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Laboratory mice are the preferred species for many types of 
infectious disease research. However, infectious disease stud-
ies often involve mice becoming ill and perhaps dying as a re-
sult of the infectious challenges to which they are exposed. This 
likelihood has prompted interest in the identification of humane 
experimental endpoints that maintain the scientific integrity of 
the experiment or test.5,6 The development of accurate objective 
markers that could be used to predict eventual death and trigger 
preemptive euthanasia would therefore be useful in terms of both 
mitigating animal distress and permitting the performance of ter-
minal procedures and antemortem sample collection.

Experimental endpoints in biomedical research should be de-
termined based on a combination of scientific, ethical, legal, prac-
tical, and humane considerations. Our goal in this study was to 
determine whether criteria that have been proposed for predic-
tion of imminent death in longevity studies11 can be applied to 
relatively acute studies of infectious disease. Data from studies 
performed for other reasons were collated and analyzed retro-
spectively to determine whether the measures of body weight 
(BW) and temperature could be used to differentiate mice that 
would live from those that would die in a variety of infectious 
disease models.

Materials and Methods
All mice were purchased from Jackson Laboratory and were 

housed in same-sex groups of 5 in 11 in. × 7 in. × 5 in. cages. Cages 
were solid-bottom shoebox-style open-top cages with woodchip 
bedding (Beta Chip, Northeastern Products, Warrensburg, NY). 
Mice were maintained by using conventional husbandry prac-
tices, with cages changed weekly. Room temperature was main-
tained at 70 ± 2 °F (21.1 ± 1.2 °C) and relative humidity at 40% 
to 60%. Most mice were fed LabDiet 5001 (PMI Nutrition Inter-
national, St Louis, MO), although one group received a high-fat 
diet (D12492, 60 kcal% fat, Research Diets, New Brunswick, NJ). 
Food and tap water were available ad libitum. All mice were free 
of known infections with mouse hepatitis virus, minute virus of 
mice, mouse parvovirus, mouse norovirus, Theiler murine en-
cephalomyelitis virus, epizootic diarrhea of infant mice virus, 
Sendai virus, Mycoplasma pulmonis, pneumonia virus of mice, 
reovirus 3, lymphocytic choriomeningitis virus, ectromelia virus, 
and endo- and ectoparasites, as monitored by using monthly test-
ing of sentinel mice housed in the same room. The Laboratory 
Animal Care and Use Committee at Southern Illinois University 
School of Medicine approved all animals and experimental pro-
cedures used in this study.

Temperature measurement. For most studies, mice were im-
planted under isoflurane anesthesia with a subcutaneous mi-
crochip that allows remote measurement of body temperature 
by using a wand-type reader (model IPTT300, BioMedic Data 
Systems, Seaford, DE). The microchip was implanted by using a 
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In the study of BALB/cByJ mice, the viral stock was diluted in 
endotoxin-free sterile saline. Four adult male BALB/cByJ mice 
per dose (total, n = 28) were inoculated intranasally with 25 µL of 
10-fold serial dilutions of the stock, with doses ranging between 
1 × 101 and 1 × 107 TCID50 PR8. The LD50 of PR8 for BALB/cByJ 
mice was 1 × 103.5 TCID50.

In the study of C57BL/6J mice, mice were fed either a nor-
mal diet (4.5% fat; n = 10) or high-fat diet (60% fat; n = 9) from 6 
through 34 wk of age. Mice then were inoculated with 25 µL al-
lantoic fluid containing 1 × 103 TCID50 PR8 (1/3 the LD50 dose for 
BALB/cByJ mice). Euthanasia was performed by exsanguination 
under isoflurane anesthesia.

C. albicans (strain 10231). C. albicans was grown overnight on 
Sabouraud dextrose agar. For intravenous inoculation of mice, 
colonies were suspended in sterile, pyrogen-free saline. The titer 
of the culture was estimated by using a hemocytometer, and the 
suspension was diluted to achieve approximately 5 × 105 cfu in 0.2 
mL. The actual inoculated doses were determined subsequently 
by culture of serial dilutions of the inoculum plated on Sabouraud 
Dextrose agar and revealed an average dose of 5.6 ± 0.6 × 105 cfu 
(n = 24). For inoculation, adult male DBA/2J mice (n = 24) were 
anesthetized with isoflurane and injected intravenously through 
the retroorbital sinus. The retroorbital route was used for 2 rea-
sons: 1) the injection is performed under general anesthesia and 
therefore does not require animal restraint, and 2) because the 
sinus is large relative to a vein, administration of substances by 
this route is extremely easy to perform and gives high assurance 
that the injected material has entered the circulation rather than 
the perivascular space. The study was terminated by design at 5 
d after inoculation. Euthanasia was performed by exsanguination 
under isoflurane anesthesia.

Statistics. Descriptive measures consisted of means and stan-
dard error of the means. Statistical analysis was conducted with 
independent t tests with statistical significance set at the 5% lev-
el.

Results
A/J mice (n = 11) were inoculated intranasally with a range of 

doses of influenza virus strain X31 (1 × 101.65 to 1 × 105.65 TCID50; 
n = 2 to 3 per dose). Among these mice, 63% (7 of 11) survived 
through day 21 after infection (Figure 1). Values for temperature 
(T) and the product of temperature and body weight (T × BW) of 
mice that lived compared with died showed sustained significant 
(P < 0.05) differences beginning on day 6 after infection, as com-
pared with day 9 for body weight (Figure 1). Use of the threshold 
value of a fall in core temperature to below 35 °C on day 7 after 
infection would have detected all 4 mice that eventually died, 
with no incorrect detection of mice that survived. In comparison, 
a reduction in T × BW to less than 60% of baseline values on day 
7 after infection would have detected 3 of 4 mice that eventually 
died and incorrectly detected 1 of 7 mice that survived.

Among BALB/cByJ mice inoculated with a range of doses of 
Streptococcus pneumoniae (1 × 102 to 1 × 107 CFU), 64% (23 of 36) 
survived through day 10 after infection (Figure 2). Body weight 
and T × BW values of mice that lived compared with died differed 
significantly (P < 0.05) beginning on day 2 after infection (Figure 
2). Use of the threshold value of a reduction in T × BW to less than 
90% of baseline values on day 2 after infection would have de-
tected 9 of 15 mice that eventually died and incorrectly detected 1 
of 23 mice that survived.

delivery device involving 12-gauge needle, without an incision or 
wound closure. Individual chips were not tested for accuracy or 
otherwise calibrated prior to use but were used according to the 
manufacturer’s recommendations. Mice inoculated with Candida 
albicans were implanted under ketamine–xylazine anesthesia with 
intraperitoneal transmitters to allow continuous measurement of 
body temperature via a receiver placed under the cage.15

The study was a retrospective assessment of mice exposed to 
various infectious challenges for use in other studies. Mice were 
evaluated at least daily both before and after inoculation. Tem-
peratures and body weights were measured during the 2-h pe-
riod after light onset. For mice with abdominal transmitters, the 
temperature values that were analyzed were the averages values 
obtained during the 2 h after light onset. Clinical endpoints for 
preemptive euthanasia included palpable hypothermia (in our 
experience of mice that were implanted with telemetric tempera-
ture transmitters during various infectious conditions, palpable 
hypothermia generally reflects a body temperature of less than 
25 °C), inability or unwillingness to walk, lack of response to ma-
nipulation, and severe dyspnea or cyanosis. Mice that developed 
any of these signs were euthanized immediately and were con-
sidered to have died.

Infectious challenges. Influenza strain A/HK/x31(H3N2). Viral 
stocks of influenza strain A/HK/X31(H3N2) (X31) were prepared 
by inoculation of embryonated chicken eggs. Virus-infected al-
lantoic fluid was harvested and aliquots frozen at −80 °C until 
use. The titer of the viral stock was determined by using a TCID50 
assay. To create influenza infection, adult male A/J mice (n = 11) 
were anesthetized lightly and inoculated intranasally with 25 µL 
allantoic fluid containing between 5 × 101 and 5 × 105 TCID50 influ-
enza virus strain X31, as described previously.16 In our experience 
using this virus, the highest dose used here in A/J mice is not 
lethal for C57BL/6J or BALB/cByJ mice. Euthanasia was per-
formed by exsanguination under isoflurane anesthesia.

Streptococcus pneumoniae strain D39 (serotype 2). S. pneumoni-
ae that had been transformed with the lux operon2 was obtained 
from Dr Jonathan McCullers (St Jude Children’s Research Hospi-
tal, Memphis, TN). To prepare stocks, bacterial colonies isolated 
from a tryptic soy agar supplemented with 3% defibrinated sheep 
blood (blood agar plates, Enova Medical, St Paul, MN) were in-
oculated into Todd Hewitt broth (Fisher Scientific, Pittsburgh, PA) 
and grown at 37 °C to a density of OD620 0.6 to 0.7. Sterile glycerol 
was added to a final concentration 16.7% prior to freezing ali-
quots at −80 °C. Serial dilutions of the bacterial stocks were plated 
in triplicate on blood agar plates to obtain the titer. For mouse in-
oculation, the bacterial stock was diluted in endotoxin-free sterile 
saline, and adult male BALB/cByJ mice (at least 4 mice per dose; 
total n = 36) were inoculated intranasally with 25 µL of 10-fold 
serial dilutions of the stock, with doses ranging between 1 × 102 
and 1 × 107 cfu. The LD50 of lux-transformed S. pneumonia strain 
D39 for BALB/cByJ mice was 1 × 105.2 cfu, which is identical to the 
LD50 of the wild-type bacterial strain.12 Euthanasia was performed 
by exsanguination under isoflurane anesthesia.

Influenza strain A/Puerto Rico/8/34 (H1N1). Viral stocks A/
Puerto Rico/8/34 (H1N1) (P8) were kindly provided by Richard 
Webby (St Jude Children’s Research Hospital) and prepared by 
inoculation of embryonated chicken eggs. Virus-infected allantoic 
fluid was harvested and aliquots frozen at −80 °C until use. The 
titer of the viral stock was determined by using a TCID50 assay.
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In mice fed high-fat diet, all 3 measures were informative with 
regard to differentiation of mice that lived and died, revealing 
significant (P < 0.05) differences between groups on day 2 after 
inoculation (Figure 3). A reduction in T × BW to less than 90% of 
baseline values on day 5 after infection would have detected all 
3 mice that eventually died and incorrectly detected 2 of 6 mice 
that survived.

Among DBA/2J mice inoculated with C. albicans, 63% (15 of 
24) survived through day 5 after infection (Figure 4). Temperature 
and T × BW were informative with regard to differentiation of 
mice that lived and died, whereas body weight was not (Figure 
4). A reduction in T × BW to 85% or less of baseline values on day 
1 after infection would have detected all 9 mice that eventually 
died and incorrectly detected 3 of 15 mice that survived.

Discussion
The data presented here indicate that reductions in tempera-

ture, body weight, and the product of both, as recently applied 
to the prediction of imminent death in mice used in longevity 

Among BALB/cByJ mice inoculated with a range of doses of 
influenza virus strain PR8 (1 × 101 to 1 × 107 TCID50), 46% (13 of 28) 
survived through day 10 after infection (Figure 2). Temperature, 
BW, and T × BW were all informative with regard to differentia-
tion of mice that lived and died, with all 3 measures revealing 
significant (P < 0.05) differences between groups on day 2 after 
inoculation (Figure 2). A reduction in T × BW to less than 90% of 
baseline values on day 2 after infection would have detected 10 
of 15 mice that eventually died and incorrectly detected 1 of 13 
mice that survived.

C57BL/6J mice were maintained on a normal-fat (4.5% fat) or 
high-fat (60% fat) diet for 34 wk beginning at 6 wk of age. All 
mice then were inoculated intranasally under isoflurane anesthe-
sia with 1000 TCID50 influenza PR8. In this study, temperatures 
were measured daily, but body weights were measured only on 
Monday, Wednesday, and Friday. Among the mice maintained on 
normal diet, 60% (6 of 10) survived, whereas 66% of mice on high-
fat diet (6 of 9) survived (Figure 3). In mice fed normal diet, none 
of the measured variables (temperature, BW, and T × BW) dif-
fered significantly between mice that lived compared with died. 

Figure 1. A/J mice infected with influenza virus strain X31. A/J mice (n = 11) were inoculated intranasally with 25 µL allantoic fluid containing between 
5 × 101 and 5 × 105 TCID50 influenza virus strain A/HKX31(H3N2). Mice were monitored for 21 d after inoculation. *, P < 0.05 for comparison of mice 
that survived compared with those that eventually died.
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Figure 2. BALB/cByJ infected with Streptococcus pneumoniae or influenza virus strain PR8. BALB/cByJ mice anesthetized with isoflurane were inocu-
lated intranasally with Streptococcus pneumoniae in doses ranging between 1 × 102 and 1 × 107 cfu (n = 36) or with influenza virus strain PR8 in doses 
ranging between 1 × 101 and 1 × 107 TCID50 (n = 28). *, P < 0.05 for comparison of mice that survived compared with those that eventually died.
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Figure 3. Obese and normal C57BL/6J mice infected with influenza virus strain PR8. C57BL/6J mice were fed either a normal diet (4.5% fat; n = 10) or a 
high-fat diet (60% fat; n = 9) from 6 through 34 wk of age. Mice then were inoculated with 25 µL allantoic fluid containing 1 × 103 TCID50 influenza virus 
strain PR8 (1/3 the MLD50 dose for BALB/cByJ mice). *, P < 0.05 for comparison of mice that survived compared with those that eventually died.
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Several of the experiments that produced the data analyzed 
here were preliminary dose-finding studies that evaluated out-
comes among mice that received different doses of the same 
agent. Numbers tested at each dose in these studies were not suf-
ficient to allow comparison within doses. However, given that 
infectious dose is undoubtedly the best predictor of death after 
infectious challenge, the ideal test for verification of these mak-
ers would be a follow-up study using an LD50 dose. Such studies 
would be important for validation of both the dose-finding and 
the endpoint markers if the model was intended for repeated use 
(for example, for screening therapeutics).

Previous work indicates that temperature and BW can be used 
independently as markers for disease severity, a moribund state, 
imminent death, and the need for euthanasia in a variety of in-
fectious disease models.1,7-10,13,14,17,18 However, application and in-
terpretation of these measures can be complex. For example, in 
a study of bacterial endotoxemia in mice, weight loss was not 
found to be an accurate predictor of death,7 whereas in a study 
of endotoxemic shock induced by cecal ligation and puncture in 
mice, weight gain was a predictor of imminent death but weight 

studies,11 can predict the eventual death of mice used in some 
infectious disease models. The current data were collected in a 
number of independent experiments that used different infec-
tious organisms. We analyzed these data retrospectively in an 
attempt to identify markers that would be useful for prediction 
of the eventual death of mice with experimentally-induced in-
fectious disease. The assessment revealed that specific measures 
may be useful in some models but not in others. For example, 
among A/J mice inoculated with influenza virus and DBA/2J 
mice inoculated with C. albicans, temperature and T × BW were 
more useful than BW. However, useful T × BW benchmark values 
for predicting eventual death or performing preemptive eutha-
nasia were 60% and 85% of baseline for influenza-infected A/J 
and C. albicans-infected mice, respectively. Among BALB/cByJ 
mice inoculated with influenza virus, temperature, body weight, 
and T × BW were all useful predictors of eventual death. In con-
trast, these markers were not useful for normal C57BL/6J mice 
that received similar inoculations but were informative for obese 
C57BL/6J mice with influenza infection.

Figure 4. DBA/2J mice infected with Candida albicans. DBA/2J mice (n = 24) were anesthetized with isoflurane and injected intravenously through the 
retroorbital sinus with 5.6 ± 0.6 × 105 cfu Candida albicans. *, P < 0.05 for comparison of mice that survived compared with those that eventually died.
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loss was not.9 Some authorities recommend using weight loss to 
assess wellbeing but do not offer guidelines or benchmarks for 
amount of weight loss that would be acceptable.8,10 Important 
considerations in using temperature as a benchmark are that 1) 
body temperatures of mice are influenced by numerous factors, 
including the time of day, ambient temperature, the presence and 
type of bedding, and the number of cage mates,3,4 and 2) different 
strains of mice can show widely different temperature responses 
to the same experimental challenge.14,15 These complexities are fur-
ther illustrated by the present analysis, which demonstrates that 
the informative markers and their relevant thresholds vary sub-
stantially depending on the specific model used (that is, mouse 
strain, mouse condition, and infectious challenge). Other factors 
(for example, route of administration and virulence of the chal-
lenge organism) also are likely to influence these determinations.

Taken together with previous work, our findings underscore 
the importance of carefully tailoring the selection of endpoint 
markers to the specific experimental model and validating those 
markers for that model. Determination of humane endpoints for 
laboratory animals is increasingly important to IACUC and regu-
latory agencies. The present study and our previous work11 pro-
vide a simple strategy for the identification of markers of eventual 
death in mice. In light of our data, we suggest that investigators 
who conduct similar studies using other mouse models of infec-
tious disease assess our approach in their ongoing studies and 
report their findings to the scientific community.
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