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The Role of Emotional Contagion in the Distress
Exhibited by Grouped Mice Exposed to CO,

Andrea D Moffitt,"" Laurie L Brignolo," Amir Ardeshir,? and Michelle A Creamer-Hente?

The 2013 AVMA Guidelines for the Euthanasia of Animals recommends a chamber volume displacement rate of 10% to 30%
per minute (v/min) when euthanizing small laboratory rodents with CO,. Group euthanasia of mice is a common practice,
and grouping strangers is often avoided to minimize distress; however, emotional contagion, which occurs between familiar
animals but not strangers, has not been studied in the context of group CO, euthanasia. This study examined cagemate- and
stranger-grouped mice exposed to 10%, 30%, or 50% v/min CO, to determine whether emotional contagion plays a role in
this context and whether that role is influenced by CO, flow rate. Videos of adult male C57BL/6] mice exposed to different
CO, flow rates were scored for durations of dyspnea, ataxia, and consciousness as well as the numbers of face pawing and
jump behaviors. Blood was collected at time of unconsciousness and assayed for ACTH. Cagemates experienced significantly
longer durations of conscious dyspnea and ataxia with 10% v/min CO, compared with 30% and 50% v/min. Similarly, stran-
gers experienced significantly longer duration of conscious dyspnea with 10% v/min CO, compared with 30% and 50% v/min
and significantly longer duration of ataxia with 10% compared with 50% v/min. Cagemates showed significantly more jumps
with 10% v/min CO, compared with 30% and 50% v/min, whereas jumping was unaffected by CO, flow rate in strangers. We
conclude that more potential for distress exists when cagemate and stranger mice are exposed to a 10% v/min CO, flow rate
and that emotional contagion may contribute to distress in cagemates at this flow rate. Therefore, we propose that 30% v/min

CO, should be used for euthanasia of mice, and that 50% v/min should also be considered humane.
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Providing euthanasia for research animals is important
because of the moral and ethical imperatives to maintain high
standards of animal welfare. As outlined by the fundamental
concept of the ‘3 Rs’ (replacement, reduction, refinement),*?
an essential component of improving animal welfare is the
refinement of procedures to minimize pain and distress. Mice
are a widely used research animal, and most research protocols
involving mice include euthanasia as an experimental endpoint;
therefore, optimizing mouse euthanasia practices is a powerful
form of refinement.

Moreover, unless a departure from this practice is justified for
scientific reasons, providing humane euthanasia to laboratory
animals is federally mandated by the Animal Welfare Act.> For
Public Health Service Assured institutions, this requirement is
also mandated by the Public Health Service Policy on Humane
Care and Use of Laboratory Animals® and the Guide for the Care
and Use of Laboratory Animals.?! These documents cite the AVMA
Guidelines for the Euthanasia of Animals? (AVMA Guidelines) as
the source of recommendations regarding humane methods of
euthanasia for veterinary species. The AVMA Guidelines were
last updated in 2013 and define euthanasia as “ending the life
of an individual animal in a way that minimizes or eliminates
pain and distress.”?

With this definition in mind, it is important to recognize
whether pain or distress occur during euthanasia. Stressors
such as pain, aversion, and social threat (as well as many non-
harmful stimuli) cause the biologic response of stress, which
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becomes distress when other biologic functions are negatively
affected and interfere with an animal’s wellbeing.212 Definitively
measuring distress in animals is difficult, but some indicators
of stressors such as pain may be recognized more easily. For
example, indicators of pain may include attempts to escape the
painful stimulus and rubbing or licking at the painful area and,
as with any stressor, activation of the stress response.!? Although
the presence of stressors and stress are not synonymous with
distress, distress cannot exist without stress; therefore, when a
euthanasia method results in evidence of pain or stress, there is
also potential for distress associated with the procedure.

With the goal to minimize pain and distress, some consid-
erations when assessing the appropriateness of a euthanasia
method include: the ability to induce unconsciousness and
death with minimal pain and distress; time required to induce
unconsciousness; reliability and irreversibility; appropriate-
ness for the age and species of animal; ease of administration;
ease of acquiring and maintaining equipment; and safety and
emotional effects for personnel. The 2013 AVMA Guidelines
consider CO, inhalation to be acceptable with conditions for
the euthanasia of small laboratory rodents.? CO, exposure is
a very common method of euthanasia for laboratory mice and
possesses many desirable qualities. CO, acts relatively quickly,
is reliable, simple to administer, relatively inexpensive, and safe
for operators. However, CO, is known to have the potential to
cause pain (due to the formation of carbonic acid on the mucous
membranes) and distress (due to dyspnea) in rodents, and these
effects are mediated by the concentration?0262%3437 and flow
rate (displacement of chamber volume per minute, v/min) at
which the gas is administered.?*3¢ In addition, CO, is thought to
cause fear in mice, given that the amygdala, which controls fear
behavior, is sensitive to hypercarbia and acidosis.”® Exposure to
CO, has been used and validated as a model of panic disorder
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in mice.*> Mice may display pain or aversion behaviors such as
pawing at the face!**’ or jumping to attempt escape from the
CO, chamber, #4547 which in addition to being signs of potential
distress in the animals, can be emotionally difficult for opera-
tors to observe.* Therefore, continuing to work to minimize the
potential for pain and distress associated with CO, euthanasia
in mice is warranted.

The AVMA recommends a 10% to 30% v/min flow rate for
CO, euthanasia in small rodents,> which is a change from the
previous recommendation of a 20% v/min or higher CO, flow
rate.! The purpose of the 2013 recommendation is to provide a
suggested flow rate so that animals will become unconscious
before the CO, concentration in the chamber reaches a level that
induces pain. In addition, the 2013 AVMA Guidelines deem
prefilled CO, chambers unacceptable, with the general posi-
tion that a slower but gentler death is preferable to a faster,
more distressful death. The 2013 recommendation is based
on studies that were mainly performed with rats. Briefly, CO,
exposure was known to have the potential to produce a stress
response in rats, in part due to hypoxia.”!#3! Aversion tests in
rats and mice and approach-avoidance tests in rats showed CO,
is aversive at concentrations of 15% and higher.262738 CO, does
not cause pain until concentrations of approximately 40% are
reached,? and in rats, for example, 10% v/min CO, produced
unconsciousness at 21% CO, % and 17.25% v/min produced
unconsciousness at 33% COZ.37

In the years since the 2013 AVMA Guidelines were released,
arecent review article® and studies focusing on CO, euthanasia
in mice have raised concern that slow CO, flow rates, such as
those within the recommended range, are more distressful than
higher flow rates in this species. Slower flow rates (10% to 20%
v/min) have been found to result in more pawing at the face and
jumping'# as well as more time spent in conscious dyspnea!#32
than when higher (30% v/min or more) flow rates are used.

In addition to CO, flow rate, the factor of social stress is an
important consideration during euthanasia procedures. Culling
large numbers of mice is often necessary in research facilities,
and grouping mice in CO, chambers (group euthanasia) to fa-
cilitate this process is a common practice. The caveat with this
practice is that mice, especially males, display increased agonis-
tic behaviors (for example, fighting) when exposed to unknown
conspecifics (strangers).?840 Furthermore, regular disruption of
cage group composition has been used and verified as a model of
chronic stress in mice.*4 For these reasons, combining mice that
are strangers for group euthanasia is generally thought to add
a level of stress to the euthanasia process. However, the AVMA
Guidelines do not provide specific recommendations for group
euthanasia in mice beyond stating that if animals are combined,
they be of the same species and in compatible cohorts and that
chambers not be overloaded.? In attempts to minimize the stress
associated with CO, euthanasia, some facilities may choose to
avoid grouping stranger mice—only euthanizing cagemates in
groups—which will limit the efficiency with which euthanasia
of large cohorts can be performed.

Aprevious study found that group-CO,-euthanized stranger
mice had significantly lower serum catecholamine levels than
individually euthanized mice, regardless of CO, flow rate.*
This finding conflicts with the idea that grouping stranger mice
increases the stress associated with CO, exposure. One possible
explanation for why grouping strangers may not, in fact, exacer-
bate stress could involve the concept of emotional contagion (a
primitive form of empathy); however, to our knowledge, studies
have not been performed to assess stress in stranger- compared
with cagemate-grouped mice during CO, euthanasia.

Emotional contagion in grouped mice exposed to CO,

Empathy is the ability to experience and understand the cause
of another’s emotional state and requires self-other awareness.!”
Several distinct empathy-related behaviors and responses are
described, including emotional contagion, which is an evolu-
tionary precursor to empathy.!” This primitive response allows
animals to automatically perceive and share another’s affective
state, even without the ability to recognize or understand the
cause of the emotion in the other.!” Emotional contagion of
pain has been demonstrated in humans and animals, includ-
ing mice, as evidenced by pain behaviors in subjects observing
conspecifics in pain.'®?3 This response is modulated by famili-
arity, where groups of familiar animals (and people) display
emotional contagion and strangers do not.!623% For example,
when given the same noxious stimulus, paired familiar mice
display increased pain behavior compared with individual
animals or pairs of strangers.?>® If this phenomenon occurs
in the context of CO, euthanasia, mice in cagemate groups
can, in fact, be expected to exhibit exacerbated pain responses
compared with strangers.

Stress influences pain sensitivity, either inhibiting or exacer-
bating pain perception depending on the nature and chronicity
of the stressor."1%15 Stress-induced analgesia—largely mediated
by the endogenous opioid system—generally occurs when
stressors are robust and acute and is thought to be a survival
mechanism toward imminent danger (part of the ‘fight-or-
flight’ response).'1215 Stress-induced analgesia is considered
to explain why stranger-paired mice do not display emotional
contagion,?3? consistent with how pretreating with naloxone
or glucocorticoid inhibitors before delivering a noxious stimu-
lus allows stranger pairs to display increased pain behavior
compared with individual animals (that is, allows strangers to
display emotional contagion).®” In this case, analgesia-inducing
stress is likely due to acute social stress. Male mice given a
noxious stimulus exhibit reduced pain responses when in the
presence of an intact stranger male compared with when alone
or paired with a castrated male.?* Because potential conspecific
aggression is highest between sexually mature males,* this
finding suggests that the apparent stress-induced analgesia in
paired strangers is related to level of perceived social threat.
If grouped stranger mice experience an element of this social
stress-induced analgesia in the context of CO, euthanasia, stran-
ger groups can be expected to exhibit reduced pain responses
compared with cagemates.

In the current study, we explored the possible role of emo-
tional contagion in the context of group euthanasia by analyzing
behavioral and biochemical markers of pain and potential
distress in stranger and cagemate mice exposed to 10%, 30%,
or 50% v/min CO,. Conscious dyspnea and ataxia were used
as markers of potential distress,®!432 pawing at the face was
used as a marker of pain,'**4 jumping was interpreted as
escape attempts and used as a marker of aversion,**4” and
plasma ACTH was used as a marker of stress.®”#3 We hypoth-
esized that lower CO, flow rates will result in longer duration
of consciousness and increased behavioral and biochemical
markers of potential distress in both strangers and cagemates.
In addition, according to the concept of emotional contagion,
we hypothesized that cagemates will show increased behav-
ioral and biochemical markers of pain and potential distress
compared with strangers.

Materials and Methods

Animals. All animal care and use for this study was performed
in accordance with a protocol reviewed and approved by the
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IACUC at The Jackson Laboratory, an AAALAC-accredited
animal program.

The study population comprised 48 experimentally naive
male C57BL/6] mice (Mus musculus; age, 6 to 10 wk; The Jack-
son Laboratory, Sacramento, CA). Animals represented unsold
inventory and were scheduled to be culled. No animals were
purchased or bred specifically for this project; instead, animals
were used opportunistically as a form of animal reduction. Ani-
mals were bred inhouse, weaned into their respective groups,
and remained in their groups until time of use. All animals
were negative for the following pathogens and opportunistic
organisms: Ectromelia virus, Theiler mouse encephalomyelitis
virus, Hantaan virus, K virus, lactate dehydrogenase-elevating
virus, lymphocytic choriomeningitis virus, murine adenovirus,
murine cytomegalovirus, murine hepatitis virus, murine min-
ute virus, murine parvovirus, murine thymic virus, murine
norovirus, pneumonia virus of mice, polyoma virus, reovirus
3, rotavirus, Sendai virus, Bordetella spp., cilia-associated res-
piratory bacillus, Citrobacter rodentium, Clostridium piliforme,
Corynebacterium kutscheri, Corynebacterium bovis, Pasteurella
pneumotropica, Helicobacter spp., p-hemolytic Streptococcus spp.,
Klebsiella spp., Pneumocystis murina, Pseudomonas spp., Proteus
mirabilis, Staphylococcus aureus, Streptococcus pneumoniae, My-
coplasma pulmonis, Salmonella spp., Streptobacillus moniliformis,
Encephalitozoon cuniculi, fleas, fur mites, lice, follicle mites,
pinworms, roundworms and other helminths, tapeworms, and
opportunistic protozoa (for example, Giardia, Spironucleus). Mice
were housed in groups of 10 on individually ventilated racks
(Thoren Caging Systems, Hazleton, PA) supplied with 60 air
changes hourly. Mice were housed in steam-sterilized polysul-
fone caging (Thoren Caging Systems) on bedding composed of
steam-sterilized aspen wood chips (Nepco, East Providence, RI)
and shavings (P] Murphy, Montville, NJ); provided steam-ster-
ilized rodent chow (LabDiet JL 6% 5K0Q, Purina, St Louis, MO)
without restriction; and received steam-sterilized, filtered, and
acidified water. Mice were kept under a 14:10-h light:dark cycle.

CO, exposure and behavior analysis. Study groups consisted
of 6 groups of 8 mice each: cagemates exposed to 10%, 30%, or
50% v/min CO,, and strangers exposed to 10%, 30%, or 50% v/
min CO,. Because no animals were purchased or bred specifi-
cally for this project, animal numbers were based on numbers of
available mice scheduled for culling. Given previous research?”
and inhouse CO, euthanasia studies in which groups of 6 to 12
animals yielded statistically significant results, we determined
that a group size of 8 would be sufficient to yield meaningful data.

CO, exposure was performed by using the JAX Euthana-
sia System with CO, flow rates of 10%, 30%, or 50% v/min.
This system was designed and validated inhouse for mouse
euthanasia at The Jackson Laboratory (data not shown). A
programmable logic controller (Barry-Wehmiller Design Group,
Roseville, CA) is used to automatically set the desired flow rate
for CO, in a standardized, empty euthanasia chamber (model
no. 2, Weaning Cage, Thoren Caging Systems) that measures
112.9 in.2. The flow rate is regulated by a mass flow controller
(Sierra Instruments, Monterey, CA), and CO, is directed into the
top of the euthanasia chamber. Weep holes are drilled into the
euthanasia chamber lid to allow room air to escape as CO, fills
the chamber. 100% compressed CO, gas was used. The chamber
was overturned, cleaned with 70% ethanol and allowed to dry
between groups of mice.

Five cages of 10 mice were removed from their home ventilated
rack, placed in a designated procedure area, and allowed to ac-
climate for approximately 3 h prior to CO, exposure. Euthanasia
took place during a 3-h window on a single day, to minimize cir-

cadian effects. Animals were exposed to CO in groups of 4 mice
each, for a total 8 mice per study group. For cagemate groups,
we placed 4 mice from one of the original cages of 10 into the eu-
thanasia chamber and began CO, exposure at the indicated flow
rate. The second round of cagemate euthanasia was repeated at
that flow rate, with 4 mice removed from another original cage
of 10 (that is, cagemate mice were euthanized in partial housing
groups). All cagemate euthanasia groups were formed in this
manner. For stranger groups, we placed 4 mice from 4 different
original cages into the euthanasia chamber and began CO, ex-
posure at the indicated flow rate. All stranger euthanasia groups
were formed in this manner. Both cagemate and stranger mice
were placed into the euthanasia chamber immediately before
CO, exposure began (that is, strangers were introduced to each
other at the time of euthanasia and were not housed together for
any appreciable amount of time prior to euthanasia).

CO, exposure trials were video recorded by using a high-defi-
nition video camera (model CX560V, Sony, Tokyo, Japan). Videos
were scored for durations of ataxia, dyspnea, recumbency, and
consciousness and the numbers of observed jumps (interpreted
as escape attempts) and paws at the face (interpreted as pain
response). A single-blinded observer scored all videos, with
each mouse scored individually for all observations except
unconsciousness, which was scored per cage. The longitudinal
events measured are depicted in Figure 1, and the definitions
of mouse behaviors used to record observations are in Figure 2.

Pilot studies (data not shown) were conducted to determine
the average time to reach unconsciousness after recumbency,
to minimize the number of times needed to test for response
to noxious stimulus. Once all mice in the euthanasia chamber
reached recumbency, we waited 10 s (determined according
to pilot data) before testing response to a noxious stimulus
generated by clamping the base of one animal’s tail with 9-in.
intestinal Doyen hemostatic forceps (Skylar Surgical Instru-
ments, West Chester, PA) inserted through a weep hole in the
chamber lid. In all tests, the hemostats were clamped to the 1st of
the 3 notches, to provide a standardized level of pressure during
noxious stimulus testing. If a mouse responded to the noxious
stimulus with purposeful movement, we waited 10 s prior to
clamping again. Clamping was alternated among the animals
within the group, with the time to unconsciousness recorded
when 2 successive mice did not respond to the noxious stimulus.

Blood collection and analysis. Immediately after mice reached
unconsciousness, they were decapitated by using sharp scissors.
Whole blood from the body trunk was collected in EDTA tubes
and processed into plasma through centrifugation. Plasma
was stored at —80 °C until it was shipped on dry ice for testing.
Plasma ACTH was measured by using ELISA (The Jackson
Laboratory, Bar Harbor, ME).

Blood samples that yielded insufficient plasma were unsuit-
able for statistical analysis of ACTH levels, but each study group
yielded at least 6 usable plasma samples.

Statistics. Two-way ANOVA followed by Tukey (for compar-
ing flow rates within stranger and cagemate groups) or Sidak
(for comparing strangers and cagemates within each flow rate)
multiple-comparisons tests were performed by using Prism
version 6 (GraphPad Software, La Jolla, CA). Reported P values
were adjusted for multiple comparisons according to the model.
To understand the clumping structure of the data, we used
unsupervised hierarchical clustering which was performed in
JMP version 14.0 (SAS Institute, Cary, NC). The input variables
were scaled, and the Ward method was used to calculate the
distances between the clusters. P values less than 0.05 were
considered significant.
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Figure 1. Time to events throughout exposure to CO,. The mean of longitudinal events from time 0 to unconsciousness are shown. The duration
of dyspnea is a composite variable defined as the onset of dyspnea until the time of recumbency. The duration of ataxia is defined as the onset
of ataxia until the time of recumbency. Values (duration [in s] from time 0) are given as means (bars, 1 SD) for each event (defined in Figure 2).

Observation Definition

Paws at face

Rapid wiping of the nose or muzzle with the front paws. Measured as the total number of incidents per mouse.

Jump Rapid upward movement toward the top of the euthanasia chamber with all 4 feet leaving the floor. Measured as the
total number of incidents per mouse.

Dyspnea Difficult breathing, with increased abdominal effort. Measured as duration (time of onset until time of recumbency)
in seconds per mouse.

Ataxia Presence of abnormal, uncoordinated, staggering movements. Measured as duration (time of onset until time of
recumbency) in seconds per mouse.

Recumbency Cessation of forward movement, with all 4 feet and the head resting on the floor of the euthanasia chamber.

Unconsciousness Lack of purposeful movement in response to a noxious stimulus (clamped tail).

Figure 2. Definitions of scored observations in mouse CO, exposure videos.

Results

Regarding potential distress at different CO, flow rates, 10%
v/min resulted in the longest time to unconsciousness in both
cagemate and stranger mice (Figures 1 and 3). As such, we
found that 10% v/min results in a significantly longer mean
duration of conscious dyspnea (cagemates, 54.6 s; strangers,
42 .4 s) compared with 30% v/min (cagemates, 18.4 s, P <0.0001;
strangers, 19.4 s, P <0.0001) and 50% v /min (cagemates, 18.9 s,
P <0.0001; strangers, 16.8 s, P < 0.0001), with no significant dif-
ference between 30% and 50% v/min (Figure 4 A). Similarly, in
cagemates, 10% v/min CO, results in significantly longer mean
duration of ataxia (39.6 s) compared with 30% v/min (11.8 s, P <
0.0001) and 50% v/min (16.0 s, P <0.0001), and in strangers, 10%
v/min results in significantly longer mean duration of ataxia
(24.4 s) compared with 50% v/min (13.3 s, P = 0.01; Figure 4 B).
Furthermore, cagemate mice demonstrated significantly more
jumps at 10% v/min (mean, 6.4) compared with 30% v/min
(0.1, P <0.0001) or 50% (0.0, P < 0.0001; Figure 4 C). In contrast

to cagemates, jump behavior by strangers was unaffected by
CO, flow rate (Figure 4 C). Although in cagemates mean plasma
ACTH levels decreased numerically as CO, flow rate increased
(Figure 3), these changes did not reach statistical significance.

When we compared markers of potential distress between
cagemates and strangers, within the 10% CO, flow rate, cage-
mates experienced significantly longer mean durations of
dyspnea (cagemates, 54.6 s; strangers, 42.4 s; P = 0.002) and
ataxia (cagemates, 39.6 s; strangers, 24.4 s; P = 0.0004) and more
jumps (cagemates, 6.4; strangers, 1.2; P = 0.0004; Figure 5). Nei-
ther plasma ACTH levels nor face pawing differed significantly
between any of the study groups (data not shown).

Discussion
Unsurprisingly, our results indicate that, in mice, more po-
tential for distress exists at 10% v/min CO, than at higher flow
rates (30% or 50%): at 10% v /min, both strangers and cagemates
experienced longer durations of conscious dyspnea and ataxia.
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Figure 3. Mice in the 10% v/min group have a different structure of the observed stages of exposure to CO, and the level of ACTH. Heat map
showing scaled values for the various stages of exposure to CO, and the plasma level of ACTH (pg/mL). The flow rate of each animal is depicted
as a horizontal bar at the top of the heatmap. Mice (shown as columns) and variables (shown as rows) were clustered by using unsupervised

hierarchical clustering (Ward method).

These results agree with previous studies>!*3? that found the
duration of dyspnea in mice undergoing CO, euthanasia was
inversely related to CO, flow rate. As further evidence that 10%
v/min CO, is potentially distressful to mice, cagemates in our
study displayed significantly more jumps at 10% v/min than
at higher flow rates.

A previous study found that CO, flow rate had no effect on
behavioral or physiologic responses in mice;® however, the
authors evaluated individually euthanized mice, which may
explain why they did not see the flow rate-mediated differences
we observe in our cagemates. Indeed, the results of the cited
study?® are similar to what we saw in our stranger groups. We
interpret our finding of exacerbated escape (jumping) responses
at 10% v/min CO, in cagemates—but not strangers—as sup-
portive of a role for emotional contagion in the context of group
CO, euthanasia in mice.

In our current study, jumping is the behavioral indicator of
potential distress that yielded the most interesting results. Jump-
ing behavior, interpreted as escape attempts, has been observed
in mice experiencing acutely aversive conditions!? and is often
observed in studies of rodent averseness to CO, 144547 However,
another interpretation in the context of CO, euthana51a could be
that mice are experiencing the exc1tement stage of anesthesia.
Supporting the idea that jumping behavior is a valid measure of
stress, one study*® showed that corticosterone levels in mice 30

min after exposure to CO, were positively correlated to number
of jumps during the exposure, and furthermore, showed that
this jumping behavior was likely panic-related, given that it
was significantly reduced by pretreatment with an anxiolytic,
either fluoxetine or alprazolam. The authors concluded that CO,
exposure is an acceptable model for panic disorder in mice.*>
If jumping is a behavioral response to CO, exposure indicat-
ing panic, one might expect jumping behavior regardless of
CO, flow rate. In our study, we saw that cagemates jumped
significantly more at 10% v/min CO, compared with higher
flow rates, whereas the number of jumps in strangers was low
regardless of flow rate. This discrepancy might be explained in
that jumping is a sign of aversion, and CO, may be aversive to
mice for various reasons, including evoked feelings of anxiety or
pain. In a previous study,* the CO, concentration was increased
to 20% over 2 min and then maintained at 20% CO, for an ad-
ditional 5 min.; the authors saw jumping behavior in the mice
only after the first 2 min of exposure. In our study, although
cagemates exposed at 10% v/min CO, flow rate showed the
longest duration of consciousness among our study groups,
all mice became unconsciousness within 2 min (mean, 109.5 s).
Prolonged conscious CO, exposure may induce jumping due
to a panic reaction, consistent with previous findings.* In our
current study, the pattern of jumping we observed is consistent
with emotional contagion of pain, where paired familiar ani-
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Figure 4. Flow rate influences the potential distress level during euthanasia. (A) The duration of dyspnea is significantly greater in the 10% v/
min group compared with the 30% or 50% v/min groups for both cagemates and strangers. (B) Similarly, in both cagemate and stranger groups,
mice exposed to 10% v/min CO, experienced a longer duration of ataxia compared with other flow rate groups. (C) The number of observed
jumps (interpreted as escape attempts) was greater in the 10% v/min group (compared with 30% and 50% v /min groups) only in paired familiar
mice. P values were calculated by using 2-way ANOVA followed by Tukey multiple comparison testing. Error bars, 1 SD; ns, not significant.

P=0.002 P =0.0004 P ,ﬂ‘)04

A 9 B — C

s A ., 100-

s c g

E 40 % 3 7.5

2 307 L — 5 S 50-

S 504 © o ns ns

g S =z _ [— | —

c < 25

o 107 ©

2 ol < 0.0-

e c S c S c S c S c S c S T C S c S c S
Flow (%) 10 30 50 10 30 50 10 30 50

Figure 5. Group composition influences the potential distress level during euthanasia at 10% v/min CO,. (A) The duration of dyspnea is sig-
nificantly higher in cagemates (C) compared with strangers (S) at 10% v/min. (B) Similarly, the duration of ataxia is significantly higher in cage-
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mals show exacerbated pain responses compared with paired
strangers; therefore, our results suggest that cagemates exposed
to 10% v/min CO, exhibit jumping due to exacerbated pain
perception at that flow rate.

Interestingly, our data suggest that emotional contagion in the
context of group CO, euthanasia may be mediated by CO, flow
rate. We observe that cagemate animals displayed increased
escape behavior (jumping) compared with strangers at a low
(10% v/min) CO, flow rate but not at higher rates (30% or 50%
v/min). Evidence for the emotional contagion effect at 10% v/
min CO, suggests that euthanasia is aversive (possibly due to
exacerbated pain perception) at this flow rate. Conversely, we
did not find evidence that a CO, flow rate of 30% or 50% v/min
is aversive or painful for mice.

Indeed, our results suggest that aversion (increased escape
attempts)—possibly due to exacerbated pain perception—is
associated with a low CO, flow rate in familiar groups but not
in stranger groups. This notion is consistent with the concept of
emotional contagion in familiar groups; this effect is blocked by
social stress-induced analgesia in stranger groups. In addition,
a previous study'* found that serum catecholamine levels were
lower in CO,-euthanized stranger groups compared with indi-

vidual mice; this result is consistent with social-stress—induced
analgesia, given that grouped stranger mice likely experience
more social stress than individual animals.

Because differences in ACTH levels between cagemates and
strangers did not reach significance in this study, one interpreta-
tion of our data is that, at the tested CO, flow rates, euthanizing
mice in stranger groups was no more stressful than euthaniz-
ing cagemates. However, it is important to remember that the
analgesic effect present in stranger groups has been shown
to be due to stress;?>?*% therefore, grouping stranger mice
together for euthanasia indeed is likely creating social stress.
To develop recommendations regarding group composition
for CO, euthanasia, further studies are needed to determine
the contributions of pain compared with social stress to the
overall potential distress that grouped mice might experience
during CO, euthanasia.

Of course, when combining stranger mice for euthanasia,
every precaution should be taken to avoid injuries due to fight-
ing associated with the procedure. Studies of aggression in
mice have shown that agonistic behavior, such as attacks, begin
within minutes of introducing strangers.>?$4 Microenviron-
ment is another important consideration, given that mice may be
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more aggressive toward conspecifics when in their home cages
as compared with when placed in a new environment.>'8 We
took stranger mice from their home cages and combined them
directly in a clean euthanasia chamber immediately before start-
ing CO, exposure and did not observe any fighting behavior
during our experiments.

Caveats and limitations in our current study include the inter-
pretation of unconsciousness, animal numbers, our use of ACTH
as the sole physiologic indicator of stress, and the single sex and
strain of mouse evaluated. It is difficult to determine the exact
time point during euthanasia when a mouse reaches unconscious-
ness, yet this determination is important when assessing animal
welfare. For example, dyspnea may occur after unconsciousness
is reached, but only conscious dyspnea and its associated anxiety
influences animal welfare. Mice can still show purposeful move-
ment and respond to stimuli after the righting reflex is lost and
recumbency achieved;® therefore, we used lack of response to
a noxious stimulus as the definition of unconsciousness in our
current study. Although this approach may overestimate the
duration of consciousness, such overestimation is preferable to
underestimation when assessing animal welfare.

Our study groups each consisted of 2 subgroups of 4 mice
each for a total of 8 mice per study group. Although we meas-
ured most parameters in individual mice, unconsciousness was
determined on a cage-level basis (that is, 2 per study group).
Using more cages within each test treatment would allow for
more robust comparisons to ensure that findings are consistent
across groups. In addition, using more cages of mice may allow
more subtle patterns in the data to emerge. Further studies in
this area are needed to ensure reproducibility of results before
general recommendations regarding group composition during
CO, euthanasia in mice can be made.

We used plasma ACTH as our sole physiologic measure of
stress. It might have been informative to compare ACTH levels
with catecholamine and corticosterone levels, but the latter 2
parameters are less likely to reliably reflect stress in the context
of CO, euthanasia. Catecholamine levels can be influenced by
hypercapnia,®? and indeed, a previous study'* found that cat-
echolamine levels did not differ between CO, flow rates. One
possible interpretation of this finding is that catecholamine lev-
els indicated hypercapnia rather than stress. Corticosteroids (for
example, corticosterone) are not as useful as ACTH in indicating
acute stress, because corticosteroid levels take minutes to rise
after a stressor,®> whereas ACTH levels take seconds.07224348
Furthermore, corticosteroid levels may not correlate to degree
of stress as well as do ACTH levels, because corticosteroid
concentrations start to plateau even with small increases in
ACTH.%722 Given that CO, euthanasia is acutely and possibly
highly stressful, we chose ACTH at the time of unconsciousness
as the most appropriate parameter to measure and did not nec-
essarily expect a correlation between ACTH and catecholamine
or corticosterone levels at the time point of interest.

The findings of our current study cannot necessarily be ap-
plied to mice universally, because we evaluated male C57BL /6]
mice only, and sex- and strain-associated differences might influ-
ence emotional contagion. For example, one study?® found that
male C57BL/ 6] mice are sociable and have a preference for social
novelty. Indeed, another group'® found that C57BL/6] mice
responded significantly more to distress cues from conspecifics
than did BALB/cJ mice, suggesting that the relatively gregari-
ous C57BL/6] may be more prone to emotional contagion than
other strains. Another study® found that female but not male
mice approached familiar same-sex conspecifics in pain more
frequently than they approached affected strangers, demonstrat-

ing that sex may be another factor in empathy-related behaviors
inmice. In addition, sex- and strain-associated differences might
modulate susceptibility to stress and stress-induced alteration
of pain perception.!'!% For example, previous studies??* found
stress-induced analgesia occurred in paired male but not female
mice. Therefore, although outside the scope of the current
study, further studies are warranted to investigate possible
strain- and sex-related variability in emotional contagion and
stress-induced analgesia during group CO, euthanasia in mice.
Conclusions from the current study are that 10% v/min CO,
carries greater potential for distress than 30% or 50% v/min, in
light of the longer durations of conscious dyspnea and ataxia in
both cagemates and strangers and the increased jump behavior
(suggesting emotional contagion of pain) in cagemates at the 10%
v/min flow rate. Therefore, we recommend avoiding 10% v/min
CO, when euthanizing mice. Within the range recommended in
the 2013 AVMA Guidelines, 30% v/min CO, carries less potential
for distress and should be used for group euthanasia of mice;
however, a 50% v/min flow rate should be considered equally
humane. A general recommendation regarding group composi-
tion during CO, euthanasia cannot yet be made, although we
obtained evidence that social modulation of pain is relevant in
the context of CO, euthanasia and should be considered with
flow rate. Further studies are needed to ensure reproducibility,
to investigate possible sex- and strain-associated differences in
emotional contagion, and to elucidate the contributions of pain
compared with social stress to the overall potential distress expe-
rienced by mice in the context of group CO, euthanasia.
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