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Pharmacologic Modulation of Noxious
Stimulus-evoked Brain Activation
in Cynomolgus Macaques Observed
with Functional Neuroimaging

Tomomi Shirai,! Mizuho Yano,! Takahiro Natsume,? Yiiji Awaga,? Yoshitaka Itani,? Aldric Hama,? Akihisa Matsuda,!
and Hiroyuki Takamatsu'?

Maintaining effective analgesia during invasive procedures performed under general anesthesia is important for mini-
mizing postoperative complications and ensuring satisfactory patient wellbeing and recovery. While patients under deep
sedation may demonstrate an apparent lack of response to noxious stimulation, areas of the brain related to pain perception
may still be activated. Thus, these patients may still experience pain during invasive procedures. The current study used
anesthetized or sedated cynomolgus macaques and functional magnetic resonance imaging (fMRI) to assess the activation
of the parts of the brain involved in pain perception during the application of peripheral noxious stimuli. Noxious pressure
applied to the foot resulted in the bilateral activation of secondary somatosensory cortex (SII) and insular cortex (Ins), which
are both involved in pain perception, in macaques under either propofol or pentobarbital sedation. No activation of SII/Ins
was observed in macaques treated with either isoflurane or a combination of medetomidine, midazolam, and butorphanol.
No movement or other reflexes were observed in response to noxious pressure during stimulation under anesthesia or seda-
tion. The current findings show that despite the lack of visible behavioral symptoms of pain during anesthesia or sedation,
brain activation suggests the presence of pain depending on the anesthetic agent used. These data suggest that fMRI could be
used to noninvasively assess pain and to confirm the analgesic efficacy of currently used anesthetics. By assessing analgesic
efficacy, researchers may refine their experiments, and design protocols that improve analgesia under anesthesia.

Abbreviations and Acronyms: fMRI, functional magnetic resonance imaging; MMB, medetomidine, midazolam, and butorphanol;

SII/Ins, secondary somatosensory cortex/insula;
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Minimizing pain and distress are fundamental concepts in the
ethical use of laboratory animals, particularly during procedures
that may be painful, even if the patient is unconscious. Symp-
toms of pain and distress may be inferred in awake nonhuman
animals by the expression of pain-related behaviors such as
guarding, vocalization and changes in species-specific behav-
iors such as social interaction.**** Pain may also be inferred
noninvasively while a research animal is under anesthesia by
changes in autonomic functioning, such as increased heart rate
and arterial blood pressure.”® Increased heart rate and blood
pressure have been observed following the application of nox-
ious stimuli to either skin or viscera in both anesthetized and
awake nonhuman animals.?*#% Conversely, decreased changes
in autonomic function after a noxious stimulus suggests pain
is minimized—analgesic administration has reduced stimulus-
evoked increases in heart rate and blood pressure.

However, this relationship is controversial. The literature does
not suggest a consistent relationship between pain and changes
in autonomic functioning.?” Analgesics, even at doses that do not
reduce nociception in both anesthetized and conscious animals,
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have been shown to reduce heart rate and blood pressure.?>7>

Some anesthetics themselves, such as halothane, reduce both
heart rate and blood pressure at low concentrations without
significantly reducing nociception.®’ Beyond analgesics and
anesthetics, premedications, such as antihypertensives, and
preexisting medical conditions that affect hemodynamics will
suggest the absence or presence of pain when neither is truly
the case.”

Direct, quantitative assessment of pain is possible through the
measurement of neural activity with in vivo electrophysiological
methods by observing the response of CNS neurons to peripher-
ally applied noxious stimuli in anesthetized animals.!?!*!5 Some
cortical and subcortical nuclei involved in pain perception have
been identified in this manner. The disadvantages of most pre-
clinical electrophysiological methods are their invasiveness and
that they are usually terminal procedures. Electroencephalogra-
phy (EEG), which can be used in either awake or anesthetized
patients, has been suggested as a relatively noninvasive method
of quantifying nociception based on cortical electrical activity.**
However, the effects of various agents on EEG have led to
surprising conclusions. Based on complete abolition of stimulus-
evoked potentials with anesthetic doses of pentobarbital in cats,
the authors concluded that pentobarbital would be a better
anesthetic than ketamine, which, at anesthetic doses, increased
stimulus-evoked potentials.3 In humans, propofol significantly
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reduced noxious stimulus-evoked potentials, suggesting that
propofol has intrinsic analgesic activity.®*”® Conflicting effects
of analgesics on EEG have also been observed.!” Opioid anal-
gesics, such as fentanyl, significantly reduce evoked potentials,
but nonopioid analgesics, such as cyclooxygenase inhibitors, do
not. This would suggest that cyclooxygenase inhibitors would
not be useful for perioperative pain control when, in fact, they
are.?7! Pregabalin, approved for the management of neuro-
pathic pain, does not dose-dependently reduce brain electrical
activity as measured by EEG in rats, yet it appears to modestly
reduce postoperative pain when administered perioperatively
during specific kinds of surgeries.?>** While EEG may be useful
in demonstrating nociception in anesthetized patients, find-
ings thus far suggest that EEG may not be entirely suitable for
predicting analgesia. A key, additional disadvantage of EEG
is its lack of spatial resolution, in that it cannot distinguish or
identify the numerous subcortical brain nuclei involved in pain
perception.*

Alternatively, in vivo neuroimaging, such as functional mag-
netic resonance imaging (fMRI) has been used as a noninvasive
approach in identifying brain nuclei that are activated following
peripherally applied noxious stimuli in both anesthetized and
conscious subjects.?1819%8 Preclinical and clinical studies have
also demonstrated that different classes of analgesics signifi-
cantly attenuated noxious stimulus-evoked activation of brain
nuclei associated with pain perception.®575891 Furthermore,
drugs that do not reduce nociception in awake animals do not
affect stimulus-evoked activation of brain nuclei associated with
pain perception, indicating that drugs could be categorized by
their effect on brain activation.3'8! Although anesthetics are
known to disrupt both cerebral electrical activity and blood flow,
which are related to brain activity, the effects of anesthetic and
sedative agents commonly used in preclinical research on brain
nuclei involved in pain perception have yet to be explored with
fMRI in NHP.3 The current study differentiated anesthetic and
sedative agents by their ability to reduce stimulus-evoked brain
activation as visualized with fMRI in NHP.

Materials and Methods

Animals. Procedures involving macaques were reviewed and
approved by the Hamamatsu Pharma Research Animal Care
and Use Committee. A total of 8 male Macaca fascicularis (3.7
to 4.5 kg, 3 to 4 y old, Eve Bioscience, Wakayama, Japan) were
used in this study. Prior to arrival, macaques were tested and
were negative for Salmonella spp., Shigella spp., Yersinia spp., M.
tuberculosis and Macacine alpha herpesvirus 1 (B virus). Macaques
underwent a 2-wk period of quarantine and acclimation to
the facility before experimental use. Macaques were observed
daily during this period for signs of illness that may have pre-
cluded their use in the current study. Macaques were housed
in stable groups of 2 or 3, each in stainless steel cages (W 195.0
cm x D 65.0 cm x H 80.0 cm, floor area: 12,675 cm?) following
the quarantine and acclimation period. Stainless steel mirrors
and other toys were placed in cages as environmental enrich-
ment. To provide social enrichment and facilitate acclimation
to humans, staff hand-fed treats to the macaques at least once
per week. Macaques were fed about 100 g/animal per day of
standard nonhuman primate chow (Oriental Yeast, Tokyo, Ja-
pan), which was supplemented weekly with either fresh fruits
or vegetables. Macaques had free access to tap water by using
an automatic watering system.

Environmental conditions of the holding rooms were under
automatic control and followed standards described in the Guide
for the Care and Use of Laboratory Animals: Eighth Edition.* A12-h
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light-dark cycle, with lights on at 0700, was used in the animal
housing room. The room temperature and relative humidity
were maintained at 20 to 26 °C and 30% to 70%, respectively.
The facility where the study was conducted is fully accredited
by AAALAC International.

Study outline. Macaques that displayed normal species-spe-
cific behaviors, were without visible signs of systemic disease
and displayed normal respiration on physical examination were
used in the current study. Subjects could be classified as ASA I
(that is “normal, healthy patients”).

Brain imaging was performed between 0830 and 1600. Ma-
caques were fasted for approximately 12 h before undergoing
brain imaging. Macaques were sedated with ketamine (10
mg/kg, IM) and transported to the MRI (Center for Molecular
Imaging, Hamamatsu University School of Medicine (Hama-
matsu, Japan)) in a dedicated NHP transport vehicle in portable
squeeze cages.

Conscious, restrained macaques were treated with one of the
4 agents and were released from restraint when they demon-
strated loss of movement and response to stimulation. Macaques
demonstrated a loss of palpebral reflex and did not respond
to interdigital pinching after administration of the anesthetic,
prior to insertion in the MRI. Heart rate and respiration were
measured after induction of anesthesia, before brain imaging,
after completion of brain imaging, and before recovery from
anesthesia. MRI-compatible respiration and blood pressure
monitoring equipment were not available, so continuous moni-
toring during brain imaging was not possible. During the scan
period, a veterinarian was present to provide appropriate and
prompt treatment.

Macaques were transported back to Hamamatsu Pharma
Research following brain imaging, returned to their home cages
and monitored for recovery from sedation (if still sedated).
Macaques were treated with 20 mg/kg/hr propofol followed
by an additional 30 mg/kg/hr within the same day (Tablel).
Macaques underwent a washout period of at least 1 d after
treatment with either isoflurane or MMB. Macaques treated
with pentobarbital underwent a washout period of at least 1
wk. The animals were treated with a different agent on each
imaging session. Each macaque underwent no more than 4
different treatments.

Drug treatments. All drugs used in the current study were
pharmaceutical grade. The level of sedation required for the
current study was such that no artifacts from either head
movement or respiration were observed in the brain images.
The doses of isoflurane, pentobarbital, and the combination of
medetomidine, midazolam, and butorphanol (MMB) needed
to induce either sedation or anesthesia were obtained from the
literature.#26:27,34,64

Data from rodent studies suggest that sedative doses of
propofol, both 36 and 90 mg/kg/hr., are antinociceptive.”%
It is possible that propofol’s analgesic effect in NHP could be
observed at doses that are higher than that needed for stable
sedation, which would be, in macaques, between 12 to 36 mg/
kg/hr.3* The current study tested the effects of 20 and 30 mg/
kg/hr propofol on noxious stimulus-evoked brain activation.
Conscious macaques were restrained in a transport squeeze
cage and a 22 gauge cannula was inserted into the femoral vein.
Propofol (Maruishi Pharmaceutical, Osaka, Japan) was admin-
istered by continuous intravenous infusion. Five macaques
were treated with 20 mg/kg/hr propofol and underwent brain
imaging. Three randomly selected macaques from this group of
5 were then treated with another 30 mg/kg/hr dose of propofol
and underwent a second brain scan.
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Table 1. Duration of fMRI brain imaging following induction using the agents examined in the current study.

Time from induction (min)

Agent Start End
Propofol, 20 mg/kg/hr 10-35 25-50
Propofol, 30 mg/kg/hr 40-60 55-75
Pentobarbital 18-24 33-39
Isoflurane 21-33 36-48
MMB 19-38 34-53

Times (min.) for initiation of brain imaging, after induction, and the end of brain imaging. Five macaques were anesthetized with a dose of 20
mg/kg/hr. propofol and brain imaging was performed beginning 10-35 min. after induction of sedation. At the end of brain imaging (25-50 min.
after induction of propofol sedation), 3 macaques were then dosed with 30 mg/kg/hr. propofol. The end of propofol brain imaging was 55-75
min after induction of sedation with 20 mg/kg/hr. propofol. Brain imaging with the 2 doses of propofol was performed on the same day. Brain
imaging with the other agents was performed in separate imaging sessions.

MMB, medetomidine, midazolam, and butorphanol.

For the pentobarbital cohort, conscious macaques were re-
strained in the transport squeeze cage and pentobarbital (20
mg/kg; Somnopentyl, Kyoritsu Seiyaku, Tokyo, Japan) was
administered as a single IV bolus.

To test the effects of inhalant anesthesia, macaques were re-
strained in a primate chair and isoflurane (2.0% to 2.5% in O,;
Pfizer Japan, Tokyo, Japan) was delivered through a face mask.
Sedation was observed within 1 to 2 min. of placement of the
face mask over the nose and mouth. No other sedative was ad-
ministered prior to isoflurane administration as the goal of the
current study was to examine the effect of isoflurane anesthesia
alone on stimulus-evoked brain activation.

Awake macaques were restrained in the transport squeeze
cage for IM administration of the combination of MMB (me-
detomidine, 0.012 mg/kg, Meiji Seika Pharma, Tokyo, Japan;
midazolam, 0.16 mg/kg, Sandoz K.K., Tokyo, Japan; butorpha-
nol, 0.2 mg/kg; Vetorphale, Meiji Seika Pharma, Tokyo, Japan).
Atipamezole (0.25 mg/kg; Mepatia, Meiji Seika Pharma, Tokyo,
Japan) was administered IM to reverse the effects of medeto-
midine at the end of the brain imaging session. In 3 macaques,
a dose of 0.6 mg/kg was given to reverse either cardiac ar-
rhythmia or respiratory depression that emerged following
MMB treatment.

The syringe pump (TOP, Tokyo, Japan) and the anesthesia
vaporizer (Muromachi Kikai, Tokyo, Japan) used to deliver
the anesthetics were not MRI compatible and so were placed
outside of the MRI room.

Acute noxious stimulus. A plastic kitchen grater with dentate
projections (1.2 mm in height at 3.5 mm intervals) was placed
on the dorsum of the right foot and a weight of 1 kg was ap-
plied to the grater (Figure 1 A) to induce noxious pressure. A 1
LPET bottle was emptied of its contents (Pocari Sweat, Otsuka
Pharmaceutical, Tokyo, Japan) and filled with approximately
1 L of water, which was placed on the grater, exerting a weight
of 1 kg. A macaque previously habituated to restraint in a pri-
mate restraint chair was selected to determine if the grater and
weight evoked a pain-related response (for example, tension of
the muscles of the face and back of the head or withdrawal of
the foot from the grater). The height of the chair was adjusted
such that the feet rested flat on the floor. A pain-related response
was observed within a few seconds of placement of the device
on the foot. Placement of either the grater or water-filled PET
bottle alone on the foot did not evoke a pain-related response.
Application of the grater and filled PET bottle on the dorsum of
the foot was painful in humans. Application of either apparatus
alone to the dorsum of the foot did not evoke pain in humans.
On each test session day, prior to application of the PET bottle to
the foot, the weight of the water-filled PET bottle was checked

with an electronic balance (HV-200KGV-K, A and D Company,
Tokyo, Japan) and confirmed to be 1 kg in weight.

fMRI data acquisition. Brain activation during foot stimulation
was assessed using a 3.0 T MRI system (Signa HDxt; GE Health-
care, Milwaukee, WI). The anatomic MRI protocol consisted of
a T1-weighted fast spoiled gradient-recalled (FSPGR) sequence
(repetition time (TR)/echo time (TE), 15.8/7.0 ms; number of
averages, 1; flip angle, 12°; field of view, 150 mm x 150 mm;
matrix, 256 x 224; slice thickness/interval, 1.0/0.5 mm; number
of slices, 168). Functional scan sequences consisted of field-echo,
echo-planar imaging (TR/TE, 3000/35 ms; flip angle, 90°; field
of view, 140 mm x140 mm; matrix, 64 X 64; slice thickness, 2.4
mm; no. of slices, 30).

Under anesthesia, the macaque’s head was fixed within an
MRI compatible acrylic head holder (Matsui, Aichi, Japan). A
block design was used to deliver a noxious stimulus to the right
foot during imaging (Figure 1 B). A stimulation set consisted of
an “OFF” stimulus, wherein the foot received no stimulus for
30 s, followed by an “ON” stimulus, wherein the plastic grater
and water bottle were applied to the foot for 30 s. A30 s interval
separated each block of OFF-ON stimulation. During one imag-
ing session, a macaque underwent a total of 10 sets of OFF-ON
stimulations. Ten whole-brain scans of 3 s duration each were
acquired during each ON and each OFF stimulation. One imag-
ing session for each animal was about 15 min. Animals were kept
warm during brain imaging with heat packs (Hakugen-Earth,
Tokyo, Japan) and loosely wrapped in a wool blanket.

The times from induction to completion of brain imaging
for each agent are shown in Table 1. No observable move-
ment or reflex to noxious stimulation of the foot during brain
imaging were observed. Upon awakening from sedation in
their home cage, no abnormality was noted in general condi-
tion and behavior, and no tissue damage was observed in the
stimulated foot.

fMRI data analysis. Analyses of brain images were conducted
with SPM12 software (Wellcome Department of Cognitive Neu-
rology, London, UK). The images were realigned and resliced
onto the mean echo-planar imaging (EPI) image to correct for
head motion. The EPI images were coregistered to the corre-
sponding T1-weighted anatomic image and normalized to a
macaque brain template.® The resulting image was smoothed
with a 4 mm X 4 mm X 4 mm full-width at half-maximum
Gaussian kernel. Voxel-wise statistical analysis was based on a
general linear model. A fixed-effect model was used for group
analysis of data from the 5 macaques. Contrast was defined
as (pressure stimulation-no stimulation) to isolate regions
responsive to noxious pressure in the entire brain. Peak voxels
were considered significant at Z value greater than 1.96 (P <0.05,
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Figure 1. Pressure-induced pain stimulation during MRI. A) Diagram shows placement of the water-filled bottle and grater on the dorsum of
the macaque’s foot. B) Block design stimulation applied to the right foot of anesthetized macaques during brain imaging. Ten sets of OFF/ON
stimulation were preformed, separated by 30 s of no stimulation. One set consisted of 30 s without application of the grater and weight (“OFEF”)

and 30 s application of the grater and weight (“ON”).

uncorrected for multiple comparisons, one tailed ¢ test) or Z
value greater than 2.3 (P < 0.01).

Results

General observations. Five macaques received isoflurane and
5 received pentobarbital. No adverse side effects were observed
with either treatment during brain imaging. Recovery from
isoflurane and pentobarbital anesthesia was uneventful.

Five macaques received 20 mg/kg/hr propofol and of these
3 were treated with a subsequent dose of 30 mg/kg/hr propo-
fol. No adverse side effects were observed at either dose and
subsequent recovery from anesthesia was uneventful.

The combination of MMB (medetomidine 0.012 mg/kg,
midazolam 0.16 mg/kg and butorphanol 0.2 mg/kg) was
administered to a total of 8 macaques. Additional MMB (medeto-
midine 0.006 mg/kg, midazolam 0.08 mg/kg and butorphanol
0.1 mg/kg) was given to 3 of these, which were not sufficiently
sedated to minimize head movement. In the 3 macaques treated
with additional MMB, 2 were sedated to an appropriate level.
One macaque, however, displayed cardiac arrhythmia. Unstable
respiration was observed in 2 macaques treated with a single
dose of MMB. The 3 MMB-treated macaques that showed
symptoms of physiologic distress were treated with 0.6 mg/kg
atipamezole, which reverses medetomidine-induced sedation
and respiratory depression, and monitored for recovery from
sedation.!%92% The data from these 3 macaques were excluded
from the analysis.

Excluding the 3 MMB-treated macaques, all other subjects
demonstrated an appropriate level of sedation. While not
directly measured during brain imaging, respiratory rate and
heartbeat were observed to be stable. Inmediately after brain
imaging, but before recovery from sedation animals showed no
reflexive response to interdigital pinch.

The heart rate of animals during treatment, before and after
brain imaging, were between 60 to 152 bpm and 66 to 180 bpm,
respectively. Respiration rates of animals under treatment,
before and after brain imaging, were between 16 to 36 and 16
to 72, respectively.

Effect of agents on noxious stimulation-evoked activation of
SIl/Ins. Significant bilateral activation of SII/Ins was observed
under propofol and pentobarbital anesthesia but not under
isoflurane and MMB anesthesia (Figure 2, Table 2).

Significant bilateral noxious pressure-induced activation
of secondary somatosensory cortex (SII) and insular cortex

(Ins) was observed in macaques treated with 20 mg/kg/hr
propofol—Z values were greater than 1.96, the minimum value
needed for statistical significance at P < 0.05 (data not shown).
Significant bilateral SII/Ins activation was also observed with 30
mg/kg/hr propofol. Z values for 30 mg/kg/hr propofol were
2.71 (P = 0.0067; left hemisphere) and 2.59 (P = 0.0096; right
hemisphere). Significant noxious pressure-induced activation
of SII/Ins was also observed under pentobarbital anesthesia. Z
values for pentobarbital were 2.81 (P = 0.0050; left hemisphere)
and 2.63 (P = 0.0085; right hemisphere).

No noxious pressure-evoked activation of SII/Ins was ob-
served during isoflurane anesthesia (Figure 2, Table 2). The
Z values of SII/Ins from isoflurane-treated macaques were
1.24 (P = 0.2150; left hemisphere) and 1.19 (P = 0.2340; right
hemisphere), which are below the minimum (1.96) needed
for statistical significance. Noxious pressure-induced brain
activation was also absent with MMB treatment. The Z values
of SII/Ins from MMB-treated macaques were 1.46 (P = 0.1443;
left hemisphere) and 1.29 (P = 0.1971; right hemisphere), also
below the minimum (1.96) needed for statistical significance.

Discussion

The current study differentiated anesthetic and sedative
drugs commonly used in NHP studies by their effects on nox-
ious stimulus-evoked activation of brain nuclei known to be
involved in pain perception. Robust activation of SII and Ins
was observed with noxious pressure under either propofol or
pentobarbital anesthesia, whereas no activation of SII/Ins was
observed after isoflurane or MMB treatment. The effects of the
drugs on SII/Ins is in general agreement with the known antino-
ciceptive properties of each drug. The current findings suggest
that activity of brain nuclei involved in pain perception, such
as the SII/Ins, could be used to indicate either pain or analgesia
in patients who are unable to respond to noxious stimulation.
Pharmacological modulation of pain-related brain nuclei could
also be used to expand our understanding of the mechanism of
action of both anesthetics and sedatives and possibly aid in the
development of anesthetics or treatment protocols that improve
antinociception and enhance postprocedural recovery.

Bilateral activation of SII/Ins with unilateral application of
noxious pressure observed in macaques in the current study
parallels findings in awake humans.?>°! Various noxious stimuli,
in addition to noxious pressure, have been shown to activate
SII/Ins in both humans and macaques.'®? Conversely, lesions
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Figure 2. Noxious pressure-induced activation of secondary somatosensory cortex (SII) and insula (Ins) in cynomolgus macaques under vari-
ous types of anesthetic or sedative agents. Macaques were treated with either A) propofol, B) pentobarbital, C) isoflurane or D) MMB. The
average of 3 coronal brain activation maps under propofol sedation (30 mg/kg/hr.) is shown. Coronal section brain activation maps averaged
from 5 macaques treated with either pentobarbital, isoflurane or medetomidine /midazolam/butorphanol (MMB) are shown. Activation of the
somatosensory cortex SII and Ins was observed with noxious pressure applied to the right foot under either propofol or pentobarbital sedation.
However, no activation was observed with either isoflurane or MMB treatment. L, anatomic left; R, anatomic right.

Table 2. Noxious stimulation-evoked activation of secondary somatosensory cortex and insula in sedated macaques.

Coordinates (mm)

Agent Area Hemisphere Z value P value x y z
Propofol SII/Ins Left 2.71 0.0067 14 24 0
Right 2.59 0.0096 -16 22 2
Pentobarbital SII/Ins Left 2.81 0.0050 16 20 2
Right 2.63 0.0085 -16 22 2
Isoflurane SII/Ins Left 1.24 0.2150 14 18 2
Right 1.19 0.2340 -16 20 2
MMB SII/Ins Left 1.46 0.1443 16 20 2
Right 1.29 0.1971 -16 22 2

A noxious stimulus was applied to the right foot and activation of secondary somatosensory cortex and insula (SII/Ins) was observed with fMRI
under treatment with each agent. Z values for 30 mg/kg/hr. propofol are shown. Z values of peak voxels are shown. Stereotaxic coordinates
(x, y, z) are according to Horsely-Clarke’s stereotaxic coordinates. Peak voxels were considered significant at Z value > 1.96 (P < 0.0500) and

Z value > 2.58 (P < 0.0100); peak voxel Z values below 1.96 are considered nonsignificant. MMB, medetomidine/midazolam /butorphanol.

of SII/Ins due to cerebral infarction appear to decrease sensitiv-
ity to noxious stimuli, which suggests that inactivation of the
SII/Ins leads to antinociception.” The SII/Ins is likely involved
in pathologic pain states as well as in acute pain perception.
Nonnoxious stimulation does not normally activate SII/Ins,
but under pathologic conditions such as peripheral neuropathy,
nonnoxious stimulation can activate SII/Ins.?® Activation of SII/
Ins in pathologic pain states is reduced with drugs that reduce
nociception but not by those without antinociceptive efficacy.3!
In the current study, activation of SII/Ins following an acute
noxious stimulus could serve as a nonbehavioral measure for
acute pain perception and SII/Ins inactivation could suggest
antinociception.

The most likely mechanism by which MMB reduces noxious-
stimulus evoked SII/Ins activation is direct inhibition of SII/Ins
neurons. The antinociceptive effect of the combination sedative
MMB could be through several mechanisms, independently
or in concert, including o.,-adrenoceptor activation, enhancing
GABA, receptor activation, and partial agonist activity at the
p- and x-opioid receptors. Significant levels of GABA binding
sites are found within the macaque cerebral cortex, including
SII/Ins. 330 Activation of GABA, receptors with microinjec-
tion of the GABA, receptor agonist muscimol into SII/Ins is
antinociceptive.® Abundant p- and k-opioid receptor binding
sites are present in macaque SII/Ins.””82 While the effect of di-
rect microinjection of an opioid into the macaque insula has not
been reported, microinjection of opioid, including a naturally
occurring x-opioid receptor agonist into the insula in awake

rats has been reported to be antinociceptive.”'® Complete map-
ping of o,-adrenoceptors in the macaque brain has not been
reported but the receptor has been identified in human SII/Ins.>
Intracerebroventricular injection of clonidine in macaques is an-
tinociceptive, but the effect of direct microinjection into the SII/
Ins has yet to be reported.*” Interaction between adrenoceptor,
opioid, GABAergic receptors leads to an antinociception that is
greater than either of the constituents alone, as demonstrated in
rats.3>%7 It is possible that such an interaction occurs, with MMB,
in macaques as well, leading to the suppression of noxious
stimulus-evoked SII/Ins activation. Further pharmacological
studies are needed to confirm that an interaction between the
various receptors within SII/Ins mediates the pharmacologic
effect of MMB in the macaque.

Several molecular mechanisms have been suggested to
mediate isoflurane’s analgesic effects, including activation of
CNS GABA, receptors and blockade of glutamate receptors
and voltage-gated cation channels. These lead, in turn, to both
decreased presynaptic neurotransmitter release and enhanced
postsynaptic inhibition with an overall inhibition of synaptic
neural transmission and transmission of pain signaling within
the pain matrix.% The brain may not be isoflurane’s primary site
of action as administration of isoflurane directly to the brain led
to increased pain perception.” Others have suggested, based on
findings in rodents, that suppression of noxious transmission at
the level of the spinal cord dorsal horn as isoflurane’s primary
mechanism of action.*262 Isoflurane’s mechanism of action and
site of action in NHP has yet to be fully elaborated. If inhibition
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of pain transmission from the periphery to the CNS at the spinal
dorsal horn is the key mechanism, then suppression of SII/Ins
by isoflurane observed in the current study could be the result
of suppressed supraspinally projecting nociceptive neurons
that originated in the spinal dorsal horn.! Nociceptive neurons
originating in the spinal dorsal horn project to the contralateral
thalamus. Postsynaptic thalamic neurons, in turn, project and
terminate in SII/Ins.8 Isoflurane’s apparent inhibitory effect on
SII/Ins could potentially be an example of indirect suppression.

Isoflurane can increase cerebral blood flow, which can lead to
increased blood oxygenation level dependent (BOLD) signaling,
which is used in fMRI as an indicator of neural activation.*® An
understanding of the effect of an anesthetic on cerebral blood
flow is necessary to properly interpret analgesic drug effects on
brain activation, while the patient is under anesthesia, based
on blood flow. An isoflurane concentration of about 1% is
adequate to sedate macaques, retard head movement and sup-
press movement in response to noxious stimulation.?4¢ A higher
concentration of isoflurane (2%) increases cerebral blood flow.*”
Whether blood flow in specific cortical nuclei, such as SII/Ins,
is increased has not been reported. Li and colleagues*®*” did
not examine the effect of noxious stimulation during increased
cerebral blood flow. Under a high concentration of isoflurane,
assessments that increase neural activity, including noxious
somatic stimulation, could appear exaggerated. In the current
study, however, no SII/Ins activation was observed after the
application of noxious pressure under isoflurane anesthesia.
The findings suggest that while cerebral blood flow is increased
at a concentration of isoflurane that is more than sufficient for
sedation, this did not lead to enhanced pain perception (“hy-
peralgesia”). To avoid misinterpretation of drug or stimulus
effects on brain activity, however, the anesthetic protocol should
be optimized to the particular study objectives.?

Propofol and pentobarbital appear to share at least one com-
mon mechanism—modulation of GABA binding to the GABA
receptor and enhancing the opening of the GABA receptor’s
chloride ion channel, thereby reducing neurotransmitter re-
lease and postsynaptic neurotransmission.?”/% Pentobarbital is
generally thought of as having no intrinsic analgesic activity,
but antinociception in a specific macaque pain model has been
observed, albeit at a sedating dose.?!? Defined spinal cord
mechanisms of propofol and pentobarbital antinociception
have been suggested for both drugs, and limited clinical data
suggests reduced postoperative pain following intraoperative
propofol treatment, compared with sevoflurane.!1/6270,7486,94
Preclinical rodent findings suggest that both propofol and
pentobarbital possess significant, intrinsic antinociceptive ef-
ficacy. However, the current findings in NHP demonstrated
that sedating doses of either propofol or pentobarbital did not
suppress noxious pressure activation of SII/Ins. Other findings
suggest pentobarbital anesthesia leads to hyperalgesia in rats,
and, under propofol anesthesia, in humans.?$% The lack of effect
of either of these anesthetics on SII/Ins activation could be due
to increased baseline activity or sensitivity of SII/Ins neurons
induced by these anesthetics. The mechanism of potential
propofol- and pentobarbital-induced hyperalgesia proposed
from the current findings is not entirely known, but the current
findings underscore the need for appropriate analgesic treat-
ment during painful procedures using these agents. At the same
time, however, if the purpose of the study is to observe brain
activation after noxious stimulation, then the use of either of
these agents would be suitable. Other considerations for select-
ing a particular anesthetic, including compatibility with study
objectives, include safety of the anesthetic to the patient and
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staff and intensity of the follow-up care after the termination
of anesthesia.36468

One other key consideration during the planning of studies
that require significant sedation or anesthesia is the duration of
the effect. Recovery from intravenous or inhaled agents, such as
propofol and isoflurane, respectively, is rapid after discontinu-
ation.>?” Recovery from pentobarbital anesthesia occurs over
a longer period of time compared with, for example, propo-
fol.52%7 The short-lasting sedation after acute propofol treatment
suggests rapid clearance of propofol from the target tissue.>*
Measurable levels of propofol have been observed in plasma
for up to 3 h after a single bolus dose, despite that sedation
lasted for approximately 14 min. and macaques demonstrated
ambulation by 25 min.>* Levels of propofol in the brain, the
primary site of action, were not measured, but given the lack of
behavioral effects, levels were likely negligible at 25 min after
dosing. Significant sedative effects of MMB can be observed in
macaques within 15 min after intramuscular administration and
depending on the dose of each constituent, can last from 47 min
to 190 min.** The half-life of intramuscular medetomidine in
dogsis only a “few minutes” and the half-life of IM midazolam
is about 1 h.417778 Of the 3 drugs that make up the combina-
tion of MMB, butorphanol appears to have the longest half-life
(about 1.5 h in dogs).” The likelihood of a carryover effect at 24
h after dosing with MMB in the current study is low.

Rodents are the most frequently used species for preclinical
studies, and findings from rodent pain studies have served as
a cornerstone of current clinical understanding of pain mecha-
nism and therapy.”>*® The current fMRI findings in macaques
appear to differ from fMRI studies performed in rodents. As
noted earlier, propofol appears to be antinociceptive in rats at
doses that “prevents movement in 50% of the rats” and, fur-
thermore, prevents the onset of “wind up”, the phenomenon of
persistent neural hyperactivity following brief, intense periph-
eral stimulation, in spinal dorsal horn neurons.®? Pretreatment
with propofol before noxious chemical stimulation of the hind
paw suppressed the emergence of wind up-type pain.®374 A
“small area of [contralateral] sensorimotor cortex”, which pre-
sumably included the rat homolog of NHP SII/Ins, responding
to acute noxious stimulation was reduced with propofol in rats,
as observed with fMRI.#*® Lahti and colleagues* further showed
that the propofol-induced reduction was significant compared
with rats that underwent fMRI without anesthesia, suggest-
ing that propofol (48 mg/kg/hr) is antinociceptive in rats. By
contrast, a previous fMRI study in humans demonstrated the
persistence of noxious stimulus-evoked activation of SII/Ins in
propofol-treated subjects under deep sedation, which parallels
the current finding in macaques.3**8 Behavioral studies suggest
thatbarbiturates, such as pentobarbital, are not antinociceptive
in rodents, but could be antinociceptive under a specific condi-
tion in macaques.??306380 A direct comparison between species
on the antinociceptive effects of anesthetics or analgesics using
fMRI, using similar stimulation procedures, could reveal cru-
cial neurophysiologic differences between species and identify
species-specific mechanism of action.

Findings in rodents suggest marked sex-based sensitivities to
noxious stimuli and analgesics.>® Also, human females appear
to be more sensitive to pressure pain, demonstrating a lower
threshold to pain than males, and greater sensitivity to butorph-
anol analgesia than males.!**%” Human sex-based differences in
nociception may have a biologic basis, but sex-based differences
could also be cultural-environmental in origin.?’ Controlling
for environmental factors and genetic background to examine
potential genetic mediation of behavior is more manageable in
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rodents compared with primates. Likewise, findings in NHP of
sex differences in nociception and analgesic efficacy are not as
robust as those demonstrated by rodent studies. For example,
female macaques may be more sensitive to the antinociceptive
effect of x-opioid agonist, whereas male rats appear to be more
sensitive to the antinociceptive effect of a k-opioid agonist.>!
To avoid sex-based differences, the current study exclusively
used male macaques to demonstrate the effects of anesthetics on
noxious pain-evoked SII/Ins activation. The human and rodent
findings suggest that there may be a sex-based difference in SII/
Ins response to anesthetics or sedatives, so future studies could
use female macaques to uncover a possible sex difference in pain
perception and the effects of anesthetics on pain perception.

Some of the agents used in the current study share some
common molecular mechanisms, such as positive modulation
of GABAbinding to the GABA, receptor, yet significantly differ
in their antinociceptive efficacy. The current study points out the
utility of in vivo neuroimaging as a tool for further elaboration
of the mechanism of action of similar agents, particularly the
effect of the agent on brain nuclei with known involvement
in pain perception. The SII/Ins showed significant stimulus-
evoked activation during propofol and pentobarbital sedation,
suggesting the lack of intrinsic antinociceptive properties
at doses that suppressed behavioral responding to noxious
stimulation. The current study also demonstrated that isoflurane
and MMB suppressed SII/Ins activation, supporting previous
preclinical findings of intrinsic antinociceptive properties of
these agents. The actual pathway mediating the suppression
of SII/Ins, whether the anesthetic acts directly or indirectly
on SII/Ins neurons, or via other CNS nuclei involved in pain
perception that synapse with SII/Ins, has yet to be determined.
Functional connectivity mapping could be used to elaborate on
the functional relationship between brain nuclei and the effect
of analgesics on this functional relationship.®

A general limitation of fMRI is the need for dedicated housing,
maintenance, and safety protocols. Moreover, current imaging
protocols will need improvement to increase temporal resolu-
tion compared with that which can be obtained with EEG.34
Despite these limitations, fMRI may be best used as preclinical
tool to characterize the antinociceptive efficacy of anesthetics
and potentially aid in the development of novel treatments that
not only suppress nociception during painful procedures but
also prevent the emergence of persistent, postprocedural pain
and pain that evolves from other types of tissue injury.
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