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Abstract
We have developed a murine model of the Hematopoietic Syndrome of the Acute Radiation
Syndrome (H-ARS) for efficacy testing of medical countermeasures (MCM) against radiation
according to the FDA Animal Rule. Ten to 12 week old male and female C57BL/6 mice were
exposed to the LD50/30-LD70/30 dose of total body irradiation (TBI, 137Cs, 0.62-0.67 Gy min-1)
in the morning hours when mice were determined to be most radiosensitive, and assessed for 30
day survival and mean survival time (MST). Antibiotics were delivered in the drinking water on
days 4-30 post-TBI at a concentration based on the amount of water that lethally-irradiated mice
were found to consume. The fluoroquinolones, ciprofloxacin and levofloxacin, and the
tetracycline doxycycline and aminoglycoside neomycin, all significantly increased MST of
decedent mice, while ciprofloxacin (p=0.061) and doxycycline + neomycin (p=0.005) showed at
least some efficacy to increase 30 day survival. Blood sampling (30uL/mouse every 5th day) was
found to negatively impact 30 day survival. Histopathology of tissues harvested from non-
moribund mice showed expected effects of lethal irradiation, while moribund mice were largely
septicemic with a preponderance of enteric organisms. Kinetics of loss and recovery of peripheral
blood cells in untreated mice and those treated with two MCM, granulocyte-colony stimulating
factor and Amifostine, further characterized and validated our model for use in screening studies
and pivotal efficacy studies of candidate MCM for licensure to treat irradiated individuals
suffering from H-ARS.

INTRODUCTION
The increasing presence worldwide of radioactive material for therapeutic, energy, or
weapon applications underscores the need for medical preparedness for effective treatment
in the event of accidental or intentional radiation exposure. However, there are currently no
medical countermeasures (MCM) approved to treat severely irradiated personnel. Physicians
would likely rely on medications used to treat chemo- and radiotherapy-induced
myelosuppression, such as granulopoietic cytokines, in addition to supportive care.
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Efficacy and safety studies for new MCM will require the use of relevant, applicable and
practical animal models adhering to the Food and Drug Administration’s (FDA) Animal
Rule (AR). The AR was drafted in 2002 to meet the regulatory need for guidance in
conducting studies when “adequate and well-controlled clinical studies in humans cannot be
ethically conducted and field efficacy studies are not feasible” (Crawford 2002). T he FDA
has also published a guidance document in January 2009, relative to use of the AR, entitled;
“Guidance for Industry. Animal models – Essential Elements to Address Efficacy Under the
Animal Rule” (http://www.fda.gov/cder/guidance/index.htm). These documents offer
regulatory guidance for licensure of MCM to treat lethally-irradiated personnel based on
demonstrated efficacy in appropriate animal models.

Since publication of the AR in 2002 and the Guidance document in 2009, efforts in our and
other laboratories have focused on development of appropriate animal models for the
Hematopoietic (H) Syndrome of the Acute Radiation Syndrome (H-ARS). Although low
dose exposure of 1-2 Gy total-body irradiation (TBI) or less in humans is generally non-life
threatening, exposures in the range of 2-10Gy affect primarily the hematopoietic system,
resulting in H-ARS. H-ARS is characterized by life-threatening neutropenia and
thrombocytopenia, and possible death due to infection and/or bleeding. The lethal radiation
dose for 50% of humans at 60 days post-exposure (LD50/60) is estimated to be 3.5-4.5Gy
(Lushbaugh 1969, Vriesendorp and Van Bekkum 1984), but can be significantly increased
to ~6-7Gy when antibiotics and fluids are provided as supportive care (Dainiak 2002, Anno
et al. 2003).

Mice have been selected as the animal model system for H-ARS in the current study for
several reasons: 1) existence of a relatively large database utilizing mice in radiation studies
that spans decades, 2) favorable logistics for housing and handling, 3) relatively economical,
4) nominal ethical considerations, 5) critical use for performing efficient screening protocols
for candidate MCM, 6) efficient use for assessing MCM route, dose and schedule of
administration prior to assessing in large animal models, 7) ease of performance of
pharmacokinetic and pharmacodynamic studies of applicable MCM, 8) existence of well
defined congenic strains, cross-bred strains (i.e. Diversity Outbred), and strains specific for
lung injury that can be used to assess MCM with varying mechanism(s) of action in different
sequelae of ARS (H-ARS and GI-ARS) relative to radiation effects, and 9) ability to
investigate age-related radiation effects and mitigation by MCM. For these reasons, mice are
the basic model to investigate MCM efficacy and all key criteria of the FDA AR.

The strain C57BL/6 was chosen for these studies due to their moderate degree of
radiosensitivity compared to other strains (Kohn and Kallman 1956) and because their well-
defined hematopoietic system allows performance of sophisticated hematopoietic stem cell
(HSC) assays for mechanistic studies (such HSC studies are the focus of an accompanying
paper in this issue by the Orschell group (Plett reference)). Furthermore, C57Bl/6 mice are
one of two strains of mice recommended for testing of radiomitigators and radioprotectants
by the 2008 Centers for Medical Countermeasures against Radiation Animal Models
Workshop (Williams et al. 2010). All studies are performed on mice of the same age to
avoid age-related changes in radiosensitivity (Grahn and Hamilton 1957, Grahn 1958, Yuhas
and Storer 1967, Casarett 1968). Our murine model of H-ARS in C57Bl/6 mice has been
extensively defined in this publication in terms of the radiation dose-response relationship
(DRR) with and without supportive care, complete blood count (CBC) parameters, mean
survival time of decedents, efficacy of several antibiotics, hydration requirements post TBI,
chronosensitivity, histology and microbiology of various tissues post-exposure, effects of
known radioprotectants and radiomitigators, and variables affecting radiosensitivity. All
studies can be conducted under Good Laboratory Practices (GLP) when needed, as required
by the FDA’s AR for GLP-compliant survival studies.
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MATERIALS AND METHODS
Mice

Specific pathogen free (SPF) C57BL/6 mice (50/50 male/female; Jackson Laboratory, Bar
Harbor, Maine) were received at 10 weeks of age, an age analogous to a “young adult”
human. C57BL/6 mice exhibit a moderate degree of radiosensitivity compared to other
strains (Kohn and Kallman 1956). Weights ranged from 15.0-21.5gm (females) and 19.0
28.0gm (males). Mice were identified by tail tattoo, ear punch, or tail marks. All studies
were approved by the Indiana University School of Medicine Institutional Animal Care and
Use Committee.

Husbandry
Up to 5 mice per cage were housed in microisolator cages on sterilized direct contact
bedding (Alpha Dri) and provided certified commercial extruded lab rodent chow (Harlan
2018SXC) ad libitum in cage hoppers and acidified water (pH 2.0-3.0) in sipper tube bottles.
Autoclaved acidified water was provided on days 4-30 post-TBI in sipper tubes and wet
feed. Animal rooms on a 12-hour light/dark cycle were maintained at 21±3°C with 30-80%
relative humidity and at least 10 air changes per hour of 100% conditioned fresh air.

Irradiation and dosimetry
In the morning of study Day 0, mice were placed in single chambers of a Plexiglas
irradiation apparatus and exposed to a single uniform total body dose of gamma radiation
from a 137Cs radiation source (GammaCell 40; Nordion International, Kanata, Ontario,
Canada) at an exposure rate of 0.63-0.68 Gy/minute. Each group of mice irradiated together
was roughly divided among all treatment groups to ensure that each group received the same
irradiation exposure conditions. Each exposure was confirmed using Inlight Dot dosimeters
(Landauer Inc.) placed inside of a parafilm mouse phantom and irradiated along with the
mice. Dosimeters were read using a validated Landauer microStar reader calibrated with
standard Dot dosimeters exposed with a NIST-traceable 137Cs source (Battelle Memorial
Institute, WA). Reproducibility of individual dots was 3±1% with accuracy of 4±2%, well
within the 10% industry standard for experimental radiation dosimetry.

Antibiotics
In some studies (as detailed in Results), antibiotics were provided on days 4-30 post-
exposure in autoclaved acidified water ad libitum from sipper tubes and also as wetted feed
in Petri dishes set on the cage bottom. Antibiotic support consisted of either: 1) neomycin-
treated water (2mg/mL) in sipper tubes and wet feed plus 0.0625% doxycycline chow in
cage hoppers, 2) ciprofloxacin-treated water (0.67mg/mL) in sipper tubes and wet feed, or 3)
levofloxacin-treated water (0.67mg/mL) in sipper tubes and wet feed. Controls received no
antibiotics but did receive autoclaved acidified water and wet feed on days 4-30 post-
exposure.

Health status monitoring
Irradiated mice were observed for morbidity or mortality twice daily by trained laboratory
personnel and scored a scale of zero to three for signs meeting the criteria for early
euthanasia based on three parameters: the severity of hunched posture, squinted/closed eyes,
and decreased activity. Mice with scores of eight or nine underwent euthanasia by CO2

inhalation followed by cervical dislocation.
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Complete blood counts (CBC)
Mice were restrained and the tail anesthetized with ethylene chloride. Two to three mm of
the end of the tail was snipped and 40uL of blood collected into EDTA-coated capillary
tubes. Complete blood counts were performed using a validated HEMAVET® 950FS
Hematology System (Drew Scientific) at least 10 mins after collection but within 24hrs.

Neupogen and Amifostine radiomitigators
Amifostine was administered subcutaneously (SC) 30 min prior to TBI at a single dose of
approximately 400 mg/kg (8 mg/mouse) (Yuhas et al. 1977). Yuhas et al. (Yuhas et al.
1977) showed that this dose of Amifostine successfully radio-protected normal tissues in
mice and did not cause toxicity. Granulocyte-colony stimulating factor (G-CSF, Filgrastim;
Amgen, Inc, Thousand Oaks, CA) was administered SC at a dose of approximately 125 μg/
kg (2.5 μg/mouse) once a day starting 24 ± 4 hours after TBI for 16 days.

Study Design, Sample Size, & Statistical analyses
Each cage was randomized to a radiation exposure dose and individual mice were
randomized to treatment groups by a study statistician. Studies testing MCM as mitigators or
protectants were powered to detect a 30% reduction in mortality (i.e. 70% to 40% and 90%
to 60%) with 80% power using a two-tailed 5% significance level (n=20 mice per group).
The primary outcome, 30-day survival, was examined using logistic regression, which also
included sex, radiation dose and interactions of treatment with dose and sex to examine
differential effects. Since the randomization was by mouse, “cage effects”, if present, did not
bias the results but the model was adjusted using a Generalized Estimating Equations (GEE)
method. Secondary analysis included time to death and was examined using a Cox
proportional hazards regression model, which was analogous to the logistic regression and
included treatment, sex and radiation dose.

CBC data were analyzed using a t-test to compare groups at each time point, and then
examined to see if a transformation was necessary to satisfy the assumptions of the t-test
before the analysis was implemented. In addition, data for multiple time points were
examined together in a two way analysis of variance model with time and treatment as
factors. If no treatment by time interaction exists, this analysis has more power than the t-
tests. Five mice per group yielded 80% power to detect a 2 standard deviation difference
using a two-tailed 5% significance level.

Chronoradiosensitivity study—Mortality was analyzed using a GEE methods with
factors for study, gender, cage, and time of day. Interactions were also tested. Kaplan-Meier
survival analysis was used to compare survival time between morning, midday, and
afternoon irradiation groups.

Drinking studies—A longitudinal linear mixed models analysis was used to compare total
volume (mL) of water consumed per mouse over time. A compound symmetry variance-
covariance structure was assumed. The group by day interaction was not significant
(p=0.569); group by study interaction was significant (p=0.045) and thus was kept in the
final model.

RESULTS
Drinking studies

Since the first line treatment for irradiated, neutropenic humans includes antibiotics, efficacy
of different antibiotics to increase 30 day survival in lethally irradiated mice was evaluated.
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To avoid the added stress of daily injections and handling of irradiated mice, antibiotics
were provided ad libitum in the drinking water and feed. Therefore, as a first step in
comparing the efficacy of different antibiotics, water consumption in mice exposed to lethal
irradiation was evaluated to understand how to use drinking water as a vehicle for antibiotic
delivery.

To this end, consumption of water from sipper tubes fashioned from graduated cylinders
was followed after exposure of C57BL/6 mice to the LD50/30 dose of 137Cs (Fig. 1).
Overall water consumption significantly decreased as early as one day after irradiation (from
3.9 ml/day to 2.3 ml/day, p<0.001, n=49), and continued to decrease with onset of radiation-
induced morbidity to 2-3 weeks post-TBI (p<0.001, comparing d8 to d18, n=39), at which
time consumption began to increase in surviving mice (p<0.002, comparing d19 and d29,
n=34). Of interest, when wet feed was present in Petri dishes set on cage bottoms, mice
consumed as much as 70% less water from sipper tubes (p<0.001, n=29-35).

Water consumption in lethally-irradiated mice provided ciprofloxacin-containing water with
or without added flavorings (grape, sweeteners) was found not to differ among the different
treatment groups, so flavorings were deemed unnecessary to enhance antibiotic consumption
(data not shown). In addition, there were no differences in water consumption between
males and females (two-sided p-value = 0.244, data not shown).

Chronoradiosensitivity
C57BL/6 mice were exposed to the predicted LD50/30 dose of radiation at different times
during the day and then analyzed for overall survival time for 30 days. Mice irradiated
between 11am and 1pm (Fig. 2, Midday group) were found to be more radioresistant than
mice irradiated in the morning or afternoon (p≤0.019). Lethality of mice irradiated in the
morning was the closest to the predicted LD50/30 dose of radiation (54.4% lethality),
therefore all mice in subsequent studies were irradiated in the morning to reduce
chronoradiosensitivity effects between experiments.

Radiation dose-response relationship (DRR) and LDXX/30
Fig. 3a shows the radiation dose relationship (DRR) using probit models of C57BL/6 mice
exposed to various doses of radiation and provided ad libitum doxycycline & neomycin,
ciprofloxacin, levofloxacin, or no antibiotic support from days 4-30 post-exposure. Mice
receiving levofloxacin and the levofloxacin control group of “no antibiotic support” also
received seven subcutaneous PBS injections every other day beginning on day 1 post-
exposure. The purpose of the seven PBS injections during the study was to control for
effects that the stress of handling (while administering medical countermeasures), or that the
benefit of fluid replacement, may have on mortality of irradiated mice. Based on studies
shown in Fig. 1 suggesting that irradiated sick mice drink at least 3mL of water per day, it is
assumed that mice consumed at least 300mg/kg/day of neomycin, and 100mg/kg/day of
ciprofloxacin or levofloxacin. Assuming that mice eat 4g/chow/day, they would have
consumed 125mg/kg/day of doxycycline.

Thirty-day survival was calculated at each dose of radiation and is shown as percent
mortality on the Y-axis. Doxycycline and neomycin significantly shifted the lethality curve
to the right (p=0.005 compared with “No antibiotic support”), whereas ciprofloxacin was
less effective at increasing 30 day survival (p=0.061 compared with “No antibiotic
support”). Levofloxacin did not increase 30-day survival compared with control group “No
antibiotic support + 7 PBS injections” (p=0.461). There were no statistical interactions
between dose and treatment, gender and treatment, or dose and gender. Differences in the
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five DRR curves are illustrated by the LDXX/30 doses of radiation and 95% confidence
intervals calculated from these data (Table 1).

Although ciprofloxacin and levofloxacin were unsuccessful to significantly increase 30day
survival compared with their respective control groups, both antibiotic regimens did
significantly increase overall survival time. Kaplan Meier survival curves (Fig. 3b) and
Mean Survival Times (MST) of decedent mice (Table 1) show that the overall survival of
mice treated with ciprofloxacin (MST=19.3 days) or levofloxacin (MST=18.5 days) was
significantly greater than their respective controls (“No antibiotic support” MST=14.1 days;
p<0.0001, and “No antibiotic support + 7 PBS” MST=17.2 days, p=0.033). MST of mice
treated with doxycycline & neomycin (18.3 days) was significantly increased compared with
“No antibiotic support” (p<0.0001). MST of ciprofloxacin mice was also significantly
increased compared with MST of doxycycline & neomycin treated mice (p=0.031).

Of interest in these comparisons is that overall survival (Fig. 3b) and MST (Table 1) of “No
antibiotic support + 7 PBS” mice appeared greater than “No antibiotic support” mice,
suggesting that the fluid support provided via the seven injections may have enhanced
survival. However, the steeper dose-response curve of the mice that received the seven PBS
injections, illustrated by the increased slopes of the probit plots (Table 1), suggests that
injections may have increased mortality of mice exposed to higher doses of radiation,
possibly due to added stress of handling the sick mice.

Of particular note in these mouse studies is the overall steepness of all 5 curves, illustrated
by the relatively small differential between the LD90/30 and LD10/30 doses of radiation
(0.72 to 1.45 Gy, Table 1) compared to 2.45 Gy in the nonhuman primate (MacVittie, in
press). The relatively low LD90/30:LD10/30 ratios [range 1.095-1.2 (Table 1) versus 1.39 in
the nonhuman primate (MacVittie, in press)] also illustrate this point. Larger
LD90/30:LD10/30 values, possibly approaching 2.00, would likely mimic the human
population more than ratios generated from inbred mouse strains. The very steep curves
mean that confidence intervals around the calculated LDXX/30 radiation doses span a larger
fraction of the curve, thus pinpointing the LDXX/30 in subsequent experiments becomes
difficult.

Moribundity and mortality of mice undergoing periodic blood sampling
Since pancytopenia is a major factor in radiation-induced morbidity and mortality, assessing
recovery of hematopoietic cells after irradiation may be a useful secondary parameter to
document mechanism of action of MCM. However, effects of longitudinal blood sampling
on morbidity/mortality of lethally-irradiated mice is unknown. To investigate the effects of
blood sampling on mortality, mice were exposed to the LD90/30 dose of ionizing radiation
and were bled by tail snips once every 5 days (30uL per sample; a maximum of 6 samples/
mouse over 30 days). Thirty day survival of mice undergoing periodic blood sampling was
3.2%, compared to 12.2% in non-bled mice (Fig. 4a, p=0.008). There was no difference in
30day survival between males and females (two-sided p=0.518). The MST of decedent mice
bled every 5th day was significantly decreased by 1.6 days compared to non-bled mice (17.3
days versus 18.9 days, respectively; p=0.031). Cox Regression analysis of overall survival
time of bled mice was significantly decreased compared to non-bled mice (p=0.005).
Morbidity occurred earlier and was more prevalent in bled mice compared to non-bled (Fig.
4b). Taken together, these data suggest that either the small loss of blood or the stress of
handling negatively impacted health and survival of lethally-irradiated mice.
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Histology and microbiology of lethally-irradiated mice
To better understand mechanisms of radiation-induced death, moribund mice, and non-
moribund mice culled on days 3, 8, and 17 post-8 Gy TBI, were humanely euthanized and
underwent necropsy to assess microbial status and histopathology of various tissues (Table
2). Histology of the thymus and bone marrow (BM) on d3 (non-moribund mice) revealed
classical effects of TBI: thymic atrophy, absence of cells in the cortex, and marked BM
hypocellularity. Few myeloid cells were present in the BM, and sinusoids were dilated with
red cells. At later time-points (d8 and 17), foci of myeloid cells appeared in the BM,
sinusoidal congestion diminished, and adipocytes became numerous. Histology of spleens
showed small germinal centers with indistinct mantle zones early after irradiation (d8), with
discernible mantle zones and with foci of extramedullary hematopoiesis on later time-points
(d17). Tissues from non-moribund mice terminated on day 31 were only mildly
lymphopenic.

Small intestines at all time-points evaluated showed no gross abnormalities, inflammation,
ulceration, or bleeding, although villi blunting and modest crypt loss was evident (Table 2).
Crypt regeneration was observed relative to non-irradiated controls. These findings are
consistent with modest GI damage within the LD80/30 range of H-ARS.

A profound discoloration of the liver associated with cytoplasmic vacuolation (fatty change)
was noted at early time points, but was absent in mice surviving to day 31. Radiation-
mediated degeneration of seminiferous tubules was noted in testis, while salivary glands
remained mostly normal, despite occasional acinar cell degeneration (Table 2).

Septicemia and bacteremia were more prevalent in moribund mice than in non-moribund
mice at all time-points analyzed. At early time points (days 8-16), 88-100% of tissues from
moribund mice were positive for microbes, whereas only 0-33% of tissues from non-
moribund mice showed similar results (Table 3). By days 17-23, 25-75% of tissues from
non-moribund mice were positive, compared to 83-100% of tissues of moribund mice.
Similar numbers of bacterial strains were identified in moribund and non-moribund mice
and ranged from 1-9/mouse with an average of 2.6±0.4 organisms/mouse (mean±SEM,
n=23). Over 75% of the organisms found in harvested tissues were of enteric origin, with
Klebsiella oxytoca and Enterococcus faecalis being the most prominent organisms isolated
(Table 4).

CBC
To provide evidence that the pathophysiological mechanism of toxicity of H-ARS is
reproduced in the murine model, and to validate our mouse model of H-ARS with a known
radiomitogator (Neupogen) and radioprotectant (Amifostine), the kinetics of hematopoietic
recovery in lethally irradiated mice treated with either Neupogen or Amifostine was
followed for 30 days post-exposure. Groups of 30 mice were exposed to the LD70/30 dose
of radiation and treated with either Amifostine (400mg/kg) 30mins prior to exposure,
Neupogen (125ug/kg) beginning 24hr post exposure and continuing daily to d16, or
remained untreated. Amifostine and Neupogen significantly increased survival from 30% to
100% and 67%, respectively (Fig. 5a). The white blood cell (WBC) and absolute neutrophil
count (ANC) hit their nadir around day 6-10 and did not begin to recover until after day 20
(Fig. 5b and 5c, respectively). The absolute lymphocyte count (ALC) reached nadir by day
2, and did not recover to levels seen in non-irradiated age-matched controls by day 30 (Fig.
5d). Erythrocytes and platelets were slower to reach their nadir (day 22 for RBC and day 17
for platelets), and both recovered to almost normal levels by day 30 (Fig. 5e and 5f).
Apparent in all figures is the minimal hematopoietic suppression in mice treated with
Amifostine, especially in RBC and platelet parameters, and recovery from the initial drop in
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WBC, ANC, and ALC. Mice treated with Neupogen were hematopoietically suppressed in
all parameters for approximately 15 days, but recovered more quickly than untreated control
mice. These data support and expand upon those previously reported (Patchen et al. 1992,
Patchen and MacVittie 1994, Patchen 1995) by illustrating the temporal changes in
hematopoietic parameters post-exposure and effects of a known radiomitigator (G-CSF) and
known radioprotectant (Amifostine) to enhance the recovery blood cells and platelets.

CBC were also performed on moribund mice (n=51) prior to euthanasia, and compared to
CBC from irradiated non-moribund mice (n=242). Hematocrit and platelet counts of
moribund mice were found to be only 20-24% of those of non-moribund mice (hematocrit =
5.6 ±1.60 versus 23.0 ±1.51, respectively, and platelets = 46 ±12.73 versus 215 ±25.99,
respectively, mean±SEM). However, absolute neutrophil and lymphocyte counts were
similar between moribund and non-moribund mice (ANC = 0.58 ±0.23 versus 0.51 ±0.10,
respectively, and ALC = 1.1 ±0.50 versus 1.2 ±0.15, respectively, mean±SEM).

DISCUSSION
This paper describes the establishment of a mouse model that adheres to the FDA’s Animal
Rule (AR) (Crawford 2002) and which can thus be used for efficacy testing and product
licensure of MCM for the treatment of H-ARS. Following the AR, the FDA will rely on data
from animal studies as evidence of MCM effectiveness when: 1) the animal model possesses
a well understood pathophysiological mechanism of toxicity (of radiation) and its
amelioration by the MCM, 2) the effect is demonstrated in more than one animal species and
in a manner predictive of the human response (unless the effect can be demonstrated in a
single animal species that represents a sufficiently well characterized animal model for the
human response 3) the outcome of the animal study is clearly related to the desired benefit
in human (i.e., reduced morbidity/mortality), and 4) data on pharmacokinetics and
pharmacodynamics of the product in animals and humans allows selection of an effective
dose in humans (Crawford 2002). In addition, the AR requires that efficacy studies for
MCM undergoing final confirmation for FDA approval are to be done as GLP compliant
pivotal trials using well-characterized animal models.

As a first step in developing our mouse model in accordance with the AR, the radiation
dose-response relationship (RDD) for mortality from H-ARS was defined. Of the MCM
currently available, antibiotic therapy is first line treatment for radiation exposure
(Waselenko et al. 2004) and thus was included in studies establishing the RDD. Since the
stress of injections would likely accelerate morbidity and mortality of lethally irradiated
mice, antibiotics were provided ad libitum through the drinking water. It was thus important
to first determine water consumption of irradiated mice, so that an appropriate amount of
antibiotics could be added to water to achieve the desired dose through drinking. Our studies
showed that irradiated mice drink approximately 3 mL of water per day, and less when wet
feed is present. Although fluid consumption varied significantly after irradiation, we
assumed that mice consumed at least the equivalent of 3mL of water per day from the sipper
tube and from chow wetted with antibiotic water, and ate 4g of chow per day.

Three antibiotic regimens were examined in the current study: 1) the broad spectrum
tetracycline antibiotic doxycycline administered with the aminoglycoside neomycin (the
antibiotics routinely used at our institution for irradiated mice), 2) the broad spectrum
fluoroquinolone ciprofloxacin, and 3) the fluoroquinolone levofloxacin, which possesses
broader gram-positive coverage than ciprofloxacin. Based on our water consumption
studies, it was estimated that irradiated mice consumed 300mg/kg/day of neomycin, 100mg/
kg/day of ciprofloxacin, 100mg/kg/day of levofloxacin, and 125mg/kg/day of doxycycline
(assuming that all mice in the same cage drank approximately the same amount of water).
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All these doses are well within the therapeutic range for irradiated mice. It should also be
noted that females, which weighed approximately 23% less than males, drank approximately
the same amount of water, so systemic levels of antibiotics may be greater in females than in
males.

While all three antibiotic regimens significantly increased MST in our mouse model, only
ciprofloxacin and doxycycline+neomycin significantly increased overall survival time as
well. Furthermore, only doxycycline and neomycin significantly increased 30 day survival,
while ciprofloxacin moderately increased 30 day survival (p=0.061). Doxycycline and
neomycin were subsequently omitted from our investigations since neither is warranted for
treatment of irradiated humans. The fluoroquinolones ciprofloxacin and levofloxacin are
attractive for use in our model for the following reasons: both are absorbed systemically and
would be useful for septicemia, both are warranted for treatment of humans after irradiation
(D’Antonio et al. 1994), and both have efficacy in rodents (Brook et al. 1990, Brook and
Elliott 1991, Brook and Ledney 1991, D’Antonio et al. 1994, Brook et al. 2005). In addition,
ciprofloxacin is widely used in humans, does not affect glucose levels in mice observed with
other fluoroquinolones (Hori et al. 2006), and would likely be the first line antibiotic used to
treat humans in a radiation accident setting.

The broader gram positive coverage of levofloxacin may make it a more attractive antibiotic
in our model than ciprofloxacin. Indeed, our data evaluating the microbiological profile of
different tissues in lethally-irradiated mice (Table 4) revealed a large number of gram
positive bacteria, suggesting that levofloxacin may be preferred over ciprofloxacin as a
single antimicrobial agent. Since experiments evaluating ciprofloxacin and levofloxacin
were performed 4-5 years apart, comparisons of data between the two should be viewed with
caution. Ciprofloxacin was shown to significantly increase the MST of decedents by 5 days
over controls, whereas levofloxacin increased MST by only 1 day. The increase in “alive
days” effected by antibiotics allows an extension of the “window of opportunity” for MCM
to show effectiveness for increased survival.

Evident through development of our animal model of H-ARS has been the variability in the
predicted survival of irradiated mice from experiment to experiment. Despite controlling for
such things as: room humidity, cage rack position, time of day of irradiation, time of year of
the experiment, number of vehicle injections, age of animals, use of antibiotics versus no
use, and type of antibiotic, it remains difficult to achieve the predicted LDXX/30. The
observed variability is likely consequent to the steepness of the lethality curve, a
characteristic of inbred strains such as C57Bl/6 mice. This steepness results in 95%
confidence intervals (CI) that span a larger fraction of the dose response curve around the
calculated LDXX/30 doses. Such broad, inclusive CI make pin pointing the LDXX/30 in
subsequent experiments difficult. This observation has been previously acknowledged by
Cerveny et al (Cerveny et al. 1989), where he notes: “the more inbred and homogenous the
population, the steeper the slope of the lethality curve”. Others have made similar
statements: “it seems possible to conclude that the doses giving between 90%-95% mortality
in most animal experiments are about twice those giving 5%-10% mortality” (Baverstock
and Ash 1983).

Examination of LD90/30:LD10/30 ratios in Table 1 reveals values of 1.10 to 1.20 for the
inbred mouse strain C57Bl/6, whereas ratios for non-human primates are 1.39 (MacVittie, in
press). Ratios approaching 2 are predicted for humans. A much smaller differential between
the LD90/30 and LD10/30 in the C57Bl/6 DRR (0.72 to 1.45 Gy) also exists compared to
that of nonhuman primates (2.45 Gy, MacVittie, in press). These differences illustrate the
more shallow dose-response curves of outbred species, and exemplify the inherent problems
associated with performing radiation lethality experiments using inbred strains. Whether
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outbred mice would allow generation of more stable DRR than inbred strains remains to be
determined. Additionally, if “outbred” can be equated with variability (in the sense of
genetic variability), then one could postulate that as laboratory systems become more
standardized and streamlined, and experimental variables systematically reduced, that DRR
may become even more steep.

Regardless, most radiation studies are done using inbred mouse strains (most commonly
BALB/C, C3H/HeN, B6D2F1/J and C57Bl/6 (Williams et al. 2010)), which differ greatly in
their radiosensitivities due to genetic variations. BALB/C, for example, are the most
radiosensitive strain (LD50/30=6.4 (Kohn and Kallman 1956)) likely due to a double-strand
DNA repair defect (Okayasu et al. 2000). C57BL/6 are the most radioresistant of the four
strains listed above, but are moderate compared to a larger group of 18 strains (Kohn and
Kallman 1956). Their moderate radiosensitivity, along with being one of the recommended
strains for radiation studies by the 2008 Centers for Medical Countermeasures against
Radiation Animal Models Workshop (Williams et al. 2010), as well as the availability of
congenic strains that allow the performance of competitive transplantation studies for HSC
function, make C57Bl/6 mice a particularly desirable strain for development of a model of
H-ARS.

As one means of reducing variability in our model, we examined whether
chronoradiosensitivity was affecting mortality of our irradiated mice. Chronoradiosensitivity
of mice and rats has been recognized since the early 1960s (Pizzarello et al. 1963, Pizzarello
et al. 1964, Nelson 1966, Hellwig and Rosenkranz 1968, Haus et al. 1974, Haus 2002), and
has been suggested to be a useful guide to time delivery of radiotherapy in humans for
malignancy. In rats and mice, mortality was shown to be higher when irradiation was
delivered during the night time hours (Nelson 1966) and/or during the early light hours
(Pizzarello et al. 1964, Hellwig and Rosenkranz 1968, Haus 2002). Our findings showed the
highest mortality in the morning hours and are in agreement with these studies. It has been
suggested that circadian rhythms controlling HSC cycling may be responsible for
chronoradiosensitivity, similar to that shown for intestinal stem cells (Potten et al. 1977), but
this has not been definitively shown. Circadian rhythms controlling HSC trafficking
between BM and PB have, however, been recently documented (Méndez-Ferrer et al. 2008,
Méndez-Ferrer et al. 2009).

Handling of lethally-irradiated, sick mice, such as that necessary to administer MCM, can
accelerate morbidity and mortality. Conversely, the “fluid replacement” gained through
administration of MCM has been shown to enhance survival in the gastrointestinal
subsyndrome of ARS (Booth, in press). However, this is less definitive in the H-ARS
(Moccia et al. 2010). Since the possibility exists that both these variables can affect the
DRR, we aimed to generate a radiation dose-response curve that controlled for both the
stress of handling the mice and the possible benefit of fluid replacement that mice would
receive during testing of injectable MCM. We chose to give seven subcutaneous injections
every other day post-exposure since most MCM are given in 2-16 injections post-TBI.
When the radiation dose response curve of the injected mice was compared with that of the
non-injected mice, the curve of injected mice was found to be steeper. These data suggest
that the stress of handling the mice during injections may have caused increased mortality of
mice exposed to higher doses of radiation, while administration of fluids may have provided
a survival benefit to mice exposed to lower doses of radiation. It should be noted that
LD90/30:LD10/30 ratios of experiments where mice were injected appear less than those of
experiments using non-injected mice.

Since neutropenia and thrombocytopenia, and subsequent infection and hemorrhage, are
accepted as the cause of death in H-ARS, monitoring the recovery of blood parameters post-

Plett et al. Page 10

Health Phys. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



exposure may provide a desirable secondary parameter to assess efficacy and mechanism of
action of putative MCM. In our study, we found that longitudinal blood sampling exhibited
negative effects on morbidity and mortality of lethally-irradiated mice. Overall 30d survival
and moribundity of mice undergoing periodic blood sampling were significantly less than
non-bled mice. These data suggest that either the small amount of blood (30uL every 5th

day) taken from the lethally irradiated mice, or the stress of handling during the tail snip/
blood sampling, may have had negative impacts on their recovery. These data will guide
development of FDA pivotal protocols assessing MCM in small animal models of H-ARS,
and may necessitate performance of separate studies to assess secondary parameters such as
kinetics of blood cell recovery.

The granulopoietic hematopoietic growth factors (HGF) G-CSF, GM-CSF, and peg G-CSF
remain as the standard of treatment for drug- and radiation-induced neutropenia for their
demonstrated efficacy to increase granulocyte regeneration in animals and humans (Zsebo et
al. 1986, Shimamura et al. 1987, Morstyn et al. 1988, Sheridan et al. 1989, MacVittie et al.
1990, Patchen et al. 1992, Patchen 1995, Farese et al. 1996, Welte et al. 1996, Molineux et
al. 1999, Bishop et al. 2000, Lord et al. 2001, Farese et al. 2012). Tanikawa et al. (Tanikawa
et al. 1990) and MacVittie et al. (MacVittie et al. 2005) have demonstrated significantly
increased survival in mice and canines, respectively, when G-CSF was administered after
lethal irradiation. Both G-CSF and GM-CSF have been used in radiation accident victims
and appear to have shortened the time to neutrophil recovery (Dainiak et al. 2003).
Amifostine is a known radioprotectant and has also proven efficacy to increase 30 day
survival in lethally irradiated mice (Patchen et al. 1990, Patchen et al. 1992). Both G-CSF
and Amifostine significantly increased 30 day survival and various PB hematopoietic cell
parameters in our model, thereby validating our murine model of H-ARS with known MCM.

CONCLUSIONS
This report describes our efforts to develop an animal model of H-ARS in C57Bl/6 mice
according to the guidelines set forth by the FDA Animal Rule (Crawford 2002) and the FDA
Guidance document (http://www.fda.gov/cder/guidance/index.htm). We have sufficiently
characterized this model with respect to fluid consumption of sick mice post-exposure to
estimate antibiotic intake, chronoradiosensitivity to radiation response, effects of different
classes of antibiotics on the DRR, effects of longitudinal blood sampling on morbidity and
mortality, histopathology and microbiology of moribund mice, and final validation of our
model with known MCM that significantly increased survival and recovery of blood cells.
This well-characterized murine model is suitable for screening studies of candidate MCM
and final pivotal efficacy studies performed under GLP for licensure of MCM to treat
lethally-irradiated personnel exposed to radiation doses resulting in H-ARS.
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Figure 1. Lethally-irradiated C57BL/6 mice provided with wet feed consumed less water from
sipper tube bottles than mice provided only sipper tube bottles
C57BL/6 mice were exposed to 7.96Gy and monitored for fluid consumption for 29 days.
All mice were provided autoclaved acidified water for the duration of the study. Mice in the
“sipper tube bottle + wet feed” group (broken line) were also provided wet feed set in Petri
dishes on cage bottoms beginning on day 4 post-exposure. Data are from 1 to 2 separate
experiments. *p<0.0001 comparing “Sipper tube bottle” to “Sipper tube bottle + wet feed”,
n=29-35 mice/group. Data on days 2-4 and days 23-25 represent mean daily water intake
over the weekend.
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Figure 2. Chronosensitivity of C57Bl/6 mice
C57BL/6 mice were irradiated with the predicted LD50/30 at different times during the day
and analyzed for survival time over 30 days. p≤0.019 comparing Midday group with either
morning or afternoon. N=68 (morning group), n=10 (midday group), and n=41 (afternoon
group).
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Figure 3. Radiation dose-response relationship (DRR) of C57Bl/6 mice
C57BL/6 mice were exposed to different doses of radiation and provided support on days 4
through 30 after irradiation as follows: one group received ciprofloxacin-treated water and
chow wetted with ciprofloxacin-water (blue line). A second group received neomycin-
treated water plus doxycycline chow in cage hoppers and also as wet feed (black line). A
third group received levofloxacin-treated water and chow wetted with levofloxacin-water,
plus seven subcutaneous injections of PBS every other day beginning on day one post-
exposure (green line). Controls received no antibiotic support but did receive regular wet
feed on days 4-30 either without (red line) or with the addition of seven PBS injections
(orange line). Panel A shows the DRR using probit models. Survival at day 30 was analyzed
at each dose of radiation and is shown as percent mortality on the Y-axis. Panel B are
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Kaplan-Meier survival curves showing the proportion of mice surviving at each time point
for each treatment condition using all of the radiation doses combined.
P values for 30 day survival: p=0.005 comparing doxycycline and neomycin with No
antibiotic support, p=0.061 comparing ciprofloxacin with No antibiotic support, p=0.461
comparing levofloxacin with No antibiotic support + 7 PBS injections.
P values for overall survival time: p<0.0001 comparing doxycycline and neomycin with No
antibiotic support, p<0.0001 comparing ciprofloxacin with No antibiotic support, p=0.278
comparing levofloxacin with No antibiotic support + 7 PBS injections.
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Figure 4. Mortality and morbidity associated with periodic blood drawing
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Mice were exposed to the LD90/30 dose of radiation and then bled by tail snips every 5 days
(solid line), or not bled (dashed line). Mice were provided ciprofloxacin in their drinking
water and wet feed ad libitum from day 4 through 30 post-exposure. Panel A shows Kaplan-
Meier survival curves; panel B shows the mean euthanasia score per mouse in each group
over time. n=60 mice in the bleed group and n=41 mice in the no bleed group. p=0.008
comparing 30 day survival of bled and not bled mice; p=0.031 comparing MST of bled and
not bled mice, p=0.005 comparing overall survival time of bled and not bled mice.
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Figure 5. Survival and CBC parameters in mice exposed to lethal radiation and treated with
Amifostine or G-CSF
Groups of 30 mice were exposed to the LD70/30 dose of radiation and treated with either
Amifostine (400mg/kg, green lines) 30 minutes prior to exposure, Neupogen (125ug/kg, red
lines) beginning 24 hr post exposure and continuing daily to day 16, or remained untreated
(blue lines). Black lines are from non-irradiated age-matched controls. Mice were bled by
tail snips every 5th day for CBC analyses using a validated HEMAVET® 950FS
Hematology Systems. Panel A shows the Kaplan-Meier survival curves. Panels B through F
show the white blood cell count (WBC), absolute Neutrophil count (ANC), absolute
Lymphocyte count (ALC), red blood cell count (RBC) and platelet count (plt), respectively.
Green asterisks indicate statistically significant difference comparing Amifostine to
untreated control, p<0.0001; red asterisks indicate statistically significant difference
comparing Neupogen group to untreated control, p<0.0367. n=30 mice/group.
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