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Carbon dioxide is the most commonly used gas for the eu-
thanasia of rodents. The inhalation of CO2 causes respiratory 
acidosis and produces a reversible anesthetic state.6,24 A CO2 
concentration of 30% or higher causes deep anesthesia and, with 
prolonged exposure, results in death.7 CO2 euthanasia methods 
include placing an animal into a chamber already prefilled with 
100% CO2 (PF) or into a chamber that is slowly filled with CO2 
at a fixed rate (SF). The anesthetic and rapid depressant effects 
of CO2 have been well established.3,4 CO2 is easily accessible, 
inexpensive, and does not cause accumulation of toxic tissue 
residues in animals.3,4 These advantages are especially strik-
ing when compared with other methods, such as isoflurane 
inhalation and injectable euthanasia solutions. Disadvantages 
of CO2 euthanasia include substantial and unpredictable differ-
ences in susceptibility to inhaled CO2 according to the species 
and age of the animal.9,27 In rats and mice, multiple reports 
of conflicting responses to different concentrations of CO2 are 
available.10,22,23,25,34 Moreover in rats, CO2 exposure can lead to 
pulmonary and upper respiratory tract lesions.11 Pulmonary 
hemorrhage (PH) due to CO2 euthanasia in rodents has been 
recognized as a background lesion,14,28 and the severity of 
pulmonary alveolar hemorrhages induced by CO2 inhalation 
is roughly proportional to the CO2 concentration inhaled.28 In 
contrast, we have noted extensive PH after low inhaled CO2 
concentrations during SF euthanasia. Currently no studies 
demonstrating whether the presence of PH is positively or 
negatively correlated with the inhaled CO2 concentration used 
in euthanasia of mice are available. Likewise, we lack informa-
tion regarding whether strain, age, or sex of mice affects the 
severity of CO2-induced PH.

Current guidelines recommend air displacement rate with 
CO2 of 10% to 30% per minute and advocate against placing 
conscious animals in prefilled chambers.2,4 The recommendation 
to expose conscious animals to decreased CO2 concentrations is 
based on human and animal responses to different concentra-
tions of CO2.

4,10,11 The filling rate of the chamber (10% to 30% 
CO2 per minute) is based on the time required to rapidly and 
successfully render animals unconscious with limited aversive 
stimuli. With this goal, many animal facilities have imple-
mented the SF method and discontinued the PF method. After 
this change, an investigator at our animal facility noted that 
BALB/c mice euthanized by SF had PH, which was not previ-
ously observed with PF. Our subsequent pilot study indicated 
that, compared with the PF method, SF CO2 euthanasia method 
induced extensive PH and NH in BALB/c mice.

Hundreds of inbred mouse strains are currently in use in 
biomedical research.21 Each strain of mice shows strain-specific 
genotypic and phenotypic characteristics, thus accommodating 
a wide range of research needs. For animal welfare, ethical, 
and legal reasons, it is essential to ensure that euthanasia is 
accomplished with minimal pain and distress. Therefore, dif-
ferences between strains need to be identified, and euthanasia 
protocols might need to be modified to accommodate these 
differences. The aim of this study was to determine whether 
the air-displacement rate (SF compared with PF) influenced the 
development of PH and NH in 2 commonly used mouse strains, 
BALB/c and C57BL/6. In addition, PF and SF were compared 
with isoflurane overdose (IO) in 6-mo-old BABL/c male mice.

Materials and Methods
Animals. CO2 euthanasia was evaluated in a total of 79 mice. 

BALB/cAnNcrl and C57BL/6NCrl mice (age groups, 6 wk and 
6 mo; 43 female, 36 male) were purchased from Charles River 
Laboratories (Wilmington, MA); the SF and PF methods of  
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BALB/c mice. Of the 23 BALB/c mice euthanized by SF, 21 
(91.3%) had severe PH, as did 8 of the 19 (42.1%) BALB/c mice 
euthanized by PF (Figure 3). SF induced significantly (P < 0.05) 
more severe PH in BALB/c mice than did PF. Of the 23 BALB/c 
mice euthanized by SF, 4 (17.4%) had severe NH, whereas 2 
(10.5%) of the 19 BALB/c mice euthanized by PF had severe 
NH. The prevalence of severe NH in BALB/c mice did not dif-
fer between SF compared with PF (P = 0.6729).

C57BL/6 mice. Of the 19 C57BL/6 mice euthanized by SF, 
2 (10.5%) had severe PH, as did 1 (5.6%) of the of 18 C57BL/6 
mice euthanized by PF (Figure 3). The prevalence of severe PH 
in C57BL/6 mice did not differ between SF compared with PF  

euthanasia were alternated sequentially in these mice. In addi-
tion, 7 male 6-mo-old BALB/cAnNcrl mice were obtained from 
the same vendor and euthanized by the IO method. All mice 
were maintained in a AAALAC-accredited animal facility in 
groups of approximately 5 per cage, separated by sex, in IVC 
(7.70 in. × 12.17 in. × 5.25 in. [5.8 L]; no. 1 Small Mouse Cage, 
Thoren Caging Systems, Hazelton, P) on a 12:12-h light:dark 
cycle. Room temperature was maintained at 70 to 72 °C, and 
the air-exchange rate was maintained at 10 to 15 air-changes 
hourly in the room and 60 in the rack. Mice were acclimated for 
2 wk prior to study. All procedures were reviewed and IACUC-
approved. Organisms excluded from our facilities include 
Mycoplasma pulmonis, ectromelia virus, epizootic diarrhea of 
infant mice virus, lymphocytic choriomeningitis virus, mouse 
hepatitis virus, mouse norovirus, mouse parvovirus, minute 
virus of mice, PVM, reovirus 3, Sendai virus, Theiler encepha-
lomyelitis virus, Aspiculuris tetraptera, Myocoptes spp., Radfordia 
and Myobia spp., Syphacia obvelata, fur mites, mesostigmatid 
mites, lice, Spironucleus muris, Giardia muris, large intestinal 
flagellates, amoebas, pinworms, and tapeworms.

Euthanasia method. Mice were euthanized individually in a 
standard mouse IVC (no. 1 Small Mouse Cage, Thoren Caging 
Systems). This cage was not bedded and was not a home cage. 
For the SF method, mice were placed in the cage, and CO2 at a 
flow rate of 1.2 L/min was used to displace air at the rate of 21% 
per minute. Once the mice were unconscious (at approximately 3 
to 4 min), the CO2 flow rate was increased to 4 L/min; this flow 
rate was maintained for 1 min, and then mice were removed 
from the cage. For the PF method, the cage was filled with CO2 
at 4 L/min for 30 s, mice were placed in the cage, and the CO2 
flow rate remained at 4 L/min for 90 s after mice were placed 
in the chamber. The CO2 entered from the top of the cage.

For the IO method, mice were placed in a clear, plastic induc-
tion box (10 in. × 4 in. × 4 in.; AB1, Braintree Scientific, Braintree, 
MA), and 5% isoflurane gas in O2 at a flow rate of 1.0 L/min was 
piped into the box. The mice remained in the induction box for 
about 3 to 4 min until deceased. One mouse was placed in the 
induction box at a time.

As mandated by institutional policy, cervical dislocation was 
performed in all mice immediately after euthanasia. Lung, nasal 
turbinates, brain, and reproductive organs were collected for 
gross and histologic evaluation (hematoxylin and eosin stain) 
by a blinded board-certified pathologist. Three transverse sec-
tions (cross sections) of lung and nasal cavity were scored from 
0 to 3 according to the severity of PH and NH lesions: score of 
0, no PH lesions noted; 1, PH involved less than 10% of cross-
sectional area of the slide; 2, PH involved more than 10% but 
less than 20% of the cross-sectional area; 3, PH involved 20% or 
more of the cross-sectional area (Figure 1). The scoring scheme 
for nasal turbinate sections was: 0, no NH lesions noted; 1, free 
RBC occupied less than 5% of the total nasal sinus space on the 
slide; 2, free RBC occupied more than 5% but less than 10% of 
the total nasal sinus space; 3, free RBC occupied 10% or more 
of the nasal sinus space (Figure 2).

We used the Fisher’s Exact test (SAS version 9.4, SAS Institute, 
NC; statistical significance: P < 0.05) to compare the prevalence 
of severe PH and NH between mouse strains and euthanasia 
methods. Logistic regression was used to determine whether 
age or sex played a role in the prevalences of severe PH and 
NH in both strains of mice euthanized by SF or PF.

Results
Figures 1 and 2 show examples of the histologic scores system 

for PH and NH.

Figure 1. Severity of PH. (A) Score, 0: no lesions (6-mo-old BALB/c 
female mouse euthanized by PF). (B) Score, 1 or 2: intermediate PH 
lesions involving less than 20% of the cross-sectional area (6-wk-old 
C57BL/6 female mouse euthanized by SF). (C) Score, 3: severe PH 
lesions involving 20% or more of the cross-sectional area (6-mo-old 
BALB/c male mouse euthanized by SF). Hematoxylin and eosin stain; 
magnification, 10×.
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compared with C57BL/6 mice, BALB/c mice had more severe 
PH when euthanized by SF; 3) 6-mo-old male BALB/c mice had 
more severe PH when euthanized by SF compared with IO; 4) 
there was no significant relationship between development of 
severe NH with either SF or PF in BALB/c and C57BL/6; and 

(P = 0.1). None of the 19 C57BL/6 mice euthanized by SF had se-
vere NH, whereas 2 (11.1%) of the 18 C57BL/6 mice euthanized 
by the PF method had severe NH. The prevalence of severe NH 
in C57BL/6 mice did not differ between SF and PF (P = 0.2297).

BALB/c compared with C57BL/6. SF and PF induced signifi-
cantly (P < 0.05) more severe PH in BALB/c mice compared 
with C57BL/6 mice (Figure 3). The prevalence of severe NH 
due to the SF method (P = 0.1137) or PF method (P = 1) did not 
differ between the strains. Logistic regression revealed that the 
prevalence of PH and NH were independent of sex and age for 
both methods of CO2 euthanasia in BALB/c and C57BL/6 mice.

IO compared with SF and PF in 6-mo-old BALB/c male mice. 
None of the seven 6-mo-old BALB/c mice euthanized by IO 
had severe PH, whereas 7 of the 8 (87.5%) mice euthanized by 
SF and 1 of the 6 (16.7%) euthanized by PF had severe PH. SF 
induced significantly (P < 0.05) more severe PH in 6-mo-old male 
BALB/c mice compared with IO, but the prevalence of severe 
PH did not differ between IO and PF (P = 0.4615).

None out the seven 6-mo-old BABL/c mice euthanized by 
IO had severe NH, whereas 1 (12.5%) of the 8 euthanized by 
SF and 1 (16.7%) of the 6 euthanized by PF had severe NH. The 
prevalence of severe NH did not differ between these 3 methods 
of euthanasia in these mice (IO compared with SF, P = 1; IO 
compared with PF, P = 0.4615).

NH was limited to the nasal sinus and no damage to nasal 
mucosa in tissue samples was identified. There were no sig-
nificant gross or histologic findings in other organs (brain and 
reproductive organs) in any mice.

Discussion
In this study, we demonstrated that: 1) BALB/c mice had 

more severe PH when euthanized by SF compared with PF; 2) 

Figure 2. Severity of NH. (A) Score, 0: no lesions (6-wk-old female C57BL/6 female mouse euthanized by SF). (B) Score, 3: severe NH lesions, 
with RBC occupying 10% or more of the total nasal sinus space (6-wk-old BALB/c female mouse euthanized by PF). Hematoxylin and eosin 
stain; magnification, 10×.

Figure 3. Prevalence of severe PH in BALB/c and C57BL/6 mice eu-
thanized by SF or PF. SF induced significantly (*, P < 0.05) more severe 
PH in BALB/c mice compared with PF; SF and PF induced signifi-
cantly (^, P < 0.05) more severe PH in BALB/c mice compared with 
C57BL/6 mice. The prevalence of severe PH did not differ in C57BL/6 
mice euthanized by SF compared with PF (P = 0.1).
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results showed that prolonged exposure time to CO2 at a low 
concentration initially (SF group) caused more severe hemor-
rhagic lesions compared those in the PF group in BALB/c mice. 
The negative correlation between the concentration of CO2 
and severity of PH lesions seen in our study also was present 
in another study in rats11 and is probably due to the fact that 
a lower concentration of CO2 causes the mice to be exposed to 
the gas for a prolonged period.

The pathogenesis of PH and NH due to CO2 exposure is un-
known. CO2 gas inhalation leads to decreased arterial oxygen 
tension (PaO2) and increased CO2 tension (PaCO2), which then 
cause respiratory acidosis and hypercapnia.31,33 Our assumption 
is that the acute respiratory acidosis disrupts the alveolar capil-
lary endothelium, leading to leakage of fluid and hemorrhage 
into the alveolar spaces. Without compensation, prolonged 
exposure to or inhalation of high concentrations of CO2 causes 
CNS depression, followed by death.20,24,29 Alveolar consolida-
tion can occur before the animal becomes unconscious,1 and 
the authors surmised that the conscious mice experience a 
feeling of “drowning.”1 Limiting this stress and identifying 
the strain-associated differences in response to various con-
centrations of CO2 need to be considered for the wellbeing of  
the animals.

We used cervical dislocation as a secondary method of eutha-
nasia after the mice were removed from the chamber. A previous 
review paper mentioned cervical dislocation as a cause of PH in 
mice.2 If cervical dislocation alone were to cause PH, it would 
have been present in all mice across all groups in our study. 
However, PH was absent in most of our mice; in particular all 
7 of the BALB/c mice euthanized by IO followed by cervical 
dislocation lacked significant PH.

We chose to account only for severe PH lesions (score, 3) in 
our statistical evaluation, given that severe alveolar hemorrhagic 
lesions would likely confound the interpretation of pulmo-
nary disease study results. In our study, severe PH involved 
only intraalveolar hemorrhagic lesions and was distinguished 
from congestion, in which RBC remained confined within the 
vasculature. The occurrence of severe PH in conjunction with 
severe NH is notable. Of the 8 mice that had severe NH, 5 also 
had severe PH. All 5 animals that had severe PH and NH were 
BALB/c mice, and 4 of these 5 mice were euthanized by SF. 
This pattern further supports our findings that the likelihood 
of severe PH in BALB/c mice increases when they are eutha-
nized by SF. It is also important to note that NH was limited 
to the nasal cavity lumen (sinus), and the mucosa of the nasal 
cavity was free of damage and hemorrhage. This observation 
may indicate that PH started first and the blood flowed up 
from the lung and into the nasal cavity, in contrast to the cur-
rent supposition that mucosal irritation and damage from high 
CO2 concentrations lead to NH.11 In addition, no inflammatory 
infiltrates surrounded the PH or NH lesions, thus confirm-
ing that the hemorrhagic lesions were associated with acute  
gas inhalation.

In conclusion, when euthanized by the currently recom-
mended SF CO2 method, BALB/c mice are more prone to 
develop severe PH than were C57BL/6 mice. This strain-
associated difference in response to a euthanasia method needs 
to be addressed when using BALB/c mice to study pulmonary 
pathology, and this consideration will serve as an important 
refinement for animal wellbeing. In addition, the IO method can 
be considered as an alternative to SF CO2 euthanasia method 
in BALB/c mice to limit background PH. Further studies are 
needed to determine whether other strains of mice experience 
similar side effects SF CO2 euthanasia.

5) the prevalence of PH and NH were independent of sex and 
age for both methods of CO2 euthanasia.

Immune responses to infection and inflammation are known 
to differ between mouse strains: for example, BALB/c mice 
predominantly produce a Th2-type response, whereas C57BL/6 
mice predominantly produce Th1 responses.15,18,30,32 Further-
more, different strains of mice show different susceptibilities to 
various pathogens, such as Burkholderia pseudomallei and Trypa-
nosoma cruzi, depending on their strain-specific immunologic 
responses.5,16,17,18,19 Other commonly used inbred mouse strains 
such as 129 and C3H/He mice express Klra genes (a part of the 
natural killer cell receptor that aids in antigen presentation), 
whereas C57BL/6 mice do not express them at all.30 Because the 
inhalation of CO2 is an acute event during a euthanasia proce-
dure, whether strain-specific differences in immune responses 
play a role in the development of CO2-induced PH requires 
further investigation. Limited knowledge is available regarding 
the molecular mechanism of acute respiratory injury induced 
by inhalation toxicity. However, growing evidence suggests the 
involvement of nicotinamide adenine dinucleotide-phosphate 
oxidase and reactive oxygen species in driving pulmonary 
inflammation and compromising the integrity of pulmonary 
vessels in acute pulmonary injuries.12,13,26 Studies investigat-
ing the differences in molecular mechanisms between different 
mouse strains are needed to further define the pathogenesis 
underlying our current findings.

We also studied whether IO euthanasia led to severe PH or 
NH. Isoflurane is not used for euthanasia as widely as is CO2 
because isoflurane is less cost effective and is a potential health 
hazard to humans. One previous study demonstrated that rats 
display more aversive behavior toward CO2 than toward iso-
flurane,34 however, repeated exposure of rats to isoflurane has 
been shown to be as aversive as CO2.

8,34 In our study, 6-mo-old 
male BALB/c mice euthanized by SF had more severe PH than 
did the IO group. We did not test the effects of isoflurane in 
female or younger mice, but logistic regression revealed that 
the prevalence of PH and NH was independent of sex and 
age for both methods of CO2 euthanasia. From this finding, 
we speculate that the effects of IO on PH and NH may apply 
across all ages and sexes in BALB/c mice, and we surmise that 
isoflurane might represent a reasonable alternative euthanasia 
method for studies where pulmonary pathologic evaluation 
is important. Researchers using isoflurane need to remem-
ber to scavenge waste isoflurane gas appropriately to avoid  
human exposures.

In a previous study, PH occurred before the animal lost 
consciousness.1 In that study, the authors sampled pulmonary 
tissue every 30 s from 0 to 240 s after exposure to 30% CO2 
(with or without 20% O2) and compared alveolar consolida-
tion in BALB/c and nude mice (age and sex unknown).1 As 
the CO2 exposure time increased, cumulative lung consolida-
tion increased, alveolar consolidation was more extensive in 
BALB/c than in nude mice.1 Only the right caudal lung lobe 
was evaluated, because it was affected in rats euthanized with 
CO2.

11 In our study, all lung lobes were cut transversally, and the 
accumulation of alveolar hemorrhagic lesions in all lung lobes 
was scored from 0 to 3 by a board-certified anatomic patholo-
gist. Our study showed that PH is not limited to the right caudal 
lung lobe; rather it tended to occur randomly in all lung lobes. 
Unlike the earlier study,1 the mice in our study continued to be 
exposed to 100% CO2 after they lost consciousness and were 
not removed from the chamber until the involuntary agonal 
breathing movements had ceased, which exceeded 300 s for the 
SF group compared with 120 s for the PF group. Similarly, our 
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