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LD50 testing in mice has been used for many years to evaluate 
lethality of potential toxins, such as snake venoms, and is iden-
tified by the World Health Organization as the essential assay 
for preclinical evaluation of antivenins.61 Strict adherence to the 
LD50 concept mandates using death as the endpoint for all ani-
mals under study. Nevertheless, as called for in the Guide, efforts 
have been applied toward identifying earlier endpoints to refine 
protocols to minimize pain and distress.27 For example, several 
groups have assessed core body temperature as an adjunct to 
determining endpoints in many areas of research, including LD50 
evaluation of pathogen virulence and metal and alcohol toxic-
ity; viral, bacterial and fungal infectious disease; and longevity 
studies.3,22,26,29-31,36,37,39,40,43,50,51,53-55,57,58,60 Using such an approach in 
venom toxicity studies holds promise for minimizing pain and 
distress by identifying earlier time points for euthanasia. In addi-
tion, body temperature may serve as a more robust and objective 
measure to use as a euthanasia criterion in experiments (such as 
Kaplan–Meier survival studies) when accurately measuring du-
ration of survival is important.16 Potentially, investigators could 

euthanize animals based in part on a predetermined body tem-
perature thereby mitigating error from subjective evaluation of 
clinical signs alone. With this goal in mind, we hypothesized that 
body temperature would prove to be a useful adjunct to monitor-
ing for endpoints in a study we conducted in mice to estimate the 
LD50 of 3 rattlesnake venoms. The data we gathered support the 
use of temperature guidelines to assist in determining humane 
endpoints for mice used in rattlesnake venom LD50 studies.

Materials and Methods
Animals. Outbred Swiss Webster (Taconic, Hudson, NY) fe-

male mice (age, 8 to 10 wk) were selected as the model of choice 
on the basis of their outbred genetic diversity and according to 
guidelines from the Organisation for Economic Co-operation 
and Development (OECD) and Environmental Protection Agen-
cy.17,42 Mice were acclimated for 72 h and housed in an ABSL2, 
AAALAC-accredited biocontainment facility. Mice were group-
housed in individually ventilated caging (56 air changes hourly; 
Innovive, San Diego, CA) with corncob bedding (Innovive). Mice 
were group-housed at 5 mice per cage approximately 1 wk prior 
to the experiment. For the experiment, mice were individually 
housed. Surviving mice then were group-housed (2 to 5 per cage) 
as available. Each cage was enriched with a 1-in.2 Nestlet (Ancare, 
Bellmore, NY). Mice were SPF for mouse parvovirus, minute virus  
of mice, mouse norovirus, mouse hepatitis virus, Sendai virus, 
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a secondary measure. Nonsurviving mice were euthanized when 
they became moribund (head and body lying flat on cage bed-
ding with little or no response to stimuli) or in respiratory distress 
(agonal breathing or intermittent gasping or both). Surviving 
mice were euthanized 1 wk after injection of the venom or saline.

Written and photographic documentation of clinical signs. Sub-
jective evaluations of clinical signs for all mice were recorded 
just before baseline temperature measurement and at other time 
points as needed. A series of photographs were taken of 3 mice 
to document progression of clinical signs subsequent to venom 
dosing.

Statistical analysis. Two-tailed, unequal variance, Student t tests 
(a = 0.05, Microsoft Excel, Redmond, WA) were used to compare 
baseline body temperatures of venom-challenged mice and sa-
line controls and body weights of surviving compared with non-
surviving envenomated mice. Graphs of core body temperature 
measured over time were generated for each of the 3 types of 
venom and saline controls. Logistic regression modeling control-
ling for effects of baseline temperature and venom type was ac-
complished to determine whether death was predicted by core 
body temperature (a = 0.05). Linear regression modeling was 
used to evaluate the interaction of time and survival in estab-
lishing the temperature that significantly predicted death at the 
earliest time point (a = 0.01; Stata Corporation, College Station, 
TX). Analysis was conducted for combined venom data as well as 
individual venom data. A more restrictive α value was chosen for 
the actual time and temperature values given the small number 
of mice available for individual analysis of 2 of the 3 venoms (n 
= 6). Combined data are reported for completeness, limited data 
size, and for the fact that the venoms tested were all from snakes 
of the same genus. Conceivably results could generally apply to 
other species of Crotalus or serve as a starting point for additional 
analysis.

Results
Student t test of baseline core body temperature and body 

weight. Baseline temperatures did not differ significantly between 
venom-challenged mice and saline controls (0.18 < P < 0.79), and 
body weights did not differ significantly between surviving and 
nonsurviving mice (0.27 < P < 0.95).

Body temperature over time. Figure 1 shows the core body 
temperature of mice over time for all 3 venoms and average 
temperature of 6 age- and sex-matched controls. All but one 
venom-challenged mouse showed a marked, immediate, dose-
dependent drop in temperature of 2 to 6 °C at 15 to 45 min after 
venom administration. After the temperature drop, most surviv-
ing mice returned to at least near-baseline temperature by 2 to 4 
h after injection. The lowest temperature of any surviving mouse 
was 33.2 °C. All mice with temperatures lower than 33.2 °C ei-
ther died or were euthanized due to prolonged moribundity or 
marked respiratory distress.

Logistic and linear regression analyses. Logistic regression data 
of combined data as well as for each separate venom type are 
compiled in Table 2. For combined data, neither baseline tempera-
ture nor venom type nor concentration was significant predictors 
of survival (P = 0.504, P = 0.198, and P = 0.602, respectively). Lo-
gistic regression analysis of combined data showed significance 
(P < 0.0001) for predicting death from core body temperature.

In addition, venoms were analyzed separately. Baseline tem-
perature was not a significant predictor of mortality for any of the 

lymphocytic choriomeningitis virus, polyomavirus, K virus, 
pneumonia, virus of mice, mouse adenovirus, epizootic diarrhea 
of infant mice (rotavirus), mouse encephalomyelitis virus, reovi-
rus, ectromelia virus, Mycoplasma pulmonis, and endo- and ecto-
parasites. All mice were fed NIH31 diet (Harlan Teklad, Madison, 
WI) and offered reverse-osmosis–purified, acidified (pH 2.5 to 
3.0) water ad libitum. The room was maintained at 20 to 21 °C, a 
relative humidity of 30% to 70%, 10 to 15 room air changes hourly, 
and on a 12:12-h photoperiod. The use of mice in this study was 
approved by the IACUC of the University of California, Los An-
geles.

Test and control articles preparation and administration. Test 
mice received a single, 0.2-mL IP injection of various concentra-
tions of 1 of 3 types of rattlesnake venoms (Table 1). Lyophilized 
Western Diamondback (Crotalus atrox) venom was obtained from 
the Kentucky Reptile Zoo (lot no.1412; Slade, KY). Northern 
Pacific (C. oreganus oreganus) and Southern Pacific (C. oreganus 
helleri) venoms were harvested from snakes collected from vari-
ous regions throughout northern and southern California and 
lyophilized by one of the authors (JGM). These venoms were 
selected in light of an ongoing study to evaluate the degree of 
cross-protection afforded by a canine rattlesnake vaccine. By 
using sterile water for injection, venom was reconstituted from 
lyophilized samples to establish various concentrations, as in-
dicated in the previously described ‘up-and-down’ LD50 testing 
paradigm.8,13,14,17,42,44,46,48,62 According to the guidance from the up-
and-down LD50 protocol, 6 mice were challenged with Western 
Diamondback venom, 6 mice were challenged with Northern Pa-
cific venom, and 12 mice were challenged with Southern Pacific 
venom. Control mice (n = 6) received a single, 0.2-mL IP injection 
of 0.9% sterile saline. During the course of the LD50 assay, rectal 
temperatures from these venom-challenged and saline-control 
mice were measured as described in the following. Mice were not 
habituated to handling or rectal temperature recording prior to 
the procedures conducted in the study. Table 1 provides further 
details on dosing and disposition of mice.

Temperature recording. Temperature data were collected as 
part of routine monitoring for endpoints in a pilot study to deter-
mine the LD50 of 3 snake venoms to be used in a larger study to 
investigate the effectiveness of a canine rattlesnake vaccine. In the 
OECD Up-and-Down LD50 approach41,42 used, each animal was 
singly housed, closely supervised and no more than one animal 
dosed per day. As described by OECD Guidelines, temperatures 
were taken during the course of monitoring these mice for end-
points whereby animals were sequentially dosed on a logarithmic 
scale until specific stopping criteria were met and an LD50 value 
was calculated from an established algorithm. Core body tem-
perature was recorded from mice manually restrained at the base 
of the tail once before venom or saline administration and then at 
various time points after administration. Core body temperature 
was measured by using a 1.5-cm thermistor probe (Physitemp, 
Clifton, NJ) inserted via the rectum into the mid- to distal colon. 
Temperatures were recorded after the probe reading stabilized, at 
approximately 5 s after insertion. Generally, temperatures were 
taken every 10 to 30 min for the first 2 h after injection and then 
every 1 to 2 h thereafter until 8 h after injection or euthanasia.

Euthanasia. Mice were euthanized according to AVMA Guide-
lines32 by exposure to gradual-flow 100% CO2 gas, with flow 
maintained for at least 1 min after apparent respiratory arrest. 
Primary CO2 euthanasia was followed by cervical dislocation as 
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clinical signs were associated with lower temperatures whereas 
improved disposition was associated with normal or near-normal 
temperatures.

Discussion
The principle of the 3Rs calls for researchers to refine techniques 

to minimize or eliminate animal pain and suffering in experi-
ments. Administering high doses of a toxin such as snake venom 
generally results in clear signs of impending death, such as ago-
nal breathing, myoclonus, writhing, and lateral recumbency with 
no response to external stimuli. In such instances, determining 
endpoints based on clinical assessment are straightforward. How-
ever, in the case of intermediary doses, clinical signs alone may 
not be sufficiently reliable to clearly predict whether an animal 
will succumb, and animals may experience prolonged periods of 
moribundity before death. In that vein, we attempted to identify 
an objective, early endpoint based on core body temperature to 
assist in predicting mortality of mice in an LD50 study of 3 snake 
venoms.

Our results showed core body temperature can be useful as  
an adjunct to identifying objective endpoints and can be used as  
a signal for preemptive euthanasia in LD50 studies in mice.  

venoms, although confidence intervals were wide for the Western 
Diamondback and Northern Pacific venoms, likely because of the 
small sample size of these groups (n = 6). Likewise, concentration-
associated effects specific for each could not be evaluated because 
only 2 concentrations were used for Western Diamondback and 
Northern Pacific venoms and 3 concentrations for Southern Pacif-
ic venom. Separate analysis of venoms showed that death could 
be predicted from core body temperature for all 3 venoms.

Linear regression modeling of the interaction of time and sur-
vival was used to estimate the temperature that predicts death as 
an outcome at the earliest significant time point (a = 0.01, Figure 
2). These temperature and times were 35 °C at 25 min for com-
bined venoms, 33.5 °C at 25 min for Western Diamondback, 33.3 
°C at 60 min for Northern Pacific, and 34.3 °C at 80 min for South-
ern Pacific. Baseline temperature was not a significant predictor 
of time or temperature in this analysis (P = 0.261). In contrast, 
venom type significantly (P = 0.006) influenced time and tem-
perature values.

Written and photographic documentation of clinical signs. Rep-
resentative documentation from 392 written observations and 
453 photos are presented in Figure 3. Subjectively, clinical signs 
were consistent among mice and occurred in a dose-dependent 
manner. In general, increased severity and more rapid decline in 

Table 1. Venom source, dose, and disposition of the 24 experimental and 6 control mice used in the study

Venom source
LD50 

(mg/kg)

Dose

Live Dead Totalno. of LD50 mg/kg

Western diamondback rattlesnake 2.81 0.6 1.58 3 0 3
1.8 5.00 0 3 3

Northern Pacific rattlesnake 1.69 0.6 0.95 3 0 3
1.8 3.00 0 3 3

Southern Pacific rattle snake 1.50 0.3 0.47 4 0 4
1.0 1.50 3 2 5
3.1 4.70 0 3 3

Total 13 11 24
Saline — — — 6 0 6

Figure 1. Core body temperature over time. For all venoms, green lines represent surviving mice, orange lines represent nonsurviving mice, and pink 
lines represent averaged temperatures of 6 saline-control mice. For Western Diamondback and Northern Pacific venoms, green lines also represent a 
dose of 0.6 LD50, and orange lines represent a dose of 1.8 LD50. For Southern Pacific venom, solid green lines represent a dose of 0.3 LD50, solid orange 
lines represent a dose of 3.1 LD50, and dashed lines (green or orange) represent an LD50 dose. The asterisk denotes the lowest body temperature of any 
surviving mouse of any venom type (33.2 °C). Error bars on the saline-control (pink) line represent the SEM.
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snake venom reveals it to be a complex milieu of peptides and 
proteins, and venom from related species and subspecies can dif-
fer markedly in composition.2,9,35 It is therefore not surprising to 
see differences between venoms in the more specific analysis of 
the actual temperatures that are predictive of survival and, for the 

Specifically, we found that core body temperature as measured 
with a thermistor probe significantly predicted death in mice re-
gardless of venom type or baseline temperature. In contrast, the 
specific temperature at which death is reliably predicted at the 
earliest possible time point differed between venoms. Analysis of 

Table 2. Logistic regression modeling predicting death from core body temperature

All Venoms Western Diamondback Northern Pacific Southern Pacific

n 24 6 6 12
no. of observations 268 76 54 138

Probability> F value <0.00001 0.0001 0.0314 0.0057

Pseudo R-squared 0.3966 0.6570 0.4577 0.2382

P (predict death from temperature) <0.0001 <0.0001 0.009 0.001

(1.74–3.59) (1.85–6.46) (1.36–9.00) (1.30–2.96)

P (effect of baseline temperature) 0.504 0.378 0.692 0.902
(0.41–6.04) (0.21–63.35) (0.10–33.49) (0.10–7.80)

P (effect of venom type) 0.602 not applicable not applicable not applicable
(0.211–2.46)

Bolded values are significant. Values in parentheses are 95% confidence intervals.

Figure 2. Graphs of linear regression models predicting temperature from the interaction of time and survival. Graphs show linear regression of tem-
peratures over time for surviving and nonsurviving mice for each venom and combined venoms.
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ation of clinical signs (moribundity) for euthanasia and increase 
the ease with which the precise time of death in multiple animals 
can be monitored simultaneously.

We also present subjective clinical observations and photogra-
phy to catalog the clinical signs and trends than might be expect-
ed in venom toxicity studies. To our knowledge, such assessment 
has not been published and may be a useful reference to those 
unfamiliar with these studies. In general, clinical signs mirrored 
temperature fluctuations. Surviving mice demonstrated a sharp 
deterioration of clinical signs during the first 30 to 45 min after 
venom injection, followed by complete or nearly complete recov-

sake of completeness, we have reported data for both all venoms 
combined and each toxin individually. Overall, in the present 
study, linear regression modeling showed that temperatures at 
or below 33.3 °C at 80 min were highly predictive of death for all 
venoms tested, and no mouse survived that had a temperature at 
or below 33.2 °C. Furthermore, we suggest that this assessment 
could be extended to other survival assays (such as Kaplan–Meier 
survival analysis) in which it may be critical to assess the duration 
of survival in addition to mortality. Formulating a more objective 
endpoint that is based in part on changes in core body tempera-
ture over time may help to reduce error due to subjective evalu-

Figure 3. Clinical signs, photographs, and temperatures of select mice. A. Normal mouse. Temperature before venom injection, 37.3 °C.B. Nonsurviving 
mouse:dose, 3LD50;temperature at 15 min after injection, 35.6 °C. Eyes open, intermittent sniffing, minimal voluntary movement, cervical ventroflexion, 
intermittent mild skin and body twitch, moderate dyspnea (decreased rate, increased effort), short bout of mouth and abdominal grooming. C. Sur-
viving and nonsurviving mice at 30 min after injection. C1. Surviving mouse; LD50 dose; temperature, 35.9 °C. C2. Nonsurviving mouse: dose, 3LD50; 
temperature, 33.7 °C. Marked piloerection present in both mice; dyspnea (decreased rate, increased effort) in both mice, with C1 (mild to moderate) 
less dyspneic than C2 (severe). C2 shows eye squint or grimace, mouth grooming, cervical ventroflexion, and pinned back ears. D. Examples of typi-
cal intermittent behavior after venom injection in a surviving mouse, LD50 dose. Immediately through 2 h after injection, D1 and D2 show abdominal 
and mouth grooming. D3 shows abdominal pressing, body stretching, and tail elevation,which we considered to be signs of acute abdominal pain and 
discomfort, similar to the behavior in the standardized writhing test.24,25,49,52 E. Progression of clinical signs in a high-dose (3LD50), nonsurviving mouse. 
E1 is at 1 h after injection; temperature, 32.6 °C. Mouse is sternal with body and nose touching floor, eyes nearly shut, no voluntary movement but 
weakly responsive to stimuli (moderate resistance when handled), extremities pale, significant piloerection, marked abdominal respiratory effort. E2 is 
at 2 h after injection;temperature, 29.5 °C. Mouse is sternal with body and head flat on cage floor, eyes shut, pale extremities, no voluntary movement 
but responsive to stimuli (mild to moderate resistance when handled but tires easily), slow shallow breathing at rest, open-mouth breathing. E3 is at 
3 h after injection; temperature, 27.6 °C. Mouse is sternal with body and head lying flat on wet food pile (many mice preferred to lie on or near wet 
food provided on the cage floor), very weakly responsive to stimuli, moderate piloerection, pale extremities, slow shallow breathing, ears pinned back, 
open-mouth breathing, intermittent gasping; mouse euthanized. F. Surviving mouse: LD50 dose; 6 h after injection; temperature, 35.4 °C. At several 
hours after injection, many mice exhibited this characteristic presentation, embodied by minimal to no voluntary movement, marked piloerection, 
cervical ventroflexion, mouth slightly open, mildly squinted eyes, and pinned-back ears.
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ing to circadian rhythm, and this effect should be accounted for 
when reporting temperature measurements.21,33,56 Lastly, all of the 
mice used in the current study were female, in accordance with 
OECD recommendations for toxicity testing.14 These guidelines 
are based on previous work that has shown that female rodents 
tend to be more sensitive to toxin exposure than are male rodents. 
Because the primary goal of the LD50 study was to determine ac-
curate and widely accepted estimations of LD50 for the venoms, 
we chose to be consistent with the OECD guidelines and use only 
female mice. It seems reasonable to assume that male mice would 
respond similarly to venom intoxication as would female mice, 
but we point out this potential confounder to the study. We were 
unable to find any literature that evaluated differences between 
male and female responses to snake venom.

We took several steps to control for these confounders. First, 
logistic regression analysis was designed to control for baseline 
temperature, and baseline temperature was not a significant fac-
tor influencing death of mice in our model. Second, to minimize 
potential differences due to circadian rhythm, we conducted ex-
periments within the light (somnolent) phase for all mice. Third, 
to control for variability between groups, we handled and housed 
all mice in the same way to include equal amounts of time in the 
hood and cages and the same pattern of weighing and injection. 
Finally, we also present data of saline-control mice that were han-
dled and housed in the same manner as were test animals.

Another potential confounder to the study is we did not allow 
mice to spontaneously die in most cases. Rather, we euthanized 
mice according to a subjective clinical assessment of moribun-
dity as recommended in the OECD guidelines,41,42 adopted by 
the Environmental Protection Agency,17 and allowable under our 
approved animal-use protocol. Although every effort was made 
to accurately identify mice that would not recover, some animals 
conceivably could have recovered after enduring a substantial 
period of moribundity and registering core body temperatures 
less than 33.2 °C.

From these data, we suggest the following prudent approach 
to determining an objective endpoint in murine LD50 studies of 
viperid snake venom. During the first 30 min after the adminis-
tration of venom, mice are monitored according to clinical signs. 
Mice given high doses and displaying obvious terminal clinical 
signs, such as agonal breathing, myoclonus, and lateral or sternal 
recumbency with no response to external stimuli, are euthanized. 
Measurement of core body temperatures of obtunded or poten-
tially moribund animals begins at 30 min after injection. Clini-
cally normal animals need not be measured. Mice with equivocal 
clinical signs and temperatures at or below 35.0 °C are monitored 
for clinical signs every 15 min and continue to have temperatures 
taken every 15 to 30 min until clinical signs improve and tem-
perature increases to 36 °C or higher. If the temperature drops 
below 33.0 °C with continued moribundity or the mouse displays 
obvious terminal clinical signs (as described earlier), the animal 
is euthanized.

Why such temperature changes occur in rodents after toxin 
exposure is not well understood. Some studies have examined 
this phenomenon.4,6,7,15,19,28,38,47 However, speculation regarding 
the physiology behind the change in core body temperature as 
it specifically relates to venom is beyond the scope of this report.

In conclusion, our data suggest that core body temperature can 
be a useful adjunct to identifying objective endpoints in snake 
venom LD50 studies. Because venom type influenced the tempera-

ery within 2 to 3 h. Nonsurviving mice had a similar, immediate 
deterioration in clinical signs. However, depending on the dose 
or venom type, some nonsurviving mice demonstrated a brief (15 
to 20 min) period during which clinical signs slightly improved 
or remained stable. Thereafter, nonsurviving animals generally 
underwent a gradual decline until death or euthanasia. Specific 
clinical signs were consistent among animals and are summa-
rized in Figure 3. We propose that a more objective clinical scor-
ing metric could be applied or developed, but this goal is beyond 
the scope of this study.

We acknowledge several potential confounders to our study. 
One possible source of variability is the use of rectal thermometry 
compared with implantable telemetry devices, the only available 
technology that allows for real-time, highly accurate recording of 
core body temperature without handling the mice or disturbing 
their housing. Inherent limitations to rectal thermometry include 
inadvertent hyperthermia due to handling stress; an inability to 
routinely take continuous, real-time temperatures; and the risk 
of rectal or colonic trauma.5,10,45 In our study, the mice likely had 
stress hyperthermia due to handling, given that baseline tempera-
tures were 2 to 3° higher than typically expected (as measured by 
telemetry) at the time of day measured. In contrast, advantages 
to using rectal thermometry include a realistic and cost-effective 
approach to large-scale studies and no requirement for an inva-
sive and time-consuming surgical procedure. Furthermore, in 
the case of LD50 studies, using a telemetric device would not al-
together eliminate handling hyperthermia, because mice must 
be restrained for weight assessment and injection of venom. Re-
straining a mouse by the tail can lead to a significant rise (approx-
imately 1 °C as measured by telemetry) in core temperature that 
lasts for about 1 h,34 which is well into the timeframe of a venom 
LD50 study. Implantable subcutaneous microchip transponders 
and infrared thermometry could be viable, less expensive, and 
less invasive alternatives to rectal thermometry. However, these 
technologies have their own unique drawbacks, such as necessi-
tating animal restraint in some cases, disturbing housing to make 
measurements, and reporting of surface compared with true core 
temperature (although comparing the rate of the temperature 
drop with absolute core body temperature is plausible). Never-
theless, additional evaluation is required before these devices are 
used in LD50 studies.

In addition, recording core body temperature in a vivarium 
setting introduces many potential variables relative to those of 
absolute temperature measurements. In our study, mice had to 
be transferred between a laminar flow hood and individually 
ventilated home cages. This process likely added minor variabil-
ity in ambient temperature in the hood compared with the cage. 
Theoretically, a shift in ambient temperature can alter the dose–
response and hypothermic efficacy of the toxins. In fact, it has 
long been recognized that mice (including those in this study) 
typically are housed and manipulated at suboptimal ambient 
temperatures.12,20,23 The typical vivarium ambient temperature 
of approximately 22 °C is significantly below the lower critical 
ambient temperature of the thermoneutral zone of mice (30 to 
31 °C), and ambient temperature has been shown to contribute 
to variability in experimental outcomes.2,18,59 Nevertheless, in our 
case, the cooler ambient temperatures may be desirable from a 
humane perspective, because warmer temperatures could slow 
the rate of core temperature cooling and prolong pain and suf-
fering. In addition, animal temperatures can fluctuate accord-
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