
Abstract. Background: The purpose of this study was to
determine whether secondary immune responses to
lipopolysaccharide (LPS) were altered by exposure to
radiation. Materials and Methods: C57BL/6 mice were
irradiated (60Co, γ-rays) to 0 or 3 Gray (Gy) and injected
intraperitoneally with LPS on days 10 and 42 thereafter.
Subsets were euthanized 0-14 days after the second injection
for analyses. Results: The data show numerous radiation-
induced effects, as well as some significant interactions
among radiation, LPS, and day of analysis. Among the most
striking were changes in thymus mass, circulating
lymphocytes, monocytes, granulocytes, and specific
lymphocyte subpopulations, erythrocyte counts, hematocrit,
and platelet counts and volume. Spontaneous blastogenesis
and oxidative burst capacity of phagocytic cells, however,
were relatively normal. Conclusion: The findings indicate
that exposure to radiation at a spaceflight relevant dose can
influence the distribution of certain leukocyte populations in
response to a secondary challenge with LPS.

In January of 2004, President George W. Bush unveiled his
vision for the future of the United States space program (1).
In September of 2006, the European Space Agency
completed its first dedicated lunar mission, SMART-1 (2).
And in October of 2007, China launched its first lunar orbiter
(3). As more and more countries are dedicating significant
resources to the colonization of space, the need for
understanding the impact of the radiation environment on
astronaut health is increasingly clear (4, 5). As if to highlight
this need, a series of exceptionally violent Solar Particle
Events (SPEs) reached Earth in rapid succession in the Fall

of 2003 (6, 7). Indeed, four of the 10 largest SPEs observed
in the space era occurred in the last solar cycle (7).

Current models for Lunar missions assumes a 90 day total
duration, with 6 days spent in deep space during transit. For
a Mars mission, the duration is ~1,000 days with 400-500
days in transit (4, 8-10). Given the current state-of-the-art in
shielding technology, astronaut exposure to radiation during
long-term spaceflight missions due to Galactic Cosmic Rays
(GCRs) and SPEs is unavoidable (4, 8). Exposure doses
could be ≥2 sieverts (Sv) to blood forming organs, or ≥3 Sv
to the skin, depending on shielding conditions (4, 8, 9).
While on these missions, access to health care will be limited
to what is on board the spacecraft. Therefore, the
development of countermeasures prior to liftoff is critical to
minimize the risk to astronauts.

Previous work in this laboratory has shown that these doses
can have a dramatic impact on immune parameters. Virtually
all immune populations are depleted by radiation, particularly
those that involve adaptive immune mechanisms (e.g. T and B
cells). Although monocyte/macrophage populations appear to
be relatively radioresistant, their numbers are still
significantly reduced after radiation (11-14).

The data presented herein are part of a series of studies
from this laboratory exploring the effects of whole-body
irradiation on the ability of the immune system to respond to
an immune challenge. Gram-negative intestinal coliforms such
as E. coli, Klebsiella and Enterobacter, and bacteria in the
environment, such as Pseudomonas aeruginosa, are among a
variety of pathogens that could pose a threat for infection
during prolonged spaceflight (15-17). Lipopolysaccharide
(LPS), or endotoxin, is a surface component of all Gram-
negative bacteria that induces a very rapid response and
accounts either directly or indirectly for many of the
symptoms associated with infections (e.g., fever, leukopenia
followed by leukocytosis, disseminated intravascular
coagulation, and cachexia). We addressed the acute or primary
response in previous reports (11, 13). Here, we present data
from mice exposed to LPS 10 days post-irradiation, and then
once again 6 weeks later. Subsets per group were euthanized
at four time points thereafter for analyses.
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Materials and Methods
Animals. Female C57BL/6J mice (8-9 weeks old, n=160 mice at
10/group/time point) were purchased from Charles River Breeding
Laboratories (Wilmington, MA, USA) and shipped directly to the
Loma Linda University (LLU) Animal Care Facilities. Vivarium
housing was controlled for temperature, humidity, with a 12:12 h
light:dark cycle. Food and water were provided ad libitum. We used
female mice to compare with immune studies conducted previously
in our laboratories and to minimize disparities in the data due to
aggressive behavior. Animals were acclimatized for 1-2 weeks prior
to irradiation. At the appropriate time points, animals were rapidly
and humanely euthanized with 100% CO2 (18). This study was
approved by the Institutional Animal Care and Use Committee.

Whole-body γ-irradiation. All irradiations were performed using a
vertical beam from an AECL (Atomic Energy of Canada, Ltd.,
Commercial Products Division, Ottawa, Canada) Eldorado unit
previously used for therapy; the unit contained a 60Co source [1.17
and 1.33 MeV, linear energy transfer (LET) = 0.267 KeV/μm]. Prior
to exposure, non-anesthetized mice were placed individually into
rectangular plastic aerated boxes (30 mm x 30 mm x 60 mm) to
minimize movement. A plastic plate was placed immediately
upstream of the boxes so that the front surface of each box was at
the depth of maximum dose. Up to six mice were irradiated
simultaneously at a dose rate of 80 cGy/min to a total dose of 3
Gray (Gy). Dose calibration was performed using a Capintec Model
PRO6-G cylindrical thimble ionization chamber (Capintec, Inc.,
Ramsey, NJ, USA), in accordance with recommendations by the
National Institute of Standards and Technology (NIST). Control
animals were treated similarly under sham-irradiation conditions.
All mice were observed daily for signs of ill health.

LPS injection. Subsets of mice were injected i.p. with 1 mg/kg
E. coli LPS (O111:B4; Sigma Chemical Co., St. Louis, MO, USA)
in a volume of 0.1 ml 0.9% phosphate-buffered saline (PBS) 10
days and 6 weeks post-irradiation. Control mice were injected with
PBS. Animals from each group were euthanized 60 min (henceforth
referred to as Day 0) and Days 1, 7, and 14 after the second
inoculation. The LPS dose selected is similar to those reported to
induce significant immune modulation (19).

Tissue processing and body and organ masses. These procedures
have been described in previous studies (20, 21). Mice were
weighed prior to sacrifice. After verifying that the animals were
euthanized, we excised and weighed spleen, thymus, liver, and
lungs. Organs were not flushed with saline to remove blood supply
prior to weighing. Organ masses were analyzed both with and
without normalization to body mass. When normalized to body
mass, the following formula was used: relative organ mass (ROM)
= organ mass (mg)/body mass (g). Whole blood was collected in
[K2]EDTA-containing syringes by cardiac puncture and spleen
leukocytes were processed into single-celled suspensions.

Hematological analysis. White blood cell (WBC), red blood cell
(RBC), and platelet (PLT) counts, as well as the three-part
differential (lymphocytes, monocyte-macrophages, and
granulocytes) and eosinophil data were obtained with an automated
analyzer (HESKA™ Vet ABC-Diff Hematology Analyzer; Heska
Corp., Fort Collins, CO, USA) (20, 21). Additional parameters
quantified or calculated by the analyzer included: hemoglobin

concentration (HGB), hematocrit (HCT; percentage of whole blood
composed of RBC), mean corpuscular volume (MCV; mean volume
per RBC), mean corpuscular hemoglobin (MCH; mean weight of
hemoglobin per RBC), mean corpuscular hemoglobin concentration
(MCHC; mean concentration of hemoglobin per RBC), RBC
distribution width (RDW), and mean platelet volume (MPV).

WBC count and three-part differential in spleen. Spleens were
excised, dissociated into single-celled suspensions that were then
filtered through 40 μm cell strainers (Becton Dickinson, Franklin
Lakes, NJ, USA). The cells were washed once with medium,
centrifuged and finally suspended in 2 ml of complete RPMI-1640
medium (Irvine Scientific, Santa Ana, CA, USA). The WBC and
numbers of lymphocytes, monocyte-macrophages and granulocytes,
as well as eosinophils, were obtained with the automated
hematology analyzer as described above for blood.

Flow cytometry analysis of lymphocyte populations. Whole blood
and spleen were collected and evaluated via fluorescence-labeled
monoclonal antibodies (mAb; Pharmingen, San Diego, CA, USA)
and a FACSCalibur™ flow cytometer (Becton Dickinson, Inc., San
Jose, CA, USA). The mAb were conjugated to fluorescein
isothiocyanate (FITC), R-phycoerythrin (PE), allophycocyanin
(APC), or peridinin chlorophyll protein (PerCP). Lymphocytes were
identified and gated using a dot plot with side scatter vs. CD45 (30-
F11). Antibodies against the following molecules were used to
identify specific lymphocyte subsets: CD3 (145-2C11, T-cells),
CD4 (RM4-5, T helper or Th-cells), CD8 (53-6.7, T cytotoxic or
Tc-cells), B220 (RA3-6B2, B-cells), and NK1.1 (PK136, natural
killer or NK-cells). Analysis was performed on at least 5,000 events
per tube using CellQuest™ software version 3.1 (Becton
Dickinson). The number of each lymphocyte type was calculated
using the WBC counts collected via the Heska as described above.

Spontaneous blastogenesis. We characterized basal proliferation
using protocols described in detail elsewhere (20, 22). Briefly,
aliquots of whole blood and spleen leukocytes were diluted with
complete RPMI-1640 medium (Irvine Scientific, Santa Ana, CA,
USA) and dispensed into wells of microculture plates. After adding
1 μCi of 3H-thymidine (3H-TdR; specific activity = 46 Ci/μmol;
ICN Biochemicals, Costa Mesa, CA, USA), the plates were
incubated for 3 h at 37˚C in 5% CO2. Thereafter, cells were
harvested and the radioactivity incorporated into DNA was
quantified. The counts per minute (cpm) and number of cells in the
evaluated volume were used to calculate cpm/106 cells.

Oxygen radical production by phagocytic cells in liver. We
quantified oxygen radical production in liver cells using the 2’,7’-
dichloro-dihydrofluorescein diacetate (DCFH-DA; Invitrogen,
Corp., Carlsbad, CA, USA) probe as previously described (23).
Zymosan A (Sigma) from yeast cell wall (Saccharomyces
cerevisiae) was used as the triggering agent. After plating cells into
wells of 96-microwell plates at 2.5x106/well/0.1 ml, the cells were
incubated for 1 h at 37˚C in 5% CO2. Thereafter, we added 10
μl/well DCFH-DA/Zymosan working solution (150 μM DCFH-DA
in 20 mg zymosan/ml Hanks Salt Solution) and the plates were re-
incubated for 1 h. Fluorescence intensity was measured with a
fluorometer and expressed as relative fluorescence units (RFU).

Statistical analysis. Three-way analysis of variance (ANOVA) was
performed using Day, Radiation and LPS challenge as the
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independent variables. These analyses were performed using
Systat™ software, version 10 (Systat Software, Inc., Point
Richmond, CA, USA). Outliers as defined by Systat™ were
generally excluded from the analysis. A p-value of <0.05 indicated
significance.

Results

Total body and organ masses. There were significant main
effects of Day on total body (Figure 1) and all organ masses
(ps<0.001). For spleen, liver, and lung masses, this was due
to a steady overall increase through Day 7 followed by a
decrease through Day 14 (Table I). For the thymus and total
body mass, this was due to an overall decrease through Day
1 followed by a recovery on subsequent days. There were
also significant main effects of LPS on total body, spleen,
and thymus masses (ps<0.05), decreasing total body and
thymus mass while increasing spleen mass. Finally, there
were radiation effects on thymus mass (p<0.005), with a
trend in total body mass (p=0.100). In both cases, this was
due to an overall increase in the irradiated mice.

There were Day x LPS interactions in total body, spleen,
liver, and thymus masses (ps<0.05). In spleen, this was due
to a steady increase, peaking around Day 7. LPS caused an
increase over saline treated mice in liver mass on Day 0,
maintaining this level through Day 1 while saline treated
mice increased. By Day 7, liver mass had generally
recovered in LPS-treated mice. For total body and thymus
masses, LPS caused a sharp decrease between Days 0 and 1,
followed by a return to baseline through Days 7 and 14. In
contrast, there was a significant Day x Radiation interaction
on only thymus mass (p<0.05). This was likely due to the
responses between days 7 and 14, where thymus mass
generally increased in the unirradiated mice and decreased
in their irradiated counterparts.

The pattern of significance was similar for all organs when
normalized to total body mass (data not shown). The primary
exception was a significant Day x LPS x Radiation
interaction in spleen ROM (p<0.05). This was primarily due
to a dampened or delayed LPS response seen in the
irradiated group.

Erythrocytes. There was a significant main effect of Day on
RBC (p<0.05), with a trend for an effect on HCT (p=0.087,
Table II). Both were due to slight but steady increases
through Day 7, followed by a decline. Both LPS (ps<0.001)
and Radiation (ps<0.05) led to overall decreases in RBC,
HGB and HCT (ps<0.001).

There were Day x LPS interactions in RBC (p<0.05), with
a trend for HGB (p=0.069), primarily due to LPS-induced
decreases on Day 0. There were also Day x Radiation
interactions on all three of these measures (ps<0.05), due to
steady increases in the 0 Gy groups through at least Day 7
that were not present after radiation. Finally, there were Day
x LPS x Radiation interactions on RBC and HCT (ps<0.05).
This was likely due to the response just after inoculation,
where the LPS-induced decreases were not present in mice
also previously exposed to radiation.

Day influenced MCV and RDW (p<0.05), presumably
due to a very slight and temporary dip seen on Day 1 (Table
II). LPS increased MCV (p<0.001) while Radiation
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Figure 1. Total mass at sacrifice. Values represent means ± SEMs. N=7-
10 mice/group. 1p<0.001 for main effects of Day and LPS. p<0.001 for
Day x LPS interaction.

Table I. Organ masses.

Days post Saline LPS
inoculation

Organ 0 Gy 3 Gy 0 Gy 3 Gy

Spleen (mg)1 0 83.0±3.4 80.7±3.2 79.6±1.1 87.9±3.1
1 91.0±1.6 93.7±4.3 111.2±3.2 103.7±3.4
7 95.5±4.2 96.8±3.3 116.3±5.2 119.7±4.9

14 84.6±2.6 86.5±2.4 101.6±6.3 98.0±3.6
Thymus (mg)2 0 68.2±6.9 81.4±3.3 73.6±5.0 85.6±2.1

1 73.2±5.0 81.8±3.6 61.7±6.8 71.2±3.2
7 82.6±6.1 93.9±5.1 76.3±3.0 84.2±3.5

14 85.1±3.0 79.4±4.6 86.9±2.7 83.6±5.4
Liver (mg)3 0 1062±44 1064±26 1172±50 1137±38

1 1262±40 1286±33 1127±36 1194±43
7 1285±38 1239±46 1304±57 1311±61

14 1194±51 1106±36 1211±35 1153±42
Lung (mg)4 0 154.8±9.2 162.7±11.2 149.3±7.9 166.7±6.4

1 172.4±7.7 167.9±6.9 163.9±9.0 176.2±9.0
7 193.9±5.5 189.6±5.0 208.3±6.7 205.2±8.0

14 157.4±6.0 169.3±6.2 163.5±7.8 160.0±4.3

Values represent means±SEMs. N=7-10 mice/group. 1p<0.001 for main
effects of Day and LPS. p<0.005 for Day x LPS interaction. 2p<0.001,
p<0.005, p<0.05 for main effects of Day, Radiation, and LPS,
respectively. p<0.05 for Day x LPS and Day x Radiation interactions.
3p<0.001 for main effect of Day. p<0.001 for Day x LPS interaction.
4p<0.001 for main effect of Day.



increased both MCV and RDW (p<0.001). The Day x LPS
interaction on RDW (p<0.005) indicates that the slight dip
seen on Day 1 was due to exposure to LPS. The LPS x
Radiation interaction seen in MCV (p<0.05) was likely
because radiation increased this measure to such a degree
that the normal LPS response could not occur.

The effects of Day on MCH and MCHC (ps<0.001) were
due to steady or decreasing values through Day 7 followed
by an increase on Day 14. While both LPS (p<0.001) and
Radiation (p<0.005) increased MCH, there were no
significant interactions with either variable.

Platelets. There were reliable main effects of Day, LPS, and
Radiation on both PLT and MPV (ps<0.005, Figure 2). The
Day effect on counts was due to acute decreases, particularly
on Day 1, followed by a recovery by Day 7. For volume, this
pattern was reversed. Similarly, while LPS and Radiation
decreased counts, they increased volume.

There were Day x LPS interactions on both parameters
(ps<0.001) due to the acute effects of LPS. There were only
weak trends for Day x Radiation interactions on PLT
(p=0.088) and MPV (p=0.096), presumably due to
differences in the response on Day 14 where radiation
increased count and decreased volume compared to non-
irradiated mice.

Major leukocyte populations in the blood. There were
significant effects of Day on all leukocyte populations
(ps<0.001, Figure 3). This was invariably due to steady
increases in all counts throughout the timecourse. There were
significant effects of LPS on lymphocytes (p<0.005),
monocytes (p<0.01), and granulocytes (p<0.05), but not
overall WBC counts. Presumably, this is because the LPS-
induced decreases noted in lymphocyte and monocyte
populations were matched by increases noted in the
granulocytes. There were no significant main effects of
Radiation on any of these populations.
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Table II. Red blood cells.

Days post Saline LPS
inoculation

0 Gy 3 Gy 0 Gy 3 Gy

RBC (109/ml)1 0 9.5±0.1 9.1±0.1 8.6±0.2 8.7±0.1
1 9.1±0.2 9.1±0.0 9.3±0.1 8.9±0.1
7 9.8±0.1 9.0±0.1 9.2±0.1 8.7±0.1

14 9.2±0.2 9.0±0.1 8.8±0.1 8.6±0.2
HGB (g/dl)2 0 13.7±0.1 13.5±0.2 12.7±0.3 12.8±0.2

1 13.1±0.3 13.6±0.2 13.6±0.2 13.0±0.2
7 13.8±0.2 13.0±0.2 13.2±0.2 12.5±0.2

14 13.5±0.3 13.6±0.1 13.3±0.2 12.9±0.3
HCT (% )3 0 42.8±0.4 42.1±0.6 39.6±0.8 40.2±0.6

1 41.3±0.9 42.3±0.5 42.2±0.4 40.1±0.7
7 44.1±0.5 40.9±0.4 41.9±0.5 39.9±0.5

14 41.4±0.8 41.5±0.5 40.2±0.5 39.4±0.9
MCV (μm3)4 0 45.1±0.1 46.2±0.2 46.0±0.2 46.2±0.1

1 45.2±0.2 45.8±0.1 45.3±0.2 45.5±0.2
7 45.1±0.1 45.5±0.3 45.6±0.2 46.0±0.2

14 44.8±0.2 45.7±0.3 45.6±0.2 45.9±0.2
RDW (% )5 0 15.3±0.0 15.3±0.1 15.0±0.1 15.2±0.2

1 15.0±0.2 15.1±0.1 14.7±0.1 14.8±0.1
7 14.8±0.2 15.3±0.2 15.2±0.2 15.6±0.1

14 15.0±0.1 15.0±0.2 15.2±0.2 15.5±0.1
MCH (pg)6 0 14.4±0.0 14.8±0.1 14.7±0.1 14.8±0.1

1 14.4±0.1 14.7±0.2 14.6±0.1 14.8±0.1
7 14.2±0.1 14.3±0.1 14.4±0.1 14.6±0.1

14 14.7±0.1 15.0±0.1 15.1±0.2 15.1±0.1
MCHC (g/dl)7 0 32.0±0.1 32.0±0.1 32.1±0.1 31.9±0.1

1 31.8±0.2 32.2±0.3 32.2±0.3 32.5±0.3
7 31.5±0.3 31.8±0.2 31.8±0.1 31.6±0.2

14 32.7±0.2 32.9±0.2 33.0±0.1 32.8±0.1

Values represent means±SEMs. N=7-10 mice/group. 1p<0.05, p<0.001,
and p<0.001 for main effects of Day, Radiation and LPS respectively.
p<0.05 for Day x LPS, Day x Radiation and Day Radiation x LPS
interactions. 2p<0.05 and p<0.001 for main effects of Radiation and LPS,
respectively. p<0.05 for Day x Radiation interactions. 3p<0.01 and
p<0.001 for main effects of Radiation and LPS, respectively. p<0.05 for
Day x Radiation and Day x Radiation x LPS interactions. 4p<0.05,
p<0.001, p<0.001 for main effects of Day, Radiation and LPS,
respectively. p<0.05 for Radiation x LPS interaction. 5p<0.05 and p<0.01
for main effects of Day and Radiation, respectively. p<0.005 for Day x
LPS interaction. 6p<0.001, p<0.005, and p<0.001 for main effects of Day,
Radiation and LPS, respectively. 7p<0.001 for main effect of Day.

Figure 2. Platelet characteristics. Values represent means ± SEMs. N=7-
10 mice/group. 1p<0.001 for main effects of Day, Radiation and LPS.
p<0.001 for Day x LPS interaction. 2p<0.001, p<0.001, and p<0.005
for main effects of Day, Radiation, and LPS, respectively. p<0.001 for
Day x LPS interaction.



There were significant Day x LPS interactions in overall
WBC (p<0.005), lymphocyte (p<0.001), monocyte
(p<0.001), and granulocyte (p<0.05) counts. For all
populations, the counts in saline-treated mice generally
increased between Days 0 and 1, and then plateaued through
Day 14. However, after LPS treatment, WBC counts
increased steadily throughout the timecourse. For
lymphocytes, counts actually declined between Days 0 and
1 before increasing through Days 7 and 14. LPS-induced
changes in monocyte counts appear to be delayed and
temporary, with increases occurring only between Days 1
and 7. And finally, for granulocytes, there was a sharp LPS-
induced increase between Days 0 and 1, followed by a steady
decline through Day 14.

There were also significant Day x LPS x Radiation
interactions on WBC (p<0.05), lymphocyte (p<0.05), and
monocyte (p<0.05) counts. All three of these interactions
were likely due to two factors; a sharp radiation-induced
increase in counts between Days 0 and 1 in only the saline-
treated mice, and a radiation-induced dampening of the LPS
response, particularly on Day 14.

Major leukocyte populations in the spleen. There was a
significant main effect of Day on the granulocyte subset
(p<0.001, Table III), with a trend in WBCs (p=0.076). In
contrast, exposure to LPS generally led to main effects on all
of the leukocyte populations (ps<0.005). Radiation primarily
influenced lymphocyte counts (p<0.05), with a trend in
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Table III. Major leukocyte populations in the spleen.

Days post Saline LPS
inoculation

0 Gy 3 Gy 0 Gy 3 Gy

WBC1 0 28.5±2.4 30.4±2.0 30.9±1.7 32.4±1.7
1 29.5±2.0 32.1±1.2 35.8±1.6 34.2±2.2
7 28.1±1.9 30.0±1.9 31.4±1.7 34.7±2.2

14 26.1±1.9 25.3±1.5 29.5±3.0 35.5±2.7
Lymphocytes2 0 18.9±1.4 20.1±0.9 20.6±0.8 21.4±0.9

1 19.9±1.2 21.0±0.7 21.8±0.7 21.7±1.0
7 19.8±1.0 21.5±1.1 20.7±0.9 22.3±1.2

14 19.3±1.3 18.6±1.0 20.6±1.9 24.5±1.6
Macrophages3 0 2.1±0.2 2.4±0.3 2.4±0.2 2.5±0.2

1 2.0±0.2 2.4±0.2 2.9±0.2 2.5±0.3
7 2.0±0.3 2.0±0.2 2.5±0.2 2.9±0.3

14 2.0±0.4 1.7±0.2 2.0±0.2 2.6±0.3
Granulocytes4 0 7.4±0.8 8.0±0.8 7.8±0.7 8.5±0.6

1 7.6±0.7 8.7±0.5 11.2±0.7 10.0±1.0
7 6.3±0.7 6.5±0.6 8.2±0.7 9.5±0.9

14 5.2±0.5 5.2±0.4 6.8±0.8 8.3±0.9

Values represent means±SEMs. Counts are in 106 cells/ml. N=7-10
mice/group. 1p<0.001 for main effects of LPS. 2p<0.05 and p<0.005 for
main effects of Radiation and LPS, respectively. 3p<0.001 for main
effects of LPS. 4p<0.001 for main effects of Day and LPS.

Figure 3. Major leukocyte populations in the blood. Values represent
means ± SEMs. N = 7-10 mice/group. 1p<0.001 for main effects of Day.
p<0.005 and p<0.05 for Day x LPS and Day x Radiation x LPS
interactions, respectively. 2p<0.001 and p<0.005 for main effects of Day
and LPS, respectively. p<0.001 and p<0.05 for Day x LPS and Day x
Radiation x LPS interactions, respectively. 3p<0.001 and p<0.01 for
main effects of Day and LPS, respectively. p<0.001 and p<0.05 for Day
x LPS and Day x Radiation x LPS interactions, respectively. 4p<0.001
and p<0.05 for main effects of Day and LPS, respectively. p<0.05 for
Day x LPS interaction.



overall WBCs (p=0.071), generally leading to increases.
There were no significant interactions between any
parameter for any of these populations.

Lymphocyte subpopulations in the blood. There were main
effects of Day on all circulating lymphocyte populations
(ps<0.001, Figures 4 and 5). For the T and B cells, this was
due to a steady increase, generally peaking around Day 7.
However, for NK cells, there was an increase between Days
0 and 1, followed by a steady decline through rest of the
timecourse. LPS influenced all T and NK cell populations
(ps<0.05), with a trend for an effect on B cells (p=0.084).
Generally, LPS decreased T and B cell counts, while
increasing NK counts. Radiation affected all T and NK cell

populations (ps<0.05), generally increasing T and Th counts,
while decreasing Tc and NK counts.

There were significant Day x LPS interactions on all
lymphocyte populations (ps<0.005). For the T and Th
cells, this was due to LPS-induced decreases in counts for
the early timepoints, returning to control levels by Day 7.
The initial decrease was also noted in the Tc cells, but
counts increased beyond the level seen in saline-treated
mice by Day 7, followed by a decline through Day 14. A
similar pattern emerged with B cells, except counts
continued to increase through Day 14 in LPS-treated
mice, while saline-treated mice reached a plateau after
Day 7. In contrast to all other populations, NK cell counts
peaked in the LPS-treated mice on Day 1, followed by a
steady decline back to control levels. There was also a
significant Day x Radiation interaction on NK cell counts
(p<0.05), with a trend for B cell counts (p=0.056). In
both cases, this was due to a slight decrease in counts in
the irradiated mice at the later time points compared to
their unirradiated counterparts.

Lymphocyte subpopulations in the spleen. There were main
effects of Day on all major splenic lymphocyte population
counts (p<0.001, Table IV). LPS primarily influenced B and
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Figure 4. T cell populations in the blood. Values represent means ±
SEMs. N=7-10 mice/group. 1p<0.001, p<0.005, and p<0.001 for main
effects of Day, Radiation and LPS, respectively. p<0.005 for Day x LPS
interactions. 2p<0.001 for main effects of Day, Radiation and LPS.
p<0.001 for Day x LPS interactions. 3p<0.001, p<0.05 and p<0.05 for
main effects of Day, Radiation and LPS, respectively. p<0.001 Day x
LPS interactions.

Figure 5. B and NK cell populations in the blood. Values represent
means ± SEMs. N=7-10 mice/group. 1p<0.001 for main effects of Day
and LPS. 2p<0.001 for main effects of Day, Radiation and LPS. p<0.05
and p<0.005 for Day x Radiation and Day x LPS interactions,
respectively.



NK (p<0.01) cells, increasing the former and decreasing the
latter. Radiation generally increased T and Th populations
(ps<0.001), and decreased NK cell counts (p<0.001). Except
for a trend for a Day x LPS interaction in NK cells
(p=0.064), there were no significant interactions in any of
the populations.

CD4:CD8 ratios. As indicated in Figure 6, CD4:CD8 ratios
were influenced by Day (p<0.001), LPS (p<0.001), and
Radiation (p<0.05). In the blood, the ratio generally
decreased through Day 7, then remained steady. LPS
decreased and radiation increased the ratio. There was a Day
x LPS interaction (p<0.001). This was primarily due to an
LPS-induced increase on Day 1 followed by a decrease on
Day 7. Finally, there was a significant Day x LPS x
Radiation interaction. Both radiation and LPS increased the
ratio, but combining the treatments resulted in a complicated
response. On Days 0 and 7, the ratio in 3 Gy + LPS mice
was greater than LPS alone and less than radiation alone. On
Day 1, the ratio in 3 Gy + LPS mice was greater than either
treatment alone.

There were significant effects of Day and Radiation on
splenic CD4:CD8 ratios (ps<0.001). After remaining steady
through Day 1, the ratio steadily increased through Day 14.

Radiation led to an increase in the ratio. There was also a
trend for a Day x Radiation interaction (p=0.068).
Presumably, this trend was due to differences in the response
between Days 0 and 1, during which the ratios from non-
irradiated mice generally decreased while those of irradiated
mice increased.

Spontaneous blastogenesis. DNA synthesis changed across
Days in both compartments (ps<0.001, Figure 7). This was
generally due to a spike in activity on Day 1, followed by a
decrease on Day 7. Blastogenesis increased again in the
blood on Day 14, suggesting a cyclical response. LPS also
tended to increased blastogenic activity in both
compartments (ps<0.001). Because the spike in activity seen
on Day 1 only occurred in the LPS-treated groups, there
were significant Day x LPS interactions in both
compartments (ps<0.01). There were no significant effects
of radiation on DNA synthesis in either blood or spleen.

Oxidative burst. There were significant main effects of Day
on the capacity to generate reactive oxygen radicals
(p<0.001, Table V), due to a decrease in the response after
Day 0. There were no significant effects of either radiation
or LPS.
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Table IV. Lymphocyte subpopulations in the spleen.

Days post Saline LPS
irradiation

0 Gy 3 Gy 0 Gy 3 Gy

T Cells1 0 3.71±0.40 4.86±0.42 4.18±0.32 5.26±0.40
1 5.37±0.59 6.29±0.43 5.47±0.37 5.85±0.61
7 3.32±0.30 4.18±0.39 3.72±0.28 4.04±0.37

14 4.39±0.58 4.09±0.48 3.82±0.60 5.09±0.30
Th Cells2 0 2.44±0.26 3.47±0.30 2.72±0.21 3.71±0.27

1 3.20±0.37 4.43±0.33 3.48±0.24 4.12±0.43
7 2.09±0.23 2.93±0.29 2.28±0.18 2.93±0.33

14 2.69±0.38 2.79±0.34 2.33±0.37 3.44±0.21
Tc Cells3 0 1.33±0.18 1.41±0.12 1.54±0.14 1.57±0.13

1 2.05±0.22 1.80±0.10 1.79±0.13 1.64±0.18
7 0.99±0.06 1.07±0.08 1.15±0.07 1.04±0.09

14 1.17±0.12 0.93±0.08 0.97±0.11 1.09±0.08
B Cells4 0 8.79±1.12 10.18±0.96 9.91±0.83 10.94±0.85

1 10.74±0.86 11.27±0.77 14.54±0.67 13.74±1.49
7 7.70±0.86 8.51±0.72 8.44±0.57 9.08±0.67

14 9.02±1.24 8.36±0.91 10.16±1.43 12.26±1.09
NK Cells5 0 0.23±0.02 0.21±0.03 0.23±0.03 0.22±0.03

1 0.33±0.02 0.25±0.02 0.26±0.02 0.17±0.02
7 0.18±0.02 0.15±0.01 0.17±0.02 0.13±0.01

14 0.21±0.02 0.15±0.02 0.17±0.02 0.15±0.02

Values represent means±SEMs. Counts are in 106 cells/ml. N = 7-10
mice/group. 1p<0.001 for main effects of Day and Radiation. 2p<0.001
for main effects of Day, and Radiation. 3p<0.001 for main effects of
Day. 4p<0.001 for main effects of Day and LPS. 5p<0.001, p<0.001,
and p<0.01 for main effects of Day, Radiation and LPS, respectively.

Figure 6. CD4:CD8 ratios. Values represent means ± SEMs. N=7-10
mice/group. 1p<0.001, p<0.001, and p<0.05 for main effects of Day,
Radiation and LPS, respectively. p<0.001 and p<0.05 for Day x LPS
and Day x Radiation x LPS interactions, respectively. 2p<0.001 for main
effects of Day and Radiation.



Discussion

Generally, there were minimal effects of radiation on total
body and lymphoid organ masses. The lone exception was
the thymus, where radiation caused an increase in mass
above non-irradiated controls. This is somewhat surprising
as radiation typically leads to thymic atrophy (11, 14).
However, at the doses used in these studies, the decrease in
mass is acute and usually resolves within three weeks of
exposure (11). As these mice were assessed 8 weeks after
irradiation, the increase could be related to the reactivation
of hematopoietic pathways that are normally dormant in
adults (24).

In healthy adults, T cell counts remain fairly constant and
hematopoiesis is limited primarily to the bone marrow.
However, T cell counts are severely reduced for 2-3 weeks
after exposure to a 3 Gy dose of radiation (11, 13, 14, 25,
26). The usual clonal expansion mechanisms may not be
enough to return these populations to baseline levels.
Although some variability may exist among stem and other
progenitor cells in the bone marrow, overall these
populations are well known to be very radiosensitive due to
their high mitotic activity. Thus, we believe that the acute
depletion of lymphocytes and stem cells after irradiation may
result in the re-activation of populations capable of self-
renewal and multilineage differentiation in not only the bone

marrow, but also in peripheral organs such as the spleen and
liver (27). Subsequently, newly generated pro-T cells would
home to the thymus as part of the maturation process (i.e.,
negative selection) resulting in an overall increase in organ
mass. However, there must be a relatively short window for
this reactivation of hematopoietic pathways as we did not see
any significant differences in mass 110+ days after exposure
with various radiation types at similar doses (28-30).

While this explanation seems plausible, it does not explain
the Day x Radiation interaction reported here. During the
first week after the second LPS inoculation, thymus mass in
irradiated mice was higher than in their non-irradiated
counterparts. This is likely due to the shift in T cell
development just described and/or perhaps infiltration of
inflammatory cells in response to tissue damage. However,
by day 14, thymus mass was low in irradiated mice
compared to non-irradiated groups. There were no significant
Radiation x LPS interactions, suggesting that radiation did
not change the response to LPS. Therefore, the late radiation
effect must be related to something other than exposure to
the antigen.

One possibility is that radiation altered endocrine function.
Thymus mass has long been known to be linked to
glucocorticoid levels (31-33). A radiation-induced change in
glucocorticoid activity, through a decrease in overall
corticosterone expression or an increase in circulating
corticosteroid-binding globulin (CBG) levels, could explain
thymic hypertrophy. Similarly, ovaries and testes are very
sensitive to radiation (34-37), and gonadectomy has been
shown to result in thymic hypertrophy in both male and
female pre-clinical models (38, 39). However, as we did not
quantify any endocrine factors, we cannot verify which of
these potential mechanisms may be responsible.

We previously reported consistent decreases in all
measures of erythrocyte counts 3-4 weeks post-irradiation
(11). Here, we found that these measures increased
through at least day 7 in only those mice that did not
receive radiation. Based on the three-way interactions
found in RBC and HCT, this steady increase was due
primarily to an early response to LPS that was dampened
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Table V. Oxidative burst1.

Saline LPS
Days post
inoculation 0 Gy 3 Gy 0 Gy 3 Gy

0 4679±513 5039±376 4162±438 4986±500
1 -- -- -- --
7 3066±384 3408±264 3151±449 2786±391

14 3140±269 3861±330 3691±346 3587±480

Values represent means±SEMs. Counts are relative florescence units
(RFUs). N=7-10 mice/group. 1p<0.001 for main effects of Day.

Figure 7. Spontaneous blastogenesis. Values represent means ± SEMs.
N=7-10 mice/group. 1p<0.001 for main effects of Day and LPS. p<0.001
Day x LPS. 2p<0.001 for main effects of Day and Radiation. p<0.01
Day x LPS interactions.



in irradiated mice. Radiation also increased MCV,
indicative of macrocytosis and changes in erythroid
hematopoiesis (40). Because older erythrocytes tend to be
smaller and more dense (41), this would seem to suggest
that exposure to radiation led to chronic anemia and/or
relatively long-term shifts in erythrocyte lifespan. Given
that the lifespan of a typical erythrocyte is ~40 days in
mice (42), low counts 8+ weeks after exposure are
somewhat surprising. Presumably, altered or damaged cells
have died and/or been removed from circulation by
mechanisms that include phagocytosis by Kuppfer cells in
the liver. This, as well as radiation-induced increases in
hemoglobin content, is consistent with either hemolytic or
aplastic anemia (43, 44). Radiation has been shown to
cause RBC shrinkage and lipid oxidation, both indicative
of apoptosis (45). Doses below even 1 Gy have been
shown to transform erythrocytes into echinocytes (46) that
are more likely to be sequestered and destroyed.

Radiation also decreased platelet counts while increasing
their volume. The pattern of these changes is nearly identical
with what we found immediately after irradiation delivered
to a similar dose (11), suggesting that effects on platelet
function can linger for weeks to months after exposure. The
ultimate impact of this effect is somewhat difficult to
ascertain as MPV is related to both platelet activation and
the rate of platelet production, but not, necessarily, age (47-
50). Platelets damaged by radiation may be destroyed in the
periphery, leading to increases in megakaryocyte production
in the bone marrow (49, 51, 52). Bancroft et al., report that
there is a negative correlation between MPV and platelet
number that is controlled at the level of megakaryocytes
(52). However, larger platelets tend to be more metabolically
and enzymatically active (53, 54). Increases in MPV, and
hence increases in activity, suggest that platelets may be
intimately involved in the recovery process after exposure to
radiation (e.g., through cytokine expression (55)).

Although radiation does not appear to change the platelet
response to an acute inflammatory event, there is still cause
for concern. Larger platelets are more prone to aggregate
(56), and increases in MPV have been linked to several
vascular conditions such as myocardial infarction,
preeclampsia, hypercholesterolaemia, artherosclerosis,
hypertension and diabetes mellitus (51, 57-60). This could
be particularly important as radiation has also been linked to
an increased risk for cardiovascular disease (61, 62).

Radiation-induced changes in the major splenic leukocyte
populations were minimal, with slight increases in only the
lymphocyte subset. This suggests that the general leukocyte
pool is available to respond to a secondary immune
challenge with LPS. This is consistent with our previous
report that indicated early radiation-induced decreases in
splenic leukocyte subpopulations had generally recovered 2-
4 weeks post-irradiation (13).

In contrast, the effects of radiation on circulating
leukocytes are dependent on both time and the presence of
an immune challenge. WBC counts in the 0 Gy saline-treated
mice increased steadily, peaking around day 7. We believe
that counts are initially low in all groups, due to the stress
of the injections, and the subsequent steady increase is a
return to baseline. We have seen this response before in
studies involving i.p. injections (data not shown). The
response to LPS initially decreases counts further followed
by a steady increase through day 14, ultimately increasing
beyond control levels. Counts in animals that received only
radiation quickly recovered from the stress of injections
within 24 hours, plateauing throughout the rest of the
timecourse. This swift return to baseline may reflect a long-
term activation and/or shift in homeostasis in leukocyte
populations. Surprisingly, the group that received both LPS
and radiation most resembled the unirradiated, saline-treated
mice. This suggests that 1) the presence of LPS inhibited or
delayed the early radiation-induced enhancement in recovery
from stress and 2) radiation either damped or inhibited the
late, cell-mediated response to LPS. There were similar
patterns of activity in both the lymphocytes and monocytes,
except for a 24-hour delay in the LPS-induced increases
noted in lymphocytes. This delay is also consistent with a
shift away from the immediate, innate response toward cell-
mediated mechanisms at the later time points.

Radiation-induced changes in overall lymphocyte
populations, regardless of compartment, were generally due to
increases in T cells, particularly the CD4+ subset. Considering
that these mice were irradiated eight weeks prior to the second
inoculation, this effect is likely due to a homeostatic shift in
the general T cell pool toward a heightened activation status
in terms of cell-mediated responses and/or trafficking. Why
this did not translate into significant Radiation x LPS
interactions in any parameter except circulating CD4:CD8
ratios may simply be due to the fact that the response to LPS
primarily involves innate immune mechanisms. A change in T
cell homeostasis would, however, be consistent with the
relatively large radiation-induced increases in CD4:CD8 ratios
noted in both compartments throughout the time course.

In contrast, the time-dependent effect of radiation on
circulating NK cells is difficult to explain. The main
difference occurred on day 7, where radiation lead to a
transient decrease in counts compared to non-irradiated mice.
Because this effect occurs almost two months after
irradiation, it is unlikely to be a direct effect of exposure. NK
cells are one of the primary producers of an important
inflammatory cytokine, interferon-γ (IFN-γ), after exposure
to LPS or heat-inactivated E. coli (63). Furthermore, NK
cells, along with B cells and macrophages, form a cytokine
circuit that is activated during microbial infections (64).
However, there were no significant LPS x Radiation
interactions, suggesting that this circuit remains intact.
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The lack of radiation effects on spontaneous blastogenesis
(i.e., DNA synthesis) and oxidative burst suggests that
leukocyte function is normal with respect to these
parameters. This represents a significant improvement over
the dramatic radiation-induced decrements in immune
function noted immediately after radiation (11, 13).
However, the dampening of the LPS response in irradiated
mice reported here suggest that the immune system has not
yet fully recovered even 8+ weeks post-exposure.

Conclusion

The normal response to a bacterial infection involves
both innate and adaptive immune mechanisms, e.g.,
phagocytosis by neutrophils and macrophages and
cytokines produced by Th and other cells. Phagocyte
activity is more efficient if the bacteria are opsonized with
antibodies secreted by B lymphocytes, certain acute-phase
molecules produced by the liver (e.g., mannose-binding
lectin), and breakdown components of complement. If the
immune system is intact, clearance of most bacteria is
accomplished within a few hours. Although radiation does
not appear to have long-term effects on phagocytic
function, because of its chronic effects on circulating
leukocyte populations, there may still be increased risk for
chronic infections with Gram-negative bacteria and
perhaps also other infectious agents.
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