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Abstract: Selecting the appropriate anesthetic protocol for the individual animal is an essential part
of laboratory animal experimentation. The present study compared the characteristics of four anesthetic
protocols in mice, focusing on the vital signs. Thirty-two male ddY mice were divided into four groups
and administered anesthesia as follows: pentobarbital sodium monoanaesthesia; ketamine and
xylazine combined (K/X); medetomidine, midazolam, and butorphanol combined (M/M/B); and
isoflurane. In each group, rectal temperature, heart rate, respiratory rate, and O, saturation (SPO,)
were measured, and the changes over time and instability in these signs were compared. The
anesthetic depth was also evaluated in each mouse, and the percentage of mice achieving surgical
anesthesia was calculated. K/X anesthesia caused remarkable bradycardia, while the respiratory
rate and SPO, were higher than with the others, suggesting a relatively strong cardiac influence and
less respiratory depression. The M/M/B group showed a relatively lower heart rate and SPO,, but
these abnormalities were rapidly reversed by atipamezole administration. The pentobarbital group
showed a lower SPO,, and 62.5% of mice did not reach a surgical anesthetic depth. The isoflurane
group showed a marked decrease in respiratory rate compared with the injectable anesthetic groups.
However, it had the most stable SPO, among the groups, suggesting a higher tidal volume. The
isoflurane group also showed the highest heart rate during anesthesia. In conclusion, the present
study showed the cardiorespiratory characteristics of various anesthetic protocols, providing basic
information for selecting an appropriate anesthetic for individual animals during experimentation.
Key words: isoflurane, ketamine, M/M/B (medetomidine, midazolam, and butorphanol combined),
pentobarbital, rodent

Introduction

When following the basic principles of laboratory
animal welfare, the selection of an appropriate and ef-
fective anesthetic protocol for each individual animal is
an essential part of laboratory animal experimentation.
Laboratory mice are anesthetized by either inhalation of

volatile anesthetics or injection of drugs. Injectable an-
esthesia is often administered in rodents through the
subcutaneous or intraperitoneal route. Injectable anes-
thesia during rodent surgery can be achieved using a
mixture of ketamine and sedatives or using medetomi-
dine-based balanced anesthesia [2, 16, 17]. Inhalant
anesthetics available for use in laboratory animals in-
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clude halothane, isoflurane, sevoflurane, and desflurane
[1, 10, 12]. Among them, isoflurane is most the common
inhalant anesthetic used in rodents [22]. Inhalant anes-
thesia is highly demanded in rodents because the anes-
thetic depth can be easily controlled.

Along with compliance with the principles of labora-
tory animal welfare, it is also important to choose an
appropriate anesthesia for experimental intervention
because it can influence the experimental data [10]. One
factor in selecting an anesthetic is the required level of
anesthetic depth, that is, muscle relaxation, analgesia,
and hypnotic action, which varies depending on the sur-
gical procedure. Another important factor is the potential
for adverse reactions. Administration of anesthetic agents
induces systemic effects on the neuronal, cardiorespira-
tory, metabolic, and immune systems [4, 19, 29]. Among
them, cardiovascular and respiratory depression is a
major adverse reaction. The particular cardiovascular
abnormalities vary among anesthetic protocols [4, 10].
Therefore, understanding the effect of anesthesia on
cardiorespiratory adverse reactions is important when
selecting the anesthetic for laboratory animal experimen-
tation. Cardiovascular and respiratory function can be
assessed by monitoring vital signs, which include the
heart rate, respiratory rate, blood pressure, and O, satu-
ration (SPO,).

Although mice have often been used in basic anesthe-
siology studies, the safety of mouse anesthesia for ex-
perimental use has not been fully evaluated. The main
purpose of the present study was to compare the features
of injectable and inhalant anesthetics in mice, focusing
on vital signs. Cardiorespiratory influence was evalu-
ated for four anesthetic protocols, including ketamine
xylazine combined, medetomidine-based balanced an-
esthesia, pentobarbital sodium monoanesthesia, and
isoflurane. The variance in anesthetic depth for each
medication was also evaluated. The aim of the present
study was to better understand murine anesthesia.

Materials and Methods

Animals

Thirty-two male ddY mice aged 7 weeks and weighing
33.4-36.0 g were obtained from a commercial vendor
(SLC:ddY, Japan SLC Inc., Shizuoka, Japan). We se-
lected ddY mice in the present study, since they have
been used in animal experimentation, including pharma-
cological and toxicological trials. The animals were ac-

climated to the facility for 1 week before experimenta-
tion and kept in polycarbonate cages (CL-0106—1; 310
mm x 360 mm x 175 mm; CLEA Japan Inc., Tokyo,
Japan) with wood shavings. The animals were kept in a
room equipped with a barrier system at the Research
Institute of Biosciences, Azabu University. The room
was air-conditioned at a temperature of 22 + 1°C and a
humidity of 55 + 5% and was lit 14 h each day from
06:00 to 20:00. Mice were fed a pelleted mouse diet
(mouse and rat chow; MC-2, CLEA Japan, Tokyo, Japan)
ad libitum and had unrestricted access to sterilized drink-
ing water provided in a water bottle. All animals were
examined and deemed clinically healthy before use in
the study. All experiments were conducted when the mice
were 8 weeks of age. To minimize the influence of the
circadian rhythm, experiments and weighing procedures
were performed between 10:00 and 13:00. At the study
conclusion, the subjects were euthanized by cervical
dislocation after intraperitoneal administration of pen-
tobarbital sodium (Somnopentyl, Kyoritsu Seiyaku Co.,
Ltd., Tokyo, Japan) at 100 mg/kg. All procedures in the
present study were in accordance with the guidelines
approved by the Animal Research Committee of Azabu
University.

Anesthesia

The anesthetic, sedative, and analgesic agents used in
the present study were as follows: ketamine hydrochlo-
ride (Ketalar, Sankyo Lifetech Co., Ltd., Tokyo, Japan),
xylazine (Celactar, Bayer Yakuhin Ltd., Tokyo, Japan),
pentobarbital sodium (Somnopentyl, Kyoritsu Seiyaku
Co., Ltd.), medetomidine hydrochloride (Domitol,
Meiji Seika Pharma Co., Ltd., Tokyo, Japan), midazolam
(Dormicum, Astellas Pharma Inc., Tokyo, Japan), butor-
phanol (Vetorphale, Meiji Seika Pharma Co., Ltd.), and
isoflurane (Isoflu, DS Pharma Animal Health Co., Ltd.,
Osaka, Japan). All agents were kept at room temperature
before use. Animals were divided into four groups cor-
responding to each anesthetic protocol as follows: ket-
amine hydrochloride and xylazine combined (K/X;
ketamine hydrochloride 100 mg/kg and xylazine 10 mg/
kg); pentobarbital monoanesthesia (50 mg/kg); medeto-
midine, midazolam, and butorphanol combined (M/M/B,;
medetomidine 0.3 mg/kg, midazolam 4 mg/kg, and bu-
torphanol 5 mg/kg); and inhalant anesthesia using iso-
flurane (5% for induction and 2% for maintenance). In
the M/M/B group, mice were administered atipamezole
(Antisedan, Zoetis Japan Inc., Tokyo, Japan) at a dose
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Fig. 1. Vital signs monitoring during isoflurane anesthesia in mice. The rectal
probe and pulse oximeter are located at the colorectum and tail base, respec-

tively.

0f 0.3 mg/kg 30 min after the administration of M/M/B.
All injectable anesthetics were administered intraperi-
toneally. The dose and concentration of each agent were
as reported previously in mice [4, 5, 17]. Before admin-
istration, the concentration of M/M/B, K/X, and pento-
barbital sodium was adjusted to 6 ml/kg by diluting with
saline. In the M/M/B anesthetic group, a mixture of
medetomidine, midazolam, and butorphanol with saline
was prepared and then concurrently administered. Sim-
ilarly, the mixture of ketamine hydrochloride and xyla-
zine was adjusted with saline before concurrent admin-
istration.

Isoflurane anesthesia was administered using a com-
mercially available rodent inhalant anesthesia apparatus
(SomnoSuite Small Animal Anesthesia System, Kent
Scientific Corporation), which has a digital vaporizer
and internal air-flow pump. The vaporized anesthetic gas
was introduced into the induction chamber and nose
mask (Kent Scientific Corporation) at a flow rate of 32
ml/min. The nose mask was covered with a latex mem-
brane that had a hole in the center to fit closely around
the nose. Initially, mice were induced with isoflurane at
a 5% concentration. Once loss of the postural reaction
and righting reflex was confirmed, the mice were rap-
idly transferred to the nose mask, and anesthesia was
maintained with 2% isoflurane (Fig. 1).

Vital signs monitoring

Vital signs were measured before anesthesia and every
5 min during a 40 min period. Rectal temperature, heart
rate, respiratory rate, and SPO, were evaluated in each
animal. Rectal temperature (°C) was measured using a

commercial rectal temperature sensor (Right Temp, Kent
Scientific Corporation) inserted into the colorectum. The
heart rate (beats/min) and SPO, (%) were assessed using
a rodent pulse oximeter and heart rate monitor (Mous-
eSTAT, Kent Scientific Corporation), with the pulse
oximeter sensor attached to the tail base (Fig. 1). The
respiratory rate (breaths/min) was assessed by counting
the number of thoracic movements per min. To measure
the baseline values, the mice were introduced into animal
holders. After beginning anesthesia, the mice were po-
sitioned on a nylon pad to maintain a consistent surface
temperature underneath them.

Following vital signs monitoring, the trend in vital
signs over time was compared between each group. The
instability of vital signs was analyzed using the coeffi-
cient of variance (CV) in each individual mouse and the
calculated mean CV per parameter in each group.

Assessment of anesthetic depth

Anesthetic depth in each group was assessed with
noxious stimuli as previously reported in mice [17]. Four
reflexes were evaluated, the pedal withdrawal reflex in
the forelimbs and hind limbs, the tail pinch reflex, and
the eyelid reflex. Noxious stimuli were performed using
atraumatic forceps. The anesthetic depth score was de-
termined based on the number of reflex reactions; if no
reflexes to stimuli were observed, the score was 4. An-
esthetic depth was measured every 10 min for 30 min
after administering the agents. Scores of 3 and 4 were
defined as indicating a surgical anesthetic depth.
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Fig. 2. Measured core body temperature over time during each
anesthetic protocol.

A: Ketamine and xylazine combined anesthesia (K/X, 80/8 mg/
kg). ©: Medetomidine, midazolam, and butorphanol combined
anesthesia with atipamezole (M/M/B, 0.3/4.0/5.0 mg/kg; atipa-
mezole, 0.3 mg/kg). m: Pentobarbital sodium (50 mg/kg). @: Iso-
flurane (induction, 5%, maintenance, 2%). Data are represented as
means + SD of 8 mice. There were no significant differences be-
tween the groups.

Data analyses

A repeated measures ANOVA was used to analyze
each vital sign value. When data were significant, Dun-
nett’s multiple comparison method was performed to
compare each parameter between the baseline and other
time points. The differences between the treatments at
each time point were analyzed using Tukey’s test. Insta-
bility of each vital sign in each group was compared with
ANOVA, followed by Tukey’s test. The rate mice reached
a surgical anesthetic depth in each group was compared
using Fisher’s exact test. Data were expressed as the
mean + SD. A P-value<0.05 was considered significant.
All analyses were performed using commercially avail-
able software (StatMate 1V; ATMS Co., Ltd., Tokyo,
Japan).

Results

During the study period, there were no fatal events,
and anesthesia was induced in all animals within 5 min;
thus vital signs were measured beginning 5 min after
drug administration. Baseline differences between the
groups in each parameter were not statistically signifi-
cant.

The trend in rectal temperature over time is shown in
Fig. 2. All groups showed a significant decrease in rectal
temperature during the entire anesthetic period. There
was no significant difference between the groups. Next,
pulse rate was evaluated in each group. The results
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Fig. 3. Measured heart rate (beats/min) over time.

A: Ketamine and xylazine combined anesthesia (K/X, 80/8 mg/
kg). ©: Medetomidine, midazolam, and butorphanol combined
anesthesia with atipamezole (M/M/B, 0.3/4.0/5.0 mg/kg; atipa-
mezole, 0.3 mg/kg). m: Pentobarbital sodium (50 mg/kg). ®: Iso-
flurane (induction, 5%; maintenance, 2%). Data are represented as
means + SD of 8 mice. There were significant differences between
the groups as follows: a, K/X and M/M/B groups; b, K/X and
pentobarbital groups ¢, K/X and isoflurane groups; d, M/M/B and
pentobarbital groups; and e, M/M/B and isoflurane groups.

showed that a decreased heart rate was observed begin-
ning 5 min after drug administration in all groups (Fig.
3). When compared to the isoflurane and pentobarbital
groups, the K/X and M/M/B groups had significantly
lower heart rates. In the M/M/B group, the heart rate was
significantly increased 5 min after administering atipa-
mezole (373 + 24 beats/min at 30 min, 491 £+ 17 beats/
min at 35 min). The heart rate decrease in the K/X group
was time dependent, and the heart rate did not recover
during the study period.

To assess the influence of respiratory function, respi-
ratory rate and SPO, were compared in each group. A
decreased respiratory rate was observed in all groups
during the anesthetic period (Fig. 4). The decrease was
marked in the isoflurane group, and the difference was
significant at 5-35 min compared with the injectable
anesthesia groups. However, the respiratory rate recov-
ered in the isoflurane group 5 min after discontinuing
inhalation (78 + 19 breaths/min at 35 min, 150 + 49
breaths/min at 40 min, P<0.05). The course of SPO, over
time in each group is shown in Fig. 5. Each anesthetic
group showed a significant decrease in SPO, after ini-
tiation of anesthesia. In the M/M/B, pentobarbital, and
isoflurane groups, the SPO, was significantly decreased
at 5-35 min compared with baseline. In the M/M/B
group, a significant increase of SPO, value was observed
10 min after the administration of atipamezole (87.8 +
1.6% at 30 min, 95.7 £ 1.2% at 40 min, P<0.05). The
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Fig. 4. Measured respiratory rate (breaths/min) over time.

A: Ketamine and xylazine combined anesthesia (K/X: 80/8 mg/
kg). ©: Medetomidine, midazolam, and butorphanol combined
anesthesia with atipamezole (M/M/B: 0.3/4.0/5.0 mg/kg, atipa-
mezole: 0.3 mg/kg). m: Pentobarbital sodium (50 mg/kg). e: Iso-
flurane (induction,5%; maintenance, 2%). Data are represented as
means + SD of 8 mice. There were significant differences between
the groups as follows: a, K/X and M/M/B groups; ¢, K/X and iso-
flurane groups; d, M/M/B and pentobarbital groups; and e, M/M/B
and isoflurane groups; and f, pentobarbital and isoflurane groups.

Fig. 6. Instability in vital signs observed in each anesthetic group.
A: Rectal temperature. B: Heart rate. C: Respiratory rate. D: SPO,.
Data are represented as means = SD of 8 mice.

K/X group showed a significant SPO, decrease only at
35—-40 min after anesthesia (98.9% =+ 0.1% at baseline,
91.0% =+ 1.6% at 35 min, 95% =+ 1.3% at 40 min, P<0.05).
Compared with the other injectable anesthetic groups,
the K/X group showed significantly high SPO, values.
The M/M/B group showed lower SPO, values compared
with those of the isoflurane group.

The mean + SD of the CVs of each vital sign in each
anesthetic group are shown in Fig. 6. Regarding the CV
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Fig. 5. Measured SPO, percentage over time.

A: Ketamine and xylazine combined anesthesia (K/X, 80/8 mg/
kg). ©: Medetomidine, midazolam, and butorphanol combined
anesthesia with atipamezole (M/M/B, 0.3/4.0/5.0 mg/kg, atipa-
mezole, 0.3 mg/kg). m: Pentobarbital sodium (50 mg/kg). e: Iso-
flurane (induction,5%; maintenance, 2%). Data are represented as
means + SD of 8 mice. There were significant differences between
the groups as follows: a, K/X and M/M/B groups; b, K/X and
pentobarbital groups; and e, M/M/B and isoflurane groups.

Table 1. Rate of achieving surgical anesthetic depth (%) for the
four anesthetic protocols performed on mice

Anesthetic protocol ~ Mice achieving surgical anesthesia (%)

K/X 100
M/M/B 100
Pentobarbital 375
Isoflurane 100

for rectal temperature, no significant differences were
observed among the groups (Fig. 6A). The K/X and
M/M/B groups showed higher variances in heart rate
compared with the pentobarbital and isoflurane groups
(Fig. 6B). The CV of the respiratory rate was signifi-
cantly higher in the isoflurane group compared with
other groups (Fig. 6C). In the MM/B group, the CV was
significantly higher than those of the K/X and isoflurane
groups (Fig. 6D).

Finally, we evaluated the rates of mice achieving a
surgical anesthetic depth in each treatment group (Table
1). When anesthetized with pentobarbital, 62.5% of mice
did not reach a surgical anesthetic depth. In contrast, the
remaining anesthetic protocols achieved a surgical an-
esthetic depth at least once during the study period. The
rate of mice reaching a surgical anesthetic depth in the
pentobarbital group was significantly lower than that in
the other 3 groups (P<0.05).
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Discussion

The present study demonstrated the characteristics of
three injectable anesthetics and one inhalant anesthetic
in mice, specifically the changes in vital signs. Each
anesthetic protocol showed different effects on cardio-
vascular and respiratory parameters.

The vital signs were first evaluated in mice adminis-
tered a mixture of ketamine and xylazine. For surgical
anesthesia in rodents, ketamine should be coadministered
with a sedative such as xylazine, acepromazine, or diaz-
epam [4, 23]. Among these options, a combination of
ketamine and xylazine was selected because it is one of
the most frequently used anesthetic combinations in
rodents [2, 4, 16]. Compared with other agents, K/X
provides a relatively stable respiratory rate and SPO,,
suggesting lessened respiratory depression. In contrast,
the heart rate was relatively unstable compared with the
rates obtained with other injectable anesthetics such as
pentobarbital and M/M/B. The heart rate decrease was
time dependent, and no recovery was observed during
the study period. A previous study demonstrated that the
combination of ketamine and xylazine mediates remark-
able hypotension in mice [4]. Taken together, cardiovas-
cular abnormality, rather than respiratory depression,
represents the major adverse reaction to K/X in mice. In
the present study, the doses of ketamine and xylazine
were set to 100 and 10 mg/kg, respectively. Although
the cardiac influence was relatively strong, K/X at the
present dose results in lower respiratory depression and
a sufficient anesthetic depth. The reported doses of K/X
in mice range from 60 to 150 mg/kg ketamine and 4.1
to 20 mg/kg xylazine [4]. As the required dose depends
on the experimental conditions, monitoring of vital signs
under other doses may be important, along with evalu-
ation of anesthetic depth.

The combination of midazolam, butorphanol, and
medetomidine in rodent experimental anesthesia is com-
paratively new [17, 18]. The efficacy of this anesthetic
combination has also been reported in dogs, sea lions,
and monkeys [15, 25, 28]. Anesthesia with this combina-
tion is reversed with the a2-adrenergic antagonist atipa-
mezole, which antagonizes the medetomidine [28]. The
present study demonstrated the effect of M/M/B on the
vital signs, as well as the reversal effect of atipamezole.
M/M/B anesthesia resulted in a marked decrease in heart
rate. In dogs, the heart rate markedly decreases when
M/M/B is administered, while the blood pressure in-

creases [ 14]. A previous report in monkeys demonstrat-
ed that M/M/B administration decreases the SPO,. Al-
though the respiratory rate variance was relatively stable
in the present study, the SPO, decrease was marked,
suggesting a lower tidal volume during M/M/B anesthe-
sia. However, these abnormal vital signs rapidly recov-
ered following atipamezole administration. Therefore,
the cardiac and respiratory depression observed in mice
seems to be mainly associated with the action of medeto-
midine. Use of atipamezole will ensure the safety of
M/M/B anesthesia in mice. We clarified the features of
M/M/B and the reversal action of atipamezole in mice,
especially its cardiorespiratory influence. Based on the
present findings, comparison of M/M/B with representa-
tive anesthetic protocols in other rodents may be war-
ranted.

It is said that pentobarbital monoanesthesia causes
severe adverse cardiorespiratory reactions and has poor
analgesic action [9]. In the present study, we adjusted
the dosage of pentobarbital sodium to 50 mg/kg, which
is a relatively low dose in mice [10]. As a result, the heart
rate during pentobarbital anesthesia was higher than that
during K/X. Stringent comparison of the cardiovascular
impacts during pentobarbital anesthesia and other inject-
able anesthetics may be achieved by blood pressure
evaluation. Regarding the respiratory rate, there was no
significant difference between K/X and pentobarbital
monoanesthesia. However, the SPO, during pentobarbi-
tal monoanesthesia was lower than that during K/X,
indicating a lower tidal volume. Therefore, pentobarbi-
tal monoanaesthesia at this dose resulted in higher re-
spiratory depression than K/X. In the present study,
62.5% of mice experienced an inadequate anesthetic
depth under pentobarbital. Similarly, in previous reports,
administration of pentobarbital at 50 mg/kg did not in-
duce an adequate anesthetic depth in rodents [17, 23].

Isoflurane is one of the most commonly used volatile
anesthetics in laboratory rodents [6]. The heart rate de-
crease with isoflurane was lower than that observed in
the injectable anesthetics, suggesting that isoflurane
produces the smallest cardiac influence. A recent study
in rats also indicated that the pulse rate under isoflurane
anesthesia was higher than that under pentobarbital an-
esthesia [20]. However, compared with the injectable
anesthetics, isoflurane administration showed a promi-
nent decrease in respiratory rate. Respiratory depression
is a major adverse effect of isoflurane [10]. Monitoring
the respiratory rate is important when adjusting the gas
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concentration to regulate the anesthetic depth. Notably,
the SPO, remained relatively stable under isoflurane
anesthesia. This result indicates that the blood O, con-
centration is maintained by a high tidal volume during
isoflurane anesthesia. A previous study also found that
the hypercapnia associated with isoflurane was less in-
tense than that observed with the injectable anesthetic
pentobarbital [26]. Additionally, isoflurane anesthesia
showed a higher SPO, level than pentobarbital monoan-
esthesia in rats [20]. In the present study, the isoflurane
concentration was set at 2% for maintenance of anesthe-
sia. The minimal alveolar concentration (MAC) is the
concentration that prevents reaction to a standard surgi-
cal stimulus in 50% of animals and is an index for de-
termining the inhalant anesthetic concentration [21].
Previous findings indicate that the MAC of isoflurane in
many mouse strains is approximately 1.3—1.4% [24].
Administering inhalant anesthesia at 1.5 times the MAC
is sufficient for surgical tolerance [6, §]. Therefore, the
isoflurane concentration investigated in this study is as-
sumed for surgical anesthesia in mice. Further studies
are warranted to determine the influence of isoflurane
on vital signs across several concentrations and flow
rates and for a longer anesthetic period.

In the present study, the closed colony strain ddY was
used. Several factors, including strain, sex, circadian
rhythm, and metabolism can affect cardiovascular func-
tion under anesthesia [7, 13, 27]. Evaluation of the vital
signs during various anesthetic protocols according to
strain, age, and sex may be a concern in the future. As
operative stress alters cardiorespiratory function, assess-
ment of vital signs during surgical procedures with each
anesthesia may also be required. A rodent pulse oxim-
eter was used to assess SPO, as an indicator of respira-
tory function. The pulse oximeter enables replicate
measurement of the SPO, over time during anesthesia
in mice without the need for any invasive procedures,
while blood gas evaluation can only assess the O, con-
centration at a single point. The SPO, is routinely used
to assess vital signs in human and veterinary medicine
[3, 11]. Monitoring the SPO, is a valuable means of
ensuring safe anesthesia in mice.

Anesthetic agents affect systemic adverse reactions,
which may affect experimental data. Based on the pres-
ent and previous studies, the combination of ketamine
and xylazine has a greater cardiac influence than other
anesthetic agents [4]. However, the respiratory depres-
sion with this combination is less than that observed with

other protocols, suggesting that this combination is suit-
able for respiratory experiments in mice. Among the four
anesthetic protocols presently investigated, isoflurane
anesthesia may be preferable for hemodynamic analysis
or anesthesia in a cardiac disorder model. Although
M/M/B anesthesia did influence cardiac and respiratory
function, the use of atipamezole ensures its safety. Along
with isoflurane, M/M/B is appropriate in cases requiring
regulation of the duration of anesthesia. To definitively
determine the cardiorespiratory influence of these agents,
assessment of other parameters such as blood pressure,
ETCO,, and electrocardiogram during anesthesia is war-
ranted.

In conclusion, we described the influence of several
anesthetics on vital signs. The findings of the present
study provide basic information for achieving appropri-
ate anesthesia in mice and should contribute to improve-
ment of laboratory animal welfare.

Acknowledgments

We thank Mr. Masayuki Hashiura (Hakubatec Life-
science Solutions) and Mr. Masaya Kobayashi (Towa
Scientific) for their technical support during this ex-
periment.

References

1. Almeida, D.E., Rezende, M.L., Nunes, N., and Laus, J.L.
2004. Evaluation of intraocular pressure in association with
cardiovascular parameters in normocapnic dogs anesthetized
with sevoflurane and desflurane. Vet. Ophthalmol. 7: 265—
269. [Medline] [CrossRef]

2. Arras, M., Autenried, P., Rettich, A., Spaeni, D., and Riil-
icke, T. 2001. Optimization of intraperitoneal injection anes-
thesia in mice: drugs, dosages, adverse effects, and anesthe-
sia depth. Comp. Med. 51: 443-456. [Medline]

3. Bowes, W.A. 3rd., Corke, B.C., and Hulka, J. 1989. Pulse
oximetry: a review of the theory, accuracy, and clinical ap-
plications. Obstet. Gynecol. 74: 541-546. [Medline]

4. Buitrago, S., Martin, T.E., Tetens-Woodring, J., Belicha-
Villanueva, A., and Wilding, G.E. 2008. Safety and efficacy
of various combinations of injectable anesthetics in BALB/c
mice. J. Am. Assoc. Lab. Anim. Sci. 47: 11-17. [Medline]

5. Cesarovic, N., Nicholls, F., Rettich, A., Kronen, P., Héssig,
M., Jirkof, P., and Arras, M. 2010. Isoflurane and sevoflurane
provide equally effective anaesthesia in laboratory mice.
Lab. Anim. 44: 329-336. [Medline] [CrossRef]

6. Cesarovic, N., Jirkof, P., Rettich, A., Nicholls, F., and Arras,
M. 2012. Combining sevoflurane anesthesia with fentanyl-
midazolam or s-ketamine in laboratory mice. J. Am. Assoc.
Lab. Anim. Sci. 51: 209-218. [Medline]


http://www.ncbi.nlm.nih.gov/pubmed/15200623?dopt=Abstract
http://dx.doi.org/10.1111/j.1463-5224.2004.04041.x
http://www.ncbi.nlm.nih.gov/pubmed/11924805?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2668828?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18210992?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20507878?dopt=Abstract
http://dx.doi.org/10.1258/la.2010.009085
http://www.ncbi.nlm.nih.gov/pubmed/22776121?dopt=Abstract

64

I1.

13.

14.

15.

16.

17.

A. TSUKAMOTO, ET AL.

Chaves, A.A., Dech, S.J., Nakayama, T., Hamlin, R.L., Bau-
er, J.A., and Carnes, C.A. 2003. Age and anesthetic effects
on murine electrocardiography. Life Sci. 72: 2401-2412.
[Medline] [CrossRef]

de Jong, R.H. and Eger, E.I. 2nd. 1975. MAC expanded:
ADS50 and AD95 values of common inhalation anesthetics in
man. Anesthesiology 42: 384-389. [Medline] [CrossRef]
Flecknell, P.A.2010. General anesthesia. Laboratory Animal
Anaesthesia. 3rd ed., Academic Press, London.

Gargiulo, S., Greco, A., Gramanzini, M., Esposito, S., Af-
fuso, A., Brunetti, A., and Vesce, G. 2012. Mice anesthesia,
analgesia, and care, Part I: anesthetic considerations in pre-
clinical research. ILAR J. 53: E55-E69. [Medline] [Cross-
Ref]

Grosenbaugh, D.A. and Muir, W.W. 3rd. 1998. Accuracy of
noninvasive oxyhemoglobin saturation, end-tidal carbon di-
oxide concentration, and blood pressure monitoring during
experimentally induced hypoxemia, hypotension, or hyper-
tension in anesthetized dogs. Am. J. Vet. Res. 59: 205-212.
[Medline]

Hedenqvist, P., Roughan, J.V., Antunes, L., Orr, H., and
Flecknell, P.A. 2001. Induction of anaesthesia with desflu-
rane and isoflurane in the rabbit. Lab. Anim. 35: 172—-179.
[Medline] [CrossRef]

Hoit, B.D., Kiatchoosakun, S., Restivo, J., Kirkpatrick, D.,
Olszens, K., Shao, H., Pao, Y.H., and Nadeau, J.H. 2002.
Naturally occurring variation in cardiovascular traits among
inbred mouse strains. Genomics 79: 679-685. [Medline]
[CrossRef]

Itamoto, K., Hikasa, Y., Sakonjyu, I., Itoh, H., Kakuta, T.,
and Takase, K. 2000. Anaesthetic and cardiopulmonary ef-
fects of balanced anaesthesia with medetomidine-midazolam
and butorphanol in dogs. J. Vet. Med. A Physiol. Pathol. Clin.
Med. 47: 411-420. [Medline] [CrossRef]
Kalema-Zikusoka, G., Horne, W.A., Levine, J., and Loomis,
M.R. 2003. Comparison of the cardiorespiratory effects of
medetomidine-butorphanol-ketamine and medetomidine-
butorphanol-midazolam in patas monkeys (Erythrocebus
patas). J. Zoo Wildl. Med. 34: 47-52. [Medline]

Kawabhara, Y., Tanonaka, K., Daicho, T., Nawa, M., Oikawa,
R.,Nasa, Y., and Takeo, S. 2005. Preferable anesthetic condi-
tions for echocardiographic determination of murine cardiac
function. J. Pharmacol. Sci. 99: 95-104. [Medline] [Cross-
Ref]

Kawai, S., Takagi, Y., Kaneko, S., and Kurosawa, T. 2011.
Effect of three types of mixed anesthetic agents alternate
to ketamine in mice. Exp. Anim. 60: 481-487. [Medline]

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

[CrossRef]

Kirihara, Y., Takechi, M., Kurosaki, K., Kobayashi, Y., and
Kurosawa, T. 2013. Anesthetic effects of a mixture of me-
detomidine, midazolam and butorphanol in two strains of
mice. Exp. Anim. 62: 173—180. [Medline] [CrossRef]
Kurosawa, S. and Kato, M. 2008. Anesthetics, immune cells,
and immune responses. J. Anesth. 22: 263-277. [Medline]
[CrossRef]

Murakami, M., Niwa, H., Kushikata, T., Watanabe, H., Hi-
rota, K., Ono, K., and Ohba, T. 2014. Inhalation anesthesia
is preferable for recording rat cardiac function using an elec-
trocardiogram. Biol. Pharm. Bull. 37: 834-839. [Medline]
[CrossRef]

Quasha, A.L., Eger, E.I. 2nd., and Tinker, J.H. 1980. De-
termination and applications of MAC. Anesthesiology 53:
315-334. [Medline] [CrossRef]

Richardson, C.A. and Flecknell, P.A. 2005. Anaesthesia and
post-operative analgesia following experimental surgery in
laboratory rodents: are we making progress? Altern. Lab.
Anim. 33: 119-127. [Medline]

Smith, W. 1993. Responses of laboratory animals to some
injectable anaesthetics. Lab. Anim. 27: 30-39. [Medline]
[CrossRef]

Sonner, J.M., Gong, D., Li, J., Eger, E.I. 2nd., and Laster,
M.J. 1999. Mouse strain modestly influences minimum al-
veolar anesthetic concentration and convulsivity of inhaled
compounds. Anesth. Analg. 89: 1030-1034. [Medline]
Spelman, L.H. 2004. Reversible anesthesia of captive Cali-
fornia sea lions (Zalophus californianus) with medetomi-
dine, midazolam, butorphanol, and isoflurane. J. Zoo Wildl.
Med. 35: 65-69. [Medline] [CrossRef]

Szczesny, G., Veihelmann, A., Massberg, S., Nolte, D., and
Messmer, K. 2004. Long-term anaesthesia using inhalatory
isoflurane in different strains of mice-the haemodynamic ef-
fects. Lab. Anim. 38: 64—69. [Medline] [CrossRef]
Tsukahara, C., Sugiyama, F., Paigen, B., Kunita, S., and Ya-
gami, K. 2004. Blood pressure in 15 inbred mouse strains
and its lack of relation with obesity and insulin resistance in
the progeny of an NZO/HILtJ x C3H/HelJ intercross. Mamm.
Genome 15: 943-950. [Medline] [CrossRef]

Verstegen, J. and Petcho, A. 1993. Medetomidine-butorph-
anol-midazolam for anaesthesia in dogs and its reversal by
atipamezole. Vet. Rec. 132: 353-357. [Medline] [CrossRef]
Yu, D. and Liu, B. 2013. Developmental anesthetic neuro-
toxicity: from animals to humans? J. Anesth. 27: 750-756.
[Medline] [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/12639705?dopt=Abstract
http://dx.doi.org/10.1016/S0024-3205(03)00137-1
http://www.ncbi.nlm.nih.gov/pubmed/235228?dopt=Abstract
http://dx.doi.org/10.1097/00000542-197504000-00003
http://www.ncbi.nlm.nih.gov/pubmed/23382271?dopt=Abstract
http://dx.doi.org/10.1093/ilar.53.1.55
http://dx.doi.org/10.1093/ilar.53.1.55
http://www.ncbi.nlm.nih.gov/pubmed/9492938?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11315168?dopt=Abstract
http://dx.doi.org/10.1258/0023677011911561
http://www.ncbi.nlm.nih.gov/pubmed/11991717?dopt=Abstract
http://dx.doi.org/10.1006/geno.2002.6754
http://www.ncbi.nlm.nih.gov/pubmed/11076462?dopt=Abstract
http://dx.doi.org/10.1046/j.1439-0442.2000.00302.x
http://www.ncbi.nlm.nih.gov/pubmed/12723799?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16177543?dopt=Abstract
http://dx.doi.org/10.1254/jphs.FP0050343
http://dx.doi.org/10.1254/jphs.FP0050343
http://www.ncbi.nlm.nih.gov/pubmed/22041285?dopt=Abstract
http://dx.doi.org/10.1538/expanim.60.481
http://www.ncbi.nlm.nih.gov/pubmed/23903051?dopt=Abstract
http://dx.doi.org/10.1538/expanim.62.173
http://www.ncbi.nlm.nih.gov/pubmed/18685933?dopt=Abstract
http://dx.doi.org/10.1007/s00540-008-0626-2
http://www.ncbi.nlm.nih.gov/pubmed/24790005?dopt=Abstract
http://dx.doi.org/10.1248/bpb.b14-00012
http://www.ncbi.nlm.nih.gov/pubmed/6107067?dopt=Abstract
http://dx.doi.org/10.1097/00000542-198010000-00008
http://www.ncbi.nlm.nih.gov/pubmed/16180987?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8437433?dopt=Abstract
http://dx.doi.org/10.1258/002367793781082377
http://www.ncbi.nlm.nih.gov/pubmed/10512285?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15193076?dopt=Abstract
http://dx.doi.org/10.1638/01-102
http://www.ncbi.nlm.nih.gov/pubmed/14979990?dopt=Abstract
http://dx.doi.org/10.1258/00236770460734416
http://www.ncbi.nlm.nih.gov/pubmed/15599552?dopt=Abstract
http://dx.doi.org/10.1007/s00335-004-2411-3
http://www.ncbi.nlm.nih.gov/pubmed/8098170?dopt=Abstract
http://dx.doi.org/10.1136/vr.132.14.353
http://www.ncbi.nlm.nih.gov/pubmed/23588921?dopt=Abstract
http://dx.doi.org/10.1007/s00540-013-1609-5

