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Abstract

Since September 11, 2001, there has been the recognition of a plausible threat from acts of
terrorism, including radiological or nuclear attacks. A network of Centers for Medical
Countermeasures against Radiation (CMCRs) has been established across the U.S.; one of the
missions of this network is to identify and develop mitigating agents that can be used to treat the
civilian population after a radiological event. The development of such agents requires comparison
of data from many sources and accumulation of information consistent with the “Animal Rule”
from the Food and Drug Administration (FDA). Given the necessity for a consensus on
appropriate animal model use across the network to allow for comparative studies to be performed
across institutions, and to identify pivotal studies and facilitate FDA approval, in early 2008,
investigators from each of the CMCRs organized and met for an Animal Models Workshop.
Working groups deliberated and discussed the wide range of animal models available for assessing
agent efficacy in a number of relevant tissues and organs, including the immune and
hematopoietic systems, gastrointestinal tract, lung, kidney and skin. Discussions covered the most
appropriate species and strains available as well as other factors that may affect differential
findings between groups and institutions. This report provides the workshop findings.

INTRODUCTION

As a result of the Project Bioshield Act of 2004, the U.S. government has initiated several
programs, including one that established eight Centers for Medical Countermeasures against
Radiation (CMCRs), under the purview of the National Institute of Allergy and Infectious
Diseases (NIAID) with National Cancer Institute (NCI) involvement. Since a focus of these
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Centers is to develop agents for prophylaxis, mitigation and treatment of radiation injury, the
testing of such countermeasures inevitably requires the use of animal model systems. The
development and importance of animal models in radiation research has a historical context.
In the 1950s, public concerns about the peaceful and military deployment of atomic power
led to large-scale, mission-oriented research into the genetic consequences of radiation
exposure. Most of this effort was performed in the U.S., Britain and Germany and was
directed toward low-dose radiation experiments in inbred mice with the aim of evaluating
the genetic risk of radiation exposure. While not fully successful in achieving their goal,
these studies had a profound effect on biomedical science, laying down the foundation for
research into human genetics, transplantation, cancer, immunity and other fields of scientific
endeavor (1). A similar level of productivity from the research infrastructure that is currently
being established would be expected to advance many fields of science, not just those in the
radiation sciences.

Since their inception, the CMCRs have acknowledged the need for standardized animal
model systems so that agents can be compared for efficacy in prophylaxis, mitigation and
treatment of radiation injury within a framework that is consistent with Food and Drug
Administration (FDA) requirements. In particular, the test systems must satisfy the FDA
Animal Efficacy Rule, which details the evidence needed to demonstrate the effectiveness of
new drugs in situations where human studies are not ethical or feasible (2). The Rule
provides guidance for the experimental design of supportive and pivotal efficacy animal
studies leading to the approval of drugs and/or biological agents and states that

1. there must be a reasonably well-understood pathophysiological mechanism for both
the toxicity of the threat agent and its amelioration or prevention by the
countermeasure under study;

2. the animal study end point must be clearly related to the desired benefit in humans,
which is generally the enhancement of survival or prevention of major morbidity;

3. the data or information on the pharmacokinetics and pharmacodynamics of the
product or other relevant data or information in animals and humans must be
sufficiently well understood to allow for the selection of an effective dose in
humans.

Past comparisons between agents with respect to efficacy have been hindered by the wide
variations between different animal models with respect to species, strain, dose, dose rate,
time, end point, level of supportive care, husbandry and protocol design. The CMCRs
therefore jointly sponsored a workshop, “Animal Models for Medical Countermeasures,”
held on January 18-19, 2008, in San Antonio, TX, with the aim of furthering the
standardization and validation of animal models for radiation exposure; this workshop built
upon a workshop held in 2003 (3).

The principal focus of the workshop was building a consensus with respect to the best
animal models, assessment tools and end points for each of the organ systems considered to
be most at risk after moderate radiation exposures. To streamline this process, the working
group accepted a number of principles:

1. A consensus regarding radiation exposure conditions for testing was regarded as
being essential. There was recognition that, as part of a nuclear incident, a body
would be unlikely to receive a uniform dose and that there would be many other
confounding variables, such as dose rate, concomitant exposure to burns or trauma,
and infections resulting from immune suppression, as well as availability of timely
supportive care. However, the efficacy of any medical intervention can be
evaluated properly only in highly reproducible, well-controlled animal model
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systems, and our goal was evaluating models in large part within the context of
response to a uniform, relatively homogeneous whole- or partial-body exposure to
moderate radiation doses at relatively high dose rate.

2. The organs at most risk were considered to be the immune system, the
hematopoietic system, gastrointestinal tract, kidney, skin and lung. This breadth of
scope resulted from acknowledging that moderate doses of total-body radiation
compromise all organ systems to a greater or lesser extent and that little is known
as to how the systemic effects of radiation exposure influence local organ function
or how damage to one system affects others. Indeed, the dose hierarchy of failure
for different tissues with time after radiation exposure dictates that, if early failure
of one organ is prevented, another tissue could later fail (4). The well-established
association between tissue turnover time and time to failure was also recognized.

3. Last, it was accepted that some approaches to the prophylaxis, mitigation and
treatment of radiation injury might be organ-specific and that there is therefore a
need to test agents in more than one model system, if for no other reason than that a
compound that may mitigate damage to one organ system may compromise
another.

Other General Discussion Points

There was overall agreement as to how best to evaluate the efficacy of an agent, either as a
protector given before exposure or as a mitigator given after irradiation, based on sound
radiobiological principles. For example, in situations where one type of target cell dominates
the response, in vivo dose-response curves for a given normal tissue end point are known to
be sigmoid and very steep, increasing rapidly with dose above a threshold; this is consistent
with deletion of clonogenic cells within functional subunits. However, one consequence of
steep dose-response curves is that what appears to be a dramatic increase in survival may in
fact reflect only a small degree of sparing in terms of total dose. Thus animal survival after
total-body irradiation (TBI) can increase from 37% to 87% with a change in dose of little
more than 2 Gy (5). It was agreed, therefore, that the best way to measure effectiveness is in
terms of the dose-modifying factor (DMF), i.e., the dose required for a given effect in the
experimental group divided by the dose to give the same effect in the control group. As a
point of reference, at a 50% survival level, one might expect an effective radioprotector or
mitigator to have a DMF in excess of 1.15. A further consideration was that the steepness of
the sigmoid curves might decrease with added drug treatment, which could indicate some
additional source(s) of heterogeneity, such as might come from combined contributions to
death from both bone marrow and intestine. Under such circumstances, a 50% survival rate
alone may not be the best measure, and therefore effectiveness should be assessed using full
dose-response curves.

Many other variables also were the subject of lively discussion over the 2 days of the
workshop. Parameters such as age and sex of the subject, the quality of the radiation, the
dose rate at which it is delivered, the homogeneity of dose and degree of shielding,
microbial status, and supportive care were considered as important issues that need to be
taken into account. While some of these issues are summarized in the general discussion,
this report does not aim to be all-inclusive, but rather to focus more on its major goals: (1) to
identify the animal models in which the radiation responses were best defined for each organ
system and evaluate their utility, including dose/time/end-point relationships, genetic
influences, the availability of animal strains and species, and the most relevant end point for
meeting FDA requirements for human use, and (2) to establish the variables that might lead
to discordant results between Centers and how best to control them by optimizing
experimental designs so as to allow valid comparison between studies.
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IMMUNE SYSTEM

The immune system responds rapidly and is inordinately sensitive to TBI, in large part
because of the tendency of lymphocytes to undergo apoptosis. Indeed, the rate and extent of
the decrease in peripheral blood lymphocyte number over the first few days after radiation
exposure, along with clinical presentation and lymphocyte chromosomal aberrations, remain
gold standards for establishing the medical management of exposed individuals. These also
set the standards against which new alternative radiation biodosimeters must be judged. It is
therefore clear that radiation-induced immune suppression and consequent infections are
major factors in the acute radiation syndrome (ARS), making the use of antibiotics an
essential part of patient management and the search for agents that boost immunity after
radiation exposure a priority for the countermeasure programs.

Radiation-induced immune suppression is complex. It involves more than the loss of
lymphocytes; other factors, such as altered cell trafficking, blocks in cell maturation,
alterations in cellular differentiation and function, failure of a radiation-damaged bone
marrow to replenish the immune system, and damage to immune cell “niches,” should also
be considered as possible contributory mechanisms. The role played by the recovering
immune system in the lymphodepleted host is even less clear, with some indication that this
could have a negative impact on other organs, for example the lung (6). A longer-term
concern is the impact of a chronically dysregulated immune system on life-shortening, as is
seen in the A-bomb survivors.

Time—-Dose Relationships and End Points

Decreasing peripheral lymphocyte counts over the first few days are reliable indicators of
exposure of humans to radiation doses as low as 0.5 Gy; a 50% decrease within 24 h with a
further decrease over 48 h indicates a lethal exposure. Granulocytes can transiently increase
after <5 Gy (the abortive rise) before falling to a nadir that is variable in onset, taking 3—4
weeks to develop and possibly resulting in a prolonged neutropenia (7). Radioprotectors
might affect the rate and extent of loss of lymphocytes over the first few days, but mitigators
are more likely to influence primarily the recovery phase, especially if the agents are
delivered a day or two after exposure. Thus, in animals that are receiving a known total-
body radiation dose, the time to and extent of recovery of peripheral white cells can be a
good measure of the extent of mitigation (8).

The factors that drive numerical and functional recovery of immune cells are still not well
known, but cytokines used as mitigators clearly affect immune restoration. For example, the
T-cell cytokine interleukin 7 (IL-7) may prevent radiation-induced immune defects in mice,
in particular thymopoiesis (9). The use of immunodepletion combined with adoptive transfer
of cells in preclinical and clinical models sheds light on some of the microenvironmental
influences on recovery of the immune system after TBI. Under such circumstances,
adoptively transferred T cells “rebound” in number and function depending on the extent of
immunodepletion. Multiple mechanisms have been implicated, including radiation-induced
depletion of regulatory T cells (Treg) and myeloid-derived suppressor cells that maintain
homeostasis, increased production of cytokines, and immune cell stimulation by microbial
products that translocate across the radiation-injured gut (10,11). “Rebound” is also likely to
occur in residual T cells in an irradiated host. The possible stimulatory effects of microbial
products offer several rationales for targeting Toll-like receptors (TLR) for radioprotection
and mitigation, an approach that has been shown to have merit (12). The gut microbiota can
play either beneficial or harmful roles during recovery after TBI, even in the absence of
overt infection, and can influence the outcome in many different radiation scenarios.
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The long-term effects of radiation on the immune system have been studied most notably in
the A-bomb survivors. Reductions in mitogen-dependent proliferation and interleukin 2
(IL-2) production, decreases in helper T-cell (Th) populations, and increases in blood
inflammatory cytokine levels have been observed (13), indicating that immune recovery
may result in disturbed homeostasis with a chronic inflammatory component. In mice,
alterations in the Th1/Th2 balance after TBI have been noted and ascribed to radioresistant
natural killer (NK1.1) T cells (14), although further research is needed into how the immune
system rebalances after exposure to different doses of radiation, and the roles of genetic and
environmental influences. The involvement of the immune system in radiation-induced
dysfunction in other tissues, such as lung, also requires further research.

While the simplest end point to assess radiation damage to the immune system is differential
cell loss, it is clear from animal experiments that functional immune suppression is not due
solely to cell death. For example, dendritic cell antigen-presenting function can be affected
by radiation in both positive and negative ways and the maturation of these cells can be
altered, biasing responses to some antigens (15,16). At this time, it is unclear what other
immune subsets have their functions affected during and after recovery. Overall, the
complexity of the immune system, with its many checks and balances, suggests that TBI is
best thought of as an acute disturbance in the equilibrium between the different
subpopulations and that, with time, there is a reprogramming process that has a strong
likelihood of resulting in an imbalanced and disturbed functionality.

Lymphocyte subsets vary in their radiation sensitivity, so that the subset population numbers
change differentially with time after exposure. An approximate rank order may be B cells >
Treg > Th > cytotoxic T > memory T > NK cells, with differentiated cells such as
macrophages, dendritic cells, granulocytes and mast cells showing less effect, at least in the
short term. This ranking does not take into account the recovery times for the distinct
cellular subsets, and the situation is further complicated by the fact that each immune cell
subset itself contains a relatively radioresistant subpopulation (17,18) of varying size. The
attributes that confer radioresistance on the subsets are not clear, but it is known that
activation can dramatically decrease radiosensitivity, while age and sex also influence the
extent of radiation-induced lymphocyte apoptosis (19,20). The differential sensitivity of
lymphocyte subsets has functional consequences. B-cell-dependent, T-cell-independent
antibody production is particularly sensitive to radiation (21), while immunological memory
is relatively radioresistant. Thus vaccination, even just before exposure, may improve
postirradiation resistance against a specific microorganism. In addition, CD8* T cells are
frequently found to be more sensitive to radiation-induced apoptosis than CD4* T cells
(22,23).

Species and Strains

Immune responses to a given antigen vary markedly between mouse strains; some strains
seem biased toward making responses of a Th1-type, typified by cell-mediated responses
that produce pro-inflammatory cytokines, while others prefer Th2-type responses that drive
antibody secretion. Similar diversity exists between humans. The impact of this diversity in
immune status on tissue radiation responses is not clear, but there is likely to be some
overlap with the genes that influence tissue radiosensitivity (24). Genetic control over
radiation-induced lymphocyte apoptosis has been suggested in humans (13,25), and it is
likely to contribute to the considerable variation in the extent and rate of loss of cells after
TBI (19). Thymocytes (26) and splenocytes (27) as well as crypt cells (28) of C57BL/6 mice
are more sensitive to radiation-induced apoptosis than are those of the C3H/He strain. One
should remember, however, that there is considerable variation in the sensitivity of
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lymphocytes to apoptosis in different tissues (27) that depends on their location within the
tissue and their activation status.

Other genetically determined differences between mouse strains have been documented that
could affect tissue responses after irradiation. Some of these are due to spontaneous
mutations, such as the TLR 4 mutation that makes C3H/HeJ mice resistant to endotoxin and
to the radioprotective effects of this agent (29). In general, these strain differences suggest
that radioprotectors and mitigators of the immune system should be tested in more than one
mouse strain, preferably the C57BL/6 and C3H/HeN strains, for which the most data are
available and that are known to demonstrate divergence in many tissue responses after
irradiation.

Although the majority of studies on the effects of radiation on the immune system have been
performed in rats and mice, other animal species have also been used. Canines and
nonhuman primates are the most widely used subjects, although information comes more
often from studies that are not primarily radiobiological, such as experiments on allogeneic
bone marrow transplantation. The development of antibodies to markers of specific immune
cell subpopulations has been slower for species other than mice, but the situation has
improved considerably in recent years.

The beagle has been favored as a canine model for radiation studies on the hematopoietic
and immune systems. Detailed investigations of the effects of 239Pu inhalation found
peripheral lymphopenia (30) and persistent T-cell dysfunction, although pulmonary immune
responses to antigen seemed little affected (31), perhaps indicating the difficulty in
extrapolating from systemic to local immune parameters. Long-term decreases in
lymphocyte levels in dogs after external TBI also have been documented (32). In one
interesting study, prenatal TBI (1.5 Gy from 89Co) reduced primary humoral antibody
responses and peripheral Th cells at 3 to 4 months of age (33). This was ascribed to
radiation-induced defects in thymic development.

Rhesus macaques have been subjects of investigations of postirradiation hematopoiesis, with
and without bone marrow transplantation. In the transplant setting, antibody and cytotoxic
T-lymphocyte responses to foreign antigen challenge have been documented (34), although
persistent immune dysfunction has also been found (35). In addition, sublethal TBI has been
shown to suppress responses to simple antigens (36) and to vaccination with attenuated
Venezuelan equine encephalomyelitis vaccine virus (37). The panel considered that more
use could be made of existing nonhuman primate models of infectious disease, in particular
through collaboration with scientists in the wider Project Bioshield research programs, to
examine combined effects of radiation with potential infectious threats.

The primary immune system end point after TBI remains lymphocyte counts over the first
few days of exposure and recovery over time. Functionality may be inferred in part from
counts and phenotyping of peripheral cells, but it is unlikely to reflect the true immune
status accurately. The most obvious acute consequence of immune suppression is bacterial
sepsis, but subacute and long-term consequences of TBI are likely in the form of a persistent
immune imbalance. This may result in viral reactivation or contribute to chronic
inflammatory conditions that lead to life shortening. When testing radioprotectors or
mitigators, more than one mouse strain should be used, and the C57BL/6J and C3H/HeN
strains are the suggested choices because they appear to represent the spectrum of immune
systems reasonably well. The canine model is popular for radiation inhalation studies, but
the nonhuman primate would be the second model of choice for testing the effectiveness of
radiation injury countermeasures on immune function.

Radiat Res. Author manuscript; available in PMC 2011 January 14.
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HEMATOPOIETIC SYSTEM: ANIMAL MODELS FOR THE BONE MARROW

The hematopoietic or bone marrow syndrome is the most classically recognized ARS and
appears at the lowest end of the dose range (1-6 Gy). Hematopoietic cells are highly
sensitive to radiation damage and relatively low levels of exposure can result in bone
marrow failure and potentially lethal hemorrhage or infections. The damaging effects of
radiation on hematopoiesis have been well established (38-40), and animal models have
been highly valuable in characterizing them (3,41-43). Indeed, it is because of the high
sensitivity of the hematopoietic system to radiation relative to other organ systems that TBI
has been developed and used successfully as a therapeutic conditioning regimen for patients
with hematological malignancies undergoing hematopoietic cell transplantation (44).

However, despite the large body of research designed to assess the effects of radiation on
hematopoiesis, specific therapies aimed at improving the acute survival of exposed
individuals are lacking, and additional research is needed focusing on mitigating damage in
the hematopoietic system (42,43). In particular, approaches that do not involve allogeneic
hematopoietic cell transplantation are required for victims of radiation exposure who have
not been exposed to marrow-ablative total-body radiation. Alternatively, in situations where
transplantation truly is necessary, approaches that would improve the outcome when a major
histocompatibility complex (MHC)-matched donor is not immediately available would be
valuable.

Time—-Dose Relationships and End Points

The hematopoietic syndrome after exposure to radiation is defined as the development of
neutropenia, thrombocytopenia and anemia (38,39) and is due to the radiosensitivity of
committed progenitor cells in these lineages (45,46). The time to appearance of each
symptom is dependent on the various transit times from stem cell to mature functioning cell
for each of the hematopoietic elements. With progressively increasing doses of radiation, the
time to each of the deficits decreases slightly (38,39), and without recovery death will occur.
The time to appearance of each of these symptoms, the extent of the induced deficit (nadir in
the cell population count), and the time to recovery (return to baseline) of each of the cell
lineages have been used as secondary end points to assess the extent of hematopoietic injury.

Because of the temporal predictability of the development of the above symptoms after TBI
and the known corresponding dose requirements, the most widely used end point for acute
radiation damage in the hematopoietic system is the LDsg. In humans, this is generally
within the dose range of 2 to 8 Gy (~4 Gy in healthy adults with no medical intervention)
(47), with the peak incidence of death occurring around 30 days after exposure, although
deaths may continue up to 60 days postirradiation. The end point is therefore defined as the
LDsqe0, i-€., the lethal dose that results in the death of 50% of the affected population
within 60 days of irradiation. In mice, the temporal sequence and outcome of the bone
marrow syndrome are significantly faster (death occurs within 30 days of irradiation), and
the end point is defined as the LDsq/30 in mouse models.

Pluripotent hematopoietic stem cells in the bone marrow can survive doses of radiation that
result in the hematopoietic syndrome, although with each incremental increase in dose, the
numbers of surviving stem cells are reduced and the time to recovery of the multiple blood
cell lineages is increasingly delayed. In principle, endogenous hematopoietic recovery could
occur in humans after exposures to up to 9 or 10 Gy (single fraction); however, an extended
period of pancytopenia begins as early as 4 to 7 days after significantly lower doses (13)
and, to survive, a prolonged regimen of intensive supportive care, including broad-spectrum
antibiotics and frequent transfusion of blood components, must be administered. Despite
improvements in supportive care together with treatment using cytokines such as
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granulocyte colony-stimulating factor (G-CSF) and stem cell factor (SCF), mortality from
accidental radiation exposures of >5 Gy remains high (39,48). One explanation is the
increased risk of overwhelming opportunistic infections, primarily bacterial pathogens
translocated from the gastrointestinal tract.

To reduce the periods of profound neutropenia, thrombocytopenia and anemia,
hematopoietic cell transplantation has been used in clinical settings as well as in a limited
number of recent radiological accidents (44,49). The major complication of allogeneic
hematopoietic cell transplantation is graft versus host disease (GVHD) due to alloreactive
donor T lymphocytes causing potentially life-threatening normal tissue damage. The
incidence and severity of GVHD is particularly increased if the donor and recipient are not
human leukocyte antigen (HLA)-identical. Given the likely limitations in donor availability
and compatibility after a terrorist event, animal models used to investigate mitigating agents
in the hematopoietic system should include those that also would facilitate improvements in
cell transplantation procedures.

Multiple animal models of the hematopoietic syndrome have been developed to study
radiation countermeasures that could enhance survival after TBI (3,41-43). The working
group suggested that to meet the requirements of the FDA Animal Efficacy Rule, optimal
animal models should exhibit end points that closely resemble the known outcome of human
exposure to radiation. Animals in all intra- and inter-institutional comparative studies should
be irradiated during the same period of the day, either morning or afternoon, since known
variations in the circadian rhythms of hematopoietic stem and progenitor cells can result in
different outcomes. Finally, if possible, the bone marrow ablation and immunosuppression
should be induced by a radiation delivery system that would mimic what might be expected
to occur during a terrorist attack or other nuclear incident in terms of dose, dose rate and
dose quality.

Appropriate statistical design of the studies is critical since the criteria for euthanasia must
be defined and approved by each local Institutional Animal Care and Use Committee
(IACUC)), especially with respect to the use of large animal models, which necessarily
involve U.S. Department of Agriculture regulated species. Following consistent criteria for
euthanasia will lead to consistent measures of survival after irradiation. In addition, sample
integrity must be maintained when euthanizing animals, and tissue samples should be
obtained just prior to or immediately after euthanasia.

Species and Strains

Three species have been used in the majority of radiation studies on the hematopoietic
syndrome; these are the mouse, canine and nonhuman primate (3,41-43). Several strains of
mice have been used, the beagle is the predominant canine and the rhesus macaque (Macaca
mulatta) is the major nonhuman primate. Cynomolgus macaques (Macaca fascicularis) have
been used, but there is no published dose-response curve for lethality.

Most researchers have employed inbred mouse strains, although several have used hybrid
strains, and there has been consideration of outbred strains. The most common mouse strains
used are BALB/c, C3H/HeN, B6D2F1/J and C57BL/6. These strains show considerable
variation in their response to TBI, as demonstrated by their range of LD5q/3q (6.5-9 Gy),
with the BALB/c being most sensitive and the C57BL/6 most resistant. The BALB/c strain
has been reported to have a double-strand DNA relative repair defect (polymorphism in
DNA PKcs) that may account for its enhanced radiation sensitivity (50). Such strain
variables have led to difficulties in directly comparing drug efficacy results in different
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mouse strains, and the consensus small animal model should include at least two strains,
such as the C57BL/6 and C3H/HeN strains.

As described above, the hematopoietic end point in the mouse is measured as survival at 30
days after TBI. However, whether 30 days is a sufficiently valid end point is still subject to
debate, since prolonged neutropenia and thrombocytopenia may cause mortality at later
times. In addition, “drift” in the LDsgq/30 may occur within any laboratory. Therefore, the
Workshop recommends that every laboratory establish the lethal dose-response relationship
for each of its chosen mouse strains at least twice every year. It is also appropriate in this
regard to design each study testing agent efficacy using radiation doses across the
hematopoietic syndrome, e.g., LD3g/30, LDsg/30 and LD7g/30.

Two of the CMCR research groups provided decades of experience using the beagle and
rhesus macaque as large animal models. These are well-characterized models for which the
lethal dose—response relationships for the hematopoietic syndrome have been well
established (51-53). Because of the increased life span and demand of hematopoiesis in a
large animal (54) and because of the similarity in effect of supportive care in large animals
and humans, it is possible to link the dose—effect relationships between the canine,
nonhuman primate and human. Each animal can be followed sequentially, and the use of
supportive care, comparable to that used in humans after myeloablative TBI conditioning for
hematopoietic cell transplantation, is possible and recommended. These aspects underscore
the usefulness of these well-characterized models for evaluating the response of the human
hematopoietic system to radiation and its treatment.

Supportive care will be the “standard” of care for lethally irradiated personnel in the
aftermath of a nuclear event. The database for large animals, both canine and nonhuman
primate, is consistent and substantial in defining the efficacy of supportive care in enhancing
the survival of lethally irradiated animals (42,55). Due to its efficacy, supportive care may
well be the most effective radiation mitigator currently available. Supportive care in large
animals includes (a) intravenous fluid/electrolyte support, (b) a stepwise algorithm for
introduction of broad-spectrum antibiotic treatment in response to specific clinical signs and
symptoms (56), and (c) transfusion support with irradiated blood products. Of note, large
animal studies are not conducted in gnotobiotic settings. In contrast, supportive care in mice
is more problematic and relies primarily on the use of acidified water (the use of defined
gastrointestinal flora and barrier caging may also be considered as forms of supportive care).
Since the FDA Animal Efficacy Rule requires a linkage between the animal models and the
treatment protocol for humans, a number of investigators are currently assessing the utility
of selected antibiotics and fluid administration in mouse lethality models of the
hematopoietic and gastrointestinal syndromes to provide a more accurate baseline for
assessing additional mitigating agents.

The most widely used and well-characterized end point for the assessment of acute
hematopoietic radiation damage after TBI is the LDsgg, measured over the appropriate period
for the selected animal model (i.e., 30 days for the mouse model, 45-60 days for larger
animal models). In addition, the time to onset, depth of the nadir in population counts, and
rapidity of recovery time of each of the hematopoietic components, in particular the
granulocytes and platelets, are considered useful secondary end points, offering an
alternative to the use of “death as an end point” for the assessment of targeted mitigating
agents. The mouse was deemed the most appropriate species for testing radioprotectors or
mitigators in a small animal due to the breadth of the current literature, although more than
one mouse strain should be used; the C57BL/6J and C3H/HeN strains are suggested. Both
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the canine and the nonhuman primate were considered appropriate large animal models to
test hematological countermeasures.

GASTROINTESTINAL TRACT

After injury to the bone marrow, the gastrointestinal (GI) tract ranks as the organ most
sensitive to moderate-dose radiation exposure that can cause ARS (57). In fact, if part of the
bone marrow is shielded, then acute radiation injury to the Gl tract can become dose limiting
for survival (58). As a consequence, radiation-induced injury of the Gl tract has been a topic
of radiobiological interest for decades.

The classical “target cell” model of intestinal radiation toxicity attributes radiation injury to
death of clonogenic crypt epithelial stem cells (59,60). Other elements within the complex
environment of the intestine also contribute to organ dysfunction: the enteric muscularis,
immune system, microvasculature and nervous system, as well as the complex community
of resident bacteria and fungi. A more pathobiologically based model of intestinal radiation
injury emphasizes the subsequent functional consequences of cell loss, such as protein
modifications and changes in redox status, as well as secondary effects due to inflammation
and release of cytokines (61), while a more physiological approach emphasizes early
vomiting and diarrhea as common gut-related symptoms of exposure that can greatly
exacerbate fluid loss problems.

Although all cellular compartments may contribute to and modulate organ dysfunction, the
key event in the pathophysiology of intestinal radiation toxicity is enterocyte depletion, with
possible vascular damage contributing at higher radiation doses (62). Enterocyte depletion
can lead to mucosal barrier breakdown, mucositis and secretory diarrhea. Indeed, death from
pure Gl radiation toxicity after total abdominal irradiation or TBI is the result of massive
fluid and electrolyte loss (63), indicating a primary need for supportive care in humans.
Even at radiation doses below the threshold for the full-blown GI syndrome, mucosal barrier
breakdown allows bacteria to translocate into the circulation, which can cause sepsis and
death in the setting of concomitant immune suppression (64). In the longer term, tissue
remodeling subsequent to radiation damage alters the structure, motility and absorption of
the gut, and fibrosis renders it more rigid and susceptible to adhesions, stenosis and
perforation (65).

Time—-Dose Relationships and End Points

Lethality as a result of intestinal failure is the primary end point for studying the Gl
syndrome, although the most rapid intestinal response in humans to TBI is vomiting, which
can occur within minutes to hours after exposure, with the time to onset being dose-
dependent; diarrhea may also occur within 48 h after higher-dose exposure. The classical
histological end point in mice is the number of regenerating crypts measured in the intestine
at defined times (small intestine: 3.5 days; colon: 5.5 days; stomach: 10 days). These
clonogenic assays are highly quantifiable and repeatable; however, intestinal crypt cell
survival does not necessarily correlate with animal survival due to the contribution to
survival of possible concurrent damage to the immunohematopoietic system (58). Functional
assays of Gl injury include GI motility and permeability (66), bacterial translocation into the
blood stream (67), and plasma levels of citrulline (68). A tertiary end point with currently
undefined imaging techniques could be of value and would allow serial studies over the time
course of an experiment.

Radiation-induced vomiting as an end point has been studied extensively in dogs by
retrograde giant contraction (RGC), which is under the control of the vagus nerve (69). RGC
precedes emetic episodes, but it may also occur without subsequent vomiting at lower doses
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(69) and is therefore a more sensitive assay than vomiting frequency (70). The mechanisms
underlying radiation-induced vomiting and delayed gastric emptying may be different
because they do not directly correlate in dogs (71), nonhuman primates (72) or humans (73).
Diarrhea is contributed to by giant migrating contractions (GMCs) that propagate rapidly in
a caudad direction to propel the gut contents rapidly through the GI tract without allowing
sufficient time for reabsorption (70). Abdominal irradiation has been shown to triple the
frequency of colonic GMCs, with more than half originating in the small intestine (74). Both
small intestinal and colonic GMCs will eventually revert to normal, although repetitive
clusters of GMCs can occur for up to a week after exposure and are associated with
discomfort and passage of diarrheal stools (sometimes bloody) with nearly every
occurrence.

The current standard end point for studying the acute GI syndrome is animal lethality within
10 days after radiation exposure (LDsgg10). However, the timing of death appears to vary
depending on the radiation dose, the species, strain and genetic background of the animal,
the pathogen status of the animal colony, and the volume of the body that is irradiated (75).
For example, when mice are exposed to total-body doses approaching those that result in
severe enterocyte depletion (15 Gy), lethality after 10 days is principally due to the
combined effects of Gl toxicity and bone marrow failure (58,76). Intravenous delivery of
bone marrow can rescue mice from the hematopoietic syndrome (58,76), as can shielding of
5% of bone marrow, such as one extremity (77); this latter technique may model a likely
event in nuclear terrorism, where victims could have part of their bone marrow shielded.
Regardless of the technique used for irradiation, when studying a potential radioprotector or
mitigator of the GI syndrome, it is important to use radiation in the dose range that decreases
crypt survival.

There are many additional potential contributory sources of heterogeneity in the assessment
of Gl toxicity. For example, the intestinal response to radiation can vary with the time of day
(78); therefore, all cohorts of mice within each study should be irradiated at the same time of
day. Experimental drift due to other variables may cause the radiation dose needed to induce
the GI syndrome to change over time, even within the same laboratory. Thus appropriate
controls (e.g., vehicle alone, using the same fluid injection volume) are required for every
experiment, and investigators should not rely on historical control groups.

Experiments to study the GI syndrome should use a single fraction of relatively high-dose-
rate radiation; fractionated or low-dose-rate radiation exposure will alter the dose—response
curve. At least three doses of radiation were recommended: one dose at the LD5q/1 and the
others above and below. However, because of the steep dose—response curves associated
with the GI syndrome and the potential variability that may be introduced, it was
recommended that rodents not receive supportive care such as antibiotics or saline or that it
should be standardized carefully if given. Supportive care is required in larger animals such
as dogs or nonhuman primates in accordance with IACUC recommendations.

Species and Strains

The choice of animal model of intestinal radiation toxicity will depend on the specific
pathophysiological process being studied. For example, after abdominal irradiation, the
prodromal syndrome with vomiting is best studied in the dog or ferret. Rodent models lack
this prodromal syndrome, but they are outstanding models for studying enterocyte depletion,
changes in absorption and secretion of the bowel, and bacterial translocation. Another major
advantage offered by the mouse is the wide availability of strains with specific gene
mutations for mechanistic studies. The relatively large size of the rat makes it a better model
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for surgical studies in which part of the bowel is exteriorized or placed into the scrotum for
segmental bowel irradiation (79). The large animal models used most widely to study
intestinal radiation toxicity are the canine and nonhuman primate. Both primates and canines
are capable of vomiting and diarrhea, and the associated specific contractions in the Gl tract
can be used to monitor response to drugs used to mitigate radiation sickness. Finally, both
vomiting and diarrhea are important considerations in the development of mitigating agents
since they exacerbate fluid losses and may limit the availability of oral mitigating agents for
absorption.

For studies of countermeasures to protect against or mitigate the GI syndrome, the mouse is
the preferred small animal model because

1. there is a wealth of quantitative information on enterocyte depletion and other
effects of radiation exposure,

2. genetically inbred mouse strains limit experimental variability,

3. short gestation (3 weeks) and relatively large litter size (six or more) ensure ready
availability of test subjects, and

4. awide variety of mutant mouse strains exist for mechanistic studies.

No specific mouse strain is necessarily superior; however, as noted previously, there are
documented differences between mouse strains with respect to their immune system (Thl
versus Th2), their response to cytokines, and the effect of various radiation response
modifiers. The radiation dose that causes the GI syndrome varies considerably between
different inbred mouse strains, indicating that there is a genetic component to its regulation
(80). For this reason, it was recommended that more than one inbred strain be used to test
agents that prevent and/or mitigate the GI syndrome. Radiation countermeasures that show
promise in the mouse should then be tested in larger animal models such as the canine or
nonhuman primate. Radiation Gl toxicity in the dog is similar to that in humans, and
efficacy in nonhuman primate models with full supportive care will likely predict efficacy in
people similarly exposed to radiation.

Interestingly, colon specimens from human patients who have been treated with radiation
have shown changes in overall innervation as well as in subtypes of neurons over time (81).
This suggests that neuronal control may contribute to late intestinal malfunction and
alterations in motility. The dominant model for mapping the enteric nervous system has
been the guinea pig. Because of the wealth of information available on the neurotransmitters
of the guinea pig intestine, this model may be used to further study the causes of contractile
disorders identified in canine or primate models.

Candidate countermeasures to the GI syndrome should be identified by their ability to
improve acute survival in mice (LDsg10). TBI with or without bone marrow shielding or
transfer provides suitable models for study providing the dose is high enough to cause crypt
depletion associated with the GI syndrome. Appropriate follow-up studies therefore include
crypt colony assays and functional assays. An agent should be considered for further study
in larger animal models such as dogs or nonhuman primates when the countermeasure in
mice

1. shows a radiation DMF of at least 1.15 at the LD5q/10,
2. shifts the dose—response curve to higher radiation doses by at least 1 Gy, or

3. increases the duration of survival at the LDgg/1¢ by at least 50%.
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The radiation sensitivity of the lung is evident from the fact that it is a dose-limiting organ in
patients receiving TBI as part of a bone marrow transplantation regimen (82). This
sensitivity was also evident after nuclear and radiological accidents, such as in Chernobyl,
where a significant number of the early victims died from pneumonitis or as a direct result
of their lung injuries (83). Because of this sensitivity, the lung has been an organ of interest
in radiation research for decades; however, such work has frequently proven confounding.
The lung is complex with regard to its functional anatomy; both its so-called subacute
pneumonitis and its late fibrosis have long temporal progressions measured in months to
years, and both responses involve an intimate but inadequately understood involvement of
inflammatory and immune cells. In addition, the lung has a strong volume effect (84) with
suggestions of regional radiosensitivity (85), it appears to have a “sympathetic” response
when other organs are injured (86), and responses have a genetic component (87). Thus,
despite a relatively broad historical database regarding the radiation response of this organ
and well-defined morphological end points, the modeling of responses by this organ as part
of a specific or targeted agent development strategy is highly problematic.

Time—-Dose Relationships and End Points

Fortunately, many of the available animal models, including the mouse and the rat, have
lung radiosensitivity equivalent to that of humans (88) and have similar timelines for the
development of pneumonitis and fibrosis. Inflammatory pneumonitis develops at around 2—4
months after irradiation (89) whereas fibrosis is seen at 4-6 months (90), although there can
be significant variations depending on the radiation dose and strain of the animal species
used. A similar time course is seen in humans after a course of fractionated radiation;
however, both the temporal course and dose response may vary considerably after a single
high-dose-rate exposure. The temporal and morphological distinctions between the two lung
response phases (pneumonitis versus fibrosis) should be considered when investigating the
effectiveness of an agent to be used to mitigate the adverse effects of pulmonary irradiation.
Fortunately, the majority of the recognized and distinct pathological changes after radiation
injury described for humans in Table 1 (91) are seen in animals.

Because of the relative radiosensitivity of the lung, after a radiological or nuclear incident,
those who have survived the ARS through delivery of appropriate supportive care are
potential candidates for the development of pulmonary complications. Therefore, animal
radiation models should follow the supportive care guidelines for bone marrow described
above. However, since the TBI dose range that induces the hematopoietic syndrome in
rodents is insufficient to cause pulmonary effects within a reasonable time, the working
group proposed the use of a sublethal radiation dose immediately followed by an additional
lung-only “top-up” dose. The sublethal doses would be 5 Gy for mice and 4 Gy for rats. An
alternative that better controls the involvement of the hematopoietic system would be lethal
TBI followed by lung-only top-up doses and by bone marrow reconstitution.

In addition to survival, proposed secondary end points were breathing rate analysis and
serial imaging, both of which provide a noninterventional means of assessing lung function.
Some groups have had success for decades using breathing rates to assess pneumonitis (92)
but more limited success in monitoring fibrosis. Some groups also have successfully used
CT (93), although this technique is not widely available and is less well standardized.
Cytokine and growth factor expression are induced in the lung after irradiation (94,95) and
may be considered as a tertiary end point, although to date no cytokines or growth factors
have been shown to be directly causative in the development of pulmonary effects.
Nonetheless, the up-regulation of such cytokines as tumor necrosis factor o, interleukins and
transforming growth factor  and the accumulation of inflammatory cells at critical times
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during progression to the late effects suggest that monitoring these factors may allow us to
better understand the pulmonary response and offer potential targets for mitigation, although
further work is needed to validate this approach.

As suggested above, the size of the dose that is required to induce pulmonary effects varies
significantly with species and strain. For example, in murine models, investigators have
consistently demonstrated that the C57BL/6 strain develops a robust fibrotic pulmonary
response 6 months after a thoracic dose of approximately 15 Gy (96). In contrast, at a
similar dose level, the C3H/HeN and other alveolitis-prone strains will have developed a
lethal alveolitis (97) with significant mortality during the acute 8-16-week postirradiation
period. Rats exposed to thoracic radiation in the dose range of 10-15 Gy also demonstrate
considerable dose-related mortality (98); however, the development of the injury is
relatively slow so that the end point is not reached for >6-12 months. Some investigators
have observed a restoration of lung architecture at late times at the lower end of the dose
range (~10-12 Gy) (99).

With respect to dose delivery, it was recommended that the radiation dose to the lung should
be calculated at the midpoint in all models, although there will be inherent heterogeneities as
part of such a calculation. These will be less evident in the small animal models but may
need to be corrected for in large animals. The presence in the field of other organs, notably
the heart, but also the liver, the thymus and the esophagus, may also affect the pulmonary
response. Shaped fields will be necessary in the large animal model, but they are impractical
in the small animal in the majority of research facilities, so extrapulmonary influences will
need to be accounted for when assessing data. If the TBI + lung top-up model is used, care
will need to be taken to deliver the lung dose as soon as is practically achievable after the
TBI (or vice versa); otherwise calculations will need to be made to account for the split-dose
effect. Delivery to the whole lung may be critical since survival is dependent on the volume
irradiated to a lethal dose. To induce significant fibrotic damage in a more timely fashion,
some investigators have used higher doses, of the order of 25-28 Gy, but have reduced
mortality by administering the radiation to one lung only (100). However, the lung working
group agreed that use of a hemithoracic model in the development of radiation
countermeasures was inappropriate due to difficulties in interpreting results. Therefore, the
group proposed the use of total thoracic doses in the range 10 to 15 Gy to the whole lungs of
both mouse and rat models. The dose-response curves in nonhuman primates are less well
known and will need to be derived on an institutional basis.

Species and Strain

Researchers investigating lung diseases in general have used a wide variety of animal
models; however, a significant majority used either mice or rats. The mouse model has been
a prototype for studies of cytokines and chemokines in response to radiation injury (96),
whereas the rat has been more widely used in pulmonary function studies (99).
Unfortunately, the pathology of the rodent lung differs considerably from that of the human
with respect to its lobularity, the relative thickness of the septa and pleura (thin to absent in
the rodent), and the blood supply to the pleura (101) (Table 2). Nonetheless, the similarities
between the lung radiation dose responses and their timelines to that seen in humans led to
both the mouse and the rat being proposed by the working group as preferred small animal
models.

As was indicated above, there is a significant genetic component to the pulmonary radiation
response (102,103), as is seen by a clear differential in the observed progression of subacute
and late effects between certain murine strains (89,103). Mouse strains can be characterized
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by their development of subacute pneumonitis/alveolitis as their primary lethal end point
compared to those that display a minimal or mild pneumonitic response but a strong late
fibrotic lesion (Table 3). The C3H/HeN and C57BL/6 strains, respectively, represent these
subtypes, as well as being the two strains most reported on in the literature; therefore, these
two strains were proposed as the leading candidates for murine screening assays. The
authors are unaware of similar studies characterizing rat strains with respect to their
pulmonary response to radiation injury; however, due to their utility in aging studies (104),
the group suggested the use of the inbred Fischer 344 strains.

The three leading candidates for a large animal model, the pig, the dog and the nonhuman
primate, all have their advantages and disadvantages for radiation lung studies. For example,
pig lung has a similar physiology to that of the human, although the literature on its radiation
responses after partial- (88) or whole-body irradiation is limited (105). In contrast, there is a
wealth of research on the pulmonary response of the dog (106), of which a significant
proportion was performed using inhaled radionuclides (107,108). However, as with rodents,
the physiology of the dog differs from that of the human, with some investigators even
grouping the dog with rodents with respect to its pulmonary anatomy and function (Table 2).
Last, despite the similarities in the physiology of the nonhuman primate to the human, few
investigators have used this model to study radiation effects in the lung. Nonetheless, given
the above list of pros and cons and because of the breadth of data on the hematological
response in the nonhuman primate, the lung working group proposed that the nonhuman
primate be the large animal model of choice.

The proposed end points for the lung animal models should distinguish between the
subacute versus late effects. They are

1. primary end point: survival,
2. secondary end points: changes in respiratory function and pathology, and
3. tertiary end points: alterations in expression of inflammatory cytokines or cells.

The recommended small animal model is the mouse or rat, although both of these species
require strain-appropriate radiation doses to be delivered to the entire thorax. The well-
characterized strain differences in the mouse pulmonary response prompts the
recommendation that both the C57BL/6 and the C3H/HeN strains should be used since they
represent the extremes of the range of observed human lung responses to radiation damage,
with the proviso that mitigating agents may be found to be more effective in one strain than
the other, depending on the targeted end point (pneumonitis or fibrosis). While both the dog
and nonhuman primate satisfy the requirements for the large animal model, the nonhuman
primate is the model of choice.

Much of the concern regarding radiation accidents and radiological terrorism has focused on
acute injuries to the hematopoietic system and Gl tract. However, the kidney can also be
damaged since it is one of the most radiosensitive late-responding organs in humans, with
chronic renal injuries occurring after single doses as low as 4.5-6.0 Gy (109). For example,
Fliedner et al. (110) reported that “very severe” renal injury (acute and chronic) occurred in
13 of 45 radiation accident victims who received doses high enough to cause severe
hematological injury, and Maekawa (111) reported that two victims of the Tokai-mura
criticality accident developed renal failure as part of their multiple organ system failure.
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In humans, renal radiation injury can appear in the first few months after renal exposure or it
can manifest itself as late or chronic radiation nephropathy, which can occur years after the
exposure and which may not necessarily follow an acute renal event (112). Interestingly,
clinical radiation nephropathy has been relatively rare [e.g., in a review article published in
1972 (113), only 151 such cases had been identified], yet the effects of radiation on the
kidney can be, and have been, life threatening (114).

Radiation nephropathy can be detected in animal models by most of the same noninvasive
assays that are used to detect renal injury in humans: systolic blood pressure (115), blood
urea nitrogen (BUN) (116), creatinine clearance (115), glomerular filtration rate (GFR)
(12,117), and urine protein (115). In humans, GFR is the preferred noninvasive assay (118),
but this is a difficult assay to perform routinely in animals. Fortunately, in radiation
nephropathy, BUN and serum creatinine are tightly correlated (119), and data indicate that
serum creatinine is a good marker of GFR (118). All of these noninvasive assays are
measures of renal dysfunction in general; none are specific for radiation-induced renal
failure. In both humans and animals, the gold standard for radiation nephropathy is
histopathology (114,120). However, since BUN is tightly correlated with the degree of
radiation-induced histopathological injury (121) and is strongly predictive of eventual renal
failure (122), BUN serves as an excellent noninvasive surrogate marker.

The major sources of heterogeneity in assessment of radiation damage in the kidney that
have been identified to date are animal age, radiation dose rate, and radiation volume. Data
from both clinical (123) and animal (124) studies show that renal tolerance is affected by
animal age, so age should be standardized across comparative studies. Renal tolerance is
also dependent on dose rate (125), so dose rates should be monitored carefully and
preferably kept above 0.5 Gy/min. Renal tolerance also is highly dependent on the volume
irradiated (126), so care must be taken to keep the dose uniform across both kidneys.

Species and Strains

At doses below 10 Gy, bilateral renal irradiation (or TBI plus hematological rescue) can
produce chronic renal injury in many species. For example, in the rat, radiation-induced
renal failure can occur as early as 8 months after a single dose of 9.5 Gy, and renal
dysfunction can be observed by 7 months after a single dose of 7.2 Gy (125). In the pig,
renal dysfunction has been demonstrated at 3 months postirradiation after a single dose of
7.8 Gy (127). In dogs, detailed dose-response data are not available, although renal
dysfunction has been shown at 6 months after a single dose of 10 Gy (128).
Histopathological evidence of radiation nephropathy has been observed in Rhesus monkeys
6-8 years after a single total-body dose of 7.2-8.5 Gy (129). Mice appear to be the outliers,
with single doses of 12 Gy and above being required to produce significant renal injury in
less than about 9 months (130) and with 11-16 Gy being used in tubule regeneration assays
at 60-68 weeks (131).

Because of the relative renal radioresistance of mice (130), the recommended small animal
model is the rat. At this time, no specific recommendation can be made as to the most
appropriate rat strain to be used since, with only a few exceptions [e.g., outbred CD(SD) rats
(116)], almost all research on radiation nephropathy in rats in the U.S. (125) and in Europe
(132) has been performed with a single strain (WAG/RIij). Although multiple mouse strains
have been assessed in different laboratories, no systematic comparison of their renal
radiosensitivity appears to have been performed.
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For large animals, arguments can be made for pigs, dogs and nonhuman primates.
Nonhuman primates may be the model most relevant to humans, but the follow-up period
would need to be measured in years (129). Dogs have the advantage that there is extensive
literature on canine renal physiology and on acute response to TBI (133). Porcine models
have a number of advantages:

1. Pigs and humans are unusual among mammals in possessing a multipyrimidal,
multipapillate kidney (134).

2. Pigs have been used extensively as models of urological conditions in humans
(135).

3. Extensive literature exists on their response to renal irradiation.

4. The follow-up period for development of radiation may be shorter in pigs than in
nonhuman primates or dogs (127,136).

Supportive care in the kidney animal model consists largely of reverse isolation to prevent
infections during the period when animals are immune suppressed. Long-term reverse
isolation may also be needed to prevent lung infections (125). Antibiotics as part of the
supportive care should be used with caution, since many of them are nephrotoxic (e.g.,
antifungal agents and aminoglycoside antibiotics) and could therefore exacerbate radiation
nephropathy (137).

One issue posed by the Animal Efficacy Rule (and one that may also affect other animal
models) is that, for example, for a promising class of mitigating agents such as ACE
inhibitors to be effective for mitigation and treatment in the rat radiation nephropathy model,
they must be given for at least 3—6 weeks (138). Since the ACE inhibitors are available
orally, they are given to the rats in drinking water, but humans generally take ACE inhibitors
by mouth as tablets. If the FDA does not consider agents in drinking water to be equivalent
to agents taken in tablet form, then animals would have to be given pills or gavaged daily for
perhaps 6 weeks; this may be totally impractical in many species.

The preferred small animal model for radiation-induced renal injury is the rat; for large
animals, arguments can be made for using pigs, dogs or nonhuman primates. Radiation can
be delivered to the lower hemibody, given to the total body with some bone marrow
shielded, or administered with a bone marrow transplant. Single doses of 8-12 Gy are
sufficient to produce radiation nephropathy in these species, as long as adequate supportive
care is provided to prevent acute injuries and chronic infections and the follow-up time is
sufficiently long. However, it must be noted that the use of doses higher than 12 Gy to
reduce follow-up time involves considerable risk since damage to other organ systems (e.g.,
Gl tract) may interfere with the evaluation of renal injury. The gold standard end point is
histopathology, but monitoring of blood urea nitrogen (BUN) provides a noninvasive
surrogate assay.

The scenarios in which skin injury is likely to be an important component of an accidental or
terrorist-related radiation exposure are many (139). They include use of a conventional or
improvised nuclear device (IND), which could result in mass casualties, a radiological
dispersal device (RDD or “dirty bomb™), which will produce a smaller number of casualties
(140), and experimental/industrial exposure accidents that tend to involve relatively few
individuals. In many cases, outcomes may be complicated by additional injuries; for
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example the detonation of a 10-kiloton device will likely inflict second-degree burns on the
exposed skin of people at distances of up to 1.4 miles from ground zero (141).

The fact that the cutaneous syndrome often runs concurrently with or as a component of a
multi-organ toxicity syndrome (142) has not been fully appreciated until recently. However,
the previously described scenarios generally include a TBI component and, under such
circumstances, cutaneous damage will significantly augment noncutaneous injuries, leading
to lethality after otherwise easily tolerated radiation or physical injuries (142,143). Indeed,
the extent or area of the skin exposure may result in a real-world clinical threshold—termed
a “point-of-no-return” by Meineke—that, if exceeded, will impair the function of other
organs (142,143). The mechanisms and the degree to which multiorgan toxicity is affected
by skin injury have only been studied superficially in experimental models.

Time—-Dose Relationships and End Points

Interventions for prevention or treatment of radiation toxicity to skin and subcutaneous soft
tissues must address sequential pathogenic mechanisms. Erythema is one of the first
manifestations of skin damage, followed by pigmentation, dry and moist desquamation,
fibrosis and necrosis. A brief period of erythema can occur and disappear with a 1-mm skin
surface dose of 0.3 Gy, usually within 24 h, and is caused by capillary congestion and
probably histamine release (144). More prolonged erythema occurs at higher skin doses,
with a time of onset and severity that depend on the dose and area of exposure (145). This
inflammatory erythematous reaction may occur within a day and can be followed by
depilation and desquamation at 1 to 2 weeks; this results in thinner and sparser hair that may
have altered pigmentation. Changes in skin pigmentation may also occur, typically several
weeks after the exposure, followed by a dry desquamation. The skin can become
permanently depigmented after this “peel.” Cutaneous doses above 10 Gy can cause damage
to dermal capillaries and sweat glands, which do not completely recover, leading to dry skin.
Higher doses cause a dose- and time-dependent moist desquamation and blistering reaction.
This peaks a week to a month after exposure and can be very slow to heal. Healing typically
includes scarring and can progress to necrosis. The latter does not heal spontaneously and
often requires a skin graft with vascular supply.

Late fibrosis can occur with minimal early reactions and occurs after single superficial doses
as low as 11 Gy, is common with exposures over 20 Gy, and is dependent on area. Fibrosis
is amplified when combined with a mechanical wound or burn and progresses over time,
first replacing the dermis, followed by the epidermis and, in the most severe cases,
infiltrating and then stiffening the underlying muscle. The result is a poorly healing tissue
that is sensitive to trauma and immobilizes joints. The pace at which these fibrotic changes
occur appears to be responsive to some vasoactive and anti-inflammatory compounds (146),
perhaps in part by reduction of the ischemic inflammatory and reperfusion injuries.

The commonly used end points employed in the murine and porcine experimental models
mimic those used in humans and include the acute cutaneous symptoms of erythema, dry
and moist desquamation and ulceration, as well as the late symptoms of induration and
fibrosis. Regarding the immediate and early toxicities, validated scoring scales recorded by
researchers blinded to the treatment category along with quantitative measures of the healing
time and wound area should be employed for animals (147,148), as with clinical scoring
systems (149). For late toxicity, similar scales can be used and wound contracture (scar
contracture), induration or, at the extreme of the dose range, loss of function (limb
shortening, range of motion, strength) may be appropriate end points (146,150).

While the primary end points focus on specific skin effects, if an agent is intended to
modulate the interaction between skin and systemic injuries, a secondary end point may be
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survival. In this case, two experimental models might be appropriate. In one, the radiation
dose selected would logically be sublethal. Skin exposures would then be escalated in dose
or area to determine the impact of local injury on survival; such studies would follow an
LDsgq format. A complementary design would use one or more local injury exposure(s)
together with escalating total-body doses. Using such models, potential agents would be
assessed for their ability to shift the dose—response curves. A radiation protector or mitigator
that produced a DMF of 1.15 or an increase in the LDsgq of 1 Gy (whichever is less) would
be considered efficacious. Finally, since evacuation of victims to off-site health resources
can be critically important to their chances for survival, interventions that increase survival
duration by 50% or at least 3 days also would be of significant benefit.

Other experimental end points may be vital to confirm the mechanism of action and to
establish the best combinations of therapies. For example, agents that reduce certain types of
toxicity might augment others, including late oncogenesis. Such end points have great value
scientifically, but they are unlikely to be of primary value in the validation of agents for
clinical utility or for approval by the FDA to treat the consequences of accidental or
intentional radiation exposure.

Animal models should attempt to emulate the scenarios for the expected radiation exposure
(41). For example, for the exposure scenario of a survivable nuclear bomb detonation
without fallout, cutaneous damage will be dominated by skin injuries that are physical or
thermal (141). Indeed, of those individuals who survived the Hiroshima detonation and
received clinical treatment, 90% presented with burns, 83% with blast injuries, and only
37% with pure radiation injuries (141). Where fallout is involved, exposure to radioactive
particles could produce single or multiple small superficial cutaneous doses in the range of
20 to 50 Gy, doses that are fully capable of inducing necrosis. In contrast, after a dirty bomb,
lower doses are anticipated (e.g., <10 Gy, total or partial body) that could affect healing
after any concurrent traumatic injury. This again suggests that two murine models may be
needed: The first would use a broad range of radiation doses (20-45 Gy, depending on the
mouse strain used) delivered to a localized volume as an initial screen for mitigator efficacy;
the second would focus on combined injury to model the multiorgan syndrome and could
include, for example, a low (survivable) total-body dose plus localized radiation or an
independent trauma, such as burn or wound.

The radiation quality must also be considered. For example, B-particle or low-kV exposures
may affect only the most superficial skin layers, while the higher-energy vy radiations
(transuranics, 137Cs) from a nuclear blast will have a greater depth of penetration. Based on
their depth of penetration, therefore, the relevant X-ray energies that are needed for local
skin injury in mice are in the range of 30 to 100 kV, whereas electrons are in the range of 1
to 2.5 MeV. Thermal neutrons might also be relevant for some studies; however, the
complexity of neutron dose measurements and other logistical issues would make them
difficult for initial testing.

A last and very important consideration for experimental design includes the size of the
exposed skin area. While the number of surviving clonogens per unit area of skin may be the
same, when combined with TBI, larger areas (e.g., 10-20% of skin area) will have a greater
effect on lethality and therefore the nature of the intervention that is required for efficacy.
Smaller skin areas (e.g., <10%) will be more relevant for interventions aimed at improving
quality, rate or completeness of wound healing (151). Whether or not TBI is employed as
part of a model design, the radiation doses to the cutaneous tissues that are isoeffective to
the reactions seen in humans should be chosen, even though they may be twice as high in
mice.
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Species and Strains

Summary

The rodent is the most commonly studied model of radiation dermatitis. The wide variety of
available mouse strains, including genetic variants, and the similarities in both the timing
and the pathophysiological course of the reactions make results from this model relevant to
human disease. Indeed, human and murine radiation-induced skin reactions are similar in
nature and appearance (147). Although the skin pigmentation and dark hair color of many of
the mouse strains makes the detection of erythema difficult, swelling and inflammation can
be demonstrated easily beginning a few days after a 10-Gy exposure to approximately 1 to 3
cm? (e.g., a hind limb); as in humans, this response subsides a few weeks later. The various
skin reactions in mice typically require approximately twice the dose in humans, in part due
to their more cellular papilla and in part due to the necessarily small surface area irradiated
in a rodent. Melanocytes clearly depopulate and, as in humans, the hair goes gray. Dry and
moist desquamation are dependent on dose and area, as in humans, and fibrosis and necrosis
occur as the dose is escalated (152). These various reactions have been studied in a variety
of commonly used wild-type mouse strains, and much is known regarding specific
differences (153); a number of scoring systems for cutaneous radiation responses have been
described (147,148).

The pig is widely used as a large animal model. to study the skin effects of radiation
exposure (154-156). The FDA often encourages experiments in the porcine model in
support of the approval of an IND package for dermatological agents (157). Advantages
over rodent models include the sparser hair and the structure of the cutaneous and
subcutaneous tissues, which have a similar physiology to humans (156). However, the vast
majority of data in this model have involved superficial or localized radiation volumes, with
only a very limited number of studies incorporating TBI (158). This can be explained by the
logistical problems involved in irradiating, and even handling, the standard adult pig, e.g.,
the Yorkshire White, which weighs approximately 55 kg at 6 months. Many investigators
have therefore used juvenile animals, which unfortunately reduces the relevance of their
findings to the adult human due to the growth-related changes and also limits the time
available for follow-up because of the rapid growth in these animals. The use of miniature
strains of pig does not necessarily alleviate this problem, since many of these pigs still
achieve a relatively large size and are likely to have genetic abnormalities associated with
their size differential. Despite these challenges, because of its physiological similarities to
humans, the pig is a very logical second species for modeling the cutaneous syndrome as
well as evaluating interventions for toxicity and efficacy.

Nonhuman primates have been used extensively for total- and partial-body irradiation
experiments (159), but the cutaneous data are extremely limited. In addition, although much
closer to the human with respect to the cutaneous and subcutaneous physiology, the hirsute
nature of primates affects the relevance of these species.

There does not appear to be a clear, optimal species for study of radiation toxicity in skin
and subcutaneous tissues, although the progressive effects of radiation have many gross,
microscopic and mechanistic similarities in all species (19,160). However, in the opinion of
the skin working group, mouse models were judged the most rational first species for use in
a screening assay, with an emphasis on wild-type inbred or outbred strains. Since the
cutaneous response of many mouse strains is known to vary with respect to dose tolerance,
type of inflammation and severity of fibrosis, a screening paradigm should include both a
more sensitive and a less sensitive strain that will encompass the expected range of human
responses (153). The development of targeted agents that have species specificity suggests
that, in some cases, the nonhuman primate may prove to be the only usable large animal

Radiat Res. Author manuscript; available in PMC 2011 January 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Williams et al. Page 21

model. However, where pharmacokinetics allows, the pig should be considered as an
appropriate second animal model.

OTHER FACTORS AFFECTING EXPERIMENTAL OUTCOME

Many variables affect the ARS that occurs after TBI. These include the species and strain of
animal, age, sex, nutrition, microbial status and the level of supportive care. As mentioned
above, these factors were discussed at various times during the workshop, and some will be
considered further here.

Supportive Care

There is now considerable evidence in dogs and nonhuman primates that shows the
contribution of supportive care to survival. In general, it was considered appropriate by the
workshop participants to incorporate this into the experimental design for all larger species,
but less so for mice, even though their water intake declines within days of TBI (161). The
impact of supportive care is less well established in mice, and attempts at hydration may
serve as an additional variable that is hard to control. In any event, it is critical that
appropriate diluent controls using the same volumes are included when testing agents for
efficacy. There are other aspects to supportive care that could be considered further; for
example, dietary supplementation in mice has been shown to increase the LDsq for bone
marrow death (162).

Microbial Status

It has been known for decades that the ARS in mice and humans depends on microbial
status. Numerous, generally older, studies have shown that the total-body dose for lethality,
whether for y or X rays (163-165) or neutrons (166), was lower in conventionally housed
mice than in germ-free (axenic) mice. It should be remembered that “germ-free” in these
studies refers only to organisms that could be cultured using the techniques available at the
time. Recently, it has been estimated that the gut may contain up to 500 different bacterial
species, in addition to fungi and protozoans, most of which can be detected using molecular
tools but not conventional tools (167).

The magnitude of the effect of microbial status has been calculated. For total-body X-ray
doses less than 9 Gy, the difference in LDsgg,3g values between conventional and axenic mice
is between 50 and 2.50 Gy, depending largely on variations in the response of the former
condition (162). It appears that the microbial flora contribute more to variations in the
response to TBI than genetic variables such as strain and sex (females often being more
radioresistant) (163). After higher radiation doses (>10 Gy X rays) that compromise the
intestinal mucosa, conventionally housed mice survived for 50% less time than germ-free
mice (163). This has been attributed to a faster turnover time for the intestinal epithelium
under conventional conditions (164,165).

The greater lethality of radiation for conventionally housed mice is not due to increased cell
death, as judged by bone marrow cellularity (167), and is generally considered to be the
result of infection after immune suppression and mucosal compromise. Thus SPF mice that
were free of Enterobacter cloacae lived significantly longer after TBI than SPF animals that
harbored these organisms (168). Naturally, the interaction between antimicrobial therapy
and radiation has been studied in some depth. It has been shown to be beneficial for rodents
receiving sublethal irradiation (169), dogs (see earlier), and even humans who received
lethal doses in the Tokai-mura accident (170). In keeping with this concept, probiotic
bacteria have been shown to decrease the incidence of radiation therapy-induced diarrhea in
humans (171).
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The other side of this coin is the possibility that beneficial gut flora may maintain intestinal
and immune function. This may explain why orally administered S. enteritidis spread more
rapidly and systemically in germ-free than conventionally housed mice when their resistance
was decreased by sublethal TBI (172). In one study, profound gut microflora depletion by
antibiotics was associated with an unexpected decreased survival time after TBI (161). In
another, quinolone antibiotics that were effective against exogenous infection in TBI hosts
did not prevent endogenous infection (173). There is also growing evidence that certain
antibiotics can protect cells against the lethal effects of irradiation in vitro and in vivo (169),
indicating a direct effect on the host hematopoietic/immune system.

In summary, there is a compelling need to consider microbial status as a critical variable in
the ARS. Standardization of the microbial status of rodents as SPF, as a minimum, is
essential for the kind of studies described here. For species other than rodents, standard
protocols for supportive care are required, including the administration of antibiotics.
Further use of molecular phylotyping to define the microbial status is likely to be of great
value, and further research is needed into the nature of the antibiotics and probiotics that
should be administered as supportive care before and after a total-body exposure.

Biological research is fraught with the systematic statistical uncertainties, variations in
response, and other factors that yield a statistical uncertainty larger than that generally found
in the physical sciences. The overall statistical uncertainty in radiobiology research can be
simplistically given as

2 2112
O-expelimem:[(o- biology) +(0-dosimeny) ]

Given the size of the error in the biological contribution, it is important that the physical
errors are minimized. Furthermore, unless physical dose can be excluded as a variable in
comparing studies, it is a waste to explore the source of the more complex biological
variables that might contribute to differences in results between laboratories. The simplest
way to standardize the dosimetry is to involve an active physics collaborator with substantial
clinical experience to characterize the radiation fields to be used in the experiments and to
calculate the doses the critical tissues receive. The recommendation to involve a clinical
physicist has a hidden benefit in that this individual will have access to and knowledge in
the use of state-of-the-art radiation measuring equipment that has current calibration factors
traceable to the National Institute of Standards and Technology. In general, cable-connected
detector systems have the lowest measurement uncertainty and the greatest accuracy.
Devices such as thermoluminescence dosimeters, field-effect transistor detectors, and other
readout separable systems can be used. The reading uncertainty tends to be larger, but they
give greater positional accuracy because they can be implanted in a specific site in an animal
and the local dose can be evaluated. Discussion with the physics collaborator should reach
the best compromise between positional accuracy and dose accuracy.

For simultaneous exposure of multiple animals, such as a tray of mice, the radiation field
should have a uniform intensity. Frequently, this will involve the use of only the central half
of the radiation field; as further assurance that all receive the same dose, the tray should be
rotated. Treating individual animals with small field sizes has the concern that the field is
defined as the distance between the 50% of maximum intensity on one edge to that point
directly across the field, so that the maximum intensity is typically the center of the field.
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This results in the intensity, and hence the dose, varying considerably over the irradiated
volume.

Radiation Quality

There was considerable discussion at the workshop regarding security issues associated with
isotope radiation sources and the possible move toward the use of orthovoltage X-ray
systems for animal irradiations. Radiation biologists should be aware that 250 kVp X rays
have a greater biological effect per cGy than do 89Co y rays or 4 to 18 MV X rays that must
be taken into account. The variation in energy also has surface dose implications. For
orthovoltage, the maximum dose is reached very close to the surface, whereas for 6Co, it
typically occurs at a depth of 5 mm, and for 6 MV X rays the depth is close to 16-17 mm. If
there is any material between the source and the animal, such as the top of a cage or a
container, this it will affect this calculation, and the effect will depend on how close the
material is to the animal.

In summary, the variations between the experimental systems used in radiation biology are
S0 great that it is impossible to generalize other than to say that unless physical dose is
known accurately, it becomes difficult to make meaningful biological comparisons. Bad
dosimetry leads to bad biology. The only firm recommendation that is applicable to all
situations is to involve a qualified and experienced medical physicist in the design and the
dosimetry of the experiments.

CONCLUSIONS

The CMCR Animal Models Workshop successfully identified areas where it was possible to
introduce greater standardization in animal models and procedures that would allow more
appropriate comparisons to be made between radioprotector and mitigator data from
different Centers. The need for good dosimetry, consideration of the impact of the multiple
elements of supportive care, microbial status, appropriate strains and species, and the nature
of dose—response relationships were all discussed in depth within the framework of the best
animal models for studying the effects of radiation exposure on the immune, hematopoietic,
intestinal, lung, kidney and skin systems. Many recommendations were made that will be
implemented within and hopefully outside the CMCRs. Radiation research has a glorious
history of sound animal models. The field is now well placed to take advantage of these and
move forward with the new concepts and ideas coming from within the radiation
countermeasures programs.

Acknowledgments

The authors would like to thank all of the CMCR Animal Models Workshop participants for contributing their
expertise to the Workshop discussions and debates. The research for this manuscript was supported by the Center
for Medical Countermeasures against Radiation Program, Centers Al067733, AlI067734, Al067769, Al067770 and
Al067798, National Institute of Allergy and Infectious Diseases.

REFERENCES

1. De Chadarevian S. Mice and the reactor: the “genetics experiment” in 1950s Britain. J. Hist. Biol
2006;39:707-735. [PubMed: 17575956]

2. FDA. Federal Register. Washington, DC: 2002. New drugs and biological drug products: evidence
needed to demonstrate effectiveness of new drugs when human efficacy studies are not ethical or
feasible; p. 37988-37998.

3. Stone, HB.; Moulder, JE.; Coleman, CN.; Ang, KK.; Anscher, MS.; Barcellos-Hoff, MH.; Dynan,
WS.; Fike, JR.; Grdina, DJ.; Zaharevitz, D. Models for evaluating agents intended for the

Radiat Res. Author manuscript; available in PMC 2011 January 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Williams et al.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Page 24

prophylaxis, mitigation and treatment of radiation injuries. Radiat. Res; Report of an NCI
Workshop; December 3-4, 2003; 2004. p. 711-728.

. Hirama T, Akashi M. Multi-organ involvement in the patient who survived the Tokai-mura

criticality accident. Br. J. Radiol. Suppl 2005;27:17-20.

. McBride WH, Chiang C-S, Olson JL, Wang CC, Hong JH, Pajonk F, Dougherty GJ, lwamoto KS,

Pervan M, Liao YP. A sense of danger from radiation. Radiat. Res 2004;162:1-19. [PubMed:
15222781]

. McBride WH, Vegesna V. The role of T-cells in radiation pneumonitis after bone marrow

transplantation. Int. J. Radiat. Biol 2000;76:517-521. [PubMed: 10815632]

. Dainiak N, Waselenko JK, Armitage JO, MacVittie TJ, Farese AM. The hematologist and radiation

casualties. Hematol. Am. Soc. Hematol. Educ. Prog 2003:473-496.

. Liu WC, Wang SC, Tsai ML, Chen MC, Wang YC, Hong JH, McBride WH, Chiang CS. Protection

against radiation-induced bone marrow and intestinal injuries by Cordyceps sinensis, a Chinese
herbal medicine. Radiat. Res 2006;166:900-907. [PubMed: 17149981]

. Ryu T, Hosaka N, Miyake T, Cui W, Nishida T, Takaki T, Li M, Kawamoto K, Ikehara S.

Transplantation of newborn thymus plus hematopoietic stem cells can rescue supralethally

irradiated mice. Bone Marrow Transplant 2008;41:659-666. [PubMed: 18176618]

. Klebanoff CA, Khong HT, Antony PA, Palmer DC, Restifo NP. Sinks, suppressors and antigen
presenters: how lymphodepletion enhances T cell-mediated tumor immunotherapy. Trends
Immunol 2005;26:111-117. [PubMed: 15668127]

Paulos CM, Kaiser A, Wrzesinski C, Hinrichs CS, Cassard L, Boni A, Muranski P, Sanchez-Perez
L, Palmer DC, Restifo NP. Toll-like receptors in tumor immunotherapy. Clin. Cancer Res
2007;13:5280-5289. [PubMed: 17875756]

Burdelya LG, Krivokrysenko VI, Tallant TC, Strom E, Gleiberman AS, Gupta D, Kurnasov OV,
Fort FL, Osterman AL, Gudkov AV. An agonist of toll-like receptor 5 has radioprotective activity
in mouse and primate models. Science 2008;320:226-230. [PubMed: 18403709]

Kusunoki Y, Hayashi T. Long-lasting alterations of the immune system by ionizing radiation
exposure: implications for disease development among atomic bomb survivors. Int. J. Radiat. Biol
2008;84:1-14. [PubMed: 17852558]

Park HR, Jo SK, Paik SG. The NK1.1* T cells alive in irradiated mice play an important role in a
Th1/Th2 balance. Int. J. Radiat. Biol 2006;82:161-170. [PubMed: 16638713]

Yoshino H, Takahashi K, Monzen S, Kashiwakura I. Differential induction from X-irradiated
human peripheral blood monocytes to dendritic cells. J. Radiat. Res. (Tokyo) 2008;49:293-303.
[PubMed: 18344617]

Liao YP, Wang CC, Butterfield LH, Economou JS, Ribas A, Meng WS, Iwamoto KS, McBride
WH. lonizing radiation affects human MART-1 melanoma antigen processing and presentation by
dendritic cells. J. Immunol 2004;173:2462-2469. [PubMed: 15294960]

Williams JL, Patchen ML, Darden JH, Jackson WE. Effects of radiation on survival and recovery
of T lymphocyte subsets in C3H/HeN mice. Exp. Hematol 1994;22:510-516. [PubMed: 8187847]
Riggs JE, Lussier AM, Lee SK, Appel MC, Woodland RT. Differential radiosensitivity among B
cell subpopulations. J. Immunol 1988;141:1799-1807. [PubMed: 3049796]

Schnarr K, Dayes |, Sathya J, Boreham D. Individual radiosensitivity and its relevance to health
physics. Dose Response 2007;5:333-348. [PubMed: 18648561]

Schmitz A, Bayer J, Dechamps N, Thomas G. Intrinsic susceptibility to radiation-induced
apoptosis of human lymphocyte subpopulations. Int. J. Radiat. Oncol. Biol. Phys 2003;57:769—
778. [PubMed: 14529783]

Lee SK, Woodland RT. Selective effect of irradiation on responses to thymus-independent antigen.
J. Immunol 1985;134:761-764. [PubMed: 3880790]

Wilkins RC, Kutzner BC, Truong M, McLean JR. The effect of the ratio of CD4" to CD8™ T-cells
on radiation-induced apoptosis in human lymphocyte subpopulations. Int. J. Radiat. Biol
2002;78:681-688. [PubMed: 12194751]

Wilkins RC, Wilkinson D, Maharaj HP, Bellier PV, Cybulski MB, McLean JR. Differential
apoptotic response to ionizing radiation in subpopulations of human white blood cells. Mutat. Res
2002;513:27-36. [PubMed: 11719087]

Radiat Res. Author manuscript; available in PMC 2011 January 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Williams et al.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 25

Travis EL. Genetic susceptibility to late normal tissue injury. Semin. Radiat. Oncol 2007;17:149—
155. [PubMed: 17395045]

Schmitz B, Park IA, Kaufmann R, Thiele J, Fischer R. Influence of cytokine stimulation
(granulocyte macrophage-colony stimulating factor, interleukin-3 and transforming growth factor-
beta-1) on adhesion molecule expression in normal human bone marrow fibroblasts. Acta
Haematol 1995;94:173-181. [PubMed: 8610474]

Mori N, Nishikawa R, Okumoto M, Nishikawa K, Imai S, Narita N, Takamori Y, Yagasaki O.
Strain difference in the susceptibility of thymocytes to radiation-induced apoptosis: in vitro study.
J. Radiat. Res. (Tokyo) 1991;32:277-285. [PubMed: 1791591]

Lindsay KJ, Coates PJ, Lorimore SA, Wright EG. The genetic basis of tissue responses to ionizing
radiation. Br. J. Radiol 2007;80:S2-S6. [PubMed: 17704322]

Iwata M, Iwakawa M, Noda S, Ohta T, Minfu Y, Kimura T, Shibuya H, Imai T. Correlation
between single nucleotide polymorphisms and jejunal crypt cell apoptosis after whole body
irradiation. Int. J. Radiat. Biol 2007;83:181-186. [PubMed: 17378526]

Urbaschek R, Mergenhagen SE, Urbaschek B. Failure of endotoxin to protect C3H/HeJ mice
against lethal x-irradiation. Infect. Immun 1977;18:860-862. [PubMed: 338493]

Weller RE, Buschbom RL, Park JF, Dagle GE, Ragan HA. Hematological effects of inhaled
plutonium dioxide in beagles. Radiat. Res 1995;143:69-76. [PubMed: 7597146]

Davila DR, Guilmette RA, Bice DE, Muggenburg BA, Swafford DS, Haley PJ. Long-term
consequences of 239Pu02 exposure in dogs: persistent T lymphocyte dysfunction. Int. J. Radiat.
Biol 1992;61:123-133. [PubMed: 1345923]

Nothdurft W, Fliedner TM, Fritz TE, Seed TM. Response of hemopoiesis in dogs to continuous
low dose rate total body irradiation. Stem Cells 1995;13(Suppl. 1):261-267. [PubMed: 7488955]

Nold JB, Benjamin SA, Miller GK. Alterations in immune responses in prenatally irradiated dogs.
Radiat. Res 1988;115:472-480. [PubMed: 3262884]

Rosenzweig M, Connole M, Glickman R, Yue SP, Noren B, DeMaria M, Johnson RP. Induction of
cytotoxic T lymphocyte and antibody responses to enhanced green fluorescent protein following
transplantation of transduced CD34* hematopoietic cells. Blood 2001;97:1951-1959. [PubMed:
11264158]

Gengozian N, Moriarty C, Good RA. Functional evaluation of T helper, T suppressor, and B
lymphocytes in lethally irradiated rhesus monkeys injected with autologous bone marrow.
Transplantation 1992;53:1313-1322. [PubMed: 1534940]

Bogden AE, Eltringham JR, Anderson DR. Effect of total body irradiation on the immune response
of rhesus monkeys to a single antigenic stimulus. Radiat. Res 1970;42:90-104. [PubMed:
4985520]

Hilmas DE, Spertzel RO. Response of sublethally irradiated monkeys to a replicating viral antigen.
Infect. Immun 1975;12:592-601. [PubMed: 809358]

Dainiak N. Hematologic consequences of exposure to ionizing radiation. Exp. Hematol
2002;30:513-528. [PubMed: 12063018]

Waselenko JK, MacVittie TJ, Blakely WF, Pesik N, Wiley AL, Dickerson WE, Tsu H, Confer DL,
Coleman CN, The Strategic National Stockpile Radiation Working Group. Medical management
of the acute radiation syndrome: Recommendations of the Strategic National Stockpile Radiation
Working Group. Ann. Intern. Med 2004;140:1037-1051. [PubMed: 15197022]

Anno GH, Young RW, Bloom RM, Mercier JR. Dose response relationships for acute ionizing-
radiation lethality. Health Phys 2003;84:565-575. [PubMed: 12747475]

Augustine AD, Gondre-Lewis T, McBride W, Miller L, Pellmar TC, Rockwell S. Animal models
for radiation injury, protection and therapy. Radiat. Res 2005;164:100-109. [PubMed: 15966769]
MacVittie TJ, Farese AM, Jackson W 3rd. Defining the full therapeutic potential of recombinant
growth factors in the post radiation-accident environment: the effect of supportive care plus
administration of G-CSF. Health Phys 2005;89:546-555. [PubMed: 16217198]

Schuening FG, Storb R, Goehle S, Graham TC, Appelbaum FR, Hackman R, Souza LM. Effect of
recombinant human granulocyte colony-stimulating factor on hematopoiesis of normal dogs and
on hematopoietic recovery after otherwise lethal total body irradiation. Blood 1989;74:1308-1313.
[PubMed: 2475186]

Radiat Res. Author manuscript; available in PMC 2011 January 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Williams et al.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

Page 26

Thomas, ED. A history of bone marrow transplantation. In: Blume, KG.; Foreman, SJ.;
Appelbaum, FR., editors. Thomas' Hematopoietic Cell Transplantation. Blackwell; Malden, MA:
2004.

Inoue T, Hirabayashi Y, Mitsui H, Sasaki H, Cronkite EP, Bullis JE Jr. Bond VP, Yoshida K.
Survival of spleen colony-forming units (CFU-S) of irradiated bone marrow cells in mice:
evidence for the existence of a radioresistant subfraction. Exp. Hematol 1995;23:1296-1300.
[PubMed: 7589285]

Goans RE, Holloway EC, Berger ME, Ricks RC. Early dose assessment following severe radiation
accidents. Health Phys 1997;72:513-518. [PubMed: 9119674]

Lushbaugh CC, Fry SA, Ricks RC. Medical and radiobiological basis of radiation accident
management. Br. J. Radiol 1987;60:1159-1163. [PubMed: 3690163]

Coleman, CN.; Blakely, WF.; Fike, JR.; MacVittie, TJ.; Metting, NF.; Mitchell, JB.; Moulder, JE.;
Preston, RJ.; Seed, TM.; Wong, RSL. Radiat. Res; Molecular and cellular biology of moderate-
dose (1-10 Gy) radiation and potential mechanisms of radiation protection: report of a workshop;
Bethesda, Maryland. December 17-18, 2001; 2003. p. 812-834.

Uss AL, Zmachinski V, Skriaguine A, Sneguir V, Milanovich N, Mitskevich P, Komarovskaya
ME. The Chernobyl governmental program: two years of experience at the Belarusian Bone
Marrow Transplant Centre. Stem Cells 1997;15(Suppl. 2):299-303. [PubMed: 9368316]

Okayasu R, Suetomi K, Yu Y, Silver A, Bedford JS, Cox R, Ullrich RL. A deficiency in DNA
repair and DNA-PKcs expression in the radiosensitive BALB/c mouse. Cancer Res 2000;60:4342—
4345, [PubMed: 10969773]

Zaucha JM, Yu C, Mathioudakis G, Seidel K, Georges G, Sale G, Little MT, Torok-Storb B, Storb
R. Hematopoietic responses to stress conditions in young dogs compared with elderly dogs. Blood
2001;98:322-327. [PubMed: 11435299]

Monroy RL, MacVittie TJ, Darden JH, Schwartz GN, Patchen ML. The rhesus monkey: a primate
model for hemopoietic stem cell studies. Exp. Hematol 1986;14:904-911. [PubMed: 2876907]
MacVittie TJ, Monroy RL, Patchen ML, Souza LM. Therapeutic use of recombinant human G-
CSF (rhG-CSF) in a canine model of sublethal and lethal whole-body irradiation. Int. J. Radiat.
Biol 1990;57:723-736. [PubMed: 1691255]

Abkowitz JL, Persik MT, Shelton GH, Ott RL, Kiklevich JV, Catlin SN, Guttorp P. Behavior of
hematopoietic stem cells in a large animal. Proc. Natl. Acad. Sci. USA 1995;92:2031-2035.
[PubMed: 7892220]

Ageyama N, Hanazono Y, Shibata H, Ohto K, Ono F, Nagashima T, Ueda Y, Donahue RE,
Hasegawa M, Terao K. Safe and efficient methods of autologous hematopoietic stem cell
transplantation for biomedical research in cynomolgus monkeys. Comp. Med 2002;52:445-451.
[PubMed: 12405638]

Hughes WT, Armstrong D, Bodey GP, Bow EJ, Brown AE, Calandra T, Feld R, Pizzo PA, Rolston
KV, Young LS. 2002 guidelines for the use of antimicrobial agents in neutropenic patients with
cancer. Clin. Infect. Dis 2002;34:730-751. [PubMed: 11850858]

Mettler FA, Voelz GL. Major radiation exposure—what to expect and how to respond. N. Engl. J.
Med 2002;346:1554-1561. [PubMed: 12015396]

Mason KA, Withers HR, McBride WH, Davis CA, Smathers JB. Comparison of the
gastrointestinal syndrome after total-body or total-abdominal irradiation. Radiat. Res
1989;117:480-488. [PubMed: 2648450]

Withers HR, Elkind MM. Dose-survival characteristics of epithelial cells of mouse intestinal
mucosa. Radiology 1968;91:998-1000. [PubMed: 5681335]

Potten, CS.; Hendry, JH. Radiation and Gut. Elsevier Science; Amsterdam: 1995.

Denham J, Hauer-Jensen M, Peters L. Is it time for a new formalism to categorize normal tissue
radiation injury? Int. J. Radiat. Oncol. Biol. Phys 2001;50:1105-1106. [PubMed: 11483318]
Ch'ang HJ, Maj JG, Paris F, Xing HR, Zhang J, Truman JP, Cardon-Cardo C, Haimovitz-Friedman
A, Kolesnick R, Fuks Z. ATM regulates target switching to escalating doses of radiation in the
intestines. Nat. Med 2005;11:484-490. [PubMed: 15864314]

Quastler H. The nature of intestinal radiation death. Radiat. Res 1956;4:303-320. [PubMed:
13310750]

Radiat Res. Author manuscript; available in PMC 2011 January 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Williams et al.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Page 27

Geraci JP, Jackson KL, Mariano MS. The intestinal radiation syndrome: sepsis and endotoxin.
Radiat. Res 1985;101:442-450. [PubMed: 3157202]

Carr KE. Effects of radiation damage on intestinal morphology. Int. Rev. Cytol 2001;208:1-119.
[PubMed: 11510566]

Krimsky M, Dagan A, Aptekar L, Ligumsky M, Yedgar S. Assessment of intestinal permeability in
rats by permeation of inulin-fluorescein. J. Basic Clin. Physiol. Pharmacol 2000;11:143-153.
[PubMed: 11037768]

Kobayashi T, Ohmori T, Yanai M, Kawanishi G, Mitsuyama M, Nomoto K. The analysis of the
defense mechanism against indigenous bacterial translocation in X-irradiated mice. Microbiol.
Immunol 1991;35:315-324. [PubMed: 1943843]

Lutgens LC, Blijlevens NM, Deutz NE, Donnelly JP, Lambin P, de Pauw BE. Monitoring
myeloablative therapy-induced small bowel toxicity by serum citrulline concentration: a
comparison with sugar permeability tests. Cancer 2005;103:191-199. [PubMed: 15573372]
Lang IM, Sarna SK, Condon RE. Gastrointestinal motor correlates of vomiting in the dog:
quantification and characterization as an independent phenomenon. Gastroenterology 1986;90:40—
47. [PubMed: 3940253]

Otterson MF, Sarna SK, Moulder JE. Effects of fractionated doses of ionizing radiation on small
intestinal motor activity. Gastroenterology 1988;95:1249-1257. [PubMed: 3169493]

Dubois A, Jacobus JP, Grissom MP, Eng RR, Conklin JJ. Altered gastric emptying and prevention
of radiation-induced vomiting in dogs. Gastroenterology 1984;86:444-448. [PubMed: 6363196]

Danquechin Dorval E, Mueller GP, Eng RR, Durakovic A, Conklin JJ, Dubois A. Effect of
ionizing radiation on gastric secretion and gastric motility in monkeys. Gastroenterology
1985;89:374-380. [PubMed: 3159616]

Makrauer FL, Oates E, Becker J, Abrams R, O'Connor T, McCallum R, Shumaker J. Does local
irradiation affect gastric emptying in humans? Am. J. Med. Sci 1999;317:33-37. [PubMed:
9892269]

Otterson MF, Sarna SK, Leming SC, Moulder JE, Fink JG. Effects of fractionated doses of
ionizing radiation on colonic motor activity. Am. J. Physiol 1992;263:G518-G526. [PubMed:
1415710]

Rotolo JA, Kolesnick R, Fuks Z. Timing of lethality from gastrointestinal syndrome in mice
revisited. Int. J. Radiat. Oncol. Biol. Phys 2009;73:6-8. [PubMed: 19100919]

Terry NH, Travis EL. The influence of bone marrow depletion on intestinal radiation damage. Int.
J. Radiat. Oncol. Biol. Phys 1989;17:569-573. [PubMed: 2528526]

van Bekkum DW, Schotman E. Protection from haemopoietic death by shielding versus grafting of
bone-marrow. Int. J. Radiat. Biol. Relat. Stud. Phys. Chem. Med 1974;25:361-372. [PubMed:
4599688]

ljiri K, Potten CS. The circadian rhythm for the number and sensitivity of radiation-induced
apoptosis in the crypts of mouse small intestine. Int. J. Radiat. Biol 1990;58:165-175. [PubMed:
1973434]

Hauer-Jensen M, Poulakos L, Osborne JW. Effects of accelerated fractionation on radiation injury
of the small intestine: a new rat model. Int. J. Radiat. Oncol. Biol. Phys 1988;14:1205-1212.
[PubMed: 3290169]

Weil MM, Xia C, Xia X, Gu X, Amos Cl, Mason KA. A chromosome 15 quantitative trait locus
controls levels of radiation-induced jejunal crypt cell apoptosis in mice. Genomics 2001;72:73-77.
[PubMed: 11247668]

Hockerfelt U, Franzen L, Norrgard O, Forsgren S. Early increase and later decrease in VIP and
substance P nerve fiber densities following abdominal radiotherapy: a study on the human colon.
Int. J. Radiat. Biol 2002;78:1045-1053. [PubMed: 12456292]

Kong FM, Ten Haken R, Eisbruch A, Lawrence TS. Non-small cell lung cancer therapy-related
pulmonary toxicity: an update on radiation pneumonitis and fibrosis. Semin. Oncol 2005;32(Suppl.
3):S42-S54. [PubMed: 16015535]

UNSCEAR. Sources, Effects and Risks of lonizing Radiation. Report to the General Assembly,
Annex J: Exposures and Effects of the Chernobyl Accident. United Nations; New York: 2000.

Radiat Res. Author manuscript; available in PMC 2011 January 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Williams et al.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

95.

96.

97.

98

99.

Page 28

Fu XL, Huang H, Bentel G, Clough R, Jirtle RL, Kong FM, Marks LB, S. Anscher M. Predicting
the risk of symptomatic radiation-induced lung injury using both the physical and biologic
parameters V3q and transforming growth factor b. Int. J. Radiat. Oncol. Biol. Phys 2001;50:899—
908. [PubMed: 11429217]

Calveley VL, Khan MA, Yeung IW, Vandyk J, Hill RP. Partial volume rat lung irradiation:
temporal fluctuations of in-field and out-of-field DNA damage and inflammatory cytokines
following irradiation. Int. J. Radiat. Biol 2005;81:887-899. [PubMed: 16524844]

Van der Meeren A, Monti P, Vandamme M, Squiban C, Wysocki J, Griffiths N. Abdominal
radiation exposure elicits inflammatory responses and abscopal effects in the lungs of mice.
Radiat. Res 2005;163:144-152. [PubMed: 15658889]

Haston CK, Zhou X, Gumbiner-Russo L, Irani R, Dejournett R, Gu X, Weil M, Amos ClI, Travis
EL. Universal and radiation-specific loci influence murine susceptibility to radiation-induced
pulmonary fibrosis. Cancer Res 2002;62:3782-3788. [PubMed: 12097289]

Hopewell JW, Rezvani M, Moustafa HF. The pig as a model for the study of radiation effects on
the lung. Int. J. Radiat. Biol 2000;76:447-452. [PubMed: 10815623]

Sharplin J, Franko AJ. A quantitative histological study of strain-dependent differences in the
effects of irradiation on mouse lung during the early phase. Radiat. Res 1989;119:1-14. [PubMed:
2756101]

Sharplin J, Franko AJ. A quantitative histological study of strain-dependent differences in the
effects of irradiation on mouse lung during the intermediate and late phases. Radiat. Res
1989;119:15-31. [PubMed: 2756106]

Fajardo, LF.; Berthrong, M.; Anderson, RE. Radiation Pathology. Oxford University Press; New
York: 2001.

Travis EL, Vojnovic B, Davies EE, Hirst DG. A plethysmographic method for measuring function
in locally irradiated mouse lung. Br. J. Radiol 1979;52:67—74. [PubMed: 427355]

Liao ZX, Travis EL, Tucker SL. Damage and morbidity from pneumonitis after irradiation of
partial volumes of mouse lung. Int. J. Radiat. Oncol. Biol. Phys 1995;32:1359-1370. [PubMed:
7635776]

Hong JH, Chiang CS, Tsao CY, Lin PY, McBride WH, Wu CJ. Rapid induction of cytokine gene
expression in the lung after single and fractionated doses of radiation. Int. J. Radiat. Biol
1999;75:1421-1427. [PubMed: 10597915]

Johnston CJ, Piedboeuf B, Rubin P, Williams JP, Baggs R, Finkelstein JN. Early and persistent
alterations in the expression of interleukin-1 alpha, interleukin-1 beta and tumor necrosis factor
alpha mRNA levels in fibrosis-resistant and sensitive mice after thoracic irradiation. Radiat. Res
1996;145:762-767. [PubMed: 8643837]

Rubin P, Johnston CJ, Williams JP, McDonald S, Finkelstein JN. A perpetual cascade of cytokines
postirradiation leads to pulmonary fibrosis. Int. J. Radiat. Oncol. Biol. Phys 1995;33:99-1009.
[PubMed: 7642437]

Down JD, Steel G. The expression of early and late damage after thoracic irradiation: a comparison
between CBA and C57BI mice. Radiat. Res 1983;96:603-610. [PubMed: 6657925]

.van Rongen E, Tan C, Zurcher C. Early and late effects of fractionated irradiation of the thorax of

WAG/RIj rats. Br. J. Cancer 1986;7(Suppl.):333-335.

Zhang R, Ghosh SN, Zhu D, North PE, Fish BL, Morrow NV, Lowry T, Nanchal R, Jacobs ER,
Medhora M. Structural and functional alterations in the rat lung following whole thoracic
irradiation with moderate doses: injury and recovery. Int. J. Radiat. Biol 2008;84:487-497.
[PubMed: 18470747]

100. Pauluhn J, Baumann M, Hirth-Dietrich C, Rosenbruch M. Rat model of lung fibrosis: comparison

of functional, biochemical, and histopathological changes 4 months after single irradiation of the
right hemithorax. Toxicology 2001;161:153-163. [PubMed: 11297804]

101. McLaughlin RF, Tyler WS, Canada RO. A study of the subgross pulmonary anatomy of various

mammals. Am. J. Anat 1961;108:149-165.

102. Franko AJ, Sharplin J, Ward WF, Hinz JM. The genetic basis of strain-dependent differences in

the early phase of radiation injury in mouse lung. Radiat. Res 1991;126:349-356. [PubMed:
1852022]

Radiat Res. Author manuscript; available in PMC 2011 January 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Williams et al.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.
115.

116.

117.

118.

119.

120.
121.

122.

123.

Page 29

Johnston CJ, Wright TW, Rubin P, Finkelstein JN. Alterations in the expression of chemokine
mRNA levels in fibrosis-resistant and sensitive mice after thoracic irradiation. Exp. Lung Res
1998;24:321-337. [PubMed: 9635254]

Kaneko T, Tahara S, Tanno M, Taguchi T. Effect of age on the induction of 8-oxo0-2'-
deoxyguanosine-releasing enzyme in rat liver by gamma-ray irradiation. Arch. Gerontol. Geriatr
2003;36:23-35. [PubMed: 12849096]

Mandel L, Travnicek J, Talafantova M, Zahradnickova M. The LD50/30 and the survival time in
whole-body gamma-irradiated conventional and germfree Minnesota miniature piglets. Z.
Versuchstierkd 1980;22:96-100. [PubMed: 7405435]

Slauson DO, Hahn FF, Benjamin SA, Chiffelle TL, Jones RK. Inflammatory sequences in acute
pulmonary radiation injury. Am. J. Pathol 1976;82:549-566. [PubMed: 1258976]

Hahn FF, Muggenburg BA, Menache MG, Guilmette RA, Boecker BB. Comparative stochastic
effects of inhaled alpha- and beta-emitting radionuclides in beagle dogs. Radiat. Res
1999;152(Suppl.):S19-S22. [PubMed: 10564929]

Hahn FF, Muggenburg BA, Snipes MB, Boecker BB. The toxicity of insoluble cerium-144
inhaled by beagle dogs: Non-neoplastic effects. Radiat. Res 2001;155:95-122. [PubMed:
11121221]

Moulder JM, Cohen EP. Radiation-induced multi-organ involvement and failure: the contribution
of radiation effects on the renal system. Br. J. Radiol 2005;27:82-88.

Fliedner TM, Dorr HD, Meineke V. Multi-organ involvement as a pathogenetic principle of the
radiation syndromes: a study involving 110 case histories documented in SEARCH and classified
as the bases of haematopoietic indicators of effect. Br. J. Radiol. Suppl 2005;27:1-8.

Maekawa, K. Overview of medical care for highly exposed victims in the Tokaimura accident. In:
Ricks, RC.; Berger, ME.; O'Hara, FM., editors. The Medical Basis for Radiation-Accident
Preparedness: The Clinical Care of Victims. Parthenon Publishing; Boca Raton, FL: 2002. p.
313-318.

Turesson I. The progression rate of late radiation effects in normal tissue and its impact on dose—
response relationships. Radiother. Oncol 1989;15:217-226. [PubMed: 2772250]

Maier JG. Effects of radiation on kidney, bladder, and prostate. Front. Radiat. Ther. Oncol
1972;6:196-227.

Cohen, EP.; Moulder, JE. Radiation Nephropathy. Oxford University Press; Oxford: 2005.
Cohen EP, Moulder JE, Fish BL, Hill P. Prophylaxis of experimental bone marrow transplant
nephropathy. J. Lab. Clin. Med 1994;124:371-380. [PubMed: 8083580]

Geraci JP, Sun MC, Mariano MS. Amelioration of radiation nephropathy in rats by postirradiation
treatment with dexamethasone and/or captopril. Radiat. Res 1995;143:58-68. [PubMed:
7597145]

Robbins ME, Jaenke RS, Bywaters T, Golding SJ, Rezvani M, Whitehouse E, Hopewell JW.
Sequential evaluation of radiation-induced glomerular ultrastructural changes in the pig kidney.
Radiat. Res 1993;135:351-364. [PubMed: 8378528]

Cohen EP, Lemann J Jr. The role of the laboratory in evaluation of kidney function. Clin. Chem
1991;37:785-796. [PubMed: 2049843]

Moulder JE, Fish BL, Cohen EP. Noncontinuous use of angiotensin converting enzyme inhibitors
in the treatment of experimental bone marrow transplant nephropathy. Bone Marrow Transplant
1997;19:729-735. [PubMed: 9156251]

Robbins ME, Bonsib SM. Radiation nephropathy: a review. Scan. Microsc 1995;9:535-560.
Cohen EP, Molteni A, Hill P, Fish BL, Ward WF, Moulder JE, Carone FA. Captopril preserves
function and ultrastructure in experimental radiation nephropathy. Lab. Invest 1996;75:349-360.
[PubMed: 8804358]

Cohen EP, Fish BL, Moulder JE. Treatment of radiation nephropathy with captopril. Radiat. Res
1992;132:346-350. [PubMed: 1475357]

Cassady JR. Clinical radiation nephropathy. Int. J. Radiat. Oncol. Biol. Phys 1995;31:1249-1256.
[PubMed: 7713786]

Radiat Res. Author manuscript; available in PMC 2011 January 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Williams et al.

124.

125.

126.

127.

128.

129.

130.

131

132

133.

134.
135.

136.

137.

138.

139.

140.

141.

142.
143.

144.

145.

Page 30

Robbins ME, Campling D, Rezvani M, Golding SJ, Hopewell JW. Nephropathy in the mature pig
after the irradiation of a single kidney: a comparison with the immature pig. Int. J. Radiat. Oncol.
Biol. Phys 1989;16:1519-1528. [PubMed: 2722592]

E Moulder J, Fish BL. Late toxicity of total body irradiation with bone marrow transplantation in
a rat model. Int. J. Radiat. Oncol. Biol. Phys 1989;16:1501-1509. [PubMed: 2656600]

Flentje M, Hensley F, Gademann G, Menke M, Wannenmacher M. Renal tolerance to
nonhomogenous irradiation: comparison of observed effects to predictions of normal tissue
complication probability from different biophysical models. Int. J. Radiat. Oncol. Biol. Phys
1993;27:25-30. [PubMed: 8365942]

Robbins ME, Campling D, Rezvani M, Golding SJ, Hopewell JW. Radiation nephropathy in
mature pigs following the irradiation of both kidneys. Int. J. Radiat. Biol 1989;56:83-98.
[PubMed: 2569012]

Prescott DM, Hoopes PJ, Thrall DE. Modification of radiation damage in the canine kidney by
hyperthermia: a histologic and functional study. Radiat. Res 1990;124:317-325. [PubMed:
2263731]

van Kleef EM, Zurcher C, Oussoren YG, Te Poele JA, van der Valk MA, Niemer-Tucker MM,
van der Hage MH, Broerse JJ, Robbins ME, Stewart FA. Long-term effects of total-body
irradiation on the kidney of Rhesus monkeys. Int. J. Radiat. Biol 2000;76:641-648. [PubMed:
10866286]

Stewart FA, Luts A, Lebesque JV. The lack of long-term recovery and reirradiation tolerance in
the mouse Kidney. Int. J. Radiat. Biol 1989;56:449-462. [PubMed: 2571658]

Withers HR, Mason KA, Thames HD Jr. Late radiation response of kidney assayed by tubule-cell
survival. Br. J. Radiol 1986;59:587-595. [PubMed: 3708268]

. van Rongen E, Kuijpers WC, Baten-Wittwer A. The influence of platinum drugs on the radiation
response of rat kidneys. Radiother. Oncol 1994;31:138-150. [PubMed: 8066193]

Ladiges WC, Storb R, Thomas ED. Canine models of bone marrow transplantation. Lab. Animal
Sci 1990;40:11-15.

Sperber I. Studies on the mammalian kidney. Zool. Bidr. Fr 1944;22:249-431.

Dalmose AL, Hvistendahl JJ, Olsen LH, Eskild-Jensen A, Djurhuus JC, Swindle MM. Surgically
induced urologic models in swine. J. Invest. Surg 2000;13:133-145. [PubMed: 10933109]
Robbins ME, Soranson JA, Wilson GD, Bywaters T, Rezvani M, Golding SJ, Morris GM,
Whitehouse E, Hopewell JW. Radiation-induced changes in the kinetics of glomerular and
tubular cells in the pig kidney. Radiat. Res 1994;138:107-113. [PubMed: 8146289]

Lawton CA, Fish BL, Moulder JE. Effect of nephrotoxic drugs on the development of radiation
nephropathy after bone marrow transplantation. Int. J. Radiat. Oncol. Biol. Phys 1994;28:883—
889. [PubMed: 8138441]

Moulder JE, Fish BL, Cohen EP. Brief pharmacological intervention in experimental radiation
nephropathy. Radiat. Res 1998;150:535-541. [PubMed: 9806595]

Goans RE, Waselenko JK. Medical management of radiological casualties. Health Phys
2005;89:505-512. [PubMed: 16217194]

Harper FT, Musolino SV, Wente WB. Realistic radiological dispersal device hazard boundaries
and ramifications for early consequence management decisions. Health Phys 2007;93:1-16.
[PubMed: 17563488]

Flynn DF, Goans RE. Nuclear terrorism: triage and medical management of radiation and
combined-injury casualties. Surg. Clin. N. Am 2006;86:601-636. [PubMed: 16781272]

Peter RU. Cutaneous radiation syndrome in multi-organ failure. Br. J. Radiol 2005;27:180-184.

Meineke V. The role of damage to the cutaneous system in radiation-induced multi-organ failure.
Br. J. Radiol 2005;27:85-99.

Moriyasu S, Yamamoto K, Kureyama N, Okamura K, Ikeda T, Yamatodani A. Involvement of
histamine released from mast cells in acute radiation dermatitis in mice. J. Pharmacol. Sci
2007;104:187-190. [PubMed: 17558180]

Moss, WT. Therapeutic Radiology: Rationale, Technique, Results. Mosby; St. Louis: 1959.

Radiat Res. Author manuscript; available in PMC 2011 January 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Williams et al.

146.

147.

148.

149.

150.

151

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Page 31

Okunieff P, Augustine E, Hicks JE, Cornelison TL, Altemus RM, Naydich BG, Ding I, Huser
AK, Abraham EH, Gerber LH. Pentoxifylline in the treatment of radiation-induced fibrosis. J.
Clin. Oncol 2004;22:2207-2213. [PubMed: 15169810]

Urano M, Kenton LA, Kahn J. The effect of hyperthermia on the early and late appearing mouse
foot reactions and on the radiation carcinogenesis: effect on the early and late appearing
reactions. Int. J. Radiat. Oncol. Biol. Phys 1988;15:159-166. [PubMed: 3391813]

Abe Y, Urano M. Fraction size-dependent acute skin reaction of mice after multiple twice-a-day
doses. Int. J. Radiat. Oncol. Biol. Phys 1990;18:359-364. [PubMed: 2303366]

Trotti A, Colevas AD, Setser A, Rusch V, Jaques D, Budach V, Langer C, Murphy B, Cumberlin
R, Rubin P. CTCAE v3.0: development of a comprehensive grading system for the adverse
effects of cancer treatment. Semin. Radiat. Oncol 2003;13:176-181. [PubMed: 12903007]
Stone HB. Leg contracture in mice: an assay of normal tissue response. Int. J. Radiat. Oncol. Biol.
Phys 1984;10:1053-1061. [PubMed: 6746346]

Olascoaga A, Vilar-Compte D, Poitevin-Chacon A, Contreras-Ruiz J. Wound healing in radiated
skin: pathophysiology and treatment options. Int. Wound J 2008;5:246-257. [PubMed:
18494630]

Law MP, Thomlinson RH. The pathogenesis of necrosis after radiotherapy. Br. J. Radiol
1974;47:740. [PubMed: 4433995]

Roderick TH. The response of twenty-seven inbred strains of mice to daily doses of whole-body
X-irradiation. Radiat. Res 1963;20:631-639. [PubMed: 14102482]

Archambeau JO, Fairchild RG, Brenneis HJ. The response of the skin of swine to increasing
absorbed doses of radiation from a thermal neutron beam, a degraded fission neutron beam, and
the 10B(n, o)’Li reaction. Radiat. Res 1971;45:145-165. [PubMed: 5539702]

Lippincott SW, Wilson JD, Montour JL. Radiation effects on pig skin. Exposure to different
densities of ionization. Arch. Pathol. Lab. Med 1975;99:105-110.

van den Aardweg GJ, Hopewell JW, Guttenberger R. The kinetics of repair of sublethal radiation-
induced damage in pig skin: studies with multiple interfraction intervals. Radiat. Res
1996;145:586-594. [PubMed: 8619024]

Mahl JA, Vogel BE, Court M, Kolopp M, Roman D, Nogues V. The minipig in
dermatotoxicology: methods and challenges. Exp. Toxicol. Pathol 2006;57:341-345. [PubMed:
16713702]

Mandel L, Travnicek J, Talafantova M, Zahradnickova M. The LD50/30 and the survival time in
whole-body gamma-irradiated conventional and germfree Minnesota miniature piglets. Z.
Versuchstierkd 1980;22:96-100. [PubMed: 7405435]

Vigneulle RM, Rao S, Fasano A, MacVittie TJ. Structural and functional alterations of the
gastrointestinal tract following radiation-induced injury in the rhesus monkey. Dig. Dis. Sci
2002;47:1480-1491. [PubMed: 12141804]

Hopewell JW. The skin: its structure and response to ionizing radiation. Int. J. Radiat. Biol
1990;57:751-773. [PubMed: 1969905]

Hou B, Xu ZW, Zhang CG. The effects of gut commensal bacteria depletion on mice exposed to
acute lethal irradiation. J. Radiat. Res. (Tokyo) 2007;48:347-350. [PubMed: 17598956]
Walburg HE Jr. Mynatt EI, Robie DM. The effect of strain and diet on the thirty-day mortality of
x-irradiated germfree mice. Radiat. Res 1966;27:616—629. [PubMed: 5934823]

Wilson BR. Survival studies of whole-body X-irradiated germfree (axenic) mice. Radiat. Res
1963;20:477-483. [PubMed: 14075662]

McLaughlin MM, Dacquisto MP, Jacobus DP, Horowitz RE. Effects of the germfree state on
responses of mice to whole-body irradiation. Radiat. Res 1964;23:333-349. [PubMed:
14229117]

Jervis HR, McLaughlin MM, Johnson MC. Effect of neutron-gamma radiation on the morphology
of the mucosa of the small intestine of germfree and conventional mice. Radiat. Res
1971,;45:613-628. [PubMed: 5574233]

Guarner F. Enteric flora in health and disease. Digestion 2006;73(Suppl. 1):5-12. [PubMed:
16498248]

Radiat Res. Author manuscript; available in PMC 2011 January 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Williams et al.

167.

168.

169.

170.

171.

172.

173.

Page 32

Heit H, Fliedner TM, Fache I, Schnell G. A comparison of radiation-induced bone marrow
degeneration in germfree and conventional mice. Radiat. Res 1970;41:163-182. [PubMed:
5409695]

O'Rourke J, Lee A, McNeill J. Differences in the gastrointestinal microbiota of specific pathogen
free mice: an often unknown variable in biomedical research. Lab. Anim 1988;22:297-303.
[PubMed: 2976437]

Brook I, Ledney GD. Effect of antimicrobial therapy on the gastrointestinal bacterial flora,
infection and mortality in mice exposed to different doses of irradiation. J. Antimicrob.
Chemother 1994;33:63-72. [PubMed: 8157575]

Hirama T, Tanosaki S, Kandatsu S, Kuroiwa N, Kamada T, Tsuji H, Yamada S, Katoh H,
Yamamoto N, Akashi M. Initial medical management of patients severely irradiated in the Tokai-
mura criticality accident. Br. J. Radiol 2003;76:246-253. [PubMed: 12711644]

Delia P, Sansotta G, Donato V, Messina G, Frosina P, Pergolizzi S, De Renzis C, Famularo G.
Prevention of radiation-induced diarrhea with the use of VSL#3, a new high-potency probiotic
preparation. Am. J. Gastroenterol 2002;97:2150-2152. [PubMed: 12190202]

Collins FM, Carter PB. Growth of salmonellae in orally infected germfree mice. Infect. Immun
1978;21:41-47. [PubMed: 361568]

Shalit I, Kletter Y, Weiss K, Gruss T, Fabian I. Enhanced hematopoiesis in sublethally irradiated
mice treated with various quinolones. Eur. J. Haematol 1997;58:92-98. [PubMed: 9111589]

Radiat Res. Author manuscript; available in PMC 2011 January 14.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Williams et al. Page 33

TABLE 1
Description of Radiation Pathology in Lung

8-16 weeks: acute radiation pneumonitis—Edema of alveolar septa; prominent hyperplasia of type 1l cells; moderate numbers of mononuclear
cells and fibroblasts; increase in luminal macrophages

Months-years: pulmonary fibrosis—Early presence of hyaline membranes; myointimal proliferation with occasional foamy cells; progressive
fibrosis and thickening of the septa; air spaces fill with connective tissue

Note. Modified from Fajardo et al., Radiation Pathology, 2001 (91).
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TABLE 2
Mammalian Animal Models Grouped by Pulmonary Subtype

Mammalian lung subtype  Lobularity Pleura/interlobular septa Avrterial supply to pleura
Type | (cow, sheep, pig) Well developed Thick collagenous structures  Bronchial artery

Type |1 (dog, cat, rodent) Notably absent Pleura thin; septa absent Pulmonary artery

Type 11 (horse) Imperfectly developed  Thick collagenous structures ~ Bronchial artery

Note. Modified from McLaughlin et al., 1961 (101).
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TABLE 3

Summary of Strain-Dependent Differences in Mouse Lung (89,90)

Acute phase (<28 weeks postirradiation)

Late phase (52 weeks postirradiation)

Strain Histological appearance Pneumonitis (%) Histological appearance
C57BL/10J Protein-rich edema containing fibrin Extensive contracted fibrosis
C57BL/6J Hyaline membranes Extensive contracted fibrosis
C57L1 fibrosis 12 Extensive contracted fibrosis
BALB/cJ Protein-rich and protein-poor edema 28 Foci of contracted fibrosis
BALB/cCr//Alt  Hyaline membranes 29 Foci of contracted fibrosis
A/l Small foci of fibrosis 26 Foci of contracted fibrosis
SWR/ 47 Foci of contracted fibrosis
C3HeB/Fel Protein-poor edema 50 No contracted fibrosis
C3H/HeJ Wispy deposits in alveoli No contracted fibrosis
CBA/] No fibrosis 37 No contracted fibrosis
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