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Anesthesia is frequently required for mice used in biomedi-
cal research, but anecdotal communications suggest that mice 
receive significantly less anesthetic monitoring and supportive 
care than do other research species. Monitoring of anesthetized 
mice is often minimal due to lack of specialized monitor-
ing equipment, and the fact that many rodent surgeries are 
performed by a single person who acts as both surgeon and 
anesthetist. Supportive care during anesthesia is limited by a 
lack of supporting experimental evidence. The lack of moni-
toring and supportive care may increase the mortality rate in 
anesthetized mice.

Previous studies have shown that mice anesthetized with 
both inhalant and injectable anesthetics without supplemental 
oxygen become profoundly hypoxic.1,6,8,9,19,26,39,41 While mice in 
these studies appear to recover normally from anesthesia, little is 
known about the effects of hypoxia on physiologic parameters, 
anesthetic depth, and perioperative mortality. Respiratory com-
plications, including hypoxia and hypoventilation, are second 
only to cardiovascular complications as a cause of perioperative 

mortality in veterinary species, and in humans, hypoxemia ac-
counts for over 50% of deaths under anesthesia.4 To mitigate the 
risk of hypoxia under anesthesia, oxygen supplementation is 
commonly provided to anesthetized humans and animals, but 
is rarely provided to mice in research settings.6,19

All anesthetics affect respiratory function; ketamine and iso-
flurane are particularly known to cause respiratory depression 
in mice and rats by impairing the normal physiologic responses 
to hypoxemia and hypercapnia.9,12,20,23,28 The peripheral 
chemoreceptors, primarily in the carotid body, normally sense 
dropping arterial partial pressure of oxygen (PaO2) while central 
chemoreceptors located in the medulla sense changes in pH and 
rising partial pressure of carbon dioxide (PaCO2).

22,23,29,40 Both 
sets of chemoreceptors compensate by initiating increases in res-
piratory rate and tidal volume.23,28,31,34,40 Injectable and inhalant 
anesthetic agents depress the function of these chemoreceptors, 
preventing the increases in respiration that compensate for 
hypoxia and hypoventilation.22,29

Pulse oximetry is commonly used to monitor peripheral 
oxygen saturation and detect the presence of hypoxia. Pulse 
oximeters use the difference in light absorption of oxygenated 
hemoglobin and deoxygenated hemoglobin in arterial blood to 
provide an estimate of arterial oxygen content, abbreviated as 
SpO2.

17 An SpO2 of less than 90% to 95% generally corresponds 
to a PaO2 of less than 60 to 80 mm Hg, which is considered 
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hypoxic in most species of mammals.7,17 Because of the small 
size of mice, species-specific pulse oximetry equipment is nec-
essary to obtain this measurement. Therefore, measurement of 
SpO2 in anesthetized mice is not routinely performed, meaning 
that hypoxia under anesthesia generally goes unrecognized, 
and is likely more common than is appreciated by our field.

The purpose of this study was to confirm that mice become 
hypoxic after receiving a ketamine/xylazine based anesthetic 
admixture or isoflurane, which are commonly used anesthetics 
in mice and to investigate the effects of oxygen supplementa-
tion on anesthetic depth, physiologic values, and anesthetic 
requirements in these mice.9,35 We hypothesized that mice not 
receiving supplemental oxygen would be hypoxic, as indicated 
by lower SpO2 while anesthetized, and that supplemental 
oxygen would correct this hypoxia. We also hypothesized that 
oxygen supplementation would increase the doses of injectable 
and inhalant anesthesia necessary to maintain mice at a surgical 
plane of anesthesia.

Materials and Methods
Animals. Experiments were performed using male (weight 

range 23 to 31 g) and female (weight range 17 to 23 g) C57BL/6 
mice (Mus musculus, n = 52, Jackson Laboratories, Bar Harbor, 
ME). All experimental procedures were approved by the IACUC 
at the University of Pennsylvania. Mice were housed with up 
to 5 animals per cage in static polycarbonate microisolation 
cages with disposable bedding (1/8” Bed-o’Cobs, The Ander-
sons, Maumee, OH) under a 12:12 light:dark cycle at 72°F in an 
AAALAC accredited facility. Mice were fed standard laboratory 
rodent chow (5001, LabDiet, St Louis, MO) and provided with 
untreated tap water by bottle. Dirty-bedding sentinel mice 
were used for routine health monitoring and were free of fur 
mites, pinworms, mouse hepatitis virus, mouse parvoviruses, 
rotavirus, ectromelia virus, Sendai virus, pneumonia virus of 
mice, Theiler murine encephalomyelitis virus, reovirus, Myco-

plasma pulmonis, lymphocytic choriomeningitis virus, mouse 
adenovirus, and polyomavirus.

Mice were weighed on a gram scale (Tanita Digital Scale, KD-
160, Arlington Heights, IL) prior to anesthesia. Each mouse was 
anesthetized no more than twice, with at least a 14-d washout 
period between anesthetic events. Sixteen mice had previously 
been used in training and pilot experiments to determine the 
dosages used in the study.

Injectable anesthesia. Combinations of ketamine HCl (Ketaset; 
Zoetis; Kalamazoo, MI), xylazine (AnaSed; Akorn; Lake Forest, 
Il), and acepromazine maleate (PromAce Injectable; Boehringer 
Ingelheim Vetmedica; St Joseph, MO) were diluted with sterile 
saline to provide the desired dose at 0.1 mL per 10 grams of 
body weight. Injections were administered intraperitoneally in 
the lower left or right quadrants of the abdomen using a 1 mL 
syringe and 25-gauge needle.

Mice were anesthetized with 1 of 3 drug combinations. The 
low-dose group received 100 mg/kg ketamine and 8 mg/kg 
xylazine, which provides immobilization with no spontaneous 
movement; this dose is suitable for an imaging procedure but 
does not reliably provide a surgical plane of anesthesia. The 
medium dose group received 100 mg/kg ketamine, 10 mg/kg 
xylazine, and 1 mg/kg acepromazine; this combination is com-
monly used for surgical procedures.1,5,15 The high-dose group 
received 150 mg/kg ketamine, 12 mg/kg xylazine, and 3 mg/kg 
acepromazine, which pilot studies demonstrated would result 
in a very deep plane of anesthesia for a long period of time. The 
low and medium dose groups each consisted of 5 males and 5 
females, 6–12 wk-old. A crossover design was used in which 
each mouse was anesthetized twice at the same dose, once with 
and once without oxygen supplementation; the order of oxygen 
supplementation was randomized. The high- dose group con-
sisted of 4 males and 2 females, 12–24 wk-old. Mice given the 
high dose were anesthetized only once, with or without oxygen 
supplementation (Table 1).

Table 1. Animal number, sex, age at first experiment, and status of oxygen supplementation during the first and second experiments for animals 
receiving injectable anesthetics.

Injectable anesthetic dose Animal numbers Sex Age (weeks) Oxygen (first experiment) Oxygen (second experiment)

Low dose 1–3 Female 9 No Yes
Low dose 4–5 Female 9 Yes No
Low dose 1 Male 9 Yes No
Low dose 2–3 Male 10 No Yes
Low dose 4 Male 11 Yes No
Low dose 5 Male 11 No Yes
Medium dose 1 Female 6 No Yes
Medium dose 2 Female 6 Yes No
Medium dose 3 Female 6 No Yes
Medium dose 4 Female 7 No Yes
Medium dose 5 Female 7 Yes No
Medium dose 1 Male 8 No Yes
Medium dose 2–3 Male 8 Yes No
Medium dose 4–5 Male 9 No Yes
High dose 1 Female 24 No N/A
High dose 2 Female 24 Yes N/A
High dose 3 Male 12 No N/A
High dose 4 Male 12 Yes N/A
High dose 5 Male 24 No N/A
High dose 6 Male 24 Yes N/A
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Oxygen Delivery. Mice were randomly assigned to receive 
either supplementation with 100% oxygen administered at 0.6 
L/min delivered by face mask, or no oxygen supplementation 
(mice breathed room air). Because the mice either did or did not 
have a facemask (a facemask without oxygen delivery could 
impede the animals breathing), the researcher could not be 
blind to the oxygen delivery status.

Anesthetic Depth and Physiologic Monitoring. After induction 
of anesthesia, mice were continuously monitored for loss of 
righting reflex (LORR), which was defined as the mouse lying 
in dorsal recumbency without the ability to return to standing 
or sternal recumbency. Once this occurred, mice were moved to 
a circulating warm water blanket (Stryker T/Pump, Kalamazoo, 
MI), and an eye lubricant was applied (Akorn, Lake Forest, IL). 
Mice were instrumented with a rectal temperature probe (Ther-
maWorks, Alpine, UT), and rectal temperature was maintained 
at 35 to 37 °C with the use of the warm water blanket and a 
heat lamp. Heart rate (HR) and peripheral oxygen saturation 
(SpO2) were measured using a mouse-specific pulse oximeter 
(MouseSTAT Jr; Kent Scientific; Torrington, CT; Figure 1). Pulse 
oximetry measurements were taken independently from both 

hind feet at each time point. The pulse oximeter sensor was 
placed on the foot until a stable reading was obtained, after 
which the sensor was removed until the next time point. If the 
percent SpO2 values measured from the 2 feet at the same time 
point differed by more than 5%, the values at that time point 
were excluded from analysis. Consistent values were then aver-
aged to provide a final value for that time point. Respiratory 
rate (RR) was measured by counting thoracic excursions, and 
respiratory effort was assessed subjectively. For all experiments, 
temperature, HR, RR, SpO2, and presence of paw withdrawal 
reflex were recorded every 5 min for the duration of anesthesia 
until the return of spontaneous movement. HR, SpO2, and RR 
were recorded prior to assessment of paw withdrawal reflex at 
each time point. For all experiments, a surgical plane of anes-
thesia was defined by the loss of paw withdrawal reflex after a 
brisk application of a 300 g noxious stimulus (Touch Test; North 
Coast Medical, Gilroy, CA) applied to the hind feet, alternating 
the left and right foot at each time point.18 A positive response 
was characterized as any movement by the mouse in response 
to the noxious stimulus. The return of the righting reflex was 
defined as the time when the mouse could rapidly right itself 

Figure 1. Mouse anesthetized and instrumented for physiologic monitoring. The face mask provides supplemental oxygen, and SpO2 and HR 
are measured using a mouse-specific pulse oximeter. Temperature is measured using a rectal temperature probe and thermal support was 
provided by a circulating water blanket and heat lamp. Paw withdrawal reflex was obtained by application of a 300-gram Touch Test device.
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from its back 3 consecutive times. The time of LORR and return 
of righting reflex were recorded. After the return of the righting 
reflex, mice were monitored continuously until fully recovered 
from anesthesia and ambulatory.

Statistical analysis of injectable anesthetic data. A 3-way 
ANOVA was performed to determine the effects of oxygen 
supplementation, dose, and sex on the time of the LORR and 
time at a surgical plane of anesthesia. Tukey posthoc analysis 
was performed when significant differences were found. The 
SpO2, HR, and RR were analyzed by 3-way ANOVA with oxygen 
supplementation, sex, and time as the main effects separately for 
both of the 2 lower doses. A 2-way ANOVA was then performed 
to compare the low and medium dose groups for both HR and 
RR, with dose and oxygen supplementation as the main effects. 
When significant differences were detected, a Tukey posthoc 
analysis was performed. A P value of < 0.05 was considered 
statistically significant. The effect of oxygen supplementation 
on SpO2 was tested in the high-dose group by T-test. No other 
statistical analysis was performed for the high dose due to the 

small number of mice used based on the high death rate of mice 
not receiving oxygen supplementation.

MAC Determination using Isoflurane Anesthesia. In this study, 
isoflurane was used for both anesthesia induction and mainte-
nance. Isoflurane carrier gas of either 100% oxygen or medical 
grade air with 21% oxygen was used at a flow rate of 0.6 L/
min. Because of the anesthetic machine design and differences 
in carrier gas containers, the researcher could not be blind to 
the carrier gas being used in each experiment.

The MAC for isoflurane (Piramal Critical Care, Bethlehem, 
PA) was determined using 5 female and 5 male young adult 
(6–12 wk old) C57BL/6 mice. Mice were weighed as described 
above. MAC was determined based on the concentration at 
which the mouse transitioned from a positive response to a 
noxious stimulus to a negative response. This concentration was 
calculated by averaging the highest isoflurane concentration 
with a positive response and the lowest isoflurane concentra-
tion with a negative response. If the mouse had both a positive 
and negative response at a single isoflurane concentration, this 
concentration was used as the estimate of the transitioning 

Figure 2. HR, RR, and SpO2 of male and female C57BL/6J mice, with and without oxygen supplementation, under 3 doses of injectable anesthe-
sia: (A) Low-dose ketamine/xylazine (100/8 mg/kg), (B) Medium-dose ketamine/xylazine/acepromazine (100/10/1 mg/kg), (C) High-dose 
ketamine/xylazine/acepromazine (150/12/3 mg/kg).
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isoflurane concentration. As with the injectable anesthesia ex-
periment, a cross over design was used, with each mouse being 
anesthetized twice, once with oxygen as the anesthetic carrier 
gas and once with compressed medical air, with the order of 
these carriers randomized for each mouse.

All mice were induced with 4.0% isoflurane in an anesthetic 
induction chamber until LORR occurred. After induction, mice 
were removed from the chamber, transitioned to a nose cone and 
placed on a circulating warm water blanket for the remainder 
of the study. The isoflurane concentration was set to the first 
experimental concentration, and mice were instrumented for 
anesthetic monitoring as described above. Rectal temperature 
was maintained between 35° and 37 °C using the circulating 
water blanket and heat lamp, as described above. Isoflurane 
concentration was measured throughout the experiment using 
an anesthetic gas monitor (Poet IQ2, Anesthetic Gas Monitor 
Criticare Systems, Waukesha, WI). Because this monitor was 
positioned at the fresh gas outlet, the isoflurane concentration 
provided an estimate of alveolar isoflurane concentration. 
Mice remained at the first of 3 experimental isoflurane con-
centrations for 15 min to allow for equilibration and at the 
second and third experimental concentrations for 10 min.9,36,38 
Experimental isoflurane concentrations were randomly chosen 
between 1.5 and 2.1% (Table 2). Isoflurane concentrations were 
increased to prevent neural inertia from confounding the re-
sults.15,24,37 After an equilibration period, the depth of anesthesia 
was determined by applying the 300 g noxious stimulus twice 
to each hind foot, as described above, with a 1-min waiting pe-
riod between applications on each foot. If the first test elicited a 
strongly positive response, no further tests were performed to 
avoid affecting the anesthetic event due to excessive stimulation. 
After mice were tested at the third experimental concentration, 
anesthesia was discontinued, and mice were monitored continu-
ously until recovered.

Statistical Analysis and MAC Determination. A 2-way repeated 
measures ANOVA was performed to determine the effects of 
oxygen supplementation and isoflurane concentration on the 
SpO2. A 2-way repeated measures ANOVA was performed 
to analyze the effects of sex and oxygen supplementation on 
MAC. For this experiment, the statistical analysis of the effects 
of oxygen supplementation on MAC was performed using 
bracketing analysis. We did not perform statistical analysis of 
HR or RR for this experiment because the repeated adjustment 
of the isoflurane concentration during each trial would make 
interpretation difficult. P < 0.05 was considered statistically 
significant.

Results
Injectable Anesthesia. At the low and medium doses, male 

and female mice that did not receive supplemental oxygen were 
hypoxic (SpO2 = 69% ± 6%); hypoxia was prevented by oxygen 
supplementation (SpO2 = 96% ± 3%). The differences between 
SpO2 values of oxygen supplemented and non-supplemented 
mice were significantly different (P ≤ 0.001). Posthoc analysis 
indicated that mice at the medium dose and not receiving sup-
plemental oxygen were significantly more hypoxic than were the 
mice at the low dose and not receiving oxygen supplementation 
(medium dose: 68% ± 6%, low dose: 71% ± 5%, P = 0.001). In the 
high-dose group, the control mice were again profoundly hypoxic 

(54% ±  6%) and the mice receiving oxygen supplementation were 
normoxic (94% ± 11%); these values were statistically different 
(P ≤ 0.001). Two of the 3 mice receiving supplemental oxygen in 
the high-dose group had an SpO2 of less than 90% for the first 
10 min after induction, but by 10 min its value had increased to 
greater than 90%. One mouse had an additional period of mild 
hypoxia (SpO2 87% to 89%) from 75 to 110 min. The third mouse 
that received oxygen supplementation maintained an SpO2 of 
greater than 97% for the entire duration of anesthesia. Figure 2 
shows the HR, RR, and SpO2 of male and female mice at each 
dose, with and without supplemental oxygen.

Figure 3. Graph of the heart rate, respiratory rate and SpO2 of the 
mouse which died despite receiving oxygen supplementation after 
receiving the medium injectable dose. 

Table 2. Animal number, sex, age at first experiment, and status of oxygen supplementation during the first and second experiments for animals 
receiving inhalant anesthesia. Experimental isoflurane concentrations are numbered in the order they were tested during each experiment..

Animal number Sex Age (weeks)
Oxygen (first  
experiment)

Oxygen (second 
experiment) Isoflurane % 1 Isoflurane % 2 Isoflurane % 3

1–2 Male 8 No Yes 1.7 1.8 2.0
3 Male 9 Yes No 1.6 1.8 1.9
4 Male 9 No Yes 1.6 1.8 1.9
5 Male 9 Yes No 1.5 1.7 1.9
1 Female 9 Yes No 1.7 1.8 2.0
2 Female 9 Yes No 1.6 1.8 1.9
3 Female 9 No Yes 1.6 1.8 2.0
4 Female 9 No Yes 1.7 1.9 2.1
5 Female 9 Yes No 1.7 1.8 1.9
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In the high-dose group, all three mice receiving supplemen-
tal oxygen survived and recovered normally, while the 3 mice 
which did not receive oxygen supplementation all died. One 
died within 6 min of anesthetic induction, so no data were col-
lected prior to death. Two mice survived for over 90 min prior 
to death despite severe hypoxia (SpO2 of 43% to 65%). A fourth 
mouse died in the medium dose group when anesthetized 
for the second time and receiving supplemental oxygen. The 
mouse appeared to be responding normally to the anesthesia 
through 15 min (Figure 3). At this time point, the mouse had 
an abnormal drop in HR, RR and SpO2, and then appeared to 
stabilize with abnormally low physiologic parameters. At 43 min, 
the nose cone was briefly removed to confirm that the oxygen 
was flowing normally. Once this was established, the cone was 
returned to the mouse, and the values remained consistent 
with those measured before the cone was removed. The mouse 
underwent cardiac and respiratory arrest at 73 min. A necropsy 
did not reveal any gross abnormalities.

At all 3 injectable doses, all mice showed LORR and absence 
of spontaneous movement after anesthesia induction. Table 3 
reports the effects of oxygen supplementation on the durations 
of the LORR and the surgical plane for both low and medium 
doses. In the low and medium dose groups, control mice had 
a longer total time at a surgical plane of anesthesia than did 
mice receiving oxygen supplementation (P = 0.04). Oxygen 
supplementation did not affect the duration of the LORR (P 
= 0.186). Male mice had a longer LORR and a longer time at a 
surgical plane of anesthesia than did female mice (P ≤ 0.001 and 
P = 0.002, respectively). In the low-dose group, all male mice 
reached a surgical plane of anesthesia in both the control and 
oxygen supplemented condition, while 2 of 5 female control 
mice and 1 of 5 female mice with oxygen supplementation did 
not reach a surgical plane of anesthesia. In the medium-dose 
group, all mice reached a surgical plane of anesthesia. In the 
high-dose group, all mice reached a surgical plane of anesthesia; 
the mean duration of a surgical plane for the mice that received 
supplemental oxygen was 110 ± 14 min and the mean duration 
of LORR was 162 ± 28 min.

Oxygen supplementation did not significantly affect HR at 
the low or medium doses (P = 0.346 and P = 0.140). Oxygen 
supplementation did not affect RR at the low dose (P = 0.116) 
but did significantly reduce RR at the medium dose (P = 0.003). 
In the medium-dose group, 4 control mice had subjectively 
increased respiratory effort as compared with mice receiving 
oxygen supplementation. Male mice had a significantly lower 
HR (P ≤ 0.001 and P = 0.041) and RR (P = 0.011 and P < 0.001) 
than did female mice. When the low and medium dose groups 
were compared, the HR of the medium dose was significantly 
higher than that of the low dose (P ≤ 0.001) and no significant 
difference was detected for RR (P = 0.520). Figure 2 shows the 
mean pooled SpO2, HR, and RR of mice at the low, medium, 

and high doses, with and without oxygen supplementation. In 
the high-dose group, statistical analysis of HR and RR was not 
performed due to the small sample size. All 3 mice receiving 
oxygen supplementation had a low RR of less than 100 breaths/
min after induction, which gradually increased over the dura-
tion of anesthesia. All mice in the high-dose group, regardless 
of oxygen supplementation, had a HR between 200 to 350 
beats/min for approximately the first 80 min of anesthesia at 
which point HR of the surviving mice began to increase as the 
mice recovered from anesthesia. Surviving mice at all 3 doses 
appeared to recover normally from anesthesia.

Inhalant Anesthesia. All of the mice that received compressed 
air as the carrier gas were hypoxic (SpO2 = 79% ± 5%). Oxygen 
supplementation prevented this deficit (SpO2 = 97% ± 2%), and 
this difference was significant (P ≤ 0.001). The concentration of 
isoflurane did not significantly affect SpO2 (P = 0.35). Oxygen 
supplementation and sex did not significantly affect MAC in 
mice (P = 0.58 and P = 0.11, respectively). Average pooled MAC 
was 1.8% ± 0.1% in mice receiving oxygen supplementation 
and 1.8% ± 0.1% in control mice. One female mouse showed 
open-mouthed breathing with increased respiratory effort when 
anesthetized for the second time, without oxygen supplementa-
tion. This resolved within 30 s of discontinuing the isoflurane at 
the end of the experiment, and the mouse appeared to recover 
normally from anesthesia. Data from this trial was excluded 
from analysis.

Discussion
The current study showed that mice anesthetized with 

injectable and inhalant anesthesia without supplemental 
oxygen were consistently hypoxic as measured by SpO2 and 
that supplementation with oxygen corrected this deficit. In 
addition, supplemental oxygen conferred survival value to 
mice anesthetized with injectable anesthesia, as all of the mice 
anesthetized with the high dose without supplemental oxygen 
died, whereas all of the mice receiving oxygen supplementation 
at this dose survived. Oxygen supplementation shortened the 
time mice spent at a surgical plane of anesthesia under the low 
and medium-dose injectable protocols but did not affect the 
MAC of isoflurane for mice.

In all experiments, mice not receiving supplemental oxygen 
were consistently profoundly hypoxic. This finding is consistent 
with previous studies showing that without oxygen supple-
mentation, mice are hypoxic under anesthesia.1,6,8,9,19,26,39,41 
Long-term physiologic and cognitive effects resulting from 
this hypoxia may be minimal, as human studies have shown 
that transient hypoxia is well-tolerated if not accompanied 
by concurrent ischemia.2,42 However, if the anesthetized mice 
experience hypoxia with concurrent hypotension, which is 
difficult to confirm in anesthetized mice, this may predispose 

Table 3. Response of C57BL/6 mice to injectable anesthesia with and without oxygen supplementation. Oxygen supplementation resulted in 
a significant decrease in the duration of LPWR (a surgical plane of anesthesia), but no significant difference in LORR. The males had a longer 
duration of LPWR and LORR than did females.

Dose
Oxygen  

supplementation
Male LORR 

(min)
Male LPWR 

(min)
Female LORR 

(min)
Female LPWR 

(min)
Pooled LORR 

(min)
Pooled LPWR 

(min)

Low dose No 67 ± 7 39 ± 5 50 ± 10 20 ± 21 58 ± 12 29 ± 17
Low dose Yes 62 ± 8 26 ± 10 52 ± 8 18 ± 17 57 ± 89 22 ± 14
Medium dose No 111 ± 24 78 ± 20 74 ± 27 45 ± 23 92 ± 29 61 ± 26
Medium dose Yes 87 ± 13 52 ± 22 73 ± 17 36 ± 13 80 ± 15 43 ± 17

LORR, loss of righting reflex; LPWR, loss of pedal withdrawal reflex.
Values are presented as minutes. Data are given as mean ± 1 SD.
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them to hypoxic brain injury.42 All of the mice in the current 
study appeared to recover normally, however further work 
examining potentially subtle long-term effects of this hypoxia 
will be necessary to clarify the effects of the hypoxia on the mice.

At the low and medium doses, control mice had a longer 
duration of surgical anesthesia, which is likely related to the 
effects of hypoxia on the brain. Hypoxia has previously been 
shown in humans to result in EEG changes, including slowing 
of EEG waveforms, which are similar to changes seen with a 
deepening plane of anesthesia.3 As oxygen supplementation is 
added to mouse anesthetic protocols, an important considera-
tion will be to prepare for a decrease in the total duration of 
surgical anesthesia, potentially requiring supplemental dosing 
of anesthetics for longer procedures.20 Oxygen supplementation 
had no significant effect on the duration of the LORR, which is 
particularly relevant for imaging studies that do not require a 
surgical plane of anesthesia.

Even with oxygen supplementation, there is a significant risk 
associated with injectable anesthesia in mice. One mouse died in 
the medium-dose group while receiving supplemental oxygen. 
Death was preceded by a drop in HR, RR and SpO2. Previous 
work has shown that C57BL/6 mice with a respiratory rate 
below 120 breaths/min usually undergo arrest and die without 
intervention.20 This mouse was unique in that it maintained a 
respiratory rate below 120 breaths/min for over 50 min before 
arresting. Based on these observations, we hypothesize that this 
mouse would have died earlier had oxygen supplementation 
not been provided and that intervention during this period with 
atipamezole may have prevented the anesthetic arrest and saved 
the mouse (Table 1 and 2).

In the high-dose injectable anesthesia group, all mice not 
receiving supplemental oxygen died, while all mice receiving 
supplemental oxygen survived. Further trials were not per-
formed due to the profound difference in survival for mice that 
received oxygen supplementation. This difference suggests that 
oxygen supplementation provides a survival benefit at higher 
doses of injectable anesthesia or in mice that have a profound 
response to the anesthetic related to the highly variable response 
of mice to injectable anesthetics. The mice that died in this group 
had a gradual reduction in RR for up to 10 min prior to death, 
as was noted in a previous study.20 If RR is monitored closely 
in mice, this drop may represent an opportunity to intervene 
and prevent death. To date, little information available on how 
to manage a mouse at dangerously deep planes of anesthesia 
due to injectable drugs. An obvious first choice would be the 
administration of oxygen if not already being provided and the 
administration of atipamezole to reverse the xylazine. However, 
if the surgery is still ongoing, these interventions could result in 
arousal during the surgery, which is unacceptable from a welfare 
point of view.20 Stopping surgical manipulations in an animal 
that is too deeply anesthetized may allow deepening of the 
plane of anesthesia, worsening the situation.25,27 Further work 
will be necessary to evaluate potential treatment options that 
address these complications in mice under injectable anesthesia.

The MAC for isoflurane of mice was not significantly different 
between mice receiving supplemental oxygen and those not re-
ceiving supplemental oxygen, despite the hypoxia seen in mice 
not receiving oxygen. These MAC values are consistent with 
values reported in previous studies that used hindlimb paw 
withdrawal reflex as a noxious stimulus in C57BL/6 mice.9,24 
Our results contradict those of a previous study in dogs which 
found that hypoxia significantly decreased the MAC value 
when using halothane.11 However, in that study, the reduction 

in MAC did not occur until the PaO2 decreased below 38 mm 
Hg, corresponding to an SpO2 of approximately 65% in dogs,7,17 
which is lower than what we saw in mice. Therefore, while the 
mice were hypoxic, they may not have been hypoxic enough 
to significantly affect MAC. In humans, loss of consciousness 
due to hypoxia typically occurs with a PaO2 of 20 to 35 mm Hg, 
depending on the cause of the hypoxic event,32 which is again 
lower than the hypoxia experienced by mice in the current study.

HR was higher in the medium dose group than in the low- 
dose group. Acepromazine is known to cause peripheral 
vasodilation, and in mice, the addition of acepromazine has 
previously been associated with more significant hypotension 
than ketamine/xylazine alone.5,31 Due to the baroreceptor 
reflex, hypotension resulting from acepromazine administra-
tion can cause a mild compensatory tachycardia.30 Despite the 
hypoxia noted in mice not receiving oxygen supplementation, 
lack of oxygen supplementation did not significantly affect RR 
in the low-dose group. In the medium-dose group, control mice 
had a higher RR than mice receiving oxygen supplementation. 
In the high-dose group, increased RR also occurred initially 
in the mice not receiving oxygen supplementation. Volatile 
anesthetics and some injectable anesthetics suppress the 
function of the carotid body chemoreceptors, which normally 
sense low arterial PaO2 and increase RR and tidal volume to 
compensate.22,23,29 Subjectively, in the medium-dose group, 
increased respiratory effort and abdominal breathing was 
noted in some, but not all, of the control mice. In the high-dose 
group, mice receiving supplemental oxygen initially had a very 
low RR, below 100 breaths/min, which was accompanied by 
a low SpO2 for the first 5 to 10 min. RR and SpO2 returned to 
normal over time, and all 3 mice recovered normally. This low 
RR may have been due to the high dose of ketamine, which 
has previously been shown to cause significant respiratory 
depression in mice.13,20,26

Sex differences were noted in HR and RR in the low and 
medium dose groups, with male mice having a lower HR and 
RR than female mice. This is possibly due to body weight dif-
ferences, as females in these groups had an average weight of 
18.2 g while males averaged 26.8 g. In many species, individu-
als with higher body weights tend to have lower heart rates.21 
Each set of trials in our study was conducted over a 2-wk 
period, and male mice were anesthetized up to 1 wk after the 
female mice. This resulted in males being approximately 1 to 
2 wk older than females during each trial. However, this small 
age difference is unlikely to be physiologically significant. Ad-
ditional sex differences were also noted in anesthetic duration 
in the low and medium dose groups, with males having longer 
durations of LORR and time at a surgical plane of anesthesia 
than did females. This is consistent with some previous reports 
that male mice are more sensitive to ketamine-based anesthetic 
combinations in some strains of mice; however, other studies 
have not noted sex differences.10,14,16,33

In conclusion, this study demonstrates that mice anesthetized 
with injectable and inhalant anesthesia are profoundly hypoxic, 
as measured by pulse oximetry, when supplemental oxygen 
is not provided. Providing additional oxygen decreases the 
duration of surgical plane anesthesia in mice anesthetized with 
ketamine-xylazine drug protocols but does not alter the MAC for 
isoflurane in mice. At higher doses of injectable anesthetics or 
in mice that have an adverse response to the anesthetic cocktail, 
supplemental oxygen can help prevent mortality. Our findings 
also demonstrate the importance of monitoring anesthetized 
mice, as had intervention been provided when the drop in RR 
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was noticed in the mouse that died (for example, reversal of 
xylazine with atipamezole), the mouse may have survived. The 
use of oxygen supplementation in mice is further supported by 
the wide variation of response to injectable anesthesia in mice, 
even within the same sex and dose, consistent with previous 
reports.1,5,20 Because predicting the individual response of mice 
to anesthesia is impossible, provision of oxygen supplementa-
tion is recommended for all anesthetized mice.
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