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(Macaca fascicularis) and Rhesus Macaques
(Macaca mulatta)
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Plethysmography is used in nonhuman primates (NHPs) to measure minute volume before aerosol exposure to an agent to
calculate total time necessary in the exposure chamber. The consistency of respiratory parameters during the entire exposure
time is paramount to ensuring dosing accuracy. Our study sought to validate an alfaxalone-midazolam (AM) anesthetic
combination for use in aerosol studies. We hypothesized that AM would provide an adequate duration of anesthesia, achieve
and maintain steady state minute volume (SSMYV) for 20 min, and have anesthetic quality and side effects comparable to or
better than either tiletamine-zolazepam (TZ) and ketamine-acepromazine (KA), the most common anesthetics used for this
purpose currently. Two groups of NHPs, one consisting of 15 cynomolgus macaques and one of 15 rhesus macaques, received
3 intramuscular anesthetic combinations (AM, TZ, and KA), no less than one week apart. Anesthetized NHPs were placed in a
plethysmograph chamber and their minute volumes were measured every 10 s to determine whether they had achieved SSMV
and maintained it for at least 20 consecutive min. Achieving and reliably maintaining an SSMYV for at least 20 min facilitates
precise aerosol dosing of a challenge agent. Quality of anesthesia, based on the NHP’s ability to achieve and maintain SSMYV,
was higher with AM compared with TZ and KA in both species, and AM had a longer duration of SSMV as compared with
TZ and KA in cynomolgus macaques. Average SSMV was larger with AM compared with TZ in cynomolgus macaques, but
larger with KA compared with AM in rhesus macaques. Duration of anesthesia was sufficient with all combinations but
was longer for TZ than both AM and KA in both species. These results suggest that the AM anesthetic combination would
produce the most accurate dosing for an aerosol challenge.

Abbreviations and Acronyms: AM, alfaxalone-midazolam; KA, ketamine-acepromazine; SSMV, steady state minute volume;
TZ, tiletamine-zolazepam
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Introduction

When studying infectious disease in animals, the most
accurate results are obtained by exposure that simulates natural
exposure conditions to the extent possible. Inhalation is a com-
mon route of exposure for many infectious biologic agents, and
nonhuman primates (NHPs) are used to model many infectious
disease processes in humans. Infections that develop via an
inhalational route of exposure (either naturally or experimentally)
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include Venezuelan equine encephalitis virus, pneumonic
plague (Yersinia pestis), anthrax (Bacillus anthracis), and monk-
eypox virus in cynomolgus macaques (Macaca fascicularis) and
brucellosis (Brucella suis), anthrax, and melioidosis (Burkholderia
pseudomallei) in rhesus macaques (Macaca mulatta).32528:3031,32
Respiratory tract inoculation of infectious agents is often
done in an exposure system in which the head of the NHP is
placed in an aerosol chamber and an aerosolized agent is de-
livered directly into the chamber at a controlled rate.! Accurate
measurement of the animal’s respiratory parameters is critical
to accurate aerosol dosing. These parameters can be measured
using head-out plethysmography, in which the NHP’s body is
contained in a chamber with only the head exposed. In this set
up, changes in chamber pressure caused by the NHP’s chest
movement in combination with flow rate are measured by a
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pressure transducer. Plethysmography software then uses this
information to calculate respiratory parameters such as tidal
volume and minute volume (tidal volume X respiratory rate).
Once an individual’s minute volume is known, the NHP can
be transferred to a head-only aerosol exposure system and an
accurate dose of the agent can be delivered by calculating the
exposure time based on the respiratory parameters.>* Large
fluctuations in an animal’s minute volume during anesthesia
may cause an incorrect dose to be delivered, as the minute
volume cannot be measured or adjusted once the animal is in
the exposure chamber. Thus, consistent anesthesia is highly
desirable throughout the procedure.

A variety of anesthetics are available for use in NHPs, each
with varying physiologic effects and durations of action. Ideal
characteristics for NHP plethysmography anesthetic protocols
include the following: subcutaneous or intramuscular ad-
ministration to permit cage side injection, a minimum 45 min
duration of action, rapid steady state minute volume (SSMV)
achievement (defined as no more than a = 10% change between
minutes), and a greater absolute minute volume, thus minimiz-
ing the time needed in the aerosol chamber.5?* SSMV, which is
defined to occur during a period of time in which the animal’s
minute volume changes minimally, has been used in a previous
comparison of plethysmography anesthetics as a measure of
consistency in breathing and therefore as a means to provide an
accurate dosing period for an aerosolized agent.® In our facil-
ity, an NHP initially undergoes head-out plethysmography for
3 min before a challenge spray with an aerosol. If the minute
volume for this period falls within a specified range, typically
from 450 to 1,600 mL, the animal is transferred to the head-only
exposure chamber in a Class III biosafety cabinet. The wide
range of acceptable minute volumes is due to the wide range of
NHP sizes (3 to 11 kg) used at our institution. A typical aerosol
exposure takes 10 to 15 min.

Tiletamine-zolazepam (TZ) and ketamine-acepromazine (KA)
are currently the most common anesthetics used with plethys-
mography in NHPs.>1024253031 A previous study examined the
effects of different anesthetics on rhesus macaques and found
TZ to be the most consistent combination as compared with
ketamine and KA. TZ could maintain NHP anesthesia for at least
45 min and provide a long period of SSMV, making it prefer-
able for aerosol studies that use plethysmography.> However,
at higher doses with longer durations of anesthesia, TZ cause
a fall in rectal temperature as compared with KA.20 TZ can also
cause elevated body temperatures lasting for over 24 h after
induction, which could potentially cause misinterpretation of
data after challenge with infectious agents.” In addition, over-
heating as a result of TZ administration may cause convulsions,
and animals may become ataxic during recovery, resulting in
injuries.!>?® At our institution, some NHPs have also exhibited
a sensitivity to TZ, with clinical signs including rigid muscles,
exaggerated movements of the limbs, torticollis, and bruxism.

The anesthetic agent alfaxalone has recently become available
for intramuscular and subcutaneous use in NHPs in the United
States. While approved by the Food and Drug Administration in
2012 for use in dogs and cats, in 2020 alfaxalone was added to
the Index of Legally Marketed Unapproved New Animal Drugs
for Minor Species, including use for sedation and anesthesia
for NHPs.289 Alfaxalone is a synthetic neuroactive steroid that
produces anesthesia by acting on y-aminobutyric acid subtype
A (GABA A) receptors.?'” This drug has minimal cardiovascular
effects and may be a potential alternative to TZ or KA, especially
for NHPs that are known to be sensitive to these anesthetics.162°
A previous study examining the cardiorespiratory effects of

intramuscular alfaxalone showed dose-dependent decreases in
respiratory rate, noninvasive blood pressure, SpO,, and rectal
temperature in cynomolgus macaques.?’ In that study, a dose
of 5 mg/kg produced a moderate to deep level of sedation,
minimal cardiorespiratory depression, and deep sedation lasting
greater than 20 min. Longer duration of sedation and anesthesia
occurred at the higher doses, (7.5 and 10 mg/kg), but these doses
also increased the incidence of clinically relevant hypothermia,
hypoxemia, and hypotension. In addition, alfaxalone required
larger injection volumes that could exceed 3.0 mL, requiring
multiple injections.?’ Another study evaluated an alfaxalone-
midazolam-medetomidine combination in rhesus macaques and
found that a lower dose of alfaxalone was sufficient to induce
anesthesia.* However, that study also found that medetomidine
had depressive cardiorespiratory effects, without affecting total
anesthesia duration. No anesthetic complications were observed
and recovery was uneventful for all NHPs except for one that
showed mild generalized muscular twitching for 1 min.# Muscle
twitching has also been seen after alfaxalone administration in
other species, including common marmosets, mice, pigs, dogs,
and Egyptian fruit bats. 1618212627 Qvyerall, adverse effects
related to alfaxalone appear to be minimal and thus it is a po-
tential alternative to either TZ or KA. We evaluated alfaxalone
in combination with midazolam only, due to the depressive
cardiorespiratory effects of medetomidine.*

The goal of our study was to evaluate an alfaxalone anesthetic
combination for use in aerosol studies by comparing it to the
2 anesthetics most commonly used for this purpose, TZ and
KA. Based on a pilot trial, we chose to evaluate alfaxalone at a
5 mg/kg dose in combination with midazolam at a 0.3 mg/kg
dose. We hypothesized that alfaxalone-midazolam (AM) would
provide an adequate duration of anesthesia (minimum 45 min),
achieve and maintain SSMV for a minimum of 20 min, and have
overall anesthetic quality and side effects that were comparable
to or better than either TZ or KA, making it a suitable anesthetic
protocol for both rhesus and cynomolgus macaques undergoing
plethysmography for aerosol challenge studies.

Materials and Methods

Animals. This research was conducted under a United
States Army Medical Research Institute of Infectious Diseases
(USAMRIID) IACUC-approved protocol in compliance with the
Animal Welfare Act, PHS Policy, and other Federal statutes and
regulations relating to the use of animals in research. Animals
were housed in an AAALAC International accredited facility
that adheres to principles stated in the Guide for the Care and Use
of Laboratory Animals.’ The study group consisted of 15 rhesus
macaques (Macaca mulatta; 9 females, 6 males; age 5.8 to 8.8 y;
weight 5.1 to 10.2 kg; body condition score ranging from 2.5 to
3 out of 5) and 15 cynomolgus macaques (Macaca fascicularis; 7
females, 8 males; age 7.1 to 12.8 y; weight 2.9 to 10.8 kg; body
condition score ranging from 3 to 5 out of 5). Macaques were
selected from the USAMRIID colony based on availability and
matched on weight and gender when possible. All macaques
used in this study were considered to be healthy based on physi-
cal examination and baseline bloodwork. Anesthetic events were
conducted in ABSL2. While assigned to the study, the macaques
received food twice daily (Teklad 2050, Envigo, Madison, WI) and
water ad libitum via an automatic drinking valve. They were
checked at least twice daily and given enrichment in the form of
toys and diet. Macaques were socially housed whenever possi-
ble. They were housed in modular primate caging (Lab Products,
Seaford, DE) in ABSL2 rooms at 64 to 84 °F (17.8 to 28.9 °C),
30 to 70% relative humidity, and 12:12-h light/dark cycle.
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The macaques were procured from a breeder and acclimated at
the facility for at least 90 d before the study.

Anesthesia and monitoring. Each macaque assigned to the
study underwent 3 separate anesthetic events; once with TZ
(Tiletamine—zolazepam [Telazol], Zoetis, Parsippany-Troy Hills,
NJ) at a dose of 6 mg/kg of the solution (which contained 3
mg/kg of each component), once with ketamine (100 mg/mL;
Dechra Veterinary Products, Overland Park, KS) in combina-
tion with acepromazine (10 mg/mL; Henry Schein Animal
Health, Dublin, OH) in a 10:1 mixture at 0.12 mL/kg, and once
with alfaxalone (Alfaxan; Jurox, North Kansas City, MO) in
combination with midazolam (Heritage Pharmaceuticals, East
Brunswick, NJ) at a dose of 5mg/kg and 0.3 mg/kg respectively.
Anesthetic trials for each macaque occurred no sooner than one
week apart, which provides a washout period that is consistent
with previous plethysmography comparison studies performed
in NHPs.>10 All anesthetic agents were administered intramus-
cularly with a maximal injection volume of no more than 3 mL
at a given site and a total injection volume for each episode of
anesthesia that did not exceed 6 mL. If the total injection volume
was greater than 3 mL, 2 separate injections were administered
at different sites in quick succession. During anesthesia, the
macaque’s heart rate, respiratory rate, SpO,, and temperature
(using an esophageal probe) were monitored using a veterinary
patient monitor (Bionet, Tustin, CA), or a detached SpO, moni-
tor (Edan, San Diego, CA). Vital signs were recorded every 5
min. Adverse events during anesthesia were recorded. At the
completion or termination of a trial, the macaque was returned
to its home cage for recovery and was considered to be recovered
when it regained a righting reflex and could maintain itself in
an upright position. Macaques were randomized within species
based on the order in which they would receive each anesthetic
protocol (replicate), the study day within the series on which
each macaque would be anesthetized, and the order in which
macaques were anesthetized within a study day. Five macaques
of the same species underwent a single trial each study day.

Plethysmography. Once anesthetized, macaques were placed
into a head-out plethysmography system. Two sizes of plethys-
mograph chambers (large coffin type: width at shoulders (WS) =
10.75 in, width at feet (WF) = 6.75 in, Length (L) = 33 in, Height
(H) = 8 in; extra large coffin type: WS = 14.75 in, WF = 10.75
in, L =36 in, H = 8 in) were used for this study. The extra large
chamber was used primarily for males weighing greater than 8
kg. Both chambers were calibrated daily using a known volume
of air in accordance with the software manual and institute
SOPs. In this setup, the macaque’s torso and extremities were
contained inside the plethysmograph chamber, with the head
extended through a hole in the chamber. The chamber was then
sealed with a dental dam (with a hole cut in the center, going
over the head and fitting tightly around the neck), a closed-cell
silicone rubber dam (mousepad, with a hole cut in the center),
foam, and Plexiglas faceplates that were placed around the neck
and latched into place. If necessary, a folded towel was used to
support so that it was not kinked.

The pressure differential created by the macaque’s
chest movement was measured by a TRD 5700 pressure trans-
ducer (Data Sciences International (DSI), St. Paul, MN), and
FinePointe v2.3.1.6 plethysmography software (DSI, St. Paul,
MN) calculated respiratory parameters including tidal volume
and minute volume. The plethysmography software generated
a minute volume reading every 10 s. These values were manu-
ally transcribed in real time into a spreadsheet (Microsoft Excel
2016, Redmond, WA) on a separate computer that averaged the 6
readings recorded over each minute of the trial. The spreadsheet

was used to calculate the percent change in minute volume
between each minute and the previous minute. A macaque was
considered to have reached SSMV when the percent change in
minute volume between sequential minutes did not vary by +
10% for 5 consecutive min. Plethysmography continued until
the NHP achieved an additional 20 consecutive min in SSMV
(change in minute volume between minutes did not vary by +
10%), at which time the trial was considered complete. If the
minute volume varied by more than + 10% after achieving
SSMYV, but before achieving 20 consecutive min, SSMV was
considered to have ended. The macaque remained in the ple-
thysmograph chamber and a second attempt was conducted.
If the macaque reached 20 consecutive min of SSMV during
the second attempt, the trial was completed. If SSMV was not
achieved in the second trial, the trial was terminated. The trial
was also terminated if the macaque began to show signs of
recovery (voluntary movement) or after 60 min if the NHP did
not meet any other criteria for termination. Upon completion
or termination of the trial, macaques were removed from the
chamber and returned to their home cage for recovery.

Data and statistical analysis. The following parameters were
analyzed to compare anesthetic combinations for each species:
quality of anesthesia, duration of SSMV, duration of anesthesia,
average volume of SSMYV, time to SSMV, and time needed prior
to beginning plethysmography. Quality of anesthesia was scored
based on ranking criteria from 1 to 4, with 4 being the highest or
best quality. A score of 1 was assigned if the NHP did not reach
SSMYV at all during the trial. A score of 2 was assigned if the NHP
reached SSMV during the first attempt but failed to maintain it
for a minimum of 20 min and did not reach SSMV again during
the second attempt. A score of 3 was assigned if the NHP reached
up to 20 min of SSMV during the second but not the first attempt.
A score of 4 was assigned if the NHP reached SSMV during the
first attempt and maintained it for 20 consecutive min. Duration
of SSMV was calculated as the number of minutes the macaque
remained in SSMV for a given anesthetic combination. For
macaques that had 2 periods of SSMV, we used the average dura-
tion of the 2. Average SSMV was defined as the average minute
volume during all periods of SSMV within a trial. Time to SSMV
was defined as the number of minutes between trial initiation and
achieving the first period of SSMV. Duration of anesthesia was
defined as the number of minutes between administration of the
anesthetic injection and recovery of the macaque. Time to start
was defined as the number of minutes between injection of the
anesthetic and the first vital sign recording after the macaque was
secured in the plethysmography chamber. Side effects were docu-
mented for each trial, but they were not statistically analyzed.

Statistical analysis was performed using SAS version 9.4 (TS
1M5, SAS Institute, Cary, NC) in order to compare the effects of
the 3 anesthesia protocols on the outcome variables of interest.
Analysis of variance (ANOVA) was used to analyze outcome
variables that were approximately normally distributed (time to
SSMYV, total duration of anesthesia, and time to start).!* ANOVA
allowed us to control for the relative influence of multiple study
design factors (Macaque, Replicate, Day, and Order) on the re-
sults. Other data (duration of SSMV and quality of anesthesia)
were analyzed using the nonparametric Friedman test, which
does not assume a specific probability distribution.! However,
the Freidman test only allowed an assessment of 2 design fac-
tors (Macaque and Anesthesia) at a time and using both factors
allowed comparison of the same macaque under each anesthetic
(every macaque was tested with all 3 anesthesia protocols. To
minimize the risk of declaring an association to be statistically
significant when it was not, statistical tests were conducted in
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a hierarchy; Bonferroni and Scheffe post hoc tests were applied
to the ANOVA and Freidman results, respectively, to control
for multiple pairwise comparisons.' In general, the analytical
hierarchy was to test the statistical significance of the full model,
followed by testing the design and anesthesia factors within the
model, and finally pairwise comparisons for the anesthetics.
P values less than or equal to 0.05 were considered to be statisti-
cally significant. All descriptive statistics in the results section
are presented with confidence intervals. Quality of anesthesia,
total duration of anesthesia, and duration of SSMV also provide
the mean.

Results

Three different anesthesia combinations were tested in 15
cynomolgus and 15 rhesus macaques to determine their effect on
quality of anesthesia, time to anesthesia, duration of anesthesia,
duration of SSMYV, average SSMV, and time to SSMV. For these
outcome variables, all reported P values indicate the probabil-
ity that the results between combinations were significantly
different, but not if the differences were due to higher or lower
values. References to higher or lower values between anesthetic
combinations are based on descriptive values associated with
significantly significant test results (P < 0.05).

Quality of anesthesia was found to differ significantly across
anesthetic combinations in both cynomolgus (P = 0.0010) and
rhesus (P = 0.0490) macaques. The mean quality score in cyn-
omolgus macaques was 3.7 for AM, 2.8 for TZ, and 2.3 for KA.
AM had higher quality scores than did TZ (P = 0.0008) and
KA (P < 0.0001), whereas TZ and KA quality scores were not
significantly different (P = 0.0707). The mean quality score for
rhesus macaques was 3.7 for AM, 3.3 for TZ, and 2.9 for KA.
AM quality scores were significantly higher than those of TZ

(P =0.0142) and KA (P =0.0008), whereas scores for TZ and KA
were not different (P = 0.3662). Percentage values for quality
scores are shown by species and anesthesia in Figure 1.

Total duration of anesthesia was different across anes-
thetic protocols in both cynomolgus (P = 0.0003) and rhesus
(P = 0.0002) macaques. In cynomolgus macaques, the average
duration of TZ was 110 min, AM was 87 min, and KA was 74
min. Duration was longer on TZ than either AM (P < 0.05, 95%
CI: 6 to 41) or KA (P <0.05, 95% CI: 19 to 54), with no significant
difference in duration between AM and KA (P > 0.05, 95% CI:
—4 to 30). In rhesus macaques, the average duration was 74 min
with TZ, 61 min with AM, and 53 min with KA. TZ anesthesia
lasted longer than either AM (P < 0.05, 95% CI: 2 to 23) or KA
(P <0.05, 95% CI: 10 to 31), with no significant difference in
duration between AM and KA (P > 0.05, 95% CI: — to 19).

The cynomolgus macaques failed to achieve an SSMV at least
once during 5 trials: 4 times with KA and once with TZ. None
of the rhesus macaques failed to achieve at least one episode of
SSMV except for one that never became fully anesthetized on
KA. If an NHP failed to achieve an SSMYV at least once during
a trial, no values were obtained or used for analysis for aver-
age SSMV or time to SSMV for that trial. Duration of SSMV
was considered 0 min in this scenario. The raw minute volume
data recorded every 10 s for individual macaques in each trial
is shown in Figure 2 for cynomolgus and Figure 3 for rhesus.

Duration of SSMV across anesthetic combinations dif-
fered significantly in cynomolgus (P = 0.0002) but not rhesus
(P = 0.0986) macaques. In cynomolgus macaques, the mean
duration of SSMV was 17.5 min for AM, 6.9 min for TZ, and
2.6 min for KA. Duration of SSMV with AM was longer than
either KA (P <0 0.0001) or TZ (P = 0.0001), with no significant
difference between TZ and KA (P = 0.0528). In rhesus macaques,
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Figure 2. Minute volume as a function of time for the 15 cynomolgus macaques. Each frame (A-O) shows the anesthetic events for a single ma-
caque colored by the type of anesthesia. Measurements of minute volume were taken every 10 s. One macaque (C) was unable to complete the
AM trial due to apnea and therefore only a few values are recorded for this anesthetic.

the mean duration of SSMV was 18 min for AM, 12.8 min for
TZ, and 10.8 min for KA. Individual durations by species and
anesthetic are shown in Figure 4.

When controlling for the order in which individual macaques
received each anesthetic combination, average SSMV differed
across combinations for both cynomolgus (P < 0.0001) and rhe-
sus (P = 0.0004) macaques. In cynomolgus macaques, the SSMV
was approximately 114 mL larger for AM as compared with
TZ (P <0.05, 95% CI: 15 to 213), with no difference in average

SSMV between AM and KA (P > 0.05, 95% CI: —164 to 111) or
TZ and KA (P > 0.05, 95% CI: —286 to 5). In rhesus macaques,
the average SSMV was approximately 175 mL smaller for AM
as compared with KA (P <0.05, -343 to —7), with no difference
in average SSMV between AM and TZ (P < 0.05, —241 to 77) or
between TZ and KA (P > 0.05, 95% CI: —263 to 77).

Time to SSMV did not differ across anesthetic combina-
tions in either cynomolgus (P = 0.1505) or rhesus (P = 0.6399)
macaques. Time to start was also not different among anes-
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Figure 3. Minute volume as a function of time for the 15 rhesus macaques. Each frame (A-O) shows the anesthetic events for a single macaque
colored by the type of anesthesia. Measurements of minute volume were taken every 10 s. One macaque (H) never became fully anesthetized

on KA and therefore has no measurements.

thetic combinations in either cynomolgus (P = 0.9435) or rhesus
(P = 0.7804) macaques.

Side effects are summarized in Table 1 but were not analyzed
statistically. One cynomolgus macaque experienced apnea on
AM when the dental dam was tight enough to create a seal in
the plethysmography chamber. As a result, plethysmography
could not be conducted for this individual on AM, and values
were not obtained for duration of SSMV, SSMV average, or
time to SSMYV for this trial. One rhesus macaque never became
adequately sedated while on KA for placement in the plethys-

mography chamber or measurement of vitals, and thus values
for duration of SSMV, SSMV average, time to SSMV, and time
to start were not obtained. Duration of anesthesia for this NHP
was considered to be 0 min.

Discussion
This study sought to validate an AM anesthetic combination
as a possible alternative for aerosol studies that use plethys-
mography in cynomolgus and rhesus macaques. Consistency of
respiratory parameters directly impacts dosing accuracy of an
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Figure 4. Duration of SSMV in minutes for 15 NHPs for each species by anesthesia. Data points on the horizontal axis are spread out to show

otherwise overlapping measurements.

Table 1. Number of nonhuman primates experiencing side effects by
species and anesthetic

Cynomolgus Rhesus
macaques macaques
(n=15) (n=15)
Side effects AM TZ KA AM TZ KA
Vomiting 1 1 0 0 2 2
Rhythmic involuntary movements 0 2 4 0 5 2
Muscle twitching 2 0 1 6 0 0
Hypersalivation 0 1 2 0 0 0
Hiccupping 0 0 0 0 1 0
Elevated Heart Rate 0 0 0 1 1 3
Decreased Heart Rate 1 0 0 0 0 0
Constant Blinking 0 0 0 0 1 2
Raspy / Audible Breathing 2 0 2 2 0 0
Muscle Rigidity 0 0 0 0 0 1
Did not become fully anesthetized 0 0 0 0 0 1
Apnea when chamber was sealed 1 0 0 0 0 0
Injured self upon induction (minor) 0 0 0 1 1 0
Total 7 4 9 10 11 1

Abbreviations: AM = alfaxalone-midazolam, TZ = tiletamine-zolazepam,
KA = ketamine-acepromazine

aerosol exposure because the minute volume measured initially
with plethysmography is used to calculate the spray duration.
At our facility, minute volume is no longer measured and spray
duration is not adjusted after the subject has been placed in the
aerosol exposure chamber.

In our study, AM was the most consistent combination, as
evidenced by the higher quality of anesthesia in both species
and longer duration of SSMV in cynomolgus macaques. Our
data suggest that the values obtained with AM during initial
plethysmography would likely remain consistent throughout
the duration of an aerosol spray, thereby ensuring accurate
delivery and dosing. TZ and KA were more likely to have spo-
radic changes in minute volume, as evidenced by lower quality
of anesthesia. These changes in minute volume could lead to
inaccurate dosing across a spray, which would have negative
implications on study results and validity.

Although side effects were not analyzed statistically, the
number of side effects were comparable with AM, KA and TZ.
The most common side effect with AM was muscle twitching
in response to touch. Muscle twitching after administration
of alfaxalone has also been noted previously in macaques
and other species.!#1821.2627 For plethysmography or aerosol
dosing, this side effect is not considered to be problematic, as
the animal is generally not being manipulated in a manner
that would stimulate muscle twitching during either of these
activities. The most significant side effect seen with AM was
that one NHP developed apnea when the dental dam in the
plethysmography chamber was tight enough to create a seal.
The NHP breathed normally when the dental dam was not
around the neck or was loose. However, this particular NHP
was considerably overweight and had a body condition score
of 5 out of 5; this obesity could have contributed to the problem
experienced during the trial, although this NHP did not exhibit
apnea on TZ or KA. AM can induce apnea in dogs that receive
this combination IV.?2 Although all NHPs had unremarkable
recoveries on AM at the pilot dose of 2 mg/kg of alfaxalone and
0.3 mg/kg midazolam, the NHP used for the pilot trial showed
a good plane of anesthesia with no movement or palpebral
reflex until it abruptly recovered within the plethysmography
chamber. Within 10 s, the macaque began to vigorously thrash
about the chamber. While none of NHPs showed such an abrupt
recovery at the higher dose of 5 mg/kg alfaxalone used in this
study, they subjectively showed signs of a shorter interval before
regaining a righting reflex as compared with TZ. Therefore,
caution is necessary when using alfaxalone with midazolam at
lower dosages in NHPs, as they may give little warning before
regaining significant voluntary movement.

In rhesus macaques, the average SSMV was significantly
larger for AM as compared with TZ in cynomolgus macaques,
but was smaller than that of KA. Larger minute volumes are
desirable because the animal would spend less time in the
aerosol exposure chamber. However, all rhesus macaques on
AM still had an average SSMV that fell within the ideal range
at our institution (450 to 1,600 mL). The lower quality of KA
anesthesia supports the use of AM, despite the larger minute
volumes observed with KA.

No significant differences were noted in the time to reach
SSMYV, suggesting that if a NHP is going to achieve SSMV,

254

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-27



Comparison of three anesthetic combinations during plethysmography in macaques

they will do so in approximately the same amount of time
regardless of the drugs used in this study. Also, no differ-
ences were noted between anesthetics or species in the time
from induction of anesthesia to the start of the procedure,
suggesting that the times to sedation are approximately the
same amount for all 3 combinations. Thus, using AM would
not prolong the time needed for the animal to become sedate
enough to handle.

Duration of anesthesia is also an important consideration
when choosing an anesthetic for an aerosol study. Significant
transportation time may be needed to move animals to the
challenge area or to perform additional procedures such as
physical exams or sample collection before plethysmography
and aerosol exposure. In these instances, longer duration of
anesthesia may be desirable. If procedures are not necessary
before aerosol exposure, a shorter duration of anesthesia is
preferable. At our facility, 45 min of anesthesia is considered
the minimum for aerosol studies. All 3 anesthetic combinations
met this requirement. The average duration of anesthesia for
AM was 87 min in cynomolgus macaques and 62 min in rhesus
macaques. While TZ anesthesia lasted significantly longer in
both species, the intermediate but adequate duration of AM
anesthesia, combined with its more consistent SSMV, would
make it a better choice for many challenge studies.

The biggest drawback we found to using AM was the large
injection volume. Although alfaxalone and midazolam have
been administered subcutaneously in rhesus macaques (in
combination with dexmedetomidine), we chose to evaluate
intramuscular administration, which is consistent with the
route of administration we currently use for plethysmography
under TZ and KA anesthesia. Alfaxalone is currently available
as an approved or indexed product only in a 10 mg/mL con-
centration.!” In this study, NHPs weighing greater than 5.35
kg required 2 intramuscular injections to receive the full dose
without exceeding 3.0 mL per injection. In studies using larger
NHPs (> 5.0 kg), AM may be less desirable due to larger overall
injection volumes and therefore the need for multiple injec-
tions. Ideal intramuscular injection volumes for NHPs range
from 0.1 to 0.5 mL/kg, with volumes not to exceed 3.0 mL per
site.511:1429 The injection volume of AM used in this study was
0.56 mL/kg. Using the maximum injection volume of 3.0 mL
per site produced no obvious injection site reactions or devi-
ances in behavior or locomotion. However, injection sites were
not shaved and NHPs were only visually observed on the days
after the procedure; therefore, minor injection site reactions may
have been overlooked.

Limitations of this study include the small population size
(n = 15 per species) and the exposure of each animal to only
one anesthetic event per drug combination (3 events total per
NHP). Another limitation in this study is that evaluators were
not blind to the anesthetic that each NHP received, primarily
due to the limited personnel available to support the study.
Lack of blinding may have contributed to interrater variability
and efficacy bias, particularly on more subjective parameters
such as side effects. However, the 2 individuals concurred on
the less objective parameters, and the principal investigator re-
viewed the numerical data for consistency in order to minimize
potential bias. Furthermore, we did not evaluate some events
that may occur during an actual aerosol challenge. One such
event that warrants further investigation is the administration
of additional anesthesia if the animal begins to recover before
the procedure is complete. Anesthetic supplementation could
significantly affect minute volume as the animal transitions
through various depths of anesthesia.

Overall, our study showed that an AM anesthetic combina-
tion provides more consistent and higher quality anesthesia
in cynomolgus and rhesus macaques as compared with TZ or
KA. This makes it an acceptable, and in many cases preferred,
anesthetic option for aerosol challenge studies that use ple-
thysmography. An AM anesthetic combination is particularly
attractive for studies in which the NHPs weigh less than 5 kg,
so that total injection volume can be minimized.
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