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Abstract
Combined radiation and burn injuries are likely to occur after nuclear events, such as a meltdown
accident at a nuclear energy plant or a nuclear attack. Little is known about the mechanisms by
which combined injuries result in higher mortality than by either insult alone, and few animal
models exist for combined radiation and burn injury. Herein, the authors developed a murine
model of radiation and scald burn injury. Mice were given a single dose of 0, 2, 4, 5, 6, or 9 Gray
(Gy) alone, followed by a 15% TBSA scald burn. All mice receiving ≤4 Gy of radiation with burn
survived combined injury. Higher doses of radiation (5, 6, and 9 Gy) followed by scald injury had
a dose-dependent increase in mortality (34, 67, and 100%, respectively). Five Gy was determined
to be the ideal dose to use in conjunction with burn injury for this model. There was a decrease in
circulating white blood cells in burn, irradiated, and combined injury (5 Gy and burn) mice by 48
hours postinjury compared with sham (49.7, 11.6, and 57.3%, respectively). Circulating
interleukin-6 and tumor necrosis factor-α were increased in combined injury at 48 hours postinjury
compared with all other treatment groups. Prolonged overproduction of proinflammatory
cytokines could contribute to subsequent organ damage. Decreased leukocytes might exacerbate
immune impairment and susceptibility to infections. Future studies will determine whether there
are long lasting consequences of this early proinflammatory response and extended decrease in
leukocytes. (J Burn Care Res 2011;32:317–323)

After nuclear accidents or attacks, radiation exposure is often coupled with other forms of
injury, such as burns, blunt trauma, and infectious complications. Projected casualty
estimates predict that 65 to 70% of affected people will have some kind of traumatic injury
in addition to radiation exposure, whereas only 15 to 20% will be affected by radiation
alone.1 In accordance with these estimates, reports from the nuclear explosions in Hiroshima
and Nagasaki, and the Chernobyl nuclear accident, showed that more than 60% of radiation
victims also sustained a traumatic injury of some kind, most often burn injury.1,2 Clinical
data from these incidents show that victims of combined injury suffer worse postinjury
complications than those patients with a single type of injury. The pathology of combined
injuries is extremely complex; individuals who died shortly after these incidents sustained
injuries to nearly every organ system, in addition to infectious complications.3 It is known
that combined radiation and burn causes aberrant wound healing and severe hematopoietic
impairment.4,5 Little is known about the mechanisms by which combined injuries result in
higher morbidity and mortality than either injury alone, and few animal models exist for the
combined insult of radiation and burn injury.
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To examine the mechanisms of tissue and organ damage and failure after this complex
combined insult, we developed a mouse model of radiation and burn injury and examined
inflammatory mediators and leukocyte distribution in the blood. These experiments should
provide valuable information about the mechanisms that might cause increased tissue
damage after the combined insult of radiation exposure and thermal burn injury and give
insight into potential therapeutic interventions that might diminish the extensive
inflammatory response, organ damage, susceptibility to infections, and other complications
associated with this unique type of injury.

METHODS
Animals

Eight- to 10-week-old male C57BL/6 mice were obtained from Harlan Laboratories
(Indianapolis, IN) and housed with food and water available ad libitum at the Loyola
University Medical Center Animal Facility. In this barrier facility, mice were kept under
specific pathogen-free conditions. Temperature (70–72°F), humidity (45–55%), and a 12/12-
hour light/dark cycle are controlled. Cages are connected to a ventilation system that
provides 60 air changes per hour. All animal studies described here were approved and
performed with strict accordance to the guidelines established by the Loyola University
Institutional Animal Care and Use Committee.

Combined Irradiation and Burn Injury
Mice were subjected to a 0-, 2-, 4-, 5-, 6-, or 9-Gy whole-body dose of ionizing radiation by
exposure to a 137Cs source in a Gammacell 40 irradiator (MDS Nordion, Ottawa, ON,
Canada). The dose rate of irradiation in the Gammacell was 95 cGy per minute. Sham (0
Gy) irradiation mice were placed into the irradiator for matched amounts of time but without
exposure to the source. One hour after radiation injury, mice were anesthetized with a
mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg) intra-peritoneally, and their
dorsal surfaces were shaved with animal clippers. Mice were then placed into a plastic
template with an opening allowing 15% TBSA on their dorsum to be exposed, as calculated
by previously described methods.6 Full-thickness scald injury was achieved by immersing
the animals in a 95°C water bath for 7 seconds as described previously.7,8 Immediately after
exposure to water, animals were dried to prevent any further scalding. Sham animals were
anesthetized, shaved, and immersed in room temperature water. To compensate for fluid loss
and prevent circulatory shock, all animals received 1.0 ml of warmed 0.9% normal saline
intraperitoneally after the burn injury. Body temperature was maintained by placing the
cages on heating pads until animals recovered from anesthesia. Some groups of animals
were monitored twice daily for survival, and others were killed at early time points of 6, 24,
or 48 hours, or late time points of 14 or 28 days postinjury for analysis of various indices of
systemic damage.

Peripheral Blood Differential Counts
Differential blood counts were assessed at different time points after injury. Blood was
obtained immediately after killing mice by cardiac puncture. After collection into EDTA
tubes, blood was analyzed using a Hemavet veterinary blood analyzer (Drew Scientific,
Waterbury, CT).

Analysis of Circulating Cytokines
Blood was obtained by cardiac puncture. Blood was allowed to clot, and serum was obtained
after centrifugation for 20 minutes at 3000g at 4°C. Interleukin (IL)-1β, IL-6, tumor necrosis
factor (TNF)-α, and granulocyte-macrophage colony-stimulating factor (GM-CSF) were
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measured in serum using multiplex bead array assay reagents in an Invitrogen Inflammatory
Cytokine Mouse 4-plex Panel according to manufacturer’s instructions (Invitrogen,
Carlsbad, CA). A Bio-Plex multiplex analyzer system was used to process and read the
samples (BioRad, Hercules, CA). The lowest detectable limits of this assay were 8.06 pg/ml
(IL-1β), 10.0 pg/ml (IL-6), 10.0 pg/ml (TNF-α), and 14.92 pg/ml (GM-CSF).

Statistical Analysis
Statistical differences were noted among treatment groups and were conducted using
analysis of variance followed with a Tukey-Kramer Multiple Comparisons test. Differences
in survival between groups were analyzed using Kaplan-Meier Survival Analysis with a log-
rank significance test.

RESULTS
Survival

In our laboratory, we have extensively studied the effects of scald injury using a 15% TBSA
scald burn.7,9–11 It is rare that scald burn injury alone causes mortality, but it happens
occasionally in our model. No mortality was observed with radiation exposure alone at any
of the doses except for 9 Gy, in which 30% of the animals died by day 14 postradiation.
However, when combined with subsequent 15% TBSA scald injury, increasing the dose of
radiation affected survival. Mice given radiation of 4 Gy and lower with burn all survived
the combined injury. In contrast, all animals in the 9 Gy and burn injury group died within 3
days postinjury. Mice given radiation of 5 and 6 Gy also resulted in mortality when
combined with burn (30 and 50%, respectively) by day 3 postinjury (Figure 1). In addition,
mice given the combined insult (5 Gy and burn) have gone as far as 28 days with 50%
mortality (data not shown). The majority of the mortality occurred by day 3 postinjury;
therefore, mice that were surviving at day 5 and beyond could be used to study various
parameters of remote organ injury at later time points. From this series of experiments, we
concluded that 5 Gy with burn injury would yield an effective mouse model of severe
combined radiation injury. Hence, all further experiments described herein used 5 Gy of
radiation.

Leukocyte Distribution in the Blood
Differential counts were performed to assess the effects of 5 Gy and burn combined injury
on circulating white blood cells (WBCs). Total WBCs were reduced over 80% by 24 hours
in radiation injury groups when compared with sham. Although counts partially recovered
by 28 days postinjury, levels still only reached 73.5% that of sham (Figure 2A, open bars).
Burn injury mobilizes leukocytes from the bone marrow and as shown herein yielded an
increase in total WBC counts to almost double the levels of sham animals early (6 and 24
hours) after injury. At 48 hours post-burn, burn alone total WBCs decreased 49.7%
compared with sham, but later recovered, returning to levels slightly higher than sham by 14
and 28 days postinjury (Figure 2A, black bars). Mice with combined injury had modest
WBC decreases at 6 and 24 hours with a 57.3% reduction at 48 hours compared with sham
mice (Figure 2A, hatched bars). By 28 days postinjury, leukocyte numbers were comparable
with sham.

Lymphocytes seemed to contribute most to the overall decrease in circulating WBCs in
combined injury (Figure 2B). Lymphocytes decreased markedly compared with sham in
radiation and combined-injured groups 48 hours after injury (93.6 and 86.2%, respectively).
By 28 days, lymphocytes in radiation and combined-injured groups only recovered to 60.2
and 43.4% of sham. Monocytes and neutrophils were most affected by radiation injury alone
at early time points but recovered to sham levels (or above) by 14 days postirradiation. In
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contrast, burn alone and combined injury groups were not as dramatically reduced, and at
many time points, burn and combined injury monocytes and neutrophils exceeded the values
seen in sham animals (Figure 2C, D, black and hatched bars).

Systemic Inflammatory Response
To further elucidate the effects of this dynamic injury, we measured several key
proinflammatory cytokines in the circulation. IL-6 was not detectable in sham mice at any
time point tested. However, IL-6 increased to approximately 250 pg/ml in serum by 24
hours postinjury in burn only mice, similar to what our laboratory has reported previously.12

At 24 hours postinjury, combined injury serum IL-6 was also increased to almost 200 pg/ml,
whereas radiation alone did not cause any IL-6 production (Table 1). Importantly, at 48
hours postinsult, IL-6 was further increased in combined-injured animals to more than 400
pg/ml, while burn injury concentrations returned to sham levels. Circulating IL-6 was still
detectable in combined injury animals at 28 days postinjury, averaging 33.6 ± 18.7 pg/ml,
but was no longer detected in the other treatment groups (data not shown). In our mouse
model, TNF-α was detectable early after injury (6 hours) in both burn and combined injury
groups (Table 2). At 48 hours postinjury, TNF-α was only detectable in the combined injury
group but was not detected at any later time points (data not shown). IL-1β and GM-CSF
were not detected in any group at any time point past injury (data not shown). This
prolonged overproduction of proinflammatory cytokines could contribute to permanent
tissue damage to vascular organs such as the lung after combined injury.

DISCUSSION
To further investigate the effects of combined injury, we developed a murine model of
radiation injury and scald burn. In this study, there was a dose-dependent increase in
mortality in animals that received combined injury. Clearly, higher levels of radiation
exposure further impaired the ability of the animal to survive a burn injury. Although limited
data exist from animal models, several other studies also demonstrate that traumatic burn
injuries increase mortality from irradiation. A canine study showed that a nonlethal thermal
burn injury coupled with 1 Gy of radiation exposure increased mortality to 75%, whereas
mortality from radiation alone was only 12%.13 Similarly, a rat model of 31 to 35% TBSA
burn with a sublethal dose of 2.5 Gy increased mortality to almost 100%, whereas mortality
from the burn injury alone was 50%.14 Other types of injuries also exacerbate mortality
from radiation in mice. Kiang et al15 found that excisional wound trauma increased
radiation-induced mortality. The data presented herein suggest that the dose of 5 Gy
combined with a 15% TBSA scald injury will yield an effective mouse model that is severe
enough to cause some mortality, yet leaves enough animals to further study the
inflammatory and immune effects of combined injury.

Depression in peripheral leukocyte counts was found to correlate highly with mortality after
the atomic bombings of Japan.16 Many patients died after the Chernobyl accident during a
period of profound leukopenia between 14 and 34 days after exposure.17 Because ionizing
radiation kills hematopoietic stem and progenitor cells, we first examined differential blood
counts in mice at various time points after injury to determine changes in leukocyte
distribution in circulation in our model. Because total WBCs only recovered to
approximately 80% of sham levels by 28 days postinjury, further time points postradiation
exposure need to be examined to determine if and when WBC counts return to normal
levels. Garg et al18 reported a similar pattern of diminished leukocyte counts after total body
irradiation of CD2F1 mice, in which WBC counts had significant reductions (>75%
decrease) within 4 hours of radiation exposure, with only a modest recovery by 30 days.
Although total leukocytes were comparable with sham by 28 days postinjury in our model,
lymphocytes only recovered to approximately 40% of normal after combined injury. Others
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have described similar trends in lymphocyte decreases after radiation injury in CD2F1 mice,
which only recovered to approximately 25% of normal by 28 days.18,19 This persistent
depression of lymphocyte numbers could lead to significant immune impairment and
increased susceptibility to infection after combined injury. The effects of total body
irradiation on WBC counts in our model are further confounded by the burn injury, as burn
injury lymphocyte counts also remained depressed at 28 days postburn.

Several studies have described the overwhelming inflammatory response resulting from
burn injury in animals and humans.20–23 The increased production of TNF-α, IL-1β, and
IL-6 all contribute to the aberrant immunologic response experienced after burn injury. Our
laboratory has reported increased circulating IL-6 after the combined insult of ethanol
exposure and burn injury. Serum IL-6 concentrations were higher in mice that received
ethanol and burn compared with either insult alone at 24 and 48 hours postinsult.10,24,25

However, the inflammatory and immunologic changes that occur after combined radiation
injury are not nearly as well understood. After burn injury in mice and rats, TNF-α and IL-6
levels increase quickly within 12 hours and then subside by 48 hours.26,27 Here, we found
drastically increased serum IL-6 early (6 hours) in both burn and combined injury. At 48
hours postinjury, IL-6 remained increased in the combined injured animals and was virtually
nonexistent in the other treatment groups, suggesting a synergistic effect of burn and
irradiation on increased circulating levels of proinflammatory cytokines. Serum TNF-α had
a modest increase within 6 hours postinjury in both burn and combined injured groups.
TNF-α was not detected at 24 hours in combined injury. This was not surprising, as previous
data from our burn injury model have shown serum TNF-α to peak within 90 to 120 minutes
of injury, and by 24 hours, concentrations are similar to sham.26,28 Interestingly, in our
combined injury model, TNF-α was increased compared with all other treatment groups at
48 hours. It is possible that there may be another burst of TNF-α later in surviving cells, as
additional bone marrow-derived cells enter circulation. Similarly, Ran et al4 reported
significantly increased serum concentrations of IL-6 and TNF-α in rats 24 hours after 12 Gy
irradiation followed with a 30% TBSA burn. Excisional dermal wounds coupled with
radiation also increased proinflammatory cytokines in mice. Serum IL-6 was increased in
both wounded and combined injured animals (9.75 Gy with wounding) at 48 hours, but by 7
days postinjury, combined injury IL-6 concentrations further increased, whereas wound only
returned to sham levels.15 In our experiments, IL-6 was still detectable in the circulation of
combined injury mice at 28 days postinsult, suggesting a prolonged inflammatory response
that could be detrimental over time.29 In our model, circulating IL-1β was not detected after
injury, so in this case, it is probably not playing much of a role in the exaggerated early
proinflammatory response. However, others have found increased IL-1β after higher doses
of radiation exposure in their models and implicated it in the early immune dysfunction
observed after combined injury.15,30,31 There is also evidence that IL-1β can have protective
effects if administered before radiation exposure.32,33 GM-CSF was also unchanged by the
combined injury in our studies, which is similar to results from another mouse model in
which there was no increase in GM-CSF in peripheral blood after combined radiation and
thermal burn.34 The consequences of the systemic inflammatory response on other tissues
and organ systems will need to be investigated further. Additional cytokines and chemokines
will also be measured in future studies to expand on these findings and further characterize
this murine combined injury model.

Taken together, these data highlight the complexity of severe combined injuries. More
investigation needs to be done to begin to understand how the collective effects of each
injury synergize to increase morbidity and mortality. At this time, we can only speculate
about the cause of mortality of the mice in our model. It is generally accepted that death
from radiation injury itself usually occurs as a result of injury to the bone marrow or
gastrointestinal tract because both contain populations of rapidly proliferating progenitor
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cells.35–37 Herein, most of the mice succumb to their injuries between days 2 and 3
postinjury, which is likely too early for gastrointestinal effects to be responsible. The
combination of severe leukopenia and increased circulating proinflammatory cytokines
within 48 hours of combined injury could overwhelm multiple organ systems in the animals
and contribute to mortality in this case.

Future studies will focus on the enhanced degree of inflammation and resulting organ
damage (such as lung, ileum, and skin) observed in patients with combined injury using this
mouse model. These experiments should provide valuable information about the
mechanisms responsible for the extensive inflammatory response after combined insult and
potential therapeutic interventions that might diminish the subsequent tissue damage
associated with this unique type of injury.
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Figure 1.
Survival after combined injury. Mice were subjected to a 0-, 2-, 4-, 5-, 6-, or 9-Gy dose of
radiation, followed by a 15% TBSA scald burn. Controls were sham irradiated but not
burned. Radiation alone was nonlethal at doses of 6 Gy and lower. The addition of radiation
to burn injury affected mortality in a dose-responsive manner. Only 5-, 6-, and 9-Gy
radiation doses combined with burn injury affected mortality, and all animals that received
lower doses of 0 to 4 Gy survived the combined injury. Survival of the 6 Gy + burn group
was significantly different compared with all other groups, with the exception of 5 Gy +
burn (P < .05). The 9 Gy + burn group was significantly different compared with all other
groups (P < .05). Burn alone, 5 Gy, 6 Gy, and 9 Gy symbols overlap because they all had
100% survival through 5 days. This experiment has been repeated twice, with similar
results. N = 6 to 12 mice per group.
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Figure 2.
Differential counts from peripheral blood. (A) White blood cells, (B) lymphocytes, (C)
monocytes, and (D) neutrophils. Blood was collected by cardiac puncture and assayed on a
Hemavet veterinary blood analyzer instrument for leukocyte differential counts. Data are
shown as the average number of cells for each treatment group in K/μl ± SEM. N + 4 to 8
mice per group. *P < .05 compared with to sham within time point, #P < .05 compared with
burn within time point, and #P < .05 compared with 5 Gy within time point.
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Table 1

Circulating IL-6

Time Postburn (hr)

6 24 48

Sham 0 0 0

Burn 12,626 ± 4052*† 270 ± 112 11 ± 11

5 Gy 125 ± 43 0 17 ± 17

5 Gy + burn 10,961 ± 4547*† 174 ± 75 473 ± 8‡

Serum was assayed for circulating IL-6 using multiplex bead analysis (Invitrogen) on a BioRad Bio-Plex analyzer. Data are shown as mean IL-6 in
pg/ml ± SEM at 6, 24, and 48 hr postinjury. N = 4–6 mice per group.

*
P < .05 vs sham at 6 hr.

†
P < .05 vs 5 Gy at 6 hr.

‡
P < .05 vs all other at 48 hr.

IL, interleukin.
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Table 2

Circulating TNF-α

Time Postburn (hr)

6 24 48

Sham 0 0 0

Burn 34 ± 11*† 15 ± 9 10 ± 10*

5 Gy 0 0 0

5 Gy 3 burn 46 ± 32‡ 0 34 ± 4*†‡

TNF-α was measured in serum using multiplex bead array reagents (Invitrogen) on a BioRad Bio-Plex analyzer. Data are shown as mean TNF-α in
pg/ml ± SEM at 6, 24, and 48 hr postinjury. N = 4–6 mice per group.

*
P < .05 vs sham within time point.

†
P < .05 vs 5 Gy within time point.

‡
P < .05 vs burn within time point.

TNF, tumor necrosis factor.
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