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MRL-lpr/lpr mice carry a deletion in the apoptosis-regulat-
ing Fas gene that markedly shortens life due to multiple se-
vere diseases. In our previous study (Radiat. Res. 161, 168–
173, 2004), chronic low-dose-rate g irradiation of mice at 0.35
or 1.2 mGy/h for 5 weeks markedly prolonged the life span,
accompanied by immunological activation. This report shows
that extension of the irradiation period to the entire life of the
mice at the same dose rates improved survival further. The
50% survival time for untreated mice, 134 days, was pro-
longed to 502 days by 1.2 mGy/h life-long irradiation. Also
obtained were a time course and a radiation dose-rate re-
sponse for the activation of the immune system as indicated
by a significant increase in CD41 CD81 T cells in the thymus
and CD81 T cells in the spleen and also by a significant de-
crease in CD31 CD45R/B2201 cells and CD45R/B2201 CD401

cells in the spleen. Drastic ameliorations of multiple severe
diseases, i.e. total-body lymphadenopathy, splenomegaly and
serious autoimmune diseases including proteinuria, and kid-
ney and brain-central nervous system syndromes, were found
in parallel with these immunological activations, with lifelong
low-dose-rate irradiation being more effective than 5-week ir-
radiation at low dose rates. q 2005 by Radiation Research Society

INTRODUCTION

MRL-lpr/lpr mice, which carry a mutation of the apo-
ptosis-regulating Fas gene, develop multiple severe diseas-
es and have a very short life span, thus providing interest-
ing animal models for experimental therapy (1–7). In our
previous study, we demonstrated a marked prolongation of
the life span of MRL-lpr/lpr mice by 5-week g irradiation
at a low dose rate of 0.35 mGy/h and more effectively at
1.2 mGy/h (8). These life-span prolongations were associ-
ated with immunological activation and amelioration of au-
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toimmune diseases. The present study shows a greater ef-
fect of chronic low-dose-rate irradiation continued for al-
most the entire life span of the mice, together with the
results of observations completed for the entire life span of
the mice after a 5-week irradiation at low dose rates.

Low-dose radiation induces various effects on living or-
ganisms, including augmentation of immunological func-
tions (9–17), prevention and cure of diseases (18–22), and
prolongation of life span (23–25). Low-dose radiation ac-
tivates immune activity in wild-type and lpr mice as mea-
sured by proliferation of spleen cells to mitogens (11, 13)
and modifies the latency for radiation-induced myeloid leu-
kemia in CBA/H mice (26). Furthermore, low-dose radia-
tion increases the latency of spontaneous lymphomas and
spinal osteosarcomas in cancer-prone, radiation-sensitive
Trp53 heterozygous mice (27). Recently, Ootsuyama et al.
(28) reported that MRL-gld/gld mice, which carry a mu-
tation within the Fas ligand (FasL) and autoimmune dis-
eases similar to lpr mice (29–35), showed remission of the
diseases after low-dose irradiation, in parallel with a de-
crease in the population of splenic CD42 CD82 T cells.
They attributed this effect to augmentation of apoptosis.

We show in this report that both the amelioration of mul-
tiple severe diseases throughout the body and the prolon-
gation of life span by chronic low-dose-rate irradiation in-
volve the activation of the immune system.

MATERIALS AND METHODS

Materials and methods used were essentially as described previously
(8).

Animals

Female MRL/MpJUmmCrj-lpr/lpr mice (5 weeks old) were purchased
from Charles River Japan, Inc., Yokohama, and were kept under specific-
pathogen-free conditions. All the animals were maintained on a light
schedule from 7:00 to 19:00 and were fed a standard mouse diet CE-2
(Clea Japan, Inc., Tokyo) with water allowed ad libitum. The study was
reviewed by the Institutional Animal Care and Use Committee, and the
mice were treated in accordance with governmental guidelines and the
guidelines of the Central Research Institute of Electric Power Industry
(CRIEPI).

The urine was tested weekly using commercial test strips (Wako Pure
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FIG. 1. Prolongation of life span in MRL-lpr/lpr mice with chronic
low-dose-rate g radiation. a: Nonirradiated controls. The survival results
obtained in our previous observation (8) were combined. b: Mice irra-
diated with 0.35 mGy/h for 5 weeks. The observations in our previous
report (8) were extended to the entire life span. c: Mice irradiated with
0.35 mGy/h for the whole life span. d: Mice irradiated with 1.2 mGy/h
for 5 weeks. Observation until day 203 (8) was extended to the entire
life span. e: Mice irradiated with 1.2 mGy/h for 521 days. *P , 0.0001
compared to controls. P , 0.0001 for b 2 c, d 2 e, b 2 d, c 2 e and
b 2 e.

Chemical Industries, Ltd., Osaka). Specimens of organs and tissues were
fixed in 10% formalin/PBS solution. After embedding in paraffin, 3-mm-
thick sections were prepared, stained with hematoxylin and eosin (H&E),
and examined histologically under a microscope.

Irradiation

Mice were irradiated in a clean irradiation room equipped with a 370
GBq 137Cs g-ray source (Chiyoda Technol Co., Tokyo). The dose rates
were 1.2 and 0.35 mGy/h, respectively, at a distance of 5 and 10 m from
the source as measured by an ionization chamber and glass dosimeter in
2000. The tissue dose rates measured with a glass dosimeter embedded
in a mouse’s abdomen were 0.95 and 0.30 mGy/h at each point as mea-
sured in a separate experiment (36). The mice were irradiated continu-
ously except for 1 h in the morning on weekdays. Group a mice (n 5
20) were unirradiated and were treated in the same way as the unirradi-
ated controls (n 5 12) in the previous experiment (8). Group b mice (n
5 12) were irradiated with 0.35 mGy/h for 5 weeks, which is the same
treatment used in the previous study (8), but were observed for the entire
life span. Group c mice (n 5 20) were irradiated at 0.35 mGy/h for the
whole life span. Group d mice (n 5 12) were irradiated with 1.2 mGy/h
for 5 weeks, which is the same treatment used in the previous study (8),
but were observed for the entire life span. Group e mice (n 5 20) were
irradiated at 1.2 Gy for 521 days. The ages of the mice at the start of
continuous irradiation were 5 weeks for Groups c and e, and 7 weeks for
Groups b and d.

Analysis of Immune Cell Status

Single cell suspensions were prepared from the thymus and spleen in
RPMI 1640 medium supplemented with 10% FCS. Immunological
changes were examined in terms of cell surface molecules after analysis
of cell populations. The cell surface functional molecules CD3, CD4,
CD8, CD45R/B220 (B220) and Fas and activation-marker molecule
CD40 were analyzed by flow cytometry.

For immunofluorescence studies, the following monoclonal antibodies
(mAbs) from BD PharMingen (San Diego, CA) were used: purified 2.4G2
mAb (rat IgG2b, k), which recognizes CD16/32 (Fcg III/II receptor) for
FcBlock; fluorescein isothiocyanate (FITC)-conjugated 17A2 mAb (rat
IgG2b, k), which recognizes CD3 molecular complex; FITC-conjugated
GK1.5 mAb (rat IgG2b, k), CD4; R-phycoerythrin (R-PE)-conjugated 53-
6.7 mAb (rat IgG2a, k), CD8a (Ly-2); FITC-conjugated and R-PE-con-
jugated RA3-6B2 mAbs (rat IgG2a, k), CD45R/B220 (B220); R-PE-con-
jugated Jo2 mAb (hamster IgG, group 2, l), Fas (CD95); R-PE-conju-
gated 3/23 mAb (rat IgG2a, k), CD40.

The single cell suspensions of thymus and spleen were preincubated
with unlabeled anti-Fcg receptor mAbs for 10 min at 48C to avoid non-
specific Fc-mediated binding of the labeled antibodies. The cells were
stained with FITC-conjugated mAbs and R-PE-conjugated mAbs simul-
taneously for 20 min at 48C. After they were washed, the stained samples
were analyzed using an EPICS XL flow cytometry system (Beckman
Coulter, Inc., Fullerton, CA).

Statistical Analysis

The Kaplan-Meier method was used to estimate the survival curves
and the significance of differences between the percentages of survival
was evaluated by the logrank test. The significance of differences in the
percentages of mice with lymphadenopathy or proteinuria was evaluated
by the x2 test. The weights of spleen and inguinal lymph nodes and the
percentages of cell populations are presented as means 6 standard errors
of the mean. The statistical significance of the differences was evaluated
by the Student’s t test.

RESULTS

Chronic Low-Dose-Rate g Irradiation Prolonged Life
Span

MRL-lpr/lpr mice were continuously g-irradiated at a
low dose rate of 0.35 or 1.2 mGy/h. In our previous study
(8), the mice were irradiated for 5 weeks, beginning at 7
weeks of age, and observed for 203 days. In the present
study, this observation period was extended to the entire
life span, and continuous irradiation was extended through-
out the whole life span for the 0.35-mGy/h group and for
the 1.2-mGy/h group. Figure 1 shows survival of these
groups plotted as a function of time and clearly shows that
the life span of the lpr mice was significantly prolonged by
continuous low-dose-rate irradiation in a dose-rate-depen-
dent manner (P , 0.0001 for b 2 c, d 2 e, b 2 d, c 2 e
and b 2 e). Table 1 shows the 50% survival time for the
lpr mice irradiated continuously at two different low dose
rates for two different periods together with changes in im-
munological parameters at the two low dose rates. The pro-
longations of survival are in parallel with immunological
activities, as discussed later.

Chronic Low-Dose-Rate g Irradiation Suppressed
Lymphadenopathy, Splenomegaly, and Kidney and Brain-
Central Nervous System Syndromes

In parallel with the survival study, we examined the ef-
fects of continuous low-dose-rate g irradiation on specific
diseases in the lpr mice, i.e. lymphadenopathy (Figs. 2A
and 3B), proteinuria (Fig. 2B) and splenomegaly (Fig. 3A).
In the nonirradiated controls, these symptoms developed
over time. However, the symptoms were suppressed re-
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TABLE 1
50% Survival Time and Immunological Parameters for MRL-lpr/lpr Mice g-Irradiated

at Low Dose Rates

Group
Dose rate
(mGy/h)

Irradiation
period
(week)

50%
survival

time (days)

Relative immunological parametersa

Thymus

CD41 CD81

T cells

Spleen

CD81

T cells
CD31 B2201

cells
B2201 CD401

cells

a 0 0 134b 1.0 1.0 1.0 1.0
b 0.35 5 159c — — — —
c 0.35 35 228 1.1 1.9 0.62 0.81
d 1.2 5 301d — — — —
e 1.2 74 502 1.2 2.2 0.45 0.37

a Measured in 12 mice in each group irradiated for 7 weeks beginning at 5 weeks of age and killed at 12 weeks
of age.

b Identical results from previous (8) and present studies.
c Previous observation (8).
d Previous observation (8) was extended to whole life.

FIG. 2. Development of lymphadenopathy and proteinuria in MRL-
lpr/lpr mice over time and its suppression by chronic g irradiation at low
dose rates beginning at 5 weeks of age. Upper curves: nonirradiated mice.
Middle curves: mice irradiated with 0.35 mGy/h. Lower curves: mice
irradiated with 1.2 mGy/h. n 5 10 per point. Panel A: Mice with palpable
inguinal lymph nodes. *P , 0.01, **P , 0.001, ***P , 0.0001 com-
pared to controls. Panel B: Mice with proteinuria over 30 mg/dl. *P ,
0.05, **P , 0.01, ***P , 0.001, ****P , 0.0001 compared to controls.

markably by continuous low-dose-rate irradiation, and this
suppression was dependent on the dose rate. Furthermore,
the severity of proteinuria in each mouse was reduced by
the low-dose-rate irradiation (data not shown).

We previously demonstrated a remarkable amelioration
of glomerulonephritis in the kidney and hemorrhage and
inflammation in the brain in low-dose-rate-irradiated lpr
mice using histological sections (8). In this study, we again
observed histological amelioration of disease-specific dam-

age to the kidney and the brain and also so observed that
the whole brain, central nervous system, liver, intestine,
lung, joints, blood vessels and skin in the low-dose-rate-
irradiated mice appeared much less affected compared to
the nonirradiated group (data not shown).

Chronic Low-Dose-Rate g Irradiation Increased Immune
Activities

CD41 CD81 T cells in the thymus are very important for
maturation of the immune system in the entire body. The
population of these cells is small in lpr mice. However,
chronic low-dose-rate irradiation significantly increased
these cell populations (Fig. 4 and Table 1). CD81 T cells
are important for the biological defense system. The cell
population in the spleen was low in the nonirradiated mice.
However, chronic low-dose-rate irradiation increased the
cell population significantly (Fig. 5A and Table 1). CD31

CD45R/B2201 (CD31 B2201) cells are cells that attack the
mouse’s own organs and tissues (37). CD45R/B2201

CD401 (B2201 CD401) cells are characteristic in autoim-
mune diseases (38). The percentages of these cells in
spleens are very high in the lpr mice. However, these high
levels of abnormal cells were significantly decreased in the
chronic low-dose-rate-irradiated lpr mice. Furthermore,
suppressions of the abnormal cell populations were depen-
dent on the dose rate (Fig. 5B, C and Table 1). Also noted
was a tendency for an increase in the percentage of CD41

T cells in the spleen after chronic irradiation at a low dose
rate, indicating augmentation of the immune system in the
whole body. Furthermore, no changes in the total cell num-
bers in the bone marrow, no injury in the intestine, and no
radiation-induced lymphomas were observed (data not
shown).

DISCUSSION

The present report summarizes results obtained from life-
long observation of MRL-lpr/lpr mice that were continu-
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FIG. 3. Suppression of splenomegaly and lymphadenopathy in MRL-
lpr/lpr mice by chronic g irradiation at low dose rates from 5 weeks of
age. Upper curves: nonirradiated mice. Middle curves: mice irradiated
with 0.35 mGy/h. Lower curves: mice irradiated with 1.2 mGy/h. n 5
12 per point. Panel A: The weights of the spleen. *P , 0.01, **P ,
0.001, ***P , 0.0001 compared to controls. Panel B: The weights of
the inguinal lymph nodes. *P , 0.0001 compared to controls.

FIG. 5. Changes in immune cell populations in the spleens of MRL-
lpr/lpr mice by chronic g irradiation at low dose rates from 5 weeks of
age. Solid curves: mice irradiated with 1.2 mGy/h. Dashed curves: mice
irradiated with 0.35 mGy/h. Dotted curves: nonirradiated mice. n 5 12
per point. Panel A: CD81 T cells. *P , 0.001, **P , 0.0001 compared
to controls. Panel B: CD31 B2201 cells. *P , 0.01, **P , 0.0001 com-
pared to controls. Panel C: B2201 CD401 cells. *P , 0.05, **P , 0.01,
***P , 0.001, ****P , 0.0001 compared to controls.

FIG. 4. Increases in normal immune cell populations in the thymuses
of MRL-lpr/lpr mice by chronic g irradiation at low dose rates from 5
weeks of age. Upper curve: mice irradiated with 1.2 mGy/h. Middle
curve: mice irradiated with 0.35 mGy/h. Lower curve: nonirradiated
mice. n 5 12 per point. *P , 0.01, **P , 0.001, ***P , 0.0001 com-
pared to controls.

ously g-irradiated at low dose rates. Previous observations
(8) already indicated a prolongation of the life span of lpr
mice accompanied by amelioration of disease and immune
activation after 5 weeks of irradiation at low dose rates.
The present study includes whole-life observation of these
mice and provides information on the more profound ef-

fects of life-long irradiation that accompany immune acti-
vation over time.

In this study, whole-life g irradiation at low dose rates
significantly prolonged the life span of lpr mice. The ra-
diation suppressed total-body lymphadenopathy, spleno-
megaly and proteinuria together with kidney and brain-cen-
tral nervous system syndromes, which are possible causes
of death in these animals. It significantly increased CD41

CD81 T cells in the thymus and CD81 T cells in the spleen,
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which indicates activation of the immune system, and de-
creased the representative abnormal cell populations, i.e.
CD31 B2201 cells and B2201 CD401 cells. The CD31

B2201 cells are autoreactive to the mouse’s own organs and
tissues throughout the body. The B2201 CD401 cells are
thought to be the major cell population in the progression
of autoimmune diseases.

We believe that the immunological activations in the
chronically low-dose-rate-irradiated mice are highly impor-
tant in disease suppression in lpr mice. We believe that the
increase in CD81 T cells may bring about an effective at-
tack against abnormal cells and suppress the disease-spe-
cific abnormal cell populations, i.e. CD31 B2201 cells and
B2201 CD401 cells. The B2201 CD401 cells in the low-
dose-rate-irradiated lpr mice decreased to the levels of
those cells in normal mice without the lpr mutation, al-
though the CD31 B2201 cells still existed. We therefore
consider that these decreases explain the amelioration of
severe autoimmune diseases throughout the body.

It appeared that irradiation with 1.2 mGy/h was more
effective than irradiation with 0.35 mGy/h in the prolon-
gation of life and the enhancement of the immune system.
We think it is necessary to irradiate mice at a higher dose
rate for the full development of immunity and for suppres-
sion of these diseases. An optimum dose rate may exist
beyond the dose-rate range employed in this study.

Furthermore, lpr mice spontaneously develop inflam-
mation in the cerebral vessels, meninges and choroid plexus
(5, 6). Our previous observations (8) showed that chronic
low-dose-rate irradiation significantly suppressed cerebral
and central nervous inflammation and hemorrhage in lpr
mice, an observation that was confirmed in the present
study (data not shown).

Pathways to apoptosis through non-Fas-mediated mech-
anisms may exist in chronically low-dose-rate-irradiated lpr
mice. When Ootsuyama et al. (28) observed the effects of
low-dose radiation in the amelioration of disease in MRL-
gld/gld mice, which have a mutation in the Fas ligand, they
explained the effects of such radiation by recovery of the
apoptotic activity as indicated in spleen cells. However, in
this study, we found no significant difference between the
nonirradiated control mice and the low-dose-rate-irradiated
mice in terms of the percentage of thymocytes stained by
propidium iodide, trypan blue and erythrosin B, respec-
tively, and the expression of phosphatidylserine on the thy-
mocytes. Furthermore, there was no expression of Fas, the
apoptosis-regulating molecule, on the thymocytes, spleno-
cytes and lymph node cells (data not shown).

The difference between lpr and gld mutations or between
the dose rates of radiation in the experiments of Ootsuyama
et al. (28) and our experiments may explain the difference
in apoptosis. Therefore, we consider the immunological
modification in the low-dose-rate-irradiated mice to be the
primary reason for increased survival through amelioration
of diseases, although changes in non-Fas-mediated apo-
ptotic activity might be indirectly involved.

Finally, it is intriguing that immunological activation by
low-dose-rate irradiation may be effective in suppressing
tumor induction. Indeed, we have found suppression of ra-
diation-induced thymic lymphomas in C57BL/6 mice to
less than half (40%) by continuous low-dose-rate g irradi-
ation under conditions identical to those in the present study
(39).

In summary, we found ameliorations of multiple severe
diseases, including total-body lymphadenopathy, spleno-
megaly and serious autoimmune diseases throughout the
body, including kidney and brain-central nervous system
syndromes, in MRL-lpr/lpr mice chronically irradiated at
low dose rates. The life span of the mice was prolonged
remarkably in parallel with the activation of the immune
system without severe tissue damage. Thus chronic low-
dose-rate irradiation is expected to be useful in the treat-
ment of certain lymphomas and autoimmune diseases.
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