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ORIGINAL ARTICLE

The New Zealand white rabbit animal model of acute radiation syndrome:
hematopoietic and coagulation-based parameters by radiation dose following
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Andre Paredesa , Matthew Lindebladb, Rachana Patila, Matthew D. Nealc, Yuanfan Honga, Brett Smithd,
Joy P. Nandae, Vasileios Mousafeirisa, John Moulderf , Maarten C. Boslandg, Alexander Lyubimovb, and
Amelia Bartholomewa

aDepartment of Surgery, University of Illinois at Chicago, Chicago, IL, USA; bDepartment of Pharmacology, University of Illinois at Chicago,
Chicago, IL, USA; cDepartment of Surgery, University of Pittsburgh, Pittsburgh, PA, USA; dDepartment of Radiation Oncology, University of
Illinois at Chicago, Chicago, IL, USA; eCommunity Research Advisory Council for Clinical and Translational Research, Johns Hopkins
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ABSTRACT
Purpose: Animal models that accurately reflect human responses to radiation injury are needed
for advanced mechanistic investigation and development of effective therapeutics. The rabbit is
an established animal model accepted by the FDA for studies of cardiovascular disease, lipid
metabolism, the development of anticoagulants, testing of bone implants, and the development
of treatments for infectious diseases such as HIV. The purpose of this study was to investigate the
New Zealand White (NZW) Rabbit model as a model of acute radiation exposure because of its
established similarity to human vascular, immune, and coagulation responses.
Materials and methods: Two sequential studies were performed in a total of 81 male NZW rab-
bits, 16–20weeks of age. All animals underwent clinical observations and peripheral blood analy-
ses following a single dose of 0, 6, 7, 8, 8.5, 9, or 10Gy of total body irradiation via a 6MV Linear
accelerator photon source on day 0. Animals were treated with timed release fentanyl patch (days
0–30), subcutaneous hydration (day 1, Study 2 only), and oral sulfamethoxazole/trimethoprim
30mg/kg once daily (days 3–30) and were followed for 30 days or to time of mortality.
Results: Study 1 revealed the estimated LD30, �50, �70, and �90 with 95% confidence intervals
(CI) at 30 days to be 6.7 (CI: 5.9–7.4), 7.3 (CI: 6.7–7.8), 7.9 (CI: 7.3–8.4), and 8.8 (CI: 7.9–9.7) Gy,
respectively. In study 2, a survey of blood coagulation and biochemical parameters were per-
formed over time and necropsy. Complete blood counts taken from animals exposed to 7, 8, or
10Gy, demonstrated dose-dependent depletion of lymphocytes, neutrophils, and platelets. Platelet
counts recovered to baseline levels in survivors by day 30, whereas lymphocyte and neutrophil
counts did not. Decedent animals demonstrated grade 3 or 4 neutropenia and lymphopenia at
time of death; 64% of the decedents experienced a 30% or greater drop in hematocrit. Decedent
animals demonstrated more than 100% increases from serum baseline levels of blood urea nitro-
gen, creatinine, aspartate aminotransferase, and triglyceride levels at the time of death whereas
survivors on average demonstrated modest or no elevation.
Conclusion: This NZW rabbit model demonstrates dose-dependent depletion of hematopoietic
parameters. The LD50/30 of 7.8Gy (95% CI: 6.6–8.4) with supportive care appears to be close to the
ranges reported for rhesus macaques (5.25–7.44Gy) and humans (6–8Gy) with supportive care.
These findings support the utility of the NZW rabbit model for further mechanistic investigation of
acute radiation exposure and medical countermeasure testing.
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Introduction

In the event of a nuclear detonation or accident, large popu-
lations will be at risk for radiation exposure. Acute radiation
exposure can result in cell injury, organ dysfunction, and
death. Without supportive medical care, it has been

estimated that 50% of persons receiving a radiation dose of
3.5Gy will die within 60 days (IAEA 1998; AFRRI, and
Armed Forces Radiobiology Research Institute 2003).
Supportive care regimens can improve the prognosis of radi-
ation-exposure victims and have included different
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combinations of therapies including intravenous hydration,
antibiotics, transfusion of blood products, cytokines, and
hematopoietic stem cell transplants, (Stenke et al. 2018). The
radiation dose resulting in 50% mortality, 30 days following
radiation (LD50/30) for individuals exposed to radiation at
the 1986 Chernobyl power plant accident could have been
increased from 2.5 to 4.5Gy (Bolus 2001) to the range of
6–8Gy if patients received supportive care (Mettler et al.
2007). However, resource intensive supportive care may pro-
vide logistical challenges when deployed at the scale needed
for large populations after a nuclear or radiological event
(Dainiak 2018; Stenke et al. 2018). A better understanding
of the mechanisms involved is needed to develop new radio-
mitigators that can be deployed for large populations (Anno
et al. 1989).

Natural history studies of animal models facilitate mech-
anistic insights of radiation injury and in turn, the develop-
ment of new radiomitigators (FDA 2009; Williams et al.
2010; Singh et al. 2015). Non-human primate (NHP) models
have been regarded as a gold standard for their significant
genetic and physiologic similarity to humans(Singh and
Olabisi 2017); with supportive care, NHP’s have a similar
LD50/30 as humans (5.25–7.44) (Eldred and Trowbridge
1954; Henschke and Morton 1957; Broerse et al. 1978;
Zoetelief et al. 1998; Yu et al. 2015). NHP radiation studies
are typically reserved for advanced testing due to the expert-
ise required in husbandry and care, the stringent ethical jus-
tifications, and the need for a variety of highly specialized
trained personnel such as primatologists, radiobiologists,
ethicists, infectious disease specialists, and others. Other
large animal models, such as canines and minipigs, demon-
strate advantages over small rodent models due to greater
tissue mass and depth dosage, allowing for longitudinal, ser-
ial peripheral blood sampling over extended periods of time.
In addition, post-radiation hematopoietic kinetics, as well as
radiation-induced organ damage, are similar to humans
(Carsten 1984), though canines and Gottingen minipigs
appear to be more radiosensitive than humans and NHPs
(Broerse and Macvittie 2012). Estimations of the LD50/30 in
canines range from 2.6 to 3.9Gy (Norris et al. 1968;
MacVittie et al. 2005) and in minipigs from 1.7 to 3.7Gy,
with estimates differing according to source of radioactivity,
dose rate, supportive care regimen, and strain (Tullis et al.
1949; Rust et al. 1954; Jones et al. 1986; Morris and Jones
1989; Moroni et al. 2011).

The rabbit model is accepted by the FDA for studies in
cardiovascular disease and lipid metabolism (Fan et al.
2015), the development of anticoagulants (Gitel and Wessler
1983), testing of bone and dental implants (Mapara et al.
2012), and the development of treatments for infectious dis-
eases such as HIV (Peng et al. 2015). The established depth
and granularity of the rabbit model in cardiovascular and
coagulation investigation is particularly attractive for radi-
ation studies given the finding that radiation immediately
causes endothelium disequilibrium and injury (Shirota and
Tavassoli 1992; Paris et al. 2001; Takatsuka et al. 2002) and
survivors of radiation suffer from accelerated cardiovascular
disease (Takahashi et al. 2013; Ozasa et al. 2016; Wang et al.

2016; Schollnberger et al. 2018). The rabbit is an established
model of acute radiation exposure and has previously been
reported to have a LD50/30 in the range of 7–9Gy (Painter
and Brues 1949; Grahn et al. 1956; Andrews 1958). This
study’s objective was to further define the natural history of
hematopoietic, biochemical, and coagulation parameters in
response to acute radiation to help identify clinically rele-
vant parameters for future mechanistic investigation and
medical counter measure testing.

Materials and methods

Animals

Two studies were performed using a total of 81 New
Zealand White male rabbits, which were purchased at
14–18weeks old, from Charles River Laboratories and were
acclimated for at least two weeks before irradiation. Rabbits
had a weight range of 2.82–3.38 kg and an age range of
16–20weeks at time of irradiation. Peripheral blood was col-
lected via venipuncture from the medial ear artery.
Temperature was measured using an implantable program-
mable temperature transponder (IPTT-300, Biomedic Data
Systems, Seaford, DE) inserted subcutaneously between the
shoulders. Heart rate was measured using a pulse-oximeter
or stethoscope. All procedures were performed according to
protocols approved by the University of Illinois Animal
Care and Use Committee.

Experiment design

Two separate studies, in which animals were irradiated and
then followed for 30 days were performed: a dose finding
study (study 1) and a follow-up study (study 2). The first
(study 1) was a radiation dose–response study performed to
define the lethal dose (LD) at 30 days using 49 rabbits that
were followed for 30 days post-radiation at the following
doses: 0Gy (n¼ 2, naïve), 6 Gy (n¼ 6), 7Gy (n¼ 10), 8Gy
(n¼ 10), 8.5 Gy (n¼ 10), 9Gy (n¼ 5), and 10Gy (n¼ 6). A
sample size of two naïve animals was primarily used for
normal tissue controls in pathology and blood analyses over
time. The other sample sizes were selected to ensure a pro-
jected n¼ 6 of survived animals by end of study at 30 days
based on expected radiation-induced mortality rates.
Because this was a new study to identify the ranges of radi-
ation responses (study 1) and biomarker kinetics (study 2)
the studies were performed in male animals with the expect-
ation that subsequent follow-on studies would be performed
with greater granularity, focusing on high yield biomarkers
in both sexes. This report provides information on our ini-
tial investigations.

The following hematopoietic and coagulation blood
parameters were measured pre-radiation twice and at post-
radiation days 1, 17, and 30 or at moribund euthanasia
when feasible (days 17 and 30 hematopoietic and coagula-
tions measures are not included). The time points were
selected to identify rapidly changing biomarkers in response
to radiation (day 1), to determine how biomarkers changed
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during hematopoietic reconstitution (day 17), and to identify
the sustainability of any changes observed (day 30) when
compared to pre-radiation levels.

Complete blood counts (CBC): Peripheral blood was col-
lected in K2EDTA BD microtainers (BD Cat. No. 365974,
Tiger Medical, Irvington, NJ) to measure white blood cells
(WBC), red blood cells (RBC), hematocrit (HCT), mean cor-
puscular volume (MCV), reticulocytes (RET), platelets
(PLT), and mean platelet volume (MPV). Differentials were
performed and reported as a percentage of the WBC. Data
was acquired via an Advia 2120 Analyzer (Siemens,
Malvern, PA)and data output was directly downloaded into
the Provantis System (Instem, Staffordshire, UK).

For the purposes of this report, we used published
reports on normative ranges for New Zealand rabbits(Hewitt
et al. 1989; Suckow et al. 2012) as well as our own pretest
data. Since the severity of cytopenias post-radiation have not
yet been defined in the rabbit model, human definitions of
degrees 3 and 4 severities (Waselenko et al. 2004) which
track with mortality, were used to examine mortality in the
rabbit model. For degree 3 lymphopenia, the human defin-
ition, 1.00� 103 cells/lL, was higher than the lower limits of
normative rabbit ranges, 0.75� 103 cells/lL; this lower limit
of normative range served as the upper limit of the defin-
ition of degree 3 lymphopenia. We observed that the lym-
phopenic categories could be extended to an ultralow
category, termed 4B in which lymphocyte counts were
<0.1� 103 cells/lL. For blood loss, in lieu of hemoglobin as
originally described by Daniak (Waselenko et al. 2004), we
used hematocrit. Therefore, Neutropenia was defined as,
<1.04� 103 cells/lL with degree 3 as 100–500 cells/lL and
degree 4 as <100 cells/lL. Lymphopenia was defined as
<0.75� 103 cells/lL with degree 3 as 0.5–0.75� 103 cells/
lL, degree 4A, 0.1–0.5� 103 cells/lL and degree 4B,
<0.1� 103 cells/lL. Thrombocytopenia was defined as,
<112� 103 cells/lL, with degree 3, 20–50� 103 cells/lLand
degree 4, <20� 103 cells/lL. Blood Loss was defined as
degree 3, if there was a 10–20% decrease in hematocrit level
and degree 4, if there was >20% decrease in hemato-
crit level.

Neutropenia was defined as, <1.04� 103 cells/lL with
degree 3 as 100–500 cells/lL and degree 4 as <100 cells/lL.
Lymphopenia was defined as <0.75� 103 cells/lL with
degree 3 as 0.5–0.75� 103 cells/lL, degree 4A, 0.1–0.5� 103

cells/lL and degree 4B, <0.1� 103 cells/lL.
Thrombocytopenia was defined as, <112� 103 cells/lL, with
degree 3, 20–50� 103 cells/lL and degree 4, <20� 103 cells/
lL. Blood loss was defined as degree 3, if there was a
10–20% decrease in hematocrit level and degree 4, if there
was > 20% decrease in hematocrit level.

Prothrombin time (PT), activated partial thromboplastin
time (PTT), fibrinogen, D-dimer, anti-thrombin III:
Peripheral blood was collected in citrate (BD Vac. Citrate
Blue Blood Coll Tube, 2.7ml, BD Cat. no. 363083) and ana-
lyzed in real time via an ACL 7000 (Beckman Coulter
Diagnostics, Chaska, MN).

Thrombin-anti-thrombin (TAT) and plasmin-anti-plasmin
(PAP): Peripheral blood was collected in K2EDTA

microtainers, plasma separated and cryopreserved in aliquots
for batch processing using the ELISA rabbit-specific kit,
MyBioSource, Cat. no. MBS703595, San Diego, CA (for
TAT) and MyBioSource, Cat. no. MBS703595 (for PAP),
according to manufacturer’s instructions.

Protein C and activated protein C (APC): Peripheral blood
was collected in K2EDTA BD microtainers and plasma was
separated and cryopreserved in aliquots for batch processing.
Protein C was quantified using ELISA kit, Rabbit Protein C
ELISA Kit from MyBioSoure, Cat. no. MBS723552.
Activated Protein C was measured using ELISA,
MyBioSource, Cat. .o. MBS021088. Both were performed
according to manufacturer’s instructions.

Coagulation factors II, V, VII, VIII, IX, X, XI, and XII:
Peripheral blood was collected in citrate from a subset of
animals; plasma was separated and cryopreserved in aliquots
for batch processing using the STAGO STart 4 Hemostasis
Analyzer and associated reagents (all from Diagnostica
Stago, Inc., Parsippany, NJ). Plasma (200lL) was diluted in
1800 lL of buffer for a 1:10 dilution prior to analyzing the
samples according to manufacturer’s instructions. Assays
were performed according to manufacturers’ instructions.
STA-Unicalibrator, Cat. no. 00675, and STA-System Control
Nþ P, Cat. No. 00678, were run at the beginning of each
analysis for each day of analysis. Samples were kept on ice
while being analyzed for factors. Due to activity loss with
room temperature storage, care was taken to only thaw sam-
ples that could be analyzed within 2 h of thaw.

Thrombin generation assay (TGA): Peripheral blood was
collected from a subset of animals in the same citrate tube
as for PT to conserve the amount of blood drawn and
placed into anticoagulant; plasma was separated and cryo-
preserved in aliquots for batch processing undiluted using
fluorometric assay supplied by Technothrombin Thrombin
Generation Assay (TGA), Cat. no. 5006010, Teconoclone,
DiaPharma (West Chester, OH), according to manufac-
turer’s directions. The kinetics of thrombin generation over
60min was measured by a BioTeck plate reader (BioTek,
Winooski, VT). The following reagents were tested including
arachidonic acid (ASCI), ASPI (lyophilized Arachidonic
Acid, 0.5mM), ADP (lyophilized preparation of adenosine-
50-diphosphate, stock concentration 0.2mM), and Collagen
(lyophilized preparation of Type I collagen, stock activity
equivalent to 100lg/mL), all purchased from DiaPharma,
were used as agonists. Collagen and ASPI demonstrated
greater variability than ADP, which provoked a more
heightened and consistent response than the other agonists
and was selected as the main agonist for aggregometry
reported .

Thromboelastography: Peripheral blood was collected in
citrate as described above and analyzed in real time via the
TEG 5000 Thromboelastograph Hemostasis Analyzer
System, Haemonetics (Boston, MA). TEG500 assay sampling
was performed manually using recalcification with 20 lL of
calcium carbonate solution (Cat. no. 7003) and activation by
kaolin (Cat. no. 6300). Level I (Cat. no. 8001) normal con-
trol and Level II abnormal control (Cat. no. 8002) were per-
formed daily as part of routine instrument quality assurance.
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Serum electrolytes total calcium, chloride, glucose, potas-
sium, sodium, kidney function tests BUN and Creatinine, and
liver function tests alanine aminotransferase (ALT), albumin,
alkaline phosphatase, Aspartate Aminotransferase (AST), total
bilirubin, total protein: Peripheral blood was collected with-
out additives, (BD Microtainer Red Tube no additive, Cat.
no. 365963) and serum was separated and analyzed in real
time via Beckman Coulter Model #AU400 Chemistry
Analyzer (Beckman Coulter, Franklin Lakes, NJ).

In the second study (study 2), 32 animals were random-
ized to one of four radiation dose groups (0Gy (n¼ 4), 7Gy
(n¼ 9), 8Gy (n¼ 14), and 10Gy (n¼ 5)) and were given a
single dose of intravenous fluids, 100mL normal saline on
day 1 after the blood draws performed for the first 24 h
period. The sample size was based on achieving 5–6 evalu-
able subjects at day 30, taking into account projected mor-
tality. In the case of 10Gy, the biomarkers evaluated
appeared to change substantively in the first week and a
sample size was selected to demonstrate these changes.
Peripheral blood sampling was collected to define the kinet-
ics of hemostatic and coagulation parameters that demon-
strated day 1 changes of animals in study 1 (Table 1).

Irradiation procedure and dosimetry

Animals were sedated with ketamine (30mg/kg, SC) and
xylazine (3mg/kg, SC), placed in pairs into a custom
designed restraint box on their sides, and placed into the
6MV LINAC photon source (Varian model TrueBeam).
Fifty percent of the radiation dose was delivered to one side
of the animal followed by rotation of the gantry to complete
the remaining 50% of the dose to the opposite side.
Radiation was delivered to the specified uniform, total body,
midline tissue dose at a dose rate of approximately 86 cGy/
min. Verification of the dose delivery was achieved by using
a PTW 31010 0.1 cc Semiflex Ion chamber placed within a
cylindrical solid Lucite phantom within a predetermined
position within the radiation field. Radiation dosimetry
demonstrating dose measurements to within �0.2 to 2.0%
of the targeted dose.

Post-radiation care

All animals received supportive care consisting of daily anal-
gesia (fentanyl time-release patch; 25 lg/h) from post-radi-
ation days 0–30, and Bactrim (sulfamethoxazole/
trimethoprim, 30mg/kg) once daily from post-radiation
days 3–30. In the second study, a single dose of subcutane-
ous fluids (Lactated Ringer’s Solution, 60mL) was given to

all animals on day 1 post-radiation after blood sampling to
compensate for the volume of blood collected on day 0 and
1. Animals were observed twice daily for physical signs of
pain or distress with more frequent round the clock obser-
vations every 1–4 h, during the expected lethality periods of
days 10–15. Body temperatures were taken via implanted
microchip twice daily in pretest and from post-radiation
days 0–30. Body weights were measured before radiation
and on post-radiation days 0, 1, 3, 5, 8, 10, 12, 15, 18, 22,
25, and 30. Quantitative measurement of food consumption
was performed daily from pre-radiation day �7 until post-
radiation day 30.

Euthanasia and necropsy

Moribund sacrifice was performed when animals met one or
more of 6 criteria:

1. Respiratory distress – this condition was defined as
labored breathing consistent with lung pathology (e.g.
pneumonia), severe dyspnea, or severe cyanosis.

2. Loss of responsiveness – this condition was defined as
minimal or absence of response to stimuli.

3. Severe weakness/inability to obtain feed or water
defined as either recumbent or extreme reluctance
to stand.

4. Weight loss greater than 20% of initial body weight for
3 consecutive days- in this criterion, either there was
loss of 20% of initial, pre-radiation body weight for 3
consecutive days, or for 2 days if there was a sharp
decline to or below 25% weight loss on the second day
of body weight measurements.

5. Nervous system dysfunction or unremitting pain, which
was defined as CNS depression manifested as somno-
lence, seizures (either focal or generalized tonic-clonic
activities), paralysis of one or more extremities, or pain
unresponsive to analgesic therapy.

6. Excessive blood loss, defined by severe acute unmiti-
gated ongoing hemorrhage as observed by vis-
ible bleeding.

Rabbits meeting pre-established euthanasia criteria were
evaluated by the Veterinarian and/or Study Director and
then underwent moribund sacrifice by an overdose of
Euthanasia III (0.4% pentobarbital sodium, 0.27mL/kg). All
staff performing clinical assessments for monitoring morbid-
ities was trained to identify euthanasia criteria for moribund
sacrifice. A gross necropsy was performed on each mori-
bund sacrificed animal and all animals surviving to day 30.

Statistics

A Kaplan–Meier analysis was performed to determine mor-
tality kinetics using Graphpad Prism 8.2 (GraphPad
Software, La Jolla, CA). A lethality dose probit curve and
95% confidence interval was made to mortality data using a
generalized linear model with logit link function using R-
statistical software 3.6.1. Hematopoietic and coagulation

Table 1. Kaplan–Meier survival table (study 1).

Dose (Gy) No. of animals No. of animals dead 30 Day death probability

0 2 0 0
6 6 1 0.167
7 10 4 0.4
8 10 7 0.7
8.5 10 8 0.8
9 5 5 1
10 6 6 1

4 A. PAREDES ET AL.



blood parameters, and additional clinical measures were
analyzed for mean and standard deviation; Shapiro–Wilk
test was used to test normality. Independent T-test or
Mann–Whitney test was performed to test for significant
differences between radiation groups, survival status, and/or
timepoint values. Fisher’s exact tests were performed to
detect statistically significant categorical associations in clin-
ical signs and body measures between day of survival, radi-
ation groups, and/or time points. To detect large differences
between pre-radiation values and post-radiation values, ana-
lysis of variance tests were conducted by dose group. If a
significant F ratio was obtained (p< 0.05), Dunnett’s t-test
was used for pair-wise comparisons between each timepoint,
including pre-radiation values.

Results

Dose response

In the first study, NZW rabbits were exposed to five radi-
ation doses (6, 7, 8, 8.5, 9, and 10Gy) and followed for
30 days to determine the lethal dose (LD) at 30 days. The
overall 30-day mortalities for these five doses were 16.7%,
40%, 70%, 80%, 100%, and 100%, respectively (Table 1). A
mortality curve using this data is presented in Figure 1(A).
A probit analyses revealed the estimated LD30, �50, �70,
and �90 at 30 days to be 6.7 (95% CI: 5.9–7.4), 7.3 (95% CI:
6.7–7.8), 7.9 (95% CI: 7.3–8.4), and 8.8 (95% CI: 7.9–9.7) Gy
(Figure 1(B) and Table 2).

Clinical signs

Observations of clinical signs were recorded to note possible
symptoms related to cause of death for both studies

(Supplementary Table 1). Manifestations of neurologic
effects included decreased activity, eye closure, and seizure-
like activity. Weakness and decreased activity were observed
in all dose groups and nearly all animals (survivors and
non-survivors, particularly with days 0–7 early deaths), and
was observable immediately after irradiation up until day of
death. Notably, seizure-like activity was observed in 7 out of
45 non-survivors (deaths on days 1, 5, 9, 11, and 12) as
opposed to zero surviving animals, with the trend of associ-
ation (p¼ 0.15). Signs of bleeding manifested subtly in inci-
dences of bruising in all animals (both survivor and non-
survivors). Both surviving and non-surviving animals dem-
onstrated pallor the ears and/or mucous membranes, with
the highest frequency observed in the second week post-
radiation. Skin changes observed included skin erythema,
first observed on day 5 with some animals demonstrating
such changes through day 30, and hair loss, first observed
on day 7, extending to day 30 in some animals, affecting
survivors (days 7–30) and non-survivors (days 7–12) simi-
larly in onset. Notably, when considering gastrointestinal
signs, anorexia significantly associated with mortalities (days
1–13) as opposed to survivors, p< 0.001. Anorexia was only
found in non-survivors above 6Gy, observable as early as 1-
day post-radiation and remaining until day of death.
Anorexia was not noted in survivors. Abnormal pulmonary
signs observed included labored breathing and nasal conges-
tion with associated discharge; both conditions were

Figure 1. A Kaplan–Meier plot of radiation dose–response, study 1 of 6–10 Gy is shown in (A) and study 2 of 7–10 (Gy) in (C), with the probability of mortality vs
log-radiation dose (B, 95% confidence intervals shaded grey).

Table 2. Lethality dose probit table (study 1).

30 Day lethal dose (LD) 95% Confidence interval (Gy) Dose (Gy)

LD30 5.9–7.4 6.7
LD50 6.7–7.8 7.3
LD70 7.3–8.4 7.9
LD90 7.9–9.7 8.8
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minimally observed non-survivors, occurring as early as 24 h
post-radiation. Only 2 out of 45 non-surviving animals were
observed with nasal discharge (found only on day 1) as
opposed to zero surviving animals.

Early changes in hematological and
coagulation parameters

In humans exposed to lethal levels of radiation, depletion of
lymphocyte, neutrophil and platelet have been contributed
to mortality with rapid changes occurring within the first
24 h (Guskova et al. 1988). Also during this acute time
period, radiation-induced endothelial injury results in
changes in coagulation responses with increased platelet
adherence (Mouthon et al. 2003). Based on these findings,
we reasoned that day 1 findings, in study 1, might be an
ideal timepoint to identify hematologic and coagulation
measures which were likely to be perturbed (Tables 4–7). In
study 1, when compared to pre-radiation values, complete
blood counts (Table 4), including whole blood cells counts
(8, 8.5, and 10Gy; p< 0.05) and reticulocytes (6 and 8.5Gy;
p< 0.05) demonstrated significant decreases, while signifi-
cant increases were noted in hematocrit (8.5Gy, p< 0.05).
Most notably, lymphocyte counts (all dose groups,
p< 0.001), neutrophil counts (all dose groups; p< 0.001),
and platelet counts (9Gy; p¼ 0.03) were significantly
depressed on day 1 when compared to pre-radiation values,
aligning with human hematological disturbances.

Global measures of coagulants at day 1 when compared
to pre-radiation values (Table 5) demonstrated significant
decreases in platelet aggregates (8.5Gy, p< 0.05), prothrom-
bin time (8.5 and 10Gy, p< 0.05), and significant increases
in activated partial thromboplastin time (6, 7, 8, 8.5, and
10G, p< 0.05). Coagulation factors at day 1 when compared
to pre-radiation values (Table 6) demonstrated significant
decreases in Factor II (7 and 8Gy, p< 0.05), Factor X (9
and 10Gy, p< 0.05), Factor XII (9Gy, p< 0.05), and signifi-
cant increases in Factor VIII (6, 7, 9, and 10Gy, p< 0.05).
Additional day 1 increases were demonstrated in fibrinogen,
which functions both in coagulation and as an acute phase
reactant (all dose groups; p< 0.001) and with TGA (10Gy;
p< 0.05) when compared to pre-radiation values.

Anti-coagulants measures at day 1 when compared to
pre-radiation values (Table 7) demonstrated significant
decreases in anti-thrombin III (7, 8, 9, 10Gy, p< 0.05), d-
dimer (8.5, 10Gy, p< 0.05), and plasmin antiplasmin
(8.5Gy, p< 0.05). All other study 1 measures demonstrated
indeterminable changes across all groups and when com-
pared to pre-radiation values. Ta
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Table 3. Kaplan–Meier survival table (study 2).

Dose (Gy) No. of animals No. of animals dead 30 Day death probability

0 4 0 0
7 9 2 0.222
8 14 7 0.5
10 5 5 1
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Survival proportions, follow-up study

In study 2, a more discriminant range of doses (7, 8, and
10Gy) was used to characterize more granularity in the nat-
ural history of H-ARS 30 days post irradiation. In this fol-
low-up study, the mortality rates for 0 (n¼ 4), 7 (n¼ 9), 8
(n¼ 14), and 10 (n¼ 5) Gy were 0%, 22%, 50%, and 100%,
respectively (Figure 1(C) and Table 3). Most mortalities
(64%) occurred between days 9 and 13. For the 7Gy dose
group, we observed one early death on day 1 and one
second week death on day 12. For 8Gy, one death occurred
on days 1 and 6 deaths were observed between days 10 and
13. The 10Gy dose group demonstrated 3 deaths in the first
week, and two deaths in the second week up to day 9.

Fever, tachycardia, and weight loss

Early mortality was associated with higher body tempera-
tures and heart rates at time of death. (Figure 2). A dose–r-
esponse trend was observed day 1, median and range, for
7Gy (212 bpm, 185–275 bpm), 8Gy (256 bpm, 120–300
bpm), and 10Gy (263 bpm, 137–300 bpm, Figure 2(A,B)).
However, this did not reach significance and was not noted
at other timepoints. Heart rates of non-survivors at mori-
bund sacrifice days (days 1–12) were significantly higher
(p¼ 0.001) in median and range (242 bpm, 192–300 bpm)
when compared to day 30 schedule sacrificed heart rates
(190 bpm, 150–220 bmp).

Body temperatures were recorded via shoulder implanted
microchips, with a pre-radiation median value of 101.9 �F
(ranging from 101 �F to 103 �F, Figure 2(C,D)). Normative
ranges of core body temperatures in NZW rabbits have been
documented to be lower than alternative breed counterparts,
even in stressed environments (Jimoh and Ewuola 2018). In
general, non-survivor and survival animals median body
temperatures fell within pre-radiation range of values.
However, body temperatures of non-survivors at moribund
sacrifice days, ranging from days 1 to 12, were significantly
higher (p¼ 0.001) in median and range (104.5 �F, 100.6 �F
to 106.6 �F) when compared to day 30 schedule sacrificed
body temperatures (101.4 �F, 100.2 �F to 102.8 �F). For both
survivors and non-survivors’, the day-12 timepoint had the
highest percent incidence of body temperatures exceeding
103 �F (50% and 100%, respectively).

Food intake was measured along with body weights to
identify potential gastrointestinal effects. Post-radiation over-
all mean body weight decreased by approximately 2% on
day 8 (Figure 2(E,F)). No animal met euthanasia criteria of
a 20% or more weight loss.

Red blood cell lineage and response kinetics

The schedule for blood draw in study 2 differed from study
1 by frequency and selectivity of parameters as described in
Table 8. Hematocrit levels (Figure 3(A,B)) significantly
decreased following exposure when compared to baseline
(p< 0.001) on days 12, 15, and 17 in the 7Gy and in the
8Gy dose group on days 8 and 22, but later recovered inTa

bl
e
5.

Pr
e-
ra
di
at
io
n
an
d
da
y
1
po

st
-r
ad
ia
tio

n
m
ed
ia
n
an
d
ra
ng

e
of

gl
ob

al
m
ea
su
re
s
of

co
ag
ul
at
io
n
(s
tu
dy

1)
.

Pr
e-
ra
di
at
io
n
va
lu
es

D
ay

1
D
ay
1

D
ay

D
ay

1
D
ay

1
D
ay

1
D
ay

1

0
G
y
(n
¼
2)

6
G
y
(n
¼
6)

7
G
y
(n
¼
10

8
G
y
(n
¼
10
)

8.
5
G
y
(n
¼
10
)

9
G
y
(n
¼
5)

10
G
y
(n
¼
6)

M
ea
su
re

(u
ni
t)

M
ed
ia
n

Ra
ng

e
M
ed
ia
n

Ra
ng

e
M
ed
ia
n

Ra
ng

e
M
ed
ia
n

Ra
ng

e
M
ed
ia
n

Ra
ng

e
M
ed
ia
n

Ra
ng

e
M
ed
ia
n

Ra
ng

e
M
ed
ia
n

Ra
ng

e

AG
G
(a
.u
.c
.)

50
.3

(2
4.
5–
20
5)

40
.5

(2
9–
52
)

49
.0

(2
1–
83
)

53
.0

(2
1–
75
)

52
.5

(2
8.
9–
59
)

63
.5

(1
5–
82
)

32
.0
��

(2
1–
50
)

52
.0

(2
3–
75
)

TG
A
(a
.u
.c
.)

87
00

(5
23
0–
11
10
0)

79
30

(6
97
0–
88
80
)

74
80

(6
05
0–
14
50
0)

82
60

(5
61
0–
11
30
0)

93
50

(7
27
0–
17
90
0)

90
40

(7
23
0–
13
20
0)

11
20
0

(6
56
0–
17
00
0)

11
80
0�
�

(9
54
0–
17
40
0)

PT
(s
ec
)

6.
3

(6
–7
.0
5)

6.
52

(6
.4
5–
6.
6)

6.
15

(6
–6
.1
5)

6.
08

(6
–6
.1
5)

6.
15

(6
–6
.4
5)

6.
00
��

(6
–6
.3
)

6.
15

(6
–6
.3
)

6.
00
��

(6
–6
.1
5)

AP
TT

(s
ec
)

13
.4

(7
.2
–1
7.
4)

14
.9

(1
4.
4–
15
.4
)

17
.4
��

(1
6.
2–
22
.5
)

17
.0
��

(1
4.
1–
21
)

17
.9
��

(1
2.
8–
22
)

16
.6
��

(1
2.
9–
20
.7
)

16
.0

(8
.7
–1
6.
8)

19
.2
��

(1
7.
7–
22
.6
)

TE
G
–G

(d
/s
c)

11
.3

(7
.9
–1
4.
4)

/
/

20
.3

(1
5–
22
)

19
.6

(1
7.
6–
23
.9
)

14
.6

(6
.8
–1
9.
6)

22
.1

(1
7.
8–
25
.4
)

20
.6

(9
.6
–2
3.
1)

17
.6

(1
4.
2–
26
.8
)

TE
G
(d
eg
re
e)

69
.9

(1
3.
9–
79
.6
)

/
/

73
.7

(6
7.
2–
73
.8
)

76
.6

(7
3.
4–
78
.4
)

58
.4

(1
7.
1–
70
.2
)

74
.8

(7
1.
4–
76
.5
)

71
.5

(6
7.
5–
78
.5
)

74
.4

(7
1.
9–
74
.8
)

TE
G
-K

(m
in
)

80
.8

(4
8–
12
3)

/
/

75
(6
6–
12
0)

63
(4
8–
78
)

87
(7
8–
12
6)

72
(6
0–
90
)

87
(5
4–
12
6)

75
(6
6–
84
)

TE
G
-M

A(
m
m
)

68
.9

(6
0–
74
.2
)

/
/

80
.2

(7
5.
1–
81
.5
)

79
.7

(7
7.
8–
82
.7
)

72
.7

(5
7.
7–
79
.7
)

81
.6

(7
8.
1–
83
.6
)

80
.5

(6
5.
7–
82
.2
)

77
.6

(7
4–
84
.3
)

TE
G
-R
(m

in
)

29
5

(1
68
–4
74
)

/
/

39
0

(3
30
–6
00
)

27
0

(2
04
–3
06
)

26
7

(1
50
–5
22
)

47
7

(3
66
–5
70
)

34
5

(2
22
–5
64
)

40
5

(2
88
–5
22
)

AG
G
:
ag
gr
eg
om

et
ry
;
TG

A:
th
ro
m
bi
n
ge
ne
ra
tio

n
as
sa
y;

AP
TT
:
ac
tiv
at
ed

pa
rt
ia
l
th
ro
m
bo

pl
as
tin

tim
e;

PT
:
pr
ot
hr
om

bi
n
tim

e;
TE
G
:
th
ro
m
bo

el
as
to
gr
ap
hy
;
"/
"
in
di
ca
te
s
no

t
ap
pl
ic
ab
le
;
TE
G
w
as

no
t
m
ea
su
re
d
fo
r
0
G
y
an
im
al
s,

th
er
ef
or
e,
no

va
lu
e
ex
is
ts
;(
��
)
in
di
ca
te
s
si
gn

ifi
ca
nt

di
ffe

re
nc
e
fr
om

re
sp
ec
tiv
e
pr
e-
va
lu
es

p
<
0.
05

vi
a
an
al
ys
is
of

va
ria
nc
e
fo
llo
w
ed

by
D
un

ne
t’s

pr
oc
ed
ur
e.

INTERNATIONAL JOURNAL OF RADIATION BIOLOGY 7



Ta
bl
e
6.

Pr
e-
ra
di
at
io
n
an
d
da
y
1
po

st
-r
ad
ia
tio

n
m
ed
ia
n
an
d
ra
ng

e
of

co
ag
ul
at
io
n
fa
ct
or
s
(s
tu
dy

1)
.

Pr
e-
ra
di
at
io
n
va
lu
es

D
ay

1
D
ay
1

D
ay

D
ay

1
D
ay

1
D
ay

1
D
ay

1

0
G
y
(n
¼
2)

6
G
y
(n
¼
6)

7
G
y
(n
¼
10

8
G
y
(n
¼
10
)

8.
5
G
y
(n
¼
10
)

9
G
y
(n
¼
5)

10
G
y
(n
¼
6)

M
ea
su
re

(u
ni
t)

M
ed
ia
n

Ra
ng

e
M
ed
ia
n

Ra
ng

e
M
ed
ia
n

Ra
ng

e
M
ed
ia
n

Ra
ng

e
M
ed
ia
n

Ra
ng

e
M
ed
ia
n

Ra
ng

e
M
ed
ia
n

Ra
ng

e
M
ed
ia
n

Ra
ng

e

FB
(g
/L
)

25
7

(1
47
–3
77
)

25
2

(2
51
–2
53
)

75
9�
�

(7
42
–8
48
)

68
7�
�

(5
29
–7
64
)

64
5�
�

(5
08
–7
29
)

74
3�
�

(6
49
–8
78
)

66
4�
�

(3
98
–7
68
)

72
9�
�

(4
89
–8
04
)

F2
(%

ac
t.)

10
0

(8
7.
7–
12
6)

92
.6

(8
8.
1–
97
.1
)

96
.0

(9
2.
6–
11
0)

92
.2
��

(8
7.
5–
10
9)

90
.4
��

(8
1.
6–
11
2)

95
.0

(8
6.
6–
10
7)

96
.6

(9
3.
2–
10
4)

99
.8

(9
1–
10
5)

F5
(%

ac
t.)

93
.6

(8
2.
2–
18
2)

85
.7

(8
5.
1–
86
.4
)

95
.7

(9
2.
8–
10
5)

94
.6

(9
0.
7–
10
2)

91
.9

(8
4–
97
.4
)

94
.7

(8
5.
7–
10
6)

95
.3

(9
1.
4–
10
5)

95
.3

(8
5.
3–
10
1)

F7
(%

ac
t.)

18
7

(1
56
–2
00
)

16
8

(1
56
–1
80
)

17
9

(1
46
–1
99
)

17
4

(1
56
–2
00
)

16
3

(1
31
–2
00
)

17
9

(1
30
–2
00
)

17
5

(1
69
–1
99
)

19
6

(1
74
–2
00
)

F8
(%

ac
t.)

17
9

(1
16
–2
00
)

14
5

(1
36
–1
54
)

14
8�
�

(1
38
–1
77
)

18
9�
�

(1
51
–2
00
)

17
9

(1
52
–2
00
)

16
2

(1
46
–2
00
)

20
0�
�

(1
88
–2
00
)

13
7�
�

(1
14
–2
00
)

F9
(%

ac
t.)

11
3

(8
7.
3–
16
5)

10
1

(9
7.
4–
10
4)

10
5

(1
00
–1
49
)

12
3

(8
7.
8–
15
2)

11
2

(8
8.
9–
12
3)

10
8

(8
0.
8–
15
9)

13
2

(1
21
–1
45
)

11
2

(9
4.
3–
13
5)

F1
0
(%

ac
t.)

12
0

(1
05
–1
62
)

11
1

(1
04
–1
18
)

13
4

(1
22
–1
58
)

13
1

(1
16
–1
70
)

12
8

(1
12
–1
52
)

13
2

(1
19
–1
61
)

13
7�
�

(1
32
–1
56
)

15
0�
�

(1
37
–1
69
)

F1
1
(%

ac
t.)

12
8

(9
1.
4–
18
0)

10
2

(1
02
–1
03
)

12
3

(1
02
–1
26
)

11
5

(1
04
–1
52
)

10
4

(9
5.
4–
17
0)

12
4

(1
07
–1
58
)

13
7

(1
16
–1
66
)

11
3

(1
07
–1
56
)

F1
2
(%

ac
t.)

10
2

(4
8–
16
7)

89
.2

(8
3.
9–
94
.4
)

10
2.
0

(6
8.
9–
13
9)

95
.8

(7
5.
2–
14
4)

97
.0

(8
4.
4–
15
2)

12
2.
0

(9
4–
14
8)

12
6.
0�
�

(1
04
–1
67
)

11
2.
0

(8
7–
14
6)

FB
:f
ib
rin

og
en
;F
2:

Fa
ct
or

II;
F5
:F
ac
to
r
V;

F7
:F
ac
to
r
VI
I;
F8
:F
ac
to
r
VI
II;
F9
:F
ac
to
r
IX
;F
10
:F
ac
to
r
X;

F1
1:

Fa
ct
or

XI
;F
12
:F
ac
to
r
XI
I;
(��

)
in
di
ca
te
s
si
gn

ifi
ca
nt

di
ffe

re
nc
e
fr
om

re
sp
ec
tiv
e
pr
e-
va
lu
es

p
<
0.
05

vi
a
an
al
ys
is
of

va
ri-

an
ce

fo
llo
w
ed

by
D
un

ne
t’s

pr
oc
ed
ur
e.

Ta
bl
e
7.

Pr
e-
ra
di
at
io
n
an
d
da
y
1
po

st
-r
ad
ia
tio

n
m
ed
ia
n
an
d
ra
ng

e
of

an
ti-
co
ag
ul
an
ts

(s
tu
dy

1)
.

Pr
e-
ra
di
at
io
n
va
lu
es

D
ay

1
D
ay
1

D
ay

D
ay

1
D
ay

1
D
ay

1
D
ay

1

0
G
y
(n
¼
2)

6
G
y
(n
¼
6)

7
G
y
(n
¼
10

8
G
y
(n
¼
10
)

8.
5
G
y
(n
¼
10
)

9
G
y
(n
¼
5)

10
G
y
(n
¼
6)

M
ea
su
re

(u
ni
t)

M
ed
ia
n

Ra
ng

e
M
ed
ia
n

Ra
ng

e
M
ed
ia
n

Ra
ng

e
M
ed
ia
n

Ra
ng

e
M
ed
ia
n

Ra
ng

e
M
ed
ia
n

Ra
ng

e
M
ed
ia
n

Ra
ng

e
M
ed
ia
n

Ra
ng

e

AT
III

(%
)

12
7

(9
4–
14
6)

11
2.
0

(1
04
–1
19
)

11
7.
0

(8
9–
12
2)

10
8.
0
��

(8
8–
12
7)

99
.0
��

(4
9–
11
1)

12
0.
0

(1
01
–1
44
)

84
.0
��

(8
1–
11
9)

98
.5
��

(7
4–
11
9)

D
D
(n
g/
m
L)

19
3

(1
64
–4
11
)

15
9

(1
53
–1
65
)

21
5

(1
86
–2
27
)

18
0

(1
14
–2
32
)

17
6

(5
9.
2–
23
9)

17
2�
�

(1
12
–2
11
)

19
0

(2
5.
1–
22
8)

11
8�
�

(2
5.
3–
19
0)

AP
C
(n
g/
m
L)

47
6

(3
69
–6
55
)

45
7

(4
36
–4
77
)

49
1

(4
53
–5
13
)

45
5

(3
93
–5
36
)

44
9

(4
10
–5
45
)

47
3

(4
45
–5
06
)

47
4

(4
26
–5
28
)

43
4

(3
89
–4
82
)

PA
P
(n
g/
m
L)

1.
1

(0
.9
08
–1
.6
3)

0.
98
3

(0
.9
6–
1.
01
)

1.
10
0

(0
.9
5–
1.
27
)

1.
15
0

(0
.9
–1
.3
8)

0.
88
6

(0
.7
22
–1
.3
)

0.
99
8�
�

(0
.6
79
–1
.2
4)

1.
11
0

(0
.9
34
–1
.4
7)

1.
13
0

(0
.7
16
–1
.4
8)

AT
III
:a
nt
i-t
hr
om

bi
n
III
;D

D
:d

-d
im
er
;A

PC
:a
ct
iv
at
ed

pr
ot
ei
n
C;

PA
P:

pl
as
m
in

an
tip

la
sm

in
;(
��
)
in
di
ca
te
s
si
gn

ifi
ca
nt

di
ffe

re
nc
e
fr
om

re
sp
ec
tiv
e
pr
e-
va
lu
es

p
<
0.
05

vi
a
an
al
ys
is
of

va
ria
nc
e
fo
llo
w
ed

by
D
un

ne
t’s

pr
oc
ed
ur
e.

8 A. PAREDES ET AL.



Figure 2. Heart rate (A,B), body temperature (C,D), and body weight (E, F) changes per radiation dose group (A,C,E) and by survival status(B,D,F) with mean ± stan-
dard deviation per time point respectively.

Table 8. Schedule of assays performed for study 2.

CBC P/APa APCb Platelet aggregometry TEGc PT/APTT, fibrinogen, d-dimmer, AT-III, TGAd Blood cheme Trif

Pretest x x x x x x x x
1 h x x x x x x
6 h x x x x x
Day 1 x x x x x x x
Day 2 x
Day 3 x x x x x x
Day 8 x x x x
Day 12 x x x x x x
Day 15 x x x
Day 17 x x x x x x
Day 22 x x x
Day 25 x x
Day 30 x x x x x x x X
aPlasmin/anti-plasmin.
bActivated protein C.
cThromboelastography.
dThombin generation assay.
eBlood chemistries.
fTriglycerides.
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surviving animals. The nadir for the 7Gy group was
23.8 ± 4.4% and occurred at an average 14.4 ± 2.1 days. The
8Gy dose group nadir was lower, 20.4 ± 3.5%, and occurred
earlier at average 13.4 ± 1.9 days.

Reticulocyte counts (Figure 3(C,D)) of non-survivors
were significantly higher (p¼ 0.007) than survivors at 1 h
following radiation, with 8 and 10Gy dose groups exhibiting
higher increase compared to 7Gy. On day 1, reticulocyte
levels dropped consistently across all dose groups to nearly
half of the baseline. On day 3, further decreases were
observed for all three groups to approximately 4–8% of
baseline values. By day 8, reticulocyte counts rebounded
100% above baseline for the 7 and 8Gy dose groups whereas
the 10Gy dose group only increased to a mean of 37.7% of
baseline. For the 7 and 8Gy dose group, reticulocytes con-
tinued to increase, reaching approximately 4-fold increases
from baseline on days 22 and 17, respectively. At day 30,
reticulocyte counts were noted to have decreased to near
baseline values. No animal in the 10Gy group survived past
day 12 and their reticulocyte counts were significantly lower
(p< 0.001) than baseline at time of death. Interestingly, for
those animals demonstrating mortality after 8 days in the 7
and 8Gy dose groups, the reticulocyte counts were �50%

below baseline. The 10Gy group, demonstrated a more pro-
found decrease to a mean of 8.4% of baseline values on day
3, suggesting a differential in the magnitude of effect on the
bone marrow between the 7 and 8Gy dose groups compared
to the 10Gy dose group.

Mean corpuscular volume (MCV) (Figure 3(E,F))
observed in survivors of radiation groups 7 and 8Gy showed
slight, non-significant, increases on day 17–14% above base-
line values. By days 22 and 25, these increases reached sig-
nificance in the 7Gy recipients and in the 8Gy group,
significant increase were noted on day 25 (p< 0.001 for
both respective groups). In contrast, the 10Gy group dem-
onstrated decreases from baseline in MCV on day 8 (no sta-
tistics were performed in the 10Gy dose group with n¼ 2
surviving at day 8).

White blood cell lineage and response kinetics

WBC counts (Figure 4(A,B)) significantly decreased in all
dose groups (p< 0.001) at 1-h post-radiation and 3, 8, 12,
15, 22, 25, and 30 days post-radiation (no statistics were per-
formed in the 10Gy dose group with n¼ 2 surviving at day
8 and no animals beyond day 12).

Figure 3. Red blood cell parameters hematocrit (A,B), reticulocytes (C,D) and MCV (E,F) are shown by radiation dose (A,C, E) and by survival status (B, D, F), with
mean ± standard deviation per time point respectively. A gap is introduced between days 1 and 2 to represent two separate time scales post- and pre- gap.
Horizontal axis days post-irradiation value “�1” indicates a pre-radiation timepoint value and “0” represents the 1-h time point value.
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Absolute neutrophil counts, ANC (Figure 4(C,D)), signifi-
cantly decreased in all irradiated dose groups at 1-h
(p< 0.001), then significantly increased 3-fold above baseline
24 h after irradiation (p< 0.01). ANC showed decreasing
values reaching significance on day 12 (p< 0.001). The
mean ANC nadirs and mean day the nadir was reached for
7,8, and 10Gy doses were 0.047 ± 0.056 (day 11),
0.017 ± 0.034 (day 10.3), 0.01 ± 0.005� 103 cells/lL (day 5.4),
respectively (Table 9). Notably, 42.9% of survivors of 7Gy
sustained recovery of ANC >103 cells/lL at day 30 while
only 28.6% of 8Gy survivors did. The 8Gy survivors had a

higher frequency of animals which failed to achieve an
ANC> 103 cells/lL in the recovery period when compared
to the 7Gy group, 57.1% versus 28.6%.

Absolute lymphocyte counts, ALC (Figure 4(E, F)), in all
radiation groups decreased significantly (p< 0.001) at 1-h
and demonstrated progressive decreases in timepoints to day
8 when compared to baseline. The mean ALC nadirs and
mean day the nadir was reached were 0.18 ± 0.09 (day 3.6),
0.82 ± 0.35 (day 3.9), 0.26 ± 0.16 (day 4.6) � 103 cells/lL for
7, 8, and 10Gy doses, respectively (Table 9). While some
(n¼ 6) survivors, demonstrated transient increases in

Figure 4. White blood cell parameters including, white blood cell counts, (A,B), absolute neutrophil count, ANC, (C,D), absolute lymphocyte count, ALC, (E,F), and
absolute monocyte count, AMC, (G,H) are shown by dose (A,C,E,G) and survivor status (B,D,F,H), with mean ± standard deviation per time point respectively. A gap
is introduced between days 1 and 2 to represent two separate time scales post- and pre-gap. Horizontal axis days post-irradiation value “�1” indicates a pre-radi-
ation timepoint value and “0” represents the 1-h time point value.
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lymphocyte counts post-radiation, none of the 7 or 8Gy
survivors sustained lymphocyte count recovery to an ALC
>1500 cells/lL at day 30.

Absolute monocyte counts, AMC (Figure 4(G,H)), overall
demonstrated the same pattern as ALC, demonstrating sig-
nificance (p< 0.001) at 1-h, days, 1, 3, 8, and 12 when com-
pared to pre-radiation values. Animals, in all dose groups,
that had a monocyte count above 0.03� 103 cells/lL on day
3 significantly (p< 0.001) outlived animals that had AMC
below that cutoff.

Platelet lineage and response kinetics

Platelet counts (Figure 5(A,B)) significantly decreased at 1-h
in all radiation groups from baseline values (versus baseline,
7Gy recipients, p< 0.05; 8Gy and 10Gy recipients, < 0.01).
However, thrombocytopenia, defined as <100� 103 cells/lL,
was not observed until after day 3; severe thrombocytopenia
(<20� 103 cells/lL) was observed in all dose groups. The
mean PLT nadirs and mean day the nadir was reached were
27 ± 36 (day 9), 25 ± 46 (day 9), and 29 ± 43 (day 6) � 103

cells/lL (day 5.4) for 7, 8, and 10Gy doses, respectively
(Table 9). On day 12, depressions in platelet counts contin-
ued to be significantly lower than baseline values in dose
groups, 7 and 8Gy (p< 0.001). By day 30, both 7 and 8Gy
groups achieved recovery of platelets > 100� 103 cells/lL.

Mean platelet volume, MPV (Figure 5(C,D)), on days 3
and 8 significantly increased relative to baseline values
(p< 0.001) in all dose groups and in the 8Gy dose group on
days 15 and 25 (p< 0.01) and day 30 (p< 0.05). Non-survi-
vors did not increase MPV on day 3, p< 0.05 but showed
1.3–2.8-fold increases from baseline at time of mori-
bund sacrifice.

Coagulation kinetics: prothrombin time, activated
partial thromboplastin time, fibrinogen, and D-dimers

No observable changes were noted in PT or APTT amongst
survivors or non-survivors in all dose groups
(Supplementary Figure S1). There were significant increases
in fibrinogen, which functions in the coagulation cascade as
well as an acute phase reactant, in the 7Gy group on days 8
and 12. In the higher radiation doses of 8 and 10Gy, when
compared to baseline, increases were noted earlier on day 3
(p< 0.001), with persistence later to days 15 (p< 0.001) and
17 (p¼ 0.005) for the 8Gy group. Evidence of fibrinolytic
activity post radiation was modest with 10% increases of D-
dimer on day 3 for all dose groups when compared to base-
line values.

Hematologic findings at time of death

Of the decedents in study 2, 9/14 (65%) demonstrated
greater than 30% drop in hematocrit at time of death (Table
10). Similarly, 9/14 demonstrated grade 4 neutropenia. All
except one animal had grade 4 lymphopenia. The findings
of both severe hemorrhage shock (30% or higher blood loss)
and grade 4 neutropenia occurred in 50% of the decedents.
Of the 8 decedents demonstrating fever >104, 7 (50%) also
demonstrated grade 4 neutropenia.

Serum chemistry findings at time of death

Serum chemistries were obtained at baseline and on days 1,
12, and 30 or time of moribund sacrifice. There were no
statistical differences between all dose groups and the con-
trol. However, categorical biochemical abnormalities were
demonstrated at necropsy, relating to hepatic function, renal
function, triglyceride elevation, or hypocalcemia (Table 11).
The most frequent abnormality observed at scheduled nec-
ropsy on day 30 or at moribund euthanasia was an elevation
in the liver enzyme AST. When comparing the elevation of
liver transaminases, AST appeared to demonstrate a greater
range of values with some animals exceeding 100% of base-
line values; ALT fluctuated less. AST increases from baseline
were observed in 89.2% (25/28) of all animals studied.
Survivors showed fewer abnormalities in biochemistries.
Regarding the decedent animals, as demonstrated in Table
11, >100% increases from baseline in BUN, creatinine, AST,
bilirubin and triglycerides, were only observed in non-survi-
vors. In moribund sacrificed animals, elevations in serum
triglyceride levels were next most frequently observed at
85.7% (12/14). All animals with large elevations in creatinine
at necropsy had concomitant increases in BUN. At necropsy
five animals, two from 8Gy and three from the 10Gy dem-
onstrated elevations in serum biochemistries impacting both
liver and kidney function.

Given the abnormalities in hepatic and renal function
tests, we investigated whether serum albumin and total pro-
tein were impacted since both hepatic dysfunction can lead
to decreased albumin and protein synthesis and renal dys-
function can contribute to increased albumin and protein
loss in the urine. Most non-survivors (85.7%) demonstrated
decreases in both serum albumin and total protein at time
of death. Low serum albumin and protein tracked with
increases in BUN. Serum calcium decreases were observed
at the time of death, which may have been related to the
modest decreases in serum albumin, which binds calcium.

Table 9. Hematology nadirs (study 2).

Radiation
dose

Nadir
(103 cells/mL)

Mean day
of Nadir

Mean value
on day 30

Nadir
(103 cells/mL)

Mean day
of Nadir

Mean value
on day 30

Nadir
(103 cells/mL)

Mean day
of Nadir

Mean value
on day 30

7 Gy 0.180 ± 0.093 3.6 ± 3.1 0.76 ± 0.31 0.047 ± 0.056 11.0 ± 4.2 1.01 ± 0.37 27.0 ± 36.3 9.0 ± 3.6 305 ± 114
8 Gy 0.082 ± 0.034 3.9 ± 3.2 0.51 ± 0.12 0.017 ± 0.034 10.3 ± 3.7 0.88 ± 0.44 25.4 ± 45.9 9.0 ± 3.2 296 ± 124
10 Gy 0.026 ± 0.016 4.6 ± 2.3 NA 0.010 ± 0.005 5.4 ± 2.5 NA 29.4 ± 42.9 6.0 ± 2.8 NA
Normative

range
ALC > 1.5� 103 cells/mL ANC > 103 cells/mL Platelets >100� 103 cells/mL
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Discussion

The primary objective of this study was to characterize the
natural history of acute radiation injury in the NZW rabbit
model treated with supportive care. Supportive care compo-
nents of antibiotics and supplemental hydration were
selected based on efficacy observed with these components
in our nonhuman primate model of population based care
(Yu et al. 2015). With supportive care, we observed 100%
lethality at 9Gy or higher. We also observed the lethality
slightly shifted to the right in study 2 with the addition of
intravenous hydration.

In humans, the ANC nadir observed following the LD50-
100 doses was �0.5 (�109/L) and was observed 6–9 days fol-
lowing radiation (Mettler et al. 2007). In this NZW model,
ANC depletion occurred between 5.4 ± 2.5 and
11.0 ± 4.2 days, with a nadir range of 0.03 ± 0.02–0.18 ± 0.09
(�109/L). The time course and depth of depletion appears
to be comparable to human responses suggesting the rabbit
model provides meaningful correlation to human conditions.
Kinetics of ANC also appeared to follow a pattern previ-
ously described clinically (Guskova et al. 1988; Baranov
et al. 1989; Mettler et al. 2007). A 10-fold depletion at one
hour post-radiation was followed by a rebound at 24 h rang-
ing from 5- to 26-fold increased levels. These findings
appeared to be dose dependent. Non-survivors demonstrated
the highest rebound granulocytosis on day 1, >5.2� 103/lL,
and the greatest depletion on day 3, < 0.1� 103/lL; such
large swings in cell counts observed in the first 3 days post-
radiation, identify a critical time period of large pathophy-
siologic changes warranting additional study. Pinpointing
the first 72 h post-radiation as a time interval of significant
interest and predictive value has recently been reported

using human data analytics, in which blood count data dem-
onstrated >78% positive predictive value (PPV) on day 1
and >90% PPV on day 3 for the development of severe
acute radiation syndrome (Port et al. 2017). These findings
suggest that the dramatic changes in ANC observed in the
first 72 h may be used to predict mortality

In review of human data from irradiated individuals,
platelet depletion at LD50–100 exposures of 15–25 (�109/L)
was first observed within 7 days post-radiation (Mettler
2007). In our studies, platelet counts of
25.4 ± 45.9–29.4 ± 42.9 (�109/L) were first observed 6–9 days
post-radiation. In non-survivors, we observed depletion of
platelet counts by 33–60% at 1-h after radiation. It has been
reported that within 24 h following radiation, endothelium
demonstrates up-regulation of genes coordinating pro-apop-
totic and inflammatory pathways; importantly, these path-
ways are known to regulate the expression of tissue factor,
which augments the procoagulant surface of the endothe-
lium (Goldin-Lang, Niebergall, et al. 2007, Goldin-Lang,
Pels, et al. 2007). Tissue factor, the transmembrane receptor
for Factor VII/VIIa, when bound to the Factor VIIa as a
complex, is the key initiator of the extrinsic pathway, acti-
vating Factors IX and X for the formation of
thrombin(Mackman 2009). The sequential steps of platelet
adhesion, activation and aggregation are dependent on plate-
let binding to endothelial von Willebrand factor but the pro-
cess is reinforced by locally produced thrombin(Nieswandt
et al. 2011). These findings suggest that endothelial injury
following radiation may account for the 33–60% drop
observed in platelet counts 1 h after radiation exposure,
either decreasing the number of circulating cells secondary
to increased adhesiveness or perhaps through increased
extravasation due to changes in endothelial permeability.

Figure 5. Platelet lineages parameters including platelet count, (A,B), mean platelet volume, MPV (C,D), are shown by dose (A,C) and survivor status (B,D), with
mean ± standard deviation per time point respectively. A gap is introduced between days 1 and 2 to represent two separate time scales post- and pre- gap.
Horizontal axis days post-irradiation value “�1” indicates a pre-radiation timepoint value and “0” represents the 1-h time point value.
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The magnitude of platelet count drop at 1-h may reflect the
extent of endothelial injury and may be used to pre-
dict mortality.

Increases in platelet volume were observed at 24 h in
non-survivors and at 30 days in survivors. Increases in
mean platelet volume indicates larger, more reactive platelets
resulting from increased platelet turnover(Martin et al.
1983) and serves as a measure of the functional status of
platelet activation (Slavka et al. 2011; Ntolios et al. 2016).
Mean platelet volumes have been associated with increased
cardiovascular risk (Chu et al. 2010). The observed increases
in mean platelet volumes may serve as a link between early
platelet loss, hyperthrombotic platelets and the accelerated
cardiovascular risk observed in humans following radiation.

We observed increased numbers of immature red blood
cells at 1-h post-radiation injury along with increased HCT;
this acute increase suggests the bone marrow is responding
to radiation by releasing immature red blood cells into cir-
culation, as supported by the observed increases in MCV.
The observation that non-survivors failed to sustain a bone
marrow response showing large decreases in reticulocyte
counts, suggests a differential capacity of the bone marrow
to respond between the 7 and 8Gy doses and the more
destructive 10Gy. Reticulocyte counts may serve as a bio-
marker to measure the magnitude of bone marrow injury.
Additional studies of the bone marrow compartment may
be required to confirm the significance of this finding.

We observed early depletion of monocytes in non-survi-
vors. These findings may be relevant to radiation-induced
endothelial injury because critical numbers of monocytes
play an important role in maintaining endothelial integrity
(Quintar et al. 2017) through the inhibition of endothelial
apoptosis (Auffray et al. 2007; Hanna et al. 2011; Carlin
et al. 2013; McArdle et al. 2015). In an additional mechan-
ism, monocytes when encountering sub-fluent endothelial
cells, are triggered to produce endothelial growth factor,
angiopoietin-1 and this encounter also leads to endothelial
production of Tie-2 (Schubert et al. 2011). Non-survivors
showed early depletion of monocytes on day 3 suggesting a
potential lack of protective and pro-regenerative monocytes
which may adversely affect endothelial repair and regener-
ation associated with survival. Since animals that had a
monocyte count above 0.03� 103 cells/lL on day 3 signifi-
cantly (p< 0.001) outlived animals that had AMC below
that cutoff, early monocyte depletion may serve as a bio-
marker of the magnitude of endothelial injury.

Five of fourteen non-survivors manifested with signs of
inflammatory response syndrome which included more than
one of the following criteria: fever, neutropenia, thrombo-
cytopenia, tachycardia, tachypnea, and altered mental status
without the identification of bacteria in tissues sampled.
These criteria fit the condition of sterile inflammation, a
noninfectious process associated with acute tissue injury and
innate immune activation (Vincent et al. 2013). Increased
pattern recognition receptors, i.e. Toll-like receptors (TLR)
and the nucleotide-binding oligomerization domain (NOD)
protein families along with up-regulated pathways of leuko-
cyte extravasation and FC receptor phagocytosis, andTa
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signaling by IL-6, IL-10, TREM1, ephrin receptor, actin
cytoskeleton, B cell receptor have characterized this condi-
tion (Nathan and Ding 2010; Xiao et al. 2011). These meas-
ures may have utility in further characterization of the
natural history of radiation in this model and may also be
potential targets for mitigation.

Last, we observed markers of organ dysfunction on day 1
to track with mortality. Elevations in BUN tracked with
renal pathology at time of moribund sacrifice with more
than a 4-fold increased likelihood of mortality if the day 1
post-radiation BUN level exceeded 56mg/dL. Findings of
decreased albumin tracked with increases in BUN suggesting
decreased albumin was likely due to renal dysfunction and
urinary loss. Such findings have been previously described
in the irradiated rat model; marked changes in the urinary
proteome consequent to radiation-induced renal injury were
described as early as 24 h post-radiation and are being
studied as prognostic indicators (Sharma et al. 2008). AST
also appeared to track with mortality. We observed liver
histopathology in the rabbit tissues of animals with eleva-
tions in ALT and AST, suggesting elevation of these serum
biochemistries likely reflect liver injury. AST elevation on
day 1 was associated with mortality and appears to provide
a sensitive indicator for radiation induced, acute liver injury.
Notably, increased serum lipid levels appear to be a differ-
ence between the rabbit and human responses to
acute radiation.

Conclusions

Animal models of the hematopoietic acute radiation syn-
drome have been reported using rodents, dogs, rhesus maca-
ques, and recently, the Gottingen minipig. The NZW rabbit
is technically feasible to study as it allows monitoring of
relevant clinical parameters, and effective blood sampling.
Hematopoietic depletion kinetics and predictors of mortality
in NZW rabbits are highly congruent to those described in
human victims of radiation injury (Guskova et al. 1988;
Baranov et al. 1989; Mettler et al. 2007). Under the FDA
Animal Rule guidance, where standard clinical trials are not
possible due to the nature of the exposure to lethal or per-
manently disabling agents (i.e. chemical, biological, radio-
logical, or nuclear substances), the NZW rabbit model of
ARS is an attractive model for further development and test-
ing of medical countermeasures.
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