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Abbreviations

AMG acceleromyography

ANOVA analysis of variance

BE base excess

CRI constant rate infusion

ED effective dose

EtCO; end-tidal CO;

EtSEVO end-tidal sevoflurane concentration

HR heart rate

IPPV intermittent positive-pressure ventilation
v intravenous

MAC minimum alveolar concentration

MAP mean invasive arterial blood pressure
MIR minimum infusion rate

NMBA neuromuscular blocking agent

PaCO; partial pressure of arterial carbon dioxide
PaO; partial pressure of arterial oxygen

pHa arterial pH

PROP propofol

RI recovery index

SD standard deviation

SEVO sevoflurane

T1 the first twitch of train of four stimulation
T1C control T1

T4 the fourth twitch of train of four stimulation
Teso esophageal temperature

TIVA total intravenous anesthesia

TOF train of four

TOFR ratio of the T4 amplitude to the T1 amplitude
TOFRO0.9 TOFR/control TOFR > 0.9

TOFRC control TOFR

Ts skin surface temperature



Introduction

Basic elements of general anesthesia include analgesia, amnesia and muscle paralysis [13].
Although some anesthetics also have relaxation effect by depressing the spinal motor neurons [31], the
desired degree of muscle relaxation requires deeper plane of anesthesia, which increase the risk of dose-
dependent side effects caused by the anesthetics. Therefore, the coadministration of neuromuscular
blocking agents (NMBA) with anesthetics can decrease the anesthesia risk by achieving muscle
relaxation with reduced anesthetic requirement [26, 61].

In human anesthesia practice and intensive care medicine, NMBAs was used for intubation,
mechanically ventilation and therapeutic hypothermia management [26]. Because the intubation of
veterinary patient is easier than that of human patient, the use of NMBAs is unessential for most
veterinary practitioners [29]. However, the use of NMBAs has been increasing in veterinary clinical
practice due to the development of the new drugs with faster onset, shorter duration and recovery time
and less adverse effect [49]. NMBAs were used to assist surgical manipulations during fraction
reduction, prevent spontaneously breathing during mechanically ventilation, maintain central position
of the globe during ophthalmic surgery in veterinary patient [4, 54].

The mechanism of muscle contraction is mediated by the release of acetylcholine from presynaptic
motor nerve terminals in neuromuscular junction. The acetylcholine in the synapse cleft binds to the
postsynaptic nicotinic receptor, causing the sodium channel located on the muscle plasma membrane to
open, and leads to the depolarization of the muscle. The muscle is repolarized after the acetylcholine is
degraded by acetylcholinesterase [2, 15]. Depending on the mechanism of action, NMBAs are separated
into two types: depolarizing and nondepolarizing. Depolarizing NMBAs can depolarize the muscle fiber,
which is similar to the effect of acetylcholine at the neuromuscular junction. However, the repolarization
of the muscle will persist because the depolarizing NMBAs are undegradable by acetylcholinesterases.
Therefore, the upcoming impulse transmissions are blocked, and flaccid paralysis is achieved.
Nondepolarizing NMBAs can bind to postsynaptic nicotinic receptors but do not have the ability to
cause muscle depolarization. Therefore, they prevent the acetylcholine from binding to the receptors

and block the transmission of action potential [42, 49, 61].



Rocuronium bromide, an aminosteroid, is a nondepolarizing NMBA. It has a faster onset as
compared with that of vecuronium, but the duration of action is similar between the two [36, 43, 47].
Currently, rocuronium has widespread clinical application in veterinary practice and has been
administered to dogs through intravenous (IV) boluses, incremental 1V doses, or constant rate infusion
(CRI) to improve skeletal muscle relaxation during surgical procedures under general anesthesia [1, 4,
9, 20, 27]. However, administration of NMBAs may lead to a residual block, which is the presence of a
neuromuscular blockade during the postoperative period [32]. Studies in humans have shown that sex,
body weight, body temperature, concentration of volatile anesthetic agents and interval between the last
NMBA administration and reversal agent administration are associated with a residual block [40, 62,
70, 71].

NMBAs must be co-administered with inhalation or IV anesthetics because they do not have an
anesthetic effect [37]. Therefore, to avoid a residual blockade and determine the adequate interval
between the last NMBA administration and reversal agent administration, it is important to know if a
certain anesthetic can prolong the effect of the NMBAs. In dogs, potent volatile inhalation anesthetics,
such as isoflurane and sevoflurane, potentiate the neuromuscular blockade produced by NMBAs such
as atracurium, cisatracurium, rocuronium and vecuronium [11, 37, 54, 67]. Conversely, propofol, a
short-acting and noncumulative injectable anesthetic that is suitable as a hypnotic for total intravenous
anesthesia (TIVA), has little to no effect on the neuromuscular blockade produced by NMBAs in dogs
[11, 37, 67].

Alfaxalone is a synthetic neuroactive steroid that has an efficacy and safety similar to that of
propofol and is also suitable for TIVA in dogs [6, 7, 19]. However, unlike propofol, alfaxalone causes
less apnea [38], does not produce pain after IV injection [51] and is not a legally controlled drug in most
countries. Consequently, the use of alfaxalone for TIVA in veterinary practice has increased in recent
years [5, 10, 19, 60]. However, the interaction between rocuronium and alfaxalone in dogs remained
uninvestigated and information to guide veterinary physicians in clinical practice regarding the effective
doses of rocuronium with alfaxalone was insufficient.

Sugammadex, a gamma-cyclodextrin, selectively reverses rocuronium-induced neuromuscular
blockade by chemical encapsulation [8, 17, 18]. The structure of sugammadex comprises a lipophilic

internal cavity that encapsuled aminosteroid neuromuscular blocking molecules to form an inactive



complex, which is then excreted unchanged via the kidneys and thus reverses the neuromuscular
blockade [8, 59]. The reversal effect of sugammadex on rocuronium-induced blockade has been
evaluated in dogs under isoflurane anesthesia [52]. They used 8 mg/kg of sugammadex to reverse
profound rocuronium block. Recovery of the train-of-four (TOF) ratio (TOFR,; ratio of the T4 amplitude
to the T1 amplitude) to 0.9 was achieved within 2 min after sugammadex administration. Compared to
acetylcholinesterase inhibitor, sugammadex does not have cardiovascular side effects and is able to
reverse profound neuromuscular block [63]. However, the encapsulation of other steroidal drugs or
endogenous steroids may occur with sugammadex administration [30]. The alfaxalone formulation
registered for clinical use in dogs and cats associated with the use of a 2-hydroxypropyl-beta
cyclodextrin as a solvent [22]. Therefore, considering that alfaxalone is a steroidal drug and the similar
structure between sugammadex and the solvent of alfaxalone, the efficacy of sugammadex in the
reversal of rocuronium-induced neuromuscular blockade should be investigated in dogs under
alfaxalone anesthesia.

In this study, a series of experiments was performed to clarify the interaction among alfaxalone,
rocuronium and sugammadex in dogs. In Chapter I, the interactions of anesthetic on the neuromuscular
blockade produced by rocuronium were compared in dogs anesthetized with sevoflurane, propofol and
alfaxalone. In Chapter II, the potency of rocuronium was investigated by constructing the dose—response
curve in dogs under alfaxalone anesthesia and its EDso and EDgs were determined. In Chapter III, the
reversal effect of sugammadex on neuromuscular blockade produced by rocuronium was investigated

in dogs under alfaxalone anesthesia.



Chapter I

Effects of sevoflurane, propofol or alfaxalone on neuromuscular blockade produced by a single

intravenous bolus of rocuronium in dogs

1.1 Preface

Rocuronium bromide is a NMBA that has a faster onset and similar duration of action compared
with vecuronium [36, 43, 47]. Currently, clinical applications of rocuronium have widespread in
veterinary practice and has been used to improve skeletal muscle relaxation during surgical procedures
under general anesthesia in dogs [1, 4, 9, 20, 27]. However, rocuronium must be co-administered with
inhalation or 1V anesthetics because of its lack of anesthetic effect [37]. In dogs, potent volatile
inhalation anesthetics, such as isoflurane and sevoflurane, potentiate the neuromuscular blockade
produced by NMBAs such as atracurium, cisatracurium, rocuronium and vecuronium [11, 37, 54, 67].
Conversely, propofol, a short-acting and noncumulative injectable anesthetic that is suitable as a
hypnotic for TIVA, has little to no effect on the neuromuscular blockade produced by NMBAs in dogs
[11, 37, 67]. Alfaxalone is a synthetic neuroactive steroid that has an efficacy and safety similar to that
of propofol and is also suitable for TIVA in dogs [6, 7, 19]. However, unlike propofol, alfaxalone causes
less apnea [38], does not produce pain during 1V injection [51] and is not a legally controlled drug in
most countries. Consequently, the use of alfaxalone for TIVA in veterinary practice has increased in
recent years [5, 10, 19, 60]. However, there are no published studies on the interaction between
rocuronium and alfaxalone in dogs.

This chapter aimed to compare the effects of sevoflurane, propofol, and alfaxalone on the
neuromuscular blockade produced by a single 1V bolus of rocuronium in dogs. It was hypothesized that
in comparison with sevoflurane, both alfaxalone and propofol would not increase the degree or duration

of the neuromuscular blockade induced by rocuronium.



1.2 Materials and methods

1.2.1 Animals

The present study was designed as a randomized, prospective, crossover experiment. A total of
eight adult Beagle dogs (four female and four male), weighing 8.9-15.3 kg and aged 5-7 years, were
included in this study (Table 1-1). The dogs were deemed healthy based on physical examinations, blood
cell counts and serum biochemical profiling. Each dog was anesthetized three times with sevoflurane
(SEVO treatment), propofol (PROP treatment) or alfaxalone (ALFX treatment) with a washout period
of at least 14 days between each experiment. The order of the dogs and the treatment were randomized
using an online randomization system (https://www.randomizer.org/). Food was withheld for 12 hours
before each experiment, although the dogs had free access to water. This study was approved by the
Animal Care and Use Committee of Rakuno Gakuen University (no. VH20B1) and the dogs were cared
for in accordance with the principles of the Guide for the Care and Use of Laboratory Animals prepared

by Rakuno Gakuen University.

Table 1-1. Demographic data

Dog number Sex Weight (kg) Age (years)
1 Male 13.7 6

2 Female 12.8 6

3 Female 8.9 7

4 Female 10.5 7

5 Male 15.3 6

6 Male 11.9 5

7 Female 11.2 5

8 Male 141 6

Mean = SD 123+21 6.0+ 0.8




1.2.2 Determination of the minimal alveolar concentration (MAC) and the minimum infusion rate (MIR)

Before the induction of anesthesia, the right cephalic vein was catheterized using a 22-gauge, 2.5
cm catheter (Surflo F&F; Terumo Co., Ltd., Tokyo, Japan) for the administration of an IV bolus of
rocuronium and for the IV infusion of an isotonic crystalloid fluid. The left cephalic vein was
catheterized with a 22-gauge catheter for administration of treatments. Anesthesia was induced with 5%
sevoflurane (Sevoflo; DS Pharma Animal Health Co., Ltd., Osaka, Japan) in oxygen through a mask,
IV propofol (7 mg/kg; 2% Propofol injection Maruishi; Maruishi Pharmaceutical Co., Ltd., Osaka,
Japan) or 1V alfaxalone (3 mg/kg; Alfaxan; Meiji Seika Pharma Co., Tokyo, Japan) during the SEVO,
PROP and ALFX treatments, respectively. Thereafter, the dogs were orotracheally intubated and the
cuffed endotracheal tube was connected to a circle rebreathing system with 2 L/min oxygen inflow from
an anesthetic machine (Beaver 20; Kimura Medical Instrument Co., Tokyo, Japan). The dog was placed
in right lateral recumbency after intubation. During instrumentation, in the SEVO treatment anesthesia
was maintained with 2.2% end-tidal sevoflurane concentration (EtSEVO) using an out-of-circuit
vaporizer (Sevorex S-200; Shin-Ei Industries Inc., Tokyo, Japan). Anesthesia was maintained in dogs
in treatments PROP and ALFX using a propofol infusion (0.4 mg/kg/min) or alfaxalone infusion (0.12
mg/kg/min), respectively, delivered from a precision syringe infusion pump (TOP-551V; TOP
Corporation, Tokyo, Japan). The right or left dorsal pedal artery was catheterized with a 22-gauge, 3.1
cm catheter (Supercath 5; Medikit Co., Ltd., Tokyo, Japan) for invasive arterial blood pressure
measurement and arterial blood sampling. After instrumentation, the end-tidal carbon dioxide partial
pressure was maintained at 35 + 1 mmHg by intermittent positive-pressure ventilation (IPPV) using a
time-cycled volume-limited ventilator (Nuffield Anesthesia Ventilator Series 200; Penlon, Abingdon,
UK). The initial settings comprised a respiratory rate of 12 breaths/min and an inspiratory-to-expiratory
time ratio of 1:2. During the entire experiment, lactated Ringer’s solution (5 mL/kg'hr; Solulact; Terumo
Co., Ltd.) was administered with a precision infusion pump (TOP-221V; TOP Corp.). The esophageal
temperature (Teso) was maintained between 37.5 °C and 38.0 °C with a heating pad and a warm air
blanket.

For each dog, the sevoflurane minimal alveolar concentration (MAC), propofol minimum infusion
rate (MIR), and alfaxalone MIR were determined by two observers (IC, HT or YW) using electrical

stimulation methods [6, 46, 72]. After equilibration for 20, 60 and 90 min during the SEVO [72], PROP



[46] and ALFX [6] treatments, respectively, electrical stimuli (50 V, 50 Hz, 10 msec) were delivered by
an electrical stimulator (SEN-3301; Nihon Kohden, Tokyo, Japan). The stimulator was connected to
two 25-gauge, 2.5 cm stainless steel needles (Top injection needles; TOP Corp.) that were inserted 5 cm
apart subcutaneously on the ventral base of the tail. Electrical stimuli were applied for a maximum of
10 sec or terminated when a purposeful movement was observed. The purposeful movement was
observed for 60 sec after the initiation of the electrical stimuli. Tail movements, swallowing, blinking
or spontaneous breathing were not considered purposeful movements. In case of disagreements among
the observers, the stimulation was repeated. If purposeful movements were elicited by the electrical
stimuli, the EtSEVO was increased by 0.2% and maintained for 15 min, while the propofol and
alfaxalone infusion rates were increased by 0.025 and 0.01 mg/kg/min, respectively, and maintained for
20 min. If no purposeful movement was observed, the EtSEVO and the propofol and alfaxalone infusion
rates were similarly decreased and maintained. The MAC (of sevoflurane) and the MIR (of propofol
and alfaxalone) were calculated as the arithmetic mean of three values of the EtSEVO and infusion rates

that allowed and abolished purposeful movements, respectively.

1.2.3 Neuromuscular function monitoring

Neuromuscular blockade and neuromuscular function in the dogs were evaluated by responses to
train-of-four (TOF) stimulation using an acceleromyography (AMG) monitor (TOF-Watch SX; MSD
Co., Inc., Tokyo, Japan) [25, 66]. After predetermination of the MAC or MIR, the EtSEVO was set as
1.25-fold the individual sevoflurane MAC during SEVO treatment, while the propofol and alfaxalone
infusion rates were set as 1.25-fold the individual MIRs during the PROP and ALFX treatments,
respectively.

When the dog was placed in dorsal recumbency, the uncatheterized pelvic limb was passively
extended and immobilized from the femur to the distal tibia using a vacuum pillow (ESF-19BN;
Engineering System Co., Ltd., Nagano, Japan) allowing free movement of the hock joint. Two
stimulating needles (TOP Injection Needle, 25-gauge, 2.5 cm; TOP Corp.) were placed subcutaneously,
approximately 2 cm apart, over the peroneal nerve between the lateral condyle of the femur and the
proximal one-third of the fibula, and a negative electrode was placed distally. An acceleration transducer

was taped to the dorsal aspect between the third and fourth digits using surgical tape (Yutoku Surgical



Tape, 2.54 cm wide; Yutoku Pharmaceutical Ind. Co., Ltd., Saga, Japan). A thermometer was placed on
the skin over the proximal site of the tibialis cranialis muscle and fixed using an adhesive elastic bandage
(Elastpore, 2.5 cm wide; Nichiban Co., Ltd., Tokyo, Japan) to measure the skin surface temperature (Ts).
The stimulating needles, electrodes, acceleration transducer and thermometer were connected to an
AMG monitor. The Ts was maintained at > 33 °C by using a forced-air warmer or by wrapping the dog
in a cotton roll. Using the AMG monitor, the peroneal nerve was stimulated with TOF (pulse duration:
0.2 msec, frequency: 2 Hz, duty cycle: 15 sec) for 15 min to allow twitch potentiation [48]. After 15
min of uninterrupted TOF stimulation, the AMG monitor was calibrated using the CAL2 function. The
number of twitches (TOF count) and the amplitudes of the first (T1) and fourth (T4) TOF twitches were
measured, and the TOF ratio (TOFR; ratio of the T4 amplitude to the T1 amplitude) was calculated. A
preload (an object weighing 15 g) was added to the dorsal side between the third and fourth digits if the
TOFR varied significantly. If the variation in the TOFR remained < 5% for 2 min, the control TOF
(TOFRC) and the supramaximal stimulation current were recorded. The TOF variables were recorded
continuously throughout the experiments using the monitor software (TOF-watch SX Monitor Version
2.5.INT; Organon Ltd., Dublin, Ireland).

After 40 min of anesthesia equilibration with 1.25-fold MAC or MIR for each treatment, 1V
rocuronium bromide (1 mg/kg; Rocuronium Bromide Intravenous Solution; Fuji Pharma Co., Ltd.,
Tokyo, Japan) was administered. The following times were recorded: time from rocuronium
administration to achieving TOF count O (onset time), time from achieving TOF count 0 to the
reappearance of TOF count 4 (clinical blockade period), time to recovery from 25% to 75% of the
TOFRC (recovery index) and time from achieving TOF count 0 to TOFR/TOFRC > 0.9 (total
neuromuscular blockade duration).

Before and 2, 5, 10, 15, 20, 30, 45 and 60 min after rocuronium administration, and when a
TOFR/TOFRC > 0.9 was achieved (TOFR90), an arterial blood sample was collected into heparinized
syringes that were self-prepared by liquid-heparin rinsing (Heparin Sodium Injection 10,000 units/10
mL MOCHIDA; Mochida Pharmaceutical Co., Ltd., Tokyo, Japan). These were immediately analyzed
for the arterial pH (pHa), partial pressure of arterial oxygen (PaO-) and carbon dioxide (PaCO;) (GEM
Premier 3500; Instrumentation Laboratory Japan Co., Ltd., Tokyo, Japan). The IPPV was set to maintain

the PaCO; at 40 + 1 mmHg.
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At 60 min after rocuronium administration and when the TOFR90 was achieved, cefazolin sodium
hydrate (25 mg/kg; Cefamezin o 1 g for Injection; LTL Pharma Co., Ltd., Tokyo, Japan) was
administered IV with buprenorphine hydrochloride (0.01 mg/kg; Lepetan injection 0.3 mg; Otsuka
Pharmaceutical Co., Ltd., Tokyo, Japan) intramuscularly and meloxicam (0.2 mg/kg; Metacam 0.5%;
Boehringer Ingelheim Japan Inc., Tokyo, Japan) subcutaneously. Anesthetic administration was
discontinued and the dog was allowed to recover from anesthesia. If delirium during recovery was
unacceptable, IV medetomidine (1 pg/kg; Dorbene vet; Kyoritsu Seiyaku Corporation, Tokyo, Japan)
was administered. The dog was confirmed its good recovery from anesthesia and returned to the
laboratory animal housing facility in our university after each experiment. Furthermore, the dog was

confirmed to be in good health until one week after the end of the third experiment.

e [ TOF-Watch® SX

Fig. 1-1. Setting of Neuromuscular function monitor.

The pelvic limb of the dog was fixed with a vacuum pillow. Two stimulating needles were placed
subcutaneously, approximately 2 cm apart, over the peroneal nerve between the lateral condyle of the
femur and the proximal one-third of the fibula, and a negative electrode was placed distally. An
acceleration transducer was taped to the dorsal aspect between the third and fourth digits. A thermometer
was placed on the skin over the proximal site of the tibialis cranialis muscle and fixed using an adhesive
elastic bandage. A 15 g preload was added to the dorsal side between the third and fourth digits if the
TOFR varied significantly.
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1.2.4 Cardiopulmonary monitoring

During anesthesia, the cardiopulmonary variables were monitored continuously and recorded every
5 min. These included the heart rate (HR), peripheral hemoglobin oxygen saturation (SpO2), Teso,
electrocardiography, respiratory rate, systolic, MAP and diastolic invasive arterial pressure and EtSEVO
(BP-608V; Omron Colin, Ltd., Tokyo, Japan). The invasive arterial blood pressure was measured by
connecting the arterial catheter placed in the dorsal pedal artery to a pressure transducer (BD DTX Plus
DT-4812; Japan Becton, Dickinson and Co., Fukushima, Japan) that was zeroed at the level of the mid-

sternum or mid-thorax.

1.2.5 Statistical analysis

Data analyses were performed using the SAS statistical software (SAS OnDemand for Academics;
SAS Institute Inc., NC, USA). All data were analyzed for normality using the Shapiro-Wilk test.
Parametric values are presented as mean * standard deviation, while nonparametric values are presented
as median (interquartile range). Statistical significance was set at p < 0.05.

The TOFRC, time for MAC or MIR determination, total anesthesia time, onset time, recovery index
and total neuromuscular blockade duration were compared among the SEVO, PROP, and ALFX
treatments using a one-way analysis of variance (ANOVA) with the Tukey—Kramer post hoc test. The
supramaximal current and clinical blockade period were compared among the treatments using the
Kruskal-Wallis and Steel-Dwass post hoc tests. Changes in the MAP were compared among the
treatments using a two-way repeated-measures ANOVA followed by the Tukey—Kramer post hoc test.
Changes in the HR, pHa, base excess (BE), PaO;, PaCO., Teso and Ts were compared among the
treatments using the Friedman test with the Bonferroni post hoc test. For each treatment, the MAP was
compared to the baseline value by a repeated measures single-factor ANOVA followed by the Dunnett’s
post hoc test. The HR, pHa, BE, PaO,, PaCO,, Teso, and Ts were compared to the baseline values by the
Friedman and Steel-Dwass post hoc tests.

Spearman's rank correlation coefficient was used to identify the variables (i.e. sex, age, weight,
EtSEVO or infusion rate of PROP or ALFX, the mean of MAP, and the medians of HR, pHa, BE, PaOs,,
PaCO;, Teso and Ts during the experiment) that correlated with the logit transform of the clinical

blockade period, RI or duration TOFR90 within each group.
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1.3 Results

1.3.1 MAC/MIR determination and total anesthesia time

The MAC/MIR determination time and the total anesthesia time were 209.4 + 33.6 and 360.8
35.4 min in the SEVO treatment, 378.3 + 86.2 and 535.0 + 72.4 min in the PROP treatment, and 340.5
+ 106.4 and 489.8 + 113.1 min in the ALFX treatment, respectively. The total anesthesia time and the
time required for MAC/MIR determination were shorter during the SEVO treatment than during the
PROP (p = 0.001 and p = 0.011, respectively) and ALFX (p < 0.001 and p = 0.011, respectively)
treatments. The MAC of sevoflurane was 2.18 + 0.44%, and the MIRs of propofol and alfaxalone were
0.29 + 0.10 and 0.13 = 0.04 mg/kg'min, respectively. In all dogs, there was no unacceptable delirium

during recovery and therefore medetomidine was not administered.

1.3.2 Changes in the TOFR/TOFRC values

Changes in the TOFR/TOFRC of the SEVO, PROP and ALFX treatments are shown in Figure 1-
2. The TOFRC, supramaximal current, onset time and recovery index did not differ significantly among
the treatments (Table 1-2). However, the clinical blockade period was longer in the SEVO treatment
than in the PROP and ALFX treatments (p = 0.002 and p = 0.017, respectively), and also longer in the
ALFX treatment than in the PROP treatment (p = 0.020) (Table 1-2). The total neuromuscular blockade
duration was longer in the SEVO treatment than in the PROP and ALFX treatments (p < 0.001 and p =

0.036, respectively).

o
o0

—0—SEVO ftreatment

o
=

Train-of-four ratio
(=1
(=)

—A—PROP treatment

o
o

—&— ALFX treatment

o
o

0 5 10 15 20 25 30 35 40 45 50 55 60
Time (minutes)

Fig. 1-2. Train-of-four ratio before (baseline) and after rocuronium (1 mg/kg bolus) intravenous
administration in eight dogs anesthetized with sevoflurane (SEVO treatment), propofol constant rate
infusion (CRI) (PROP treatment) or alfaxalone CRI (ALFX treatment).
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Data are presented as mean = standard deviation.

Table 1-2. The train-of-four (TOF) ratio before rocuronium administration (TOFRC), time from
rocuronium (1 mg/kg bolus) intravenous administration to achieving TOF count O (onset time), time
from achieving TOF count 0 to reappearance of TOF count 4 (clinical blockade period), time to recovery
from 25% to 75% of the TOFRC (recovery index) and time from achieving TOF count 0 to achieving
TOF ratio/TOFRC > 0.9 (total neuromuscular blockade duration) in eight dogs anesthetized with
sevoflurane (SEVO treatment), propofol constant rate infusion (CRI) (PROP treatment) or alfaxalone
CRI (ALFX treatment). Data are presented as mean + standard deviation or median (interquartile range).

Treatment
Variable
SEVO PROP ALFX
TOFRC 1.08 £ 0.19 1.12+0.12 1.14+0.16
Supramaximal current (mA) 60 (60-60) 60 (60-60) 60 (60-60)
Onset time (sec) 49 + 14 61+ 11 48 + 13
Clinical blockade
: . 27.3(26.0-30.3 16.6 (15.4-18.0) *  22.4(18.6-23.1) *
period (min) ( ) ( ) ( )
Recovery index (min) 58+ 3.0 41+20 47+ 1.7
Total neuromuscular blockade 457499 251407 % 3254+ 84*

duration (min)

*Significantly different from the period/duration in the SEVO treatment (p < 0.05). {Significantly
different from the period in the PROP treatment (p < 0.05).
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1.3.3 Physiological parameters

Compared with the SEVO treatment, HR during the PROP treatment was lower at baseline (p =
0.005) and at 2, 10 and 15 min after rocuronium administration (p = 0.048, p = 0.043 and p = 0.042,
respectively) (Table 1-3). Compared with the ALFX treatment, HR during the PROP treatment was
lower at baseline (p = 0.004); at 2, 5, 10, 15, 20, 45 and 60 min after rocuronium administration (p-
values = 0.042, 0.045, 0.009, 0.005, 0.013, 0.020 and 0.022, respectively); and while achieving TOFR90
(p = 0.031) (Table 1-3). Compared with the PROP treatment, MAP during the SEVO treatment was
lower at 2, 5, 15, 20, 30, 45 and 60 min after rocuronium administration (p-values = 0.022, 0.010, 0.010,
0.009, 0.005, < 0.001 and 0.002, respectively) and while achieving TOFR90 (P = 0.002) (Table 1-3).
Compared with the ALFX treatment, MAP during the SEVO treatment was lower at the baseline (p =
0.049); at 2, 5, 15, 20, 30, 45 and 60 min after rocuronium administration (p-values = 0.018, 0.013,
0.041, 0.012, < 0.001, < 0.001 and 0.001, respectively); and while achieving TOFR90 (P = 0.002). The
BE, PaO,, PaCO», Teso and Ts did not differ among the treatments at baseline or at any other time point
(Table 1-3). The HR, MAP, pHa, BE, PaO,, Teso and Ts did not differ between baseline and any other
time point within each treatment. Statistically significant differences were detected in: 1) the pHa
between the SEVO and ALFX treatments at 60 min after rocuronium administration (p = 0.023), 2) the
PaCO; between the baseline and while achieving TOFR90 during the SEVO treatment (p = 0.034), and
3) the PaCO; between the baseline and 15 (p = 0.039) and 20 min (p = 0.038) after rocuronium
administration in the ALFX treatment. However, these differences were considered not clinically

significant.
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Table 1-3. Changes in the heart rate (HR), mean invasive arterial pressure (MAP), arterial pH (pHa), base excess (BE), partial pressures of oxygen (PaO,)
and carbon dioxide (PaCO,), esophageal temperature (Teso) and skin surface temperature (Ts) before (baseline) and after rocuronium (1 mg/kg bolus)
intravenous administration in eight dogs anesthetized with sevoflurane (SEVO treatment), propofol constant rate infusion (CRI) (PROP treatment) or
alfaxalone CRI (ALFX treatment). Data are presented as mean + standard deviation or median (interquartile range).

Time (min)
Variable Treatment Baseline
2 5 10 15 20 30 45 60
HR (beats/min) SEVO 121 123 127 127 127 125 125 128 125
(102-133) (108-135) (115-138) (119-137) (117-136) (116-138) (115-136) (122-136) (113-135)
PROP 82 * 93 * 109 108 * 104 * 104 98 94 90
(72-94) (81-106) (95-121) (91-117) (90-113) (93-122) (92-128) (84-118) (82-103)
ALFX 1151 126 1 128 + 133 131 136 1 135 137 ¥ 130
(107-121) (114-132) (121-138) (120-145) (124-144) (125-144) (130-151) (129-143) (125-144)
MAP (mmHg) SEVO 88+ 14 85+ 17 88+ 13 92+ 13 92+11 90+ 11 89+ 12 89+ 12 91+12
PROP 103+ 15 107+ 14 * 109+ 14 * 109+ 14 112+ 14 * 111+12* 110+ 11 * 115+9* 114+ 13 *
ALFX 105+ 12 * 108 + 15 * 109+ 13 * 108 + 14 108+ 11 * 110+ 14 * 116 +11* 119+10* 115+10*
pHa SEVO 7.41 7.38 7.39 7.38 7.38 7.37 7.37 7.39 7.38
(7.40-7.43) (7.37-7.39) (7.37-7.39) (7.35-7.40) (7.38-7.38) (7.36-7.38) (7.36-7.40) (7.36-7.41) (7.36-7.39)
PROP 7.42 7.39 7.40 7.38 7.39 7.39 7.40 7.39 7.40
(7.42-7.43) (7.39-7.40) (7.39-7.40) (7.36-7.39) (7.37-7.41) (7.37-7.40) (7.38-7.41) (7.38-7.40) (7.38-7.41)
ALFX 7.43 7.40 7.38 7.39 7.39 7.39 7.40 7.40 7.41*
(7.43-7.45) (7.40-7.42) (7.37-7.41) (7.38-7.41) (7.38-7.41) (7.38-7.41) (7.39-7.40) (7.39-7.43) (7.40-7.42)
BE (mmol/L) SEVO -0.6 -1.4 -1.6 -15 -15 -1.3 -2.1 -2.0 =17
(-1.5t0-02) (-3.6t0-09) (26t0-12) (24t0-07) (29t0o—-1.1) (3.7t0-1.0) (-29t0-0.8) (3.1to-1.1) (-2.8t0o—1.5)
PROP -0.2 -1.3 -15 -1.8 -1.6 -15 =17 -1.2 -1.3
(-08t00.2) (-1.8t0-0.1) (-19t0-0.7) (-19t0—-1.2) (-1.7to—-1.1) (22t0-09) (2.1to-1.1) (22t0-04) (2.7t00.2)
ALFX -0.2 -0.7 -1.2 -1.2 -1.2 -1.1 -1.2 -0.8 -11
(-1.1to 1.6) (-1.1t00.2) (1.4 t00.2) (-18t004)  (-1.8t0-03) (-1.7t0-0.1) (-15t0-03) (-1.6t0-02) (-1.4t00.1)
PaO, (mmHg) SEVO 550 527 470 522 509 519 549 451 548
(503-584) (451-568) (455-580) (431-590) (441-590) (459-584) (513-601) (395-581) (513-592)
PROP 567 558 551 558 558 542 517 572 563
(544-581) (549-566) (515-566) (525-566) (513-565) (503-573) (471-557) (541-576) (554-575)
ALFX 552 557 572 560 569 573 585 574 555
(530-580) (520-567) (521-581) (523-576) (529-592) (527-583) (528-587) (510-585) (528-594)
PaCO, (mmHg) SEVO 37 (35-37) 40 (38-41) 40 (38-42) 41 (39-44) 40 (39-40) 41 (39-41) 40 (39-41) 39 (39-40) 39 (38-39)
PROP 36 (35-36) 39 (38-41) 39 (38-40) 41 (40-41) 40 (40-41) 39 (39-40) 39 (37-40) 40 (39-40) 40 (39-40)
ALFX 36 (36-37) 38 (38-41) 40 (38-43) 41 (40-41) 39 (39-40) § 40 (39-40) 1 39 (38-40) 38 (36-39) 38 (37-38)
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Teso (°C) SEVO 37.9 37.9 37.9 37.9 37.8 378 379 378 378
(37.8-37.9) (37.8-37.9) (37.8-37.9) (37.7-37.9) (37.8-37.9) (37.8-37.9) (37.7-37.9) (37.8-37.9) (37.7-37.9)
PROP 37.9 37.9 37.9 37.9 37.9 37.9 379 377 3738
(37.8-37.9) (37.9-37.9) (37.9-37.9) (37.9-38.0) (37.9-37.9) (37.8-37.9) (37.8-37.9) (37.7-37.8) (37.7-37.8)
ALFX 379 38.0 379 38.0 38.0 38.0 38.0 379 379
(37.7-37.9) (37.8-38.0) (37.9-38.0) (37.9-38.0) (37.9-38.0) (37.9-38.0) (37.8-38.0) (37.8-37.9) (37.8-37.9)
Ts (°C) SEVO 354 353 35.1 349 349 3438 346 35.2 353
(35.3-35.9) (35.1-35.8) (35.0-35.5) (34.8-35.2) (34.9-34.9) (34.6-34.8) (34.5-34.8) (34.8-35.5) (34.5-35.8)
PROP 34.9 34.9 34.8 34.7 345 345 347 348 347
(34.6-35.1) (34.5-35.1) (34.4-35.0) (34.3-34.8) (34.2-34.7) (34.2-34.6) (34.5-34.7) (34.6-34.9) (34.4-34.8)
ALFX 35.0 35.1 34.9 34.7 345 344 345 346 34.9
(34.3-35.6) (34.4-35.6) (34.3-35.4) (34.1-35.2) (34.0-35.1) (33.9-35.1) (34.1-35.3) (34.3-35.6) (34.4-35.8)

*Significantly different from SEVO treatment at the same time point (p < 0.05). tSignificantly different from PROP treatment at the same time point (p
< 0.05). fSignificantly different from baseline within the treatment (p < 0.05).
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1.3.4 Spearman's rank correlation coefficient

By Spearman's rank correlation coefficient, EtSEV correlated with the logit-transformed clinical
blockade period in SEV (rs = 0.73193, p = 0.0390). In PROP and ALFX, the medians of Teso during
the experiment correlated with the logit-transformed clinical blockade period (rs = -0.71147 and -
0.72591, p = 0.0478 and 0.0415, respectively). There was no correlation identified between logit-
transformed RI and variables (i.e. sex, age, weight, EtSEV, the mean of MAP, and the medians of HR,
pHa, BE, Pa0O,, PaCO,, Teso and Ts during the experiment) in SEV. In PROP, the medians of Teso
during the experiment correlated with the logit-transformed RI (rs = 0.87439, p = 0.0045). In ALFX,
infusion rate of ALFX correlated with the logit-transformed RI (rs = 0.84146, p = 0.0088). Medians of
Teso and Ts during the experiment correlated with the logit-transformed duration TOFR90 in SEV (rs
= -0.74882 and -0.73055, p = 0.0325 and 0.0396, respectively). In PROP, there was no correlation
identified between logit-transformed duration TOFR90 and variables (i.e. sex, age, weight, infusion rate
of PROP, the mean of MAP, and the medians of HR, pHa, BE, PaO,, PaCO,, Teso and Ts during the
experiment). In ALFX, the medians of Teso during the experiment correlated with the logit-transformed

duration TOFR90 (rs = -0.75094, p = 0.0318).
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1.4 Discussion

The present study showed that compared with sevoflurane anesthesia at 1.25 x MAC, alfaxalone
and propofol infusion at 1.25 x MIR did not prolong the rocuronium-induced neuromuscular blockade
to a greater extent in dogs. Furthermore, the duration of clinical blockade differed between alfaxalone
and propofol infusions, and results indicated that alfaxalone may induce a greater prolongation of the
rocuronium-induced neuromuscular blockade. It is inferred that there is a minor difference in the
pharmacodynamic effect on rocuronium-induced neuromuscular blockade between alfaxalone and
propofol in dogs.

Sevoflurane inhibits the adult mouse muscle nicotinic acetylcholine receptor (NAChR) by
potentiating the functional effect of antagonists, such as vecuronium and d-tubocurarine, at the receptor
site in a dose-dependent manner [58]. Another in vitro study also reported that sevoflurane enhanced
the rocuronium-induced inhibition of adult mouse muscle nNAChR in a concentration-dependent manner
[44]. Sakata et al. [67] reported that sevoflurane prolonged recovery from rocuronium CRI-induced
neuromuscular blockade in a dose-dependent manner in dogs; the rocuronium plasma concentrations
suggested that sevoflurane enhanced neuromuscular blockade by affecting rocuronium
pharmacodynamics at the neuromuscular junction. Conversely, sevoflurane anesthesia may also affect
rocuronium metabolism by reducing the cardiac output and hepatic blood flow, because rocuronium is
eliminated mainly by the liver [24, 41]. In the present study, the cardiac output and hepatic blood flow
may have been decreased by sevoflurane, because the MAP was lower in the SEVO treatment than in
the ALFX and PROP treatments. Moreover, according to the result of Spearman's rank correlation
coefficient, EtSEVO correlated with the logit-transformed clinical blockade period in SEV and showed
that the higher the EtSEVO, the longer the clinical blockade period. Therefore, it was speculated that
sevoflurane prolongs rocuronium-induced neuromuscular blockade in dogs by potentiating the
inhibition of the nAChR and affecting rocuronium metabolism in a dose-dependent manner.

Compared with sevoflurane, alfaxalone and propofol had lesser effects on rocuronium-induced
neuromuscular blockade in the dogs. Nevertheless, the clinical blockade period was slightly, but
significantly, longer in the ALFX treatment than in the PROP treatment. This indicated that alfaxalone

infusion might increase the degree of rocuronium-induced neuromuscular blockade as compared to
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propofol infusion. It has been demonstrated that nondepolarizing NMBAs inhibit the neuronal a3p2
nNAChR subtype and muscle nAChRs [34, 35]. An in vitro study demonstrated that propofol inhibited
the a1B10¢, a3p2, and a7 nAChR subtypes, which can be found at the neuromuscular junction; however,
the inhibitory effect occurred at concentrations higher than those required for general anesthesia [33].
Conversely, alfaxalone has been reported to inhibit nAChRs in cultured bovine adrenal chromaffin cells
at anesthetic concentrations [68]. Although the inhibited NAChR subtype was not determined in the
Shiraishi et al. [21] study, a3B2 is one of the most abundant nAChR subtypes in the adrenal medulla. It
was postulated that the prolongation of the clinical blockade period in the ALFX treatment was caused
by variation in the pharmacodynaics of rocuronium at the neuromuscular junction. In addition, according
to the result of Spearman's rank correlation coefficient, infusion rate of ALFX correlated with the logit-
transformed RI and also indicated that the higher the infusion rate, the longer the RI. Therefore,
compared with propofol, alfaxalone may cause a slightly greater prolongation of rocuronium-induced
neuromuscular blockade in dogs.

The medians of Teso negatively correlated with the logit-transformed clinical blockade period in
PROP and ALFX, and negatively correlated with the logit-transformed duration TOFR90 in SEV and
ALFX. Hypothermia may influence the neuromuscular blocking effect by reducing muscle strength or
drug elimination rate [28]. However, the body temperature range (37.5-38.0°C) in the present study was
higher than in daily clinical practice and therefore our results could underestimate the recovery time of
rocuronium-induced neuromuscular blockade in clinical situation. The medians of Teso during the
experiment positively correlated with the logit-transformed RI in PROP. Considering the median body
temperature was either 37.8 or 37.9°C in PROP and the same trend was not seen in other two treatments,
we concluded that further studies are needed to determine if body temperature affects the RI of
rocuronium in dogs. The medians of Ts negatively correlated with the logit-transformed duration
TOFR90 in SEV. Nevertheless, the skin surface temperature was maintained above 33.0°C in the present
study and was considered acceptable because in vitro study showed the potency of neuromuscular
blocking agent increases at temperatures less than 33.0°C [28].

There are several limitations to the present study. First, the small sample size may increase the
probability of a type Il error. Although the difference in the clinical blockade period between the PROP

and ALFX treatments was significant, no significant differences in the total neuromuscular blockade
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duration were detected. However, when analyzed with the Kaplan—Meier survival curve, log-rank tests
revealed that the time to TOFR90 was significantly shorter in the PROP treatment than in the ALFX
treatment (p = 0.008). Therefore, the total neuromuscular blockade duration may differ between the
PROP and ALFX treatments. Moreover, in the present study the individual MAC or MIR were
determined before rocuronium administration to minimize any intra-individual variations. However, this
resulted in a significant difference in the total anesthesia time among the treatments, and the influence
of these variations cannot be ruled out. Conversely, the prolonged anesthesia times in the PROP and
ALFX treatments may have resulted in the accumulation of propofol and alfaxalone in the peripheral
tissues, respectively. Therefore, propofol and alfaxalone plasma concentration analyses are warranted
to determine whether there was an accumulation of 1V anesthetic drugs. In addition, a previous study in
dogs demonstrated that AMG detected recovery from neuromuscular blockade earlier than
electromyography [65]. Thus, the recovery time may have been underestimated in the present study.
Nevertheless, this underestimation does not alter the conclusion that compared with propofol and
alfaxalone, sevoflurane significantly prolongs rocuronium-induced neuromuscular blockade, and that

compared with propofol, alfaxalone prolongs the clinical blockade period to a greater extent.
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1.5 Brief summary

This study is randomized, prospective, crossover experimental study which compared the effects
of sevoflurane, propofol and alfaxalone on the neuromuscular blockade induced by a single intravenous
bolus of rocuronium in dogs.

A total of eight adult Beagle dogs (four female, four male), weighing 8.9-15.3 kg and aged 5-7
years was included. The dogs were anesthetized three times with 1.25 x minimum alveolar concentration
of sevoflurane (SEVO treatment) and 1.25 x minimum infusion rate of propofol (PROP treatment) or
alfaxalone (ALFX treatment) at intervals of > 14 days. Neuromuscular function was monitored with
train-of-four (TOF) stimulation of the peroneal nerve by acceleromyography. After recording the control
TOF ratio (TOFRC), a single bolus dose of rocuronium (1 mg/kg) was administered intravenously. The
times from rocuronium administration to achieving TOF count 0 (onset time), from achieving TOF
count 0 to the reappearance of TOF count 4 (clinical blockade period), from 25% to 75% of TOFRC
(recovery index) and from achieving TOF count O to TOF ratio/ TOFRC > 0.9 (total neuromuscular
blockade duration) were recorded.

The onset time and recovery index did not differ among the treatments. The median clinical
blockade period was longer in the SEVO treatment [27.3 (26.0-30.3) min] than in PROP [16.6 (15.4—
18.0) min; p =0.002] and ALFX [22.4 (18.6-23.1) min; p = 0.017] treatments; and longer in the ALFX
treatment than in the PROP treatment (p = 0.020). The mean total neuromuscular blockade duration was
longer in the SEVO treatment (43.7 = 9.9 min) than in PROP (25.1 = 2.7 min; p < 0.001) and ALFX
(32.5 £ 8.4 min; p = 0.036) treatments. According to the results, when compared with alfaxalone and
propofol, sevoflurane prolonged rocuronium-induced neuromuscular blockade by a significantly greater

extent in dogs.
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Chapter I1

EDso and EDgs of rocuronium during alfaxalone anesthesia in dogs

2.1 Preface

The results from Chapter I showed that the single 1V dose rocuronium-induced neuromuscular
blockade was longer in dogs under alfaxalone anesthesia than those under propofol anesthesia. However,
there was still insufficient information regarding to effective doses of rocuronium in dogs under
alfaxalone anesthesia. According to the Good clinical research practice in pharmacodynamics studies of
neuromuscular blocking agents [25], the effective doses of NMBASs can be evaluated by constructing
dose-response curves from a linear least squares regression analysis model. The single bolus method is
considered as the ‘gold standard’ for dose—response curve construction of intermediate and short-acting
NMBAs. In this method, the degree of neuromuscular block is measured following administration of
different doses of NMBA to determine the median effective dose 50 (EDso) and effective dose required
to depress the twitch value by 95% (EDgs).

For dose-response curve construction, the ideal stimulation pattern of neuromuscular monitoring is
the single twitch stimulation; however, train-of-four stimulation is also an acceptable stimulation pattern
[25]. If the first twitch (T1) of train-of-four (TOF) stimulation is used for the dose-response study of an
NMBA, the EDso and EDgs are defined as the dose required to depress the T1 value by 50% and 95%,
respectively [55].

This chapter aimed to investigate the potency of rocuronium by constructing the dose—response

curve and determining its EDso and EDgs during alfaxalone anesthesia in dogs.
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2.2 Materials and methods

2.2.1 Animals

The experimental animals included in this randomized, prospective, crossover experiment were
four female and four male adult Beagle dogs, weighing 10.3-14.6 kg, aged 6-8 years, and purpose-bred
for research. The dogs were used in this study after confirming their good health condition by physical
examination and blood test including complete blood count and serum biochemical analysis. Since there
was no current report about confidence interval data for EDso or EDgs of rocuronium in dogs, no a priori
power analysis was performed. Eight dogs were used according to the experiment in Chapter I.

The MIR of alfaxalone for each dog was determined before the experiments, using a method
described in Chapter 1. The predetermined individual MIR of alfaxalone was 0.13 (0.11-0.14)
mg/kg/min [median (25th—75th percentile)]. Each dog was anesthetized three times with alfaxalone
infusion at 1.25-fold the individual MIR [1.25 MIR; equal to 0.16 (0.14-0.18) mg/kg/min], during which
rocuronium was administered at 100 pg/kg (R100 treatment), 175 pg/kg (R175 treatment), or 250 pg/kg
(R250 treatment). Washout period between each experiment was set for at least 14 days. Order of the
dogs and the rocuronium doses were randomized by an online randomization system

(https://www.randomizer.org/). The randomized result was shown in Table 2-1. Food was withheld from

the dogs for 12 hr, but access to water was not restricted, prior to each experiment.

This experiment protocol was approved by the Animal Care and Use Committee of Rakuno Gakuen
University (no. VH21B7), and the dogs received care in accordance with the principles of the Guide for
the Care and Use of Laboratory Animals in Common Breeding Facilities prepared by Rakuno Gakuen
University. The stabling conditions included feeding and environmental cleaning twice a day and

walking activity for at least once a week throughout the study period.


https://www.randomizer.org/
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Table 2-1. The result of randomization for eight dogs administered rocuronium 100 pg/kg (R100
treatment), 175 pg/kg (R175 treatment) or 250 pg/kg (R250 treatment) during alfaxalone anesthesia.

Treatment order

Dog number
1 2 3

1 R250 R100 R175
2 R100 R175 R250
3 R100 R250 R175
4 R100 R175 R250
5 R250 R175 R100
6 R250 R175 R100
7 R250 R100 R175
8 R100 R175 R250
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2.2.2 Anesthesia and instrumentation

First, catheterization of the right cephalic vein was performed with a 22-gauge catheter (Surflo
F&F, 22-gauge, 2.5 cm; Terumo Co., Ltd.) for rocuronium administration and isotonic fluid infusion,
while catheterization of the left cephalic vein was performed with a 22-gauge catheter for alfaxalone
administration. Induction of anesthesia was achieved by administering alfaxalone (3 mg/kg I1V; Alfaxan;
Meiji Seika Pharma Co.) over a period of 1 min and was maintained by alfaxalone infusion of 1.25 MIR
using a precision syringe infusion pump (TOP-551V; TOP Corp.). After the induction of anesthesia, the
dog was orotracheally intubated with a cuffed endotracheal tube and oxygen inflow of 2 L/min was
delivered by a circle rebreathing system of an anesthetic machine (Beaver 20; Kimura Medical
Instrument Co.). Then, the dog was placed in dorsal recumbency and lactated Ringer’s solution
(Solulact; Terumo Co., Ltd.) was administered at 5 mL/kg/hr using a precision infusion pump (TOP-
221V; TOP Corp.) during the entire experiment.

Invasive arterial blood pressure was measured by catheterizing the median caudal artery with a 24-
gauge catheter (Supercath 5, 24-gauge, 1.9 cm; Medikit Co., Ltd.). Vacuum cushion (ESF-19BN;
Engineering System Co. Ltd, Japan) was used to fix the femur and the distal tibia of left pelvic limb to
the table, allowing the hock joint to move freely. The peroneal nerve was stimulated by inserting two
needles (Top Injection Needle, 25-gauge, 2.5 cm; TOP Corp.) subcutaneously, approximately 2 cm
apart, between the lateral condyle of the femur and proximal one-third of the fibula. The stimulation
needles were connected to an AMG monitor (TOF-Watch SX; MSD Co., Inc.). An acceleration
transducer of the AMG monitor was fixed to the dorsal aspect between the third and fourth digits using
surgical tape (Yutoku Surgical Tape, 2.54 cm wide; Yutoku Pharmaceutical Ind. Co., Ltd.). Ts
measurement was performed by placing the temperature sensor of the AMG monitor on the skin over
the proximal site of the tibialis cranialis muscle.

After instrumentation was completed, the alfaxalone anesthesia was equilibrated for 90 min and
the end-tidal partial pressure of carbon dioxide was maintained at the value to control PaCO, at 40 + 3
mmHg. The respiratory rate and inspiratory-to-expiratory time ratio of intermittent positive pressure
mechanical ventilation (Nuffield Anesthesia Ventilator Series 200; Penlon Ltd.) were initially set at 12

breaths/min and 1:2, respectively. Teso was controlled between 37.5°C and 38.0°C by a heating pad and
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a warm air blanket. If Ts was lower than 33°C, the pelvic limb would be wrapped with a cotton roll and

forced-air warmer would be used when necessary.

2.2.3 Rocuronium administration and neuromuscular function monitoring

Neuromuscular function was evaluated using the TOF stimulation mode (pulse duration: 0.2 msec,
frequency: 2 Hz, duty cycle: 15 sec) of the AMG monitor. Considering twitch potentiation [48], the
peroneal nerve was stimulated for 15 min via TOF stimulation mode before rocuronium administration.
CAL2 function of the AMG monitor was then used for calibration. The TOF count, amplitudes of T1 to
T4, and TOFR were recorded continuously by the monitor software (TOF-watch SX Monitor Version
2.5.INT; Organon Ltd.). If the TOFR varied significantly, a preload, which was a mass weighing 15 g,
would be fixed to the dorsal aspect between the third and fourth digits. If the variation of TOFR value
was less than 5% for 2 min after calibration, the TOFRC, control T1 (T1C), and supramaximal
stimulation current were recorded.

After 90 min of alfaxalone anesthesia equilibration, rocuronium bromide (100, 175, or 250 pg/kg
IV; Rocuronium Bromide Intravenous Solution; Fuji Pharma Co., Ltd.) was administered for each
treatment. The following values were recorded: lowest TOFR, the lowest value of TOFR/TOFRC which
TOF count = 0—4 was considered TOFR =0 (e.g., TOF count of 3 would be analyzed as TOFR =0, not
as TOFR = 3 or 0.03); lowest T1, lowest value of T1/T1C; onset time of lowest T1, time from
rocuronium administration to achieving lowest T1; duration TOFRO0.9, time from a rocuronium
administration to TOFR/TOFRC > 0.9.

The experiment was terminated when TOFRO0.9 was achieved, and 60 min had passed from
rocuronium administration. Thereafter, cefazolin sodium hydrate (25 mg/kg IV; Cefamezin o 1 g for
Injection; LTL Pharma Co., Ltd.), buprenorphine hydrochloride (0.01 mg/kg for intramuscular injection;
Lepetan injection 0.3 mg; Otsuka Pharmaceutical Co., Ltd.), and meloxicam (0.2 mg/kg of subcutaneous
injection; Metacam 0.5%; Boehringer Ingelheim Japan Inc.) were administered, the alfaxalone infusion
was terminated. If delirium was profound during recovery, medetomidine administration (1 pg/kg 1V;
Dorbene vet; Kyoritsu Seiyaku Corp.) was considered. Once the dog recovered full consciousness and

was able to walk without support, it would go back to the laboratory animal housing facility in our
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university. The health condition of the dogs were confirmed until 1 week after the end of the last

experiment.

2.2.4 Cardiopulmonary monitoring

Cardiopulmonary variables, including HR, peripheral arterial hemoglobin oxygen saturation, Teso,
electrocardiography, respiratory rate, end-tidal partial pressure of carbon dioxide, systolic, MAP, and
diastolic invasive arterial pressure, were monitored continuously. The cardiopulmonary variables except
for electrocardiography were recorded every 5 min throughout the experiment, using a patient
monitoring device (BP-608V; Omron Colin, Ltd.). The arterial catheter was connected to a pressure
transducer (BD DTX Plus DT-4812M; Japan Becton, Dickinson and Co.) that was zeroed and then
placed at the level of the shoulder joint during the experiment. Heparinized saline solution (10 unit/mL)
was used for the arterial catheter and tubing to the pressure transducer.

Arterial blood gas analysis was performed before and 2, 5, 10, 15, 20, 30, 45 and 60 min after the
rocuronium administration, and when a TOFR/TOFRC > 0.9 was achieved. Arterial blood (0.5 mL) was
collected from the arterial catheter after discarding 3 mL of blood and immediately analyzed after
collection. Liquid-heparin prerinsed syringes was used for arterial blood sample collection. The arterial
blood samples were analyzed for the pHa, BE, PaO; and PaCO; using a blood gas analyzer (GEM
Premier 3500; Instrumentation Laboratory Japan Co., Ltd.). The results were corrected to concurrent

esophageal temperature.

2.2.5 Statistical and dose—response analysis

Statistical analysis was performed using SAS OnDemand for Academics (SAS Institute Inc.). Data
are presented as median (25th—75th percentile). Among the treatments, the instrumentation completion
time (defined as the time from the induction of anesthesia to instrumentation completion), total
anesthesia time (defined as the time from the induction of anesthesia to extubation), TOFRC, T1C,
supramaximal current, lowest TOFR, lowest T1, onset time of lowest T1, duration TOFRO0.9, HR, MAP,
pHa, BE, PaO,, PaCO;, Teso and Ts were compared using the Friedman test, with the Dwass, Steel,
Critchlow—Fligner multiple comparison analysis. Within each treatment, the HR, MAP, pHa, BE, PaO.,

PaCO,, Teso and Ts after the rocuronium administration were compared to the corresponding baseline
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values by the Friedman and Dwass, Steel, Critchlow—Fligner multiple comparison analysis. A p-value
< 0.05 was considered statistically significant.

Dose-response curves were constructed by plotting the logit transform of the dose of rocuronium
against the logit transform of the depression of T1/T1C values (response) using linear least squares
regression models. The 100% depression of T1/T1C was adjusted to 99% and 0% depression of T1/T1C
was adjusted to 1% during logit transformation. EDsy and EDgs were defined as the dose required to
achieve T1/T1C =50% and 5%, respectively. The EDso and EDgs values of rocuronium were calculated

using the dose—response curve.
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2.3 Results

2.3.1 Neuromuscular blocking properties

There was no morbidities, adverse reactions, or mortalities occurred in the dogs during the study
period. Only one dog in treatment R100 required preload due to TOFR variation. The differences of
instrumentation completion time, total anesthesia time, TOFRC, T1C and supramaximal current among
the treatments were small; therefore, it is unlikely that they caused the statistically significant differences
of lowest TOFR, lowest T1, onset time of lowest T1 and duration TOFRO0.9 found in the study (Table
2-2).

The lowest TOFR decreased dose-dependently with the rocuronium dose and was higher in the
R100 treatment than in the R175 and R250 treatments (p = 0.006 and = 0.001, respectively) (Table 2-
2). The lowest T1 also decreased dose-dependently with the rocuronium dosage and was higher in the
R100 treatment than in the R175 and R250 treatments (both p = 0.002) and in the R175 treatment than
in the R250 treatment (p = 0.031) (Table 2-2).

The onset time of lowest T1 was longer in the R250 treatment than in the R100 treatment (p =
0.023) (Table 2-2). The duration TOFRO0.9 was prolonged dose-dependently with the rocuronium dosage
and its median value ranged from 3.1 min in the R100 treatment to 10.1 min in the R250 treatment

(Table 2-2).
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Table 2-2. Variables in eight dogs administered rocuronium 100 pg/kg (R100 treatment), 175 pg/kg

(R175 treatment) or 250 ug/kg (R250 treatment) during alfaxalone anesthesia.

Treatment
Variable
R100 R175 R250
Instrumentation 37 (23-53) 23 (20-69) 22 (18-28)

completion time (min)

Total anesthesia time
(min)

TOFRC

T1C

Supramaximal current

(mA)

Lowest TOFR

Lowest T1

Onset time of lowest T1
(sec)

Duration TOFRO0.9
(min)

232 (223-254)

1.16 (1.08-1.25)

0.91 (0.89-0.94)

55 (41-60)

0.60 (0.40 —0.67)

0.91 (0.77-0.93)

68 (65-89)

3.1 (2.9-4.4)

248 (213-263)

1.11 (1.05-1.21)

0.95 (0.90-0.96)

60 (40-60)

0.15 (0.00-0.19) *

0.29 (0.12-0.41) *

101 (87-107)

7.7 (6.9-8.1) *

230 (217-243)

1.05 (0.99-1.16)

0.94 (0.86-0.94)

55 (44-60)

0.00 (0.00-0.00) *

0.07 (0.03-0.10) *+

112 (107-125) *

10.1 (9.2-10.9) *+

Data are presented as median (25th—75th percentile). Abbreviations: TOF, train-of-four; TOFRC, TOF
ratio before rocuronium administration; T1C, T1 before rocuronium administration; the lowest value of
TOFR/TOFRC (TOFR lowest; TOF count = 04 was considered TOFR = 0); lowest T1, the lowest
value of T1/T1C; onset time of lowest T1, times from rocuronium intravenous administration to
achieving lowest T1; duration TOFRO.9, times from rocuronium intravenous administration to
achieving TOF ratio/TOFRC > 0.9. *Significantly different from R100 treatment (p < 0.05).

tSignificantly different from R175 treatment (p < 0.05).
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2.3.2 Dose-response curve
The constructed dose—response curve of rocuronium is shown in Figure 2-1. The EDso and EDgs
calculated from the dose—response curve was 175 pg/kg (95% confidence interval = 158-188 pg/kg)

and 232 ug/kg (95% confidence interval = 189-236 pg/kg) (R? = 0.7313), respectively.
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Figure 2-1. Dose—response curve and effective dose 50 (EDsp) and effective dose 95 (EDgs) of
rocuronium in dogs anesthetized with alfaxalone infusion

The dose-response curves were constructed by plotting the logit transforms of the rocuronium dose
against that of depression of T1/T1C values (response) using linear least squares regression models. The
EDso (open arrow) and EDgs (solid arrow) were 175 ug/kg (95% confidence interval = 158-188 g/kg)
and 232 pg/kg (95% confidence interval = 189-236 ng/kg), respectively. Individual data were shown
as dots. Abbreviations: TOF, train-of-four; T1, first twitch of TOF; T1C, control first twitch of TOF

2.3.3 Perioperative physiological parameters
The differences of in the HR, MAP, pHa, BE, PaO,, PaCO,, Teso and Ts were small among the

treatments and within treatment. The overall median (25th—75th percentile) for pHa, BE, PaO,, PaCO-,
Teso and Ts were 7.40 (7.38-7.42),-0.5 (-1.5to 1.0) mmol/L, 557 (529-576) mmHg, 39 (37—40) mmHg,

37.9 (37.8-38.0) °C and 36.0 (35.5-36.8) °C, respectively. No significant effect of HR and MAP was

seen upon these variables.
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2.4 Discussion

The EDsp and EDgs values were 175 pg/kg (95% confidence interval = 158-188 pg/kg) and 232
ng/kg (95% confidence interval = 189-236 g/kg), respectively, during alfaxalone anesthesia in dogs.
The 95% confidence interval of the EDso and EDgo of rocuronium in cats were reported to be 127-179
and 192-300 pg/kg with the tibialis muscle [53]. Although the experimental protocol and specie were
different from our study, we considered the accuracy of the estimation in our study was acceptable. In
R250 treatment, only two out of eight dogs achieved TOF count = 0. Therefore, for achieving TOF count
=0, the recommended dose (2 x EDgs) for rocuronium is 0.5 mg/kg in dogs under alfaxalone anesthesia.
The current recommended clinical initial dose of rocuronium is 0.1-0.6 mg/kg in dogs anesthetized with
halothane, isoflurane or propofol [1, 3, 4, 14, 20, 39]. The results of this study support the recommended
clinical initial dose of rocuronium in dogs anesthetized with alfaxalone.

The EDgs of rocuronium in humans under nitrous oxide—opioid anesthesia was reported to be 271
ug/kg [50] and the EDgo of rocuronium in cats under a-chloralose—pentobarbital anesthesia was reported
to be 246-311 pg/kg [53]. The EDgs of rocuronium in dogs under alfaxalone anesthesia appears to be
slightly lower than that in previous studies in humans and cats, although a simple comparison of the
results was not possible, due to the differences in anesthetic and experimental protocols between the
studies. In dogs, compared with potent volatile inhalation anesthetics including isoflurane and
sevoflurane, injectable anesthetics including propofol and alfaxalone have little or minimal effect on
NMBA-induced neuromuscular blockade [11, 12, 37, 54, 67]. Therefore, further study is required to
determine whether alfaxalone would cause a greater augmentation of rocuronium-induced
neuromuscular blockade compared with other anesthetics.

In this study, three different 1V doses of rocuronium (100, 175 and 250 pg/kg) were employed to
construct the dose—response curve for evaluating the EDso and EDgs. A low rocuronium dose (100 pg/kg
IV) was selected as a dose that would produce a weak neuromuscular blockade in the dogs anesthetized
with alfaxalone infusion. This was based on the result of a previous study in which T1 and the TOF ratio
decreased to 61% and 45% of each baseline value after rocuronium administration (100 pg/kg 1V) in
dogs anesthetized with propofol infusion [3]. TOF ratio was not depressed by rocuronium administration

of 75 ug/kg 1V although the globe was centralized in dogs anesthetized with isoflurane [9]. The high
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rocuronium dose (250 pg/kg 1) was selected as a minimum dose that would depress T1 by nearly 100%
in dogs anesthetized with alfaxalone infusion. This was based on the results of previous studies in which
rocuronium administration (300 and 400 pg/kg IV) produced a TOF count of 0 in dogs anesthetized with
isoflurane [3, 20], and alfaxalone anesthesia prolonged rocuronium-induced neuromuscular blockade to
a lesser extent than did sevoflurane anesthesia [12]. Thus, in our study, rocuronium doses of 100, 175,
and 250 pg/kg 1V produced a dose-dependent depression of T1, ranging from 0.09 to 0.93, and allowed
construction of the dose-response curve for evaluating the EDso and EDgs of rocuronium in the dogs
anesthetized with alfaxalone infusion.

According to previous studies, factors that may affect the neuromuscular blocking effect induced
by NMBA are sex, age, physical status, body weight, monitoring method [25], anesthetic technique [71],
body temperature [28], and acid-base disturbance [56, 57]. In this study, age, physical status, and body
weight of the dogs were similar, and therefore, their influence on the effect of the rocuronium-induced
neuromuscular blockade was considered minimal. The number of female and male dogs included in the
study was identical to offset sex differences. Moreover, the Teso was controlled between 37.5°C and
38.0°C, and pHa was maintained within a normal range during the experiments. Consequently, the
differences in neuromuscular blockade between the treatments were mainly associated with the
rocuronium dosage.

Auer [3] reported that the time to T1 depression was detected within 1 min from rocuronium
administration and TOF suppression was achieved at 2.0 min and 1.1 min after administration of
rocuronium 0.3 mg/kg and 0.6 mg/kg IV in dogs anesthetized with propofol infusion, respectively. The
result in Chapter I showed that the time from rocuronium administration (1 mg/kg 1V) to TOF count of
0 achievement as 48 sec in dogs under alfaxalone anesthesia [12]. In this study, the onset time of
neuromuscular blockade was correlated negatively with the rocuronium dose. This meant that the lower
the dose of rocuronium, the higher the value of lowest T1, and which resulted in shorter onset time of
the lowest T1.

There are some limitations to the present study. First, this study was conducted with a homogeneous
population of dogs and the conditions were also well controlled. Therefore, the results obtained from
this study may be less applicable to dogs with different breeds, age, and co-morbidities. Second, no a

priori power analysis was performed; thus, the small sample size may have led to type Il errors. However,
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the results of lowest TOFR, lowest T1, onset time of lowest T1 and duration TOFRO0.9 from the present
study showed significant differences. Moreover, the main objective of this study was to determine the
dose-response curve for rocuronium. We consider that the dose—response curve constructed in this study
was reliable for the dogs used in the experiment. Third, the MIR of each dog was predetermined rather
than being determined on the day of each experiment. The individual MIR may alter due to several
factors that may influence the drug clearance (age, diet, level of sex hormones) [19, 23]. Volemia may
also alter the clearance of alfaxalone by influencing the hepatic blood flow [19]. However, an adequate
level of anesthesia for conducting the experiments could be maintained using the predetermined MIR.
Moreover, by separating the MIR determination experiment, a similar anesthesia time could be
employed in each treatment, preventing different levels of accumulation of alfaxalone during the
rocuronium administration experiment. Fourth, the researcher was not blinded to the dose administered.
Nevertheless, the aim of this study was to determine the EDsy and EDgs of rocuronium by constructing
the dose—response curve. The construction of dose—response curve was based on the depression of
T1/T1C values, which was an objective value and was unaffected by observers. Fourthly, the potency
of the neuromuscular blocking agent tends to be overestimated when using TOF method to determine
the dose-response relationship compared with single twitch method [16, 45]. We decided to use TOF
method because we desired to investigate the duration TOFR90 in present study. In addition, Sakai et
al. [64] reported that data obtained with AMG should not be used interchangeably with that of
mechanomyography which the gold standard method for assessing neuromuscular function. However,
due to the popularity of the use of AMG in current clinical practice, we consider that the results presented

here are reliable for daily clinical use.
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2.5 Brief summary

The aim of this chapter is to determine the median effective dose (EDso) and effective dose required
to depress the twitch value by 95% (EDgs) of rocuronium during alfaxalone anesthesia in dogs. This was
a randomized, prospective, crossover experimental study which involved a total of eight adult Beagle
dogs (four female, four male), weighing 10.3-14.6 kg, and aged 6-8 years.

The dogs were anesthetized three times with 1.25-fold the individual minimum infusion rate of
alfaxalone at intervals of > 14 days. Neuromuscular function was monitored with train-of-four (TOF)
stimulation of the peroneal nerve by acceleromyography. After recording the control TOF ratio
(TOFRC) and first twitch of TOF (T1C), a single bolus dose of rocuronium 100, 175 or 250 ug/kg
(R100, R175, or R250 treatment) was administered intravenously. The maximum suppression of the T1
was recorded and calibrated with T1C to construct the dose—response curve, from which EDsy and EDgs
were calculated. Time from rocuronium administration to TOF ratio/TOFRC > 0.9 (duration TOFRO0.9)
was recorded.

The results showed that EDsp and EDgs of rocuronium during alfaxalone anesthesia were 175 pg/kg
and 232 pg/kg, respectively. The duration TOFR0.9 was longer in the R250 treatment (10.1 [9.2-10.9]
min) than in R100 (3.1 [2.9-4.4] min; p < 0.0001) and R175 (7.7 [6.9-8.1] min; p < 0.0001) treatments;
and longer in the R175 than in R100 treatment (p < 0.0001).

According to the results in this chapter, the recommended dose (2 x EDgs) for rocuronium is
0.5 mg/kg for achieving TOF count = 0 in dogs anesthetized with alfaxalone infusion. The duration
TOFRO0.9 correlated positively with the dose of rocuronium. These findings support the currently
recommended clinical initial dose of rocuronium in dogs. Future research is required to determine the
neuromuscular effect and recovery characteristics of rocuronium 0.5 mg/kg during alfaxalone anesthesia

in dogs.
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Chapter III
Sugammadex for reversal of rocuronium-induced neuromuscular blockade

during alfaxalone anesthesia in dogs

3.1 Preface

According to the results in Chapter II, the recommended dose of rocuronium for achieving TOF
count=0is 0.5 mg/kg in dogs anesthetized with alfaxalone infusion. Investigation of the neuromuscular
effect and recovery characteristics of rocuronium 0.5 mg/kg during alfaxalone anesthesia in dogs was
required.

The reversal effect of the selective relaxant binding agent, sugammadex, on rocuronium-induced
blockade has been evaluated in dogs under isoflurane anesthesia [52]. Compared to acetylcholinesterase
inhibitor, sugammadex does not have cardiovascular side effects and is able to reverse profound
neuromuscular block [63]. However, the encapsulation of other steroidal drugs or endogenous steroids
may occur with sugammadex administration [30].

The alfaxalone formulation registered for clinical use in dogs and cats associated with the use of a 2-
hydroxypropyl-beta cyclodextrin as a solvent [22]. Therefore, considering that alfaxalone is a steroidal
drug and the similar structure between sugammadex and the solvent of alfaxalone, the efficacy of
sugammadex in the reversal of rocuronium-induced neuromuscular blockade should be investigated in
dogs under alfaxalone anesthesia.

This chapter aimed to investigate the reversal effect of sugammadex on neuromuscular blockade
produced by a single bolus of rocuronium in dogs under alfaxalone anesthesia. Hypothesis was that
sugammadex can effectively reverse the rocuronium-induced neuromuscular blockade in dogs under

alfaxalone anesthesia.



37

3.2 Materials and methods

3.2.1 Animals

The experimental protocol was approved by the Animal Care and Use Committee of Rakuno
Gakuen University (approval no. VH22B3). Six adult beagle dogs (3 females and 3 males), weighing
from 11.3-15.8 kg and aged from 6-8 years old, were included in this study, which was designed as a
randomized, prospective, crossover experimental study. Sample size was determined by power analysis
with provided parameters: significance level (adjusted for sidedness) = 0.025, standard deviation of
recovery time within patients = 5 min, power = 0.8, difference of mean recovery time = 10.2 min.

The dogs were judged to be healthy based on physical examination, blood cell counts and serum
biochemical profiling. The dogs were cared for according to the principles of the Guide for the Care and
Use of Laboratory Animals in Common Breeding Facilities prepared by Rakuno Gakuen University.
Food was withheld for 12 hours before each experiment but with free access to water. Washout period

was set for at least 14 days between experiments. The order of the dogs and treatments for each

experiment were randomized by using an online randomization system (https://www.randomizer.org/).

3.2.2 Anesthesia and instrumentation

Before the induction of anesthesia, the left and right cephalic veins were catheterized with 22-gauge,
2.5 cm catheters (Surflo F&F; Terumo Co., Ltd.) for IV administration of alfaxalone and IV infusion of
an isotonic crystalloid fluid, respectively. Anesthesia was induced with alfaxalone (3 mg/kg IV; Alfaxan;
Meiji Seika Pharma Co.) and maintained with alfaxalone infusion at an initial rate of 0.12 mg/kg/min
by a precision syringe infusion pump (TOP-551V; TOP Corp.). The dog was orotracheally intubated
with a cuffed endotracheal tube and administered an oxygen flow of 2 L/min by a circle rebreathing
system of an anesthetic machine (Beaver 20; Kimura Medical Instrument Co.). Lactated Ringer’s
solution (5 mL/kg’hr; Solulact; Terumo Co., Ltd.) was administered by a precision infusion pump (TOP-
221V; TOP Corp.). Theright or left dorsal pedal artery was catheterized with a 22-gauge, 3.1 cm catheter
(Supercath 5; Medikit Co., Ltd.) for invasive arterial blood pressure measurement and arterial blood
sampling. IPPV was started by a time-cycled volume-limited ventilator (Nuffield Anesthesia Ventilator

Series 200; Penlon). The respiratory rate and inspiratory-to-expiratory time ratio were set at 12
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breaths/min and 1 : 2, respectively. Tidal volume was adjusted to maintain PaCO; at 40 + 1 mmHg
during the experiment. Also, the dog was warmed by a heating pad and a warm air blanket to maintain
Teso at 37.5-38.0 °C during the experiment.

Electrical stimulation method [6, 12] was conducted to determine MIR of alfaxalone. Two
stimulation needles (Top injection needles, 25-gauge, 2.5 cm; TOP Corp.) were inserted on the ventral
base of the tail (5 cm apart, subcutaneously) and connected to an electrical stimulator (SEN-3301; Nihon
Kohden). After an equilibration of alfaxalone infusion at the initial rate of 0.12 mg/kg’min for 90 min,
nociceptive electrical stimuli (50 V, 50 Hz, 10 msec) was applied for 10 sec or stopped once the
purposeful movement occurred. Movement of tail, swallowing, blinking, or spontaneous breathing were
judged non-purposeful movement. The response of each stimulation was judged by three observers and
stimulation would be repeated if there was a disagreement among the observers. If purposeful
movements occurred within 60 sec after the initiation of the electrical stimuli, the alfaxalone infusion
rate was increased by 0.01 mg/kg’'min and maintained for 20 min. If negative, the alfaxalone infusion
rate was decreased by 0.01 mg/kg’min and maintained for 20 min. The alfaxalone MIR was calculated
as the arithmetic average of three infusion rates that purposeful movements occurred or abolished.

Then, the dog was maintained anesthesia with an infusion of alfaxalone at 1.25-fold of individual
MIR in dorsal recumbency and instrumented for neuromuscular function monitoring. The femur to the
distal tibia of the uncatheterized pelvic limb was fixed by a vacuum pillow (ESF-19BN; Engineering
System Co., Ltd.) and allowing free movement of the hock joint. The positive electrode (proximally)
and negative electrode (distally) of AMG monitor (TOF-Watch SX; MSD Co., Inc.) were attached to
two stimulating needles (TOP Injection Needle, 25-gauge, 2.5 cm; TOP Corp.) which were inserted
subcutaneously, 2 cm apart, over the peroneal nerve between the lateral condyle of the femur and the
proximal one-third of the fibula. An acceleration transducer of the AMG monitor was fixed to the dorsal
aspect between the third and fourth digits by a surgical tape (Yutoku Surgical Tape, 2.54 cm wide;
Yutoku Pharmaceutical Ind. Co., Ltd.). The Ts was measured by the temperature sensor of the AMG
monitor which was fixed by an adhesive elastic bandage (Elastpore, 2.5 cm wide; Nichiban Co., Ltd.)
on the skin over the tibialis cranialis muscle. When Ts was decreased to less than 33 °C, the limb would

be wrapped with a cotton roll and forced-air warmer would be used to maintain Ts.
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3.2.3 Neuromuscular function monitoring

The AMG monitor was used to monitor the neuromuscular function by TOF stimulation mode [12,
25, 66]. After the instrumentation was completed, TOF stimulation mode (pulse duration: 0.2 msec,
frequency: 2 Hz, duty cycle: 15 sec) was applied to peroneal nerve for 15 min to allow twitch
potentiation [12, 48]. The CALZ2 calibration mode of the AMG monitor was performed after 15 min of
TOF stimulation. Neuromuscular function variables include the TOF count, the amplitudes of T1 to T4,
and TOFR. TOFRC was defined as the TOFR when variation remained < 5% for 2 min. The
supramaximal stimulation current for TOFRC was recorded. The AMG monitor was connected to the
monitor software (TOF-watch SX Monitor Version 2.5.INT; Organon Ltd.) and neuromuscular function
variables were continuously recorded.

After stabilizing for 40 min under alfaxalone 1.25 MIR anesthesia, rocuronium bromide (0.5 mg/kg
IV; Rocuronium Bromide Intravenous Solution; Fuji Pharma Co., Ltd.) was administered from the 22-
gauge catheter placed in the right cephalic vein. When TOF count 1 reappeared after achieving TOF
count 0, sugammadex (4 mg/kg 1V; Bridion; MSD K.K., Tokyo, Japan) (sugammadex treatment) or
equal volume of saline (Isotonic Sodium Chloride Solution; Terumo Co., Ltd., Tokyo, Japan) (control
treatment) was administered from the 22-gauge catheter. The following times were recorded: time from
rocuronium administration to achieving TOF count 0 (onset time), time from achieving TOF count 0 to
the reappearance of TOF count 1 (maximum blockade period), time to recovery from 25% to 75% of
the TOFRC (RI), time from achieving TOF count 0 to TOFR/TOFRC > 0.9 (duration TOFRO0.9). In
sugammadex treatment, time from sugammadex administration to achieving TOFR/TOFRC > 0.9
(sugammadex onset time) was also recorded.

After the TOFRO0.9 was achieved, cefazolin sodium hydrate (25 mg/kg IV; Cefamezin o 1 g for
Injection; LTL Pharma Co., Ltd.), buprenorphine hydrochloride (0.01 mg/kg intramuscularly; Lepetan
injection 0.3 mg; Otsuka Pharmaceutical Co., Ltd.) and meloxicam (0.2 mg/kg subcutaneously;
Metacam 0.5%; Boehringer Ingelheim Japan Inc.) were administered to the dog, and alfaxalone infusion
was terminated. All dogs were observed at least twice a day for one week after each experiment to

confirm their health.
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3.2.4 Cardiopulmonary monitoring

Electrocardiography, cardiopulmonary variables including HR, peripheral hemoglobin oxygen
saturation, Teso, respiratory rate and invasive arterial pressure were monitored continuously by a patient
monitoring device (BP-608V; Omron Colin, Ltd.). The cardiopulmonary variables were recorded every
5 min during the experiment. The pressure transducer (BD DTX Plus DT-4812; Japan Becton,
Dickinson and Co.) used for invasive arterial blood pressure measurement was zeroed and placed at the
level of the mid-sternum or mid-thorax when the dog was placed at right lateral recumbency or dorsal
recumbency, respectively. Self-prepared liquid-heparin (Novo-heparin for injection; Mochida
Pharmaceutical Co., Ltd., Tokyo, Japan) rinsing 2.5 mL-plastic syringes were used to collect arterial
blood sample. The pHa, BE, PaO; and PaCO; were measured by a blood gas analyzer (GEM Premier
3500; Instrumentation Laboratory Japan Co., Ltd.) at 10, 30, 60 and 90 min after IPPV initiation, before

the rocuronium administration and after TOFRO0.9 achievement.

3.2.5 Statistical analysis

Data analyses were performed using the SAS statistical software (SAS OnDemand for Academics;
SAS Institute Inc.). All values are presented as median (interquartile range). Statistical significance was
set at p < 0.05. Wilcoxon signed-rank test was employed to compare the MIR of alfaxalone, TOFRC,
supramaximal current, onset time, maximum blockade period, RI and duration TOFR0.9 between
treatments. Friedman and Dwass, Steel, Critchlow—Fligner multiple comparison analysis were
employed to compare the HR, MAP, Teso and Ts before (baseline) and after the rocuronium
administration in each treatment. Wilcoxon signed-rank test was employed to compare the pHa, BE,
PaO. and PaCO: at baseline and after TOFRO0.9 achievement in each treatment and between treatments.
Wilcoxon signed-rank test was employed to compare the HR, MAP, Teso and Ts between treatments at
each time point.

Spearman’s rank correlation coefficient was used to identify the variables (i.e. sex, age, weight,
infusion rate of alfaxalone, and the pHa, BE, PaO,, PaCO: at baseline and after TOFRO0.9 achievement
and the HR, MAP, Teso and Ts at 5 min after rocuronium administration) that correlated with
neuromuscular blocking properties (i.e. onset time, maximum blockade period, Rl and duration

TOFRO0.9) in each treatment.
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3.3 Results

3.3.1 MAC/MIR determination and times associated to anesthesia

Alfaxalone MIRs in sugammadex and control treatments were 0.13 (0.13-0.15) mg/kg’min and
0.15 (0.12-0.17) mg/kg'min, respectively. In terms of the MIR of alfaxalone, time from applying the
first nociceptive stimulation to judging final response to determine MIR (MIR determination time), time
from the first alfaxalone IV to extubation (total anesthesia time) and time from the termination of
alfaxalone infusion to extubation with the recovery of laryngeal reflex (extubation time), the differences

were small between treatments (Table 3-1).

Table 3-1. The control train-of-four ratio (TOFRC), supramaximal current, onset time, maximum
blockade period, recovery index, duration TOFRO0.9, MIR determination time, extubation time and total
anesthesia time in dogs anesthetized with alfaxalone which sugammadex 4 mg/kg (sugammadex
treatment) or equal volume of saline (control treatment) was administered intravenously when the
neuromuscular blockade was reappeared from train-of-four (TOF) count 0 to TOF count 1.

Variable Sugammadex treatment Control treatment
TOFRC 1.13 (1.12-1.21) 1.02 (1.02-1.04)
Supramaximal current (mA) 60 (56-60) 60 (60-60)
Onset time (sec) 69 (56-72) 60 (49-63)
Maximum blockade period (min) 9.9 (9.6-10.0) 9.9 (8.9-10.9)
RI (min) N/A 2.8(2.1-4.2)
Sugammadex onset time (min) 0.8 (0.8-0.9) N/A
Duration TOFR0.9 (min) 11.4 (11.1-11.5) 21.1 (19.2-22.1) *
MIR determination time (min) 144 (130-167) 120 (126-193)
Total anesthesia time (min) 391 (359-429) 432 (387-448)
Extubation time (min) 37 (21-44) 32 (24-38)

Values are presented as median (interquartile range). Control TOF ratio (TOFRC) defined as the TOF
ratio before rocuronium administration; Onset time, time from rocuronium administration to achieving
TOF count 0; Maximum blockade period, time from achieving TOF count 0 to TOF count 1
reappearance; Recovery index (RI), time to recovery from 25% to 75% of the TOFRC; TOFRO.9,
TOFR/TOFRC of 0.9; Duration TOFRO0.9, time from the onset of neuromuscular blockade to attaining
TOFRO0.9; Total anesthesia time, time from the induction of anesthesia to extubation; Extubation time,
time from the termination of alfaxalone infusion to extubation. *Significantly different from
sugammadex treatment (p < 0.05).
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3.3.2 Neuromuscular blocking properties

The differences of TOFRC, supramaximal current, onset time and maximum blockade period were
small between treatments (Table 3-1). Changes in TOFR was shown in Figure 3-1. The TOFR increased
rapidly after the administration of sugammadex. The RI was not available in sugammadex treatment due
to the rapid recovery from the neuromuscular blockade. As shown in Table 3-1, sugammadex onset time
was within 1 min and duration TOFRO0.9 was shorter in sugammadex treatment than in control treatment

(p = 0.031).
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Fig. 3-1. Changes in the train-of-four ratio (TOFR) in each treatment.

Plots and error bars presented median and interquartile range.
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3.3.3 Physiological parameters and Spearman's rank correlation coefficient
The differences of the pHa, BE, PaO,, PaCO,, HR, MAP, Teso and Ts were small between the

treatments and within treatment (Table 3-2 and Table 3-3). By Spearman’s rank correlation coefficient,
there was no correlation identified between onset time and variables in the control treatment. The onset
time of the sugammadex treatment only correlated with the BE at baseline (Spearman p = -0.82857,
95% confidence interval = -0.977243 to 0.030871 p = 0.042). The RI of the control treatment only
correlated with the age of the dogs (Spearman p = 0.83324, 95% confidence interval = -0.016272 to
0.977891; p = 0.039). There was no correlation identified between duration TOFR0.9 and variables in

both treatments.

Table 3-2. Arterial pH (pHa), base excess (BE), partial pressures of oxygen (PaO2) and carbon dioxide
(PaCOy) before rocuronium administration (baseline) and after train-of-four (TOF) ratio achieving 0.9
(TOFRO0.9) in dogs under alfaxalone anesthesia which sugammadex 4 mg/kg (sugammadex treatment)
or equal volume of saline (control treatment) was administered intravenously when the neuromuscular
blockade was reappeared from train-of-four (TOF) count 0 to TOF count 1.

Sugammadex treatment Control treatment
Variable
Baseline TOFRO0.9 Baseline TOFRO0.9

pHa 7.39 7.41 7.43 7.41

(7.37-7.41) (7.39-7.43) (7.42-7.43) (7.39-7.42)
BE (mmol/L) -0.5 -0.4 0.4 0.2

(-1.2t0 0.3) (-1.0t0-0.1) (-0.9t0 1.6) (-0.3t0 0.4)
PaO, (mmHg) 558 (537-575) 570 (535-589) 562 (538-583) 554 (528-575)
PaCO, (mmHg) 40 (40-40) 38 (37-39) 39 (36-40) 40 (38-41)

Values are presented as median (interquartile range).
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Table 3-3. Changes in the heart rate (HR), mean direct arterial pressure (MAP), esophageal temperature (Teso) and skin surface temperature (Ts) before
rocuronium administration (baseline) and after rocuronium administration in dogs under alfaxalone anesthesia which sugammadex 4 mg/kg (sugammadex
treatment) or equal volume of saline (control treatment) was administered intravenously when the neuromuscular blockade was reappeared from train-of-
four (TOF) count 0 to TOF count 1.

Time after rocuronium administration (min)

Variable Baseline
5 10 15 20 25 30
HR (beats/min)
Sugammadex 129 141 136 134 133 136 124
(120-138) (132-156) (126-155) (126-158) (124-166) (109-157) (101-137)
Control 126 136 135 136 140 136 134
(120-132) (125-139) (129-144) (130-144) (132-145) (133-143) (133-142)
MAP (mmHg)
Sugammadex 106 111 114 117 116 106 N/A
(98-115) (102-116) (103-123) (103-123) (104-129) (103-114)
Control 96 101 110 113 114 114 107
(90-104) (96-105) (98-111) (101-117) (99-119) (103-119) (99-110)
Teso (°C)
Sugammadex 37.8 37.8 37.8 37.8 37.7 N/A N/A
(37.7-37.9) (37.8-37.9) (37.7-37.9) (37.7-37.9) (37.7-37.9)
Control 37.9 37.9 37.9 37.9 37.9 37.9 37.9
(37.7-37.9) (37.8-37.9) (37.7-37.9) (37.8-37.9) (37.8-37.9) (37.8-37.9) (37.8-37.9)
Ts (°C)
Sugammadex 36.1 35.9 35.7 35.7 36.0 N/A N/A
(35.2-36.3) (35.2-36.1) (35.1-35.8) (35.3-35.9) (35.9-36.1)
Control 35.9 35.6 35.4 35.4 355 35.8 35.8
(35.4-36.2) (35.2-36.1) (35.2-35.9) (35.2-35.8) (35.3-35.9) (35.6-36.1) (35.7-36.1)

Values are presented as median (interquartile range).
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3.4 Discussion

The results of this chapter showed that TOF ratio/TOFRC > 0.9 was achieved within 1 min after
the administration of sugammadex in the dogs paralyzed with rocuronium under alfaxalone anesthesia.
As we hypothesized, rocuronium-induced neuromuscular blockade was effectively reversed by
sugammadex in dogs under alfaxalone anesthesia. The solvent of alfaxalone seemed to have no effect
on the efficacy of sugammadex in the reversal of rocuronium-induced neuromuscular blockade.

The sugammadex dose of 2 mg/kg IV was reported as a dose that would safely reverse a
neuromuscular blockade of TOF count 1 [69]. On the other hand, one study in dogs reported that
sugammadex of 8 mg/kg can effectively reverse the neuromuscular blockade after 5 min from
rocuronium administration [52]. In our study, sugammadex was administered when TOF count 1
reappeared after achieving TOF count 0. That is, sugammadex was administered immediately after the
rocuronium-induced neuromuscular blockade had passed its peak. Therefore, sugammadex dose of 2
mg/kg 1V should be enough in the dogs under alfaxalone anesthesia. However, considering the lack of
knowledge regarding sugammadex reversal in dogs, we chose the sugammadex dose of 4 mg/kg 1V to
ensure the complete reversal of the neuromuscular blockade.

There were concerns that encapsulation of alfaxalone may occur with sugammadex administration
[30]. In our study, there were no signs of light anesthesia such as increases in HR and MAP after
administration of sugammadex in the dogs under alfaxalone anesthesia and the difference of extubation
time in the sugammadex treatment from those in the control treatment was small. Comparing to the
solvent of alfaxalone which is a beta-cyclodextrin containing 7 glucose subunits [22], the gamma-
cyclodextrin structure of sugammadex contains 8 glucose subunits [8, 18]. Therefore, the encapsulation
of alfaxalone with the sugammadex administration may not occur; or even if it occurs, it may not cause
the dog to suddenly recover from the anesthesia.

The differences of HR and MAP were small between the values before rocuronium administration
and after sugammadex administration, which indicated that the lack of cardiovascular side effects
comparing to acetylcholinesterase inhibitor. On the other hand, the results of Spearman’s rank
correlation coefficient showed that 1) the onset time of the sugammadex treatment correlated with the

BE at baseline and 2) the RI of the control treatment correlated with the age of the dogs. Previous studies
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showed that sex, age, physical status, body weight, monitoring method [25], anesthetic technique [71],
body temperature [28] and acid-base differences [56, 57] may affect the neuromuscular blocking effect
induced by neuromuscular blocking agent. In this chapter, the influence of sex, age, physical status and
body weight between treatments were controlled by the crossover method. The Teso was controlled
between 37.5-38.0°C and therefore the influence might be minimal. Although the BE at baseline
correlated with the onset time of the rocuronium in the sugammadex treatment, the BE at baseline and
after TOFRO0.9 achievement were not different in sugammadex treatment or between treatments and pHa
was maintained within normal range during the experiments. Therefore, the influence of acid-base
differences between treatments was considered minimal.

There are limitations to this chapter that should be noted. First, type Il errors are more likely to
occur due to the small sample size. Although the sample size of the present study was determined by
power analysis, the difference of duration TOFR0.9 between treatments was closed to 10 min. Thus,
type 11 errors still may occur in this study. Secondly, the experiment was not blinded. However, the
properties of neuromuscular blocking were determined by the values of AMG monitor, which was an
objective value and was unaffected by observers. Moreover, detection of recovery from neuromuscular
blockade was earlier by the AMG monitor than by electromyography monitor [65]. Therefore,
underestimation of the recovery times in the present study may occur. Nevertheless, the results in the
present study were still considered reliable because the AMG monitor was widely used in veterinary

practice.
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3.5 Brief summary

In this chapter, we investigated the reversal effect of sugammadex on neuromuscular blockade
produced by a single bolus of rocuronium in dogs under alfaxalone anesthesia. This randomized,
prospective, crossover experimental study involved six adult beagle dogs (three females, three males),
weighing 11.3-15.8 kg and aged 6-8 years.

The dogs were anesthetized two times with 1.25 x minimum infusion rate of alfaxalone, with a
washout period of at least 14 days between experiments. Neuromuscular function was monitored by an
acceleromyography monitor with TOF stimulation of the peroneal nerve. After recording the control
TOF ratio (TOFRC), rocuronium (0.5 mg/kg) was administered intravenously. Subsequently,
sugammadex (4 mg/kg; sugammadex treatment) or equal volume of saline (control treatment) was
administered intravenously when TOF count was returned from 0 to 1 under neuromuscular blockade.
Time from rocuronium administration to achieving TOF count O (onset time), time from achieving TOF
count O to the reappearance of TOF count 1 (maximum blockade period), time to recovery from 25% to
75% of the TOFRC (recovery index) and time from achieving TOF count 0 to TOFR/TOFRC > 0.9
(duration TOFRO0.9) were recorded.

The onset time and maximum blockade period were not different between treatments. Recovery
index of control treatment was 2.8 (2.1-4.2) min [median (interquartile range)], while it was not
available in sugammadex treatment due to the rapid recovery. Duration TOFR0.9 was 11.4 (11.1-11.5)
min in sugammadex treatment, which was shorter than control treatment [21.1 (19.2-22.1) min] (p =
0.031).

In conclusion, rocuronium 0.5 mg/kg IV provided about 10 min of maximum neuromuscular
blockade. Sugammadex 4 mg/kg 1V effectively antagonized the rocuronium-induced neuromuscular
blockade in dogs under alfaxalone anesthesia within a minute. Rocuronium-induced neuromuscular

blockade was effectively reversed by sugammadex in dogs under alfaxalone anesthesia.
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Conclusion

Basic elements of general anesthesia include analgesia, amnesia and muscle paralysis. Although
some anesthetics also have relaxation effect by depressing the spinal motor neurons, the desired degree
of muscle relaxation requires deeper plane of anesthesia, which increase the risk of dose-dependent side
effects caused by the anesthetics. Therefore, the coadministration of neuromuscular blocking agents
(NMBA) with anesthetics can decrease the anesthesia risk by achieving muscle relaxation with reduced
anesthetic requirement.

In this study, a series of experiments was performed to clarify the interaction among alfaxalone,
rocuronium and sugammadex in dogs. In Chapter I, the interactions of anesthetic on the neuromuscular
blockade produced by rocuronium were compared in dogs anesthetized with sevoflurane, propofol and
alfaxalone. In Chapter II, the potency of rocuronium was investigated by constructing the dose—response
curve in dogs under alfaxalone anesthesia and its EDso and EDgs were determined. In Chapter III, the
reversal effect of sugammadex on neuromuscular blockade produced by rocuronium was investigated
in dogs under alfaxalone anesthesia.

In Chapter I, a total of eight adult Beagle dogs (four female, four male) were anesthetized three
times with 1.25 x minimum alveolar concentration of sevoflurane (SEVO treatment) and 1.25 x
minimum infusion rate of propofol (PROP treatment) or alfaxalone (ALFX treatment) at intervals of >
14 days. Neuromuscular function was monitored with train-of-four (TOF) stimulation of the peroneal
nerve by acceleromyography, and a single bolus dose of rocuronium (1 mg/kg) was administered
intravenously. The median clinical blockade period was longer in the SEVO treatment [27.3 (26.0-30.3)
min] than in PROP [16.6 (15.4-18.0) min; p = 0.002] and ALFX [22.4 (18.6-23.1) min; p = 0.017]
treatments; and longer in the ALFX treatment than in the PROP treatment (p = 0.020). The mean total
neuromuscular blockade duration was longer in the SEVO treatment (43.7 £ 9.9 min) than in PROP
(25.1 £ 2.7 min; p <0.001) and ALFX (32.5 + 8.4 min; p = 0.036) treatments. According to the results,
when compared with alfaxalone and propofol, sevoflurane prolonged rocuronium-induced
neuromuscular blockade by a significantly greater extent in dogs.

In Chapter II, a total of eight adult Beagle dogs (four female, four male) were anesthetized three

times with 1.25-fold the individual minimum infusion rate of alfaxalone at intervals of > 14 days. A
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single bolus dose of rocuronium 100, 175 or 250 pg/kg (R100, R175, or R250 treatment) was
administered intravenously. The maximum suppression of the T1 was recorded and calibrated with T1C
to construct the dose—response curve, from which EDso and EDgs were calculated. The results showed
that EDsp and EDgs of rocuronium during alfaxalone anesthesia were 175 pg/kg and 232 ug/kg,
respectively. According to our results, the recommended dose (2 x ED95) for rocuronium is 0.5 mg/kg
for achieving TOF count = 0 in dogs anesthetized with alfaxalone infusion.

In Chapter III, six adult beagle dogs (three females, three males) were anesthetized two times with
1.25 x minimum infusion rate of alfaxalone, with a washout period of at least 14 days between
experiments. Rocuronium (0.5 mg/kg) was administered intravenously and sugammadex (4 mg/kg;
sugammadex treatment) or equal volume of saline (control treatment) was administered intravenously
when TOF count was returned from 0 to 1. Duration TOFR0.9 was 11.4 (11.1-11.5) min in sugammadex
treatment, which was shorter than control treatment [21.1 (19.2-22.1) min] (p = 0.031). Rocuronium 0.5
mg/kg IV provided about 10 min of maximum neuromuscular blockade. Sugammadex 4 mg/kg IV
effectively antagonized the rocuronium-induced neuromuscular blockade in dogs under alfaxalone
anesthesia within a minute.

In conclusion, when compared with alfaxalone and propofol, sevoflurane prolonged rocuronium-
induced neuromuscular blockade by a significantly greater extent in dogs. EDso and EDgs of rocuronium
during alfaxalone anesthesia in dogs were 175 pg/kg and 232 ug/kg, respectively. Rocuronium 0.5
mg/kg IV provided about 10 min of maximum neuromuscular blockade under alfaxalone TIVA in dogs.
Rocuronium-induced neuromuscular blockade was effectively reversed by sugammadex in dogs under

alfaxalone anesthesia.
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