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Impact statement

With approximately 65 million animals
used per year mice are still the most
prevalent laboratory mammal species
worldwide. In course of biomedical
research projects approximately 40% of
mice will undergo one or more short or
long-term anesthesia. Sufficient anesthetic
depth, cardiovascular stability, adequate
analgesia, and short recovery times are
essential requirements of anesthetic
protocols to meet animal welfare.
Anesthesia in mice and rats are only to be
performed by personnel with appropriate
basic training and experience. However,
more and more adapted and advanced
anesthetic protocols, required to answer
very specific scientific questions, often
exceed the skills acquired through basic
training and present a major challenge to
researchers. It is therefore of great
importance to further develop and evalu-
ate safe and reliable anesthetic protocols
as presented in this study to provide new
perspectives on this challenging problem.

Abstract

Balanced anesthesia allows for a reduced dosage of each component, while inducing gen-
eral anesthesia of sufficient depth with potentially fewer side effects. Here, we compare two
anesthetic protocols combining sevoflurane anesthesia with pre-medication (ketamine [K]
or fentanyl-midazolam [FM]) to a sevoflurane monoanesthesia (S) concerning their ability to
provide reliable anesthesia suitable for moderate surgery in laboratory mice. Twenty-one
female C57BL/6J mice assigned randomly to one of three protocols underwent a 50-min
anesthesia and a sham embryo transfer. Heart rate and core body temperature were con-
tinuously recorded by telemetry intra-operatively and for three days pre- and three days
post-surgery. Intra-operative respiratory rate was determined by counting thorax move-
ments. Body weight, food, and water intake were measured daily for three days pre- and
three days post-surgery. The heart rate in the KS group remained at baseline level through-
out the 50-min of anesthesia and surgery. FMS caused a lower heart rate and S alone
caused a higher heart rate compared to baseline values. Intra-operative body temperature
was at baseline levels in all groups. A decreased respiratory rate was observed in all groups
compared to baseline values obtained from resting mice of the same strain, sex and age-
distribution. Surgical stimuli induced no significant changes in heart rate and respiratory rate
in the KS or FMS group but significant respiratory alteration in the S group compared to

baseline values obtained 10 s before applying the stimulus. Post-operative heart rate was above baseline values in all groups; with
a significant deviation in the S group. There were no changes in body weight, food, and water intake. In summary, FMS was
superior to KS and S for moderate surgery in laboratory mice resulting in less inter-individual variability in response to painful
stimuli. Fentanyl and midazolam reduced the depressant effect of sevoflurane on the respiratory rate and the negative post-

anesthetic effects on the heart rate.
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Introduction

anesthetics, such as isoflurane and sevoflurane, have been

Safe and reliable anesthesia in laboratory mice and rats has
long been an important concern in biomedical research.
Sufficient anesthetic depth, cardiorespiratory stability, and
short recovery times are essential requirements of anesthetic
protocols; optimizing these factors attenuates the mortality
associated with rodent anesthesia by minimizing hypother-
mia and hypoxia." Anesthetics can be delivered to labora-
tory rodents by different routes: injection, inhalation, or as a
combination of both. Modern commercial inhalation
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shown to be well controllable in terms of anesthetic depth
due to their low blood:gas partition coefficients, and also
have the advantages of providing rapid induction of anes-
thesia, being short-acting and easily removed from the body
with minimal metabolism, biotransformation and excre-
tion.>? Therefore, volatile anesthetics might have fewer con-
founding effects on scientific read-out from experiments.*
Furthermore, simple adjustment and titration of the dose
diminishes issues with strain-, age- or sex-related variability
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in minimal alveolar concentration,”® and allows a rapid
response to the situational needs of individual animals.
However, inhalation delivery of anesthetics is often
attended by negative effects on the cardiovascular system,
and respiratory depression caused by halogenated volatile
anesthetics;”® another factor to consider is the need
for specific equipment and its associated costs.” In contrast,
injecting anesthetics seems easy, requiring minimal
operator skill, and incurs minimal costs and equipment.’
Completely antagonisable anesthesia protocols allow to
overcome the often described limitation of injection anes-
thesia, namely a prolonged recovery period accompanied by
hypothermia and compromised physiologic functions.'>*
Nonetheless, total intravenous anesthesia (TIVA), which is
often used in humans and larger animals due to the advan-
tage of using short-acting drugs (e.g. propofol), is hard to
master in small animals such as mice. The intraperitoneal
or subcutaneous application route is therefore normally
chosen in this species.'*'® The course and safety of anesthe-
sia following intraperitoneal or subcutaneous injection of an
initial dose is often unpredictable, and safety margins are
often very narrow. High intra- and inter-strain, as well as
sex-dependent, dose variability regularly hamper the attain-
ment of the desired depth of anesthesia.">'*

The concept of combining different anesthetic drugs—
independent of delivery route—is often referred to as
balanced anesthesia. This approach was introduced as
early as 1926 by John S Lundy, who argued successfully
that the simultaneous administration of various anesthetic
agents lowered the risk of overdose of one single anesthetic
agent."” Reduced doses of each individual agent can be
used due to their synergistic and additive -effects.
Balanced anesthetic protocols not only led to unconscious-
ness but also ensure muscle relaxation, analgesia, and stable
cardiorespiratory function.'®

Two anesthetic protocols in laboratory mice describing a
combination of sevoflurane (S) anesthesia with pre-medica-
tion of either ketamine (K) or fentanyl-midazolam (FM)
were previously published.'” In this published setting of
anesthetizing mice without subjecting them to surgery,
pre-medicating with FM was superior to pre-medicating
with K or no pre-medication at all in regard to its marked
MAC sparing effect, a decrease of induction time and
an improvement of induction quality. Additionally, during
the first 12h post anesthesia mice pre-medicated with
FM showed less of an increase of heart rate compared to
the other groups. However, during anesthesia a decrease
of core body temperature and heart rate as well as
marked respiratory depression leading to hypoxia, hyper-
capnia and acidosis were evident in all groups. Both pre-
medications seemed to intensify these effects. Some mice
pre-medicated with K even showed apnea, tachypnea and
cardiac arrhythmia, and two mice in this group died."”
Based on this study the questions arose whether the lack
of surgical stimulation may have exacerbated undesired
effects associated with duration of anesthesia and whether
any of the described protocols would be suitable for mod-
erate surgical interventions in laboratory mice.

The goal of the present study was therefore to apply the
same anesthesia protocols (i.e. sevoflurane either as

monoanesthesia [S] or after pre-medication with S-keta-
mine [KS] or a mixture of fentanyl and midazolam [FMS])
this time for a moderate surgical intervention in laboratory
mice. The aim was to evaluate and compare them in regard
to their ability to provide a balanced anesthesia with suffi-
cient analgesia for a 50-min surgery. Motor reflex responses
were assessed at the beginning of anesthesia and surgery
to ensure a level of surgical plane. During anesthesia and
surgery (sham embryo transfer), heart rate, core body
temperature, and respiratory rate were monitored. The
long-term effects of the three protocols on recovery from
anesthesia and surgery were investigated through telemet-
ric measurements of heart rate and core body temperature,
as well as food and water intake for the three days following
anesthesia and surgery.

Materials and methods
Ethics statement

This study was approved by the Cantonal Veterinary
Office (Zurich, Switzerland) under license number 111/
2007. Animal housing and all experimental procedures
were in accordance with Swiss animal welfare protection
law, and conform to European Directive 2010/63/EU of
the European Parliament and the Council on the
Protection of Animals used for Scientific Purposes, and to
the Guide for the Care and Use of Laboratory Animals.'®

Housing and husbandry

Health status was monitored throughout the experiment
using a surveillance program according to FELASA recom-
mendations; all mice were free of all viral, bacterial, and
parasitic pathogens listed therein."

Mice were housed in Eurostandard type 11l open-top plas-
tic cages (Techniplast, Indulab; Gams, Switzerland) inter-
spersed with autoclaved aspen bedding (80-90g/cage)
(LTE E-001; Abbed, Indulab).

Mice were kept in pairs; a non-implanted mouse of
the same age and strain thus accompanied each transmit-
ter-implanted mouse. Nesting material was provided in
the form of autoclaved hay (8-12g/cage; Winzeler,
Affoltern am Albis, Switzerland) and two cotton nesting
pads (5 x 5cm; Nestlets®, Indulab). A standard cardboard
house (Ketchum Manufacturing, Brockville, Canada)
served as a shelter. A pelleted mouse diet (3431, Provimi
Kliba, Kaiseraugst, Switzerland) was fed ad libitum.
Unrestricted access to drinking water through water bottles
was ensured.

A 12:12h light:dark (1500-0300 light phase) cycle was
maintained with artificial lights. Animals were adapted to
this light cycle for several months. To minimize interfering
influences on data recording, all necessary husbandry
procedures were performed one day before the start of the
telemetric recording (3 d prior to anesthesia and surgery) and
were resumed after the telemetric recording was completed
(3d after anesthesia and surgery). Health checks were per-
formed daily, simultaneous to body weight assessment and
food and water weighing procedures.



Experimental set-up

Twenty-one female C57BL/6] mice (aged 16-36 weeks) had
been equipped earlier with commercially available telemet-
ric transmitters (TA10ETA-F20, Data Sciences International,
St Paul, MN) as described previously in detail.® After a
recovery period of at least four weeks, mice were assigned
randomly to one of the three anesthesia protocols described
in detail below.

Anesthesia

The first anesthetic protocol represented a sevoflurane
monoanesthesia (S) (5%) (Sevorane®, Abott; Baar,
Switzerland). The other two protocols comprised combin-
ations of injectable pre-medication and the inhalant agent
sevoflurane for anesthetic maintenance. The combinations
used were either S-Ketamine (30 mg/ kg SC; S-Keta®, Graeub
AG; Bern, Switzerland) and Sevoflurane (5%) (KS), or
Fentanyl (0.04 mg/kg SC; Kantonsapotheke Ziirich, Zurich,
Switzerland), Midazolam (4mg/kg SC; Dormicum®,
RochePharma, Schweiz AG, Reinach, Switzerland) and
Sevoflurane (3.3%) (FMS). Applied volume percentage of
sevoflurane was based on vaporizer settings and corres-
ponded to those previously described (i.e. 3.3% sevoflurane
in FMS and 5% sevoflurane in the KS and S groups).””

To avoid any influence of circadian rhythm, all experi-
ments and weighing procedures were done between 1500
and 1800 (beginning of the light phase). Anesthesia and
surgery were performed in a separate operating area
within the animal room to avoid transportation of the
mice, and to ensure stable conditions of humidity, air pres-
sure, room temperature, and ventilation.

All injectable agents were diluted in PBS immediately
before injection in such a manner that dosing could be
achieved by application of an injection volume of 2pL/g
body weight. Injectable agents were administered sub-
cutaneously 8-10min before sevoflurane anesthesia was
induced. A commercially available rodent anesthesia
device (Provet; Lyssach, Switzerland) equipped with a
sevoflurane vaporizer (Ohmeda Sevotec 5, Abbott, Baar,
Switzerland) was used for delivery of inhalation anesthesia.
Pressurized fresh oxygen was used as a carrier gas at a
constant flow of 600mL/min. A pump-driven (filter
system ensured the continuous removal of waste anesthetic
gas during anesthesia maintenance. Sevoflurane was intro-
duced into the induction chamber at a concentration of 8%.
Immediately after loss of the righting reflex (at <3 min of
induction in the chamber), animals were transferred from
the induction chamber to the nose mask, where anesthesia
was maintained by spontaneous breathing of an oxygen-
sevoflurane mixture. During the 50-min of anesthesia and
surgery animals were in sternal recumbence on a water-
filled heating pad (TP500, Gaymar, Orchard Park, NY) set
at39+1°C.

Motor reflexes

After transferring animals from the induction chamber to
the nose mask, animals were placed initially in dorsal
recumbence. Tail pinch, pedal withdrawal, and abdominal
skin pinch were used for a one-time assessment of surgical

tolerance before placing animals in ventral recumbence for
the surgical procedure. Blunt forceps with a spacer between
the arms was used to allow uniform application of pressure.
The reflex test was registered as positive or negative.

Surgical procedure

A one-side sham embryo transfer was performed under
aseptic conditions. In detail, the hair around the surgical
site was clipped, and the area disinfected with ethanol
(80%). An incision of approximately 0.5cm was made in
the flank. The ovary was retracted for 30s and then repos-
itioned in the abdomen. The abdominal wall was sutured
with Vicryl 6-0 (Ethicon; Norderstedt, Germany). For skin
closure, single use surgical staples (Precise, 3M Health Care,
St. Paul, MN) were utilized. Five minutes before the end of
anesthesia, animals were injected with an analgesic in the
form of a single dose of the nonsteroidal-anti-inflammatory
drug carprofen (5mg/kg SC; Rimadyl®, Zoetis GmbH,
Zurich, Switzerland).

The timing of all procedural steps was aligned as fol-
lows: 0-3min (induction), 4-8min (equilibration time),
10-12min (skin incision [SI]), 15-17 min (abdominal wall
incision [Al]), 20-22min (manipulation of the ovary [O]),
30-32 min (suturing of the abdominal wall [AS]), 40-42 min
(skin stapling [ST]), 45min (injection of analgesic [I]). The
procedure and time required for anesthesia amounted to a
total of 50 min. After 50 min, sevoflurane anesthesia was
stopped. Mice were left to recover for 10 min on the heat-
ing-pad, breathing oxygen through the nose mask, before
being placed back into their home cages.

Telemetric data acquisition of heart rate and core body
temperature

Throughout the experiment, the telemetric transmitters
allowed continuous measurements of heart rate and core
body temperature. Telemetric measurements were pro-
cessed using the Dataquest LabPRO program, version 3.11
(Data Sciences International). The telemetric transmitter
was switched on by touching the animal with a magnet;
signals were detected by a receiver plate placed under the
animal’s cage. Telemetric data acquisition was started three
days prior to the experimental procedure and continued for
three days afterwards. To establish baseline values, and to
investigate post-anesthetic effects, heart rate was measured
for 30s every 5min, and core body temperature was mea-
sured for 10s every 5 min. Baseline values represent means
from the three days prior to the experimental procedure.

To assess the acute effect after pre-medication, and
during anesthesia and surgery, heart rate and core body
temperature recording was performed continuously, and a
mean value was calculated every 10s (6 data points per
minute). From these data, mean values of heart rate and
core body temperature were calculated for each minute
for each mouse.

Visual acquisition of respiratory rate

During anesthesia, the respiratory rate was recorded visu-
ally by counting movements of the thorax. Respiratory rate
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progression was compared to baseline values obtained
from resting mice of the same strain, sex and age-
distribution (150 £ 10 breaths per minute [brpm]) assessed
in our lab. To determine respiratory rate alteration caused
by surgical stimuli, the respiratory rate was recorded 10s
prior to, and directly after, the respective surgical
stimulus. The measurement prior to the stimulus served
as the baseline.

Body weight and food and water intake

Body weight was measured once daily for three days prior
to, and three days after, surgical intervention. Data were
obtained using a precision balance (PR 2003 Delta Range,
Mettler-Toledo AG, Greifensee, Switzerland) that was
adjusted specifically for use with moving animals. Body
weights were corrected to account for the weight of the
implanted telemetry transmitter (3.6g). The last body
weight measurement prior to the experimental procedure
served as baseline to determine post-surgical body weight
progression.

Food and water were weighed once daily for three days
prior to, and three days after, surgical intervention using the
same precision balance used for body weight assessment.
Since animals were housed in pairs, daily intake was esti-
mated by measuring the total food and water consumption
for both mice divided by two. Baseline of food and water
intake was calculated from the mean daily values calculated
from the three days prior to the experimental procedure.

Statistics

Power calculation for group size determination was per-
formed with G*Power 3.1 (alpha=0.05; power 80%).
Statistical analyses were performed with GraphPad Prism
software version 5.04 (GraphPad Software, Inc.; La Jolla,
CA). All data were tested for normal distribution and
homogeneity of variance (Kolmogorov-Smirnov test and
D’Agostino and Pearson omnibus normality test).

Mean and standard deviation were calculated for all par-
ameters. A descriptive coefficient of variation (CV) was cal-
culated for each group to determine the uniformity of
effects on the heart rate and respiratory rate during the
50-min of anesthesia and the application of surgical stimuli
for each protocol.

Two-tailed t-tests for dependent samples were per-
formed for comparison of baseline and experimental HR
and RR of each group.

No tests for changes over time within a group were
conducted.

Significance for all statistical tests was established at
P <0.05.

Results
Induction of anesthesia

Few minutes following pre-medication with FM, all mice
showed signs of sedation such as reduced locomotion and
sleep-like posture. When placed in the sevoflurane induc-
tion chamber behaviors observed in the sevoflurane mono-
anesthesia group (e.g. defection, urinating and jumping)

were completely absent in this group. Mice in the K group
showed a less uniform behavior pattern following injection
of ketamine. Pre-medication with ketamine lead to reduced
locomotion in these mice. Some animals showed effects like
tremor, ataxia, and apparent dizziness. When placed in the
sevoflurane induction chamber, animals pre-medicated with
ketamine less frequently exhibited behaviors observed in
the S group.

Motor reflexes

Tail pinch, pedal withdrawal, and abdominal skin pinch
reflexes were negative in all animals before positioning of
the animal into ventral recumbence and beginning the sur-
gical procedure.

Intra-operative measurements of heart rate and core
body temperature

An increased heart rate compared to baseline values was
observed at the time of pre-medication with injectable
agents in the KS and FMS group and during exposure to
sevoflurane in the induction chamber in the KS and S group
(Figure 1(a)). Following pre-medication with ketamine and
induction with sevoflurane, heart rate in animals in the
KS group leveled off at mean baseline values, which
were obtained at the corresponding time of day in non-
anesthetized mice. Heart rate in the FMS group dropped
rapidly after injection of FM to a nadir of 381bpm
(A-105bpm compared to baseline values) at 4 min following
pre-medication before increasing steadily and remaining
close to but by tendency below baseline values throughout
the 50-min of anesthesia and surgery. Animals in the S group
showed by tendency an increased heart rate throughout the
50-min of anesthesia and surgery (Figure 1(a)).

Statistical analyses did not show a significant increase in
heart rate after application of surgical stimuli compared to
baseline values obtained 10s prior to each stimulus in any
of the groups (Figure 2(a)). Anyhow, in the FMS group there
was a significant decrease in heart rate during ovary
manipulation (P =0.028).

The dispersion of heart rate during the 50-min of anes-
thesia and surgery was largest in the KS group (CV=
9.32%). It was smaller in the other two groups (FMS:
CV=5.14%; S: CV=4.04%). During the application of sur-
gical stimuli heart rate dispersion was comparable to the
dispersion seen without stimulus.

An increased core body temperature was observed at
the time of pre-medication in the KS and FMS group and
at the time of induction with sevoflurane in the S group
(Figure 1(b)) (KS: 38.00+0.76°C; FMS: 37.66 £1.17°C; S:
38.66 £1.22°C) compared to mean baseline values mea-
sured at the corresponding time phase in non-anesthetized
mice (KS: 36.204+0.98°C; FMS: 36.23 £0.84°C; S: 36.12+
0.85°C. A decrease of core body temperature was observed
in all animals with the onset of unconsciousness and the
loss of the righting reflex but leveled off within baseline
ranges (Figure 1(b)).
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Heart rate, core body temperature and respiratory rate after pre-medication (—10 min), in the home cage (—10 to 0 min), in the induction chamber (0-3 min),

and during the surgical procedure (10-50 min). (a) Mean + SD (n =7) heart rate deviation in beats per minute (Abpm) compared to baseline values obtained before
anesthesia at the corresponding time of day in conscious mice. (b) Mean & SD (n=7) core body temperature in degrees celsius (°C). All animals were in ventral
recumbence and placed on a heating mat set at 39°C throughout the surgical procedure. (c) Mean + SD (n = 7) respiratory rate in breaths per minute (brpm). Respiratory

rate was established by counting movements of the thorax wall

Intra-operative measurement of respiratory rate

In all anesthetic protocols a marked decrease in respiratory
rate was observed, with a mean of 46.9+7.02brpm in
the S group, 50.85+£4.95brpm in the KS group, and
83.03+7.17brpm in the FMS group compared to baseline
values obtained from resting mice of the same strain, sex,
and age-distribution (1504 10brpm) assessed in our lab
(Figure 1(c)).

Statistical analyses showed no significant increase in
respiratory rate in the KS and FMS group as response to
any of the surgical stimuli applied. Several of the surgical
stimuli applied led to a significant increase in respiratory

rate in the S group compared to baseline values obtained
10s prior to each stimulus (Figure 2(b)), namely skin inci-
sion (P=0.024) and abdominal wall suture (P =0.030).
Abdominal incision as well as skin stapling caused a non-
significant increase in respiratory rate in the S group.

The dispersion of respiratory rate during the 50-min of
anesthesia was largest in the KS group (CV=19.64%).
During the application of surgical stimuli the dispersion
of respiratory rate in the KS increased by tendency
(CV =25.80%). In the FMS group the dispersion was by ten-
dency the smallest during the 50-min of anesthesia
(CV=11.97%) as well as during the application of surgical
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Figure 2 Response of heart rate and respiratory rate to surgical stimuli. Surgical stimuli in chronological order: skin incision (S/), abdominal wall incision (Al), ovary
manipulation (O), abdominal wall suture (AS), skin stapling (ST), and injection of analgesic agent (/). () Mean + SD (n = 7) heart rate deviation in beats per minutes
(Abpm) compared to baseline values obtained 10s prior to applying stimulus. (b) Mean & SD (n = 7) respiratory rate deviation in breaths per minute (A brpm). Asterisks
indicate significance (P < 0.05) compared to baseline obtained 10's prior to applying stimulus by counting movements of the thorax wall

stimuli (CV =11.70%). In the S group the CV increased by
tendency from 12.49% during the 50-min of anesthesia to
15.53% during the application of surgical stimuli.

Post-operative measurement of heart rate and core
body temperature

Heart rate was increased during the first 12h (light phase)
after anesthesia and surgery in all groups. Heart rate eleva-
tion was evident, although not significant, with a mean
deviation of A77.88+41.09bpm in the KS group and A
58.87 £17.49 bpm in the FMS group compared to baseline
values obtained during the three days prior to anesthe-
sia and surgery at the corresponding time of day.
Heart rate elevation was significant in the S group com-
pared to baseline values (P=0.0317), with a mean of
A115.10+32.47 bpm (Figure 3(a),(b)).

All groups showed a non-significant re-increase of heart
rate on day 2 (light phase) post anesthesia and surgery.

A drop in core body temperature below intra-operative
measured values was observed in both pre-medicated
groups during the first hour following anesthesia and

surgery, with means of 34.56 £1.26°C in the KS group and
34.08+£0.4°C in the FMS group. Animals in the S group
maintained a stable core body temperature of 36.35%+
0.45°C. Core body temperature in the KS group increased
more rapidly, reaching baseline levels 2-3 h following anes-
thesia and surgery compared to animals in the FMS group,
which reached baseline levels at 8 h post anesthesia and sur-
gery (Figure 4(b)). Core body temperature resembled normal
circadian fluctuation over the next three light-dark cycles.

Body weight, and food and water intake

Body weight. Mice weighed on average 27+2.17g (S),
30.58£2.63g (KS), and 30.2+0.94g (FMS) at baseline.
Anesthesia and surgery did not have an effect on body
weight progression in any group (Table 1).

Food and water intake. Prior to anesthesia and surgery,
mice ate an average of 3.68+0.41g (S), 3.24+£0.68 g (KS),
and 3.48+0.48g (FMS) of food pellets a day. The pre-
anesthetic water intake was 3.63+0.53¢g (S), 453+1.75¢g
(KS), and 4.29£0.80g (FMS) of water a day. Mice did not
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Figure 3 Heart rate during immediate post-operative recovery phase (12 h) and for three light-dark cycles following anesthesia and surgery. (a) Mean £+ SD (n = 7) of
heart rate deviation in beats per minute (Abpm) for three light-dark cycles following the experimental procedure. Circles show the mean results of individual animals.
Asterisks indicate significance (P < 0.05) compared to baseline and between groups. Dark phase is indicated by the light grey background. (b) Mean + SD (n =7) heart
rate deviation during immediate post-operative recovery phase (12 h [light phase] following experimental procedure) in beats per minute (Abpm) compared to baseline
values obtained before the experimental procedure at the corresponding time of day in conscious mice

decrease their water or food intake after anesthesia and sur-
gery (Table 1).

Discussion

This study used intra-operatively acquired physiological
parameters such as heart rate, core body temperature and
respiratory rate as well as post-operatively acquired param-
eters such as heart rate, core body temperature, body
weight, and food and water consumption to evaluate
three different anesthesia protocols with regard to their
suitability for moderate surgical interventions in laboratory
mice. All three protocols provided a reliable 50-min anes-
thesia with all motor reflex responses to noxious stimuli
suppressed prior to the beginning of the surgical procedure.
Aside from motor reflexes, physiological parameters,
such as heart rate and respiratory rate, have shown to be

valuable indicators of sufficient anesthetic depth and
absence of r1ociceptior1.21‘23 However, aberrations in cardio-
respiratory values can also be due to various other causes
ranging from elevated corticosterone levels stemming from
pre-anesthetic handling stress,** over cardiovascular side-
effects caused by the anesthetic agents applied®?® to meta-
bolic or respiratory acid-base abnormalities.” In this study,
in animals in the KS and FMS group a short-term increase in
heart rate and core body temperature was observed at the
time point of pre-medication. This short-term increase of
heart rate and core body temperature was also seen in the
S group when exposed to sevoflurane in the induction
chamber. It is most likely due to stress caused by handling
and restraining of the animal, and the exposure of the ani-
mals to a new environment (induction chamber)."”

After onset of unconsciousness and the loss of the right-
ing reflex, and throughout the 50-min of anesthesia and
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surgery, heart rate stabilized at distinct levels for all
groups. As no fatal abnormalities occurred in any of the
groups, heart rate variability was not assessed in this
study. Sevoflurane alone caused the heart rate to remain
by tendency increased throughout the 50-min of anesthesia
and surgery compared to baseline values obtained at the
corresponding time of day in non-anesthetized mice,
most likely due to the known effects of sevoflurane on
the cardiovascular system.”* Although sevoflurane has,
in contrast to isoflurane, not been primarily associated
with tachycardia in humans,*® higher concentrations of
sevoflurane applied in the S and KS protocol compared

to the FMS protocol can potentially lead to a progressive
decrease in blood pressure, and a subsequent increase in
heart rate.”" Ketamine has shown to annul these hypoten-
sive effects of sevoflurane in children.’?> However, as
blood pressure measurement was not performed in this
study, no conclusion can be made whether the elevated
heart rate observed in the S group is blood pressure
related. In the FMS group, a decreased heart rate was
observed during the 50-min of anesthesia and surgery.
A decrease in heart rate is often seen as a side-effect of
fentanyl and midazolam due to their vago-mimetic
properties.*



Table 1 Body weight progression, and food and water intake.?

S(n=7) KS (n=7) FMS (n=7)
Baseline body 27+217 30.58+2.63 30.2+0.94
weight (g)
Post-surgical body weight progression (g)
Day 1 27.08+2.05 31.95+2.06 30.0+1.07
Day 2 27.47+199 31.08+2.23 29.6+0.21
Day 3 27.85+1.85 30.83+2.53 29.9+1.24
Baseline food 3.68+0.41 3.244+0.68 3.48+0.48
intake (g/day)
Post-surgical food intake (g/day)
Day 1 3.66+0.45 3.11+0.78 3.42+0.24
Day 2 3.88+0.49 3.194+0.93 3.35+0.67
Day 3 3.34+0.31 3.354+0.83 3.63+0.30
Baseline water 3.63+0.53 453+1.75 4.29+0.80
consumption (g/day)
Post-surgical water consumption (g/day)
Day 1 4.38+1.24 3.944+0.62 4.35+0.66
Day 2 3.32+0.64 3.65+0.75 4.23+0.82
Day 3 3.45+0.71 3.57+0.37 3.85+0.38

AMean + SD (n =7) of baseline measurements of body weight in grams (g), food
and water intake in grams per day (g/day). Mean+SD (n=7) of body weight
progression in grams (g), food and water intake in grams per day (g/day) for 3
days following experimental procedure.

A respiratory rate decrease, compared to baseline
values obtained from resting mice of the same strain, sex,
and age-distribution (150 +10brpm) assessed in our lab,
was observed to be the most prominent side-effect in all
three anesthetic protocols. However, none of the protocols
led to side-effects like apnea which had previously been
described for the KS protocol.'” Although opioids report-
edly tend to decrease minute ventilation (=respiratory rate
[RR] x tidal volume [VT]), the respiratory rate decrease was
by tendency least pronounced in the FMS group. VT was
not measured and gas exchange through arterial blood
gases was not assessed. Cesarovic et al.'” using the same
anesthetic protocols in the same strain of mice without
them undergoing surgery found that pCO, increased the
most with KS, to lesser extend in S and FMS, while pO,
declined similarly in all groups. Based on these findings a
declined minute ventilation (caused by a reduced VT) can
therefore also be assumed in the FMS group.

What stands out in the data presented here, and can
be considered to be of importance, is the great inter-
individual variability, expressed through the standard devi-
ation and the CV, which by tendency is larger in the KS and
S protocols compared to the FMS protocol. A larger CV
suggests a marked individual response to the applied
protocol, which may lead to an unpredictable and inad-
equate anesthetic depth. Inter-individual variability in
anesthetic depth must be minimized, not only because it
is a crucial aspect of refinement of experimental methods,
but also because of the potentially adverse effects on experi-
mental results.**

Surgical stimuli, such as SI and abdominal wall suture,
altered the respiratory rate significantly in the S group com-
pared to baseline values obtained 10's prior to applying the

respective stimulus. Other surgical stimuli resulted in a
non-significant increase of respiratory rate in the S group
as well as in the KS group, which, although not statistically
significant, are physiologically relevant. No significant
changes were seen in the FMS group. With no anal-
gesic effects reported for sevoflurane,® alteration in physio-
logical parameters as a response to surgical stimuli was
expected in the S group in contrast to the other protocols.
However, while an increase in heart rate of more than 20%
can be interpreted as insufficient depth of anesthesia,” no
such thresholds can be found in the literature for an
increase in respiratory rate. As pain is thought to modulate
the sympathetic nervous system,”® one would expect a
change in respiratory rate and simultaneously in heart
rate as well. Changes in respiratory patterns and frequency
can be a sign of pain/nociception or insufficient depth of
anesthesia®>?> however, the correlation between pain inten-
sity and respiratory rate has been described as not predict-
able.? It therefore remains speculative whether the isolated
increase in respiratory rate partially observed in this study
during the application of a surgical stimulus is indicative
enough for an insufficient depth of anesthesia resulting in
pain/nociception. Other mechanisms, such as phrenic and
hypoglossal motor outputs,®” which could explain isolated
respiratory changes observed during noxious stimuli in
the KS and the S group, have to be considered. There is
evidence in the literature that respiratory depression in
humans caused by volatile anesthetics may be antagonized
partially by applying a surgical stimulus.”® This phenom-
enon is thought to be caused by extensive activation of
brainstem reticular neurons leading to an increase in VT
and respiratory rate.””*° Whether this activation in turn is
indicative of pain is still unclear.*

The negative side-effects of ketamine as pre-medication
described in the study of Cesarovic et al."” resulted in the
recommendation of further combining ketamine with a
minor tranquilizer. Nonetheless, combining ketamine pre-
medication alone with a sevoflurane maintenance anesthe-
sia remained of interest to us, as ketamine has been shown
to provide profound analgesic effects when administered
in sub-anesthetic doses in humans*' and is known for its
sympathomimetic properties acting positively on the car-
diorespiratory system.*> Ketamine is known to interact on
a wide range of different receptors in the nervous system.
Among others its interaction with the mu-opioid receptor
has shown to induce dose-dependent anti-nociception in
C57BL/6 mice.*® However, latency to react to a thermal
stimulus as applied in common test for nociception in
C57BL/6 mice was not altered until a dose of 50mg/kg
of ketamine.*® Additionally, Maxwell et al. claimed the
half-life of ketamine for inbred mouse strains (such as
C3H/HeHsd, C57BL/6Hsd, FVB/Hsd, and DBA/2Hsd)
to be as short as ~13 min,* indicating that a single shot of
ketamine in the dosage used in this study (30 mg/kg) might
be insufficient as an analgesic for a 50-min surgical proced-
ure of moderate impact.

The approach of combining fentanyl with midazolam
has been adapted from a protocol often applied in human
medicine as part of preemptive analgesia. Preemptive anal-
gesia regimes aim to prevent sensitization of the nervous
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system to subsequent stimuli that could amplify pain,
which can imprint themselves indelibly on the nervous
system and cause hyperalgesia and allodynia.* Fentanyl
is a highly potent synthetic opioid analgesic with a rapid
onset after 7-8 min following intra-muscular injection, a
serum half-life of approximately 10 min, and usually requir-
ing repeated injections or continuous infusion.> This rapid
onset is a result of fast redistribution of fentanyl to the
brain.*® Fentanyl brain concentration appear to remain
higher than assumed by the short half-life measured in
serum.*® From a pharmacokinetic view point midazolam
is described to have a half-life of 30-40 min in mice.”*"*®
The benzodiazepine-opioid interactions for analgesia are
described to be synergistic (supra-additive).* Therefore,
this synergistic effect might have led to the absence of
response to surgical stimulus in heart and respiratory rate
in the FMS group compared to the other two groups.
However, physiological parameters need to be examined
carefully when evaluating anesthetic depth and pain
management using opioids, especially in high-dose, due
to the fact that these compounds alter the cardiovascular
response.”

In the immediate recovery time after anesthesia and sur-
gery, all mice were left on the water-filled heating pad and
substituted with oxygen for 10 min before being transferred
back to their home cage. Based on the literature, ketamine
and fentanyl should be completely, and midazolam mostly,
eliminated by this time point.”*>** Nonetheless, core body
temperature dropped in both pre-medicated groups during
the first hour following anesthesia and surgery, indicating
that further warming measurements (e.g. warming cabinet)
are needed when using either of these two protocols. Based
on the work of Cesarovic et al.,'” similar immediate recov-
ery times and unchanged locomotor activity were expected
for all groups regardless of the anesthesia protocol applied.
The observed hypothermia may therefore be ascribed
rather to other factors such as the wide distribution of
body weight and age of the animals used for this study as
older and heavier animals have been shown to have an
impaired thermoregulation in comparison to younger
animals.”"?

It has been shown that, among other factors, measuring
heart rate is also useful in assessing post-operative pain in
laboratory mice, especially at a level of pain that cannot be
detected easily by observation.” In the present study, heart
rate was increased during the first 36 h after anesthesia and
surgery for all groups compared to baseline values
obtained prior to anesthesia and surgery at the correspond-
ing time of day. This heart rate elevation is most likely to be
attributed to the well-described stress-response to surgery
found in humans characterized by enhanced secretion of
pituitary hormones and an activation of the sympathetic
nervous system.”*>* The stimuli for the stress response
to surgery are thought to arise from visceral and peritoneal
afferent nerve fibers as well as from the abdominal wall and
can be attenuated by the application of local anesthesia
prior to trauma.”® Opioids are also known to suppress
hypothalamic and pituitary hormone secretion,”® which
might be a possible explanation for the diminished post-
anesthetic tachycardia seen in the FMS group compared

to the other two protocols. All animals received the
same analgesic regime (one-time application of carprofen
5mg/kg BW s.c.) just shortly before the end of the anesthe-
sia to avoid interference with the study design. Carprofen
reaches its peak plasma concentration at 3-4h after sub-
cutaneous injection” and should therefore, in conjunction
with the anesthetic protocols evaluated in this study,
be applied prior to surgical intervention to ensure incessant
analgesia. Carprofen has a duration of action of 12-24h in
mice.”” Available data based on standardized pain evalu-
ation criteria suggests that rodents should receive at least
7h of analgesia after abdominal surgery, with treatment
extension for more invasive models or strains known to
be pain-sensitive.®” The effectiveness of pain management
in animals is often further assessed through physiologic
(e.g. body weight) or behavioral (e.g. food and water
intake) indices."*> Animals in pain are suggested to have
a depressed food and water intake.®*** However, weight
loss and reduced appetite may not always reliably reflect
a behavioral response to postsurgical pain but could result
from various other factors such as effects of anesthesia and
analgesia, and adaptations to post-surgical handling.®"®*
Especially the often used analgesic buprenorphine (alone
or in combination with NSAIDs) has shown to have a sup-
pressing effect on the appetite,®"*>°° occasionally leading to
a more pronounced reduction in food intake than in
mice not receiving any pain treatment post-surgically.®’
These effects are described as less pronounced and of
shorter duration when mice are treated with NSAIDs
alone, such as carprofen or meloxicam.®"®? None of the
anesthetic protocols in this study appeared to have adverse
post-surgical effect on body weight, or on food and water
intake leading to the assumption that the overall influence
of our applied protocols for the selected procedure to be of
only short duration. However, since animals were housed
in pairs and the daily intake of food and water was esti-
mated by measuring the total food and water consumption
for both mice divided by two, small changes in the individ-
ual animal might have been missed. The evident re-increase
of heart rate observed in all groups on the second day (light
phase) after anesthesia and surgery, may still indicate an
underestimation of pain associated with the procedure per-
formed, and further re-evaluation of the analgesic protocol
applied may be required.

Conclusion

Safe and reliable anesthesia protocols remain a major con-
cern in biomedical research. The suitability of an anesthetic
protocol for laboratory mice depends on not only strain-,
age-, and sex-related variability but also correlates closely
with the expected painfulness of the intervention, the
duration of the procedure, and the operational set-up (e.g.
positioning of the animal). Provided appropriate drugs are
combined, a balanced anesthetic protocol should be chosen
over a mono-anesthetic protocol whenever possible as it is
meant to lead to better achievement of the desired effects,
namely unconsciousness with muscle relaxation, analgesia,
and stable cardiorespiratory function. Additive and
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