui et al. in press). No significant
difference was observed in the population density of the parental strain with the
addition of E. coli (P). From these results in the E. coli single-culture system, it
seems less possible that unintentionally released E. coli (P) survive at a {clcasc
site, where its parental E. coli already existed, due to competition with the
parental strain. .

When E. coli (P) were introduced into the three species microcosm at the start of
cultivation, they grew in the same manner as the parent E. coli (Fig. 2A).
However, E. coli (P) were also able to maintain their population dcn§1ty_ovcr 20
days when introduced into a three species microcosm on day 5 of cultivation (Fig.
2B). The addition of E. coli (P) did not affect the population densities of the other
species in the microcosm (Fig. 2).

It has been well documented that predation by protozoa is an important factor in
reducing the population densities of bacteria in aquatic environments (Nakano et
al. 1998) and this is supported by the decrease of the E. coli popqlauor_l densities
from 10’ cells/mL (in single culture) to 10° cells/mL (in three species microcosm).
Here, we found additionally that the existence of algae and protozoa in the
microcosm ameliorated the competition between E. coli and E. coli (P) and
provided conditions which allowed the survival of E. coli (P) (Fig. 2B), which had
disappeared from the five-day old E. coli single culture. The metabolites from
algae and protozoa would ameliorate the self-toxicity of the E. coli metabolites
and thus support the survival of E. coli (Matsui et al. in press). Although the exact
mechanism by which E. coli (P) maintained its population in the three species
microcosm is not clear. In a previous study, we found that, in addition to
protozoan predation, a metabolite of the indigenous bacteria were factors affecting
the decreases of both E. coli and E. coli (P) when introduced to a paddy field
microcosm (Kawabata et al. 1998). The resulls in the present study suggest thata -
metabolite from the competitive E. coli, might be a stronger factor than protozoa
in the decrease of the introduced genetically recombinant E. coli and that
genetically recombined E. coli used in a laboratory have the possibility of
surviving in aquatic environments through such microbial interaction.
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The difference between intended and unintended release of GEMs are the genetic
and physiological designs of the bacteria. With an intended environmental
application the GEMs would often have as an objective their stable maintenance
and function in a particular environmental niche. In contrast, the bacteria which
were unintentionally released from a laboratory would originally be designed and
recombined for a specific research purpose, such as cloning of a specific gene, and
therefore, less attention would have been paid to its survival after experiments. In
this study, we used the species defined microcosm and have demonstrated that the
survival potential of a laboratory E. coli strain, through microbial interaction
which may attenuate competition with the parental strain. Since there are several
reports that E. coli is one component of the resident bacteria in aquatic
environments (Brettar et al. 1992), our results indicate that the survival of
laboratory used genetically recombined E. coli in aquatic environment is possible,
where parental E. coli are resident.
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15. Effect of Acidification on the Population of Growth Stage
Aquatic Microcosm
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INTRODUCTION

Acidification phenomenon of natural ecosystem caused by human activity such as industrial
energy production or motorization is recognized as one of the most serious ecological stress. It is
necessary to establish a reasonable method to evaluate the ecological effect of acidification
comparing with the other environmental toxicants, if human beings want to maintain a sustainable
development. As the natural ecosystem consists of various biological species and includes the
complex mutual interaction among them, it is not easy to assess any effects on ecosystem from
accumulated knowledge of the effect on single speclses Experimental studies on model ecosystem
might have an ideal possibility, by which we can »get valuable information that cannot be induced
from either experiments for single species in a laboratory, or observation of complicated
phenomena in natural ecosystem. In this study an aquatic: microcosm system was adopted as a
model ecosystem for ecological assessment of acidification“effect. This system is a biological
community, which has capability to demonstrate an indirect effect by any ecological stress on the
_ species composing the ecosystem.

MATERIAL AND METHODS

The aquatic microcosm system consists of three species of microorganism in a small container
like a test tube or a small plastic bottle. = This system was composed by Kawabata et al. D and the
mutual interaction of materials among the three species incubated in a regular condition has been
investigated. This microcosm consists of flagellate algae Euglena gracilis Z as a producer which
has chloroplast to do photosynthesis, ciliated protozoa Tefrahymena thermophila B as a consumer
which grazes bacteria, and bacteria Escherichia coli DHS c: as a decomposer which decomposes
metabolite and dead bodies of the other two species. They can survive by exchanging materials
each other in a closed container with limited nutrients at the start of incubation, and their population
densities are kept in a steady-state for a long time, usually for more than a year.

An experiment of acidification was carried out as follows: Each microorganism was
preincubated following the method of Kawabata ef al” Then three species of microorganisms
* were inoculated into a culture medium (0.05 % protease peptone in half strength of modified Taub
and Dollar's solution) in test tubes. The culture medium was in advance acidified to pH 4.0 by
adding the volume equivalently mixed solution of 1IN nitric acid and 1N sulfuric acid, while the
control medium was originally pH 7-8. Population densities of each organism were determined at
various time intervals after starting incubation under a 2500 Ix and 12-12 hrs. LD light regime at
25 °C. The population density of Eu. gracilis and T. thermophila were counted microscopically,
and that of E. coli was measured by counting colonies formed in the broth-agar medium.

RESULTS AND DISCUSSION
Figs. 1-3 show the time dependent variations in the population densities of three
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microorganisms after inoculation in the control microcosm and in the microcosm acidified to .pH
4.0, which are compared with the changes in the population densities of each microorganism
incubated in the single pure culture.

L. Acidification effect on each three microorganism in the single pure culture

FEu. gracilis (Fig. 1): Eu. '
gracilis in the pH 4.0 single pure
culture increased more than that
in the control. The population

Eu. gracilis
10¢ r ' ' Y ¥ T

density of FEu. gracilis in the :E
steady-state from the twentieth =10 )
day after inoculated into the pH &
40 medium reached to 10° £
cells/ml order, while that in the 8 b
control is 10* cells/ml order. %
This is because Eu. gracilis is not g ~—0--pure control
stressed by acidification but 8, 1000 |- --&--pure pH4.0 .
promoted to increase by addition ~ —O0—microcosm control
of nitric acid and sulfuric acid. ° —e—microcosm pH4.0
T. thermophila  (Fig. 2): 100 L L L L 1 L
The population density of T. 0 20 o 6 80 100
Days after inoculation

thermophila in the pH 4.0 single
pure culture was not so much
different from that in the control.

Fig. 1 The changes in the p&pulation density of Eu. gracilis in the
control and the pH 4.0 single pure culture, and also in the

Atlthouglé I f:‘:fm:’,phiia 1;-1 20(;‘ control microcosm and in the pH 4.0 microcosm
stressed by acidification to pH 4.0,
it was extinguished after thirty _ T thermophila
days passed from inoculation, in 105 —1 — i . ,
the same way as the control @
Because it cannot survive alone & 10' |
with neither organic matters '8 ~
which were consumed during the 5 1000 |-
thirty days, nor E. coli which &
plays a role of feed for . & 100 \
thermophila . = PN .

E coli (Fig 3):: The 4§ MF i ey 1
population density of E. coliinthe B, ' —4— microcosm control
pH 4.0 single pure culture kept the & 1r it —&— microcosm pHA.0 | ]
approximate same order of that at . L4 M y . .
the time of inoculation, which o1 0 20 40 60 80 100
means- 107 times lower than the Days after inoculation

control in the steady-state. E.

coli was not extinguished but Fig. 2 The changes in the population density of T. thermophila in
could not increase in the stressed the control and the pH 4.0 single pure culture, and also in
condition by acidification the control microcosm and in the pH 4.0 microcosm.

II. Acidification effect on each three microorganism in the microcosm

Eu. gracilis (Fig. 1): The population density of Eu. gracilis in the pH 4.0 microcosm is
higher than that in the control microcosm. Consequently, the population density of Ev. gracilis in
the steady-state was highest in both cases of single pure culture and microcosm system, when the
medium was acidified to pH 4.0. It is concluded that Eu. gracilis is not stressed by acidification
but promoted to increase. It is interesting that the control microcosm system is better condition for
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Eu. gracilis to increase and to keep the high population density, compared with the control single
pure culture.

T. thermophila (Fig. 2): It is clearly recognized that the population density_of T. thermophila
in the microcosm increased and kept a steady-state of 10° cells/ml even after thirty days from the
inoculation. This is because T. thermophila can survive without protease pepton by grazing E.
coli.  Although the population density of 7. thermophila was not affected by the acidification to
pH 4.0 in the case of single pure culture, the population density of 7. thermophila in the pH 4.0
microcosm is one order lower than that in the control microcosm in the growth stage until twenty
days passed after inoculation. It is considered that the population density of E. coli, which plays a
role of feed for T. thermophila was not enough during this period, compared with the control, as is
described later.

E. coli (Fig. 3): The
population density of E. coli in E.coli :2:_§$ ;‘;;Ltrgl
the pH 4.0 microcosm decreased —[O— microcosm control ]
and did not increase until seven T T T —&— microcosm pH4.0
days passed after inoculation,
while in the control microcosm
it increased and reached a
steady-state of 10° - cells/ml.
Then the population density of E.
coli in the pH 4.0 microcosm
had increased till the tenth day
and reached the same order as
that of the control. As E. coli
cannot increase in the pH 4.0 A
medium in the case of single 1 L . . . . '
pure culture, it is considered that . 0 20 40 60 80 100
the condition in the acidified Days after inoculation
microcosm changed to be

suitable for increasing of E. coli  Fig. 3 The changes in the population density of E.coli in the
until ten days passed, as is control and the pH 4.0 single pure culture, and also in
described later. the control microcosm and in the pH 4.0 microcosm

On the other hand, as

mentioned above, the population density of T. thermophila , the predator for E. coli, in the pH 4.0
microcosm was lower than that in the control in the growth stage. As E. coli, the feed for T.
thermophila , did not increase during this period, T. thermophila was inhibited to increase by the
low population density of E. coli. This phenomenon is recognized to be an indirect effect resulted
- from interspecific interaction occurred in a model ecosystem, microcosm. 1. thermophila was
affected secondarily by low population density of E. coli, which was directly affected by
acidification.

2

a

P
<
1

100 }

Population Density (cells/ml)

L. The change of pH of microcosm

Fig. 4 shows the time dependent variation of pH of microcosm. The pH of the control
microcosm increased from 7.8 to 8.2 until ten days passed after inoculation. The pH of the
acidified microcosm also increased from 4.0 to 7.1 until ten days passed after inoculation. ~As the
pH was changed to be suitable for increasing of E. coli, the population density of E. coli reached to
the same 10° cells/ml order as that of the control on the tenth day afiter inoculation in the pH 4.0
microcosm. What worked for elevating pH of the microcosm?

Fig. 5 shows the time dependent variation of pH of single pure culture of Eu. gracilis. It
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was also elevated from 4.0 to 6.5 until ten days passed after inoculation. It is, therefore, concluded
that in the pH 4.0 microcosm the pH was elevated by Eu. gracilis, and as a result, E. coli started
increasing. This is thought to be one kind of demonstration of an interspecific interaction occurred
in a model ecosystem, microcosm. |

pH

pH of Microcosm pH of Eu.gracilis pure culture
10 L 1 1 1 1 1] 9 1 L} ] 1 | § 1}
8}
as
&
6
--O.--;%nggl sl —e—pH4.0 ]
5t -1
4 1 1 1 4 Y N 4 1 Il 1 i 1 L
0 20 40 60 80 100 0- 2 40 60 80 100
Days after inoculation Days after inoculation
- Fig. 4  The change of the pH of microcosm Fig. 5 The change of the pH of single pure
culture of Eu. gracilis
CONCLUSION

The present study showed that: acidification did not affect on the microcosm, consequently.
Although one of the species was directly affected, the other contributed to remediation of the
condition of microcosm system. This microgosm system could be expected to be applied to
examine other various ecological toxicants; by its advantage of demonstrating indirect effects
originated from mutual interaction among the urganisms.
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An analysis method for 23°Pu and 2*°Pu in environmental samples (including four certified reference materials) by
ICP-MS was studied. Two types of chromatographic resin, Dowex 1X8 and TEVA, were examined for their
applicability to the separation of Pu from the matrix elements. Sufficient decontamination factors (10*~10°) for
many matrix elements including U, which interferes with the detection of mass 239, were obtained with both resins.
The detection limit of Pu by ICP-MS was about 0.02 pg ml ™! (0.05 mBq ml~* for.2*°Pu; 0.17 mBgq m! ™! for 24°Pu)
in the sample solution or 0.1 pg in the sample. Analytical results of 23°*24°Py in certified reference materials
(IAEA-135, -SOIL-6, -368 and -134) indicated that the accuracy of the method was satisfactory. Data on the

240py /239Py atom ratios in these reference materials, which are scarce in the literature, were also obtained, i.e., 0.211
for IAEA-135, 0.191 for IAEA-SOIL-6, 0.043 for IAEA-368 and 0.200 for IAEA-134. Compared with alpha-
spectrometry, the ICP-MS method has significant advantages in terms of its simple analytical procedures, prompt
measurement time and capability of determining the 24°Pu/?**Pu ratio.

Introduction

Plutonium is one of the most important nuclides from the
viewpoints of radioecology and toxicology. There are different
anthropogenic sources of Pu in the environment. Atomic
weapons testing introduced the major deposited fraction of
Pu onto the Earth’s surface. It was estimated that 10° TBq of
239+240py have been injected into the atmosphere through
weapons testing.! Plutonium has also been released into the
environment due to accidents at nuclear facilities such as
Sellafield (UK),2 Kyshtym (Russia)® and Chernobyl
(Ukraine).*

The isotopes of Pu range from 232Pu to 2%Pu, of which
28py (half-life: 87.7 years), 2*Pu (half-life: 24110 years),
240py (half-life: 6584 years) and 2*'Pu (half-life: 14.35 years)
are thought to be the most important in terms of environmental
studies. Among them, 2**Pu and 2*Pu are the two most
abundant Pu isotopes in the environment. The 2¢°Pu/?*°Pu
atom ratio in global fallout reported by Krey et al® is, on
.average, 0.176 +£0.014. It is known that the 2*°Pu/?*°Pu ratio
is a good indicator to identify the source of the contamination.®
However, data for the *°Pu/**°Pu ratio in environmental
samples are still limited. There are no values for the 24°Pu/?3°Pu
ratio in certified reference materials for environmental
research, as far as we know, in a survey report prepared by
the IAEA.”

The analytical methods usually used for Pu determination
are alpha-spectrometry,®'? LX/-a ray measurement,!* fission
track,!*!* TIMS (thermal ionization mass spectrometry)i®?
and ICP-MS (inductively coupled plasma mass spec-
trometry).!518-2! The most widely used method is alpha-
spectrometry. However, this method is very time consuming
and it cannot resolve the ?*Pu and 2*°Py peaks because of
their similar energies (5.15 and 5.16 MeV). Analytical results

from alpha-spectrometry are therefore expressed as the sum
of the #*°Pu and 4°Pu activity concentration (i.e., 23°+24°py),
TIMS provides very accurate and precise determinations of
Pu isotopes at very low concentrations. However, the instru-
ment is very expensive and its operation requires much experi-
ence. In this context, ICP-MS, which is increasingly being
used in environmental analysis for the determination of several
elements®>?* and isotopes,?* has advantages in terms of ease
of operation and prompt analysis, although the precision is
not as high as that in TIMS. Kim et al.'® applied ICP-MS to
the determination of *Pu and 2*°Pu in soil and silt samples
after chemical separation of the nuclides by solvent extraction
and ion-exchange. Crain et al.'® reported the determination of
actinides (including Pu) in soil leachates by ICP-MS and
alpha-spectrometry after separation by extraction chromato-
graphy using a resin which is known to absorb actinides.25-%
Recently, Yamamoto et al.*® successfully used ICP-MS in the
determination of Pu isotopes in samples collected from the
former Semipalatinsk Nuclear Site. Chiappini e al.? improved
the detection limits for actinides through improvements in the
interface pumping system in ICP-MS and by using a high-
efficiency nebulizer system. However, there are still only a few
papers dealing with the application of ICP-MS to the determi-
nation of Pu and its isotopes in environmental materials. No
details of separation procedures suitable for ICP-MS or of the
validation of the analytical qualities are given in these papers.
Therefore, further investigations of the details of the analytical
procedure are necessary in order to establish an appropriate
method for ICP-MS. Because there is almost no information
on the #*°Pu/***Pu ratio in international certified reference
materials, it is also necessary to obtain these isotopic data.
In this paper, analytical procedures for Pu in environmental
samples (including certified reference materials of soil, sedi-
ment and fish flesh) by ICP-MS were studied. Particular
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attention was paid to the separation procedures. Two different
techniques, viz., ion-exchange and extraction chromatography,
were compared for their efficiency in the separation of Pu
from the matrix. The following points were specifically studied:
(1) chemical separation of Pu from the matrix; (2) determi-
nation of Pu by ICP-MS; and (3) determination of Pu and
the 2°Pu/***Pu atom ratio in international certified reference
materials. Several soil samples collected in Japan with back-
ground Pu levels were also analyzed using the developed
method.

Experimental
Standards, reagents and samples

Plutonium-242 (CRM 130, Plutonium Spike Assay and
Isotopic Standard, New Brunswick Laboratory, USA) was
used to spike the samples. The standard solution of 2**Pu was
diluted to obtain stock solutions with a concentration of
0.2ngml™! (29 mBqml™!) in 2 M HNO; solution. To check
the 2%°Pu/**°Pu ratio, a Pu isotope standard solution (NIST
SRM 947) was used. Standard solutions of other elements
(e.g., U, Th, Ce, Fe) were prepared from Multielement Plasma
Standards (SPEX Industries). As an internal standard, Bi
(20 ngml~!) was used to assess any changes in analytical
signals during the measurement.

The ion-exchange resin used was Dowex 1X8 (anion-
exchange resin, 100-200 mesh, Dow Chemical Co.). The resin
was first conditioned in a large column (ca. 250 ml) by passing
" solutions in the following order: 1 M NaOH (ca. 51), H,O
(washing), 0.5 M (NH,),80; (ca. 0.51), H,0O (washing), 3M
HCl (ca. 2.51) and H,0 (washing). After this procedure had
been repeated, the conditioned resin was placed in a plastic
bottle and kept in a cool, dark place. For the analysis, 2 ml
of the resin were placed in a mini-column (diameter: 8 mm;
length: 80 mm). The extraction chromatography resin used
was TEVA-Spec (Eichrom Industries). This resin consisted of
methyloctyldidecylammonium ion sorbed on an inert poly-
meric support (Amberline XAD-7). A ready-to-use mini-
column (diameter: 7 mm; length: 80 mm) packed with 2 ml of
TEVA resin was applied for the analysis. Both resins, Dowex
1X8 and TEVA, retain only the tetravalent form of Pu
quantitatively.

All reagents used were of analytical-reagent grade. Nitric
acid used in the final solution for ICP-MS was of super-pure
grade (AA-100, Tama Chemicals).

The certified reference materials analyzed were IAEA-135
(sediment from the Irish Sea),”® IAEA-SOIL-6 (soil from
Austria),?® IAEA-368 (ocean sediment from Mururoa Atoll )3°
and IAEA-134 (fish flesh from the Irish Sea).! Two soil
samples were collected from a forest in Ohmagari (Akita
Prefecture, Japan) and from a rice paddy field in Hitachinaka
(Ibaraki Prefecture, Japan). They were air-dried and sieved
through a 1 mm sieve.

Sample pre-treatment

A known amount of 2*?Pu (0.1-0.5 ml of a 0.2 ng ml~?* stock
solution) was added to samples (2-50 g, depending on the
concentration level) as a spike. The sample was ashed at
500°C for 4-6h in a muffle furnace to decompose organic
matter. (If the sample amount is low, less than § g, the ashing
procedure can be omitted.) The ashed sample was placed in a
Pyrex beaker and 8 M HNO, (more than five times the sample
weight) was added. The mixture was boiled on a hot-plate
(180-200°C) for at least 3 h. During heating, the beaker was
covered with a watch-glass to prevent significant evaporation,
and the sample was stirred occasionally with a glass rod. The
warm supernatant (leachate) was filtered through a glass-fibre
filter (Whatman GF/F). The residue in the beaker was boiled
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again with 8 M HNO, (about twice the sample volume) for
about 20 min, then filtered. This leaching procedure was
usually repeated twice. Samples with a large volume had to
be centrifuged prior to filtration so that the procedure could
be completed rapidly. The residue, as obtained after centrifu-
gation, was again boiled with 8 M HNO; (about twice the
sample volume), then filtered. This procedure was repeated
twice.

All the filtrates were collected in a beaker, and heated on a
hot-plate until a thick wet paste was obtained. (If the paste
was completely dried, it could not easily be dissolved in HNO,
in the following processes.) the wet paste was dissolved by
adding HNO; while warming on the hot-plate. The sample
solution was diluted with de-ionized water to adjust the acidity
of the solution to 8 M HNO; (for Dowex 1X8) or 2M HNO,
(for TEVA). The solution volume should be maintained at
40-200 ml; the actual volume depended on the amount of
sample. Any residue appearing was removed by filtration. In
order to select an appropriate reagent for converting Pu to
Pu(1v), which is the only retainable form in the chromatogra-
phy columns (both for Dowex 1X8 and TEVA), NaNO, was
added to the filtered leachate. (For comparison tests, reagents
such as NH,OH-HCl and H,0, were also used instead of
NaNO,; see under Results and discussion.)

Separation by resins

Anion-exchange resin (Dowex 1X8). The sample solution
(8 M HNO,) was loaded onto a column containing 2 ml of
Dowex 1X8 at a rate of <2 mlmin~*. The resin was washed
with 8M HNO; (40ml), then with 10M HCl (40 mi).
Tetravalent Pu should be retained on the resin and most of
the U and matrix elements should pass through the column.
Finally, NH,I (5%)-10 M HCl solution (40 ml, <2 ml min~?)
was added to reduce Pu(iv) to Pu(u). Since Pu(in) is not
retained on the resin, Pu was eluted from the column. HNO;

.(4ml) and HCIO, (0.2 ml) were added to the eluate which

was heated on a hot-plate to decompose any organic material
(e.g., fine resin particles) and to expel the excess of iodine. In
order to remove iodine completely from the beaker, H,0,
(1 ml) was also added to convert iodide to I, and volatilize it.
After the solution had been taken to dryness, the residue was
dissolved in HNO;.

Extraction chromatography (TEVA). The sample solution
(2M HNO,) was loaded onto a column containing 2 ml of
TEVA resin at a rate of <2 mlmin~!. The resin was washed
with 2M HNO; (40ml), then with 9M HCl (40ml).
Tetravalent Pu should be retained on the resin and most of
the U and matrix elements should pass through the column.
Finally, hydroquinone (0.1 M)-9M HCI solution (40 ml,
<2ml min~*') was added to reduce Pu(1v) to Pu(m) and to
elute Pu from the column. The separation chemistry using
TEVA was based on the procedure recommended in the
information sheet provided by Eichrom Industries®? for this
resin. To the eluate, HNO; (4 ml) and HClIO, (0.2 ml) were
added and the solution was heated on a hot-plate to decompose
any hydroquinone that remained. After the solution had been
taken to dryness, the residue was dissolved in HNO;.

Decontamination factor. The decontamination factor,
defined as ‘the number of atoms in the initial solution’ divided
by ‘the number of atoms in the final solution’, was determined
for selected elements (U, Th, Ce, Zn, Fe, Mn, Ca, Al, Mg
and Na) in solutions which were passed through the two
different resins.



Determinations by ICP-MS

The sample solution separated by the above-mentioned pro-
cedure was adjusted to an acid concentration of 4% m/m
HNO;. The total volume of the final solution was usually
5ml. As an internal standard, Bi was added (20 ngml™!) to
the sample and standard solutions. (The concentration of Bi
can be reduced, if necessary.) Concentrations of Pu and other
elements were determined by ICP-MS using a quadrupole-
type mass spectrometer ('Yokogawa PMS-2000) with a conven-
tional liquid nebulizer (Meinhard type). Measurement con-
ditions are shown in Table 1. The total counting time was
selected after due consideration of the isotope concentrations
as follows: 50-100 s for #*°Pu, 100-200 s for 24°Pu, 20-40s
for 2%2Pu, 1-5 s for other elements. From the results of isotopic
ratios to the spike (>**Pu), concentrations of 2*Pu and 2‘°Pu
were calculated (isotope dilution method). A Pu isotope
standard solution (NIST SRM 947) with a known 24°Pu/**°Pu
ratio was used to check the accuracy. The abundance sensitivity
based on 2**U measurement (masses 237 and 238) was about
1 x10°. Mass bias per unit mass, as determined for a U
standard (natural) and a Pu isotope standard solution (NIST
SRM 947), was usually <0.5%.

Results and discussion
Separation procedures

Chemical yields in the chromatographic separation. The major
chemical forms of Pu extracted from the samples by HNO;
on heating are expected to be the oxidized forms, Pu(vi)
and/or Pu(v). Since both resins, Dowex 1X8 and TEVA, retain
only tetravalent Pu quantitatively, the chemical species of Pu
should be converted to Pu(iv) by adding appropriate reagents.
Three reagents, NaNO,, NH,OH-HCl and H,0,, were exam-
ined. The results obtained for the chemical yields in the
chromatographic separation by using these reagents are shown
in Table 2. The highest chemical yields in the separation
procedures were found by using NaNO,, followed by

Table 1 Instrumental parameters for ICP-MS

Plasma:
Frequency/MHz 27.12
Rf power/kW 12
Argon flow/l min™*:
Plasma 14
Auxiliary 1.2
Carrier 0.83
Sampling distance/mm 4.8
Sampling uptake rate/ml min~* 0.2
Data acquisition:
Mode . Peak jumping mode
No. of points per peak 3
No. of sweeps 200-800
No. of replicates 3

Table 2 Chemical yields in the separation by using Dowex 1X8 and
TEVA. Three reagents were compared for their ability to convert Pu
to Pu(iv)®

Reagent Chemical yield (%)*
added to the Concentration/

sample solution M Dowex 1X8 TEVA
H,0, 0.05 62+8 19+6
H,0, 0.2 6414 23+10
NH,OH-HCl 0.05 8444 62+19
NH,0H-HCI 0.2 9342 66+17
NaNO, 0.05 9345 86+11
NaNO, 0.2 9742 89+12

eSample: forest soil from Akita. ® +: standard deviation of 2-3 samples.

NH,OH-HCl. Use of H,O, led to a poor chemical yield,
although this reagent is recommended for use in some litera-
ture.>® From these results it was decided to use NaNO, (0.2 M)
to convert Pu to Pu(1v) in the sample solution prior to loading
it onto the columns.

Decontamination factors using two different resins. Total
cation concentrations in the final solution for ICP-MS should
be less than 1000 ppm (ug ml™!) to avoid matrix suppression
and/or interface cloaking. Therefore, it is necessary to reduce
the element concentrations in the sample solution without
losing the Pu content. In addition to the separation of major
matrix elements, the element U should also be eliminated to
avoid peak overlap on 2*°Pu due to polyatomic ion production
(uranium hydride ion: 28UH ") and/or to the effect of up-mass
tailing during the ICP-MS measurement. The results for the
decontamination factors for ion-exchange chromatography
(Dowex 1X8) and extraction chromatography (TEVA)
obtained from soil samples [Akita-soil (Japan) and IAEA-
SOIL-6 (Austria)] are shown in Fig. 1. Elements showing high
concentrations in the initial solutions (soil leachates) were
usually Fe (10°-10°pgml™') and Al, Mg, Na and Ca
(10%-10% ug ml~1). In the final solution (after the separation
procedures), the element showing the highest concentration
was usually Na (up to 5 pg ml~*) and the total concentrations
of the measured cations were significantly less than 20 pgml ™!
with both resins. The decontamination factors for many
elements (including U) were of the order of 10%-10°.
Concentrations of U in the final solution were, in many cases,
0.04-0.2 ppb (0.4-2x107* pgml~?). These results indicated
that the matrix elements and also U were successfully separated
by both resins. Comparison of the two resins showed that the
decontamination factor for U was better with Dowex 1X8
than with TEVA for the samples studied here.

The influence of U concentrations on 2*°Pu determination
by ICP-MS was assessed. A solution containing U
(100 ng m1 ™) was used and the increase in the 239 mass peak
was measured. During normal operation, the influence of U
on mass 239 was about 3x 1075, If it is assumed that the
maximum U concentration in the final solution is 1ppb

, (a) Akita-soil :
10 N Dowex 1x8 []
@ TEVA

10°

10°

2
7/

10*

V222272772

1000

107

Decontamination factor

108

10°

10*

B R

1000

(e

2200700772277

Mn

Fig. 1 Decontamination factors of selected elements with Dowex 1X8
and TEVA for (a) Akita-soil and (b) IAEA-SOIL-6. (Error bars:
standard deviations of 2-5 separate runs.)
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(ng ml~1), the expected influence is calculated to be only about
0.03 pg ml™*, which is almost the same as the detection limit.
Because the U concentration in the final solution was usually
much less than 1 ng ml™2, there would be almost no effect due
to U.

Using a sample (50 g) collected from a deeper soil layer, in
which the Pu level should be very low, no Pu peaks (**°Pu,
240py, 242py) were found after the separation procedure,
indicating that there were no influences due to blanks from
the reagents used and from soil substances.

These results suggested that our separation procedure was
appropriate and applicable to the determination of environ-
mental levels of Pu.

Measurements by ICP-MS

The sample solution separated by the above-mentioned pro-
cedure was subjected to ICP-MS measurements of Pu. The
measurement time for one sample was 10-20 min. For alpha-
spectrometry, the counting time is normally 1-5d. ICP-MS
has a significant advantage in terms of analytical time.

The sensitivity, in counts per second per ng ml~! of 24Py,
was about 3x10* cps under normal operating conditions.
Background counts on the mass were 2—-4 cps. The detection
limit, defined as three times the standard deviation of the
blank solution (4% HNO,), was about 0.02 pg ml™* (ppt) Pu
(or **Pu: 0.05 mBq ml™!; 2*°Pu: 0.17 mBq ml~!) for a count-
ing time of 100 s. Since the volume of the final solution was
5 ml, the absolute detection limit (in pg) was calculated to be
about 0.1 pg. Using a 50 g sample, the concentration factor of
Pu in the final solution (usually 5ml) would be 10, which
would result in detection limits of about 0.005 Bqkg™! for
23%py and 0.017 Bqkg™! for 2*Pu. In this study, Pu was
measured by ICP-MS with a normal nebulizer. However, if
other types of nebulizer such as ultrasonic or micro-concentric
nebulizers or electrothermal vaporization were used, much
better sensitivities might be obtained. Chiappini et al?°
detected down to 35fg of Pu in environmental samples by
using a high-efficiency nebulizer system (Mistral) together
* with an improved interface pumping system.

The relative standard deviation (RSD) for three analyses of
the same sample solution was usually 1-5% for a Pu concen-
tration of >2 pgml~!. The RSD obtained from the measure-
ments of the isotopic ratio to the spike (ie., 2°Pu/?4?Pu and
240py/242Py) was better than the above-mentioned value, ie.,
usually 0.5-2%. The ratios to 242Pu were used and the concen-
trations of **Pu and 2*Pu in the samples were calculated on
the basis of the isotope dilution method. These data indicated
that the precision of the ICP-MS measurements was reasonable
in the determination of Pu in environmental samples.

Analysis of certified reference materials

‘In order to validate the analytical method and to obtain data
on the Pu isotopic composition, four international certified
reference materials (2 sediments, 1 soil and 1 fish flesh) having
recommended values for 23?*24%Py (but no data on 2°Pu/?3%pu
ratios) were analyzed. The analytical method finally used is
summarized in Fig. 2. Results obtained for 2**Pu and 2*°Pu in
certified reference materials are shown in Tables 3-6, together
with information on the resin types, chemical yields and sample
weights. The 24°Pu/?**Pu atom ratios were also calculated and
are also given in Tables 3-6. .
Table 3 shows the results obtained for IAEA-135 (Irish Sea
sediment). Only about 2 g of the sample were used because of
its high Pu concentration due to contamination from the
Sellafield nuclear facility. Six analyses were performed on this
material: three analyses were by Dowex 1X8 and three were
by TEVA. There were no significant differences between the
analytical data obtained by the two resins. The sum of #°Pu
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<€—242py spike
(ashing, if necessary)
leachifg with HNO3
residue filtrate
evaporation (until wet paste)
<~ HNO; (dissolution)
(1) ion-exchange (2) extraction chromatography

[*Sample soluion |(8 M HNO3) @MHNOy)
NaNO, (02 M) heated NaNOQ3 (0.2 M) heated

ion-exchange (Dowex 1x8) extract ion chromatog. (TEVA)
8 M HNOs; (washing) 2 M HNOj3 (washing)
10 M HCI (washing) 9 M HCI (washing)
NH,I-HCI (elution) hydroquinone-HCl (elution)
HNO; + HCIO4 (+H707) < HNO3 + HClO4

evaporation to dryness evaporation to dryness

HNO;3 (dissolution) <€—HNO; (dissolution)
ICP-MS

Fig. 2 Analytical procedures for the determination of Pu by ICP-MS:
(1) separation procedure by ion-exchange (Dowex 1X8) and (2)
separation procedure by extractiqn chromatography (TEVA).

and 24°Pu concentrations (**°*2%°Pu) was calculated for com-
parison with the value recommended by the IAEA. Our
analytical results for ?°*24Py (mean value: 210412 Bq kg™1)
agreed well with the recommended value (213 Bqkg™*).? The
240py 239Py atom ratio was calculated as 0.211 £0.004. Since
there is no IAEA information on the 2*°Pu/?**Pu ratio for the
reference materials, it was not possible to make a comparison.
Our value was comparable to the ratio (0.20) reported by
Yamamoto et al.'® in a sediment sample originating from the
Sellafield area.

Table 4 shows analytical results for IAEA-SOIL-6 (surface
soil collected from Austria). The value obtained for the
239+240py; concentration (1.00+0.04 Bq kg~ 1) agreed well with
the recommended value (1.04 Bq kg™?) given by the IAEA.%®

- A comparison of the results obtained with Dowex 1X8 and

with TEVA showed that there were no marked differences
between the analytical results obtained. The mean 24°Pu/?**Pu
atom ratio obtained for IAEA-SOIL-6 was 0.191+0.005,
which was comparable to the global fallout value of
0.176 +0.014 reported by Krey et al.®

Table 5 shows the results for IAEA-368 (ocean sediment
from Mururoa Atoll). The mean 23°*24°Py value of the eight
analyses, 29.7+3.0 Bqkg™!, agreed with the recommended
value (31 Bq kg~*).3° There were also no significant differences

. between the mean values obtained with Dowex 1X8 and

TEVA. The standard deviation for the eight analyses was
larger than that of the previous two samples (IAEA-135 and
SOIL-6). This sample had a high calcium carbonate content
and was derived from ocean sediments (coral rich) near a
nuclear weapons test site. The homogeneity of the sample
might not be as good as that of the other two samples. It was
noted that the 2°Pu/?**Pu atom ratio obtained for IAEA-368
was very low, ie., 0.043 +0.008. This suggests that the Pu was
derived from the testing of a Pu-bomb in which #°Pu was
enriched.

Table 6 shows the results for IAEA-134 (fish flesh from the
Irish Sea). The mean value for the #°*24°Py concentration
for the four analyses (15.410.5 Bq kg™!) agreed well with the
IAEA recommended value (15 Bq kg™*!).3! This indicated that
the present method is also applicable to biological materials,
which are ashed prior to analysis. The 2*°Pu/***Pu atom ratio



Table 3 Analytical results for 23°Pu, 2°Pu and their atom ratios in IAEA-135 (Irish Sea sediment)®

Sample Yield 239py/ 249py/ 239 +240py 249py239py
Resin weight/g (%) Bqkg™* Bgkg™* Bqkg™! (atom ratio)
Dowex 1X8 1.7 97 12445 9942 22415 0.217 £0.004
Dowex 1X8 22 94 I11+8 86+5 19749 0.212+0.002
Dowex 1X8 22 82 11416 88+6 201 +8 0.210+0.005
TEVA 1.7 53 120+3 91+2 210+4 0.207+0.004
TEVA 2.2 72 11445 87+5 201 %7 0.209 +0.006
TEVA 2.2 80 126+6 98+4 22447 0.213+0.004
Mean (Dowex) 91 11648 91+6 208 +13 0.213+0.004
Mean (TEVA) 68 120+6 92+6 212411 0.210+0.003
Mean (total) 80 11817 92+6 210+12 0.211+0.004
IAEA recommended 213 -
%4 : standard deviation.
Table 4 Analytical resuits for 2°Pu, 2¢°Pu and their atom ratios in IAEA-SOIL-6 (Austrian soil)*

Sample Yield 29py) 240py/ 239+240pyy/ 240py 239py
Resin weight/g %) Bqkg™? Bqkg™! Bqkg™* (atom'ratio)
Dowex 1X8 25 90 0.58 +0.01 0.41+0.02 0.99 +£0.02 0.196 £0.004
Dowex 1X8 25 89 0.5610.02 0.40+:0.01 0.96+0.02 0.192+0.002
Dowex 1X8 50 87 0.58 +0.03 0.40+0.02 0.98 +0.03 0.190 +0.006
Dowex 1X8 50 92 0.59+0.02 0.414:0.01 1.00+0.02 0.186 +-0.004
TEVA 25 69 0.62+0.02 0.46+0.03 1.0840.03 0.198 4-0.006
TEVA 25 69 0.58 +0.02 0.3940.01 0.97 +0.02 0.184 +0.006
Mean (Dowex) 89 0.58+-0.01 0.41+0.01 0.98 +0.02 0.191 +0.004
Mean (TEVA) 69 0.60+0.03 0.43+0.05 1.0310.06 0.191+0.010
Mean (total) 83 0.59+0.02 0.41+0.03 1.00 bj_- 0.04 0.191 +0.005

1.04

TAEA recommended

% 4: standard deviation. *The IAEA recommended value was originally described as 28 pCi (or 1.04 Bq kg™*) for 3Py’ on the information

sheet and related publication (IAEA 1984). However, we confirmed with IAEA that the value should be for ¢2394240pyp°,

Table 5 Analytical results for 2°Pu, 2%°Pu and their atom ratios in IAEA-368 (Ocean sediment, Mururoa Atoll)*

Sample Yield 239py/ 240pyy 239+240py 240py, 239py;
Resin weight/g %) Bqkg™? Bqkg™! Bqkg™! (atom ratio)
Dowex 1X8 54 86 273409 3.7+0.1 31.0+09 0.037+0.002
Dowex 1X8 54 54 28.3+1.1 55+0.2 33.8+1.1 0.053 +0.001
Dowex 1X8 5.0 92 23.9+0.6 3.440.1 27.3+0.6 0.039+0.001
Dowex 1X8 5.0 88 21.8+0.6 3.340.1 25.1+0.6 0.0424+0.001
Dowex 1X8 5.0 93 27.6+08 - 3.9+40.1 31.5+0.9 0.039+0.002
Dowex 1X8 5.0 86 28.44+0.9 3.94+0.1 323409 0.038+0.001
TEVA 54 46 26.4+0.7 3440.2 29.7+0.7 0.036+0.002
TEVA. 54 47 22.1+0.6 4.5+0.2 26.6+0.6 0.056 +0.002
Mean (Dowex) 83 26.242.7 4.0+0.8 30.2+3.3 0.041 +£0.006
Mean (TEVA) 47 24.3+3.1 4.0+0.8 28.24+2.2 0.046+0.014
Mean (Total) 74 25.7+2.7 4.0+0.7 29.7+3.0 0.043 +0.008
IAEA recommended 31
9+ : standard deviation.
Table 6 Analytical results for 2*°Pu, 2*°Pu and their atom ratios in IJAEA-134 (fish flesh, Irish Sea)*

Sample Yield 29py/ 240py/ 239+240py/ 240py /239py
Resin weight/g ) Bqkg™! Bqkg™! Bqkg™! (atom ratio)
Dowex 1X8 5 69 9.6+0.3 6.540.1 16.14+0.3 0.185+0.009
Dowex 1X8 .5 96 8.6+0.2 6.4+0.2 15.0+0.3 0.203+0.003
Dowex 1X8 10 87 8.6+0.1 6.5+0.2 15.1+0.2 0.204 +0.004
Dowex 1X8 10 89 8.7+0.2 6.6+0.2 15.3+0.3 0.207 +0.006
Mean (Dowex) 85 8940.5 6.5+0.1 15.4+0.5 0.200+0.010
IAEA recommended . 15 -

@ 4: standard deviation.

for this material was 0.200+0.010. This value was almost the
same as the ratio obtained for the Irish Sea sediment sample
(IAEA-135), suggesting that the origin of the contamination
was the same.

As mentioned above, good agreements were found between
the present results for 2**24°Pu concentrations in the certified

reference materials and the recommended values. This indi-
cated that the accuracy of the method was reasonable and
also suggested that Pu in the sample was almost completely
extracted from the matrix by boiling the sample with HNO,
for at least 3h. However, further tests on the extraction
procedure for other matrices might be necessary to confirm
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the applicability of the method to a variety of samples and
Pu forms.

A comparison of the two resins showed that the chemical
yields using Dowex 1X8 (24 analyses) were 54-99% (mean:
89%) and using TEVA (eight analyses) 46—-80% (mean: 64%).
The decontamination factor for U with Dowex 1X8 was also
better than that with TEVA. The concentrations of HNO,
used in the column separation were 2 M for TEVA and 8 M
for Dowex 1X8; hence, if it is desirable to reduce acid
consumption, the method using TEVA is more appropriate.
However, the solubility of Pu should be better in concentrated
acid (i.e., 8 M). Samples with certain matrices (e.g., high Fe,
Mn, Ce) might be effective for TEVA.

Application of the method to the analysis of common soil

The method was applied to the determination of Pu in soil
samples in ordinary natural environments. Samples were col-
lected from a forest in Akita Prefecture and from a rice paddy
field in Ibaraki Prefecture. The results are shown in Table 7.
For the Akita-soil, six analyses were performed. The mean
value of the 2***2%Pu concentration for this sample was
1.3740.04 Bq kg~*. The RSD (i.e., precision) of the six deter-
minations was about 3%. The concentration of 2%*2%Py in
the rice field soil from Ibaraki was 0.3940.01 Bq kg™*, which
was markedly lower than that in the forest soil from Akita.
The 2*Pu/3°Pu ratios in the Akita-soil (0.168+0.06) and
Ibaraki-soil (0.17140.03) were almost identical and were
comparable to the global fallout value® mentioned above.

Comparison with other methods

Compared with alpha-spectrometry, the present method using
ICP-MS has significant advantages in the determination of the
Pu isotopic composition (i.e., 2°Pu/?*°Pu ratio). The separation
procedure for ICP-MS is fairly simple and the analytical time
is considerably shorter than for the method using the alpha-
spectrometer. For example, the presence of iron and lantha-
nides resulted in thick deposits which gave poor resolution of
alpha spectra.! Incomplete chemical separation of a nuclide
having a similar alpha energy (e.g., U, Th) interferes with the
measurements. More time is also necessary for the elec-
trodeposition procedure and measurement with an alpha-
counter. A typical detection limit by alpha-spectrometry with
a 4000 min counting time is of the order of 1074 Bq,?° which
corresponds to about 0.05 pg of 2°Pu. This value is similar to

the detection limit by ICP-MS with a conventional nebulizer
obtained in this study. If another type of nebulizer were used,
as mentioned above, the detection limit should be improved.
If high resolution ICP-MS (HR-ICP-MS), which is known to
have a higher mass resolution and better detection limits for
many elements,>* were used, a better sensitivity for Pu would
also be expected. For the TIMS method, the separation
procedure is also critical to achieve a precise analysis, i.e., the
separation procedure by column chromatography should be
repeated 2 or 3 times to separate Pu as cleanly as possible.
For ICP-MS, the chemical separation required is not so severe
in comparison with the procedures for alpha-spectrometry and
TIMS. This method has the advantages of simple separation
chemistry, shorter analytical time, lower costs and easier
operation. However, the detection limit and precision of the
isotopic measurement are better in the TIMS method.

Conclusion

From the above-mentioned results for the certified reference
materials and also field samples, it was found that the use of
ICP-MS after a chemical separation with Dowex 1X8 or
TEVA is applicable to the determination of both #°Pu and
2%0Py in environmental samples. Compared with alpha-
spectrometry, the ICP-MS method has significant advantages
in terms of its simple analytical procedures, prompt measure-
ment time and capability of determining the 24°Pu/?**Pu ratio.

Because there are almost no data on the 2*°Pu/?**Pu ratios
in the certified reference materials, the analytical results
obtained for IAEA-135 (0.211), IAEA-SOIL-6 (0.191),
TIAEA-368 (0.043) and IAEA-134 (0.200) may contribute to
the acquisition of information on the isotopic compositions of
Pu in these materials. The determination of the 24Pu/>Pu
ratio is important in understanding the source of ' the
contamination.
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Table 7 Analytical results for 2°Pu, 24°Pu and their atom ratios in soil samples collected in Japan®

(A) Forest soil from Ohmagari/Akita (0-41)—

Sample Yield 239py / 240py, / 239+240p, / 240p,, /239Pu
Resin weight/g %) Bqgkg™! Bgkg™! Bgkg™! (atom ratio)
Dowex 1X8 24 97 0.82+0.06 0.51+£0.04 1.33+0.07 0.17040.009
Dowex 1X8 24 96 0.83+0.04 0.53+0.03 1.36 £0.05 0.17410.002
Dowex 1X8 24 92 0.83+0.05 0.5240.02 1.34+0.05 0.170+0.003
Dowex 1X8 24 96 0.83+0.04 0.52+0.05 1.36+0.06 0.172+0.005
Dowex 1X8 50 99 0.86+0.08 0.50+0.02 1.36 £0.08 0.157+0.008
TEVA 24 75 0.89+0.02 0.54+0.02 1.44+0.03 0.166 +0.005
Mean (Dowex) 96 0.83+0.02 0.52+0.01 1.35+0.01 0.169£0.007
Mean (total) 93 0.84 +0.03 0.5240.01 1.37+0.04 0.168 +-0.006
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Sample Yield B9Pu/ 240py/ 239+240pyy/ 240py 235py
Resin weight/g (%) Bgkg™?! Bqkg~?! Bqkg™! (atom ratio)
Dowex 1X8 50 95 0.24+0.01 0.164+0.01 0.40+0.01 0.173+0.003
Dowex 1X8 50 93 0.23+0.00 0.15+0.01 0.38 +0.01 0.169 +0.005
Mean (total) 50 94 0.2440.01 0.16 +£0.01 0.39+4+0.01 0.171+0.003

@+ standard deviation.
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International Workshop on Comparative Evaluation of Health Effects of
Environmental Toxicants Derived from Advanced Technologies

Wednesday, January 28, 1998
1. Opening Session
1. Opening remarks
Yasuto Sasaki (or Jiro INABA), Director General, NIRS, Japan
II. Key-note Address
Chairpersons : A. HSIE (USA), Y. Oumomo (IES)
1. G. PoLikArRPOV (Ukraine) '
Biological Aspect of Radioecology : Objective and Perspective
2. K. MorimMoTO ( Osaka Univ.)
Life Style and Health : Chromosome Alterations and Immunological Potentials as Health Indices of
Overall Lifestyles
III. Special Lecture
Chairpersons : G. PoLIKARPOV (Ukraine), S. TakaHASHI (NIRS), R. Stitz (IAEA)
Assessment of Health and Environmental Effects from Radioactive and Chemically Toxic Waste
IV. Session A : Environmental Behavior of Toxicants
Chairpersons : W.R. ScHELL (USA), Y. MuraMATsU (NIRS)
1. S. YosHIDA and Y. MuramAaTsU (NIRS) -
Behavior of Trace Elements and Radionuclides in Soil-Plant Systems
2. W.R. ScreLL (USA)
Behavior and Modeling of Radionuclide and Non-Radionuclide Toxicants in the Environment
3. S. HisamaTsu (IES)
Behavior of Tritium in the Environment—Tritium in the Food and Human Body—
4, A. Kupo {(Kyoto Univ.)
Fate of Nagasaki 2***2°Pu and Interaction of ?**Pu and #*’Np with Bentonite and Sulfate Reducing
Anaerobic Bacteria
5. Y. SuiBaTA (NIES) ,
Chemodynamics of Arsenic in Marine Environment

Thursday, January 29, 1998
V. Session B: Effects on Eco-system ,
Chairpersons : H. Jones (UK), K. Komura (Kanazawa Univ.)
1. Z. KawaBATA (Ehime Univ.)
Evaluation of the Effects of Biological Perturbations on an Ecosystem Using Aquatic Microcosms
2. H. Jones (UK)
The Ecotron Controlled Environment Facility : Microcosm Studies on the Effects of Elevated CO; on
Terrestrial Communities
3. L AovyaMma (Okayama Univ.)
Ecotoxicity Assessment and Bioassay of Chemicals
4, S.Fuma (NIRS)
Ecological Effects of Radiation and Other Environmental Stress on Aquatic Microcosm
VI. Session C : Modeling and Methodology in Environmental Risk Studies
Chairpersons : H. MAUBERT (IPSN), Y. Nakamura (NIRS)
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The purpose of this study was to estimate the effects of atmospheric transport on temporal variations in
the concentration of ***Rn and its progeny in the air by using a three dimensional atmospheric dispersion
model. The objective region for this study was the Chubu district in Japan and the objective period was from
November 1 to 20, 1991. It is well known that the diurnal variation of concentration is due to the diurnal
cycle of the growth and decay of the mixed layer. In addition, this study led to the following conclusions:

(1) Comparing the observed results with one- and three- dimensional models showed that the atmospheric
transport of ***Rn and its progeny affects the temporal variation of concentrations for limited area sources

like the islands of Japan.

(2) Time series analyses of observed and calculated results revealed that a periodicity of several days was
included in the variation of the concentration of ***Rn from a remote source. Moreover, it suggested
that it is dependant on the long-range transport of ***Rn by the air-flow caused by the changing high

and low pressure systems.

KEYWORDS: radon 222, progeny, atmospheric transport, advection, time series analysis,
seasonal adjustment model, remote source, ezhalation rate, equilibrium factor, atmospheric

diffusion

I. INTRODUCTION

In the UNSCEAR. 1988 Report®, it was estimated
that the inhalation of 222Rn progeny accounts for about
one half of the effective dose equivalent from all natural
sources of radiation. Therefore, to estimate the radia-
tion dose to the public, it is important to study 2??Rn
progeny’s behavior in the atmosphere.

For several decades, many field studies have been
carried out, in which the variations of the outdoor
atmospheric concentration of ?22Rn and its progeny
have been cleared with local time, season, altitude and
location, quantitatively. Moreover, numerical analysis
‘were performed by several investigators to reveal diurnal
variations and vertical diffusion theoretically®~®,

However, their studies using one dimensional model
have concentrated on the variation caused by verti-

cal diffusion, although atmospheric transport could also-

greatly contribute to the variation of the 22Rn and its
progeny concentration at sites adjacent to large bodies
of water, like Japan. This study therefore aims at esti-

* Furo-cho, Chikusa-ku, Nagoya 464-01.

** Tokai-mura, Naka-gun, Ibaraki-ken 819-11.

t Corresponding author, Tel. +81-43-251-2111(ext.453),
Fax. +81-43-251-4853, E-mail: tetsuya@nirs.go.jp
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mating the effects of atmospheric transport on the tem-
poral variation of 222Rn and its progeny concentration
by using a three-dimensional numerical atmospheric dis-
persion model. In particular, the effects of advection in
local and synoptic areas were investigated.

II. MoDEL

In general, Atmospheric dispersion models are di-
vided into two types; the Eulerian model which solves in
advection and diffusion equations, and the Lagrangian
model in which the transportation of materials is ex-
pressed by the movement of a large number of marker
particles. One of the advantages of the Lagrangian
model is that it is free from the numerical diffusion which
occurs in the Eulerian model®®. However, if the La-
grangian model is applied to an area source like 22?Rn, a
very large number of maker particles would be needed to
keep the statistical error small. Therefore, an Eulerian
model that included a highly accurate finite differencing
scheme for numerical diffusion was used in this study.

1. Coordinates

Rectangular coordinates were used for the horizontal
plane, and a uniformly spaced computational grid was
employed. For the vertical direction, we used a terrain-
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following-coordinate (z*-coordinate) in order to take the
effect of terrain in the calculational area into considera-
tion. The 2*-coordinate is represented by
z* H (z ZQ)
W2

where zy(z,y) is the terrain height and H the reference
altitude for the upper boundary. The reference altitude
was set at 3km. In the vertical direction, a variable
spacing grid was employed.

(h=H - zp), (1)

2. Wind Field Model

We used a mass-consistent wind field model
(WSYNOP) that was developed by Ishikawa(®. Firstly,
the model wind components for each section of grid are
calculated by the simple interpolation of the surface and
aerological data. The wind field used in the transport
calculation needs to satisfy the equation of continuity,

A(hu)  8(hv) LAY o
oz oy 8z

where u, v and w*;

= {‘ 1) (wgk +052 ) + Hul
(2b)

are components of wind velocity along the z, y and 2*
axes. The interpolated wind field is adjusted by the vari-
ational method so that it satisfies Eq.(2a). (See detail in
Ishikawa(®)

(2a)

3. Atmospheric Transport Model

We solved advection and diffusion equations which
included horizontal and vertical advection, vertical diffu-
sion, sink and source. Equations for the transport-model
for 222Rn, 28Pg, 214Pb and 21*Bi are

ath 6huC,- 3h'vC,' ahw*C.-
ot " oz T oy T or

B H? OhC;
(( = zg)zK ) —hACi + hAi—1Cin,
(z.—.l’...,4), (3)

where C; is the concentration of the i-th member of the
decay chain (i=1 for 2?2Rn, i=2 for 2!8Po, i=3 for 214Pb,
and i=4 for 214Bi) and ); the corresponding radioactive
decay constant. The second term, —hX;C;, is the sink
to radioactive decay. The third term, hX;_1C;_,, is the
generation, due to the decay of the (i-1)th nuclide in the
decay chain. For 2??Rn when i=1, instead of this term,
we used the following boundary conditions to consider
the exhalation of 222Rn from the ground;

___H 2 v KahCI

(H—2z)? 9z

where E corresponds to the ?>?Rn exhalation rate and
K the vertical diffusion coefficient. As for deposition, we

=hE

at z =z, k 4)
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assumed that the 218Po, 214Pb and 2!Bi, which reached
the ground surface by molecular diffusion would never
be resuspended. This assumption gives the following
boundary conditions:

C;=0at z=0 i>1. (5)

In this model, advection and diffusion equations for
222Rp, progeny were transformed to similar form to 2??Rn
by using the numerical technique introduced by Beck so
that computations can be easily performed (See detail in
Ref.(3)).

The advection term was solved using the NIC
scheme™. In this method, the flux at the grid-interval
boundary z; was calculated assuming the local density
in the whole integration-domain had a continuous-first-
derivative. The local density can be represented by a
parabolic curve within a mesh width, Az. Integral vari-
ables, when normalized to a unit grid interval, are

1=
P12 = Z;/z‘ ; ¢(z,t)dz

= Z:-l;[![/(xi) —¥(zin))s (6)

where ¢ is the local density, ¥ the primitive function of
¢ and the subscript i the mesh number. Cubic spline
interpolation is applied to ¥ to obtain ¢. As a result,
the flux at the grid-interval boundary is

Fi= 0% fic+ (Bimajs = 29~ i)
+(¢i + biza — 2B;_a/2)c), (M

where a=sgn(u;) governs the direction of the fluxes, and
¢ the Courant number. The average ¢ within the integral
grid interval for the next time step is calculated using the
following equation,

¢t+1/2 45‘—1/2 - ""(F Fi), (8)

where At is the time step. The time step used in the
transport model was set to 60s. The wind field was cal-
culated every 3h and linearly interpolated to the time
step of the transport model.

The diffusion term was solved using the Crank Nicol-
son method®. Diffusion coefficients were calculated
with the turbulence closure model (Level 2) of Mellor
and Yamada®®. The Level 2 model reduces the entire
turbulence model to the algebraic relation of turbulent
quantities and can be cast in a traditional eddy coeffi-
cient format modified by Richardson-number-dependent
functions. The diffusion coefficient on the surface was set
to the molecular diffusion constant of 5.4x10~5m?/s®.
An upper limit (70 m?/s) for the diffusion coefficient was
imposed to avoid unlikely strong vertical diffusion in un-
stable conditions. A lower limit was also introduced as
seen in Fig. 1.
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Fig. 1 Vertical profiles of the lower and upper limit of
the eddy diffusion coefficient

4. Computational Area

Figure 2 shows the computational area. This area is
centered at Nagoya city, and covers the Chubu-district.
The grid size for the simulation was 51x51x21 with a
horizontal interval of 4 km. In the vertical, the variable
mesh width was used, in which the depth of the lowest
.layer was 2 m.

5. Meteorological Data and Calculational
Period

To estimate the diffusion coefficients, we used wind
and air temperature data from Chukyo-TV monitoring
station of the Aichi Prefectural Office (15, 17, 135 and
137 m), the electric power plant at Hamaoka (20 and
100 m) and Environmental Science Research Center of
Fukui prefecture (7.5 and 185 m).

Aerological wind and air temperature data from
Hamamatsu, Wazima and Shionomisaki stations of the
Japan Meteorological Agency were used to estimate the
upper wind-field above about 1,500 m (850 hPa). Fur-
thermore, wind data from the Japan Meteorological

@Nagoya

Pacific Ocean

Soan
[ —————— 200km —————’l

Fig. 2 Computational area
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Agency’s Automated Meteorological Data Acquisition
System (AMeDAS) were used to calculate horizontal
wind field near the surface.

The calculations were done for the period from
November 1 to 20, 1991.

6. Boundary Conditions

The inflow of ?22Rn and its progeny at the lateral
boundary was assumed to be zero in this simulation.
However, the measured concentrations of 222Rn are the
summation of ?22Rn emanating in the computational
area and 2??Rn flowing into the computational area from
the outside of the area. Therefore, the value of 2.3
Bq/m®*“® was added to calculated concentrations to ac-
count for 222Rn flowing into the area. As for the radon
progeny, the concentration balancing to 2.3 Bq/m3 of
222Rn was added to the computed value to account for
the contribution from remote sources.

H. RESULTS

1. Analysis of Observations

Outdoor ??2Rn concentration, which was averaged
for 1 h, was measured with an electrostatic radon moni-
tor (ERM)@Y at a height of 1 m above the ground every
hour. Polonium-218, 214Pb and 2!4Bi concentrations,
which were averaged for 7 min after evaluation time, were
measured using a filter method monitor (MGR)"? at the
same height every 3 h. " S

Calculated results for all the objective nuclides were
averaged for 1 h.

Since there was little rain over the calculational pe-
riod in Nagoya, it was supposed that the contribution
of the precipitation to the observed concentration was
minor. '

In order to eliminate short term fluctuations from
observed 222Rn and its progeny concentrations, and to
estimate the distribution of observations, a trend model
was used.

The trend model®® assumes that time series of ob-
servation Y;,, which is the 222Rn concentration measured
in outdoors, consists of the trend-component-model in

Eq.(9) and the observational-model in Eq.(10). The
trend model is written as
Aktn = U, ' (9)
Y, =t, + wy, (10)

where t, is the trend at the n-th time step, A* the k-
th order of the finite difference, and v,, the white noise
whose standard deviation is 7 (system noise) and the av-
erage is zero. wy, is the white noise of which the standard
deviation is o (observational noise) and its average is
zero. This represents the observational error. For k, we
used a value of 2. When k=2, Eq.(9) is t,=2t,,_1—tn-2+
vn. This allows the trend component to vary linearly in
a local aspect. The trend was calculated using Kalman
filtering and smoothing. o was calculated using the max-
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imum likelihood method. Figure 3 shows the results ap-
plied trend model analysis to ?22Rn concentration. Most
of the observed points are within +30 of the trend com-
ponent.

2. Comparison of Three Simulations with
Observed Data

The trend of the observed data were compared
with those of the following three simulations: (1)
one-dimensional 2??Rn simulation (1D); (2) three-
dimensional 222Rn simulation assuming a constant-
exhalation-rate (3D(CE)); (3) three-dimensional ??Rn
simulation taking the exhalation-rate map into con-
sideration (3D(ME)). _

To clarify the effects of advection, 1D was com-
pared to 3D(CE). While the one-dimensional model
assumes essentially an infinite plane source, the three-
dimensional model must consider the source distribu-
tion on land and sea. Thus, in 1D and the land
- areas of 3D(CE), the ?22Rn exhalation rate was set to
0.48 atom/cm?.s'¥, Since the oceanic emission was 100-
1,000 times smaller® than the emission from the land
areas, the flux of 22Rn from the ocean was assumed to
be zero in 3D(CE). Furthermore, a constant value of 2.3
Bg/m? was added to the calculated value of the 3D(CE)
to sum up the inflow from the outside of the area. As
shown in Fig. 4(a) and (b), it is clear that the varia-
tions in 3D(CE) are closer to the trend of observed than
those of 1D. The trend of the observed results was not
shown from 0:30 13th November to 9:30 14th November,
because of the lack of observed data.

The radon exhalation rate varies widely according to
the soil, atmospheric conditions, and so on®®. Although,
in 3D(CE), the radon exhalation rate was assumed to be
constant at 0.48 atom/cm?-s, the geographical distribu-
tion of the source was also considered in 3D(ME). The
source was estimated by the following equation intro-
duced by Ikebe et al.*?:

Q = 0.48E +2.3, (11)

where Q is the annual average of 222Rn concentration

20—

T T u T

® Observed
eeemere=Trend + 30
15 L o Py Trend
- ¢ & ~—Trend-3¢

Concentration (Bg/m?)
n | °

o .0/. - [(Xa
0 1 1 i i ol -~
1 2 3 4 5
DATE
Fig. 3 Trend and errors of observed ***Rn concentra-

tion with the trend model
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Comparison of three following simulations with
the trend of the observed on (a) November 1-10,
1991 and (b) November 11-20, 1991

(1) 1D represents one-dimensional simulation;
(2) 3D(CE) represents the 3-dimensional simu-
lation assuming a constant exhalation rate; (3)
3D(ME) is the 3-dimensional simulation taking
the exhalation-rate map into consideration.

Fig. 4

(Bq/m3) and E the exhalation rate (Bq/m?s) depend-
ing on the geographical location. From observed data at
some sites in the objective region”, @ was estimated at
each grid point by simple interpolation with the weight
of the reverse square of the distance between the site and
grid. The second term on the right hand of the equation,
2.3 Bq/m?, corresponds to the remote source component.
Figure 5 is a map of 222Rn exhalation rate.

The result of the three-dimensional simulation
that takes the exhalation rate map into consideration
(3D(ME)) is shown in Fig. 4. In Fig. 4, it can be seen
that 3D(ME) showed better agreement with the trend of
observed than 3D(CE).

3. Comparison of Observed and Simulated
Concentrations for 222Rn, 218Pg, 214Pb
and 214Bi

Comparisons of observed concentrations of 222Rn,
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of “Trend +3¢” and “Trend —30" was presented because
fluctuations in the observed results were very large.
The observed and calculated concentration averages over
the calculational period (1991.11.1-11.20) are shown in
Table 1. As can be seen in Table 1, the average cal-
culated concentration for each nuclide is approximately
the same as what was observed. This means that our
calculational model worked well.

Table 2 shows the observed and calculated equilib-
rium factors. The calculated equilibrium factor was very
close to the observed one. Both are also close to the value

Table 1 Average observed and calculated con-
centration for the calculational period
(1991.11.1-11.20)

Observed (Bq/m®) Calculated (Bq/m?)

***Rn 6.93 8.06

Fig. 5 Radon-222 exhalation rate distributi *Po 5.25 7.90

ig. on-222 exhalation rate distribution map 24py, 639 7%
10~ at; 2.5=2.1mBq/m*:s . .

(x10™* atom/cm?s mBgq/ ) np; oy 720

218pg, 214Ph and 21Bi with calculated ones in 3D(ME)

Table 2 Equilibrium factor
are shown in Figs. 6-9, respectively. In each figure, cal-

Term Observed Calculated
culated results, observed results, Trend +3c and Trend
. . « » s 1991.11.1-11.20 0.87 0.89
—3o are presented. However, in Fig. 7, “Trend” in place
20
20 . r T v T T Y T r T L T T T T T T T
Gaicuated Calculated & 2
smeosesen Tre%%n"gd :: X
= L R Trend - 30 ?
E E :
g g
c
:‘:E: £ 10
£ £
[ @
S o
0
(b)
Fig. 6 Comparison of observed and calculated ?*?Rn concentration on
(a) November 1-10, 1991 and (b) November 11-20, 1991
20 B A e e R a 20

T T T 4 Y ¥ T T T

Calculated
Observed

Calculated

Concentration (Bq/m’)
Concentration (Bg/m®)

4 5 6 7 8 9 10

Fig. 7 The same as Fig. 7, except for >'¥Po
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Fig. 9 The same as Fig. 7, except for ?**Bi

reported in UNSCEAR 1988 Report.

Although the calculated concentrations agreed well
with the measurements on average, there are still some
discrepancies between the calculated concentrations and
the observed range from Trend +30 to Trend —30 in
Figs. 6-9. In the following section, the discrepancy be-
tween the observed and calculated 222Rn concentrations
will be investigated with time series analyses of the ob-
served and calculated results, because the variation of
222Rn progeny are just like that of 22?Rn.

IV. DISCUSSION

In this chapter, the causes of the discrepancies of
222Rn concentrations found in Figs. 6 is investigated by
using the following time series analysis: (1) Autocorre-
lation function and power spectrum of observed and cal-
culated #?2Rn concentration; (2) Application of seasonal
adjustment model®® to observed and three calculated
concentrations; (3) Correlation between observed 222Rn
concentration and atmospheric pressure; (4) Scale anal-
ysis of a variation of 22Rn concentration.

1. Autocorrelation Function and Power
Spectra
As the first step to clarify the reasons of the dis-

—107—

crepancies, the autocorrelation function between the ob-
served and the calculated concentrations were evaluated
for 222Rn. We used the data with the interval of 3h
by the following reasons: (1) The data with the interval
of 3h had almost the same correlation and the power
spectrum as those of 1h data; (2) The variation with in
longer cycles than 3h was discussed, because the input
interval of meteorological data was 3 h in the calculation.

Figures 10(a) and (b) shows the autocorrelation
functions of the observed and calculated 222Rn concen-
trations. Time-lag (in days) was represented by the ab-
scissa. As shown in Figs. 10(a) and (b), both have the
strong correlation with the time lag of 1 day. In addition,
the correlation with the time lag of about 5 days, shown
by the dotted line in Fig. 10(b), overlapped daily corre-
lation in the calculated result, whereas observed result
did not show the correlation with such a time-lag. To in-

- spect this difference in more detail, power spectra of the

variations of the observed and calculated concentrations
was evaluated. ,

The power spectra of the observed and calculated
222Rn concentrations, which represent the magnitude of
various periodical components included in the variations,
are shown in Fig. 11. The shapes of both spectra were
basically similar. In the spectrum of the observed result,
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there was the distinguished peak of 22.9 (h). The rest
of peaks were also higher harmonics of 22.9 (h). In con-
trast, many peaks at 120, 48 and 24 (h) were appeared
in the calculated spectrum. The first two spectral peaks
were not appeared in the observed spectrum. From these
results, it is concluded that the variation of the calcu-
lated concentration had conspicuous long-term cycles,
including 5-day appeared in Fig. 10(b), whereas the
effect of such a cycle was not shown in that of the ob-
served. The reason of this discrepancy was studied by
using the seasonal adjustment model which could decom-
pose a variation into some components with the charac-
teristic cycle.

2. Application of the Seasonal Adjustment
Model
. To estimate components of a variation and investi-
gate the effects of diffusion, advection and the geograph-
ical distribution of the source on the components, we
applied the seasonal adjustment model to observed and
three calculated variations, 1D, 3D(CE) and 3D(ME)
(See detail in Sec.ITI-2). This model is almost similar to
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the trend model. Observations Y;, are written as
Yo =ty +dn+pn+w,
ln =1tp-1 + 0y
dn =dp_g+0g4

(n=17"'am)7 (12)

2 .
Pn= 3, ankCn_k + op,
k=1

where ¢, dp, p, and w, are a trend component (TC), a
daily component (DC), a stationary autoregressive com-
ponent (AR) and an observational noise component at a
time step n, respectively. oy, 04 and o, are white noises.
m is the total number of the time steps. A daily com-
ponent represents a daily variation. A stationary AR
component represents a variation dominantly affected
by concentrations within 6 h before an evaluating time.
In addition, it represents a variation with a short-term -
cycle. A trend component is different from that of the
trend model mentioned in the Sec.III-1. It is a variation
except daily and AR components from a variation, and
represents a variation with a long-term cycle.

The power spectra of components, DC, AR and TC
and variations of them were investigated.

(1) Daily Component

Figure 12(a) shows power spectra of daily compo-
nents of observed, 1D, 3D(CE) and 3D(ME). All the
spectral shapes were almost the same. However, by
looking into the daily variations of the observed and
three calculated concentrations, the discrepancies be-
tween them became apparent as shown in Fig. 12(b).
The variation of 3D(ME) was the closest one to that of
observed, and the concentrations of 3D(ME) are almost
the same value as observed ones. This result shows that
3D(ME) can simulate the daily variation of observed con-
centrations and it is important to consider the effects of
advection and source’s distribution.

(2) Autoregression Component

Figure 13(a) shows the power spectra of autoregres-
sion components. Power spectra of calculated results,
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Fig. 12(b) Variations of daily components of observed,
1D, 3D(CE) and 3D(ME)

1D, 3D(CE) and 3D(ME) had almost the same shape.
In the region of the long-term cycles, the considerable
discrepancies between observed and calculated results
were appeared. This discrepancy is more apparent in the
variation of autoregression components shown in Fig,.
13(b). As shown Fig. 13(b), all calculated results had
basically similar patterns in the variation. In addition,
every several days, the overestimations of the calculated
concentrations happened to all calculated results.

This means that the calculated variations have the
several-days cycle. Thus, the several-days cycle of calcu-
lated results shown in Fig. 13(a) was caused by this over-
estimations. Moreover, it seemed that the discrepancies
on several-days cycle in Fig. 11 (See detail in Sec.IV-1)
was caused by the same reason. The root of the problem
that the calculated variations had the several-days cycle
was the insufficient modeling. However, as shown by the
arrows, the discrepancies became small by the improve-
ment of the model. Introducing a more realistic model
is proper. Nevertheless, a little discrepancies were left
in these term. In addition, there was no improvement in
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Fig. 13(a) Power spectra of autoregression components
of observed, 1D, 3D(CE) and 3D(ME)
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Fig. 13(b) Variations of autoregression components of
observed, 1D, 3D(CE) and 3D(ME)

the term from 2nd to 4th November. As for these dis-
crepancies, although Level 2.0 would be probably one of

causes on these problems, they need to be investigated
in detail. :

(3) Trend Component
Figure 14(a) shows power spectra of trend compo-
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nents of observed, 1D, 3D(CE) and 3D(ME). The spec-
trum of observed results had the distinguished peak at
several-days cycle. The spectrum of 1D’s results was also
shown. )

The variations of the trend components are shown
in Fig. 14(b). The trend component of 1D’s result
gradually increased. It was caused by a transition to
a steady state, because of the initial condition that
222Rn concentrations were equal to zero in the whole
domain. The trend component of observed results
varied with a several-days cycle. However, the trend
components of 3D(CE) and 3D(ME) were constant.
Thus, the trend components seems important to explain
the discrepancies between the observed and calculated
variations. Two explanations are possible. One reason
of the discrepancy is the changes in meteorological con-
ditions in the local area, affecting the exhalation rate of
222Rn. It will be discussed in the next section. Second is
a contribution of 222Rn (remote source component) mi-
grating from the outside of the calculational area, which
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Fig. 14(a) Power spectra of trend components of
observed, 1D, 3D(CE) and 3D(ME)
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Fig. 14(b) Variations of trend components of observed,
1D, 3D(CE) and 3D(ME)
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is not considered in the calculation.

3. Correlation between Observed 222Rn and
Atmospheric Pressure

For changes of atmospheric pressure, it is possible
that 222Rn exhalation changes over a few days. To inves-
tigate the effect, the cross-correlation function between
observed ?22Rn and the atmospheric pressure were eval-
vated. Figure 15 shows the result of it.

In the previous section, it was pointed out that the
trend component of 2?2Rn concentration varied with
several days cycle. In relation to this, it should be noted
that the 222Rn exhalation rate increases with the low at-
mospheric pressure. However, since the cross-correlation
between the local atmospheric pressure and observed
222Rn concentration is positive, as seen in Fig. 15, there
is no evidence of such influence. Therefore, the time
variation of observed 22Rn concentration, like the trend
component in Fig. 14(b), must be due to variations on
the remote source component.

4. Scale Analysis

A simple analysis was performed in order to relate
the time scale of the periodical variation, i.e. 2?2Rn
concentration, to the geographical scale.

If the effect of eddy diffusion on long-range transport
is smaller than that of advection, the transport equation
can be approximated as

¢ 6¢ (13)

where C is the concentration and u the wind velocity
along the z-axis. One of the solutions of Eq.(13) is
C=Acos{?(:c—ut)}, (14)

where A is a constant and ) the wave length. The dis-
persion relation is

Correlation coefficient
o
o [5,]
T R

o
o

e —la 1 1

4 5

2 3
Time lag (day)

Fig. 15 Cross-correlation functions between **?Rn
and atmospheric pressure
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A =uT, (15)

where T is the periodicity. This relation is shown in
Fig. 16. This means that a cycle of several days cor-
responds to a wave length of several hundred to several
thousand km. This scale coincides with the scale of an
ordinary high or low pressure system. It suggests that
the time variation of the remote-source component of
222Rn concentration depends on the change in air-low
due to high or low pressure systems and long-range trans-
port that accompanies the change.

V. CONCLUSION

The effects of atmospheric transport on temporal
variations of ?22Rn and its progeny concentration in the
atmosphere were estimated using a numerical model.
The major findings are as follows:

(1) Advection and geographical variations in 222Rn ex-
halation rate affect a variation of 222Rn concentra-
tion.

(2) The daily component of the observed variation
"were simulated well by our model.

(3) The long-term cycle of the observed variation could
not be simulated by a local calculational model. The
calculation for a nuclide with a half-life time like
222Rn needs the regional calculational area.

Furthermore, time series analyses suggested that the
time variation of the remote-source component of 222Rn
concentration depends on the change of air-flow due to
high or low pressure systems and the long-range trans-
port accompanied with these changes.

Decomposing an original variation into some com-
ponents with the characteristic cycle, the discrepancies
between observed and calculated variations became more
apparent. On each components, if the causes of the dis-

10000 =TT T T T T
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— e U=10.0 {MVS) /
£ 6000
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Fig. 16 Dispersion relation
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crepancies would be investigated in more detail, simulat-
ing the observed variation by the computational model
will be possible.

In addition, the eddy diffusion coefficient should be
improved as the limitations of the level 2 model under
unstable and extremely stable conditions were pointed
out by Takagi et al.*®. The influences of meteorclogical
factors must be also studied in detail.

Numerical simulations of this study provide detailed
information on the source, diffusion, deposition and equi-
librium factors, which are useful for clarifying the behav-
ior of 222Rn and its progeny in the environment.
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Note

EFFECTS OF GADOLINIUM ON THE RETENTION AND
TRANSLOCATION OF *Pu-HYDROXIDE

H. Sato, S. Takahashi, and Y. Kubota*

Abstract—The effect of gadolinium on the lung retention,
excretion, and translocation of plutonium was studied in rats
instilled intratracheally with plutonium hydroxide with and
without gadolinium. Three types of plutonium hydroxide were
prepared: pure 2°Pu-hydroxide colloid, that containing a high
concentration of gadolinium, and that containing a low con-
centration of gadolinium. The lung retention of #°Pu was
higher and the fecal excretion was lower in the rats adminis-
tered 2°Pu-hydroxide containing a high concentration of gad-
olinium than those administered pure >*Pu-hydroxide colloid.
The translocation of 2*Pu from lung to other organs including
the liver, spleen, femur, and kidney was not affected by
gadolinium. The cytological examination of bronchoalveolar
lavage cells showed that the administration of **Pu-hydroxide

containing a high concentration of gadolinium induced the .

inflammatory reactions in the lung. The delayed alveolar,.’

clearance of plutonium in the rats administered 2*Pu-
hydroxide colloid containing a high concentration of gadolin-
fum may be attributable to the change in physicochemical
characteristics of colloid and the inflammation induced in the
lung by gadolinium.

‘Health Phys. 80(2):164-169; 2001

Key words: plutonium; rat; lungs, rodent; biokinetics

INTRODUCTION

GapoLINIUM (Gd), one of the rare earth elements, is used
as a material in semiconductor and magnetic substances
in industry, and as a contrast agent for magnetic reso-
nance imaging in clinical medicine (Hirano and Suzuki
1996; Weinmann et al. 1984; Runge and Parker 1997).
Gadolinium is also used as a neutron absorber in the
nuclear industry. In a newly developed facility for
reprocessing of nuclear fuel in Japan, gadolinium nitrate
is added to the nitric acid solution as a neutron absorber
during the fuel-dissolution process. There is concern,
therefore, that workers could be simultaneously exposed
to gadolinium and radioactive nuclides in an accident.

* The 4th Research Group, National Institute of Radiological
Sciences, 9-1, Anagawa 4-chome, Inage-ku, Chiba-shi, Chiba 263-
8555, Japan. ‘ ‘
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Gadolinium is a toxic element, especially for reticuloen-
dothelial cells such as alveolar macrophages (O’Neill et
al. 1994; Yoneda et al. 1995; Suzuki et al. 1996;
Ruttinger et al. 1996), and thus may affect the metabo-
lism of radionuclides in the human body. However, little
is known about the effects of gadolinium on the retention
and metabolism of radionuclides in the human body.
Inhalation may be a possible route for the accidental
contamination by gadolinium and radionuclides. In such
a case, plutonium would be one of the important radio-
nuclides. In the present study, therefore, an animal
experiment was carried out to elucidate whether or not
the co-existence of gadolinium may affect the retention

. and translocation of plutonium in the lung. Plutonium

hydroxide with and without gadolinium was instilled into
the rat lung, and the lung retention and translocation of
plutonium were compared.

*  MATERIALS AND METHODS

239puQ, was obtained from the Japan Atomic Energy
Research Institute! and converted to **Pu nitrate by a
procedure described elsewhere (Black and Drummond
1965). Then gadolinium nitrate, Gd(NO,), was added to
the plutonium nitrate solution, and the pH of the solution
was adjusted to 7.2 with 0.1 M sodium hydroxide under
vigorous agitation. By this neutralization, a colloidal
form of plutonium hydroxide containing gadolinium was
formed. The resultant hydroxide colloids were stabilized
with 0.2% gelatin and made isotonic with 0.25 M
glucose. Two types of 2°Pu-hydroxide colloid containing
gadolinium were prepared. One was 2*Pu-hydroxide
containing a high level of gadolinium (0.9 mg Gd mL™!
in the final solution, referred to as Pu-Gd-H in the
following), and another containing a low level of gado-
linium (0.22 mg Gd mL™!, referred to as Pu-Gd-L).
29py-hydroxide colloid was also prepared by the same
procedures described above without addition of gadolin-
ium. The radioactive concentration of ?*°Pu in the final
colloidal solutions was 15 kBq mL™! in all three solu-
tions. The reagents used for these procedures were
analytical grade (Wako Pure Chemical Industries?).

' Japan Atomic Energy Research Institute, 2-4, Shirane, Shirakata,
Tokai-mura, Ibaraki 319-1195, Japan.

t Wako Pure Chemical Industries, Ltd., 5-13, Honcho 4-chome,
Nihonbashi, Chuo-ku, Tokyo 103-0023, Japan.
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Nine-week-old male Sprague-Dawley rats, weighing
about 300 g, were obtained from a domestic breeder.§ All
animals were kept in an air-conditioned room (22+2°C),
and given a commercial rat chow! and drinking water ad
libitum. The animals were divided into three groups
consisting of fourteen rats each, and the colloidal solu-
tion of Pu and Gd was administered into lung with
intratracheal instillation. The detail of the procedure has
been described elsewhere (Sato et al. 1994). In brief, the
animals were anesthetized with pentobarbital, and 0.3
mL of Pu-hydroxide, Pu-Gd-H, or Pu-Gd-L was ad-
ministered with a single and rapid instillation via an
intratracheal cannula. It has been previously found that
this dose of Pu-hydroxide colloidal solutions induces no
significant inflammatory reactions in the lung (Sato et al.
1994; Takahashi and Sato 1991).

Four weeks after instillation, three rats of each group
were sacrificed to determine the lung retention and
translocation of ?Pu. The lung, liver, kidney, spleen,
and right femur were dissected. Feces and urine were
collected 4 d, 1 wk, 2 wk, 3 wk, and 4 wk after
instillation. The activity of *Pu was measured by liquid
scintillation counting as described by Keough and Pow-
ers (1970). In brief, the tissue samples and feces were
ashed at 550°C for 12 h, and the residues were dissolved
in 0.2 mL of 7 M nitric acid containing a small amount
of concentrated hydrogen fluoride. Then 3.6 mL of
scintillation cocktail was added to the sample solution,
and the activity was measured using a liquid scintillation
counter.d The activity of 2°Pu in urine was measured
directly with a liquid scintillation counter after filtering
through a 0.22 pm membrane filter.* The lung retention,
excretion, and translocation of 2°Pu were represented as
a percent of the initial alveolar deposition. The initial
alveolar deposition (IAD) was defined as the whole body
retention of 2°Pu on the third day after administration
(i-e., the administered 2**Pu minus that excreted up to the
third day). This value did not exactly represent the actual
retention of 2*°Pu in the lung, since the activity of 2°Pu in
organs other than the lung is also included. However, this
value could be used for IAD, since the activity of **Pu in
organs other than the lung is assumed to be negligible
(Ishigure et al. 1994; Oghiso et al. 1994).

To monitor the occurrence of inflammation in the
lung, the remaining animals were seriaily killed, and
bronchoalveolar lavage cells were collected by lung
lavage with sterilized Dulbecco’s phosphate-buffered
saline. The total number of cells collected was deter-
mined with a hematocytometer, and differential cell
counts were performed on smeared cells after Giemsa
staining.

Means of the groups were compared by single-tailed
t-tests to determine the level of significance. An observed

¥ Japan SLC Inc., 3371-8, Koto, Hamamatsu-shi, Shizuoka
431-1103, Japan. .

! 'MB-1, Funabashi Farms, 2-465, Kamiyama, Funabashi-shi,
Chiba 273-0046, Japan. )

11.S 1214, Wallac Oy, P.O. Box 10, SF-20101, Turku, Finland.

# Japan Millipore Ltd., 3-12, Kitashinagawa 1-chome, Shinagawa-
ku, Tokyo 140-0001, Japan.
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difference was considered statistically significant if p <
0.05.

RESULTS

As shown in Table 1, the ratios of IAD to instilled
activity were 0.30%0.15, 0.38+0.13, and 0.41*+0.19 in
the rats administered **Pu-hydroxide, Pu-Gd-L, and
Pu-Gd-H, respectively. There was no statistically signif-
icant difference among the 3 groups.

Whole-body retention and total excretion of **Pu
are shown in Fig. 1. The retention of ?*°Pu in the lungs
and the fecal and urinary excretions are shown in Fig. 2.
In the rats administered 2**Pu-hydroxide, the lung reten-
tion of 2Pu was 25.8%2.5% IAD 4 wk after adminis-
tration. In contrast, the lung retention of 2**Pu in the rats
administered Pu-Gd-H was 43.2+4.4% IAD. The differ-
ence between the groups was statistically significant
(p < 0.05). The lung retention of #**Pu in the Pu-Gd-L
group was similar to that in the 2°Pu-hydroxide group.
The fecal excretions of 2°Pu decreased with the increase
in gadolinium contents: 51.9+5.9, 40.9+64, and
28.2+0.6% IAD in the #*Pu-hydroxide, Pu-Gd-L, and
Pu-Gd-H groups, respectively. The urinary excretion of
25Pu in the Pu-Gd-L group was significantly higher than
in the other groups (p < 0.005). Figs. 3 and 4 show the

_daily and cumulative excretion of »°Pu in feces and
urine. The daily fecal excretion was significantly lower

in the Pu-Gd-H group than the **Pu-hydroxide group
throughout the experimental period (4 d to 4 wk after the
administration, p < 0.05). In the Pu-Gd-L group, the
daily fecal excretion was significantly lower than the
29pu-hydroxide group only 3 wk after administration
(p < 0.01). Cumulative fecal excretion was similar to
that in the 2°Pu-hydroxide group. As shown in Fig. 4, the
daily urinary excretion was significantly higher in the
Pu-Gd-L group than the 2°Pu-hydroxide group 4 d, 1 wk,
2 wk, and 4 wk after administration (p < 0.05). Interest-
ingly, there was no significant difference between Pu-
hydroxide and Pu-Gd-H groups for the daily and cumu-
lative excretion in urine.

Fig. 5 shows the translocations of **Pu to the major
organs, expressed as % IAD per organ. The amounts of
2Py in the liver of rats administered 2°Pu-hydroxide,
Pu-Gd-L, and Pu-Gd-H were 3.16+0.29, 3.38+1.14, and
2.89+0.42%, respectively. The amounts of 2**Pu trans-
located from lung to kidney, spleen, and femur were less
than 1% in all groups. In all the organs examined, no

Table 1. Instilled activity and initial alveolar deposition (IAD) of
9Py and the ratio of IAD to instilled activity in 3 groups.*

Instilled activity® IAD® IAD/Instilled
Pu-hydroxide 4289 + 306 1242 + 572 0.30 = 0.15
Pu-Gd-L 1757 = 357 647 = 219 0.38 £0.13
Pu-Gd-H 2961 * 457 1163 * 439 041 £0.19

2 All values are expressed as mean *+ SD (N = 3).
b The values are expressed as Bq.
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Fig. 1. Whole body retention and cumulative excretion of 2**Pu in
rats following intratracheal instillation of ?**Pu-hydroxide, Pu-
Gd-L, and Pu-Gd-H. Each point is the mean of three rats.

100

mlung Ofeces
B urine

80 |

% IAD

Pu Pu-Gd-L

Pu-Gd-H

Fig. 2. Lung retention and cumulative excretion of 2°Pu in feces
and urine 4 wk after intratracheal instillation of **Pu-hydroxide,
Pu-Gd-L, and Pu-Gd-H. Vertical bar shows SD of three rats.
* denotes significant difference from ?*Pu-hydroxide group at
p <005;1"p <0.01; ¥ p < 0.005.

statistically significant differences in the *°Pu transloca-
tion were observed between these groups.

Fig. 6 shows time-course changes in the numbers of
alveolar macrophages and neutrophils in bronchoalveolar
lavage cells of the rats administered Pu-Gd-H. Neutro-
phils appeared 1 d after administration, increased with
time, and reached a maximum level 4 d after the
instillation. The number of alveolar macrophages de-
creased during the first 2 d and then recovered to the
control value. In the rats administered Pu-Gd-L, the
number of neutrophils was low, but did not significantly
increase during the first 2 d (data are not shown).
Neutorophil number did not change in the rats adminis-
tered 2°Pu-hydroxide. No changes in the number of
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Fig. 3. Daily and cumulative excretion of **Pu in feces following
intratracheal instillation of **Pu-hydroxide, Pu-Gd-L, and Pu-
Gd-H. Vertical bar shows SD of three rats. * denotes significant
difference from 2*°Pu-hydroxide group at p < 0.05; ¥ p < 0.01.
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Fig. 4. Daily and cumulative excretion of 2Pu in urine following
intratracheal instillation of 2*Pu-hydroxide, Pu-Gd-L, and Pu-
Gd-H. Vertical bar shows SD of three rats. * denotes significant
difference from 2**Pu-hydroxide group at p < 0.05.

macrophages were observed in the rats administered
Pu-Gd-L and »*°Pu-hydroxide.

DISCUSSION

In the respiratory tract model, the clearance of »°Pu
from the lung following acute intake of 2°Pu-hydroxide
is about 50% a month after intake. The daily excretion of
plutonium into feces reaches a maximum 2 d after intake
and then declines. The level of daily fecal excretion
declines slowly from about 10 d after intake. The daily
excretion of plutonium into urine reaches a maximum 1 d
after intake and then declines continuously (ICRP 1988).
In this study, the clearance of plutonium from the lung of
rats was faster than the ICRP model and 75% IAD was
cleared 4 wk after administration. The daily excretion of
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Fig. 6. Time-course changes in the number of alveolar macro-
phages and neutrophils in the bronchoalveolar lavage cells follow-
ing intratracheal instillation of Pu-Gd-H. Data represent mean+SD
of three rats. The data at day O represent the number of cells in
non-treated rats.

plutonium in feces from 2 to 4 wk after administration
was a constant to very little in variation. This excretion
pattern is very similar to the ICRP model. The differ-
ences in the daily excretion of plutonium into urine was
small; that is, the level of daily excretion was similar
throughout the experimental period.

The alveolar clearance of inhaled particles depends
on many factors, including the physicochemical charac-
teristics of particles such as size and solubility, as well as
the physiological and pathological conditions of the
animals (ICRP 1994). The present study demonstrated
that the clearance of Z°Pu from the lung was slower in

the rats instilled with 2*Pu-hydroxide containing a high
level of gadolinium (Pu-Gd-H) than those instilled with
pure 2°Pu-hydroxide. It is well known that plutonium
nitrate forms hydroxide colloids at near neutral pH, and
the physicochemical properties of the resultant colloid
particles are affected by reaction conditions including
pH, concentration of plutonium, co-existing substances
and ionic strength of the solution (Ockenden and Welch
1956; Lindenbaum and Westfall 1965). Therefore, it is
likely that the physicochemical properties were different
between the Pu-Gd-H and pure ?*Pu-hydroxide and that
this difference was responsible for the different clearance
rate of plutonium from the lung.

Another possible cause of the slower clearance of
29py in the rats administered Pu-Gd-H colloids may be
the gadolinium-induced inflammation in the lung. There
are a few reports indicating that gadolinium is toxic for
respiratory cells, especially for alveolar macrophages,
and induces acute inflammatory pneumonia (Yoneda et
al. 1995; Mizgerd et al. 1996). The number of alveolar
macrophages decreased during the first 2 d after the
instillation, and then gradually increased in the Pu-Gd-H
group (Fig. 6). This pattern of change in the number of
alveolar macrophages was a similar finding observed in
the pulmonary inflammation after gadolinium adminis-
tration (Yoneda et al. 1995). The increase in the number
of neutrophils in bronchoalveolar lavage apparently in-

.dicated that an acute lung inflammation was induced in

the Pu-Gd-H group in the present study.

A number of studies have demonstrated that inflam-
matory reactions in the lung retarded the alveolar clear-
ance of inhaled particles (Sanders et al. 1975; Kubota et
al. 1988; Slauson et al. 1989; Benson et al. 1995). For
example, Sanders et al. (1975) have reported that the
clearance of plutonium from the lungs of rats was
decreased to 60% of the normal rate in animals with
acute pneumonia induced by beryllium oxides. The
authors have also shown that delayed type-hypersensitive
pneumonia impaired the alveolar clearance mechanisms

~ of inhaled '*8Au-colloid particles in rats (Kubota et al.

1988). Initial pulmonary deposition of '®Au-colloid was
decreased in DTH rats, but in this study IAD/instilled
ratio was not different among the 3 groups; that is, the
initial deposition of Pu-hydroxide was not affected by
Gd. The clearance of particles is impaired not only in
acute but also chronic inflammation. It has been reported
that clearance of particles from the lung is delayed in
chronic airway disease, chronic bronchitis or pulmonary
fibrosis (Camner et al. 1973; Bohning et al. 1982).

In the human respiratory tract model, the clearance
rate of particles from bronchial and bronchiolar regions
of the lungs in asthma, chronic bronchitis, and myco-
plasma pneumonia are assumed 70, 50, and 30% of
normal, respectively (ICRP 1994). Therefore, it appears
that inflammatory reactions induced in the lung by
gadolinium may be, at least in part, responsible for the
delayed clearance of *°Pu from the lung. Neither the
lung retention of **Pu nor the population of bronchoal-
veolar lavage cells changed significantly in the rats
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administered #**Pu-hydroxide containing a low level of
gadolinium (Pu-Gd-L group). This may indirectly indi-
cate the relationship between the inflammation and
delayed alveolar clearance of plutonium by gadolinium.

The urinary excretion of 2*Pu only increased in this
Pu-Gd-L group. This may suggest the occurrence of
some metabolic disturbance in the respiratory tract, but
the detailed mechanisms of such a phenomenon are
unclear.

The doses of gadolinium used here were 0.9 and
0.22 mg kg~' body weight for Pu-Gd-H and Pu-Gd-L
groups, respectively. These -doses are deemed to be
relevant to those exposed in a practical setting under the
following conditions. The solution in nuclear fuel repro-
cessing in the Japanese facility contains 0.7% of gado-
linium, and it is supposed that this solution is released as
aerosol into the environment, it would contain 5 g water
m™3 air, which corresponds to a dense fog (Green and
Lane 1964). If the reference man breathing under a
working physiological condition is exposed to the gado-
linium aerosol, he will inhale 0.9 and 0.22 mg kg~! body
weight in 40 min and 10 min, respectively. This indicates
that in the case of accidental exposure, there is a
possibility that workers may be exposed to levels of
gadolinium used in this study.

CONCLUSION

The present study demonstrates that the coexistence
of gadolinium may influence the alveolar clearance of
plutonium administered as a hydroxide colloid, although
the exact mechanisms remain unclear. This indicates that
when plutonium is inhaled accidentally with gadolinium
and the inhaled amount of gadolinium is so high that an
inflammatory reaction is induced and the physicochem-
ical properties of plutonium hydroxide is changed, the
lung retention of plutonium and thus the radiation dose in
lung may become larger than in ordinary cases.
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Abstract

A characteristic abnormal cortical architecture in the adult brain was produced in mice subjected to 1.5 Gy of X-irradiation on
embryonic day 14. Neurons in the lateral regions were organized into an essentially six-layered structure, while neurons in the dorsal
regions formed a unique four-layered cortex. The patterns of neuronal migration in these different cortical regions were examined with
immunohistochemistry for anti-bromodeoxyuridine (BrdU), anti-midkine (MK), and anti-glial fibrillary acidic protein (GFAP) antibodies.
In the cortical lateral region, BrdU-labeled cells in the upper layers were fewer, and those in lower layers more numerous in prenatally
irradiated mice than in control, while in the dorsal region (four-layered region), BrdU-labeled cells were very few in layer 2, and a large
number of labeled-cells remained in layer 4. These results indicated that some neuroblasts in the lateral cortical region could not migrate
to the upper layers, and that most neuroblasts in the dorsal cortical region failed to pass through the earlier migration zone. MK- and
GFAP-stained radial glial fibers showed that the radial fibers were consistently oriented in the direction of neuronal migration in the
control brains. However, in the irradiated brain, such radial fibers were crumpled in the lateral region, or were reduced markedly in
number in some parts of the dorsal region. These results revealed that neuronal migratory pathways (radial glial fibers) were destroyed
differently in different regions, and that X-rays killed some cells including radial glial cells or their precursors during the embryonic
stage. These effects of radiation on the developing brain may result from the possibility that neurogenetic time is different or there are
cellular mechanisms involved in the radiosensitivity among different regions. © 1999 Elsevier Science B.V. All rights reserved.

Keywords: Bromodeoxyuridine; Disorder of neuronal migration; Glial fibrillary acidic protein; Midkine; Neuroblast; Radial glial fiber

1. Introduction

The developing brain is known to be one of the fetal
structures most susceptible to radiation. This high vulnera-
bility of the fetal brain is a distinctive teratological charac-
teristic commonly recognized in all mammalian species
including human beings [15,16]. A characteristic brain
malformation may be the result of many developmental
processes, depending on when the fetus was exposed to
radiation, the amount of radiation, and the type of species.
We have examined the patterns of brain malformation in

* Corresponding author. Fax: + 81-43-251-4853; E-mail:
sun_s@nirs.go.jp

6-week old mice prenatally exposed to doses of X-irradia-
tion ranging from 0.5 to 2.0 Gy on day 1 from embryonic
days 12 to 19 (E12-E19) and found that different types of
cortical malformation were induced at different doses or
different periods of cortical neurogenesis. Among these
different types of cortical malformation, a characteristic
abnormal cortical architecture was found in mice subjected
to 1.5 Gy on E14: (a) a four-layered cortex appeared in the
dorsal region but not in the lateral cortex; (b) the cellular
structure of the cortex in the lateral region showed minor
changes but the lamination was essentially normal; (c)
groups of ectopic cells forming ectopic gray matter were
located below the subcortical white matter. These biologi-
cal effects of irradiation on the developing brain might be
responsible for cell death and abnormal neuronal migration

0165-3806,/99/$% - see front matter © 1999 Elsevier Science B.V. All rights reserved.
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[40]. We were interested to know the histogenesis of brain
malformations of this type, especially for the four-layered
cortical pattern, because a similar brain malformation can
also be found in human lissencephaly type I, in which it is
suspected that neurons destined for the upper cortical
layers fail to migrate to their normal position and accumu-
late below the external cellular layer [2,5,10,41].

In order to study the cytokinetics occurring in the
course of histogenesis of the neocortex, 5-bromo-2-de-
oxyuridine (BrdU) was chosen as a marker to label migrat-
ing cells [14,38,46]. Like *H thymidine, BrdU is incorpo-
rated into nuclear DNA, but it is neither radioactive or
myelotoxic at the doses used [8,12,25,37]. To study the
possibility that abnormalities in migration could be related
to the abnormal guidance of neuroblasts, glial fibrillary
acidic protein (GFAP) was chosen as a mark to analyze
radial glial cells in the developing brain [3,31,39,48]. In
view of the fact that the GFAP-immunoreactive glial fibers
were observed markedly only after birth in the mouse
cerebrum [44], radial glial fibers were also examined by
means of midkine (MK) immunocytochemistry in the pre-
sent study. MK is a new heparin-binding growth /differ-
entiation factor specified by a retinoic acid-responsive
gene [17,28]. It is the first number of a new protein family
of developmentally regulated cytokines with diverse bio-
logical activities. MK is mitogenic for certain fibroblastic
cell lines, and enhances both neurite outgrowth and the
survival of various embryonic neuron types [26,27,43,49].
Increased expression of MK was detected on the processes
of radial glial cells in the developing mouse and rat
cerebral cortex [18,20,29]. Such radial glial fibers stained
with anti-MK antibody were similar to those fibers stained
with anti-vimentin (Vim) antibody in a distinct fashion
during the embryonic stage [44]. Therefore, MK may be
useful for the analysis of gliogenesis in the early stages of
the developing central nervous system.

2. Materials and methods
2.1. Animals

A closed colony of Slc:ICR mice obtained from the
Shizuoka Laboratory Animals Center (Shizuoka, Japan)
was kept in a controlled atmosphere of 23 +°C with
55 4+ 5°C humidity under a 12-h dark/light cycle. They
were given commercial laboratory food, CA-2, and tap
water ad libitum. Eight-week old nulliparous females were
paired with potent males in cages overnight and checked
for vaginal plugs the next morning. The day on which a
vaginal plug appeared was regarded as day 0 of pregnancy.

2.2. Treatment

Pregnant mice were subjected to a single whole-body
exposure of X-irradiation at a dose of 1.5 Gy on El4.
Pregnant control mice were sham-treated. The pregnant
mice of both groups were then injected intraperitoneally
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(i.p.) with the thymidine analog BrdU (30 mg/kg b.wt;
Becton Dickinson, USA) at E16 in order to label neurons
normally committed to the upper cortical layers [22,32].
Some mice were allowed to give birth and rear their litters.
Two mice were randomly selected for evaluation at each
experimental stage when about five fetuses and pups were
examined. Between 6 h after exposure and postnatal day
28 (P28), the brains from fetuses and pups were extracted
and removed for study as follows.

2.3. Experimental techniques

For histological examination, brains were fixed in
Bouin’s solution, dehydrated, embedded in paraffin, and
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Fig. 1. Cerebral cortex of l-week old mice. (a) In control cortex, a
laminar pattern of six layers (from I to VI) can be observed clearly. (b) In
the irradiated cerebral cortex, a basic cellular structure of six layers can
be recognized in the lateral cortex, but not in the dorsal region. Layers II,
III and IV from the lateral cortical region to the dorsal cortical region
become progressively thinner and unclear, and neurons in the dorsal
cortex form a unique four-layered cortex. Between the two .specific
laminar patters, no specific layers can be defined because of the disar-
ranged cytoarchitecture. Ectopic cell mass (asterisk) is situated beneath
layer VI and is separated from layer VI by a thin band of fibers. L:
Lateral, M: medial. HE stain. Scale bar = 150 p.m.
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Fig. 2. Schematic drawings summarizing the laminar patterns of cerebral cortex in 4-week old mice.

a=250 pm; b=50 pm.

Fig. 3. Cerebral cortex of 4-week old mice irradiated on E14. (a) The large pyramidal cell is aberrantly located below the molecular layer (arrow). (b)

Higher magnification of the same photomicrograph showing the abnormal orientation of the large pyramidal cell (arrow). Luxol fast blue stain. Scale bar:
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Fig. 4. Histogram showing the distribution of BrdU-labeled cells in the
lateral regions of field 3 of cerebral cortex in 4-week old mice (mean +
S.D.; n=5 in each group). **Significantly different from the control
group at P < 0.01 (Student’s -test).

serially sectioned in a frontal plane at 5 pm. The sections
were stained with hematoxylin and eosin (HE) or Luxol
fast blue. Because field 3 of Caviness [4] and Krieg [19] is
the most completely stratified of all the cortical areas, the
histological sections through field 3 in the adult brain or

parietal areas in immature cerebral mantle from the fetuses
and litters that corresponded to the adult .field 3 were
selected from each brain for the following examinations.
For BrdU immunohistochemical examination, samples
were fixed with 5% acetic acid in 80% ethanol at 4°C
overnight, then dehydrated in graded ethanol. Brains were
embedded in paraffin and sectioned at 5 pm in the frontal
plane. For each brain, three sections were selected and
mounted on glass slides that had been previously coated
with a mixture of e(;ual amounts of glycerol and 10%
albumin. These sections were deparaffinized with xylene,
rehydrated in graded ethanol, and rinsed with 0.1 M
phosphate buffered saline (PBS, pH 7.4). Following 8 min
in 1 N HCI at 60°C to partially hydrolyze the double-
stranded DNA into single strands, the sections were neu-
tralized with 0.1 M sodium borate (pH 8.5) for 5 min, and
washed with 0.1 M PBS containing 0.3% Triton X-100 for
30 min. The sections were incubated with anti-BrdU mon-
oclonal antibody (diluted 1:100 in PBS with 1 mg/ml
bovine serum albumin, pH 7.4; mouse IgG heavy chain
and kappa light chain, Becton Dickinson) at 37°C for 60
min. These sections were sequentially incubated with goat

Fig. 5. Anti-BrdU staining in the dorsal region of the cerebral cortex of 1-week old mice. (a) In the control cortex, most labeled cells are located in the
upper layers, whereas few labeled cells can be observed in the lower layers. (b) In the irradiated cortex (four-layered region), labeled cells are deficient in

layer 2, but numerous in layer 4. Scale bar = 100 pm.
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anti-mouse IgG (H + L) biotinylated secondary antibody
(diluted 1:220, CALTAG) at 37°C for 30 min, and then in
an avidin-biotin—horseradish peroxidase complex (diluted
1:800) for 60 min, followed by development of the reac-
tion product with 3,3'-diaminobenzidine (DAB, Sigma)
and hydrogen peroxide, resulting in the formation of a
brown precipitate in the nuclei of BrdU-labeled cells. They
were then counter-stained with HE and examined under a
light microscope.

For MK and GFAP immunohistochemical examination,
samples were fixed with Zamboni’s solution (4% formal-
dehyde and 0.2% picric acid in 0.1 M PMS, pH 7.4) at 4°C
overnight. The brains were immersed in 20% sucrose at
4°C for 1 day and embedded in 10% gelatin at 4°C for 2
days, then snap-frozen by carbon dioxide gas, cut in the
frontal plane (5-15 pm thickness) through the entire
cerebrum by cryostat (CM 1800, Leica, Germany), and
thaw-mounted onto poly-L-lysine-treated glass slides. The
dissection and orientation of the tissue blocks were given
special attention. The tissue blocks through the full thick-
ness of the cerebral cortex were dissected as nearly as
possible perpendicular to the longitudinal axis of the cere-
bral hemisphere. For each brain, six sections were selected
for treatment with 0.6% hydrogen peroxide in 80%
methanol for 5 min to block endogenous peroxide activity,
then rinsed three times with 0.1 M PBS containing 0.3%

Triton X-100. Three sections were individually incubated
with affinity-purified polyclonal rabbit anti-MK antibody
(diluted 1:200, containing 1% normal goat serum, 1%
bovine serum albumin and 0.3% Triton-100) or with poly-
clonal rabbit GFAP (diluted 1:500, Dako) at 4°C overnight,
and subsequently incubated with biotinated goat anti-rabbit
IgG, then with a ABC kit (Vector Laboratories, USA) for
3 h at room temperature. Immunopositive structures were
visualized with a freshly prepared solution of 0.02%, 3,
3'-DAB-4HCI and 0.005% hydrogen peroxide in 0.05 M
Tris—HClI buffer (pH 7.6). After being rinsed with distilled
water, the sections were dehydrated and mounted with
resin.

The control mice were processed in the same manner as
the treated animals.

2.4. Quantitative study

Histological examination showed that the cellular struc-
ture of the cortex in the lateral region was essentially
normal. In order to know whether neuronal migration was
affected by irradiation in this region, a quantitative study
was performed in 4-week old mice. As mentioned above,
histological sections which corresponded to field 3 of
Caviness [4] and Krieg [19] were chosen to count the
number of BrdU-labeled cells in the cortical layers of the

Fig. 6. Anti-MK staining in the telencephalic wall of E17. (a) In the control brain mantle, MK-stained radial glial fibers have radially traversed the entire
distance from the ventricular zone to the pial surface, and their orientation is always consistent with the direction of neuronal migration. (b) In the
irradiated brain mantle, radial glial fibers are disorganized, and their courses have taken a different direction. Some of them are no longer perpendicular to
the surface of the cortex. MK-immunoreactive fibers cannot be found in some parts of the dorsal region. Scale bar = 100 pm.
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lateral region. BrdU-labeled cells were counted in the
lateral regions bounded by two parallel lines of the same
length, and the labeled cells in different layers were com-
pared by Student’s r-test between irradiated mice and
controls. P-values of less than 0.05 were considered signif-
icant.

3. Results

Extensive cell death occurred 6 h after exposure (E14),
and dead cells disappeared by 48 h after exposure. Follow-
ing cellular remodelling, some bizarre cellular structures
appeared temporarily in the irradiated brain during the
embryonic period. The cortical abnormality could be de-
fined in more detail as maturation processed. In postnatal
mice, a laminar pattern of cortical neurons (six layers) was
observed only in the lateral region of the brains irradiated
at E14 (Figs. 1b and 2b). Layer I was readily detected, and
the inner layers (layers V and VI) were recognized through
the presence of large pyramidal cells. Layers II, III and IV
formed bands of different densely packed cells. However,
layers II, III and IV from the lateral cortical region to the
dorsal cortical region became progressively thinner and

unclear. In the mid-dorsal region, a four-layered cortical
organization had formed (Figs. 1b and 2b). The four-
layered sequence consisted of layer 1, corresponding to the
molecular layer, layer 2 located in the upper cellular layer,
layer 3 which was a sparsely cellular zone, and layer 4
which contained heterotopic neurons. Layer 2 harbored an
external lamina of large cells that connected with layer V
in the lateral cortex. The large pyramidal cells located just
below the molecular layer could also be found in the
mid-dorsal region. The primary dendrites of these large
pyramidal cells appeared not to be normally oriented to-
wards the cortical surface (Fig. 3). Another obvious mal-
formation was the ectopic cell masses that formed beneath
layer VI and were separated from layer VI by a thin band
of fibers; no specific cell layers could be identified in these
ectopic cell masses (Fig. 1b, Fig. 2b).

After 24 h of BrdU injection, BrdU-labeled cells were
observed only in the ventricular zone of normal cortex or
in the partially preserved ventricular zone of irradiated
brain. Migration of labeled cells to the cortical plate, the
future neocortex, started from here in a radially centrifugal
fashion. From P7 onwards, almost all labeled cells seemed
to finish complete their migration, and the distributive
pattern of labeled cells was no longer changed. These

Fig. 7. Anti-GFAP staining in the cerebral cortex of P4. (a) In the control cortex, radial glial fibers are straight and perpendicular to the pial surface. (b) In
the irradiated cortex, radial glial fibers are crumpled (arrows) and many astrocytes appear. Scale bar = 100 pum.
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labeled cells in normal cortex were distributed widely in
layers IT and III, and continued to form an immunoreactive
cell zone, with few labeled cells found in layers V and VI
A similar distribution of BrdU-labeled cells was observed
in the lateral cortex region of irradiated mice, but quantita-
tive study revealed significantly different distribution pat-
terns in the lateral region between the irradiated animals
and controls. The labeled cells in layers II to IV were
fewer, and those in layers V and VI more numerous in
irradiated mice than in controls (Fig. 4). In the region of
the four-layered cortex, BrdU-labeled cells were so scarce
in the upper layers that the immunoreactive cell zone was
interrupted in layer 2, and a large number of labeled cells
appeared in layer 4 (Fig. 5b).

MK-immunoreactive radial glial fibers in the brain man-
tle were detected during the embryonic period but could be
not observed in the postnatal cerebral cortex. On E17, the
radial glial fibers had radially traversed the entire distance
from the ventricular zone to the pial surface in the control
_brain, and their courses were initially parallel to each other
and perpendicular to the pial surface which was oriented in
the direction of neuronal migration (Fig. 6a). In the irradi-
ated brain, the MK-immunoreactive fibers formed several
fascicles which changed their course in different direc-
tions, and could not be found in some parts of the dorsal
region of the cerebral cortex (Fig. 6b). On E18, MK-im-
munoreactive fibers had decreased dramatically in number
as had the intensity of staining for MK both in the control
and the irradiated brain. At the same time, GFAP-im-
munoreactive fibers in the brain mantle first appeared. By
P4, GFAP-stained fibers became more evident. In the
control brain, these fibers were regularly distributed and
perpendicular to the pial surface (Fig. 7a), while in the
irradiated brain the fibers were crumpled and a number of
fibrillary astrocytes appeared (Fig. 7b). In the following
postnatal days, the radial glial fibers became progressively
fewer, and disappeared completely about P21 both in
control and irradiated groups.

4. Discussion

Prenatal exposure to several neuroteratogens during dif--

ferent embryonic stages, such as ionizing radiation, ethanol,
and cytotoxic drugs (e.g., methylazoxymethanol acetate,
MAM), can induce cortical laminar disorganization with
varied patterns and formation of ectopic neurons. These
biological effects of neuroteratogens have been presumed
to result from cell death and interference with normal
neuronal migration, presumably via effects on radial glia
[23,24,45,50,51]. Numerous studies have revealed that a
pattern of cortical laminar disorganization is decided by
many developmental processes, but the time of exposure to
neuroteratogens is one of the important key factors in the
development of a lamina-specific pattern. Treatment of
pregnant mice with MAM at E13 resulted in cortical

hypoplasia that affected all but the first cortical layer,
treatment at E15 caused a statistically significant reduction
in cell density in the superficial layers, whereas treatment
at E17 caused an alterable arrangement of the cortical
layers, which were not easily separable, since MAM in
perhaps limiting glial cell proliferation, modified the sub-
sequent migration mechanisms [6,7]. Similar results also
have been reported in the study of lamina-specific deletion
of neurons in the monkey brain by irradiation at selected
prenatal stages [1].

In our study, different distributive patterns of neurons
were observed in different regions of the neocortex in mice
prenatally irradiated at E14. Neurons in the lateral region
were organized into an essential six-layered structure, while
neurons in the dorsal regions formed a unique four-layered
cortex. '

In the lateral cortical region of irradiated brain, histo-
logical examination showed that the normal sequence of
different layers was preserved, despite the thickness of
each layer being less than that of control. However, BrdU-
immunocytochemical study indicated that the migration of
cortical neuroblasts in the lateral region of the animals
irradiated was not really ‘normal.’” A high proportion of
the labeled cells migrated to the upper cortical layers
(layers II and III), but some remained in the lower cortical
layers (layers V and VI). The quantitative study showed
statistically significant differences in the distribution of the
labeled cells between irradiated and sham-exposed mice.
The labeled cells in the upper layers were fewer, and those
in the lower layers more numerous in prenatally irradiated
mice than in controls. These results suggested that some
neuroblasts failed to migrate to the upper layers in the
lateral cortical region.

‘On the other hand, in the dorsal region, a four-layered
cytoarchitecture was identified; layer 1 was the molecular
layer, layer 2 was the external cellular layer, layer 3 was a
sparsely cellular zone, and layer 4 was the internal cellular
layer. Because layer 2" was formed by an external lamina
of large cells which continued to layer V and VI of the
lateral region, layer 4 consisted of neurons which would
have migrated to the upper layers in the. normal cortex.
BrdU-immunocytochemical study demonstrated that
BrdU-labeled cells were very few in layer 2, whereas
numerous labeled-cells appeared in layer 4. These results
confirmed that the labeled cells in layer 4 were generated
at the same time as those in layers II and III in the lateral
cortex. These cells failed to pass through the earlier migra-
tion zone, so that large pyramidal neuron (a characteristic
of layer V which formed earlier than layers II and III)
appeared in layer 2.

The abnormal neuronal migration could be responsible
for radial glial fibers injured by X-irradiation because it is
well known that the migration of neuroblasts is guided
from an early stage by a system of such fibers that span
the width of the thickening telencephalon [30,33-35].
Therefore, the radial glial fibers were detected with a
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technique combining MK- and GFAP-immunocytochem-
istry. MK-stained radial glial fibers were observed from
the embryonic stage and disappeared after birth. The ap-
pearance of MK-stained radial glial fibers was consistent
with the developmental stage of the brain when prolifer-
ated ventricular neuroblasts start to migrate to the cortical
area [43]. During an earlier embryonic period (from E13 to
E17), MK-stained radial glial fibers could be observed
clearly. These fibers, spanning the cerebral wall from the
ventricular zone to the pial surface, were consistently
oriented in the direction of neuronal migration and tra-
versed the cortical plate itself in a straight line in the
control brains. However, such fibers were crumpled in the
lateral region of brains following 1.5 Gy irradiation. Obvi-
ously, to travel such a disoriented pathway, some neurob-
lasts could not migrate to their proper position. Moreover,
one notable finding of the present study was that MK-
stained radial glial fibers were markedly reduced in num-
ber in the some parts of the dorsal region. Radial glial
fibers which ordinarily projected radially from the ventric-
ular zone to the surface of the cerebral mantel were seldom
found there. These results revealed that neuronal migratory
pathways (radial glial fibers) were almost destroyed in
some parts of the dorsal region and that X-rays might have
killed some cells including radial glia cells or their precur-
sors. ,

Similar feature of radial glia cells stained with anti-
GFAP antibody were observed in the postnatal brains.
About P4, clearly immunoreactive radial glial cells with
anti-GFAP became evident in both control and irradiated
brains. In the control brains, such fibers projected radially
from the ventricular zone to the upper wall of the cerebral
mantle, while in the irradiated brains they were disorga-
nized, and numerous astrocytes appeared. The fact that
numerous protoplasmic transitional forms were displaced
by astrocytes indicated the presence of reactive gliosis as
the response of a brain exposed to irradiation.

It was of importance to inquire why different types of
cerebral malformations produced in the same cerebral cor-
tex appeared after irradiation, and why a four-layered
pattern was found only in the dorsal region but not in the
lateral region. To answer such questions, the possibility of
‘proliferative units’ was considered. Studies of neurogene-
sis and neurogenetic gradients have indicated that neurons
produced within individual proliferative units align them-
selves along a radial glial fascicle and enter the developing
cortical plate where they form ontogenetic columns [36,47].
If the generation of cortical neuroblasts was not syn-
chronous and uniform throughout the periventricular ger-
minal layer, irradiation could only destroy proliferative
units which were susceptible at the time of exposure to
X-irradiation. Therefore, some ontogenetic columns might
become normally developing units, and the migratory path-
way could be preserved, whereas others might be com-
pletely destroyed. Such destroyed proliferative unites oc-
curring in the dorsal region but not in the lateral region
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may demonstrate that the neurogenetic time is different or
that there are cellular mechanisms possibly involved in the
radiosensitivity among different regions. Further studies
are need to clarify these points.

A four-layered pattern of cortical malformation can also
be found in human lissencephaly type I [9-11]. It has been
identified as the eponymous, the Miller—Dieker and Nor-
man—Roberts syndromes in recognition of the first authors
[21]. A number of studies on human lissencephaly type I
have shown that neurons destined for the upper cortical
layers fail to migrate to their normal positions and remain
below the external cellular layer [5,41]. Although the
phenotype of brain malformation in humans was similar to
animal models in this experiment, the agents inducing a
four-layered cortex were different. Patients with Miller—
Dieker syndrome often present combined with the anomaly
of a short arm of chromosome 17 [9,11,42].

Another evident malformation in the neocortex of pre-
natally irradiated mice was the formation of groups of
ectopic cells located below the subcortical white matter.
Previous descriptions of the recovery of the germinal
neuroepithelium from prenatal irradiation indicated that
migrating cells detained along the migratory pathway
(within the cortex) might result from an aberrant or par-
tially broken migratory pathway, while the formation of
the ectopic masses might result from a complete failure of
migrating neuroblasts [45]. The neuroblasts which failed
completely to migrate curled up and continued to prolifer-
ate to form the ectopic masses. Such ectopic masses may
be produced at some time during cortical neurogenesis by
irradiation, with larger masses forming at an earlier stage
of brain development, and smaller ones at a later stage
[13). The size of these ectopic masses resulting from
irradiation at different stages may depend on how severely
the migratory pathways (radial glial fibers) were disturbed
and how many neuroblasts failed to migrate. In the present
study, the finding that a large number of MK-stained radial
glial fibers appeared around E14 of mice may suggest that
El4 is the time when neuronal migration waves reached
their peak. Thus, ectopic masses in mice exposed at E14
caused the larger ectopic cell masses.

In addition, the present observations showed that the
orientations of the apical dendrites of some large pyrami-
dal neurons were changed so as not to be normally ori-
ented towards the cortical surface in the irradiated animals.
It is thus conceivable that the neuronal pathway might be
affected due to an alteration in the dendrites of large
pyramidal neurons. To study the structural disorders of
neuronal pathways following irradiation may be a valuable
subject for future study.
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Abstract

Analysis of global fallout **Tc in environmental samples
should provide useful information for predicting the
nuclide behaviour under natural conditions which is
important from the viewpoint of radioecology. Con-
centrations of **Tc in rice paddy soils collected in Japan
have been studied. After chemical separation, **Tc in the
final solution was measured by ICP-MS. The activity
ratio of #°Tc/'3’Cs was used to understand the *°Tc
behaviour in the environment because the fission yields of
RYTc and '¥7Cs from U or 3 Pu are almost the same.
The theoretical activity ratio from fission which is calcu-
lated now is about 3.0x 10~*. Our results showed that the
range of activity ratios of **Tc/"*’Cs in the soil samples
was (2.0-5.2)x1073; these ratios were one order of
magnitude higher than the theoretical one. **Tc has been
accumulating in rice paddy soil like 13Cs has, although
their mechanisms might differ. One of the reasons for the
high ratio in the surface soil might be the ratios in the
atmospheric samples, which have increased from the order
of 1073 to 10~? (Garcia-Leon et al., 1993). © 1997
Elsevier Science Ltd. All rights reserved

Keywords: Technetium-99, paddy field soil, anaerobic
condition, activity ratio, accumulation.

INTRODUCTION

Technetium-99 in the environment has been accumulat-
ing because of its long half-life of 2.1x 10° years. ¥Tcisa
pure beta emitter (E.x =294 keV) and it is produced in
the fission of 235U or 23?Pu with a relatively high fission
yield of ca 6% which is similar to the values for '*'Cs

and °°Sr. The radionuclide is released to the environ-.

ment via nuclear weapons tests and nuclear industries.
Nuclear medical use of %™Tc (half-life: 6.01h) which
decays directly to *°Tc is another source though the *Tc
introduced into the environment via this route is
negligible. Generally, Tc is expected to be mobile in the
surface soil environment because of its chemical form,
TcO4~. The negative surface charge of soil particles
makes for this mobility and plants can absorb it easily.
For this reason, a knowledge of Tc behaviour in the
environment is important {or dose assessment. However,

clarification is not easy using results of laboratory tracer
experiments because the behaviour of Tc is dependent
upon its chemical form; the most stable chemical form
in the surface soil is pertechnetate, TcO4~, but, under
reducing conditions, it could be an insoluble form
(Bondietti & Garten, 1985; Sheppard et al., 1990; Yana-
gisawa & Muramatsu, 1995; Tagami & Uchida, 1996a).

Analysis data of global fallout **Tc in environmental
samples should give useful information for predicting
the nuclide behaviour. But due to its very low concen-
tration and analytical difficulties with environmental
samples, there are not many data.

In this study, we focused on determination of **Tc in
paddy field soil samples. '3’Cs concentration in the
sample was also measured, then the activity ratio of

¢/"37Cs was calculated to understand Tc mobility in
the paddy soil environment. Paddy field soil is one
of the environmental samples in which the nuclide could
be accumulated because of the relatively low redox
conditions. Besides, thé soil-rice plant system is an
important path for transfer of °*Tc to humans in Japan
and other Asian countries because rice is the main crop
in these areas (The Times Atlas of the World, 1994).

MATERIALS AND METHODS

Soil preparation :

Five soil samples were collected from the surface layer
(<20 cm) of paddy fields in Japan (Fig. 1). The soil
properties are listed in Table 1. The samples were air-
dried and passed through a 2 mm mesh sieve. They were
incinerated for 8 h at 450°C to decompose organic
matter.

Chemical separation

The experimental method for soil sample was reported
previously (Tagami & Uchida, 19935, 1996b). The scheme
is shown in Fig. 2 and only a brief explanation is given
here.

1. Technetium was separated from the incinerated
soil sample by volatilization, i.e. by combustion of
the sample at 950°C and trapping of the gaseous
element in a potassium carbonate solution.
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Fig. 1. Soil collection sites in Japan.

2. The solution was shaken with cyclohexanone to
extract its Tc and to remove ruthenium which has
an isotopic abundance of 12.7% at mass 99 (Mor-
ita et al., 1991). Then Tc in the organic layer was
back-extracted into deionized water by the addi-
tion of carbon tetrachloride.

3. The aqueous phase was adjusted to 2% nitric acid
with super-analytical grade reagent (Tama Chemi-
cals, AA-100). Then, the ?°Tc concentration in the
solution was measured by ICP-MS (Yokogawa,
PMS-2000).

For the ICP-MS measurement, *Tc standard solu-
tion (Japan Radioisotope Association, NHsTcO,4 form
in 0.1% ammonia solution) was used. Measurement
time was approximately 10 min per solution. The
detection limit for ICP-MS was 0.05 ppt (0.03 mBq
ml~!). During the measurement, mass numbers 101 and
102 were also detected for Ru in the samples.

Recovery of Tc was determined with >™Tc (DuPont,
NaTcO, in H,0). A paddy field soil contaminated for
one month was used for the determination of the yield.
The area of the gamma peak of 204 keV of *™Tc was

measured with a NaI(Tl) well-type scintillation counting
system (Aloka, ARC-300).

137Cs measurement

The activities in the soil samples were measured by a Ge
detector (Seiko EG&G Ortec) coupled with a multi
channel analyzer (Seiko EG&G, Model 7800). 100 ml of
each soil sample were transferred into a plastic vessel and
measured for 80000 s. The same volume standard solu-
tion (a mixed radionuclide y-ray reference standard in
solution, Amersham, QCY.46) was used for the '37Cs
determination. The -method was applicable because a
preliminary experiment showed that there was no
remarkable difference in efficiencies between the liquid
standard and a reference soil (IAEA Soil-6).

RESULTS AND DISCUSSION

For the determination, 300 to 500 g of incinerated soil
samples were used. The soil incineration was carried
out at 450°C to decompose organic matter because its

Table 1. Properties of the soil sampies

Sampling place Ogata

Omagari
Village

City

Kawazoe
Town

Imari
City

Morioka
City

(Akita Prefecture) (Akita Prefecture) (Iwate Prefectﬁre) (Saga Prefecture) (Saga Prcfectuije)
0-14 0-20 0-17.

Depth (cm) . 0-15 0-18 . L L
Classification Gray lowland soils Gray lowland soils Andosols Yellow soils  Gray lowland soils
Soil properties - : '

CEC (meq/100 g dry) — 18.4 274 16.0 0.85

AEC (meq/100 g dry) — (<0.05) 0.17 (<0.05) (<0.05)

Active Al (mg/100 g dry) — 223 6510 . 236 158

Active Fe (mg/100 g dry) - 420 - 3600 741 © 600

Organic C (% dry) — 1.84 6.64 2.06 2.00

Total N (% dry) — 0.16 0.56 0.23 0.19
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Soil sample (air-dricd, < ¢ =2mm)
Incincration (450C, 8 hours)

Volatilization with a combustion apparatus ( 950C, 3 hours)
Trapping with 0.5M potassium carbonate solution

1
‘Trap solution

+ Hydrogen peroxide
Heating (90°C, 3 - 4 hours)

+ Cyclohexanonc
Extraction

1
Organic layer

+ Carbon tetrachloride
+ Deionized water

Extraction

Aqucous laycr
2% Nitric acid

Inductively coupled plasma mass spectrometry
(ICP-MS)

Fig. 2. Separation procedure for *Tc in soil.

presence in samples interfered with Tc separation. Pre-
viously, we reported (Tagami & Uchida, 1993a, 19965)
that soil samples including Andosol and Gray lowland
soil could be incinerated without any loss of Tc despite a
difference in organic matter content among soil samples.
In this experiment, the soil sample which had been con-
taminated with >>™Tc for one month was used in parallel
for determination of the chemical recovery of the five
soil samples. >>™Tc was not added as a tracer to the soil
samples because there is a possibility that >™Tc solu-
tion includes an interfering element at mass of 99 intro-
duced during its production procedure (Tagami &
Uchida, 1996b). In order to identify. the separation of
Ru from the solution, the counts for mass numbers 101
and 102 were measured with ICP-MS. Both counts were
almost the same as those of blank sample. It was
assumed that there was no evidence of Ru existing in the
sample solutions. The average recovery of *>™Tc¢ from
the contaminated soil sample was 58 + 6%.

Table 2 shows the results of **Tc and !*’Cs measure-

ments. The ranges of **Tc and '¥’Cs concentrations
are 0.02-0.11 Bq kg~' dry and 4.9-16.9 Bq kg~! dry,
respectively. The activity ratios of *Tc/'3’Cs are in the
last column, (2.0-5.2)x1073. The activity ratio of
99Tc/'37Cs from fission is now calculated as 3.0x10~*
with correction of decay out. The measured ratios in the
paddy field soil samples were one order of magnitude
higher than the theoretical one from fission.

The higher **Tc/'3"Cs activity ratio in soil is presum-
ably influenced by that of depositions containing rain
and dry fallout. Ehrhardt and Attrep (1978) reported
that the range of the activity ratio of *°Tc/'*’Cs in
rain samples which were collected in the USA was
(0.11-2.5)x10~2 during 1961-1974. In Spain, Garcia-
Ledn et al. (1993) measured similar values of (0.3-12.3)x
10~2 in rain samples collected during 1984-1987. These
ratios in rain samples were almost the same as those of
soils. It seems that the **Tc/'3’Cs in soil was affected by
that in deposition on the soil. However, it is still difficult
to understand the *Tc behaviour in the atmosphere and
terrestrial environments because of the limited numbers
of 9*Tc¢ data in deposition samples. Our results, at least,
lead to a tentative conclusion that more Tc might be
fixed on the soil we had expected before.

The mechanisms of Tc accumulation in paddy fields
can be explained by the changes of Tc's chemical form
in soil under the waterlogged condition. Generally,
during the planting period, the paddy field soils are
waterlogged and subsequently the redox potentials
decrease, so that relatively low redox conditions are
generated in the soils. Although the nuclide is expected
to be in a soluble form as pertechnetate (TcOj) under
an aerobic condition like that in surface soils, this
changes through a combination of factors such as the
redox condition and microbial activity (Tagami &
Uchida, 1996a, 1996¢). Probably, Tc is transformed
from its soluble TcO; form to a lower oxidation form
such as TcO,, TcO(OH), or TcS; under a relatively low
redox condition (Lieser & Bausher, 1987; Brookins,
1988). The sulfide might occur because H,S gas can
be produced in waterlogged soil when rice plants are
growing. These lower oxidation forms have lower
solubility and Tc in these forms would be sorbed onto
soil. The activity ratio of **Tc/'*’Cs in unploughed soil

Table 2. Concentrations of #*Tc and '*’Cs in paddy field soils in Japan on a dry weight basis and activity ratios of **Tc to 3'Cs

Collection place and Collection PTc 137Cs 99T¢/!*7Cs

type of the soil year (Bq kg™!) (Bq kg™!) (x10-%)

Ogata Village, Akita Prefecture 1991 0.11+£0.03 28.2+0.8 39+1.0
Paddy soil

Omagari City, Akita Prefecture 1992 0.034 +:0.005 16.92+0.64 20+0.3
Paddy soil ‘

Morioka City, Iwate Prefecture 1992 0.052+0.01 10:13+0.63 5.1+0.1
Paddy soil

Kawazoe Town, Saga Prefecture 1991 0.022+0.003 4.94+0.47 4.5+0.8
Paddy soil

Imari City, Saga Prefecture 1991 0.088 +0.015 16.84 £ 0.66 5.2+0.9
Paddy soil
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in Japan was (1.2-39)x10~3 (Otsuji, 1989; Matsuoka et
al., 1990; Morita et al., 1993). These values were one to
two orders of magnitude higher than the theoretical
one. Since these soil conditions were aerobic conditions,
it is expected that the chemical form of Tc is TcOj has
only a small possibility of changing to a lower oxidation
form. Although local reduction conditions could be seen
even in the surface soil, the mechanisms of Tc sorption
onto the soil should not be explained only by this.
Further studies are needed to clarify the phenomena of
9Tc accumulation in the surface soﬂ layer including
upland ﬁeld
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The effect of arsenite or nickel on the repair of DNA dou-
ble-strand breaks (DSBs) was studied in y-irradiated Chinese
hamster ovary cells using pulsed-field gel electrophoresis. Af-
ter treatment with nickel chloride or arsenite for 2 h, cells
were irradiated with vy rays at a dose of 40 Gy, and the num-
bers of DNA DSBs were measured immediately after irradi-
ation as well as at 30 min postirradiation. Both arsenite and
nickel(II) inhibited repair of DNA DSBs in a concentration-
dependent manner; 0.08 m3 arsenite significantly inhibited
the rejoining of DSBs, while 76 mM nickel was necessary to
observe a clear inhibition. The mean lethal concentrations for
the arsenite and nickel(I) treatments were approximately
0.12 and 13 mM, respectively. This indicates that the inhibi-
tion of repair by arsenite occurred at a concentration at which
appreciable cell survival occurred, but that nickel(II) inhib-
ited repair only at cytotoxic concentrations at which the cells
lost their proliferative ability. These novel observations pro-

.vide insight into the mechanisms underlying the effects of
combined exposure to arsenite and ionizing radiation in our
environment. © 2000 by Radiation Research Society

INTRODUCTION

Recent advances in science and technology involve the
potential release of various toxic agents into the environ-
ment that might have adverse effects on human health.
Since simultaneous exposure to multiple toxicants frequent-
ly occurs in the environment, studies of the combined and/
or competitive effects of toxicants are of great importance.
In the field of radiation protection, the combined effects of
radiation and other toxic agents are recognized as an im-
portant research area, but data for use in providing accurate

! Author to whom correspondence should be addressed at Environ-
mental and Toxicological Research Group, National Institute of Radio-
logical Sciences, 4-9-1 Anagawa, Inage-ku, Chiba 263-8555, Japan.
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risk assessment are limited. Thus elucidation of the basic
mechanisms involved in combined effects is crucial.

It has been shown that exposure to some heavy metals
or to arsenic results in supra- or subadditive effects when
they are combined with ionizing or nonionizing radiation
including X rays and UV light (for reviews, see refs. 1-3).
Although the underlying mechanisms are not clearly un-
derstood, the interference with DNA repair as well as the
enhancement of radical formation are possible explanations
for the combined effects of these metals and radiation.
Many metals or metalloids including nickel (/—/4), arsenite
“, 5, 8, 15-19), cadmium (4, 6, 11, 12, 14, 17, 20), mer-
cury (4,; 5, 21, 22), cobalt (4, 23), lead (20), and copper (4,
5) have been shown to interfere with the process of repair
of DNA damage induced by a variety of genotoxic sub-
stances.

The inhibitory potential of a specific metal may depend
on the nature of the DNA damage. For instance, nickel(II)
inhibited the repair-of DNA damage induced by X rays and
UV light but not the damage induced by methyl methane-
sulfonate (7, 8). In contrast, mercury(Il) interfered with the
repair of DNA damage induced by X rays but not the repair
of damage induced by UV light (21, 22). There are many
kinds of DNA damage, including double-strand breaks
(DSBs), single-strand breaks (SSBs), and base modifica-
tions. Of these, the DNA DSB is known to be a very de-
structive lesion in which both strands of the DNA double
helix are sheared at the same time by chemical or physical
actions. The misrepaired DSBs or DSBs that remain when
repair has been completed can lead to cell death, mutation
or neoplastic transformation (24). Although an inhibitory
effect on the repair of X-ray-induced DNA SSBs has been
demonstrated (4, 5, 9, 21, 22), there has been no study of
the effect of metals or metalloids on DNA DSB repair. Thus
we investigated the effects of arsenite and nickel on the
repair of DSBs induced by <y radiation. These compounds
were selected because of the increased interest in their in-
hibitory effects on various forms of DNA repair (4-19).
Our data demonstrate that arsenite at subtoxic concentra-
tions has a strong inhibitory effect on the repair of radia-
tion-induced DSBs.
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MATERIALS AND METHODS

Chemicals

The medium, serum and antibiotics used for the cell culture are prod-
ucts of Gibco (Gaithersburg, MD). Nickel chloride and sodium arsenite
are analytical-grade reagents produced by Wako Chemical (Tokyo, Ja-
pan), and chemicals used for electrophoresis are analytical-grade reagents
from Sigma (St. Louis, MO) unless otherwise specified.

Cell Culture

Chinese hamster ovary cells (CHO-K1) were obtained from Riken Cell
Bank (Ibaraki, Japan) and were maintained in Ham’s F-12 medium sup-
plemented with 10% FBS, 100 wg/mi streptomycin, and 100 U/ml pen-
icillin at 37°C in an atmosphere of 5% CO, and 95% air. Plateau-phase
cells were obtained by growing 3-4 X 10° cells in a 60-mm tissue culture
dish (5 ml medium) for 4 days without a change of medium. Subsequently
1.5 X 10° cells were inoculated in a 35-mm tissue culture dish in 2 ml
of the above medium and labeled with 0.74 kBq/ml [“C]thymidine plus
5 pM cold thymidine added at the time of culture preparation. Cells were
used for the experiment 24-28 h after incubation, when approximately 5
X 10 cells had accumulated. Thus the experiments were performed with
exponentially growing cells. This culture protocol gave consistent results
regarding the amount of DNA DSBs measured, and the cell cycle distri-
bution of the population used was similar in all of the experiments.

Exposure to Chemicals and <y Radiation

At the beginning of the experiments, the culture medium was replaced
with 1 ml of fresh medium, and then 0.1 ml of chemical solution was
added. The chemicals used were nickel chloride and sodium arsenite; they
were dissolved in freshly prepared Hanks’ balanced salt solution. The
cells were exposed to various concentrations of chemicals for 2 h and
then irradiated on ice using a '*'Cs irradiator at a dose of 40 Gy (dose
rate: 10.2 Gy/min). Subsequently, in some cultures (non-repair group),
the cells were washed once with cold medium, trypsinized at room tem-
perature for 1.5-2 min, and collected in a test tube on ice for further
analysis of DNA DSBs. In other cultures (repair groups), cell incubation
continued at 37°C for 30 min to allow DSB repair, and then the cells
were prepared for analysis of DSBs with the same procedure used for the
non-repair groups. In the non-repair group, there is a possibility that a
few DSBs might be rejoined since the cells were maintained at room
temperature during the trypsin-EDTA treatment. If we assume that DSBs
were repaired during the trypsin-EDTA treatment at the same rate as at
37°C, about 7% of DSBs were repaired before the assay. However, our
procedures were very consistent from experiment to experiment, so no
serious deviation in the data was expected.

Analysis of DNA DSBs

The assay of DSBs was carried out by pulsed-field gel electrophoresis
as described elsewhere (25, 26). In brief, the recovered cells were mixed

with melted 0.5% agarose solution, pipetted into plastic molds, and -

cooled on ice until they had solidified. These agarose samples were im-
mersed in an ice-cold lysis solution containing 0.5 M EDTA, 0.01 M Tris,
2% sarcosyl, and 0.2 mg/ml proteinase K for 1 h and then incubated
overnight at 50°C. After lysis, samples were washed and treated with 0.1
mg/ml ribonuclease A for 1 h. Sample plugs were electrophoresed in
0.5X TBE buffer (45 mM Tris, 45 mM boric acid, 1.5 mM EDTA, pH
8.2) in a clamped homogeneous electric-field gel box (Bio-Rad, Tokyo,
Japan), on 0.8% agarose gel (CHEF grade, Bio-Rad) at 14°C. The voltage
applied was 200 V with a 60-s pulse time for the first 9 h followed by a
120-s pulse time for the last 14 h (total run time, 23 h). After electro-
phoresis, the gels were stained with ethidium bromide, photographed un-
der UV light, and cut to separate the plug from the lane of each sample.
The “C activity of each piece was measured in a scintillation counter and
the fraction of activity released (FAR) was calculated as the disintegra-

tions per minute (dpm) for a lane divided by the total dpm (lane + plug)
per sample. Background FAR values, obtained from the lanes containing
unirradiated DNA, were typically between 2 and 5% and were subtracted
from the FAR values of treated samples.

Cell Viability and Colony-Forming Ability

The proliferative ability of the cells was determined by a colony-form-
ing assay. The cells were prepared and exposed to each chemical for 2.5
h, which corresponded to the sum of the preincubation time with the
chemicals (2 h) and the repair incubation time (0.5 h). Then they were
trypsinized, counted and replated onto 35-mm tissue culture dishes in
triplicate to yield 100500 colonies per dish 8-9 days later. The colonies
were stained with Giemsa solution and counted. In some experiments,
the toxicities of nickel and arsenite were also determined by trypan blue
dye exclusion. After exposure to chemicals for 2.5 h, the culture medium
was recovered, and the dish was rinsed to remove nonadherent cells. The
recovered medium and rinsed solutions were centrifuged to collect the
nonadherent cells. The number and viability of the nonadherent cells
recovered and the adherent cells on the dish were determined by a dye
exclusion test with 0.5% trypan blue. The cytotoxicity and DNA DSB
assays were performed in duplicate or triplicate in at least three indepen-
dent experiments. Statistical analysis was carried out with the Student’s
ttest (n = 6-12).

RESULTS
The Effect of Chemicals on Cell Adherence and Viability

Figure 1A and B shows the cell viability determined by
trypan blue dye exclusion and the percentage of cells that
adhered to the culture dish at the end of 2.5 h exposure.
The viability was greater than 90% in cells exposed to ar-
senite at all the concentrations used. In cells exposed to
Ni(I), the viability was greater than 90% for concentrations
of 20 mM or less and decreased to 84 and 20% at 76 and
200 mM, respectively. The percentages of adherent cells
were greater than 95% except for the cells exposed to the
highest concentration of arsenite, where approximately 20%
of the cells were detached from the culture dish (Fig. 1A).
These results indicate that most cells adhered to culture
dishes after exposure and were processed for the subse-
quent DNA DSB assay. The plating efficiencies of the cells
after 2.5 h exposure to arsenite and Ni(II) are shown in Fig.
2A and B, respectively. The survival data fit a log-linear
curve well, and the lack of a shoulder in the dose-response
curves is consistent with previous reports (7, 27). The mean
lethal concentrations for the arsenite and Ni(If) treatments
were approximately 0.121 and 13.3 mM, respectively.

Induction of DNA; DSBs by y Radiation and their Repair

To examine the kinetics of DSB repair, the repair incu-
bation was extended up to 120 min after irradiation, and
DSB repair was assayed 30, 45, 60 and 120 min postirra-
diation. As shown in Fig. 3, there was a rapid decrease in
the FAR in the first hour. By 120 min, the FAR value had
almost reached the background level. This decrease in FAR
is attributable to the rejoining of DSBs as reported in pre-
vious studies (28, 29). In the following study, the inhibitory
effects of Ni(Il) and arsenite on DSB rejoining were inves-
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FIG. 1. Cell viability determined by the trypan blue dye exclusion test and the percentage of adherent cells after
2.5 h exposure to arsenite (panel A) or Ni(Il) (panel B). Vertical bars indicate the SD for 6 to 12 cultures obtained

from at least three independent experiments.

tigated at O (no repair) and 30 min postirradiation, since
the most rapid and significant repair occurred during this
period.

Inhibition of DNA DSB Repair by Ni(Il) and Arsenite

Cells were preincubated with chemicals for 2 h and ir-
radiated with 40 Gy <y rays. Some cultures were then as-
sayed for DSBs immediately and the others were incubated
for a further 30 min to allow repair. Figure 4A shows the
FAR values for the cells exposed to arsenite. Up to 0.12
mM arsenite, the FAR for cells assayed immediately after
irradiation (no repair) were at levels similar to those in
untreated (0 mM) cells and then increased gradually with
increasing arsenite concentration. The FAR values at 30
min postirradiation were significantly increased due to the
exposure to arsenite at 0.08 mM or more, indicating a
strong inhibitory effect on repair by arsenite in this con-
centration range. The arsenite concentration dependence of
the inhibition of DSB repair is clearly shown in Fig. 4A.
In this figure, the repair fraction (fraction of repaired DSBs)
was calculated by the following equation:
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Repair fraction

__ [FAR(0) — FAR(BL)] — [FAR(30) — FAR(BL)]
B FAR(0) — FAR(BL) ’

where FAR(0) and FAR(30) denote the FAR values at 0
and 30 min after irradiation, respectively, and FAR(BL) is
the blank FAR values in the cells that received neither -y
irradiation nor chemical exposure. Since it has been shown
that FAR is proportional to the number of DSBs in a linear
manner in:these ranges (28, 30), the above equation indi-
cates the actual fraction of DSBs repaired.

The data in Fig. 5A indicate that the repair inhibition
occurred in the biologically significant concentration range
of arsenite. For Ni(II), as shown in Fig. 4B, no significant
changes in the FAR values were observed up to 20 mM for
the initial induction of DSBs (0 min). Then the initial dam-
age gradually increased and the FAR at 30 min also in-
creased at concentrations higher than 40 mM Ni(II). These
results indicate that Ni(Il) also inhibits the repair of DSBs
at concentrations of more than 40 mM, and that 76 mM
nickel was necessary to observe a clear inhibition (Fig. 5B).
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FIG. 2. Cell survival as determined by the colony-forming assay after 2.5 h exposure to arsenite (panel A) or
Ni(II) (panel B). Vertical bars indicate the SD for six to nine cultures obtained from at least three independent

experiments.

—134—



INHIBITION OF DNA DSB REPAIR 689

Fraction of activity
released

I

0 50 - 100 150
Time after irradiation (min)

FIG. 3. Change in FAR values with time (or kinetics of DSB rejoining
as a function of postirradiation time) after 40 Gy v irradiation. Back-
ground values have been subtracted from individual data points. Vertical
bars indicate SD for six to nine cultures obtained from at least three
independent experiments.

However, these concentrations are much higher than the
biologically significant concentration range for Ni(II).

It has been reported that rejoining of DSBs has a fast
and a slow component (28). To show how arsenite affects
these phases, data for rejoining kinetics up to 120 min post-
irradiation are presented in Fig. 6. The inhibition of repair
by arsenite is very distinct in the first 60 min after irradi-
ation, and this appears to lead to a substantial number of
unrejoined DSBs (~40% of initial breaks) at 2 h postirra-

diation. Such unrejoined breaks could well be the cause of.

the sensitization by arsenite and could be more important
than the repair effects on the rate of each component.

DISCUSSION

In this study, we have shown the inhibitory effects of
arsenite and Ni(I) on the repair of DSBs induced by vy
radiation. Although a high concentration of Ni(II) (>>40
mM) was necessary to inhibit repair of DSBs, a low con-
centration of arsenite (0.08 mM) inhibited DSB repair. This
arsenite concentration is significant since it allowed more
than 50% of the cells to survive. To the best of our knowl-
edge, this is the first direct evidence that arsenite inhibits
the repair of DSBs. It has been reported that arsenite en-
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hances the accumulation of DSBs in cells exposed to meth-
yl methanesulfonate (16). The presence of DSBs in that
study may be the resuilt of effects on the repair of the le-
sions induced by methyl methanesulfonate.

There are a number of reports demonstrating that both
Ni(II) and arsenite inhibit the repair of X-ray- or UV-radi-
ation-induced DNA damage measured using alkaline elu-
tion, alkaline unwinding, or the nucleoid sedimentation as-
say (4-11, 13-15). The concentrations of compounds used
in those studies were relatively low and resulted in little or
no cytotoxicity. In the present study, however, only arsenite
interfered with the repair of DSBs at relatively low con-
centrations, while Ni(Il) inhibited repair only at high con-
centrations. Interestingly, the repair of DNA damage in-
duced by methyl methanesulfonate was inhibited by non-
toxic levels of arsenite, but not by Ni(I) (8).

The initial yield of DSBs after irradiation was higher at
greater concentrations of Ni(I) or arsenite (Fig. 4A and B).
Since DSBs were induced after the exposure to high con-
centrations of nickel or arsenite alone (without radiation),
the increase may be attributable to the direct induction of
DNA damage by Ni(II) or arsenite. An interaction between
metals and scavengers such as thiols may not be the case
in this situation.

Although the mechanism of inhibition of DSB repair by
these compounds is not fully understood, the ligation step
may be affected by these compounds, as has been suggested
in the inhibition of repair of other types of DNA damage
2, 8, 11, 18, 19). Unique effects of arsenite on mutagenesis
have been reported and may be relevant to the inhibitory
effects of arsenite on DSB repair demonstrated in the pre-
sent study. Arsenite was believed to be a weak mutagen in
standard mutation assays using cultured mammalian cells
(for reviews, see refs. 2 and 31). However, Hei et al. (27)
recently demonstrated that arsenite is a strong mutagen and
that it induced mostly large deletion mutations. Not only
the direct effect on DNA strands but also the inhibition of
DSB repair by arsenite may be responsible for the large
deletions observed.

- 0.6 -
Q —a—0 min B
2 0.5+ - 0--30 min
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FIG. 4. FAR values assayed immediately after irradiation (closed circles with solid line) or 30 min after the repair
incubation with arsenite (panel A) or Ni(II) (panel B) (open circles with broken line). FAR values for the nonirradiated
cells are also shown (open triangles). Vertical bars indicate the SD for 6 to 12 cultures obtained from at least three

independent experiments.
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tration for the respective treatments.

As described above, 0.08 mM of arsenite inhibited the
repair of DSBs. This concentration is not much higher than
the levels of arsenic found in the environment (as reviewed
in ref. 32). For example, in some regions, the concentration
of arsenic in natural well water (not artificially contami-
nated) reaches 1 ppm (0.014 mM). In artificially contami-
nated areas, concentrations that were 10 to 100 times higher
were observed. In human blood and soft tissues, the arsenic
concentration is usually less than 0.3 ppm (0.004 mM),
which is Y/,, of the effective concentration in the present

study. However, in human tissues accidentally treated with

arsenic or exposed to an environment with a higher level
of arsenic, the tissue concentrations could become more
than 10 ppm (0.14 mM), which is greater than those found
to inhibit DSB repair in the present study.

The International Agency for Research on Cancer
(IARC) categorizes both nickel and arsenic as group 1 hu-
man carcinogens (33, 34). Nickel induces lung and sino-
nasal cancer, and its carcinogenic action has been demon-
strated in human epidemiological studies as well as in an-
imal experiments (33, 35, 36). Exposure to arsenic com-
pounds leads to skin and lung cancer in humans, although
animal studies failed to detect a carcinogenic potential (31,
34, 36). Therefore, several studies indicated that the inter-
action with DNA repair processes might be the predomi-
nant mechanism in arsenic-induced carcinogenicity com-
pared to direct DNA damage (as reviewed in refs. /-3 and
36). The present results, which demonstrate that arsenite

o
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FIG. 6. Time-dependent changes in FAR value (repair of DSBs) after
40 Gy irradiation with or without 0.08 mM arsenite. Values are mean *
SD of eight cultures obtained from four independent experiments.

inhibits the repair of DSBs induced by -y radiation, may
clarify and give new insight into the mechanism(s) under-
lying the carcinogenic potential of arsenic compounds.

In conclusion, it is apparent that arsenite inhibits the re-
pair of DSBs induced by <y radiation. The observed inhib-
itory effect of arsenite on DSB repair may have important
implications for the combined effects of arsenite and ion-
izing radiation, since this kind of combined exposure is
possible in the environment. In the case of Ni(II), this metal
ion interfered with the rejoining of DSBs only at highly

" cytotoxic concentrations under the present experimental
conditions. Since Ni(ll) is known to cause inhibition of
repair of other types of DNA damage at low concentrations
(4-14), a longer incubation period (e.g. >4 h) may be need-
ed to observe the effect (10, 12), and further studies may
be necessary to elucidate a clear effect of nickel on DSB
repair. :
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Comparative biokinetics of tritium in rats during continuous
ingestion of tritiated water and trittum-labeled food
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Abstract.

Purpose: The biokinetics of tritium during continuous ingestion
of tritiated water and tritiated wheat were investigated to estimate
the radiation dose rates at the end of two modes of chronic
exposure. '

Materials and methods: Wistar strain male rats continuously ingested
tritiated water as drinking water and tritiated wheat as food for
14 weeks. Urine and tissue samples were obtained and total
tritium in the fresh wet samples and organically bound tritium
(OBT) in the freeze-dried samples were determined.

Results: The biokinetics of tritium was different between the two
modes of exposure. The concentration of total tritium in the
tissues exposed to tritiated water attained a steady-state condition
by 2--3 weeks. The steady-state condition in the case of exposure
to tritiated wheat was not observed for 10 weeks after the start
of exposure in the majority of tissues. The relatively efficient and
prolonged OBT formation during chronic exposure to tritiated
wheat resulted in relatively high incorporation and retention of
tritium in the tissues compared with those for exposure to the
same activity of tritiated water.

Conclusion: Radiation dose rates estimated at the end of continuous
ingestion showed that tritiated wheat gave higher dose rates than
tritiated water by a factor of 1.3 to 4.5, but the factors were_
within 2.0 in the majority of tissues except for small intestine
and adipose tissue.

1. Introduction

A considerable amount of tritium is currently
produced in fission reactors and in future a significant
amount of this isotope will be used as fuel in fusion
reactors. Tritium is released from these nuclear facilit-
ies mainly in the form of water. In this form, it is
widely distributed in the biosphere and easily enters
not only environmental water but also the bodies of
plants and animals. This radionuclide is incorporated
into the organic constituents of organisms, more
efficiently in plants by photosynthetic processes.
Thus, tritium transformed into organic form may be
ingested by man as food as well as tritium in the
form of water.

* Author for correspondence; e-mail: h_takeda@nirs.go jp

tEnvironmental and Toxicological Sciences Research Group,
National Institute of Radiological Sciences, 9-1 Anagawa-
4-chome, Inage-ku, Chiba-shi 263-8555, Japan.
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Beijing 100088, China.
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It is well known that tritium in organic form is
more efficiently incorporated into mammalian tissues
than tritium as water. Some investigators have
already reported a greater tritium incorporation from
tritiated organic molecules (Vennart 1969, Mewissen
et al. 1977, Takeda 1982) and from tritiated foods
(Kirchmann et al. 1977, Rochalska and Szot 1977,
Pietrzak-Flis et al. 1978, Takeda et al. 1985). However,
there are few experimental studies of tritium
dynamics in mammals under the condition of chronic
exposure to tritiated water or tritiated food. For
chronic exposure to tritium, especially in the form of
food, few long-term data are available on tritium
dynamics in mammalian tissues. Rodgers (1992)
reported on tritium dynamics in mice chronically
exposed to tritiated water and diet, but the duration
of chronic exposure (56 days) was not enough to
ensure that a steady-state condition had been
attained. Tritiated food used in the experiments was
prepared by mixing tritiated amino acid mixture
with powdered commercial diet.

In the present study, rats were continuously
exposed to tritiated water as drinking water or triti-
ated wheat as food for about 100 days. During
chronic exposure, the biokinetics of tritium was
investigated to elucidate the dynamics into a steady-
state condition and to estimate the radiation dose
rates under the steady-state condition. The results
will be useful for comparative evaluation of the
potential risk between the two modes of exposure.

2. Materials and methods

Wistar male rats weighing about 450 g were used
in this study. Sixty rats were separated into two
groups receiving chronic exposure either to tritiated
water or tritiated wheat. Throughout the experi-
ments, rats were housed in metabolic cages
(Metabolica, Sugiyama-gen Co.) in order to measure
consumption of water and food, and to collect daily
samples of urine from each animal. The daily
ingested amounts of drinking water and food aver-
aged over all the present experiments were 36 ml
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and 24 g, respectively. The daily excreted amount of
urine averaged 17 ml.

Tritiated water (purchased from NEN) was diluted
to an appropriate concentration with distilled water
to prepare tritiated drinking water and tritiated food.
The concentration of tritium in drinking water was
adjusted to 6.3kBq/ml. For. preparation of tritiated
food, wheat was grown in a 0.02 m? plastic Wagner’s
pot and after flowering the plant was sometimes
irrigated with tritiated water in a phytotron with
controlled temperature and natural light. At the time
of ripening, the plants were harvested and the edible
part was fed to the rats; it was first pulverized, freeze-
dried and mixed with the powdered standard chow.
The concentration of tritium in the food including
tritiated wheat was 0.18 kBq/g.

Urine samples collected daily during these experi-
ments were assayed for radioactivity. The rats were
sacrificed by decapitation under ether anesthesia
from weeks 1-14 after start of ingestion. Tissue
samples were taken and the total tritium activity in
the fresh wet tissues was determined. Part of each
tissue sample was lyophilized for determination of
organically bound tritium (OBT). Lyophilization was
repeated twice with addition of distilled water to
remove water-bound tritium and easily exchangeable
OBT. Samples were combusted in an oxidizer (Model
306 Tri-Carb, Packard Instrument Co.) and tritium
radioactivity in the combustion water was measured
with a liquid scintillation counter.

Data were presented as a percentage of the concen-
tration of tritium in the ingested water or food, and
also as a percentage of tritium ingested per gram of
wet or dry tissue. The former was expressed in terms
of relative concentration and the latter was in terms
of relative integrated activity. They were respectively
- calculated as follows

Relative concentration =

Radioactivity per g of wet or dry sample

Radioactivity per g of ingested drinking water or food x 100

Relative integrated activity =

Radioactivity per g of wet or d 1
ty per g Wsampexmo

Radioactivity ingested per g of tissue

Data values show the average of determinations on
three or five animals. :
The R-value, defined as the ratio of specific activity
(T/H) of trittum in dry tissues to specific activity
(T/H) of tritium in daily ingested drinking water or
food, was also calculated for rat tissues at the end of
98 days of chronic exposure to tritiated water or
tritiated wheat. For this calculation, the values used
were for the hydrogen content for the organic com-
ponent of various tissues given by Pietrzak-Flis et al.
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(1978). The hydrogen content of drinking water or
tritiated food was calculated on the basis of their
chemical composition to be 11.1% and 7.0%,
respectively.

All experimental animals were treated and handled
according to the ‘Recommendations for handling of
laboratory animals for biomedical research’, com-
piled by the Committee on the Safety and Handling
Regulations for Laboratory Animal Experiments,
NIRS.

3. Results

Time variations in the relative concentration of
tritium in urine collected daily during continuous
ingestion of tritiated water or tritiated food are shown
in figure 1. Concentrations of tritium in urine rapidly
increased after the start of ingestion, and attained a
steady-state condition by about day 10 after the start
of tritiated water ingestion and day 20 after the start
of tritiated food ingestion. The steady-state concen-
trations were approximately 64% of the concentra-
tion of tritium in drinking water and approximately
37% of that of tritium in the food. These values at
steady-state seemed to be an index of contribution
to body water tritium from drinking water and food,
respectively. It was apparent in the preliminary
experiments that the presence of OBT in urine could
be ignored due to the low content of organic materials
(about 3%), even after exposure to tritiated organic
compounds including foods.

Time variations in the relative concentrations of
total tritum and OBT in the selected tissues are
shown in figure 2 and figure 3. In the case of
exposure to tritiated water, the concentrations of
total tritium increased rapidly and attained steady-
state by 2—-3 weeks. The steady-state concentrations
of total tritium for the majority of tissues, including
the tissues not shown in this figure, ranged from 40%
to 50% of the concentration of tritium in drinking
water. The steady-state concentration in blood was.
somewhat higher than that for other tissues, at about
60%. In adipose tissue, the steady-state condition was
not clearly observed. The steady-state concentration
of OBT in rats exposed to tritiated water was

"observed at about 4 weeks after the start of chronic

exposure, although the steady-state concentrations -
for all the examined tissues were within 20% of the
concentration of the ingested tritiated water. In the
case of chronic exposure to tritiated food, a steady-
state for both total tritium and OBT was not so
clearly observed for 10 weeks after the start of chronic
exposure for the majority of the examined tissues
except for liver, in which the steady-state seemed to
be attained at about 4 weeks. At the steady-state, the
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Figure 1. Time variations in the relative concentration of total tritium in urine.

concentrations of total tritium ranged from 39% to
56%, and those of OBT ranged from 47% to 71%
of the concentration of tritium in the ingested food.

Table 1 shows the amount of total tritium and
OBT retained in the tissues of rat at the end of
chronic exposure, expressed in terms of the relative
integrated activity, which enables the comparison of
the amount of tritium incorporated and retained in
the tissues between the two modes of exposure. It
was evident that the amount of total tritium or OBT
in the tissues of rats exposed to tritiated wheat was
higher than that in rats exposed to tritiated water,
the difference being more significant for OBT than
for total tritium. The ratios of the relative integrated
activity of OBT after exposure to tritiated wheat to
that after exposure to tritiated water ranged from
5.6 in adipose tissue to 10.4 in heart.

The R-value, as defined above, is a useful factor
for evaluating the extent of tritium incorporation
into organic constituents of tissues. The R-values
calculated for different tissues of rats at the termina-
tion of 98 days of chronic exposure to tritiated water
or tritiated wheat are shown in table 2: they ranged
from 0.13 for adipose tissue to 0.24 for testis (for
tritiated water ingestion), and for tritiated wheat
exposure the range was 0.36 for brain and adipose
tissue and 0.78 for lung.

On the basis of the biokinetics data, the radiation
dose rates at the end of chronic exposures were
calculated. The following formula was used

D=1.38x10"% (Ax E)

where D is the dose-rate in Gy/day, 4 is the tritium
concentration in kBq/g, and E is the average energy
of tritium B-rays (5.7 x 1072 MeV). In this calcula-

tion, it was assumed that total radioactivity ingested -

during the chronic exposures was 3.7MBq/g
bodyweight in order to enable a comparative evalu-
ation of the dose rates from the exposures to tritiated
water and tritiated wheat. The dose calculation was
performed not only for total tritium but also for
OBT. For the calculation of the OBT contribution,
the values of water content for individual tissues of
rats determined in a previous study (Takeda and
Kasida 1979) were used. The results are shown in
table 3. In this table, the ratios of the dose rates from
tritiated wheat ingestion to those from tritiated water
ingestion are also given. The results show that the
total dose rates from exposure to tritiated wheat were
higher than those from exposure to tritiated water
by a factor of 1.3 to 4.5, but the factors did not
exceed 2.0 in the majority of tissues, except for small
intestine and adipose tissue.

4. Discussion

The results of the present study showed a difference
in tritium dynamics in rats chronically exposed to
tritiated wheat as-a food compared with rats exposed
to tritiated water as a drinking water. The time taken
to attain a steady-state concentration of total tritium
in urine was longer in rats exposed to tritiated food
than in rats exposed to tritiated water. With regard
to the contribution of tritium in drinking water to
body water tritium, the result was similar to that
previously reported (Thompson and Ballou 1956,
Hatch and Mazrimas 1972, Takeda 1991).

The steady-state condition for total tritium in the
tissues was observed at 2—3 weeks in rats exposed to
tritiated water, while that in rats exposed to tritiated
wheat was not observed for 10 weeks in the majority
of tissues. The differences in the dynamics of tritiated
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Figure 2. Relative concentration of (a) total tritium and (b) OBT in tissues during chronic exposure to, tritiated water.

water and tritiated wheat were mostly due to the
rate and duration of OBT formation. Because of the
relatively efficient and prolonged OBT formation
during the exposure to tritiated wheat, the relative
integrated activity of trittum incorporated and
retained in the tissues at the end of exposure was
greater in rats exposed to tritiated wheat than those
in rats exposed to tritiated water (table 1). As
described previously, there are a few comparative
studies on tritium incorporation into the tissue.
organic constituents from tritiated food and from
tritiated water (Kirchmann et al. 1977, Rochalska
and Szot 1977, Pietrzak-Flis et al. 1978). Comparing

the results of these reports with those of present
study, the relative integrated activity of OBT after
the chronic exposure to tritiated water was almost
the same level irrespective of the different duration
of chronic exposure; in contrast, the integrated activ-
ity after exposure to tritiated food showed differences
that may have been due to differences in the types
of food used in individual experiments.

R-values estimated at the end of chronic exposure
were higher for tritiated wheat than for tritiated
water. In a previous study (Takeda et al. 1985), the
R-values in tissues of rats continuously exposed for
22 days were also estimated. Compared with the
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Figure 3. Relative concentration of (a) total tritium and (b) OBT in tissues during chronic exposure to tritiated wheat.

previous result, the present R-values for the exposure
to tritiated water did not differ significantly, but those
for the exposure to tritiated wheat were greater in
tissues other than liver. Nevertheless, values never
exceeded 1.0, indicating that the specific activity of
trittum in the tissue organic constituents did not
exceed the specific activity of tritium in the food as
well as that in the drinking water. A
Estimation of radiation dose rates at the end of
chronic exposure showed that the total dose rates
from exposure to tritiated wheat were 1.3—4.5 times

higher than those from exposure to tritiated water.
In the previous study, in which tritiated water and
tritiated wheat were continuously ingested for about
3 weeks, it was reported that the dose rates from
tritiated food were higher than those from tritiated
water by a factor of 2.1 to 4.8. The results of the
present study therefore indicate that the difference
in the dose rates between tritiated water and tritiated
food would not increase by lengthening the period
of chronic exposure.

The differences in the tritium biokinetics observed
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Table 1. Relative integrated activity of total tritium and OBT in the tissues of rats at the end of chronic exposure to tritiated water
or tritiated wheat.

Relative integrated activity®

(percentage of activity ingested per gram of wet or dry tissue)

Total tritium OBT

Tissue Tritiated water Tritiated wheat Tritiated water Tritiated wheat
Liver 6.3+0.2 12.2+1.3 2.3+0.2 19.440.7
Kidney 6.7+0.3 11.6+1.1 1.9+0.2 17.14+0.8
Testis 7.7+0.3 9.74+0.5 2.2+40.2 15.74+0.7
Spleen 6.7 +0.4 10.6+0.4 1.7+0.3 15.3+1.1
Brain _ 59+0.3 10.24+0.3 2.1+0.2 120+1.7
Muscle ) 6.4+0.4 10.34+0.3 1.6+0.2 134+1.0
Small intestine 59406 15.1+1.1 1.8+0.3 16.24+1.5
Lung : 6.440.3 10.24+0.4 1.840.2 15.7+2.1
Heart 6.6+0.5 10.5+0.6 1.740.3 17.6+2.5
Adipose tissue . 3.240.2 14.4+0.9 2.5+0.3 13.9+0.7 .
Blood -9.4+04 13.4+0.7 1.740.2 16.7+1.2

2 Each value is the mean +SD of five rats for tritiated water and three rats for tritiated wheat.

Table 2. Ratio of specific activity of trittum in dry tissue
to specific activity in the daily ingested tritiated water
or tritiated food, "estimated at the end of chronic

exposure.
R-value

Hydrogen Tritiated Tritiated
Tissue content (%) water food
Liver 7.11 0.23 0.70
Kidney 7.62 0.20 0.62
Testis 6.32 0.24 0.68
Spleen 6.12 0.19 0.69
Brain 9.26 0.16 0.36
Muscle 5.93 0.21 0.67
Small intestine 7.95 0.17 0.56
Lung 5.61 0.23 0.78
Heart 8.15 0.15 0.59
Adipose tissue 11.69 0.13 0.36

Table 3. Radiation dose rates from total tritium and OBT
contribution to dose rates at the end of chronic exposure.

Rate of
dose rate

Dose rate (mGy/day)*
and OBT contribution®

Tritiated Tritiated tritiated wheat
Tissues water wheat tritiated water
Liver 18 (11.3) 36 (49.3) 2.0
Kidney 20( 7.7) 34 (39.8) 1.7
Testis 22 ( 4.3) 28 (24.3) 1.3
Spleen 20 ( 6.6) 31 (37.5) 1.6
Brain 17 (/8.9) 30(29.49) 1.8
Muscle 19( 7.0) 30(36.8) 1.6
Small intestine 17 ( 8.5) 44 (30.0) 2.6
Lung 19(6.8) 30(36.9) I.
Heart 19( 7.0) 31 (45.3) 1.6
Adipose tissue 9 (66.4) 42 (82.0) 4.5
Blood 27 ( 3.6) 39 (24.9) 1.4

at the chronic exposures to tritiated drinking water
and tritiated food may be explained ultimately on
the basis of the physiology and metabolism of water
and organic materials in the body of mammals,
although it is too intricate to permit an explanation
of the detailed mechanism.

The dose coeflicients (Sv/Bq) for organic tritium,
currently presented by ICRP (1995), are higher than
those for tritiated water by a factor of 1.9 to 2.5.
The results of the present study support the ICRP
recommendation as an average value. In a previous
study (Takeda 1995), it was shown that the cumulat-
ive doses from a single intake of various tritiated
organic compounds were 1.3-5.2 times higher than
that from the intake of tritiated water, and it was
proposed that the annual limit on intake (ALI) for
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*The dose rates were calculated assuming tritium exposure to
be 3.7 MBq/g body weight.

® OBT contribution is expressed as a percentage of total dose
rate in parentheses.

organic tritium should be five times smaller than that
for tritiated water. The results of present study
support this proposal.
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ABSTRACT- Technetium-99 was determined in samples from the 30-km zone around the Chernobyl
reactor. Concentrations of **Tc in soil samples taken from three forest sites ranged from 1.1 to 14.1 Bq
kg™ dry weight for the organic soil layers, and from 0.13 to 0.83 Bq kg™ dry weight for the mineral soil
layers. In particular, for the organic layers, the measured ®*Tc concentrations were one or two orders of
magnitude higher than those due to global fallout **Tc. The **Tc depositions (Bq m?), based on the sum
of the depositions measured in organic and mineral layers, ranged from 130 Bq m® within the 10-km
zone to about 20 Bq m? close to the border of the 30-km zone. Taking the corresponding measured *’Cs
depositions into account, it was found that the activity ratio of **Tc/*"Cs ranged from 6 x 10° to 1.2 x
10*. It was estimated that about 970 GBq of **Tc had been released by the Chernobyl accident. This

figure corresponded to 2% - 3% of the total **Tc inventory in the core.
©1999 Elsevier Science Ltd. All rights reserved -

Key words: Technetium-99; Chernobyl accident; Forest soil; Deposition; Cesium-137; Migration

INTRODUCTION

There have been many reports concerning radionuclides’ concentrations in environmental samples
due to the accident in Unit 4 of the Chernobyl Nuclear Power Station (CNPS). Some reports have shown
*Mo concentrations in environmental samples™®. This radioisotope decays to *Tc [*Mo (t,,: 65.9 h)-->
#mTe (t,: 6.0 h)--> *Tc], but the amount may be negligible compared to the deposited *Tc released

directly into the atmosphere with other radionuclides at the time of the accident. Because **Tc has a high
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fission yield of about 6% and a long half-life of 2.1 x 10° y and Tc has a high absorbability by plants’, a

survey of the contamination levels in environmental samples is of interest to estimate the long term *Te
exposure to humans. At present, however, there are almost no data on **Tccontamination of environmental
samples and consequently, limited information on the **Tc activity released by the Chernobyl accident is
available. ‘

In this paper, results of ®Tc and 'Cs measurements in samples taken from three forest sites within
the 30-km zone around the CNPS are presented. ®Tc and *'Cs concentrations [Bq kg’ dry weight
(DW)] and depositions [Bq m?] are given for the organic soil layers and for the first 6 to 9 cm of mineral
soil. The results are discussed with respect to expected values and different characteristics of **Tc and
¥ICs. In addition, the amount of **Tc released from the reactor into the environment is estimated using

data from this paper, and results reported previously by Aarkrog and others®™.

MATERIALS AND METHODS

Soil Samples
For the present analysis, soil samples collected within three forest sites around Chernobyl were
used. The sites D1 (mixed forest: 50% oak, 30% pine, 20% birch; 55-60 years old) and D3 (mixed
forest: 50% alder, 40% birch, 10% pine; 50-75 years old) are located 28.5 km and 26.0 km to the south
of the CNPS, respectively, while K2 (pine forest; about 50 years old) is located 6.0 km to the southeast
of the CNPS. Soils at D1 and K2 are podsol on sandy ‘fluvio-glacial deposits and at D3, peat-gley on
sandy fluvio-glacial deposits. D1 and K2 are so-called dry forests, whereas D3 can be characterized as
wet forest, since the groundwater level at this site is at a depth of about 45 cm from the top of the soil
surface'’. Samples were collected by the Federal Office for Radiation Protection, Germany, in 1994 and
1995, assisted by the Moscow State University, Russia, and the Research and Industrial Association
‘Pripyat’, Ukraine. Nine profiles of undisturbed soil per site and year were randomly collected within an
area of about 100 x 100 m?.
In order to produce representative organic soil samples, materials from the organic layers (L, Of,
Oh horizons) gathered at the same site and in the same year, were combined to one mixed sample. The
same procedure was used in order to get representative mixed mineral samples using materials from the
Ah horizon and from the first 6 cm of the B horizon. At D3, no Ah-horizon could be identified and the
first 9 cm of the B horizon were used. For the present analysis, D1 samples from 1994 and 1995 were

combined.

Reagents

Prepacked columns of Tc-selective chromatographic resin (EIChroM Industries Inc., TEVA - Spec
resin) were used for the chemical separation. Nitric acid was ultrapure-analytical grade (Tama Chemicals,
AA-100). Deionized water (>17MQ) was used throughout the work. A radiotracer of *™Tc, which was
obtained from a Nb foil using the reaction *Nb (a, 2n) *Tc'?, was applied to determine the recovery of

*Tc in the samples during the chemical separation procedure.
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Chemical Separation and Measurements

In all samples, *Tc and *’Cs concentrations were determined. The “'Cs activities were measured
by use of a Ge detector system (Seiko EG&G, Ortec) without any chemical separations. For the *Tc
determination, chemical separation was necessary. The separation method used was a revised form of

1% Only a brief explanation is given here.

the method reported previously

1) The soil sample was incinerated at 450°C in an electrical oven for one night. 2) After addition of
*™Tc, the sample was placed in a combustion apparatus. 3) Tc was volatilized from the sample at
1000°C under O, gas stream and the element was collected in a trap solution (deionized water). 4) After
adjusting to 0.1 M HNO,, the trap solution was introduced into a TEVA - Spccr resin column to extract
Tc onto the resin. Then 40 mL of 2 M HNO, solution were passed through the column to elute
co-cxisiing elements. S) In order to desorb the Tc from the resin, S mL of 8 M HNO, solution were
pipetted onto the column. 6) The strip solution of 8 M HNO, from the resin was put in a glass beaker
and evaporated to dryness at 70°C on a hot plate. 7) The residue was dissolved with 5 mL of 2% HNO,
solution. 8) The *™Tc activity in each 2% HNO, solution was measured with a Nal (T1) scintillation
counter (Aloka, ARC-380) to obtain chemical recoveries. Total recoveries of **Tc during the chemical
separation process ranged from 39 to 93%.

After the chemical separation, ®*Tc concentrations in each 2% HNO, solution were determined by
inductively coupled plasma mass spectrometry (ICP-MS; Yokogawa PMS-ZOOO). Counting time at mass
99 was 10 mih, or 200 s for three times. The concentrations of stable Mo and stable Ru in:the solution
were also measured. Because Ru, which has an isotopic abundance of 12.7% at mass of 99, interferes
with **Tc measurement by ICP-MS and there is a possibility of a molecular peak from **MoH at mass of
99. For the ICP-MS measurement, **Tc standard solution (Japan Isotopes Association, NH,TcO, form in
0.1% ammonia solution) was used. ,

For concentrations (Bq kg DW), uncertainties are given with respect to statistical one-sigma errors
of the measurements, throughout the paper. For given depositions (Bq m?), standard errors for the
area-related densities (kg DW m®) are also taken into account. It is not possible to give standard errors
arising due to the heterogeneous horizontal deposition pattern in natural €cosystems directly, since only
mixed samples were analyzed in this study. From earlier measurements of 1V:”Cs at the investigated sites
itis estimated, however, that this contributionto the overall one-sigma standard error of mean concentration
values is less than 10% for the combined 1/Of/Oh samples, and less than 20% for the combined Ah/B |

samples.

RESULTS AND DISCUSSION

Deposition of ’Tc and "’ Cs within the 30-km Zone
Table 1 shows the results of **Tc and ’Cs concentrations in the investigated soil samples. In the
case of *'Cs, the concentrations range from (0.84 = 0.02) kBq kg™ DW (D1, '94 &’95, Ah/B) to (230 =
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2.1) kBq kg’ DW (K2, ’94, L/Of/Oh). Expressed on a kBq m” basis, *'Cs contamination levels of the
organic samples and the mineral samples are similar at each site, i.e. between 70 and 90 kBq m? for D1
and D3, and about 1000 kBq m” for K2. A total deposition was calculated for each site by adding the
depositions of the corresponding organic and mineral layers, averaged over 1994 and 1995. The results
are (156 = 8) kBq m?, (154 = 10) kBq m? and (2046 =+ 74) kBq m?, for D1, D3 and K2, respectively
(Table 2). These results are in close agreement to values published previously for the same sites'. This
shows that the samples chosen for this study are representative with respect to the measured *'Cs
deposition, and it is therefore assumed that the same is true for the measured **Tc deposition.

‘The **Tc concentrations range from (1.11 = 0.02) to (13.4 = 0.2) Bq kg DW for the organic
samples, and from (0.13 + 0.03) to (0.83 = 0.02) Bq kg DW for the mineral samples. Expressed on a
Bq m? basis, the contamination levels for **Tc range from 4.9 = 0.4 Bqm? (D1, 94 & ’95, L/Of/Oh) to
72.1 £2.1 Bqm? (K2, ’94 & ’95, Ah/B). In particular, the results for the organic samples are one or two
orders of magnitude higher compared to global fallout **Tc concentrations, which have been reported to
range from 0.01 to 0.1 Bq kg* DW ', From this result it is evident that most of the **Tc measured in
Chemobyl samples originates from the Chernobyl accident. This conclusion is also supported by the fact
that the total **Tc deposition at K2 (organic + mineral: 130 = 4 Bq m?), which is located much closer to
the CNPS than D1 and D3, is 6 to 8 times larger compared to the total *Tc deposition at D1 ((16.5 =
0.6) Bq m®) and D3 ((22.5 = 1.2) Bq m?) (Table 2). Similar differences in the contamination of K2
compared to D1 and D3 have been observed for many other radionuclides released by the CNPS (see

Table 2 for ®’Cs, and reference for other radionuclides).

Table2 Lower limits for the deposition of ®Tc and *"Cs at the investigated sites.

| Uncertainties include statistical one-sigma measurement errors and one-sigma
standard errors for the area-related densities. Additional uncertainties due to the
inhomogenous deposition are estimated to be less than 10% (L/Of/Oh) and less

than 20% (Ah/B).
Site ®Tc [Bq m?] ¥1Cs [kBq m?] *Tc/"Cs
D1 165 = 0.6 156 + 8 (1.06 + 0.06) x 10*
D3 225 + 1.2 154 + 10 (146 + 0.12) x 10*
K2 130 + 4 2046 + 74 (64 +03)x10°
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Tec/"Cs Activity Ratios and Their Mobilities in the Soils

The investigated samples were taken 8 and 9 years after the accident. During this time, some **Tc
and ¥ Cs might have reached deeper mineral layers than the layers investigated in this study. At present,
no information on ecological half-lives for *'Cs is available for the différent soil layers at the investigated
sites. However, ecological half-lives at a forest in Bavaria, Germany ranged from 2.8 + 0.5 years in the
L horizon to 7.7 + 4.9 years in the Ah horizon", so it is expected that less than half of the initially
deposited cesium had migrated to mineral layers by 1995. Since we have included, in this study, even
the first 6 to 9 cm of mineral soil, loss of *’Cs is expected to be of minor importance. Since mobility for
*Tc might be higher compared to *Cs (see below), loss of *Tc to deeper layers might be larger than for
B7Cs. It should be bare in mind, therefore, that the results for the total **Tc deposition released by the
Chemobyl accident might represent only lower limits.

In order to compare the mobility of **Tc and " Cs, **T¢/*Cs ratios were separately calculated for
the organic and mineral layers, and decay-corrected back to the accident date of 26 April 1986 (Table 1).
With one exception (sample K2, ’95, L/Of/Oh), all organic samples showed significantly lower **Tc¢/"Cs
ratios than those of the mineral samples in the corresponding sites. This can be interpreted in terms of a
higher mobility of **Tc compared to *’Cs, allowing *Tc to penetrate to deeper layers within the given
time, and increasing the **Tc/™”’Cs ratios in deeper layers while possibly decreasing these ratios in the
organic layers. This is in line with results from experiments on undisturbed forest soil columns, where it
was shown that after simulating artificial rain showers, %mTc applied as pertechnetate was more mobile
compared to *'Cs"™* ¥,

Since the Chernobyl accident, only one publication has appeared reporting on the simultaneous
measurement of *’Cs and **Tc originating from the Chernobyl accident in the same sample: Aarkrog et
al” determined the ratio of **Tc/*’Cs in a heavily contaminated motor filter of a fishing boat in the
western Baltic Sea, which had passed through the Chernobyl cloud at the end of April 1986. These
authors found a ratio of 1.01 x 10°. For comparison, we calculated *Tc/™’Cs ratios from the total
depositions deduced for each site, again decay-corrected back to the acéident date of 26 April 1986

" (Table 2). Our results range from (0.6 = 0.03) x 10* (K2) to (1.46 = 0.12) x 10~ (D3). These values are
higher than the result reported by Aarkrog et al.’, but close to the theoretical ratio of 1.4 x 10* estimated
from the corresponding fission yields and half-lives.

It should be noted that Aarkrog's data and our data are difficult to compare, since **Tc and *"Cs are
expected to behave differently in the environment with respect to volatility, deposition velocities, and
migration rates, due to their differences in the actual physicochemical forms in which both nuclides
appear. For example, *Tc/™ Cs ratios are expected to be influenced by the different mobilities of *Tc
and 'Cs in our soil samples (see above), but not in Aarkrog's filter sample. Atmospheric transport is
also expected to influence ratios calculated for different radionuclides. For example, it was reported that
1BRu/¥"Cs ratios decreased by a factor of 20 over a distance of approximately 1000 km™. Since the

9,20

characteristics of Tc are expected to be similar to those of Ru™, it is possible that in comparison to

—150—



- 2763

B¢, *Tc would be apt to deposit close to the Chernobyl region, and subsequently, the corresponding

9T¢/* Cs ratios could be higher close to the CNPS than those obtained from other areas far from it.

**Tc Released from the Chernobyl Accident

Recently a procedure was suggested. to estimate the release of *’Cs from the Chernobyl accident™.

We followed this procedure and plotted our data for *’Cs in addition to the data given in Aarkrog's

report (1988)™° versus distance from the CNPS. A least squares fit of these data gives a regression

function of Dy, = 5.14 x 10*x R™*”, where Dy is the ’Cs deposition on the ground (GBq km?®) and R,
the distance from the CNPS (km) (s e Fig. 1). Assuming the same horizontal distribution of the *'Cs

Fig. 1

Deposition of *Tc and »*'Cs (GBq km?)
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*Cs and ®Tc deposition as function of distance from Chernobyl.
157Cs deposition data are from this study and from (10). *Tc depo-
sition data are from this study and from (9) which was estimated
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for a distance of 1000 km (see text).
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deposition in all directions from the CNPS, we calculate the **’Cs release as

S0 27R x5.14 x 102 x R™ dR =76 PBq

This is close to the *Cs release estimated for the Chernobyl accident® ..

We applied a similar procedure in order to estimate the release of **Tc due to the Chernobyl
accident, using our **Tc depositions (Table 2) for distances of 6 km (K2), 26 km (D3), and 28.5 km
(D1). For a distance of 1000 km, we assumed that the **Tc¢/*'Cs ratio of 1.01 x 10° given in the report of
Aarkrog et al.’, and the ™ Cs deposition of about 1 GBq km? given in Fig. 1, produce a representative
*Tc deposition of about 1 x 10° GBq km™ The resulting regression function is D, = 4.88 x R,
where Dy, is the *Tc deposition on the ground (GBq km?) and R, the distance from the CNPS (km) (see

Fig. 1). Again, the release may be calculated by integration over R as
J,1%%° 2nR x 4.88 x R dR ~970 GBq

The total core inventory of “’Cs is estimated to range from 210 to 290 PBq®?'. A ™ Cs release of
76 PBq, as estimated in this paper, corresponds therefore to a fraction of 26% to 36% of the total *’Cs
core inventory. From the inventory of “’Cs and from the theoretical ratio of **Tc to *’Cs of 1.4 x 10%,
the total inventory of **Tc can be calculated to range from 30 to 40 TBq. Consequently, the percentage
of *Tc released into the atmosphere by the accident could be estimated to range from 2% to 3%. This
result is close to the estimate given by Aarkrog et al. who suggested the release percentage of *Tc
would be an order of magnitude less than that of *’Cs. However, our result is higher by a factor of 3 to 4
compared to the estimate of the release percentage of **Ru and ™ Ru given in the report of Gudiksen et
al.®, which is believed to be similar to the release percentage of **Tc’. At this point we emphasize that
all estimates of the Tc release of the Chernobyl accident still have a large uncertainty, since data on
*Tc concentrations in environmental samples are quite limited. Further investigations are required for a

precise estimate of the amount of **Tc released by the Chernoby! accident.
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Transfer of technetium from paddy soil to rice seedling
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Tracer experiments on the chemical transformation of technetium in paddy soil and the transfer to rice seedlings have been carried out using **™Tc
as a tracer. Two common Japanese soils, Andosol and Gray lowland soil were used in the soil incubation experiments. The chemical form of
soluble Tc in soil water was a mixture of Tc-organic matter complex, Tc-iron complex and pertechnetate. An uptake experiment with rice
seedlings using nutrient solution showed that the Tc-organic matter complex was less available than pertechnetate or the Tc-iron complex. These
chemical forms of Tc were also observed in the root bleeding sap of rice seedlings when introduced to the nutrient solution containing soluble Tc.
These results suggested that the transfer of technetium from soil to rice would depend on the chemical form of Tc and they would transport from

the root to the leaf without chemical transformation.

Introduction

Technetium-99 is one of the important radionuclides
for radiation protection because of its long half-life
(2.1'10%y) and relatively high fission yield. In the
chemical form of TcO4~, this radionuclide is well

dissolved in soil water and easily available to plants.! -

" The transfer factor of technetium recommended by the
IAEA is 5 for food crops.2 This value is higher than
other radionuclides such as !37Cs (0.03) or 9%Sr (0.3).
For nuclear safety assessment, it is necessary to obtain
information on the behavior of this nuclide in the soil-
plant system. In Japan, rice is one of the most important
agricultural products and its consumption is very high.
Studies on this plant are important for dose assessment
through the intake of foodstuffs. Since the transfer factor
is expected to vary with different crops, we have
performed laboratory experiments on the transfer of
technetium from soil to various Japanese crops using

95mTc as a tracer.3-5 In this, we found the transfer -

factors for brown rice (hulled rice grain) grown in a
flooded condition were markedly lower than those for
other cereals grown in a non-flooded condition. It was
suggested that TcO,~ added to the soil rapidly
transformed to an insoluble form due to the reducing
conditions caused by the flooding. The chemical form of
Tc fixed with soil is thought to be TcO, and/or the Tc-
humic acid complex as suggested by VAN LOON et al.6
and SEKINE et al.” VAN LOON et al. found from their
incubation experiment that minor quantities of Tc were
present in an aqueous extract with distilled water at pH
6. They suggested that the Tc was associated with
organic matter dissolved in the water. We found that the
chemical form of the soluble Tc in flooded soils was not
pertechnetate since it was associated with soluble
organic matter.® The availability of this Tc-organic
matter complex to a rice seedling was lower than
pertechnetate. However, a more detailed study was

0236-5731/2000/USD 17.00
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necessary to know whether the Tc-organic matter
complex is the only chemical form that was generated in
the flooded soil. In addition, the chemical
transformations of Tc in the plant root are still unknown.
Therefore, we have carried out following three
experiments. In the first experiment, we determined the
precise chemical form of soluble Tc in the flooded soil.
In the second one, we examined the influence of the
chemical form of Tc on the plant availability, and in the
third, determined the chemical form of Tc in the root
bleeding sap of a rice seedling.

Experimental

Soil incubation and determination of
chemical form of soluble Tc

Andosol and Gray lowland soil were used in the
experiments. Andosol was collected in Tokai Village,
Ibaraki, and Gray lowland soil was collected in Mito
City, Ibaraki. The chemical properties of these soils are
listed in Table 1. Both soils were air dried and sieved to
pass a 1 mm mesh. Soil (5 g), deionized water (10 ml)
containing 3.7 MBq of 9>MTcOy4~, and glucose (10 mg)
to enhance microbial activity, were mixed thoroughly
and placed in a 50 vial. The soil mixtures were incubated
at room temperature (about 20 °C) for 40 days and the

soluble Tc was extracted as follows. After mixing

thoroughly, the samples were centrifuged at 5000 rpm
for 20 minutes. The supernatant was filtered with a
0.4 pum pore diameter filter.

The chemical form of Tc was examined by gel
filtration chromatography (Sephadex G-15, column
diameter =1cm; column length =30cm; -eluents
=0.01M CaCl,; flow rate =12/h; injection volume =2;
fraction size =1). To detect soluble organic matter
in the solution, the optical density of the effluent was
measured at 254nm (Tokyo Rikakikai UV-9000).

Akadémiai Kiadé, Budapest
Kluwer Academic Publishers, Dordrecht
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Table 1. Chemical properties of soil used in the experiments

Gray lowland soil Andosol
CEC,* meq/100 g of dry soil 10.2 16.6
Total carbon, % 24 43
pH . 5.7 53

* Cation exchange capacity.

Samples of the fractionated effluents were placed in
polyethylene vials and 95M™Tc concentration was
measured with a scintillation counter (Aloka ARC-300).
Decay corrections were made to the beginning of the
experiment.

Determination of availability to rice seedling

Since the concentration of soluble 9™T¢ in Andosol
was low, the soluble fraction of Gray lowland soil was
used in this experiment. Fractions obtained from Gel
filtration chromatography, were diluted with nutrient
solution (Kasugai solution: N =40 mg/l; P,05=20 mg/l;
K,0=30mg/l;, CaO=4mg/l; MgO=6mg/)® to a
volume of 200. As a control, 200 of nutrient solution
containing 2 kBq of 9™TcO,~ was prepared. These
solutions were placed in glass beakers and shaded with
black polyethylene film. Rice seedlings (Oryza sativa L.
C.V. Kosihikari) were pre-cultivated on a floating mesh
(nylon mesh: 2 mm) using nutrient solution in a growth
chamber for 20 days, before they were exposed to the
nutrient solutions mentioned above. Five plants were
used for determination of the availability of Tc for each
solution. After a 24 hours exposure, the concentrations
of 95MT¢ in the leaves and roots of each rice plant were
measured. During the exposure experiments, the
temperature in the chamber was controlled at 30 °C
during the daylight period (14 h) and 25 °C during the
night. The light intensity at the plant level in the chamber
‘'was about 20000 lux. At the harvest, each plant was
separated into leaves and roots. Samples of the plant
parts (0.5-0.8 g) or the nutrient solutions (2) were placed
in polyethylene vials and measured with an automatic
well type sodium iodide scintillation counter. Values of
the concentration ratio between plant parts and the
nutrient solution were calculated as “the activity per unit

weight of plant (on a fresh weight basis)” divided by -

- “the activity per unit weight of the nutrient solution”.

Determination of the chemical form of
Tc in the root bleeding sap

Soluble Tc obtained from two kinds of soil
incubation (about 5 ml) was diluted with nutrient
solution to a volume of 30 ml. These solutions were
placed in polyethylene vials and shaded with black
polyethylene film. Immediately after the rice seedling
was transplanted to the vial, the stem of the seedling was

404

cut near the root and bleeding sap was collected from
rice seedling. For the collection, absorbent cotton was
placed on the cutting surface of the rice seedling and
covered by polyethylene film to prevent evaporation.
After 12-hour collection, bleeding sap was extracted
from the absorbent cotton with water and analyzed by
gel filtration chromatography as mentioned above.

Results and discussions
Determination of chemical form of soluble Tc

Table 2 shows the distribution of 95MTc between the
soil solid phase (insoluble form) and the soil solution
(soluble form). More than 98% of the 9™Tc in both
soils was distributed in the soil-solid phase.

As we observed in the cultivation experiment with
rice,> the transformation of TcO," to the insoluble form
occurred due to the reducing condition generated by soil
micro-organisms. Between the two soils, the
concentration of the soluble 95MTc in Gray lowland soil
was markedly higher than that of Andosol. This tendency
was consistent with the results obtained in our previous
experiments.> The chromatograms of soluble 95MTc¢ in
the two soils are shown in Fig. 1 (Gray lowland soil) and
Fig. 2 (Andosol). In the two soils, three peaks were
observed in the elution pattern of 9MTc. The first peak
corresponded to the peak of the optical density, which
represents the elution of soluble organic matter. This
result indicates that 9™Tc eluted in the first peak of both
soils were associated with soluble organic matter. The
peak of 95MTc-organic matter complex and the optical
density of Gray lowland soil (Fig. 1) were higher than
those of Andosol (Fig. 2). This difference would depend
on the amount of soluble organic matter released from
each soil to water. ,

In the second and third peak, there was no distinct
difference between the two soils. Concerning the second
peak, we assumed that the chemical form of 95MT¢
eluted in this position might be formed by the reaction of
FeZ* ion and 95MTcO,~. To confirm this assumption, we
mixed 10ml of 2% FeSO, solution and 1kBq of
95mTcO,~ in a 50 ml vial and analyzed the solution by
gel filtration chromatography. The results (Fig. 3)
showed that a small amount of the 95MTc was eluted in

‘the same position of the second peak. This suggested

that the 95MTc eluting in the second peak would be
associated with iron ion or iron hydroxide.

Table 2. Distributions of ™Tc in the soil solid phase and soil solution

Percent of total, %

Phase Gray lowland soil Andosol
Soil solid phase (insoluble) 98.3 99.9
Water phase (soluble) 1.7 0.1
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Table 3. Distribution of *™Tc (in Bq) in various chemical
forms isolated from the soil solution '

Chemical form Grayvlowland soil Andosol
Tc-organic matter complex 861 53
Tc-iron complex 58 76
Pertechnetate 12 13

Note: 3.7 MBq of 95mTcQ,” added in the incubation of two soils.

Since this chemical form of Tc is soluble in water
and can filter through the column, it would differ from
Tc-iron hydroxide aggregates.!0 Details of this form of
Tc remain to be investigated. In this paper, we describe
this chemical form as Tc-iron complex for convenience.
The third peak was pertechnetate, which was confirmed
by the analysis of 95MTcO,~. The amount of soluble
95mT¢ in each chemical form is shown in Table 3. The
amounts of pertechnetate -and Tc-iron complex were
similar for the two soils. The production of soluble Tc-
organic matter complex in the soils might relate to the
soil nature, e.g., quantity and quality of soil organic
matter. ' : :

Availability of soluble Tc to rice seedling:

Plant availability of different chemical forms of Tc is
shown in Table 4. The concentrations of 95MTc in the
plant samples were not less than 100 Bqg~!. The
concentration ratios observed in the leaves of the rice
plant were as follows: 2.7 for: Tc-organic ‘matter
complex, 23 for Tc-iron complex and 43 for
pertechnetate. The concentration ratio observed in Tc-
organic matter complex was markedly lower than that for
other two chemical forms of Tc, suggesting that Tc-
organic matter complex is less available than Tc-iron
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complex or pertechnetate. For the root, the concentration
ratio was. opposite to that of the leaves: 15 for Tc-organic
matter complex, 9.4- for Tc-iron complex and 5.9 for
pertechnetate. The higher concentration ratio of the Tc-
organic matter complex observed at the root of the rice
seedling can be explained by its lower efficiency of trans-
portation from root to leaf than those of other form of Tc.

Chemical form of Tc in the root bleeding sap

Chromatograms of the root bleeding sap collected
from rice seedling transplanted in the nutrient solution
containing the soluble fraction of 95MTc isolated from
Gray lowland soil and Andosol are shown in Figs 4 and
5. Compared with the soluble Tc (Figs 1 and 2), the
chemical forms of Tc does not seem to be changed.

Table 4. Concentration ratios for rice plant seedling
and nutrient solution after a 24 hour exposure

Chemical form Leaves* Root*

Tc-organic matter complex 27 £ 02 14 + 0.6
Tc-iron complex 23+ 13 94 % 0.5
Pertechnetate 43 £ 29 59 £ 04

*t Standard deviation for 5 samples.

" Table 5. Concentration ratios of each chemical form of Tc
between root bleeding sap and nutrient solution containing
soluble technetium from two soils

Chemical form Andosol Gray lowland soil
Tc-organic matter complex 0.6 0.6
Tc-iron complex 0.6 0.6
Pertechnetate 8.0 52
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The concentration ratios between the root bleeding sap
and nutrient solutions in each chemical form are shown
in Table 5. The concentration ratio of the pertechnetate
was higher than that of Tc-organic matter complex and
Tc-iron complex. This suggested that the uptake and
transport of TcO4~ was more efficient than the other two
chemical forms and that the chemical transformation of
Tc into other chemical forms would not occur in the
root. Technetium absorbed at the root is supposed to
transport to the leaves without chemical transformation.
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Conclusions

Most of the 9S™T¢ added as pertechnetate to flooded
soil was transformed into an insoluble form due to the
reducing condition generated by soil micro-organisms
and subsequently it was fixed in the soil. Although the
concentration was very low, a soluble form of %™Tc was
present in the soil solution. The concentrations of the
soluble 9MT¢ in Gray lowland soil were higher than in
Andosol. From the gel filtration chromatographic
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determination, three chemical forms of the 9MTc were
found in the soluble fraction: Tc-organic matter
complex, Tc-iron complex and pertechnetate. An uptake
experiment with rice seedlings using nutrient solution
showed that the Tc-organic matter complex was less
available than pertechnetate or the Tc-iron complex.
Chromatograms of the root bleeding sap collected from
rice seedlings showed that the chemical form of 95MT¢
was not different from the nutrient solution containing
soluble 9MTc from the two soils. These results
suggested that the transfer of technetium from soil to rice
depends on the chemical form in the soil solution and
there was no chemical transformation in the transfer
process.
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ABSTRACT

37Cs and stable Na, K, Rb, Cs, Mg, Ca, Sr, Ba and Al were determined in 29
mushrooms and 8 plants collected from a Japanese pine forest. Concentra-
tions of *’Cs, Cs and Rb in mushrooms were one order of magnitude higher
than those in plants growing in the same forest. On the other hand, concentra-

. tions of Ca and Sr in mushrooms were obviously lower than those in plants.
A good correlation (r = 0-99, p < 0-01) between '¥’Cs and stable Cs concen-
trations was observed for mushrooms. The "*’Cs/Cs ratios were almost
constant ("*’Cs/Cs = 134 + 36 Bqmg~' in 1990) and were significantly
higher than that in the surface soil (27 Bqmg~"). The ratios for plants were
almost the same as those for mushrooms. In plant samples, good correlations

- were observed among the concentrations of K, Rb, Cs and Mg. Correlation
between those of Ca and Sr was also good. In contrast, Cs was not correlated
with K in mushrooms, indicating that the mechanism of Cs uptake was
different from that for K. Rb showed a correlation with Cs (r = 0 82)
© 1998 Elsevier Science Ltd. All rights reserved.

INTRODUCTION

Radiocesium discharged to the environment through nuclear weapons test-
ing and nuclear accidents is accumulated in forest ecosystems, mainly due to
the wide surface areas of tree canopies and the ability of forest soils to hold
radiocesium. Even 10 years after the Chernobyl accident, radiocesium
contamination of forest products is high in contrast to agricultural pro-
ducts. Since removal of radiocesium from a contaminated forest is difficult,
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studies on the distribution and transfer of radiocesium in forest ecosystems
- are important in order to predict the future contamination of forest
product. Many studies were carried out before and after the Chernobyl
accident (e.g. Waller and Olsen, 1967; Yamagata et al., 1969; Heinrich et al.,
1989; Schimmack et al., 1993; Wirth ez al., 1994). Accumulation and migra-
tion of radiocesium in the soil profiles have been discussed and many
studies indicate that radiocesium deposited in the forests is accumulating at
the surface of the forest soils (e.g. Thiry and Myttenaere, 1993; Yoshida and
Muramatsu, 19944; Bunzl et al., 1995).

Concentrations of radiocesium in biological samples were also measured.
A great deal of effort has gone into the measurement of radiocesium in
mushrooms, because mushrooms accumulate radiocesium. High concen-
trations of radiocesium in mushrooms were reported in European forests
(e.g. Haselwandter et al., 1988; Baldini et al., 1989; ROmmelt et al., 1990) and
also in Japanese forests (Muramatsu et al., 1991; Yoshida and Muramatsu,
1994a, b; Yoshida et al., 1994; Sugiyama et al., 1994). Many factors control-
ling the radiocesium concentration in mushrooms, e.g. type of forest
(Heinrich, 1992), soil pH (Eckl et al., 1986; Sugiyama et al., 1994) and species
of mushrooms (Fraiture et al., 1990; Dighton et al., 1991), were discussed.
The relationship between the habitat of the mycelium and the radiocesium
concentration in the fruit body has also been studied (Giovani et al., 1990;
Guillitte et al., 1990; Yoshida and Muramatsu, 1994a; Yoshida et al., 1994;
Riihm et al., 1997). Recent studies (Olsen et al., 1990; Guillitte et al., 1994;
Briickman and Wolters, 1994) indicated the importance of mycelium on the
accumulation of radiocesium in surface soils. Many of them demonstrated
that more than 30% of 137Cs existing in the surface soil is accumulated in
the mycelia of fungi.

These experimental measurements in forest ecosystems have provided
information for the development of models which explain radiocesium
transport through several compartments in a forest ecosystem. Some diffe-
rent types of models were developed as summarized by Schell et al. (1994,
1996). However, the prediction of radiocesium behaviour in forest ecosys-
tems is still difficult.

Analytical data of stable elements must be useful to understand the long-
term behaviour of radionuclides. Chemical behaviour of radiocesium is
expected to be similar to that of stable Cs and the other alkali elements.
Myttenaere et al. (1993) summarized the relationship between radiocesium
and K in forests, and suggested the possible use of K behaviour for the
prediction of radiocesium behaviour.

There are many studies on the behaviour of major nutrient elements such
as K, Mg and Ca in forests (e.g. Eaton et al., 1973; Likens et al., 1977)
because these elements are directly related to the forest growth. Effect of
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acid deposition on the behaviour of these elements was also studied in the
last two decades (e.g. Mayer and Ulrich, 1977; Yoshida and Ichikuni, 1989;
Liechty et al., 1993). However, information on the relationship between
radionuclides and the major nutrient elements in forest ecosystems is still
limited. In addition, analytical data about the nutrient elements in wild
mushrooms are very much limited, although some studies such as Tyler
(1980) are available. The data for trace alkali and alkaline earth elements
such as Rb, Cs, Sr and Ba in forest ecosystems are limited because of
the lack of simple analytical methods. Recently, inductively coupled
plasma-mass spectrometry (ICP-MS) has been used for accurate and pre-
cise determination of trace elements in environmental samples for more
than 50 elements including Rb, Cs, Sr and Ba (Casetta et al., 1990;
Yamasaki and Tamura, 1990; Alaimo and Censi, 1992; Schonberg, 1993;
Yoshida et al., 1996).

In the previous papers (Yoshida and Muramatsu, 19944, b; Yoshida
et al., 1994), the authors studied the behaviour of radiocesium in a Japanese
pine forest on sandy soil near the coast in Tokai-mura, Ibaraki Prefecture.
Radiocesium in plants, mushrooms and soils were determined and accumu-
lation of it in mushrooms was discussed. However, data for stable elements,
which can be discussed with the radiocesium concentrations are limited,
except for some plant and soil samples (Yoshida and Muramatsu, 1997).

In this paper, the stable alkali (Na, K, Rb and Cs), alkaline earth (Ca, Sr
and Ba) elements and Mg in mushrooms collected in the pine forest were
determined by ICP-MS or inductively coupled plasma-atomic emission
spectrometry (ICP-AES), and the data of stable elements for mushrooms,
plants and soils were summarized together with those of 1*7Cs. Al was also
measured to check the contamination due to soil particles adhering on the
surface of the samples. Concentration ratio between mushroom or plant
and surface soil was estimated for each stable element and **7Cs. Relation-
ships among the concentrations of **’Cs and the above-mentioned stable

‘elements were discussed. '

MATERIALS AND METHODS
Sampling of mushrooms and plants
Samples wefe collected from a pine forest where .the behaviour of
radiocesium has been studied by the authors (Yoshida and Muramatsu,
1994a, b; Yoshida et al., 1994). The forest is situated in lat. 36° 26’ N. and

long. 140° 36’ E. on sandy soil near the coast in Tokai-mura, Ibaraki
Prefecture. Mushroom samples were collected in 1989-1991 and plant
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samples (leaves for trees and leaves and stems for shrubs and grasses) were
collected in November 1990. The samples were cleaned by using a brush or
cellulose wiper, gently removing attached soil and humus. They were not
rinsed with water to avoid possible loss of a part of the elements by
leaching. After cleaning, samples were freeze-dried and pulverized with
a cooking blender. Soils from different depths were also sampled in the
forest. The organic layer of the soil was thin in this forest. Therefore, after
removing the litter layer, the soil was separately sampled at four depths
(02, 2-5, 5-10 cm and deeper). The organic layers except litter layer were
included in the first 0-2 cm. Analyses of the soils were described in Yoshida
et al. (1994) and Yoshida and Muramatsu (1997). The soils were sampled at
one place in the forest. Therefore, the analytical data for soils might be less
representative than those for mushrooms and plants.

Determination of *’Cs

Each dried sample (usually 20-40g) was placed in a plastic bottle
(diameter: 50 mm) and concentration of **’Cs was determined by counting
with a Ge-detector for 40 000—-80000 s. The decay correction was made as
to October 1990. The approximate detection limit for 37Cs by the counting
system for a 30 g dry sample was 3 Bqkg ™. The results of the radiocesium
determination were already reported in the previous papers (Muramatsu
et al., 1991; Yoshida et al., 1994; Yoshida and Muramatsu, 1994a, b). The
concentrations of 137Cs were under the detection limit in some mushroom
samples. One of the most important objectives of the present study is to
get information about the relationship between radiocesium and stable
elements in mushrooms. Therefore, the 29 mushrooms in which *37Cs was
detected were selected and analyzed for stable elements. Samples used in the
present study are listed in Table 1. They were mycorrhizal or saprophytic
fungi growing on the soil. Saprophytic fungi growing on dead trees were not
included. The concentrations of 3’Cs in this type of mushrooms were
below the detection limits because of relatively low concentrations of 37Cs
in their substrata (dead trees). '

Determination of stable elements

A mushroom sample (0-4 g) was digested in Teflon™ PFA pressure de-
composition vessel with HNO3, HF and HCIO,. After leaving the vessels
on a hot plate (80°C) overnight for pre-decomposition, the samples were
heated in a microwave digester (CEM, MDS-2000) for 1-2 h. After diges-
tion, the samples were evaporated to dryness. Then, the residues were
dissolved in 1-2% HNO;.
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List of Samples Collected from a Pine Forest in Tokai-mura, Ibaraki

Sample code Species Sample type® Sampling date
Mushrooms

MR-006 Russula emetica M Oct. 1989
MR-007 Suillus granulatus M Oct. 1989
MR-011 Suillus bovinus M Oct. 1989
MR-023 Lactarius hatsudake M Oct. 1989
MR-024 Lactarius hatsudake M Oct. 1989
MR-075 Russula mariae M 1 July 1990
MR-089 Astraeus hygrometricus M/S 13 July 1990
MR-093 Russula mariae M 18 July 1990
MR-097 Russula mariae M 18 July 1990
MR-128 Agaricus sp. S 22 Sep. 1990
MR-132 Amanita pantherina M 6 Oct. 1990
MR-133 Russula nigricans M 6 Oct. 1990
MR-145 Russula nigricans M 9 Oct. 1990
MR-146 Suillus luteus M 9 Oct. 1990
MR-147 Suillus granulatus M 9 Oct. 1990
MR-149 Armillariella tabescens S 9 Oct. 1990
MR-151 Amanita pantherina M 9 Oct. 1990
MR-152 Amanita pantherina M 9 Oct. 1990
MR-171 Suillus granulatus M Oct. 1990
MR-175 Suillus granulatus M Oct. 1990
MR-180 Lactarius chrysorrheus M 18 Oct. 1990
MR-184 Inocybe sp. M 18 Oct. 1990
MR-185 Gymnopilus aeruginosus S 18 Oct. 1990
MR-210 Lactarius hatsudake M 31 Oct. 1990
MR-211 Tricholoma flavovirens M 6 Nov. 1990
MR-274 Suillus granulatus M 17 Oct. 1991
MR-278 Lactarius hatsudake M 17 Oct. 1991
MR-280 Bankera fuligineo-alba M 17 Oct. 1991
MR-281 Phellodon niger M 17 Oct. 1991
Plants :

TL-2a° Pinus thunbergii TL 6 Nov. 1990
TL-2b° Pinus thunbergii TL 6 Nov. 1990
TL-4 Morus bombycis TL 6 Nov. 1990
GR-5 Indigofera pseudo-tinctoria GR 6 Nov. 1990
GR-6 Vitex rotundifolia GR 6 Nov. 1990
GR-8 Oenothera lamarckiana GR 6 Nov. 1990
GR-9 Miscanthus sinensis GR 6 Nov. 1990
GR-10 Ophiopogon japonicus GR 6 Nov. 1990

“Sample type: (M) mycorrhizal fungi, (S) saprophytic fungi, (M/S) unknown fungi, (TL) tree
leaves, (GR) leaves and stems of shrubs and grasses.

b Current needles.

€1 and 2 year old needles.
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Trace elements (Rb, Cs, Sr and Ba) were measured by ICP-MS
(Yokogawa Analytical Systems, PMS-2000). Rh was used for internal
standard to compensate for changes in analytical signals during the opera-
tion. Major elements, Na, K, Mg, Ca and Al were determined by ICP-AES
(Seiko Instruments, SPS7700). Standard solutions were prepared from
SPEX Multi-Element Plasma Standards (SPEX Industries Inc.) and used to
get calibration curves. Tomato Leaves (1573a) and Orchard Leaves (1571)
supplied by the National Institute of Standards and Technology were used
to validate the analytical procedure. Details for the analyses have been

described by Yoshida and Muramatsu (1997).

RESULTS AND DISCUSSION

Validation of analytical procedure

Good agreements between the certified and measured values were observed
for standard reference materials (see Table 2). In the case of Tomato Leaves,
errors of measured values were less than 10% of the certified values for Na,
K, Ca, Rb and Cs, and 10-20% for Mg, Al, Sr and Ba. Precisions calculated
using 6 independent runs of Tomato Leaves were better than 5% relative

TABLE 2
Analytical Results of Tomato Leaves (NIST; 1573a) Obtained by ICP-MS and ICP-AES
' in Comparison with Certified Values

Elements ‘Observed values® RSD Certified values Obs./Cer.
(mg kg™ (%) (mg kg™")

ICP-AES

Na 130 30 136 096

Mg 10700 3-8 12000° 0-89

Al 515 45 598 0-86

K , 25900 47 27000 096

Ca 49200 60 50500 097

ICP-MS '

Rb 14-8 7-1 14-89 099

Sr 679 ‘ 51 8sb 0-80

Cs 0-053 14 0053 1-00

Ba 517 58 63° 0-82

“Mean values of six independent runs.
»Not certified but provided as an additional information value.
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standard deviation (RSD) for Na, Mg, Al and K, 5-10% RSD for Ca, Rb, Sr
and Ba, and 14% RSD for Cs.

Concentrations of '*’Cs and stable elements i1 mushrooms and plants

Analytical results of alkali and alkaline earth elements in 29 mushrooms
collected from a pine forest are shown in Table 3 together with the data for
plants and soils collected in the same forest (Yoshida and Muramatsu,
1997). The data for 37Cs (Muramatsu et al.,, 1991; Yoshida et al., 1994;
Yoshida and Muramatsu, 1994a, b) are also listed in the table. The mean
and median concentrations are summarized in Table 4. The median values
seemed to be more representative than the mean values for '*’Cs and most
stable elements in mushrooms and plants, because of the high variations of
their concentrations.

The concentrations of 137Cs in mushrooms varied very widely, ranging
from 5-4 to 3110 Bqkg ™! (dry wt). The median value for all the mushroom
species was 135 Bq kg™ ! (dry wt). In comparison with the median concen-
tration in 124 species of mushrooms collected from all over Japan of
53 Bqkg™! (dry wt), reported by Yoshida and Muramatsu (1994b), the
present result is more than two times higher, because mushrooms with
relatively high concentration of 137Cs we.e used in the present study as
mentioned before. In comparison with the va'ues reported in Europe after
the Chernobyl accident (e.g. Haselwandter et al., 1988; Baldini et al., 1989;
Rommelt et al., 1990), the present results are generally 1-2 orders of
magnitude lower.

The highest median concentration in mushrooms was found for K
followed by Mg, Na, Ca, Rb, Ba, Sr and Cs. For plants (leaves and stems),
the highest median value was found for Ca followed by K, Mg, Na, Sr, Ba,
Rb and Cs. In comparison with the element composition of plants, the
mushroom composition can be characterized by high Rb.and Cs concentra-
tions and low Ca and Sr concentrations. Tyler (1980) analyzed 200 mush-
rooms belonging to 130 species, which were rinsed with water, for several
elements including Na, K, Rb, Mg, Ca and Al. Takahashi (1974) sum-
marized the concentrations of many elements in plants (angiosperms).
These values are listed in Table 4 for comparison. The present results agree
with these previous studies, except for Na and Al in mushrooms. Higher Al
concentrations in mushrooms observed in the present study might be
attributable to the effect of soils adhering on the surface of mushrooms as
mentioned below. Seeger and Schweinshaut (1981) determined stable Cs in
433 mushroom species and obtained the mean value, 7mgkg ™! (dry wt).
The present result of stable Cs in mushrooms is comparable with this
previous study.
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In the case of wild mushrooms, surfaces were often contaminated by
nearby soils, and removing all particles was quite difficult. Therefore, the
analytical results of some specific elements might be affected by the adhe-
ring soils. Al, which is one of the major elements in soils, is not accumulated
“in biological samples except certain Al accumulating plants such as Thea
sinensis and Hydrangea macrophylla. Worldwide average concentrations of
Alin soils and plants are 71 000 mgkg ™! (dry wt) and 550 mgkg ™! (dry wt),
respectively (Takahashi, 1974). Al is often used as the indicator of the
contribution of soils to the analytical data of environmental samples.
Figure 1a and b summarize the binary plots of Al and alkali and alkaline
edarth elements including Mg for mushrooms and plants. The ratio of each
element to Al in surface (0—5 cm) soils were calculated from the data in
Table 4 and shown in the figures as the solid lines. For Ca, Sr and Ba, plots
for mushrooms were distributed near the solid lines although the ratios in
mushrooms were slightly higher than those in surface soil, indicating that
the concentration of these elements in mushrooms was strongly affected by
soils adhering on the surface of the samples. Concentration of Na in
mushrooms with high Al concentration (>1000 mgkg~') might also be
affected by the soil, because the plots were closer to the line in these samples.
For the other elements, the plots for mushrooms were clearly far from the
lines, indicating that the effect of adhering soil was negligible. In the case of
plants, the plots were far from the lines for all measured elements, showing
that the effect of adhering soil is negligible for these elements.

Plant surfaces can act as a filter for aerosols because of their wide surface
area (e.g. Aylor, 1975; Lindberg and Lovett, 1985; Yoshida and Ichikuni,
1989). Therefore, the concentration of the elements in plant materials can be
influenced by particulate materials deposited on the surface. The effect of
soil particles is negligible for plants as already mentioned above. The effect
of sea spray is also negligible, because there is no correlation between Na
and the other elements as shown later in Table 6a and b. There is no other
local source for the alkali and alkaline earth elements around the forest.
Therefore, the contribution of the aerial particulate materials is neghglble in
the present study.

In order to compare the concentrations in mushrooms or plants with
those in soil, the concentration ratio defined as ‘median concentration in
mushrooms or plants on a dry weight basis’ divided by ‘concentration in
the surface 0—5cm soil on a dry weight basis’ was calculated for each
element and 137Cs as shown in Table 5. The concentration ratios of higher
than 1 were observed for 137Cs, K and Rb in mushrooms and for Ca in
plants. The ratios between 0-1 and 1 were observed for Cs and Mg in
mushrooms and 137Cs, K, Rb, Mg and Sr in plants. The ratios for the others
were lower than 0-1.
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TABLE 5 .
Concentration Ratio of Alkali and Alkaline Earth Elements and *’Cs for Mushrooms
and Plants
Sample Cs Na K Rb Cs Mg Ca Sr Ba A4l

Mushrooms 39 006 14 1-6 080 02 003 003 002 0010
Plants 02 005 04 02 003 03 140 060 004 0005

The concentration ratios of 137Cs, Cs and Rb for mushrooms were one
order of magnitude higher than those for plants growing in the same forest.
High concentrations of *3’Cs discharged through nuclear weapons testing
and nuclear accidents were reported for mushrooms in many countries as
described in the introduction. The high concentration ratio for stable Cs
obtained in this study indicates that mushrooms are important Cs accumu-
lators and *37Cs is taken up from soils together with stable Cs. Accumula-
tions of Cs and Rb in mushrooms were also observed by Ban-nai et al.
(1994, 1997) from cultivation experiments in flasks using radiotracers. High
transfer of Rb from substrata to mushrooms was also reported by Tyler
(1982). The concentration ratios of 3?Cs were different from those of stable
Cs for both plants and mushrooms. The surface 0-5 cm soil is a mixture of
organic materials and minerals (sand). Stable Cs is originally contained in
the mineral components and this stable Cs is difficult for plant and mush-
rooms to take up. Therefore, the concentration ratio for stable Cs estimated
by using 0-5 cm soil layer was lower than that for 137Cs. Oughton et al.
(1992) applied a sequential extraction procedure to study the speciation of
Chernobyl-derived radionuclides (*3’Cs and °°Sr), stable Cs and Sr in
contaminated 0-4 cm soils and found that higher fraction of 137Cs was
extractable into the exchangeable fraction compared with stable Cs.

The low concentration ratios for Ca, Sr and Ba observed in mushrooms
suggest no appreciable accumulation of these elements in mushrooms. As
demonstrated in Fig. 1b, most part of these elements were derived from soils
adhering on the surface of the samples. This result was consistent with the
low concentrations of °°Sr in mushrooms after the Chernobyl accident
reported by Mascanzoni (1990). The activity ratio of °°Sr to !37Cs in
mushrooms given by Mascanzoni ranged in 0-001-0-021%, while the ratio
in fallout from the accident was about 1%. Lower concentration ratios for
Sr in mushrooms than those in plant were also observed by radiotracer
experiments in a laboratory (Ban-nai et al., 1994). Tyler (1982) reported the
low transfer of Ca from substrata to mushrooms.

Concentrations of major nutrient elements in plants can fluctuate due
to many factors such as differences of sampling season and age of plants. As
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shown in Table 3, concentrations of K, Rb and Cs in young pine needles
(TL-2a) were higher than those in older needles (TL-2b), while concentra-
tions of Ca, Sr and Ba were higher in older needles. The higher concentra-
tion of K and the lower concentration of Ca in younger leaves and needles
than older ones were also reported in Yoshida and Ichikuni (1988). K
migrates easily in the plant body and tends to be translocated from old
tissue to new tissue (Bukovac and Witter, 1957; Johnson et al., 1982). Ca
exists in an insoluble form such as calcium oxalate and does not migrate
easily in the plant body (Biddulph et al., 1959). The higher concentration of
20Sr in mugwort (Artemisia vulgaris) in autumn than in spring was observed
by Fujinami et al. (1996). In the present study, plants were sampled only in
autumn. Further studies may be required to discuss the concentrations of
elements in plants sampled in other seasons. In the case of mushrooms used
in the present study, they grow quickly and are decomposed within 1 or
2 weeks. Therefore, the effect of age is probably much smaller.

Relationship among "’Cs and alkali and alkaline earth elements

Correlation coefficients among alkaline and alkaline earth elements and
137Cs were calculated for mushrooms and plants (Table 6a and b).

As shown in Fig. 2, a good correlation (r = 099, significance level:
p < 0-01) between 137Cs and stable Cs was observed for mushroom sam-
ples, although the species of mushrooms differed. The *37Cs/Cs ratios were
almost constant. The mean value for autumn in 1990 was 134 + 36 Bqmg ™.
The ratios for 2 plant samples, in which !37Cs was detected, were almost the
same as those for mushrooms. The similar ratio, 166 Bqmg™!, was ob-

served also in the litter layer of the forest floor. These findings suggest that

TABLE 6a
Correlation Coefficients among Alkali and Alkaline Earth Elements and '*’Cs in Mush-
rooms
137Cs Na K Rb Cs Mg Ca Sr Ba
Na 010
K 0-37 0-34
Rb 081 —023 026
Cs 0-99 0-09 0-37 0-82
Mg 0-19 0-37 0-01 003 021
Ca — 004 039 —-013 —-010 —-004 069
Sr —0-03 045 —-004 -—-004 -—-003 057 0-94
Ba 001 0-46 0-10- 0-11 001 036 071 0-89

Al —-001 044 0-06 006 -—-001 039 0-78 0-94 0-98

—175—



198 S. Yoshida, Y. Muramatsu

TABLE 6b
Correlation Coefficients among Alkali and Alkaline Earth Elements in Plants
Na K Rb Cs Mg Ca Sr Ba
K 0-23
Rb — 003 0-94
Cs 0-10 0-94 0-98
Mg 0-40 092 0-88 0-92
Ca 0-68 0-59 0-50 0-64 0-70
Sr 0-64 0-64 0-56 0-69 0-72 099
Ba 0-55 078 0-57 0-64 0-74 0-57 0-64
Al 0-00 —014 - 022 — 024 -011 —-016 —-026 —019
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Fig. 2. Relationship between Cs and !3’Cs in mushrooms (®) and plants ((J)
collected in a pine forest. Solid line indicates the mean value of the **7Cs/Cs ratios
for mushrooms (*3’Cs/Cs = 134 + 36 Bqmg~?! in 1990).

the 137Cs/Cs ratios are almost constant in the biological samples in this
pine forest. Mushrooms and plants can take up the available part of total
137Cs and total stable Cs in soil. The 137Cs/Cs ratio in surface 0—5 cm soils
in the forest was calculated to be 27 Bq mg~! by using the data in Table 4.
This value is clearly smaller than that for mushrooms. This is due to the fact
that stable Cs is originally contained in the mineral components of the
sandy soil and this stable Cs is difficult for plants and mushrooms to take
up as mentioned before in the discussion of concentration ratio. Yoshida
and Muramatsu (1994b) calculated the proportions of !3’Cs originating
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from the Chernobyl accident in Japanese mushrooms by using **4Cs/*37Cs
ratio, and demonstrated that '*’Cs in Japanese mushrooms originates
mainly from the fallout of nuclear weapons testing, particularly in the
1960s. These findings suggest that '*7Cs, mainly deposited to the forest
ecosystem in the 1960s, has become equilibrated with stable Cs biologically,
and available Cs for mushrooms and plants is recycling in the pine forest
with the constant 137Cs/Cs ratio. The 37Cs/Cs ratio might be a useful
criterion for judging the equilibrium of deposited 37Cs to stable Cs in
a forest ecosystem.

Correlations among alkali elements are shown in Fig. 3. In plant samples,
good correlations were observed among K, Rb and Cs. Correlations
between these elements and Mg in plant samples were also good (Table 6b).
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Fig. 3. Relationship among K, Rb and Cs in mushrooms (®) and plants (OJ)
collected in a pine forest.
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Ronneau et al. (1991) observed the good correlation between !37Cs and
K in throughfall waters collected under spruce trees in a forest in Belgium.
Myttenaere et al. (1993) measured the seasonal change of stable Cs and K in
spruce needles, and demonstrated good correlation between them. These
findings suggest that K could be used as an indicator of the behaviour of
137Cs in the soil-plant systems in forests. Correlations between Ca and Sr in
plants were also good as shown in Table 6b, suggesting the possibility of
using the behaviour of Ca to predict the behaviour of °°Sr. No correlations
were observed between Na and the other elements studied.

In mushroom samples, good correlations were observed among Ca, Sr,
Ba and Al. These elements were not accumulated in mushrooms and most
parts in mushrooms were derived from soils adhering on the surface of the
samples as already discussed in Fig. 1b. Cs was not correlated with K in
~mushrooms in contrast with plant samples. The K concentration seemed to
be controlled within a narrow range regardless of the mushroom species,
while the concentrations of Cs in mushrooms varied very widely. These
findings suggested that the mechanism of Cs uptake was completely differ-
ent from that of K. Rb showed intermediate behaviour between K and Cs.
There was a correlation between Rb and Cs (r = 0-82). However, the Rb/Cs
ratio was not constant as shown in Fig. 3. The ratio decreased with
increasing Cs concentration in mushrooms, indicating that Rb might be
partly taken up by mushrooms by the same mechanism as Cs is.

CONCLUSIONS

The stable alkali (Na, K, Rb and Cs), alkaline earth (Ca, Sr and Ba)
elements and Mg in mushrooms collected in a Japanese pine forest on
sandy soil were determined, and the data of the stable elements for mush-
rooms, plants and soils were summarized together with the data of 37Cs.
The following conclusions have been drawn. ’

(1) The element composition of mushrooms could be characterized by the
high 137Cs, Cs and Rb concentrations and low.Ca and Sr concentra-
tions in comparison with the composition of plants. Concentrations of
137Cs, Cs and Rb for mushrooms were one order of magnitude higher
than those for plants growing in the same forest. Ca, Sr and Ba were not
accumulated in mushrooms, and their concentrations were affected by
soils adhering on the surface of the samples.

(2) A good correlation (r = 099, p < 0-01) between **7Cs and stable Cs
concentrations was observed for mushrooms. The !37Cs/Cs ratios
were almost constant (**7Cs/Cs = 134 + 36 Bqmg ™! in 1990) and were
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significantly higher than that in the surface soil (27 Bqmg™?). In the
case of the 2 plant samples in which 1’Cs was detected, the ratios are
almost the same as those for mushrooms. These findings suggested that
137Cs deposited to this pine forest due to nuclear weapons testings has
been equilibrated with stable Cs biologically, and available Cs for
mushrooms and plants is recycling in the pine forest with the constant
137Cs/Cs ratio.

(3) In the plant samples, good correlations were observed among the
concentrations of K, Rb, Cs and Mg. Correlation between those of Ca
and Sr was also good. These findings suggested that the possibility of

" using the behaviour of alkali and alkaline earth elements to predict the
137Cs and °°Sr behaviour in soil-plant systems in forests. In contrast, Cs
was not correlated with K in mushrooms, indicating that the mecha-
nism of Cs uptake was different from that for K.

Analyses for stable elements have provided much information on the
behaviour of elements which are related to radionuclides in a pine forest on
sandy soil with a thin organic layer. Such studies must be useful in
predicting the migration of radionuclides in forests contaminated by acci-
- dental releases such as the Chernobyl accident. Further studies on other
forests with other types of soil, vegetation, source of contamination and in
other seasons are earnestly desired.
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