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Persistent Cell Proliferation of Terminal End Buds Precedes
Radiation-induced Rat Mammary Carcinogenesis
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Abstract. Background: The rat model of radiation-induced
carcinogenesis is widely used to estimate breast cancer risk, but
it is unknown whether mammary terminal end buds (TEBs), the
hypothesized target of chemical carcinogens, are also targets of
radiation-induced carcinogenesis. Materials and Methods:
Female Sprague-Dawley rats were irradiated with X-rays (2 Gy).
The morphology, bromodeoxyuridine (BrdU)-labelling index and
pyknotic index of mammary ductal termini were investigated
from 6 hours to 8 weeks post-irradiation. Results: The irradiated
rats showed a significantly smaller decrease in TEB numbers
than the controls 4-8 weeks after irradiation. The BrdU-labelling
and pyknotic indices initially decreased and increased,
respectively, recovered to control levels by 3 days post-irradiation,
and remained significantly higher until 8 weeks and 4 weeks
post-irradiation, respectively. One case of ductal hyperplasia was
observed at 8 weeks. Conclusion: Irradiation resulted in a
persistent proliferation of TEBs, which may be associated with
neoplastic transformation via a temporal differentiation arrest.
Ionizing radiation is a potent human carcinogen. A variety
of epidemiological studies have shown that breast cancer is
among the most frequent cancers that develop after
radiation exposure and it is well established that ionizing
radiation is a human breast carcinogen (1, 2). The rat has
been used as a model to study the risk and mechanisms of
breast carcinogenesis (3-5) because rat mammary cancers
are comparable to human breast cancers in many respects,
including hormone dependency and pathogenesis (6-8).
The initiation of mammary carcinogenesis by genotoxic
chemicals has been intensively studied. The mammary

glands grow rapidly during and after puberty, when the
mammary ducts elongate and bifurcate to fill the
subcutaneous mammary fat pads. This is a consequence of a
controlled balance of cell proliferation and death within the
terminal end bud (TEB), the club-shaped structure at the
growing ductal terminus (9). These buds regress as the
gland reaches full development and differentiate into
terminal ducts and alveolar buds (10). Many lines of
evidence suggest that TEBs are targets of chemical
carcinogens. The susceptibility of the rat mammary gland to
7,12-dimethylbenz[a]anthracene (DMBA)- and 1-methyl-1nitrosourea (MNU)-induced carcinogenesis is highest
during the maturation period when numbers of TEBs are
present (10, 11). In rats treated with MNU, the TEBs show
pathological changes such as delayed regression and a high
proliferation index (12, 13). Five to 12 weeks after MNU
injection, most of the hyperplastic and premalignant lesions
develop from TEBs (14). The susceptibility of TEB cells to
carcinogenesis may be associated with their high
proliferative activity and low degree of differentiation (5).
Despite our considerable knowledge of the role of TEBs
in chemical carcinogenesis, little is known about the target
structure of radiation carcinogenesis in the mammary gland.
One report described hyperplastic alveolar nodules (HANs)
that were induced by X-irradiation (15). Later, however, it
was shown that HANs are not precursor lesions of rat
mammary carcinoma (8). To test whether TEBs are a target
of radiation carcinogenesis, the morphology and cell kinetics
of TEBs after radiation exposure were examined.
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Animals. Five-week-old female Sprague-Dawley rats (Jcl:SD; Clea
Japan Inc., Tokyo, Japan) were housed in autoclaved cages with
wood chips, in a room with controlled temperature (23±1ÆC) and
humidity (50±5%), under a regular 12-hour light/12-hour dark
cycle. The rats were fed a standard laboratory diet (CE-2; Clea
Japan) and were given water ad libitum. All the animals were
treated according to the Guidelines on Animal Experiments of the
National Institute of Radiological Sciences, Japan.
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Experimental schedule. At 7 weeks of age, half of the animals
(n=21) were irradiated with 2 Gy of X-rays generated from
an HF-320 X-ray machine (Pantak Inc., East Haven, CT, USA;
200 kVp, 20 mA, 0.725 Gy/min) with 0.5-mm copper and 0.5-mm
aluminum filters. The other half (n=21) were left untreated as a
control group. Irradiated and untreated rats (n=3 each) were
sacrificed at 6 hours, 1 day, 3 days, 1 week, 2 weeks, 4 weeks and 8
weeks after irradiation. 5-Bromo-2′-deoxyuridine (BrdU, 50 mg/kg;
Calbiochem, San Diego, CA, USA) was injected intraperitoneally
(i.p.) 2 hours before sacrifice.
Whole-mount and sectioned specimens. Inguinal and abdominal
mammary glands were extended on glass slides and fixed in 10%
neutral buffered formalin overnight. The fixed glands were defatted
in 70% alcohol and acetone, stained with carmine alum solution,
dehydrated through an alcohol series and d-limonene, and stored
in mineral oil (Sigma, St. Louis, MO, USA). Photomicrographs
were taken with a DC-70 digital CCD camera (Olympus
Corporation, Tokyo, Japan). Areas outlined by the front tips of the
mammary ductal network (one abdominal-inguinal mammary chain
for each rat), as well as the diameters of ductal termini (n=40 for
each rat) within 10-mm2 fields of abdominal mammary glands,
were measured on photomicrographs. Based on previous
measurements (10), a TEB was defined as a ductal terminus that
was ≥80 Ìm in diameter. Regions containing ductal termini were
excised, embedded in paraffin, sectioned at 3-4 Ìm and used for
standard hematoxylin-eosin (HE) and BrdU staining.
Cell kinetics. Incorporation of BrdU was detected immunohistochemically (Bromodeoxyuridine Immunohistochemistry System,
Oncogene Research Products, San Diego, CA, USA). Stained
epithelial cells, as well as cells with pyknotic nuclei, were counted in
sections of each ductal terminus, and these numbers were divided by
the total number of epithelial cells in the same field (1,700
cells/terminus, 10 termini/experimental group on average). The
ApopTag In Situ Apoptosis Detection Kit (Chemicon International,
Temecula, CA, USA) was used, according to the manufacturer's
instructions, for DNA nick end-labelling.

Results
TEBs persisted in irradiated rats. To investigate early
changes in irradiated TEBs before the induction of
mammary carcinomas, the rats were irradiated with a
carcinogenic dose of X-rays (2 Gy) and were sacrificed at
6 hours to 8 weeks after irradiation. This dose of radiation
is known to result in an ~50% incidence of mammary
carcinoma within a year (16). The body weights of the
irradiated rats were not different from those of the
untreated controls (Figure 1A). Similarly, the extent of
mammary gland growth, as indicated by the area of the
mammary ducts, was not influenced by radiation exposure
(Figure 1B). In control rats, the TEBs regressed normally
with age and differentiated into terminal ducts and
alveolar buds (Figure 2A-G). Interestingly, at later timepoints, the size of the regressing terminal structures in
irradiated rats was consistently larger than that of the
control rats (Figure 2D-G, K-N). A morphometric analysis
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revealed the statistical significance of this difference
(Figure 1C). Consistent with these data, the number of
TEBs/mm2 was not altered by irradiation, up to 2 weeks
post-irradiation, but was significantly higher in the
irradiated rats at 4 and 8 weeks post-irradiation than it was
in the controls (Figure 1D). Thus, the TEBs persisted after
irradiation as a consequence of their impaired regression.
The persistence of TEBs was associated with sustained cell
proliferation. To examine if the persistence of the TEBs
was related to altered cell kinetics, the BrdU-labelling
index was determined to ascertain cell proliferation in the
mammary duct terminal structures (Figure 3A). Initially,
the TEBs showed a highly proliferative state with a BrdUlabelling index of 15-20% before irradiation. The index
dropped significantly to 1-3% at 6 hours and 1 day after
irradiation, indicating immediate cell cycle arrest. This
was followed by a rapid recovery in 3 days to ~ 20%.
Thereafter, the BrdU-labelling index maintained a
proliferative level (15-20%) for several weeks in the
irradiated rats, but in the control rats it gradually
decreased to ~5%, as untreated TEBs regressed with age.
We unsuccessfully attempted to label apoptotic cells by
DNA nick end-labelling of whole-mount specimen
samples, probably due to the fragmentation of DNA
molecules during the course of specimen preparation and
storage. Therefore, the cell death index was investigated
by counting cells with pyknotic nuclei (Figure 3B), though
this method is usually insensitive compared to the nick
end-labelling method (17). Prior to irradiation, the
percentage of cells with pyknotic nuclei was 2-3%; it then
increased to ~ 6% at 6 hours post-irradiation, although
this increase was not statistically significant. Then, the
percentage of pyknotic cells returned to the control level
of 2–3% by day 1. The control group showed a slight
decrease to ~ 1% by 4 weeks, whereas the irradiated
group remained at a significantly higher level (~2%). At
8 weeks post-irradiation, the pyknotic index was ~1% in
both groups.
A ductal hyperplasia focus developed at 8 weeks postirradiation. Persistent TEBs found in irradiated rats were
morphologically normal and showed no signs of
precancerous change (Figure 4A). One of three irradiated
rats that were examined 8 weeks post-irradiation did,
however, develop a focus of ductal hyperplasia, whereas
none of the three untreated rats that were examined in
parallel developed such lesions. As observed in the wholemount preparation (Figure 4B), the focus consisted of
hyperplastic ducts with very frequent branching and TEBlike termini. HE-stained sections of the lesion showed
irregularly-shaped, multilayered ducts with intraductal
papillary structures (Figure 4C, D).
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Figure 1. Body weight, mammary gland growth, diameter of mammary ductal termini and the number of TEBs in control (open circles) and irradiated (filled
circles) rats (n=3 each). A. Body weight at the time of sacrifice was not different between control and irradiated rats. B. Area delineated by the end tips of the
mammary ducts, which is indicative of the extent of mammary gland growth, was not altered by irradiation. C. The diameter of ductal termini (n=120)
decreased with age to a larger extent in control rats than in irradiated rats. D. The number of TEBs/mm2 in whole-mount preparations was less in the control
group than in the irradiated group at 4 and 8 weeks post-irradiation. The mean±SE is shown. *p<0.05, **p<0.001 irradiated vs. control by t-test.

Discussion
In the present study, the early changes in mammary TEBs
of rats given a carcinogenic dose of X-rays were
investigated. The change consisted of two phases: the first
was observed from 6 hours to 1 day post-irradiation and was
characterized by suppressed cell proliferation and increased
cell death. The second phase was observed at 4 to 8 weeks
post-irradiation and was marked by the persistence of TEBs
within the mammary ductal network, with sustained cell
proliferation. A ductal hyperplasia was observed in one rat
at 8 weeks post-irradiation.
Early changes 1-3 days after carcinogenic exposure were
reported by Sharkey and Bruce (18) in a previous study using
the mouse mammary gland. Their report that nuclear
aberrations in TEBs had increased after irradiation until 24
hours and then had decreased by 36 hours is consistent with

our observations, but they did not examine changes thereafter.
We showed that TEBs from 2 weeks post-irradiation forward
exhibited an increased number, increased proliferation (BrdUlabelling index 15-20%) and more cell death (pyknotic index
2-3%). The development of a hyperplastic lesion was also
observed. Delayed regression and a high proliferation index
have been reported in TEBs of rats treated with MNU (12,
13). A hyperplastic lesion, similar to the one that we observed,
was also reported for MNU-treated rats (14). It has been
established that ductal hyperplasia represents a premalignant
step in rat mammary carcinogenesis (8). Thus, radiation
induces differentiation arrest and persistent proliferation of
TEB cells, which may lead to preneoplastic changes.
A report that massive radiation-induced cell death of the
intestinal epithelium is followed by a proliferative burst of
stem cells that persists for more than a week (19) resembles
our observation in mammary TEBs. Stimulation by intestinal
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Figure 3. Cell kinetics of mammary ductal termini. A. The index for BrdU
staining was examined as an indicator of cell proliferation. B. Changes in
the pyknotic cell count were examined. Open circles, control rats; filled
circles, irradiated rats. The mean±SE (n=8-13 termini) is shown.
*p<0.05, **p<0.001 irradiated vs. control by Mann-Whitney U-test.

Figure 2. Photomicrographs of mammary ductal termini stained with
carmine alum in whole-mount preparations. Rats were irradiated at 7
weeks of age and were sacrificed at 6 hours (h), 1 day (d), 3 days, 1 week
(w), 2 weeks, 4 weeks and 8 weeks after irradiation (H–N, respectively).
(A-G) Control rats of the same age. Bar=1 mm.

growth factors was involved in the process of regeneration of
the intestine after irradiation (20). Similarly, the growth of
mammary TEBs was regulated by a wide range of growth
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factors, and irradiation altered the expression of various
growth factors (e.g., transforming growth factor ·) and
activated their receptors (e.g., epidermal growth factor
receptors and estrogen receptors) in breast cancer cells (21,
22). The persistent proliferation of TEBs, therefore, might be
a result of growth factor production after irradiation.
Some evidence suggests that ionizing radiation induces
mammary carcinogenesis independently of TEBs.
Susceptibility to radiation-induced mammary carcinogenesis
is not reduced at 22-36 weeks of age or during lactation,
when TEBs have already regressed (4, 23). These studies
suggested that radiation-induced mammary cancers can also
develop from structures other than TEBs, such as terminal
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Figure 4. Normal and preneoplastic mammary ducts observed in irradiated rats. A. A mammary terminal end bud from a rat at 4 weeks post-irradiation.
B. A lesion of ductal hyperplasia observed in a whole-mount preparation from a rat at 8 weeks post-irradiation. Bar=2 mm. C and D. HE-stained
sections of ducts from the lesion shown in B. Arrowheads indicate intraductal papillary structures. Bar in D=50 Ìm (for A, C and D).

ducts or alveoli. Our results, however, support the idea that
TEBs can be one target of radiation carcinogenesis, at least
when young animals are irradiated. Taken together, our
results suggest that the radiation-induced persistent
proliferation of mammary TEBs that lasts for several weeks
is associated with preneoplastic progression.
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