Vol 61, No 5
September 2022
Pages 457-467

Journal of the American Association for Laboratory Animal Science
Copyright 2022
by the American Association for Laboratory Animal Science

Use of Ketamine or Xylazine to Provide Balanced
Anesthesia with Isoflurane in C57BL/6] Mice

Emily M David,?> Cholawat Pacharinsak,? Katechan Jampachaisri,* Lisa Hagan,"? and James O Marx"?"

Balanced anesthesia—the use of a combination of drugs to achieve a desired anesthetic plane—offers many benefits,
including smoother induction and recovery and fewer adverse effects than occur with individual drugs. Although pre-
medication prior to inhalant anesthesia is routine in other species, mice are commonly induced with gas anesthesia alone.
The hypothesis of this study was that premedication with ketamine or xylazine would safely reduce the stress of isoflurane
induction and lower the minimum alveolar concentration (MAC) of isoflurane. Young adult male and female C57BL/6] mice
were premedicated with ketamine (100 mg/kg), xylazine (4 mg/kg), or isotonic crystalloid (0.1 mL) and were used in 4 experi-
ments. First, isoflurane induction was video recorded under all test conditions, and the videos were scored according to a
behavioral ethogram to identify signs of distress. Mice in the ketamine group experienced tremors and ataxia before and dur-
ing induction. Therefore, ketamine was given after induction with isoflurane in subsequent experiments. Second, the MAC
value for each anesthetic protocol was determined by using quantal and bracketing analysis. Third, mice were anesthetized
according to the 3 protocols, and vital parameters were monitored for 60 min. Finally, anesthetized mice were challenged
with hypoxia and hypovolemia, and vital parameters were monitored. Premedication with xylazine significantly reduced the
stress scores for isoflurane induction (control, 7.3 £ 1.5; ketamine, 6.0 * 3.0; xylazine, 3.1 = 1.0). Ketamine and xylazine both
reduced the MAC of isoflurane (control, 1.89%; ketamine, 0.96%; xylazine, 1.20%). All mice survived 60 min of anesthesia and
the hypoxia-hypovolemia challenge. Premedication with xylazine reduced the stress of induction and lowered the necessary
dose of isoflurane in C57BL/6] mice to maintain a surgical plane of anesthesia. We recommend administering xylazine before
isoflurane induction and anesthesia of healthy mice that are undergoing procedures in which 100% oxygen is provided and
anticipated blood loss is less than 10% to 15% of the total blood volume.

Abbreviations: HR, heart rate; LORR, loss of righting reflex; LRS, lactated Ringer solution; MAC, minimum alveolar concentration;
RR, respiratory rate; SpO,, peripheral oxygen saturation
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Although this practice is common in other mammalian spe-
cies, mice are routinely induced with gas anesthesia alone.!%1”
Isoflurane offers many advantages in murine anesthesia, in-
cluding easy titration of the dose and depth of anesthesia and
rapid induction of and recovery from anesthesia.>?! However,

Introduction
Although murine anesthesia is a common procedure in
biomedical research, anesthetic standards for mice lag behind
those for other species in multiple areas, including options for
anesthetic protocols, monitoring, and supportive care. Balanced

anesthesia is widely used in human and veterinary medicine.
Also known as multimodal anesthesia, balanced anesthesia is
defined as the use of a combination of drugs and techniques
to achieve a desired level of anesthesia. Previous studies in
multiple species have evaluated balanced anesthesia protocols
using a combination of injectable and inhalant anesthetics and
have found them to have many benefits, including improving
the quality of induction and reducing the amount of inhalant
anesthetic required to keep animals at a surgical plane of an-
esthesia 9111219,23,41,47

Premedication with a sedative or injectable anesthetic is
one example of a balanced technique and has been used to
reduce the stress associated with gas anesthesia induction.>2633
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despite isoflurane’s utility, challenges associated with using
it as a sole anesthetic agent include aversiveness to animals,
dose-dependent cardiovascular and respiratory depression,
and absence of enduring analgesia after surgery.!415242627,37
Premedication with an injectable anesthetic prior to isoflurane
induction and anesthesia can be used to mitigate some of these
concerns, improving both the safety and reducing the stress of
anesthetic events.'”?

In 1847, a veterinarian studying ether anesthesia in dogs
reported that their actions—including excitement, high muscle
tonus of the tail, and vocalizations—were extremely distasteful
and indicative of suffering.*? Since then, gas induction without
sedation has largely fallen out of favor for most species and is
used only when specifically indicated. More than 150 y later,
other researchers described the behaviors of mice induced with
sevoflurane to include “defecation, urinating, shaking the head
or limbs, jumping, and locomotion.”” Despite the fact that mice
experience similar behaviors to those identified as distress-
ful in dogs in 1847, the use of isoflurane without sedation is
still considered the “preferred anesthetic for all rodents when
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equipment for gas anesthesia and scavenging is available.”!”
Reducing the stress of inhalant-only anesthesia would be a
significant improvement in the welfare for mice in research,
because minimizing stress is an important part of fear-free
handling throughout veterinary medicine.

The current study evaluated how the administration of intra-
peritoneal ketamine or xylazine prior to isoflurane anesthesia
affected the induction and maintenance of anesthesia in mice.
Ketamine and xylazine are 2 commonly used anesthetics in
mice. Ketamine is a N-methyl-d-aspartate receptor antagonist
that produces anesthesia and analgesia with minimal depression
of the cardiovascular system and has been included in balanced
anesthetic protocols in multiple species.3710202541 Xylazine is
an 02 adrenergic receptor agonist commonly used in balanced
anesthetic protocols; this drug causes sedation and muscle re-
laxation and has analgesic properties.3® We chose these 2 drugs
because of their potential to significantly reduce the amount of
isoflurane necessary to maintain a surgical plane of anesthesia
and to decrease the overall distress associated with the induc-
tion of inhalant anesthesia. Distressing events associated with
different aspects of the induction process include the injection of
premedications, the period between the injection and the start of
induction with the inhalant agent, and the actual induction with
inhalant. Administration of ketamine prior to inhalant induction
has been associated with distress in some species but has also
been shown to reduce the stress of induction in the anesthetic
chamber.2® No study to date has objectively evaluated cumu-
lative stress during the induction of inhalant anesthesia.”?026

The hypothesis of the current study was that premedication
with xylazine or ketamine would reduce the stress of induction
with isoflurane, lower the minimum alveolar concentration
(MAC) of isoflurane, and improve the physiologic response to
pathologic conditions under anesthesia in mice. Another goal of
this study was to provide dosages and data for the expected vital
parameters commonly monitored in anesthetized mice for the 3
protocols tested. These monitoring data are helpful for identify-
ing abnormalities in mice under anesthesia and can potentially
signal the need for the anesthetist to intervene before critical
clinical issues arise. Finally, we designed a protocol to evalu-
ate these anesthetic combinations under pathologic conditions
by inducing hypoxia and hypovolemia in anesthetized mice.

Materials and Methods

Overview of experiments. This project consisted of 4 experi-
ments. Experiment 1 examined the effect of premedication with
ketamine or xylazine on the stress of anesthetic induction with
isoflurane. Experiment 2 evaluated the effect of premedication
with ketamine or xylazine on the MAC of isoflurane in mice.
Experiment 3 measured the vital parameters over 60 min of
anesthesia for the 3 anesthetic protocols. Experiment 4 tested
whether premedication with ketamine or xylazine improved
physiologic responses to combined hypoxia and hypovolemia
under isoflurane anesthesia.

Mice. Male and female C57BL /6] mice (Mus musculus; n = 50;
age, 8 to 20 wk; weight, 17 to 27 g; Jackson Laboratories, Bar
Harbor, ME) were used in this study. Mice were housed in an
AAALAC-accredited facility under a 12:12-h light:dark cycle,
fluorescent lighting, 315 Lux, in same-sex groups of 5 mice per
cage in static polycarbonate microisolation cages with 75 in.?
(484 cm?) of floor space (Max 75, Alternative Design, Siloam
Springs, AR) containing disposable bedding (0.12-in. Bed-
O-Cobs, The Andersons, Maumee, OH) with cotton squares
(Nestlets, Ancare, Bellmore, NY). Mice were fed standard pel-
leted laboratory rodent chow (no. 5001, LabDiet, St Louis, MO)

without restriction and received municipal water supplied by
bottle. Sentinel mice in the facility were tested routinely and
were considered to be free of fur mites, pinworms, and con-
tagious pathogens, including mouse hepatitis virus, mouse
parvoviruses, rotavirus, ectromelia virus, Sendai virus, pneu-
monia virus of mice, Theiler murine encephalomyelitis virus,
reovirus, Mycoplasma pulmonis, lymphocytic choriomeningitis
virus, mouse adenovirus, and polyomavirus. Mice were given
atleast 7 d to acclimate to the housing facility and cage environ-
ment prior to the start of the study. Each mouse in this study
underwent no more than 2 anesthetic events with at least a 10-d
washout period between experiments. All procedures were ap-
proved by the University of Pennsylvania’s IACUC.

Premedication. For all experiments, mice were weighed on
a digital scale (model KD-160, Tanita, Arlington Heights, IL)
prior to dosing. Mice were randomly assigned to experimental
groups prior to each experiment. Mice received either isotonic
crystalloid fluid (0.1 mL IP; lactated Ringer solution [LRS],
Hospira, Lake Forest, IL), ketamine HCI (100 mg/kg IP; 100
mg/mL diluted to 10 mg/mL; Ketaset, Zoetis, Kalamazoo,
MI), or xylazine (4 mg/kgIP; 20 mg/mL diluted to 0.8 mg/mL;
AnaSed, Akorn, Lake Forest, IL). Ketamine and xylazine were
diluted in 0.9% sodium chloride and used within 12 h. Mice
were picked up by the base of the tail or with a cupped hand
and then briefly scruffed for injections. All injections were
performed by the same experimenter (EMD) to limit variability
in technique. Injections were administered intraperitoneally
in the lower left or right quadrant of the abdomen by using
a 1-mL syringe and 27-gauge needle. For experiment 1, mice
in all groups were injected 5 min before anesthetic induction.
Based on an objective assessment of the quality of induction in
experiment 1, mice in subsequent experiments received keta-
mine injections immediately after induction with isoflurane,
whereas mice that received xylazine or LRS were injected 5
min before anesthetic induction.

Anesthetic induction, maintenance, and monitoring of
anesthesia. Mice in all groups were induced with 4.0% isoflurane
(Isoflurane, Piramal Critical Care, Bethlehem, PA) in either 100%
oxygen (experiments 1 through 3) or 21% oxygen (experiment
4) in an anesthetic induction chamber. The gas flow rate for
induction was 2.0 L/min. The induction chamber was not filled
with isoflurane prior to putting the mouse in the chamber. After
loss of the righting reflex (LORR) occurred, mice were moved
to a nose cone and received isoflurane in either 100% oxygen
(experiments 1 through 3) or 21% oxygen (experiment 4). For
maintenance of anesthesia, the gas flow rate was reduced to
0.6 L/min. Mice were placed in dorsal recumbency on a circu-
lating water blanket (Stryker T/Pump, Kalamazoo, MI) under
an adjustable heat lamp, which was adjusted as needed to
maintain mice at a body temperature of 35 to 37 °C throughout
all experiments. Eye lubricant (Akorn, Lake Forest, IL) was ap-
plied, a rectal temperature probe (9 mm; RET3, ThermoWorks,
American Fork, UT) connected to a thermocouple (TW2-193,
MicroTherma, ThermoWorks, American Fork, UT) was inserted,
and a mouse-specific pulse oximeter (MouseSTAT Jr; Kent
Scientific; Torrington, CT) was placed on the left or right hindfoot;
the oximeter was removed briefly when the depth of anesthesia
(described in experiment 2) was assessed. Respiratory rate (RR)
was measured by visually counting thoracic excursions. Heart
rate (HR), RR, peripheral oxygen saturation (SpO,), body tem-
perature, and depth of anesthesia were recorded every 5 min.
Throughout all experiments, the isoflurane concentration at the
fresh gas outlet was measured in real time by using an anes-
thetic gas monitor (Poet IQ2, Anesthetic Gas Monitor Criticare
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Systems, Waukesha, WI). Because the isoflurane concentrations
were measured from the inspiration gas stream, they were only
estimates of the alveolar isoflurane concentration.

Postprocedural analysis. Body temperature was measured
until the return of righting reflex. All mice were normothermic
when return of righting reflex occurred. Heat support was
provided until mice were fully ambulatory, at which point
mice were returned to the home cage. No anesthetic reversals
were given. Any mice that died under anesthesia were evalu-
ated by necropsy for gross and histopathologic abnormalities.
All statistical analysis was performed using SigmaPlot 12.3
(Systat Software, San Jose, CA). Statistical significance was set
at P < 0.05. The specific tests performed are described for each
experiment.

Experiment 1: Scoring the stress of induction. Individual mice
were randomly assigned to an experimental group; injected as
described above with either ketamine (1 = 7; male mice, 3; female
mice, 4), xylazine (n = 7; male mice, 2; female mice, 5), or LRS
(n =7, male mice, 3; female mice, 4); and returned to the home
cage for 5 min. Anesthesia was then induced by using 4.0%
isoflurane in 100% oxygen. A videorecording device (Apple,
Cupertino, CA) directed along the long axis of the cage was used
to record mice in the home cage starting 4 min after injection
and in the induction chamber until LORR. Each videorecording
was assigned a random number and scored according to a be-
havioral ethogram (Figure 1) to identify signs of distress during
induction. The mice were evaluated during the minute before
transfer to the induction chamber and throughout the time they
were in the chamber. Videos were scored throughout induc-
tion for the presence of frantic behaviors, tremors, and ataxia.
Frantic behavior was defined as rapid exploratory behavior,
abnormal alteration in activity level, flipping, spinning, pacing,
or rearing onto back legs. Tremors were defined as repetitive,
involuntary muscle movements (localized or generalized).
Ataxia was defined as uncoordinated attempts to walk or stand,
loss of balance, or postural abnormalities. Ataxia was scored as
mild, moderate, or severe. Mild ataxia was defined as mild gait
abnormalities but full ambulation. Moderate ataxia was defined
as poor ambulation with pronounced gait abnormalities. Severe
ataxia was defined as a complete loss of balance with at least
one fall. Videos were scored by 2 veterinarians who were expe-
rienced in evaluating rodent behavior and who were blind to
the anesthetic protocol the mouse had received. The correlation
between the 2 scores was 0.91 (P < 0.001). The scores of the 2
reviewers were averaged for statistical analysis.

Statistical analysis of experiment 1 used a block design, with
sex as the blocking factor. The effect of sex on induction stress

Ketamine or xylazine use with isoflurane anesthesia

was compared by using a f test (SigmaPlot 12.3), Systat, San Jose,
CA). The scores for the behavioral ethogram were compared by
ANOVA, using the anesthetic protocol as the main effect.323%
Tukey posthoc analysis was performed to further define actual
statistical differences in stress between groups. The analysis was
then extended to compare the effects of the different protocols
on stress before the mice were moved to the induction chamber
and during the time in the induction chamber, again by using
one-way ANOVA and Tukey posthoc testing when significant
effects were detected. Data are reported as mean + 1 SD.

Experiment 2: MAC determination. Individual mice were
randomly assigned to 3 groups and injected intraperitoneally
with ketamine (n = 11; male mice, 5; female mice, 6), xylazine
(n =11; male mice, 5; female mice, 6), or LRS (1 = 8, male mice, 4;
female mice 4) as described above. The videos recorded during
experiment 1 showed that mice in the ketamine group experi-
enced tremors and ataxia both before and during induction, in
addition to distress associated with the injection. Because of
these observations, mice in the ketamine group were injected
immediately after induction with isoflurane, whereas mice in
the xylazine and control groups were injected 5 min before
anesthetic induction.

All mice were induced with 4.0% isoflurane and 100% oxygen
in an anesthetic induction chamber until LORR. Mice were then
transferred to a nose cone and instrumented and monitored
as described above (Maintenance and Monitoring of Anesthesia).
After instrumentation, isoflurane delivery was set to the first
experimental concentration. Mice remained at the first of 3
randomly selected and increasing experimental isoflurane con-
centrations for 15 min to allow equilibration. Mice were tested
at increasing isoflurane concentrations in each experiment to
prevent neural inertia from affecting their response.!62346 This
strategy differs from the traditional up—down technique of
MAC determination and helps prevent the previous state of
consciousness and responsiveness from affecting subsequent
testing.2® Mice were given 10 min to equilibrate to the 2nd and
3rd experimental concentrations.!%?34547 [soflurane concentra-
tions evaluated ranged from 1.5% to 2.1% for control mice, 0.7%
to 1.6% for the mice receiving ketamine, and 0.7% to 1.9% for
the mice receiving xylazine. Because of the differences in these
ranges, the experimenter was aware of the premedication that
the mouse received.

After the equilibration period, the depth of anesthesia was
assessed at each isoflurane concentration by using a 300-g
noxious stimulus (Touch Test, North Coast Medical, Gilroy,
CA). The device is a handheld filament that delivers 300 g of
force when depressed manually and bends when this force is

Preinduction In induction chamber
Points Ataxia Tremors Time to last movement Ataxia Frantic behavior Tremors
0 Absent Absent <30s None None None
1 Absent Absent 30 to <60 s Mild <15s <15s
2 Present Present 60 to <90 s Moderate 15to<30s 15t0<30s
3 Present Present >90 s Severe >30 s >30 s or rapid tremors

Figure 1. Ethogram used to score anesthesia induction. Frantic behavior was defined as rapid exploratory behavior, abnormal alteration in activ-
ity level, flipping, spinning, pacing, or rearing onto back legs. Tremors were defined as repetitive, involuntary muscle movements (localized or
generalized). Ataxia was defined as uncoordinated attempts to walk or stand, loss of balance, or postural abnormalities. Ataxia was scored as
mild, moderate, or severe. Mild ataxia was defined as mild gait abnormalities but full ambulation. Moderate ataxia was defined as poor ambula-
tion with pronounced gait abnormalities. Severe ataxia was defined as a complete loss of balance with at least one fall.
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reached, limiting the amount of force delivered. In previous
studies, application of the touch test device reliably replicated
the response to a firm toe pinch, delivering consistent force
each time without causing lameness or pain in the mouse after
the procedure.? The stimulus was delivered 4 times, alternat-
ing between hindfeet, with at least 30 s between tests. When a
vigorous response to the touch test occurred on the first test,
no further tests were performed to prevent testing from alter-
ing the plane of anesthesia. The response was defined as either
a positive or negative response to the 300-g noxious stimulus.
Any movement in any of the 4 trials was considered a positive
response, and a lack of movement in response to any of the
noxious stimuli was considered a negative response. After test-
ing at 3 isoflurane concentrations, anesthesia was discontinued,
and mice were monitored until fully recovered.

In the statistical analysis of experiment 2, the isoflurane MAC
value was determined for each anesthetic protocol by using both
quantal analysis and a bracketing technique. For the quantal
analysis, the percentage of mice that did not respond to the
noxious stimulus at each isoflurane dosage was graphed and
compared among isoflurane concentrations. These data were
then fit to a sigmoidal curve by using logistical regression. The
isoflurane percentage on this curve at which 50% of the mice
were not responsive to the stimulus was determined to be the
isoflurane MAC value for that anesthetic protocol. For the
bracketing analysis, the transition point for each mouse was
determined as the average of highest isoflurane percentage with
a positive response to the noxious stimulus and the lowest iso-
flurane concentration with no response to the noxious stimulus.
Because of the random isoflurane concentrations tested for each
mouse, a mouse was not included in the bracketing analysis
if all of its tests were either positive or negative. The average
values were then compared by using one-way ANOVA, with
drug protocol as the main effect. When significant differences
were detected, Tukey posthoc analysis was performed.

Experiment 3: 60-min trials. Individual mice were randomly
assigned to experimental groups and injected intraperitoneally
with ketamine (1 = 6; male mice, 3; female mice, 3), xylazine
(n = 6; male mice, 3; female mice, 3), or LRS (n = 4; male mice,
2; female mice, 2). Based on the results of experiment 1, mice
in the xylazine and control groups were injected 5 min before
anesthetic induction, whereas mice in the ketamine group were
injected immediately after induction. Mice in all groups were
induced with 4.0% isoflurane and 100% oxygen until LORR.
For experiments 3 and 4, the maintenance isoflurane percent-
age for each group was determined based on the results of
experiment 2; mice were maintained at 0.2% isoflurane above
the first percentage at which 100% of the mice had lost the re-
sponse to the noxious stimulus in experiment 2. This isoflurane
concentration was expected to reliably keep essentially 100%
of C57BL/6] mice at an anesthetic plane in which they would
not respond to a noxious stimulus. Therefore, experiments
3 and 4 were conducted by using 2.2% isoflurane for control
mice, 1.6% isoflurane after xylazine premedication, and 1.3%
isoflurane after ketamine premedication. Due to the different
isoflurane concentrations for each group, the scorer was aware
of the experimental group. Vital parameters (HR, RR, SpO,,
temperature) and depth of anesthesia were recorded every 5
min. After 60 min, isoflurane anesthesia was discontinued, and
mice were monitored until fully recovered.

Statistical analysis in experiment 3 used a block design for
HR, RR, and SpO,, with sex as the blocking factor. The effect
of sex on each of the 3 dependent variables was measured by
using a t test; 2-way, repeated-measures ANOVA, with time

and anesthetic protocol as main effects for the 3 dependent
variables. When significant differences were detected, Tukey
posthoc analysis was performed.

Experiment 4: Pathologic conditions under anesthesia.
Mice were injected intraperitoneally with ketamine (n = 4;
male mice, 2; female mice, 2), xylazine (n = 4; male mice, 2;
female mice, 2), or LRS (n = 4; male mice, 2; female mice, 2),
with mice in the xylazine and control groups injected 5 min
before anesthetic induction and those in the ketamine group
immediately after induction. Mice were induced with 4.0% iso-
flurane in 21% oxygen in an anesthetic induction chamber until
LORR. Mice were moved to the nose cone and instrumented
as described for previous experiments. In addition, in experi-
ment 4, a continuous electrocardiogram monitoring system
(ECGenie and eMouse 11 Analysis Software, Mouse Specifics)
was used to monitor for cardiac arrhythmias and HR variabil-
ity. Due to technical difficulties, ECG was not recorded in 2 of
the mice in the control group. HR variability was calculated as
the standard deviation between differences in sequential heart
beats for the complete set of ECG signals and was evaluated at
5 time points: 5 min after induction, just before the acute blood
loss, just after acute blood loss, 5 min after blood loss, and just
before discontinuing isoflurane.! The isoflurane concentration
was set according to the results of experiment 2 (control, 2.2%;
xylazine, 1.6%; ketamine, 1.3%) and delivered in 21% oxygen.
As in experiment 3, due to the different isoflurane concentration
for each group, the researcher was aware of the experimental
group. Mice anesthetized with 21% oxygen as a carrier gas have
been shown to be hypoxemic. Mice were monitored every 5
min as described in the section Maintenance and Monitoring of
Anesthesia. After 20 min, retroorbital bleeding was performed
to collect approximately 10% to 15% of blood volume, with the
goal of making mice hypovolemic in addition to hypoxemic.
To ensure hemostasis, firm pressure was applied to the eye for
approximately 10 s after blood collection. After 60 min of anes-
thesia, isoflurane was discontinued, and mice were monitored
until recovered.

Data from experiment 4 were analyzed using a block design
performed on HR, RR and SpO,, with sex as the blocking
factor. The effect of sex on each of the 3 dependent variables
was measured by using a t test. Two-way, repeated-measures
ANOVA was then performed, with time and anesthetic pro-
tocol as main effects for each dependent variable. In addition,
2-way repeated-measures ANOVA was performed to test the
effects of time and anesthetic protocol on HR variability. When
significant differences were detected, Tukey posthoc analysis
was performed.

To compare the effect of using 21% or 100% oxygen as the
carrier gas, 3-way ANOVA was performed on data from experi-
ments 3 and 4 collected during the first 20 min of anesthesia for
each anesthetic protocol. In the first 20 min—the period before
blood loss—the only difference between experiments 3 and 4
was the use of 100% oxygen (experiment 3) compared with 21%
oxygen (experiment 4) as the carrier gas for isoflurane delivery.
The dependent variables analyzed were SpO,, HR, and RR, and
the main independent variables tested were anesthetic protocol,
oxygen concentration, and time. When significant differences
were detected, Tukey posthoc analysis was performed to iden-
tify specific differences.

Results
Experiment 1: Induction scoring. Sex did not have a significant
effect on the stress of the mice during this experiment (P = 0.87).
The sexes were then pooled for subsequent analysis. In contrast,
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premedication significantly (P = 0.002) influenced induction
scores (mean 1 SD; control, 7.3 = 1.5; ketamine, 9.0 * 3.6;
xylazine, 3.8 +1.2), where a lower score represented a less stress-
ful induction. Posthoc analysis showed that scores of mice in the
xylazine group were significantly lower during induction than
were those of either the control (P = 0.033) or ketamine groups
(P=0.002) and that the scores of the ketamine and control groups
were not significantly different. One mouse in the ketamine
group died immediately after intraperitoneal injection of keta-
mine and was not included in this statistical analysis; necropsy
revealed a mild amount of subcutaneous hemorrhage at the
injection site, and histopathology showed no lesions. Further
analysis revealed that the control mice had significantly lower
stress scores before being moved to the induction chamber than
did either of the other groups (control, 0.0 + 0.0; ketamine, 3.0
+0.8; xylazine, 0.7 £ 0.4; P < 0.001 for both groups). After being
moved to the induction chamber, xylazine-premedicated mice
had lower scores than did either of the other 2 groups (control,
7.3+1.5; ketamine, 6.0 +3.0; xylazine, 3.1+ 1.0; P <0.003 between
xylazine and control groups; P = 0.036 between xylazine and
ketamine groups), which did not differ significantly from each
other. After intraperitoneal injection, control mice returned to
normal behavior very rapidly, whereas some of the mice that re-
ceived xylazine showed ataxia and those that received ketamine
showed both ataxia and tremors. During anesthesia induction
with isoflurane, scores of control and ketamine-treated mice
were not different, but the 2 groups had qualitative differences.
In particular, control mice displayed frantic behavior and ataxia,
whereas most of the mice given ketamine had tremors and some
ataxia. However, the responses of mice that received ketamine
varied markedly during induction, with some showing sedation
that appeared to lessen stress in the induction chamber. This
sedation resulted in the mice becoming nonambulatory and
showing minimal movement during induction. This variable
response resulted in the high standard deviation in this group’s
scores, indicating an unpredictable response to ketamine. Mice
that received xylazine were calm and heavily sedated while in
the induction chamber and showed few signs of distress during
induction. Representative videos of mice during induction with
each of the 3 protocols are provided as supplemental material
(Videos S1-S3).

Experiment 2: MAC determination. Based on quantal analysis,
both ketamine and xylazine caused left-shifting of the iso-
flurane dose-response curve, indicating a reduction in MAC
(Figure 2). The analysis found an isoflurane MAC of 0.96% for
the ketamine group, 1.20% for the xylazine group, and 1.89%
for the control group. The MAC value for the control group is
consistent with previous studies using similar noxious stimuli
in C57BL/6 mice.#?3 The bracketing analysis yielded similar
MAC values as the quantal analysis; 1.07% * 0.20% isoflurane
for the ketamine group, 1.32% * 0.11% isoflurane for xylazine-
treated mice, and 1.86% + 0.05% for control animals. These
values were all significantly different from each other (P <0.001
between the control group and both the ketamine and xylazine
groups; P = 0.025 between the ketamine and xylazine groups).
The greater variability of the transition point when using the
injectable products is consistent with the steep dose-response
curve associated with inhalant anesthesia.®

Experiment 3: 60-min trials. All mice survived 60 min of
anesthesia and remained at a surgical plane of anesthesia for
the duration of the experiment. The data analysis showed that
sex was not a significant factor in the HR, RR, and SpO, as-
sociated with each protocol (Figure 3). In particular, both time
and drug protocol significantly affected HR (P < 0.001 for both
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Figure 2. Quantal analysis of xylazine, ketamine, and control groups
(data pooled for male and female mice). The horizontal black line bi-
secting the graph is the 50% line: the isoflurane concentration at which
50% of the mice were not responsive to the noxious stimulus (ie.,
the minimum alveolar concentration, MAC). The results show left-
shifting of the curves (i.e., decreased isoflurane MAC) for mice that
received xylazine or ketamine.

independent variables), such that the control mice had signifi-
cantly higher HR at all time points as compared with mice that
received ketamine or xylazine. In addition, for almost all time
points after 15 min, HR was significantly higher in ketamine-
treated mice than in the mice receiving xylazine. Finally, the HR
of the control mice increased gradually over the course of the
experiment, with the HR at first 2 time points being significantly
lower than those at the last 2 time points.

Both time and drug protocol had a significant effect on RR
(P < 0.001 for both independent variables). The control mice
had the lowest RR at all time points, and RR was lower in mice
given xylazine than in those given ketamine at all time points
except 35 min. RR in the control mice fell gradually throughout
the experiment, achieving statistical significance between the
5-min and the 55- and 60-min time points. Mice given ketamine
had no significant changes in RR over time, whereas the xylazine
group showed a significant difference only between the 15- and
35-min time points. No significant differences were detected in
SpO,, and none of the mice became hypoxic.

Experiment 4: Physiologic responses to an anesthetic chal-
lenge. All mice in all 3 groups survived 60 min of anesthesia. Sex
had a significant effect on SpO, but not on HR or RR. Posthoc
analysis showed that the sex effect was due to the mice given
xylazine (P < 0.001) rather than the control and ketamine groups.
In the xylazine-treated group, the SpO, was 70.5% + 4.9% in
male mice and 79.2% + 5.0% in female mice.

The data analysis focused on changes in the dependent vari-
ables between 20 min and subsequent measurements, because
this interval covered the period from immediately before to just
after the induced blood loss. Both time (P = 0.006) and drug
protocol (P < 0.001) had a significant effect on HR. The HR of
the mice given ketamine fell significantly at all time points after
blood loss (Figure 4), compared with no significant changes in
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A the HR of the control or xylazine groups. Even in the context
500 of hypoxia and hypovolemia, the pattern of HR was the same
as for experiment 3, with control mice having the highest HR,
o followed by the mice given ketamine and then those treated
2 7001 with xylazine. In addition, the HR of the control mice gradu-
€ ally increased over the 60 min of anesthesia, as in experiment 3.
'g:_ 600 + Both time (P < 0.001) and drug protocol (P < 0.001) signifi-
" cantly affected RR, with ketamine and xylazine groups showing
E 500 - significantly lower RR at the 25- and 30-min time points com-
=4 pared with the 20-min time point (before blood loss; Figure 3).
% 400 4 The RR in the control group gradually fell over the course of the
o experiment, similar to the pattern in experiment 3.
= 300 All the mice were clinically hypoxic during the 60 min of
£ anesthesia when 21% oxygen was used as the carrier gas (ex-
periment 4). Time had a significant effect on the SpO, of the
W =777 mice (P = 0.007), and due to the profound hypoxia seen in the
5 101520 25 30 35 40 45 50 55 60 male mice, the xylazine-treated mice tended (P = 0.057) toward
Time (minutes) a lower SpO, than those of the other 2 groups. No significant
B changes were detected in SpO, within any of the drug protocols
. around the time of blood loss.
% 160 Neither time nor drug protocol had a significant effect on
E 130 | HR variability. Analysis of the ECG recordings revealed that
. one of the control mice had 2 premature ventricular contrac-
o 120 | tions (Figure 5A). In addition, mice had infrequent episodes of
& atrial premature contractions (Figure 5B) under all 3 protocols.
‘g 100 4 The effect of hypoxia on autonomic functions was analyzed
S using data from the first 20 min of experiments 3 and 4, be-
> 80 - fore blood collection, when the only difference between the
E ek experiments was the carrier gas—either 100% or 21% oxygen.
> 60 b As expected, the mice that received 100% oxygen as the carrier
% { . } S . 3 E _ gas had significantly (P < 0.001) higher SpO, than did the mice
£ 40 4 - ' I . E given 21% oxygen (Figures 3 and 4). In addition, no difference
@ in SpO, was detected among groups when mice received 100%
r ———" 77— 77— 71— oxygen, but when 21% oxygen was used, SpO, was lower in
5 1015 20 25 30 35 40 45 30 55 60 the mice given xylazine as compared with the other 2 protocols.
Time (minutes) Similarly, both oxygen level (P < 0.001 for both) and anes-
c thetic protocol significantly affected HR and RR (P < 0.001 and
P =0.005, respectively). As compared with 100% oxygen, 21%
= oxygen yielded higher HR in all 3 anesthetic protocols, achiev-
-% 100 4 ing statistical significance for the mice receiving ketamine. Mice
5 that received 21% oxygen had significantly higher RR than did
E those receiving 100% oxygen for both the control and ketamine
c 901 groups, with no significant difference between the 2 in the mice
3 given xylazine. Time had a significant effect on RR (P = 0.022)
o o but not on SpO, (P = 0.356) or HR (P = 0.878).
g /
2 Discussion
& Due to the ability of balanced anesthesia to facilitate smooth
o 70 1 induction and recovery and to reduce the dose-dependent ad-
2 verse effects of the component drugs, this anesthetic technique is
o0 widely used in human and veterinary medicine. The hypothesis

of the current study was that premedication with ketamine or
xylazine prior to isoflurane anesthesia would produce similar
benefits in mice. We found that the use of xylazine minimized
the stress of induction, and both ketamine and xylazine safely
- reduced the amount of isoflurane required to maintain a surgical
—e— Xylazine .. . . .
—w— Ketamine plane of anesthesia in mice. Furthermore, when mice experi-
<& Control enced induced hypoxia and hypovolemia under anesthesia,
all mice survived these challenges. Both of the tested balanced
(A) Effect of each anesthetic combination on heart rate over time. (B) angsthetlc protocols regulted 1N SUTPTISING Cl}anges at th.e time
Effect of each anesthetic combination on respiratory rate over time. of induced blood loss, lncludlng a decrease in HR desplte the

(C) Effect of each anesthetic combination on SpO, over time. T = 0 acute hypovolemia.
min is the initiation of anesthesia.

5 10 15 20 25 30 35 40 45 50 55 60
Time (minutes)

Figure 3. Experiment 3, which used 100% oxygen as the carrier gas.
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A Isoflurane induction is not only distressful but is also po-
tentially dangerous in some species, including guinea pigs
and rabbits, which have been reported to breath-hold when
induced with isoflurane.*1517.383 In rabbits, this breath-holding
700 1 is accompanied by bradycardia and leads to hypercapnia and
{ { . } 1 I _ } acidosis.!* In many species, premedication prior to gas induc-
600 | 1 { T { tion provides a quicker induction and milder changes in vital
$ { 1 parameters including HR, blood pressure, and RR.* Studies in
500 - ]f/ N mice and other species have shown that premedication can de-
- N
¥ % E_ % T } ~

800

crease the length of induction and reduce stressful behavior.%2633

Experiment 1 showed a significant reduction in the stress of
anesthetic induction for mice premedicated with xylazine as
compared with control mice. Whereas control mice displayed

400 A

Heart Rate (beats per minute)

%0 frantic behaviors and appeared distressed during induction,
the mice premedicated with xylazine were calm, with no
200 5 40 15 20 25 =0 55 40 45 =0 55 &0 tremors or franti.c bghaviors noted. Tjhis response was consist-
) ) ent across all mice in the group, with little difference noted
Time (minutes) between individual mice. The response to premedication with
B ketamine was more variable than for both xylazine premedica-
= 160 tion and in the control group. One mouse died after ketamine
5 administration, and 1 of the 4 surviving mice was profoundly
£ i sedated, whereas the other 3 mice behaved similar to control
g 140 . . oo . A
o mice, showing twitching, tremors, and incoordination both
g 120 | before and during induction. These behaviors are consistent
2 with a previous study that examined the effects of premedica-
E 100 1 tion with ketamine on sevoflurane induction in mice.? A second
8 study evaluating ketamine premedication prior to sevoflurane
o 80 anesthesia reported a variable response to ketamine injection,
& with some mice displaying tremors and ataxia, similar to the ob-
> 601 servations in the present study.?® The variability in the response
% to ketamine premedication not only complicates establishing
£ 404 recommendations for anesthetic regimens but also has the
E 2 potential to confound experimental results. Intraperitoneal in-

jection clearly is stressful to mice.!3*° One relevant study found
that intraperitoneal injection can increase plasma concentrations
of corticosterone and exacerbate the glucocorticoid response in
C mice, and another showed that mice given intraperitoneal injec-
tions show a higher HR than those that receive intramuscular
or subcutaneous injections.!3* When evaluating the benefit of
administering a premedication prior to induction, the benefits
. of drug administration must be sufficient to justify the stress
associated with the injection.

In view of the variability in response and the abnormal
behavior of mice given ketamine during induction, we do not
recommend this premedication for mice. If ketamine is used
in a balanced anesthetic protocol with isoflurane, it should be
given after isoflurane induction. Experiment 1 showed that pre-
medication with xylazine at the dose tested safely and reliably
reduces the distress associated with inhalant anesthetic induc-
tion. Future studies to examine the effect of a ketamine—xylazine

5 10 15 20 25 30 35 40 45 50 55 60
Time (minutes)

100 -

Sp0O, (% hemoglobin saturation)

&0 - combination on induction would be worthwhile, because the
5 10 15 20 25 30 35 40 45 50 55 60 muscle relaxation properties of xylazine would potentially
Time (minutes) reduce the severity of the tremors and ataxia that we observed

in ketamine-treated mice.2>40

Quantal and bracketing analysis demonstrated that premedi-

A Control cation with xylazine or ketamine reduces the MAC of isoflurane.
e x:::;?,',:e The MAC-reducing effect of ketamine and o2-adrenergic

agonists on inhalant anesthetics is consistent with previous
Figure 4. Experiment 4, which used compressed air containing 21% studies in dogs.!¥4 However, not all studies have shown a
oxygen as the carrier gas. (A) Effect of each anesthetic combination M AC-reduCing effect of ketamine in mice, inCluding one that

on heart rate over time. (B) Effect of each anesthetic combination on . .
respiratory rate over time. (C) Effect of each anesthetic combination showed no effect of ketamine on the MAC of sevoflurane; in

on SpO, over time. T = 0 min is the initiation of anesthesia; blood addition, some mice in that study showed apnea, tachypnea, and
collected at T = 20 min. cardiac arrhythmias, and 2 mice in the ketamine group died.?
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Figure 5. (A) ECG recording from a control mouse showing a premature ventricular contraction. Note the changes in the conformation of the
4th contraction compared with the other, normal contractions. (B) ECG recording showing atrial premature contractions. Note the decreased
interval between the 4th and 5th complexes. Mice in all 3 groups had atrial premature contractions noted on ECG.

Similarly, in our present study, one mouse died immediately
after intraperitoneal injection of ketamine, whereas none of
the mice in the xylazine group died, thus supporting a better
safety profile for xylazine than ketamine at the doses tested.
No significant gross or histologic abnormalities were noted on
examination of the mouse that died after receiving ketamine.

In experiments 3 and 4, all of the mice survived 60 min of
anesthesia and maintained a surgical plane of anesthesia. Iso-
flurane alone has been the ‘gold standard’ for mouse anesthesia
for approximately 2 decades.!” The results of the current study
show that the addition of an injectable anesthetic to inhalant
protocols can not only reduce the stress of isoflurane anesthesia
and decrease the MAC of isoflurane but also safely prolong the
surgical plane of anesthesia at lower isoflurane concentrations,
even after the injectable drugs likely have been metabolized. In
our study, all mice remained at a surgical plane of anesthesia for
60 min without the need for additional doses of the injectable
drug or increased isoflurane administration. This prolonged ef-
ficacy was particularly apparent for mice in the ketamine group,
given that the half-life of ketamine in mice has been reported as
13 min , whereas the half-life of xylazine is approximately 1 to
2 h.202948 The concept of neural inertia, which is defined as the
brain’s resistance to transition between arousal states, perhaps
contributes to our observations regarding the prolonged dura-
tion of a surgical plane of anesthesia despite relatively short
half-lives of the individual drugs.'® Plasma concentration of
either xylazine or ketamine at 60-min time point, although not
measured in the current study, combined with isoflurane at the
concentration delivered in this experiment would likely not
result in a surgical plane of anesthesia in a mouse; however, if
a mouse was already at a surgical plane, this anesthetic com-
bination would probably maintain the surgical plane. In the
current study, the anesthetic protocols were equalized using
MAC testing to determine the lowest anesthetic concentration
that would achieve a surgical plane of anesthesia in essentially
100% of the mice in each protocol; consequently, anesthetic
depths were similar in all 3 protocols.

The anesthetic challenge that we developed for experiment 4
evaluated the ability of mice to survive acute pathologic condi-
tions that are common during anesthesia. The goal of this test
was to assess whether the evaluated anesthetic protocols are
safe for procedures with a risk of hypovolemia, hypoxia, or
both—for example, surgery with a significant risk of hemor-
rhage. Pulse oximetry data confirmed that all mice were hypoxic
when isoflurane was delivered in 21% oxygen prior to blood

loss, consistent with previous studies demonstrating that mice
become hypoxic under anesthesia when not supplied with
100% oxygen.* Our group has previously shown that even in
healthy mice, the acute loss of 10% to 15% of the blood volume
significantly alters cardiovascular parameters.?®

Despite the combined hypoxia and hypovolemia, all mice in
experiment 4 survived 60 min of anesthesia, thus indicating the
safety of isoflurane, the anesthetic common to all 3 protocols,
in mice. This safety is related to the steep dose-response curve
of the inhalant anesthetics, such that a single concentration of
isoflurane keeps mice at a surgical plane of anesthesia without
causing a deeper, unsafe plane, leading to potentially blunted
autonomic reflexes or even death.843 The addition of injectable
anesthetics, which typically have more shallow dose-response
curves than inhalant agents, did not impair the ability of the
mice to survive the pathologic challenge.

Monitoring basic vital parameters during anesthesia can be
particularly difficult in mice, given the need for specialized
equipment and the fact that a single person is often responsible
for both surgery and anesthesia. Despite these challenges, when
evaluating novel anesthetic protocols, the vital parameters
during anesthesia should be monitored and reported. This
information prompts researchers to monitor vital parameters
when using these protocols by providing reference points that
indicate abnormalities and the need to intervene before clinical
complications arise.

In experiment 3, HR differed significantly among the 3
groups, with the control mice having the highest HR, followed
by the ketamine-treated mice and then the xylazine group.
The high HR in the control group, which received the high-
est concentration of isoflurane, gradually increased over the
course of the anesthesia. Isoflurane causes dose-dependent
hypotension;!” thus, the high HR in the control group may be a
compensatory response to this hypotension, such that HR rose
due to declining blood pressure over the 60 min of anesthesia.
One of the most important benefits of balanced anesthesia is
that it allows the use of lower doses of the component drugs,
consequently reducing adverse side effects. For example, keta-
mine administration improved ventilation, oxygenation, and
hemodynamics in isoflurane-anesthetized dogs.® Our group
has shown that ketamine causes a small decrease in HR in mice,
thus contrasting with most other species, in which ketamine
causes elevations in HR, cardiac output, and blood pressure
due to increased sympathetic tone.?3¢ The ability of ketamine
to preserve blood pressure and lower the amount of isoflurane
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required to maintain an equivalent plane of anesthesia may
have contributed to the lower HR in the ketamine group com-
pared with the control mice; however, we cannot confirm this
hypothesis because we did not measure blood pressure in the
current study. Lastly, 02-adrenergic agonists cause profound
bradycardia due to both central effects and influences on the
peripheral blood pressure, thereby explaining the decreased
HR in the xylazine-treated mice.*

The hypothesis of experiment 4 was that all mice would re-
tain enough autonomic nervous function to permit increased
HR to help compensate for the hypoxia before acute blood
loss: this hypothesis was correct. For all 3 protocols, mice had
significantly higher HR during the first 20 min of experiment
4 (i.e., before the induced blood loss) than in the first 20 min
of experiment 3. This outcome is strong evidence that the mice
were at the desired plane of anesthesia: deep enough to prevent
a motor response to the noxious stimulus but with sufficient
autonomic function to compensate for physiologic challenges.

That said, an unexpected decrease in HR was associated with
acute blood loss in experiment 4. We had hypothesized that
blood loss would cause a compensatory increase in HR in all
3 protocols due the induced hypovolemia. However, the mice
in the xylazine and ketamine groups both showed reductions
in HR after the induced blood loss. A potential explanation for
this is the oculocardiac reflex, which causes a reduction in HR
secondary to direct pressure placed on the eye. Immediately af-
ter blood collection via retroorbital bleeding, firm pressure was
applied to the globe for approximately 10 s. Recent studies in
humans have shown that premedication with the o2 adrenergic
agonist dexmedetomidine enhanced the bradycardia associated
with the oculocardiac reflex, whereas deeper inhalant anesthet-
ics blocked the oculocardiac reflex.!2% Further investigation into
the oculocardiac reflex in mice is needed to determine whether
this reflex might explain the decrease in HR after retroorbital
bleeding in these groups.

RR can be monitored in anesthetized mice without expensive
equipment. Because anesthesia impairs respiratory function,
this parameter is an important component of anesthesia man-
agement. Furthermore, changes in respiratory rate can predict
anesthetic complications in some situations.?3! Anesthetic-
related respiratory depression describes the inability of the
body to detect or respond to abnormal blood gas concentrations.
Although anesthesia is known to cause respiratory depression,
we could not study this condition in experiment 3 with our
available monitoring measures. When provided with 100%
oxygen, mice maintained normal SpO,; we did not measure
either end-tidal CO, concentrations or the blood acid-base
status. In experiment 4, in which isoflurane was delivered
in 21% oxygen, all 3 anesthetic protocols caused respiratory
depression—that is, the SpO, was between 70% and 85% for
substantial time—demonstrating that the anesthetized mice
could not compensate for the low oxygen concentrations. This
finding demonstrates that providing 100% oxygen as the carrier
gas for isoflurane can help to raise peripheral oxygen saturation
in mice. The SpO, was lower in mice that received xylazine as
compared with the other protocols. Arterial hypoxia has been
attributed to the use of o2-adrenergic agonists in ruminants,
but this effect is typically considered to be species-specific and
has not previously been confirmed in mice.?? A potentially
confounding factor in the analysis of SpO, is that vasoactive
drugs affect the accuracy of pulse oximeters.3* Xylazine causes
o2-adrenoceptor—mediated vasoconstriction, that together with
the low concentration of delivered oxygen, could explain the
lower pulse oximetry readings in these mice.* In addition, the

Ketamine or xylazine use with isoflurane anesthesia

pulse oximeter that we used works by passing 2 wavelengths of
low-intensity light, one red and one infrared, through tissue toa
photodetector; its outputs can be affected by sensor placement
and by tissue pigmentation and thickness. In future studies, arte-
rial PaO, values could be confirmed through blood gas analysis.
However, due to their small physical size and correspondingly
small blood volume, blood gas analysis is a far more invasive
procedure in mice than larger in animals.

RR in mice in the control and ketamine protocols were
higher when mice received 21% oxygen as compared with 100%
oxygen. In contrast, RR of xylazine-treated mice did not differ
between the 2 oxygen concentrations, likely contributing to
the lower SpO, values in the 21% oxygen mice. However, the
higher RR did not maintain normal oxygenation in the control
and ketamine groups although the SpO, concentrations were
above those of the mice receiving xylazine. Further analysis
revealed that the difference in SpO, between protocols was
due to a sex-associated difference in response to the xylazine—
isoflurane combination, with male mice having a significantly
lower SpO, than their female counterparts on other protocols.
The mice on the other 2 protocols showed no significant
sex-associated differences in SpO, responses. Sex-associated
differences have not previously been reported in response to
xylazine anesthesia in mice. Ultimately, determining which
physiologic values of isoflurane-anesthetized mice are predic-
tive of death would be valuable but a considerable amount of
effort would be necessary to accumulate enough data to be
predictive. In addition, tidal volume, end-tidal CO, measure-
ments, and arterial blood gas values would be useful to further
interpret the data but can be technically challenging to obtain in
mice and impractical for researchers in most settings.

All 3 anesthetic protocols studied were safe under the nor-
mal and pathologic conditions we tested and all 3 maintained
mice at a surgical plane of anesthesia (no motor response to a
noxious stimulus during stable physiologic parameters) for 60
min. Premedication with either ketamine or xylazine reduced
the MAC of isoflurane. Xylazine facilitated a smooth induc-
tion, without the tremors and ataxia noted in the control and
ketamine groups. Compared with ketamine, xylazine has ad-
ditional benefits, including the fact that xylazine is reversible
and is not a controlled substance. The findings in experiment 4
demonstrate that although xylazine showed greater blunting of
the respiratory response to hypoxia, mice in all groups survived
when challenged with hypoxia and hypovolemia. The results of
this study support the use of xylazine as a premedication for the
induction and maintenance of isoflurane anesthesia in healthy
C57BL/ 6] mice when 100% oxygen is provided and anticipated
blood loss is minimal.

Supplementary Materials
Video S1. Mouse after control injection.
Video S2. Mouse induction after ketamine injection.
Video S3. Mouse induction after xylazine injection.
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