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Original Research

Endpoint Refinement for Total Body Irradiation
of C57BL/6 Mice

Elizabeth A Nunamaker,'” James E Artwohl,' Robert J] Anderson,? and Jeffrey D Fortman'

Acute radiation syndrome is a life-threatening condition that has the potential to affect large populations of humans. Although
several animal models of this syndrome are available, the total-body-irradiated mouse has emerged as an important tool to evaluate
the efficacy of prospective prophylaxis, mitigation, and treatment compounds. Despite the widespread use of this model, humane
endpoints have not been clearly identified. To address this issue, we developed a cageside observation-based scoring system spe-
cifically for total-body-irradiated mice to assess the progression of clinical signs associated with acute radiation syndrome. Male
C57BL/6 mice (n = 175; age, 8 to 9 wk) received an anticipated LD, dose of radiation and were observed for progression of clinical
signs of acute radiation syndrome for 30 d. All mice were scored individually through cageside observation of their body posture
(score, 0 to 3), eye appearance (0 to 3), and activity level (0 to 3). Retrospective analysis of the score data indicated that death could
be predicted accurately by using increasing cumulative scores (0 to 9). Total scores of 6, 7, 8, and 9 were associated with mortal-
ity rates of 78.6%, 86.4%, 93.3%, and 100%, respectively. Furthermore, scores of 6, 7, and 8 predicted death within 3, 1.5, and 0.5 d,
respectively. The use of this scoring system provides investigators and IACUCs with predictive humane, surrogate endpoints for
total-body-irradiated mice. This system allows preemptive euthanasia of mice before they become moribund, thereby minimizing

pain and distress associated with acute radiation syndrome and improving animal welfare.

Abbreviations: ARS, acute radiation syndrome; LD,
TBI, total body irradiation.
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the dose of radiation that is lethal for 50% of the test subjects within 30 d;

Acute radiation syndrome (ARS) due to either accidental ra-
diation exposure or nuclear attack is a life-threatening condition
that has the potential to affect a large population of people. The
severity of ARS is dependent on the overall dose, dose rate, radia-
tion quality, and proportion of the body that is irradiated. ARS
typically progresses through 4 clinical phases: prodrome, latency,
illness, and either recovery or death.'” The prodromal period is
characterized by nausea, vomiting, and fatigue and can include
autonomic instability and loss of consciousness at high doses in
humans.! After the latent phase, which can be absent with high
doses of radiation, the illness phase manifests in various organ
systems as particular syndromes of the hematopoietic, gastroin-
testinal, skin, and neurovascular systems."® The hematopoietic
system is the most sensitive to radiation, and decreased blood cell
counts can be detected even in asymptomatic patients.! Increas-
ing radiation doses cause complete destruction of bone marrow,
sloughing of the mucosal layer of the gastrointestinal system,
skin burns, and breakdown of the neurologic and cardiovascular
systems, ultimately resulting in death.!®

Preparatory planning for the medical management of ARS
is essential and requires the use of total body irradiation (TBI)
models in animals to evaluate the efficacy of prospective pro-
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phylaxis, mitigation, and treatment compounds.®* The 2 body
systems most sensitive to TBI are the hematopoietic and gastro-
intestinal systems, and mice are an excellent model for both; the
C57BL/6 and C3H/He strains are used most often.? To study the
hematopoietic syndrome, the most widely used TBI condition for
acute radiation damage is the LD, , because of the temporal pre-
dictability of the development of subsequent clinical signs. The
temporal sequence and outcome of the hematopoietic syndrome
occur considerably more rapidly in mice than in humans, and the
experimental outcome is defined as the LD, ., (50% population
death within 30 d of irradiation) in mouse models.? In addition,
because mice have been deemed an appropriate species for test-
ing radioprotectors or mitigators, the clinical efficacy of various
drugs can be evaluated easily in a mouse TBI model.”

Although mice are an exceedingly common model for ARS,
there are currently no established humane endpoint criteria for
these types of studies. Similar to sepsis models, TBI and ARS
studies typically use LD, as the standard of comparison, and
this practice has resulted in the frequent and widespread use of
death or moribund state as the experimental endpoint.>”'#? The
moribund condition, an unresponsive and immobile animal, is
a commonly used endpoint for a variety of research protocols
associated with high mortality or progressive and severe disease
states.?? Using this criterion requires the animal to progress
through all potential phases of pain and distress associated with
the chosen model to a near-death state before the animal is eu-
thanized."”
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The ability to predict death with a high probability and high
accuracy in TBI studies would allow for preemptive euthanasia,
with the intent to (1) ameliorate terminal pain and distress associ-
ated with ARS and (2) improve animal welfare. To this end, the
current study sought to establish an observation-based scoring
system to assess the health status of irradiated mice. Specifically,
mice that received a targeted LD, ., TBI dose were evaluated by
using daily cageside observational scoring of body posture, eye
appearance, and activity level. This observation-based study was
performed in conjunction with an approved IACUC study of the
effects of synthetic parathyroid hormone in irradiated mice. The
results were analyzed to identify the predictive nature of these
criteria of impending death, with the goal of establishing useful
endpoint criteria for future TBI studies.

Endpoints for total-body irradiation of mice
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Figure 1. Scoring of posture according to cageside observations. (A) The normal mouse posture received a score of 0. (B) A slightly hunched posture

scored a 1. (C) A mouse that was moderately to severely hunched but was still able to rear up or stretch out to access food and water received a score
of 2. (D) A mouse that was severely hunched and unable to rear up was scored as 3.

Materials and Methods

Animals. All mice used during this study were maintained in
accordance with the Guide for the Care and Use of Laboratory Ani-
mals' at the University of Illinois at Chicago (Chicago, IL), an
AAALAC-accredited institution. All procedures were reviewed
and approved by the University of Illinois at Chicago Animal
Care Committee. Male C57BL/6NCrl (n = 175; age, 6 wk) mice
were purchased from Charles River Laboratories (Kingston, NY).
Mice were maintained in facilities in which dirty-bedding—con-
tact sentinel mice tested negative on a quarterly basis for Sendai
virus, pneumonia virus of mice, mouse hepatitis virus, minute
virus of mice, mouse parvovirus, Theiler murine encephalomyeli-
tis virus, reovirus, rotavirus, mouse adenovirus, polyoma virus,
K virus, mouse cytomegalovirus, mouse thymic virus, lympho-
cytic choriomeningitis virus, hantavirus, ectromelia virus, lactate
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Figure 2. Scoring of eye appearance according to cageside observations. (A) Normal mouse eyes that were open greater than 75% received a score of
0. (B) Mouse eyes that were open 50% to 75% were scored as 1. (C) Mice whose eyes were open 25% to 49% receive the score of 2. (D) Mouse eyes that

were open less than 25% were scored as 3.

dehydrogenase elevating virus, mouse norovirus, Mycoplasma
pulmonis, and Helicobacter spp. In addition, sentinel mice were free
of helminth and external parasites. There were approximately 50
cages of research mice per sentinel cage. On arrival, mice were
housed 5 per cage in static autoclaved (sterilized) polysulfone

24

microisolation cages (Ancare, Bellmore, NY) with irradiated diet
(7912, Harlan Teklad, Madison, WI), HCl-acidified municipal wa-
ter in bottles, and autoclaved hardwood bedding (Sani-Chips,
Harlan Teklad, Madison, WI) with a 14:10-h light:dark cycle. In
the current study, the internal measured cage temperature and
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Figure 3. Total mouse death due to TBI with 845 cGy. Mice that were
euthanized are represented by black bars, and mice that died sponta-
neously are represented by red bars. The stacked value of the red and
black bars represent the total number of animals that died on a given
day. A total of 109 mice died between days 8 and 24 after TBL
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humidity were 20 to 25 °C and 56% to 88%, respectively. Mice
were acclimated for 2 to 3 wk prior to irradiation. Once the mice
were irradiated, they were housed individually under the same
housing specifications. Beginning 5 d after irradiation and for
the duration of the study period, the acidified drinking water
was supplemented with 0.67 mg/mL ciprofloxacin. At the time
of total body irradiation, mice were 8 to 9 wk of age and weighed
an average of 22.4 g. Mice were weighed on days 1, 7, 14, and 31
after TBL

All mice were irradiated by using a 6-MV LINAC photon
source (model EX21, Varian Medical Systems, Palo Alto, CA).
They received a uniform, total-body, midline tissue dose of 80
125 c¢Gy/min at a total dose of 845 cGy for an expected LD, .
Mice were allocated into 3 cohorts, with TBI administered at 2-wk
intervals.

Animals received treatment with a synthetic parathyroid hor-
mone (Parathyroid Hormone, Human, Acetate, PolyPeptide Lab-
oratories, Torrance, CA). Synthetic parathyroid hormone (300,
400, or 600 pg/kg) or saline (vehicle-only control) was adminis-
tered subcutaneously. Treatment was initiated 24 h after radiation
exposure and was repeated daily for 14 d. Each of the 4 groups
comprised 42 or 43 mice. Six additional mice did not receive any
injections. Any mouse that became moribund (see description
following) during the study was euthanized by CO, asphyxiation
followed by cervical dislocation. All mice that survived to day 31
were euthanized in this manner also.

Cageside observational scoring system. Cageside observations
by the veterinary staff were made in parallel with research staff
studying the effects of synthetic parathyroid hormone in irradi-
ated mice. A veterinarian observed the mice on days 1 through 30
after TBI to score them. There was a graded observation schedule
according to the progression and subsequent remission of ARS
clinical signs in all mice that received TBI. The mice were scored
once daily during days 1 through 6 and 19 through 30 and twice
daily during days 7 through 18. One veterinarian performed 90%
of the observations; 5 other veterinarians received one-on-one

Endpoints for total-body irradiation of mice

training to score mice on some weekends. Training was complet-
ed in one or two 30-min periods as needed to ensure independent
scoring consistency within 1 total score unit (0 to 9) between vet-
erinarians.

The scoring system used in the current study to assess irra-
diated mice was adapted from those developed for distressful
rodent studies and according to behaviors exhibited in previous
mouse TBI studies.*!¢* Rodent cages were removed from racks
to facilitate improved visualization of mice and to stimulate their
movement around their cage, but cages were not opened at any
point during the scoring process. Mice received a score of 0 to 3
for each of the criteria of posture, eye appearance, and activity
level. Posture was scored based on a hunched appearance (Figure 1).
A score of 0 indicated normal body posture; lindicated a slightly
hunched posture; 2 indicated a moderately hunched posture;
and 3 indicated a severely hunched posture. Eye appearance was
scored according to how open the eyes were (Figure 2). A score of
0 indicated that eyes open more than 75%; 1 indicated eyes 50%
to 75% open; 2 indicated eyes 25% to 49% open; and 3 indicated
eyes that were open less than 25%. Activity level was scored ac-
cording to the amount each mouse moved in its cage. A score of
0 indicated an animal that moved around the cage normally and
was very active; 1 indicated a slightly reduced activity level or
a mild gait abnormality; 2 indicated a mouse that was moving
very slowly or a severely altered gait; 3 indicated an animal that
was reluctant to (or did not) move, taking no more than 3 or 4
steps. Moribund animals had a total score of 9, receiving a score
of 3 for each of the criteria, and were euthanized as described. In
addition, all mice were observed for morbidity by the primary in-
vestigator’s staff between the veterinarian’s observation periods
but were not scored according to the current system. During the
investigator’s observations, any mouse deemed moribund was
euthanized, thereby precluding final scoring by the veterinarian
prior to euthanasia.

Statistics. From the cageside observational scoring data for each
mouse, the first day that each mouse received a total score of 5, 6,
7,8 and 9 was identified. Subsequently, the number of days be-
tween the time that they were first observed at a particular score
and their death (whether observed or euthanized) or the end of
the study was calculated. For mice that skipped a score, the time
of the observed higher score was recorded for both the observed
score and the skipped score. For each of these initial score events,
Kaplan-Meier survival curves were constructed to indicate the
probability of survival over time, and the survival time and its
corresponding 95% confidence interval were determined (version
9.2, SAS, Cary, NC). The median survival times and the estimated
25th percentile and 75th percentile survival times, after a specific
score was achieved, were reported.

Results

Mouse deaths were distributed between days 8 and 24 after TBI
(Figure 3). Of the 109 mice that died during the 30-d period, 25
were found dead and 84 were euthanized. The overall mortality
rate for the study was 62%. There were no statistical differences
in mortality between treatment groups.

Observational scores were positively correlated with animal
death; that is, mortality increased with increasing observational
scores (Table 1 and Figure 4). Five mice died spontaneously be-
tween observation points that had scores of 5 or less at their last
observation. Only mice with a score of 9 or animals determined to
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Table 1. Survival times for all mice after they attained a score of 5, 6, 7, 8, or 9 after TBI

No. of mice

Died or were eutha-  Alive at the end of the

Score Total nized 30-d period Median survival (d) 75% Survival (d) 25% Survival (d)
5 150 108 42 55 2.0 9.5
6 131 103 28 3.0 1.5 9.0
7 111 96 15 15 0.5 45
8 91 85 6 0.5 0.0 15
9 53 53 0 0.0 0.0 0.5

For example, a survival rate of 75% indicates that 25% of the mice died within the reported number of days after attaining the given score.

be moribund by the primary investigator staff were euthanized.
Observational scores of 6, 7, and 8 were associated with mortality
rates of 78.6%, 86.5%, and 93.4%, respectively (Figure 4). Obser-
vational scores of 6, 7, and 8 were associated with median subse-
quent survival times of 3.0, 1.5, and 0.5 d, respectively (Table 1).

Irradiated mice lost weight during the first 2 wk after TBI (Table
2). The mice that survived the entire 30 d after TBI typically start-
ed gaining weight after day 14, whereas mice that died continued
to lose body weight after day 14. Twelve (21.5%) of the animals
that survived for the entire study and 58 (55.8%) of those that died
during the study had lost at least 15% of their body weight when
the last body weight was collected. Eight (12.3%) of the mice that
survived for the entire study and 45 (43.3%) of those that died
during the study had lost at least 20% of their body weight by the
time body weight was measured for the last time.

Discussion

The use of morbidity as a surrogate for mortality requires the
identification of criteria that can be used to define morbidity and
verify applicability as a surrogate for death in survival endpoint
studies.*® Clinical signs can provide an objective judgment of
animal pain and distress if the observer is skilled, knowledgeable
of the normal behavioral and physical parameters of the subject,
and has good clinical observation skills.' Behavioral monitoring
has been suggested as a promising and unobtrusive way to moni-
tor pain and distress.”>"”"” Recommended behavioral indicators
include grooming, appetite, activity, aggression, facial expression,
vocalization, appearance, posture, and response to handling.>®
Scoring systems based on observations of unprovoked behav-
ior and general physical appearance have been used previously
to allow semiquantitative measurement of ‘sickness behavior’."”
These indicators also have been used successfully to generate
surrogate humane endpoints, and examples include locomotion
in chemotherapy fatigue studies;* anorexia, labored breathing,
and hindlimb paralysis in cancer models;” labored breathing in
aging studies;” phenotypic monitoring in transgenic animals;**
and ambulation in sepsis models."

Assigning scores to a series of observations of clinical signs
provides a mechanism for tracking the deterioration or resolution
of an animal’s clinical condition. In addition, documenting a sub-
ject’s progression of clinical signs facilitates discussion between
veterinary and research staff to assist in decisions about eutha-
nasia of that animal as a study progresses. The advantages of an
observation-based score system have been acknowledged: there
is close observation of the animals by all personnel involved,
especially during the critical timeframe; subjective assessments
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Figure 4. Kaplan—-Meier survival curves for all mice that amassed mini-
mal scores of 6 (n =131), 7 (n = 111), 8 (n = 91), and 9 (1 = 53).

of pain and distress are avoided, and evidence-based opinion
becomes possible based on the documented and scored clinical
signs; limited scoring options lead to an increased consistency
of scoring; score sheets reveal patterns of deterioration or recov-
ery over time; and the score sheet encourages all personnel in-
volved to observe and recognize normal and abnormal behaviors
in response to the experimental parameters.'® The current study
limited the scoring to 3 specific observed clinical signs (body pos-
ture, eye appearance, and activity level) and provided guidance
to assigning scores for those 3 parameters. C57BL/6 mice must
first be assessed for anophthalmia and microphthalmia,'? because
these conditions have the potential to affect the score for eye ap-
pearance. In developing the score sheet for TBI mice, other clini-
cal signs including decreased grooming, focal swelling of face or
limbs, and ocular discharge were inconsistent and thus not in-
cluded in the numeric scoring.

Observational scoring was more predictive of death than was
body weight in the current study. Specifically, scores of 7 and 8
in the current study were correlated to mortality rates of 86.5%
and 93.4%, respectively. Furthermore, mice that scored 7 or 8 had
median survival times of 1.5 and 0.5 d, respectively, before be-
coming moribund and requiring euthanasia. Preemptively eu-
thanizing a mouse once an observational score of 7 or 8 is reached
has the potential to mitigate animal pain and distress associated
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Table 2. Change in body weight of mice after TBI

Endpoints for total-body irradiation of mice

Day 1 Day 7

Day 14 Day 21 Day 31

Alive ~2.9% % 0.3%
(~18.0%, 2.1%) 65

~4.6% % 0.7%
(=19.1%, 5.8%) 65

-3.5% + 0.4%
(-13.1%, 22.6%) 104

Died or euthanized -8.3% £ 0.7%

(~26.6%, 2.9%) 104

-6.8% +1.2%
(~33.9%, 5.8%) 65

0.3% £ 1.3%
(-27.8%, 22.3%) 65

6.4% +1.1%
(=27.0%, 24.2%) 65

—24.1% £ 0.9%
(-39.1%, -3.2%) 47

—27.8% +5.9% —
(-35.0%, -16.2%) 3

Change in body weight (mean + SEM [minimum, maximum] #) is represented as the percentage lost (indicated by —) or gained relative to the baseline

weight before TBI.

with ARS. Euthanasia of animals at a set score of 7 or 8 would
have minimized pain and distress for up to 88.1% of all of the
mice in the current study that died naturally or were euthanized
due to ARS, only missing those animals that progressed to death
quickly and received a score of 6 or lower on their last veterinar-
ian observation. In future TBI studies, the initial number of mice
placed on study could be increased to accommodate the potential
confounding effects of animals that are euthanized but that might
have gone on to live (13.5% at a score of 7 and 6.6% at a score of
8).

A body weight loss of 15% to 20% is a common endpoint cri-
terion for a variety of studies; however, body weight is difficult
to include in the evaluation of animals for TBI studies. Because
of a long-standing implied correlation between animal handling
and increased mortality in TBI studies, the frequency of weight
measurement generally is limited to a maximum of every 2 to
3 d."2 In the current study, weight was measured only weekly
and, as a result, the positive predictive value of either a 15% or
20% body weight loss for death (80.6% and 84.9%, respectively)
was not as strong as it might otherwise have been. Weighing
animals more frequently may increase the predictive value of
body weight loss as a surrogate, humane endpoint; however,
the increased handling necessary to do so might also increase
the mortality rate.

A potential drawback with the use of observation-based end-
point criteria is interobserver variability,> which we did not evalu-
ate as part of the current study. Although multiple veterinarians
scored the mice, they were trained to look at the specific criteria,
and scoring consistency between veterinarians was ensured be-
fore any individual veterinarian scored mice independently. In-
terobserver variation likely could be a problem if score sheets are
provided to observers without sufficient training or spot-checking
to ensure consistency in observational scores. A future consid-
eration for observation-based scoring for endpoint criteria is to
evaluate and verify interobserver variability. Ultimately, training
of and dialog between research staff and veterinary staff are es-
sential for successful implementation of euthanasia criteria based
on observational scores.

Other limitations of the current study include the use of a
single strain, sex, animal source, radiation dose, and radiation
source. Although a large population of mice was used in the cur-
rent study to evaluate the observation-based scoring system’s
ability to accurately predict death due to TBI, whether mice with
different genetic backgrounds, sources, or sex will develop a simi-
lar predictable ARS pattern of response to TBI is unknown. The
relevance of these endpoints for other radiation doses also is un-
known. Further evaluation is necessary to determine the broader

applicability of these refined, humane endpoints in other radia-
tion studies.

The results of the current study suggest that an observation-
based scoring system can be an effective tool for mitigating pain
and distress associated with ARS in mice through preemptive
euthanasia. Using a cut-off score of 7 or 8 in TBI studies would
accurately predict death 0.5 to 1.5 d in advance, providing for
euthanasia of mice before they became moribund. IACUCs could
use this information to establish behavior-based criteria for TBI
studies based on the specific scientific objective of the protocol.
Although these endpoint criteria may be useful for LD, ., stud-
ies, there are limitations in using these same criteria for studies
identifying mean survival times. In addition, IACUC could apply
the observation-based scoring sheet to engage investigators to
look more closely at their animals and to identify subtle changes
in their behavior as ARS progresses. This use could be augmented
with effective training and communication between all parties to
ensure successful implementation as surrogate endpoint criteria
in TBI mice.
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