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TAISEI NOMURA

TRANSGENERATIONAL HEALTH CONCERNS FROM RADIATION IN
MICE AND HUMANS

(National Institute of Biomedical Innovation and Graduate School of Medicine, Osaka
University, Osaka, Japan)

First, I will show one photograph before talking on "Transgenerational Health Concerns from
Radiation in Mice and Humans" at the Symposium I "Environments and Health Concem from Ionizing
Radiation” of the 15th Alexander Hollaender Course; Genome-Environment Interaction and Genetic
Toxicology. United Nations Scientific Committee on the Effect of Atomic Radiation (UNSCEAR)
meeting was held in 1958 for publishing the report on the Effect of Atomic Bomb at Hiroshima and
Nagasaki and Bikini disaster by the hydrogen-bomb testing. On the way to UNSCEARmeeting,
representative Japanese scientists visited Oak Ridge National Laboratory (ORNL) on February 1-
2, 1958. There were three representative scientists from Japan, Dr. Alexander Hollaender, director
of Biology Division of ORNL and young Japanese scientist, Dr. Sohei Kondo who later became the
professor of Osaka University. In Biology Division, Dr. W. L. Russell was continuing the very
important mouse experiment on the hereditary effects of radiation, so- called "Mega-Mouse
Experiment" using specific loci method.

In the symposium-1, I will show the summery of germ cell mutation conducted in ORNL and
Harwell and then review my works on transgeneratinal health concerns from radiation in mice and
humans.

Wild type mice were irradiated with radiation and then mated at various intervals with tester
stock (T strain) of mice which have 7 recessive mutations. Seven specific loci mutations were
detected at coat color loci, brown (), pink-eyed dilution (p), chinchilla (), dilute (d), pie bald (5),
non agouti (a) and short-ear (se). Male germ cells at spermatozoa stage was more sensitive to
ionizing radiations than those at spermatogonia stage for mutation induction and 6-fold higher incidence
of mutation was induced by neutron exposure than by » -ray-exposure, showing high relative biological
effectiveness (RBE) of neutrons. The most important result by specific loci method is that mutation
frequency by low dose rate exposure to y -rays is one third of that by high dose rate exposure,
showing an apparent dose rate effects. Mouse oocytes showed much higher dose rate effects
(~20). Furthermore, mutation frequency at low dose rate exposure increases linearly without
threshold, doubling doses being 1 Gy. The value of 1.0 Gy is universally used for the genetic risk
estimation of radiation to humans until now. Direct estimation with markers for human diseases such
as dominant cataract and skeletal mutations were carried out and mutations were induced in mice
after germ-cell exposure to radiation. These radiation-induced mutations were deletion mutations.

Mouse studies on Germ cell mutations, carried out at Oak Ridge, Harwell and Munich provided
extremely important information for the risk estimation. Since enormous numbers (million) of mice
were necessary, however, no more studies have been carried out until now. Instead of specific locus
method for germ cell mutations, more concise method using similar tester strains of mice were
carried out in a few countries. Recessive coat color mutant mice PT and HT were used in my
Department. PT (T) female (/a, b/b, p ¢"/p ¢”, d/d) and HT male mice (w/a, In/In, pa/pa, pe/pe)
were mated, and pregnant mice were exposed to radiation on the 10.5th day of gestation. PTHTF1
embryos were heterozygous at 7 recessive coat color loci (In/+, pa/+, b/+, p ¢/+ +, d/+, and
pe/+)on non agouti background (a/a). If mutation occurs at one of the several thousands of pigment
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cells in the embryo, a small spot of mutant coat color appears on the black coat color back ground.
From the color, size, shape, and distribution of the pigment of the hair, mutated gene loci were
determined. The frequency of mutant spots increased linearly with doses of X-rays (0.1 to 1.2 Gy).
With much smaller number of F1 mice (100 vs ten thousand) and much lower doses (0.1 to 1.0 Gy
vs 1-10 Gy), mutations were detected more precisely by this PT-HTF1 method. Furthermore,
there were no differences in mutation rate per cell between germ line specific loci mutation and in
utero somatic mutations. Dose dependant increases of mutations were also observed after exposure
to tritium water (3H-?-rays) and 252Cf-neutrons. Higher RBE's were shown for 3H (2.5) and
253Cf-neutrons (6.6).

Recently, in vivo and in vitro methods to detect point mutation in bacterial gene, Big Blue® TG
mouse and MutaTM mouse were used for mutation assay. However, these systems are much less
sensitive to radiations than PT-HTF 1 method, e.g. no mutations were detectable even at lethal
doses, and some false negative results were observed with chemicals, because C57BL mice were
commonly used in the background.

In addition to germ cell mutations, parental exposure of mice to radiation causes a variety of
adverse effects (e.g., tumors, chronic diseases, congenital malformations, genetic instability, etc.) in
the progeny and the tumor-susceptibility phenotype and also some congenital anomalies are
transmissible beyond the first post-radiation generation. The induced rates of tumors were 100-
fold higher than those known for mouse specific locus mutations. These studies had been referred
to under the headings of "Osaka Report", "Transgenerational Carcinogenesis and Teratogenesis”,
"Paternal Toxicology", or "Male-mediated Developmental Toxicology", although preconceptional
exposure of females also induced such effects in the offspring.

An apparent and visible evidence of transgenerational effects of radiation is that exposure of
male mice to radiation at post-meiotic stage resulted in a high incidence of embryonic deaths (dominant
lethals) in the offspring. The frequencies increased with increasing doses of X-rays, e.g., about 60
percent dominant lethality after an X-ray dose of 5 Gy to spermatids.

In the surviving fetuses, various types of congenital malformations were observed. Most of
induced malformations are those that are commonly observed in humans. Similar results were
obtained in experiments in which the females were irradiated.

The incidence of tumors in F1 offspring increased with X-ray doses to the parents in the range
from 0.36 t0 5.04 Gy. Itis evident that post-meiotic stages are more sensitive than the spermatogonial
stages. No differences were observed in the incidence of tumors between single and fractionation
doses after post-meiotic exposure. However, with fractionated doses given to spermatogonia,
large reductions in tumor incidence in F1 offspring were observed, the figures approaching those
seen in controls. Oocytes in the mature follicle stages were resistant to single dose of X-rays up to
I Gy for tumor induction in F1, but large increases were observed at higher doses. Again, dose
fractionation to mature oocytes showed large reduction in tumor incidence as was also the case with
fractionated spermatogonial irradiation. With protracted irradiation of either spermatogonia or
oocytes, no increase in tumor frequencies was found in F1. These observations suggest significant
repair capabilities of spermatogonia and mature oocytes. Later, the results were confirmed with
low dose rate exposure to 60Co -rays at the spermatogonial stage.

To confirm that the induced tumors are heritable, the F1 progeny of treated parents were mated
and their progeny examined. Tumor incidence was significantly higher in the F2 and F3, when F1 or
F2 male parents had tumors. The pattern of inheritance is that of a dominant with about reduced
penetrance. Reduced penetrance was also found for dominant skeletal mutations. Inheritance of
induced tumors was also examined in the N5 strain which develops varioustypes of tumors. Higher
incidence of tumors has been found to persist (up to F34). The pattern is similar to that of Li-
Fraumeni syndrome in humans, suggesting the inheritance of tumor susceptibility.
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We studied radiation-induced visible chromosomal changes cytogenetically in the offspring.
However, induced germ cell changes causing tumors are not related to gross chromosomal changes
detectable with the cytogenetic techniques employed, though numerical chromosomal abnormalities
were present in the abnormal fetuses. The majority of tumors induced in the progeny of radiation
exposed parents were commonly observed types in the respective strains of mice. In commonly
observed types of tumors, we rarely found oncogene activation and p53 mutations, although germ-
line alterations could produce some rare types of tumors and molecular changes. Ras, mos and/or
abl genes were amplified in some rare tumors and lymphocytic leukaemia.

As discussed earlier, the important features of the presumed germ-line alterations causing tumors
in the progeny of irradiated mice that we have observed are: (1) 100-fold higher incidence of tumors
in the offspring than ordinary (i.e., specific locus) mouse mutations; (2) transmissible but weak
carcinogenicity of radiation by itself with manifestation by postnatal environment; (3) inheritance of
tumor susceptibility; (4) strain-dependent differences in background incidence of tumors. All these
considered together suggested to us, early on 1978 that mutations at hyper-valiable sites or changes
in gene expression of normal functional genes involved in immunological, biochemical, and
physiological functions may elevate or enhance tumor incidences in each strain.

There is a considerable literature on germ line mutations induced at the mouse ESTR (expanded
simple tandem repeat) loci by both low and high LET (neutrons from 252Cf) irradiation. Inthe
work of Dubrova et al, however, spermatogonial stages were found to be more sensitive than
postmeiotic stages and there were no dose rate effects for these mutations induced in spermatogonia.
Their results are different from those of other investigators and are also at variance with findings
from studies with specific locus mutations, and also our mouse studies.

Since changes in the expression of many genes are known to occur in tumors, we are carrying
out gene expression studies to test the above hypothesis using the micro-array technology. In these
experiments, the affected F1 offspring (with tumors or malformations) of N5 male mice exposed to
2.16 Gy of X-rays at spermatogonial stage were used as the starting material. These animals were
mated to their litter mates as young adults and their offspring were examined for the presence or
absence of tumors at twelve months of age and compared with concurrent control mouse offspring.
It is clear that considerable numbers of genes are altered and such altered genes pre-exist in the
tissues of cancer-prone progeny, and the majority of the abnormally expressed genes are those
involved in normal physiological, biochemical and immunological functions. Consequently, changes
in gene expression seem to occur in various normal functional genes rather than oncogenes per se in
irradiated cancer-prone or tumor-susceptible descendants, and their progressive accumulation may
contribute to cancer as we have hypothesized. Knowledge of the numbers of such oncogene-
related genes and tumor suppressor-related genes has been increasing enormously during the past
few years with the advance of biomedical research and technology.

Mouse studies strongly suggest that parental exposure to radiation causes various adverse effects
in the progeny and these disorders transmit to further generations. However, this study has not been
supported by the epidemiological study on the children of atomic bomb survivors in Hiroshima and
Nagasaki who were exposed to an average dose of 435 mSv, although, in 1990, Gardner et al.
reported that there was about 6-8 fold higher risk of leukemia in the children of fathers who were
employed at Sellafield nuclear reprocessing plant and had been exposed to 10-100 mSv of radiation
before conception and some epidemiological studies reported (but have not proven) an increase of
leukemia in the children of fathers who had been exposed to low doses of diagnostic radiation. In
the on-going health effects study, there is no evidence that multifactorial diseases increase in the
children of atomic bomb survivors.

Induced rates of congenital anomalies in mice are compatible to those in humans, and we have
to wait until children of atomic bomb survivors become cancer prone ages, i.e., adult types of
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cancer develop. As for mutations, electrophoresis mutations of serum proteins (base substitution
mutation) were examined in the children of atomic bomb survivors, while radiation induces deletion
mutations such as specific locus mutation, dominant skeletal and cataract mutations in mice. In fact,
no electrophoresis mutations were induced in the offspring of mice exposed to high doses of radiations.
We have to examine mutations which are inducible by radiation.

Asitwas inmouse ESTR studies, 1.6~1.8 fold increases of minisatellite mutations were reported
by Dubrova et al in the children of inhabitants in exposed areas of Chernobyl, Semipalatinsk and
Techa River. Increased ratio was equal irrespective of the exposed area or populations. However,
no increases of minisatellite mutations were reported by other investigators in the children of atomic
bomb survivors exposed to high doses of radiation (1.9 Sv) and chlldren of liquidators in Chernobyl
(3 independent reports).

Another studies are currently underway in our laboratory using microsatellite probes to detect
germ cell mutations in the offspring of ?-ray and neutron-exposed male mice. The preliminary
results show that mutations at one specific microsatellite locus and also leukemias are clearly and
dose-dependently induced by 0.2-0.4 Gy of neutrons in the offspring (unpublished data). It should
be borne in mind, however, that no increases of microsatellite mutations have been found in the
children of Chernobyl liquidators exposed to very low doses (< 50 mSv) and also in the children of
atomic bomb survivors exposed to very high dose of radiation (av. 1.9 Sv) (in press). In contrast to
minisatellite mutation, microsatellite germ-line mutation can be detected precisely even with one
base change and with much less numbers of animals than ordinary mouse germ-line mutations. We
believe that mutation studies with microsatellite are useful to detect transgenerational effects or
genomic instability by environmental toxic chemical substances as well as radiations, but we have to
find human gene loci which are responsible to radiation or chemicals for mutation induction. This
technology is also very useful to examine the hereditary effects of space radiations, because several
hundreds offspring are produced from 5-10 male mice which are launched into the space.

E. Tajima, M. Tochiku, and Y. Hiyama (from the left end to right) from Japan,
Alexander Hollaender, director of Biology Division of ORNL (right end) and young
Japanese scientist, Sohei Kondo (2nd from the right end). Provided by Professor S.
Kondo
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Minisatellite Mutations in Radiation Exposed Human Population

Exposed Control
Atomic Bomb No change 62 children 80 children Kodaira, et al
Survivors (Japan) (1.9 5v) (<0.01Gy) (1995)
Chernobyl (Belarus) Increase(x1.8) 127 children 120 UK non-exposed Dubrovs, et al
(Inhabitart) (1996)
Atomic Bomb Mo change 61 children 58 children Kodaira, et al
Survivors (Japan) (1.9 8v) (<0.01Gy) (2004)
Chemobyl (Ukraine) No change 183 children 163 children Livshits, ot al
(Liquidator) N:_m-contomn. area (2001)
Chemobyl (Ukraine) Increase(x1.6) 240 children 98 matched controt Dubrova, et al
(Inhabitant) (2002)
Chemobyl (Estonia) No change 148 chiidren 155 children born Kiuru, et al
(Liquictetor) before exposure (2003)
Chemoby! (Ukraine) No change 61 children 24 children bom Slebos, et al
(Liquidator) before exposure (2004)
Semipalatinsk Increase(x1.7) 40 families 28 families (3 generat) Dubrova, et al
(Kazakhstan) {3 generations) (matched controf) (2002)
{Inhabitant)
Techa River (Mayak) Increase(xt.7) 159 children 110 children Oubrova, et al
(Russia) (Inhabitant) (50mSsv) (non-contamn. area) (2008)
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Abstract In the digestive tract of mice (HR-1, 5 months
old, ¥), asialo GM1 (GAl) exhibiting receptor activity
toward several intestinal bacteria was preferentially
expressed in the small intestine. Also, less than 10% of
GAL in the small intestine was converted into fucosylated
and sulfated derivatives, but it was completely converted to
fucosyl GA1 (FGAL) in the stomach, cecum and colon.
Among the lipid components in these tissues, glycolipids
other than Forssman antigen and cholesterol sulfate (CS)
were present in the digestive tract contents. However,
sulfated GAl, sulfatide and fucosyl GM1 in the gastro-
intestinal contents were not present in the cecal and colonic
contents, in which the major glycolipids were ceramide
monohexoside (CMH), GAl and FGA1. The total amount
of GAl in the whole contents was 20% of that in the
tissues. Thus, glycolipids were stable during the process of
digestion, and excreted from the body together with
cholesterol and CS. On the other hand, Lactobacillus
Johnsonii (LJ), whose receptor is GAl, was detected in
the cecal and colonic contents on sequential analysis of
16S-ribosomal RNA and TLC-immuneostaining of antigenic
glycolipids with anti-LJ antiserum. LJ was found to

M. Iwamori (<) - Y. Iwamori

Department of Biochemistry, Faculty of Science and Technology,
Kinki University,

3-4-1 Kowakae,

Higashiosaka, Osaka 577-8502, Japan

e-mail: iwamori@life.kindai.ac.jp

S. Adachi + T. Nomura

Animal Models of Human Diseases,
National Institute of Biomedical Innovation,
7-6-8 Asagi-Saito,

[baraki, Osaka 567-0085, Japan

Published online: 21 December 2010

comprise 20% of the total bacteria cultured in the
lactobacillus medium under aerobic conditions, and to be
present in the cecal and colonic contents, 9.8x 107 cells
versus 37 ug GAIl and 1.4x 10% cells versus 49 ng GAl,
respectively. Thus, GAl in the contents might facilitate the
discharge of intestinal bacteria by becoming attached them
to prevent their irregular diffusion.

Keywords Sphingoglycolipids - Glyceroglycolipids -
Molecular species - Lactobacillus - 16S-rRNA -
TLC-immunostaining

Abbreviations

The nomenclature for glycolipids is based on the
recommendations of the IUPAC-IUB Commission on
Biochemical Nomenclature [1]

CMH  ceramide monohexoside
CS cholesterol sulfate

18t:0  phytosphingosine

18d:1  sphingosine

24h:0  o-hydroxylignoceric acid
GAl asialo GM 1

FGA1l fucosyl GAl

FGM1 fucosyl GM1

SGAl sulfated GA1

LJ Lactobacillus johnsonii
Introduction

Asialo GMI1 (GAI, GgyCer) is known to constitute the
receptor for several bacteria, ie. Lactobaciilus casei, L.
reuteri, L. johnsonii (L. acidophilus), Bifidobacterium
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bifidum, Pseudomonas aeruginosa, Actinomyces maeslun-
dii and Neisseria gonorrhoeae, and to play an essential role
in bacteria in the establishment of symbiosis or infection
[2-4]. In the murine digestive tract, GA1 is abundant in the
small intestine, but not in the stomach or colon, suggesting
that the small intestine is the site of GAl-mediated
formation of the bacterial flora for symbiosis [5]. However,
although GAI is a predominant glycolipid in the small
intestine of germ-free mice, fucosyl GAl (FGAI, IV?Fuca-
GgyCer) is present in the small intestine of conventionally
breeding mice [6]. The modification of GAl to FGA1 has
been revealed to occur on transcriptional induction of the
al,2-fucosyltransferase gene on infection by indigenous
filamentous bacteria and wild type Bacteroides thetaiotao-
micron, indicating that some bacteria regulate gene expres-
sion in the intestinal epithelial cells of the hosts, probably to
suppress the growth of competitive bacteria [6-8]. Conse-
quently, the flora formation through attachment to GA1 of
symbiotic bacteria such as Lactobacillus johnsonii (LJ) is
dynamically regulated through modification of GA1 by the
coexisting bacteria [3, 4]. In addition, the expression of
GAl and FGAI1 in the intestinal microvilli occurs as an
event of the differentiation process during the migration of
epithelial cells from the crypt to the top of villus [9], and
the cells accompanying the bacterial flora are thought to be
finally liberated into the digestive tract.

In the literature, comparison of glycolipids in the
gastrointestinal tract and feces of germ-free and conven-
tional rats demonstrated that feces contained intestinal
glycolipids with ABO blood groups, and the amount of
LacCer as the major glycolipid in the feces of conventional
rats were higher than in germ-free mice [10]. Similarly,
human intestinal glycolipids have been shown to be
excreted into the feces, in which GlcCer, GM3 and Le?,
and GlcCer and LacCer were the major ones before and
after the weaning period, respectively, and the reason why
LacCer becomes the major glycolipid in human feces after
the weaning period is the degradation by glycosidases
produced by bacteria (11, 12]. However, since these studies
were focused on structural characterization of glycolipids in
feces, and not on quantitative analysis, the rates of
excretion and degradation of epithelial glycolipids were
unknown. Also, no detailed information on glycolipids in
the contents of different regions of the murine digestive
tract in comparison to those in the tissues and murine food
is available so far.

Accordingly, we determined the total amounts and
concentrations of glycolipids in the tissues and contents of
various regions of the murine digestive tract, in which
glycolipids were expressed in region-specific manners [5].
The information was thought to be useful for estimating not
only the rate of turnover of epithelial glycolipids, but also
the amounts of receptor glycolipids excreted together with
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bacterial flora. In this connection, we also determined the
amounts of Lactobacillus johnsonii, whose receptor glyco-
lipid is GA1 [2, 3], in the cecal and colonic contents through
direct detection of bacterial glycolipids in lipid extracts of the
contents by means of a newly developed method of TLC-
immunostaining involving anti-LJ antiserum.

Materials and methods
Bacteria

The bacteria used in this study were purchased from the
Japan Collection of Microorganisms (JCM, RIKEN, Wako,
Saitama, Japan), and were as follows: Lactobacillus
johnsonii (L) (JCM 1022) and L. casei (JCM 1134). The
culture media for bacteria were as follows: MRS broth
{Gibco-Invitrogen) and GYP (1 g glucose, 1 g yeast extract,
0.5 g peptone, 0.2 g meat extract, 0.2 g sodium acetate,
20 mg MgSQO,, 1 mg MnSO,, 1 mg FeSOy, 1 mg NaCl and
50 mg Tween 80 in 100 ml water). The number of
lactobacilli was determined from the colony formation on
a CaCOj;-containing agar-GYP plate (0.5% CaCO; and
1.2% agar in GYP medium) [13].

Mice

Mice (HR-1, female, 5 months old of age) were kept under
conventional breeding conditions with lighting from 6:00 to
18:00 at a room temperature of 24=1°C and a humidity
level of 55£10% with food (MF, Oriental Yeast, Tokyo)
and water ad lib. Animal treatment followed the animal
care guidelines of Kinki University. After anesthesia with
pentobarbital (Abbott, Osaka), the tissues and contents from
eight mice were collected separately. The upper and lower
halves of the tract between the duodenum and cecum were
used as the jejunum and ileum, respectively, whose contents
were collected by injecting water with a syringe. The solid
contents in stomach, cecum and colon were collected with a
spatula. Also, a part of the cecal contents corresponding to
0.01-1 pg, was suspended in phosphate-buffered saline
(PBS) and cultured on CaCOj-agar GYP plates. The
individual colonies on the plates were each picked up with
a toothpick and then cultured in 80 ml of GYP medium.

Materials

Standard glycolipids from various sources were purified in
our laboratory: GlcCer, LacCer, Gb;Cer, Gb,Cer and GM3
from human erythrocytes, Forssman glycolipid from equine
kidney, and fucosyl GM1 (FGMI1) from bovine thyroid.
GAl and FGAl were prepared from GM1 and FGMI,
respectively, by treatment with Arthrobacter ureafaciens
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