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Reciprocal translocations in somatic and germ cells of mice chronically exposed by
inhalation to ethylene oxide: implications for risk assessment

E. Maria Donner1,*, Brian A. Wong, R. Arden James and
R. Julian Preston2

The Hamner Institutes for Health Sciences, 6 Davis Drive, Research Triangle
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Groups of male B6C3F1 mice were exposed by inhalation
to 0, 25, 50, 100 or 200 p.p.m. ethylene oxide (EO) for up to
48 weeks (6 hours/day, 5 days/week). Animals were
sacrificed at 6, 12, 24 and 48 weeks after the start of the
exposure for analyses of reciprocal translocations in
peripheral blood lymphocytes and germ cells. The
frequency of the total chromosomal aberrations in the
peripheral blood lymphocytes was significantly increased
at the 100 and 200 p.p.m. exposure concentrations at the
12-week time point, at 50, 100 and 200 p.p.m. at
the 24-week time point and at all EO concentrations at
the 48-week time point. The frequency of stable reciprocal
translocations, which can be used as biomarkers, was
increased (P < 0.05) at 100 and 200 p.p.m. at the 12-week
time point, at 100 and 200 p.p.m. at the 24-week time point
and at 50, 100 and 200 p.p.m. at the 48-week time point. No
statistically significant increase could be observed in
translocation frequencies at the 6-week time point in the
peripheral blood lymphocytes. The exposure–response
curves were non-linear when the frequencies of trans-
locations were plotted against EO exposure durations or
against EO exposure concentrations. There was no effect of
exposure concentration rate on reciprocal translocation
frequency. Reciprocal translocations induced in spermato-
gonial stem cells (observed at the sprematocyte stage)
showed significant increases in translocation frequencies
over controls at all EO concentrations at 48 weeks.
However, increases were small and they did not occur in
a dose-responsive manner. The statistically significant
increase observed at 12 weeks in the spermatocytes was
equivocal. This study provides low-level chronic exposure
somatic cytogenetic data generated in mice that can be
used to support the shape of the tumour dose–response in
rodents and humans The germ cell cytogenetic data are
discussed in terms of its relevance for a threshold response
for genetic effects at low exposures.

Introduction

Ethylene oxide (EO) (CAS No. 75-21-8) is a high volume
production chemical that is used as an industrial intermediate
and a sterilant for medical equipment. It is regulated by the US
Environmental Protection Agency as a hazardous air pollutant
under the Clean Air Act (1). It has been concluded to be

carcinogenic to rodents and humans and classified as a Group
1 chemical (carcinogenic to humans) by the International
Agency for Research on Cancer (IARC) (2). This classification
was based on evidence, including limited data in humans for
carcinogenicity, sufficient evidence in experimental animals
and data for surrogate biomarkers of cancer (so-called
mechanistic data). These surrogate biomarkers of cancer
included formation of DNA adducts and genotoxicity in
EO-exposed humans and rodents. In biomonitoring studies, it
has been reported that cohorts of EO-exposed workers showed
increased frequencies of several chromosomal aberration
endpoints relative to unexposed workers (3). The mortality
from lymphatic and haematopoietic cancer was also marginally
elevated (2). IARC recently reassessed the carcinogenicity of
EO, reconfirming the Group 1 classification (4, 5). The
National Toxicology Program (NTP) has classified EO as
‘known to be a human carcinogen’ based on sufficient evidence
of carcinogenicity from studies in humans, which included
a combination of epidemiological and mechanistic investiga-
tions indicating a causal relationship between exposure to EO
and human cancer (6). EO has also been subjected to several
attempts at genetic risk assessment (7–9). However, these
initial attempts suffered from several data gaps (10, 11), and it
has been recommended that genetic risk assessments for
genotoxic chemicals, such as EO, should be based on chronic
exposures covering the entire cycle of spermatogenesis of the
test organism (11).

EO is a known alkylating chemical agent and direct-acting
mutagen, which reacts with nucleophilic molecules to produce
DNA adducts, gene mutations and clastogenic damage. Its
mutagenicity in somatic and germ cells has been clearly and
repeatedly demonstrated in a variety of test systems, including
mouse and rat assays. It has also been reported to have
mutagenic effects in humans (2, 3, 7, 12, 13). Heritable
reciprocal translocations are persistent stable chromosome
alterations and are therefore of high importance for generating
weight-of-evidence data for describing a potential role for
mutagenicity in cancer risk assessments

In a study by Generoso et al. (8), male mice exposed to EO
by inhalation at a range of 165–300 p.p.m. for a total of
8.5 weeks were found to have a significant increase in
dominant lethal mutations at exposure levels of �204 p.p.m.
and in the frequencies of reciprocal translocations in germ cells
at all exposure levels. However, the incidence of heritable
translocations did not show a linear dose–response relationship
over the concentration range administered. Since the response
was non-linear, and the lowest exposure concentration was
165 p.p.m., it was not possible to extrapolate the dose–response
curve for reliably estimating induced effects at exposure levels
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approximating a few p.p.m. or, in reality, any exposure level
,165 p.p.m. Furthermore, this study assessed post-meiotic
germ cells as the target cells because these had been shown
previously to be the most sensitive for the relatively large acute
EO concentrations that were administered.

The purpose of the present study was to chronically expose
male B6C3F1 mice to EO by inhalation and thereby provide
data that could be used for genetic and cancer risk assessments
through a parallelogram approach. We considered chronic low-
level exposures to be more relevant for human risk assessment
than acute high-level exposures. Since low chronic exposures
present a hazard for male spermatogonial stem cells, which are
present throughout the reproductive lifetime of the individual,
these cells constitute the appropriate target cell population for
assessment of heritable stable chromosome damage (11, 14).
These requirements were achieved by conducting chronic (up
to 48 weeks) relatively low-level (25–200 p.p.m.) inhalation
exposures (compared to most published studies of somatic and
germ cell mutagenicity, although the occupational exposure
limit is 1 p.p.m. and considerably lower than the lowest
concentration used in the present study). The genetic endpoint
chosen was potentially heritable reciprocal translocations
observed in spermatocytes and in peripheral blood lympho-
cytes. This approach was chosen as a necessary component of
a genetic risk assessment model since somatic cell data (for
peripheral blood lymphocytes) are largely what will be
available for humans. It was also pertinent to use data on
reciprocal translocations as being informative to dose–response
for cancer risk assessment. We believe that the data generated
in this study are more representative of human exposure than
any of the previously published rodent cytogenetic studies. To
our knowledge, this was also the first attempt to use a chronic
chemical exposure to simultaneously assess genetic alterations
in the germ and somatic cell populations in the same animal.

Materials and Methods

EO test compound

EO (CAS No. 75-21-8), chemical purity 99%, was obtained as a liquid in
cylinders from ARC Chemical Division, Balchem Corp., State Hill, NY, USA.
EO was considered to be stable at normal room temperature for the duration of
the study based on the manufacturer’s stability information.

Animals

Male B6C3F1 mice were purchased from Charles River Laboratories, Raleigh,
NC, USA. The mice were 6 weeks � 3 days of age upon arrival. The animals
were acclimated for 10–14 days, randomized by weight using the PATH/TOX
data acquisition and study management system software (Xybion Electronic
Systems, San Diego, CA, USA) and divided into exposure and air-control
groups for each of the four time points examined. The study facility was
accredited by the Association for the Assessment and Accreditation of
Laboratory Animal Care International, and all procedures involving live
animals were approved by the Institutional Animal Care and Use Committee
(IACUC) and consistent with the Guide for the Care and Use of Laboratory
Animals (15). The study-specific protocol was approved by the IACUC.

EO exposure levels

EO exposure levels of 25, 50, 100 or 200 p.p.m. were chosen based on
considerations of the NTP carcinogenicity bioassay using B6C3F1 mice
exposed to 50 or 100 p.p.m. EO for 2 years (16), the frequency of heritable
translocations at levels of EO �167 p.p.m. (8) and EO-induced DNA adduct
levels (N7-hydroxyethyl-guanine) in mice exposed to �100 p.p.m. EO (17).

Inhalation exposures to EO

Four groups of 44 male mice, �8 weeks old at the initiation of the exposure,
were given whole-body exposures of 25, 50, 100 or 200 p.p.m. EO for 6, 12, 24
or 48 weeks (6 hours/day, 5 days/week). The air-control mice were exposed to
clean air in a separate chamber in the same suite of rooms. EO was used as

a model carcinogen and mutagen and so no positive control was required. The
animals in each exposure group and in the air-control group were housed
individually in wire mesh stainless steel cages inside a 1-m3 inhalation chamber
(H1000; Lab Products, Seaford, DE, USA). The mice were given access to
water ad libitum but food was removed during the 6-hour exposure period.
Between each 6-hour exposure period and during weekends, the mice were fed
NIH-07 certified feed and water ad libitum.

EO concentrations in the exposure chambers were monitored using infrared
spectrophotometers (MIRAN 1A; The Foxboro Co., Foxboro, MA, USA).
During the initial phase of the study, pressure and relative humidity were
interfering with the air-control chamber concentration monitoring (baseline
drift) and so a gas chromatograph (Model 5890 Series II; Hewlett–Packard Co.,
Palo Alto, CA, USA) equipped with a flame ionization detector was used to
concurrently monitor the air-control chamber. Concentrations were measured at
least once per hour from each of the five chambers.

Necropsy and tissue collection

Seven of the 11 animals from each exposure group (0, 25, 50, 100 or 200
p.p.m. EO) were sacrificed 3 days or earlier after the final exposure day for the
6-, 12-, 24- and 48-week time points. The mice were anesthetized with
phenobarbital for collection of cardiac blood prior to asphyxiation using carbon
dioxide followed by exsanguination and necropsy. The remaining four mice per
dose group were allocated for other purposes and data collected from them are
not included in this article.

Blood collection, lymphocyte culturing and preparation of metaphase cells

Lymphocyte cultures were prepared according to the method of Erexson and
Kligerman (18), with some minor modifications. Cardiac blood (1–1.5 ml) was
collected from anesthetized animals in heparinized syringes and mixed with an
equal volume of sterile phosphate-buffered saline (Sigma-Aldrich, St Louis,
MO, USA), and the leucocyte layer was immediately separated by
centrifugation for 30 min at 400g using lymphocyte separation medium
(Organon Teknika Corporation, Durham, NC, USA) according to the
manufacturer’s instructions. The isolated leucocyte layer was washed three
times with 2% heat-inactivated foetal bovine serum, and the cells were used to
set up 1-mm cultures of �5 � 105 cells each in complete RPMI 1640 (with L-
glutamine and 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
medium consisting of 20% foetal calf serum, an additional 2 mM L-glutamine
and 100 U penicillin–streptomycin (all components from GIBCO BRL, Grand
Island, NY, USA). Approximately, 5 lg/ml phytohaemagglutinin (Murex
Diagnostic Ltd, Dartford, UK) was used as the mitogen. Two 1 ml lymphocyte
cultures per animal were initiated and incubated undisturbed in loosely capped
6-ml sterile polystyrene tubes for 48 hours at 37�C in a humidified 5% CO2

atmosphere. Four hours prior to harvest, Karyomax Colcemid� (0.5 lg/ml,
GIBCO BRL) was added to arrest cell division at metaphase. The cells were
collected by centrifugation, treated for 3 min at 37�C with a 1:2 sodium citrate
(0.03 M): potassium chloride (0.075 M) hypotonic solution and fixed three
times with 1:3 glacial acetic acid: methanol fixative (all reagents from Sigma-
Aldrich). Cells were stored refrigerated until slides were made. In order to
optimize metaphase quality and chromosome spreading for the fluorescence in
situ hybridization (FISH) procedure, the cell preparations were placed on super-
clean microscope slides (Superfrost, Fisher Scientific, Pittsburgh, PA, USA)
and the final fixative was evaporated from the slides aided by warm steam to
provide high-quality metaphase spreads that would ensure optimal hybridiza-
tion with the painting probes.

Fluorescence in situ hybridization

Whole-chromosome FISH was used for the detection and quantification of
reciprocal translocations in lymphocytes. A cocktail of commercially available
chromosome-specific probes for Chromosomes 1 and 3 (labelled with
digoxigenin) and 2 and 8 (labelled with biotin) were used for the hybridization
according to the manufacturer’s instructions (Oncor, Gaithersburg, MD, USA).
These four chromosome pairs represent �25% of the male mouse genome, The
metaphase chromosomes on the prepared slides (aged for some days) were
denatured in coplin jars containing a solution of 300 mM sodium chloride, 30 mM
sodium citrate, pH 5.3 (2� SSC) for 2 min at 72�C and dehydrated in cold 70,
80 and 100% ethanol for 2 min each. The slides were air-dried at room
temperature prior to hybridization. The hybridization mixture for each slide
consisted of the premixed chromosome-specific probe in a 50% formamide/2�
SSC hybridization buffer. The probe was denatured at 72�C for 10 min and
preannealed at 37�C for 2 hours. The hybridization mixture was then applied to
the metaphase slides. The slides were covered with glass coverslips, placed flat
in a sealed plastic box with moisturized paper towels to ensure 100% humidity
and kept at 37�C overnight. After hybridization, the coverslips were removed
and the slides washed in 2� SSC for 5 min at 72�C and in 1� phosphate-
buffered detergent (PBD; Oncor) solution for a few minutes at room
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temperature. Sixty microlitres of a Fluorescein isothiocyanate (FITC)–avidin/
rhodamine anti-digoxigenin detection solution was then added to each still
slightly moist slide, coverslipped and incubated at room temperature for 5 min.
The slides were washed three times in PBD at room temperature for 2 min each
and counterstained with 10 ll 4#,6#-diamino-2-phenylindole (DAPI) per slide
before placing coverslips on the slides.

Meiotic spermatocyte preparations

Isolation of germ cells for meiotic spermatocyte preparations was according to
Brewen and Preston (19) as modified by Wessels-Kaalen (20). One testis was
collected in 2.2% sodium citrate (Sigma-Aldrich) and the seminiferous tubules
were released through an incision in the tunica albuginea. The tubules were
macerated on a glass surface by rolling with a silicone rubber-covered steel bar.
The macerated material was placed in a tube with �5 ml 2.2% sodium citrate to
allow the larger pieces of material to settle. The supernatant was removed and
the tubular cells were collected by centrifugation, resuspended in 1 ml
hypotonic solution (1% sodium citrate) and incubated for 15 min at room
temperature. The cells were collected by centrifugation, the pellet was
resuspended in the 0.5 ml remaining supernatant, and the resulting cell
suspension was fixed three times with 1:3 glacial acetic acid: methanol fixative
(both from Sigma-Aldrich). The samples were stored refrigerated until placed
on slides and stained with 4% Giemsa (Sigma-Aldrich). The slides were then
covered by coverslips and permanently sealed.

Scoring of metaphase cells in lymphocytes and of multivalents in germ cells

FISH-painted metaphases in peripheral blood lymphocytes were analysed with
a Nikon Microphot-FXA fluorescence microscope using a triple-bandpass filter
set for FITC/Texas Red/DAPI for visualization of the painted chromosomes.
DAPI was used as a fluorescing DNA counterstain. Well-spread metaphases
that appeared to have completely painted chromosomes with observable
centromeres were scored for reciprocal translocations involving painted and
unpainted chromosomes. Other aberrations analysed that involved painted
chromosomes were terminal translocations, insertions, and dicentrics; these are
all exchange-type aberrations that would have been induced in vivo.
Chromosome aberrations that did not involve painted chromosomes were
excluded from the analyses. Meiotic reciprocal translocations, appearing as
multivalents at the diplotene/diakinesis stage of spermatogenesis, were
analysed in Giemsa-stained cells (21). All cells meeting the criteria for scoring
were included in the cytogenetic analyses, and all slides were analysed under
code.

It is important to note that given the progressive nature of spermatogenesis,
reciprocal translocations induced by long-term chronic treatment will be
induced almost exclusively in spermatogonial stem cells although they are

analysed at the diplotene/diakinesis stage of spermatocyte meiosis, the optimal
stage for identification of reciprocal translocations.

Statistical analyses

Statistical calculations of means and standard errors were weighted to adjust for
different numbers of lymphocyte metaphases or germ cell spermatocytes
counted per animal. The statistical analyses to compare the results from the air-
control and EO exposure groups were conducted by Fisher’s exact test (two
tailed) and the Cochran–Armitage trend test. All significance was judged at
a P value of 0.05.

Results

EO exposure levels and conditions

The target exposure levels for each EO exposure chamber and
for air-controls were 0, 25, 50, 100 and 200 p.p.m. 6 hours/day,
5 days/week for up to 48 weeks. The overall average measured
EO concentrations (in p.p.m. � standard deviation) in each
exposure chamber for the entire 48-week exposure period were
0 � 0, 25 � 2, 50 � 2, 100 � 3 and 199 � 4 p.p.m. for the
target concentrations, respectively. Daily average temperature
and relative humidity for chambers monitored for the entire
48-week exposure period were between 22.2 and 22.4�C and
43 and 44%, respectively. The air-control mice were exposed
to clean air of the same temperature, relative humidity and
airflow as delivered to the EO-exposed animals.

Reciprocal translocations and total aberrations in peripheral
blood lymphocytes

Data for reciprocal translocations in the peripheral blood
lymphocytes are shown in Table I, together with data for the
other types of aberrations analysed. The frequency of
reciprocal translocations was significantly (P , 0.05) in-
creased in relation to the air-control at the 12-week time point
at the 100 and 200 p.p.m. exposure concentrations, at the
24-week time point at the 100 and 200 p.p.m. exposure
concentrations and at 50, 100 and 200 p.p.m. exposure
concentrations at the final 48-week time point. The same

Table I. The frequency of reciprocal translocations and other aberration types following EO exposure

Exposure
(weeks)

Concentration
(p.p.m.)

Animals
(n)

Chromosomal aberrations Metaphases
scored (n)

Reciprocal translocations
(%) (mean � SE)

Total aberrations
(%) (mean � SE)

RT TT INS DIC

6 0 6 0 0 0 0 3243 0.000 � 0.000 0.000 � 0.000
25 7 1 0 0 0 5214 0.019 � 0.019 0.019 � 0.019
50 7 1 0 1 0 4619 0.021 � 0.020 0.043 � 0.021

100 5 1 0 0 0 3529 0.028 � 0.024 0.028 � 0.028
200 4 1 0 0 0 2701 0.037 � 0.037 0.037 � 0.042

12 0 4 0 0 0 0 2976 0.000 � 0.000 0.000 � 0.000
25 5 0 2 0 0 3285 0.000 � 0.000 0.061 � 0.016
50 5 1 1 1 0 3130 0.032 � 0.036 0.070 � 0.024

100 4 2 0 2 2 2508 0.080 � 0.034* 0.239 � 0.040*
200 4 5 0 2 2 2795 0.179 � 0.084* 0.322 � 0.068*

24 0 4 1 0 0 0 3134 0.032 � 0.027 0.032 � 0.027
25 7 2 1 1 2 4770 0.042 � 0.019 0.126 � 0.039
50 7 2 3 2 3 4117 0.049 � 0.051 0.243 � 0.119*

100 6 5 3 2 4 4120 0.121 � 0.042* 0.340 � 0.053*
200 5 11 2 4 13 3581 0.307 � 0.120* 0.838 � 0.133*

48 0 7 0 0 0 0 4066 0.000 � 0.000 0.000 � 0.000
25 8 1 1 3 3 4672 0.021 � 0.019 0.171 � 0.053*#

50 7 11 5 5 8 5300 0.204 � 0.065* 0.547 � 0.138*#

100 7 14 6 0 8 3883 0.361 � 0.073* 0.721 � 0.105*#

200 6 19 5 7 16 4854 0.391 � 0.096* 0.968 � 0.183*#

RT, reciprocal translocations; TT, terminal translocations; INS, insertions; DIC, dicentrics.
*P , 0.05 (Fisher’s exact test), #P , 0.05 (Cochran–Armitage test).
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pattern of induced chromosome aberrations was seen when all
observed aberration types were included, with the exception of
a stronger response in terms of frequency of aberrations, with
even a significant response at the lowest exposure concentra-
tion of 25 p.p.m. at the 48-week time point. The reciprocal
translocation data are shown as a dose–response curve in
Figure 1, and the data for total aberrations in Figure 2, where
total dose is represented by exposure duration for each
delivered EO concentration. In addition, the reciprocal trans-
location and total aberration data are plotted as a function of
exposure concentration (p.p.m.), for each exposure duration, in
Figures 3 and 4, respectively. At the 6-week exposure duration
and the 25 p.p.m. exposure concentration, there were only
small increases in translocation frequency. The dose–response
curves at the higher concentrations and durations were non-
linear. There was no difference in the frequency of reciprocal
translocations when the same total dose was delivered at
different concentrations (e.g. the frequency was essentially the
same if 25 p.p.m. was given for 48 weeks or 100 p.p.m. for
12 weeks).

Reciprocal translocations observed in spermatocytes

Data for reciprocal translocations observed in the primary
spermatocytes are shown in Table II. As mentioned above,
these translocations are almost exclusively induced in sper-
matogonia and specifically in spermatogonial stem cells at the

longer exposures (12 weeks and longer). The frequency of
reciprocal translocations was (P , 0.05) increased at the
48-week time point for all concentration levels, without any
clear dose–response. A statistically significant trend was seen
at the 100 p.p.m. exposure level at the 12-week time point, but
the response is considered equivocal as discussed below.

Discussion

Male mice only were used in our study because the aim was to
provide data that could be used for comparison with previously
published germ cell data for EO (22–25). The B6C3F1 mouse
strain was chosen because it was the one that was used in the
chronic bioassays for EO carcinogenicity (16).

The development of FISH methods (26), and particularly the
development of mouse painting probes, allows selective
visualization of individual chromosome pairs (27) that provides
an objective and accurate means for the detection of
chromosomal translocations and mutations. For this applica-
tion, aberrations are considered to be randomly distributed
across the genome, so any painting probe can be used for
detection, although the number of mutational events is

Fig. 1. Frequencies of reciprocal translocations (%) in mouse peripheral
lymphocytes as a function of exposure time (weeks) and EO exposure
concentration (p.p.m.).

Fig. 2. Frequencies of total chromosome aberrations (%) involving painted
chromosomes in mouse peripheral lymphocytes as a function of exposure time
(weeks) and EO exposure concentration (p.p.m.).

Fig. 3. Frequencies of reciprocal translocations (%) in mouse peripheral
lymphocytes as a function of EO exposure concentration (p.p.m.) and exposure
time (weeks).

Fig. 4. Frequencies of total chromosome aberrations (%) involving painted
chromosomes in mouse peripheral lymphocytes as a function of EO exposure
concentration (p.p.m.) and exposure time (weeks).
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proportional to the total length of the chromosome probes used.
We increased the detection power by using a cocktail of
digoxigenin- and biotin-labelled commercially available whole
chromosome painting probes for Chromosomes 1, 2, 3 and 8.
Using these four chromosomes as indicators, we were able to
monitor the cumulative dose–response caused by increasing
exposure concentration over time as indicators of clastogenic
damage. This set of four chromosome pairs represents �25%
of the male mouse genome.

Inhalation exposure to EO for up to 48 weeks induced
reciprocal translocations and other observable aberrations in
the peripheral blood lymphocytes with increases being pro-
portional to exposure duration. This indicates the suitability of
this cell type as a target for biological monitoring. The data
also show a detectable increase in the frequency of potentially
heritable translocations in spermatogonial stem cells but only at
the 48-week time point. This response is in contrast to the
lymphocyte response in the same animals and, although rather
unlikely for EO, could be the result of the absorption of EO
being reduced by the blood–testis barrier thereby protecting the
cells from induced DNA damage. This would result in
a considerably lower dose to the testis than to the peripheral
blood, as also suggested by dosimetry data for EO (17) and
propylene oxide (28). Alternatively, and perhaps more likely,
the great majority of the EO-induced DNA damage could be
repaired prior to meiotic DNA synthesis or that cells containing
chromosome damage induced in early spermatogonial cell
stages are removed from the cycling population. DNA
synthesis is required to convert EO-induced DNA damage
into chromosomal aberrations (3). In this regard, it is important
to note that the great majority of the chronic exposure will have
been to spermatogonial stem cells, given the duration of the
exposures (6 weeks and longer) and the duration of
spermatogenesis in mice. The S-phase in mouse spematogonial
stem cells lasts a few hours even though the duration of the
total cell cycle is �9 days, with the great majority being
G1 (29). The significance of this is that there is a considerable
amount of time for repair of DNA damage in G1 before the cell

enters the S-phase, except for those very few cells that are close
to the start of S or that are already in S (estimated to be
a fraction of a percent of the total). Thus, the frequency of
reciprocal translocations induced by EO in spermatogonial
stem cells is predicted to be rather low, as indeed is the case in
our study. This is in contrast to what is observed for radiation
exposures for which significant increases in reciprocal
translocations were observed in spermatocytes derived from
irradiated stem cells. The reason for this is that radiation-
induced chromosome aberrations can be induced in the absence
of DNA synthesis—namely, at any stage of the cell cycle (30).

In the present study, the shapes of the dose–response curves
for reciprocal translocations and total aberrations involving
painted chromosomes (i.e. including terminal translocations
insertions and dicentrics that are all exchange aberrations
induced in vivo) in peripheral blood lymphocytes are identical.
This demonstrates that the combined response to reciprocal
translocations and the other recorded exchange aberrations is
equal to the addition of the frequencies of the separate classes.
The overall shape of dose–response curves for each delivered
concentration was non-linear, with a clear saturation for the
200 p.p.m. concentration. There is no apparent explanation
for the saturation of response at this time, given that the
translocation frequencies are still relatively low at the 200
p.p.m. exposure level. Exposure for 6 or 12 weeks leads to only
a marginal and not statistically significant induction of recipro-
cal translocations, with a statistically significant (P , 0.05)
trend at the 12-week time point. Clear statistically significant
increases were seen at the 24- and 48-week time points. The
dose–response curve at the 24-week time point shows no
significant increase over the air-control at exposure concen-
trations of 25 and 50 p.p.m. with a linear response for the
higher two concentrations. However, based on the ratio of the
% reciprocal translocations to the exposure concentration, an
index of the efficiency of reciprocal translocation formation
increased from 0.34 � 10�3 to 1.38 � 10�3 as the exposure
concentration was increased from 50 to 200 p.p.m. EO. Thus,
based on this measure, the dose–response curve for reciprocal

Table II. The frequency of reciprocal translocations observed in mouse spermatocytes following EO exposure

Exposure
(weeks)

Concentration
(p.p.m.)

Animals
(n)

Reciprocal
translocations (n)

Metaphases
scored (n)

Reciprocal translocations
(%) (mean � SE)

6 0 6 0 775 0.000 � 0.000
25 7 0 668 0.000 � 0.000
50 7 1 670 0.150 � 0.124

100 6 0 810 0.000 � 0.000
200 3 0 334 0.000 � 0.000

12 0 5 0 653 0.000 � 0.000
25 5 1 340 0.294 � 0.252
50 5 0 388 0.000 � 0.000

100 5 1 401 0.249 � 0.245
200 5 3 281 1.068 � 0.302#

24 0 4 0 291 0.000 � 0.000
25 7 3 423 0.709 � 0.245
50 6 2 362 0.553 � 0.335

100 7 3 393 0.763 � 0.288*
200 4 2 284 0.704 � 0.382

48 0 8 0 427 0.000 � 0.000
25 8 5 621 0.805 � 0.248*
50 7 3 395 0.759 � 0.278*

100 8 5 469 1.066 � 0.298*
200 7 5 443 1.129 � 0.308*

*P , 0.05 (Fisher’s exact test), #P , 0.05 (Cochran–Armitage test).
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translocations was sublinear over the dose range of 50–200
p.p.m. at the 24-week time point. The curve for the 48-week
time point is also clearly non-linear with no significant increase
over the air-control at 25 p.p.m., a steep linear increase from
.25 to 100 p.p.m. and a flattening of the curve between 100
and 200 p.p.m.

The heritable translocation data in the present study were
generated in the same strain of mice (B6C3F1) as those used in
a parallel study with Big Blue mice for assessing lacI mutation
frequency in the bone marrow and testes (31). In the bone
marrow, the lacI mutant frequency was significantly increased
at the two highest exposure levels (100 and 200 p.p.m.) at the
48-week time point. In the testes, the lacI mutant frequency
was increased at a single exposure level of 200 p.p.m. for
24 weeks. At 48 weeks, the overall lacI mutation frequency in
testes was significantly increased to an equal degree at 25,
50 and 100 p.p.m. EO but not at 200 p.p.m. These results
generally correspond to our findings of the induction of
potentially heritable translocations in spermatogonial cells.

Data from other rodent studies show conflicting information
regarding the ability of EO to induce cytogenetic effects.
Intraperitoneal injection of EO induced dominant lethal
mutations and reciprocal translocations in post-meiotic male
germ cells (22), and inhalation exposure of post-meiotic cells to
EO led to a non-linear exposure-related increase in dominant
lethal mutations and heritable translocations at high exposure
levels of .167 p.p.m. (8, 23). In contrast, two studies failed to
show increased frequencies of EO-induced clastogenic damage
in somatic cells of rats. No increase in chromosome aberrations
was observed in peripheral blood lymphocytes in rats acutely
exposed by inhalation to EO at a concentration range of
50–450 p.p.m. for 1- or 3-day exposure (6 hours/day) (32);
there was a significant increase in sister chromatid exchanges
(SCEs). Similarly, there was no increase in chromosome
aberrations in rats exposed to 150 p.p.m. EO for the duration of
1, 2, 3 or 4 weeks (5 days/week, 6 hours/day) but there was an
increase in SCE (33). Neither chromosome aberrations nor
translocations analysed by FISH were observed in rats exposed
to 50, 100 or 200 p.p.m. EO for 4 weeks (5 days/week, 6 hours/
day) (34, 35). It is feasible that rats and mice differ quite
significantly in their mutagenic responses to EO, and this
difference could be related to differences in pharmacokinetics
between the species (36).

In conclusion, we measured the translocation frequency in
two target tissues of male B6C3F1 mice exposed to EO by
inhalation for up to 48 weeks. Under the conditions of this
study, heritable stable chromosomal changes were induced in
the peripheral blood lymphocytes in a non-linear dose-
responsive manner, with significant increases at 12, 24 and
48 weeks of exposure only at chronic exposure concentrations
.50 p.p.m. Significant increases were observed at 50 p.p.m.
for exposure times of 24 and 48 weeks. These data also
demonstrate that most of the EO exposures that produced
distinct responses in the somatic cells did not do so in
spermatogonial stem cells of the testis in the very same
animals. The frequencies of translocations induced in sper-
matogonial stem cells were significantly increased for all
concentrations at 48 weeks, although these increases were very
similar for all four concentrations. There were also significant
increases for 100 p.p.m. at 24 weeks of exposure and for 200
p.p.m. at 12 weeks.

These data demonstrate a dose–rate correlation for EO-
exposed male B6C3F1 mice for the induction of reciprocal

translocations and the increases in the incidence of tumours that
were observed at concentration levels of .50 p.p.m. at �60
weeks in the NTP 2-year chronic EO inhalation bioassay (16).
Thus, the data generated in the present study are informative as
regards the shape of the dose–response curve for the type of
chromosomal alteration (reciprocal translocations) that is
transmissible and of significance in the formation of tumours
and for assessing the potential for EO to be a germ cell
mutagen at low chronic exposures. The use of the present data
in the context of cancer risk assessment is currently most
appropriate in a qualitative fashion, namely providing valuable
input on the shape of the rodent and, more importantly, human
tumour dose–response. This extrapolation depends upon
reciprocal translocations induced in peripheral lymphocytes
being a surrogate for a key event in tumour formation. This is
a reasonable conclusion as described in the paper by Kirman
et al. (37) in which the authors utilize mechanistic data,
including those for reciprocal translocations, for cancer
potency estimations for EO. If human data for reciprocal
translocations induced in peripheral lymphocytes were avail-
able over a range of exposure concentrations, including some
closer to those employed in the present study, it might be
possible to use the rodent data in a more quantitative manner
for an EO cancer risk assessment. The germ cell data presented
in the present manuscript confirm the conclusion developed by
Preston et al. (11) that based on mechanistic considerations, the
dose–response curve for reciprocal translocations induced in
spermatogonial stem cells by chronic EO exposures will depict
a threshold at low exposure concentrations. Of particular note
is that these low experimental concentrations are still several
fold higher than the allowable occupational exposure level for
EO. Finally, the reciprocal translocation data in somatic cells
could provide a valuable parameter set for a biologically based
dose–response model for cancer risk assessment. Thus, this
study provides a number of most valuable data sets for
subsequent risk assessment applications.
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