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Short Communication

Norepinephrine Enhances Radiosensitivity in Rat Ileal
Epithelial Cells
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Toshiyuki NAKAYAMA4, Masahiro NAKASHIMA1,3
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We previously reported that the apoptosis index in jejunal crypt cells after X irradiation was greater
in spontaneously hypertensive rats than in Wistar-Kyoto rats. Moreover, these same cells showed a suppression of apoptosis when reserpine was administered to induce sympathetic dysfunction in spontaneously hypertensive rats or Wistar-Kyoto rats.1) Whether the hyperfunction of the sympathetic nervous
system is involved in the high susceptibility of the jejunal crypt cells to radiation-induced apoptosis was
the subject of this study. The effect of norepinephrine (NE) on cell survival was examined using the colony formation assay after X-ray irradiation of rat ileal epithelial cells (IEC-18). The addition of 1 μM NE
decreased the surviving fraction of cells irradiated with 6 Gy from 37% to 8%. The radiosensitivity of
IEC-18 cells was enhanced by the addition of 1 μM of NE. The irradiation and treatment with NE also
resulted in an increased cellular apoptotic rate. These results showing enhanced radiosensitivity of rat ileal
epithelial cells by NE suggest that NE may be one of the factors which aggravate acute radiation injury in
the intestine.

INTRODUCTION
Spontaneously hypertensive rats, originally derived from
Wistar Kyoto rats, are a well-known model for studying
essential hypertension in humans. Untreated spontaneously
hypertensive rats show sympathetic facilitation in various
organs compared to Wistar-Kyoto rats. We previously
reported that the apoptosis index in jejunal crypt cells after
X irradiation was greater in spontaneously hypertensive rats
than in Wistar-Kyoto rats. Further, the administration of
reserpine to induce sympathetic dysfunction of spontaneously
hypertensive rats or Wistar-Kyoto rats resulted in suppression of apoptosis.1) We also reported that radiation evoked a
stronger response to NE in the jejunum and colon of spontaneously hypertensive rats than in Wistar-Kyoto rats.2) The
survival rate after irradiation of spontaneously hypertensive
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rats was lower than for Wistar-Kyoto rats, and weight loss,
appetite loss and morphological changes in the jejunum were
greater in spontaneously hypertensive rats than in WistarKyoto rats.2) These findings suggested that spontaneously
hypertensive rats have a greater susceptibility to radiationinduced apoptosis in the jejunum than Wistar-Kyoto rats. X
irradiation caused greater activities in autonomic nervous
function and severe radiation injury in spontaneously hypertensive rats. Thus, sympathetic hyperfunction may be associated with a high susceptibility to radiation, including radiation injury, radiation sickness and radiation-induced
apoptosis of the jejunal crypt cells.
The sympathetic nervous system in the intestine modulates motility,3) mucosal blood flow, secretion4) and immune
function.5) NE is the primary transmitter of the sympathetic
nervous system. In regard to NE and apoptosis, exposure to
catecholamines induces apoptosis in the thymus, spleen and
lymph nodes, and acts via the alpha-adrenoreceptor.6) It was
also reported that NE, acting via the beta-adrenergic pathway, stimulates apoptosis in adult rat cardiac myocytes in
vitro, and NE-stimulated apoptosis of cardiac myocytes
might contribute to the progression of myocardial failure.7)
Another group suggested that NE induces apoptosis in neonatal rat endothelial cells via down-regulation of Bcl-2 and
activation of beta-adrenergic and caspase-2 pathways.8)
Other than our studies, there are only a few reports exam-
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ining the relationship between the radiosensitivity in intestinal epithelial cells and NE.1,2) The intestinal tract shows a
high sensitivity to ionizing radiation due to rapid cell turnover, and exposure to ionizing radiation results in the rapid
death of crypt cells by apoptosis. Damage to the crypts is
accompanied by functional changes, including malabsorption, which are expressed clinically as acute bowel reactions.
The nontransformed rat ileal epithelial cells (IEC-18),
derived from crypts of the intestine,9) have provided an in
vitro model to examine intestinal epithelial cell migration,
differentiation and proliferation.10) To test the sensitivity of
the sympathetic nervous system to radiation, we examined
the effect of NE on cell survival after X-ray irradiation of
IEC-18 cells using the colony formation assay.

MATERIALS AND METHODS

Cell culture
IEC-18 cells, obtained from American Type Culture
Collection (Rockville, MD, USA), were grown in highglucose (4.5 g/L) Dulbecco’s Modified Eagle Medium
(DMEM) (Invitrogen, Carlsbad, CA, USA) containing 5%
fetal bovine serum (FBS) (Equitech-Bio, Kerriville, TX,
USA) and 0.1 units / ml insulin (Sigma, St.Louis, MO,
USA) at 37 degrees in a water-saturated atmosphere of 95%
air and 10% CO2. IEC-18 cells used in this study were
before passage 15 in our laboratory.

Irradiation
X irradiations were performed with a Toshiba EXS-300
X-ray, 200 kV, 15 mA apparatus with 0.5 mm aluminum
filter at a dose rate of 0.694 Gy/min for the study of survival
curves for IEC-18 cells treated with different doses of NE
and with or without 6 Gy irradiation (Fig. 1B), and for the
study of TUNEL staining (Fig. 2), or a Toshiba ISOVOLT
TITAN 32 X-ray, 200 kV, 15 mA apparatus with 0.5 mmAl +
5 mmAl filter at a dose-rate of 0.8903 Gy/min for the study
of survival curves for IEC-18 cells treated with different doses of radiation with or without 1 μM NE (Fig. 1C). X-ray
quality (spectrum) of Toshiba ISOVOLT TITAN 32 X-ray
was adjusted to that of Toshiba EXS-300 X-ray by adding 5
mmAl filter. The effective energy of ISOVOLT TITAN 32
was considered higher than that of EXS-300 because the
system of tube voltage formation was different.

Colony formation assay
Semi-confluent IEC-18 cells were incubated in DMEM
medium with 0.1% FBS medium for 24 h in 100 mm dishes.
Cells were then trypsinized and the cells seeded were adjusted to yield approximately 100 colonies per dish after treatment. The cell suspension was counted using a Nucleo
Counter (Chemometec A/S, Denmark). NE was obtained
from Sigma, and was dissolved in PBS.
IEC-18 cells were treated with NE for 2 h before irradia-

Fig. 1. (A) Survival of IEC-18 cells incubated with different concentrations of NE. (B) Surviving fraction after treatment with different concentrations of NE after 6 Gy irradiation. (C) Survival
curves for IEC-18 cells treated with different doses of radiation
with or without 1 μM NE. Data shown are means ± SE from three
to five independent experiments. **p < 0.01, ***p < 0.001 relative
to 0 Gy. #p < 0.05, ##p < 0.01 relative to NE 0 μM.

tion and then exposed to X-ray. After irradiation, the cells
were incubated for 2 days with 0.1% FBS medium and then
5% FBS was added for 12 days. The cells were then fixed
with neutral-buffered formalin and stained with Giemsa for
counting of cell colonies.
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Fig. 2. Apoptosis of IEC-18 cells was detected by TUNEL staining which was performed 6 h after 8 Gy X
irradiation. Cells in (A) and (C) were untreated while cells in (B) and (D) were treated with 1 μM NE. Cells in
(A) and (B) were taken under low magnification (×100), while (C) and (D) were taken under high magnification
(×400). Apoptotic cells are indicated by the arrows. (E) Apoptotic rates at 6 h and 24 h following irradiation
with 8 Gy of cells untreated or treated with 1 μM NE. Data represent the mean ± SEM of five to nine separate
fields. * p < 0.05 relative to NE 0 μM.

TUNEL staining
Semi-confluent IEC-18 cells were incubated in 60 mm
dishes with 0.1% FBS medium for 24 h and treated with or
without 1 μM NE for 2 h before irradiation. Six and 24 hours
after irradiation, apoptosis was detected using ApopTag
Peroxidase In Situ Apoptosis Detection Kit (Chemicon
International Inc., Temecula, CA, USA). The cells were
fixed in 1% paraformaldehyde (Wako Pure Chemical
Industries, Ltd., Osaka, Japan), in PBS, pH 7.4 for 10 minutes

at room temperature. Endogenous peroxidase was blocked in
3% hydrogen peroxide. The cells were incubated with terminal deoxynucleotidyl transferase (TdT) enzyme for 1 hour
at 37 degrees, and with anti-digoxigenin conjugate for 30
minutes at room temperature. The reaction sites for the
TUNEL assay were visualized using DAB (Dako, Tokyo,
Japan). Cell nuclei were stained with 0.5% methyl green,
and apoptotic and total cells were then counted under ×400
magnification. Five to nine representative microscopic fields

372

M. Matsuu-Matsuyama et al.

were analyzed. For 6 and 24 h after irradiation, at least 200
and 100 cells respectively, were counted in each field. The
results were expressed as a percentage of the apoptotic cells.

Statistical analysis

All data are expressed as mean ± standard error (SE)
obtained from three independent experiments with similar
patterns. The mean values of two groups were assessed by
Student’s t-test, and p values less than 0.05 were considered
significant.

RESULTS AND DISCUSSION
NE treatment of IEC-18 cells resulted in the decrease of
cell survival in a dose dependent manner (Fig. 1A). Cell survival decreased slightly when cells were incubated with 1
μM NE but thereafter a rapid decrease followed as the dose
of NE was increased to 2 μM.
Figure 1B shows survival curves for cells that received
radiation after treatment with NE. The survival fraction of
cells after 6 Gy irradiation was based on 0 μM NE, which
was 0.293 ± 0.072 relative to the survival fraction of cells
with 0 Gy. Cell survival fraction of cells treated with 0.5,
0.75 and 1 μM NE decreased with 6 Gy irradiation (p <
0.001 at 0.5 μM, p < 0.01 at 0.75 and 1 μM NE relative to
0 Gy). Figure 1C shows that the addition of 1 μM NE
decreased the clonogenic cell survival at 4 Gy (p < 0.01), 6
Gy (p < 0.05) and 8 Gy (p < 0.05) compared to 0 μM NE .
The survival fraction of cells with 1 μM NE was based on
0 Gy, which was 0.83 ± 0.067 relative to the survival fraction
of cells with 0 μM NE 0 Gy.
NE concentration of 1 μM increased the apoptotic rate
from 3.5% to 6.0% at 6 h after 8 Gy irradiation (p < 0.05)
as detected by TUNEL staining (Fig. 2). The apoptotic rate
of 0 μM of NE was increased to 9.5% at 24 h after irradiation, but there was no difference with 1 μM of NE (10.8%)
(Fig. 2E). There was no significant difference in the background (0 Gy) levels of the apoptotic rate between 0 μM and
1 μM of NE (Fig. 2E).
In the previous study, sympathetic hyperfunction was considered to be highly susceptible to radiation,1,2) and the
TUNEL assay was performed to evaluate the rate of apoptosis in radiation induced cell death as well as by trypan blue
staining.11) In this study, the effect of norepinephrine on survival of IEC-18 cells after X-ray irradiation was examined.
We have shown that norepinephrine decreased cell survival
of IEC-18 cells after irradiation (Fig. 1). To detect DNA
fragmentation by apoptosis, we performed the TUNEL assay
and showed that norepinephrine enhanced the radiationinduced apoptosis of IEC-18 cells at 6 h after irradiation
(Fig. 2). The decrease of cell survival is in part due to apoptosis, but also may due to senescence or necrotic death in
fewer colonies. The decrease of cell survival in norepinephrine treated cells after irradiation may be in part attributed

to the increase of radiation-induced apoptosis by norepinephrine.
The activation of the sympathetic nervous system leads to
the release of norepinephrine from nerve endings acting on
the heart, blood vessels, respiratory centers, and other sites.
The ensuing physiological changes constitute a major part of
the acute stress response, characterized by an almost instantaneous surge in heart rate, blood pressure, sweating, breathing,
and metabolism, and a tensing of muscles. Noerpinephrine is
an agonist of α-, β- adrenoceptors. Alpha adrenoceptors
have been characterized into two groups designated α1, α2.
Alpha adrenoceptors have been one of the most widely
studied families of receptors because of their importance in
control of blood pressure and blood flow, neural modulation,
digestion, micturition, airways, reproduction, pupil diameter,
endocrine and metabolic processes and in behavior.12)
Cotterell et al. identified specific binding sites for both α1and α2-adrenoceptors in rat jejunal epithelial cell membranes and suggested that α1-adrenoceptors predominate in
this tissue and modulate absorptive processes, while α2adrenoceptors are involved in secretion.13) The study of the
distribution of the α2-adrenergic receptor within duodenal
and colonic mucosa showed that the receptor is preferentially
expressed in crypt cells of humans.14) It was suggested that
norepinephrine stimulates epithelial cell proliferation in both
small and large intestines and that this effect is mediated by
an α2-adrenoceptor located in crypt cells. In contrast,
stimulation of α1-and β-adrenoceptors is inhibitory to cell
proliferation.15,16) It was also suggested α2 -adrenoceptors
activate the MAPK pathway and act as co-mitogens in
human intestinal epithelial cells.17)
Norepinephrine-induced apoptosis has been studied in
lymphocytes18) and alveolar epithelia19) mediated by α-, β-,
and angiotensin receptor activation. Schauenstein et al. have
shown that quiescent lymphocytes express the genes for α1and α2- as well as β2-receptors.20) They considered that αadrenergic treatment directly affects leukocyte functions,
including cell adhesion, mitosis, and apoptosis.6)
In our study, it was shown that norepinephrine increased
radiation-induced apoptosis in IEC-18 cells. The blockage of
norepinephrine by an adrenoceptor antagonist may result in
decrease of radiation-induced apoptosis in normal intestinal
epithelial cells. Previously we found that chemical sympathectomy with reserpine suppressed the radiation-induced apoptotic level in jejunal crypt cells of rats.1) Zelefsky et al. suggested that acute urinary symptoms experienced during a
course of radiotherapy can be effectively treated with selective α-blocker agents.21) It has been suggested that α1-adrenoceptor antagonists enhance radiation-induced apoptosis in
human prostate cancer cells, and α1-adrenoceptor antagonists in combination with radiotherapy can be used for the
treatment of prostate cancer via an enhanced apoptotic
response.22) In our study it was not clear which receptor
mediates the decrease of cell survival after irradiation or
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induction of radiation-induced apoptosis in IEC-18 cells.
Further studies will need to be carried out to determine
which receptor is associated with high radiation sensitivity
of NE treated cells.
In conclusion, this is the first study to demonstrate the
enhancement of radiosensitivity by NE of rat ileal epithelial
cells in vitro.
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