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Abstract

In vivo neuroimaging could be utilized as a noninvasive tool for elaborating the CNS mechanism of chronic pain and for

elaborating mechanisms of potential analgesic therapeutics. A model of unilateral peripheral neuropathy was developed in

the cynomolgus macaque, a species that is phylogenetically close to humans. Nerve entrapment was induced by placing a

4mm length of polyvinyl cuff around the left common sciatic nerve. Prior to nerve injury, stimulation of the foot with a range

of non-noxious von Frey filaments (1, 4, 8, 15, and 26 g) did not evoke brain activation as observed with functional magnetic

resonance imaging (fMRI). Two weeks after injury, stimulation of the ipsilateral foot with non-noxious filaments activated the

contralateral insula/secondary somatosensory cortex (Ins/SII) and anterior cingulate cortex (ACC). By contrast, no activa-

tion was observed with stimulation of the contralateral foot. Robust bilateral activation of thalamus was observed three to

five weeks after nerve injury. Treatment with the clinical analgesic pregabalin reduced evoked activation of Ins/SII, thalamus

and ACC whereas treatment with the NK1 receptor antagonist aprepitant reduced activation of the ipsilateral (left) thal-

amus. Twelve to 13weeks after nerve injury, treatment with pregabalin reduced evoked activation of all regions of interest

(ROI). By contrast, brain activation persisted in most ROI, except the ACC, following aprepitant treatment. Activation of the

contralateral Ins/SII and bilateral thalamus was observed six months after nerve injury and pregabalin treatment suppressed

activation of these nuclei. The current findings demonstrated persistent changes in CNS neurons following nerve injury as

suggested by activation with non-painful mechanical stimulation. Furthermore, it was possible to functionally distinguish

between a clinically efficacious analgesic drug, pregabalin, from a drug that has not demonstrated significant clinical analgesic

efficacy, aprepitant. In vivo neuroimaging in the current nonhuman model could enhance translatability.
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Introduction

A number of pharmacotherapeutic options exist for the
management of neuropathic pain but overall efficacy has
been described as modest.1,2 In addition, while some

therapeutics may give significant pain relief, side effects
at therapeutic doses may be intolerable. Finally, efficacy

to a given therapeutic, such as opioids, may diminish
over time, necessitating increasing amounts of analgesic
or changing to other analgesics without any clear
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indication as to whether or not the new treatment will be
an improvement.2 The clinical findings underscore the
need for greater mechanistic understanding of neuro-
pathic pain for the development of treatments with
greater efficacy than that obtained with currently avail-
able treatments.

Most of the current understanding of CNS mecha-
nisms of nociceptive processing is based on preclinical
modeling of acute and neuropathic pain in rodents.3,4

Robust neurophysiological changes in nociceptive CNS
neurons in preclinical neuropathic pain models have
been observed, including increased resting-state activity,
responding to previously non-noxious stimuli as painful
and greatly enhanced responding to noxious stimuli.3,4

Increased excitability of nociceptive neurons,
“sensitization,” has been suggested as the neural basis
of neuropathic pain symptoms such as allodynia (pain
due to a stimulus that does not normally provoke pain)
and hyperalgesia (increased pain from a stimulus that
normally provokes pain).5–7 Reduction of CNS neural
sensitization with drugs is paralleled by reduced allody-
nia and hyperalgesia in rodent models of nerve
injury.8–10 A drawback of preclinical in vivo CNS
neural recordings is that the procedure is invasive and
limits animal usage.

In chronic pain patients, electrophysiological meth-
ods have demonstrated sensitized CNS neurons but in-
depth pharmacological assessments of these neurons
have yet to be performed.11–13 Also, whether these neu-
rons respond to cutaneous stimuli has yet to be docu-
mented. A larger issues is whether these neurons are in
fact involved in pain perception.14

As a noninvasive alternative, in vivo neuroimaging,
such as blood oxygen level-dependent (BOLD)-based
functional magnetic resonance imaging (fMRI), could
be utilized to identify sensitized brain areas in the neu-
ropathic state. Increased oxygenated blood in tissues
suggests increased neural activity and decreased oxygen-
ated blood in tissues suggests decreased neural activity.
Both clinical and preclinical studies have demonstrated
activation and deactivation patterns in brain areas
involved in nociceptive processing using fMRI.15–18

Furthermore, analgesic drugs reduced stimulus-evoked
brain activation whereas drugs that are not analgesic
did not.19,20 Thus, brain fMRI could be utilized to fur-
ther elaborate mechanisms of novel analgesics and
potentially used to “quantify” analgesia in vivo.

While rodent models have greatly contributed to
understanding CNS processes related to pain and anal-
gesia, there is a marked lack of translation of findings
from these models to clinical application. There are
likely a number of reasons for the less-than-seamless
transition, but one that has yet to be thoroughly
addressed is the reliance on rodents, a species that is
phylogenetically distinct from humans.21 Some rodent

and human tissues show conserved genes, but a

number of molecular targets related to pain modulation

differ between humans and rodents, with respect to func-

tion as well as to tissue distribution.22–26 Nonhuman

primates (NHP) have been used in other areas of neuro-

science research, as their genetics, brain structure and

social behavior are closer to humans that that of rodents

and therefore could be used to reduce the translational

gap.27,28

The current report describes a NHP model of unilat-

eral peripheral neuropathy. Using fMRI, non-noxious

mechanical stimulus-evoked activation of brain nuclei

was examined over time following nerve injury. As phar-

macological validation, the effects of pregabalin, a gaba-

pentinoid approved for the management of neuropathic

pain symptoms, and the anti-emetic drug aprepitant, a

potent neurokinin 1 (NK1) receptor antagonist, on

stimulus-evoked brain activation were examined.29,30

The current findings suggest that evoked brain activa-

tion visualized with in vivo neuroimaging could be a

useful method of elaborating the CNS mechanism of

neuropathic pain and to examine potential treatments

for efficacy.

Materials and methods

Animals

Six male Macaca fascicularis (4–9 y.o.; EveBioscience

Co., Ltd., Wakayama, Japan) were used in the current

study. Housing and environmental conditions were as

per the Guide for the Care and Use of Laboratory

Animals: Eighth ed.31 Macaques were individually

housed in adjoining primate cages, maintaining olfac-

tory, auditory and visual contact but limited tactile inter-

action. Each macaque was fed standard nonhuman

primate chow (Oriental Yeast, Tokyo, Japan), about

100 g/day, and had free access to water. As part of

their enrichment, macaques were provided with treats

twice per week by research staff or animal care staff.

Also as part of their enrichment, macaques were given

enrichment devices. The current study was reviewed and

approved by the Hamamatsu Pharma Research Animal

Care and Use Committee. At the end of the study, mac-

aques were returned to group housing.
Before the 12–13week MRI scan, two macaques were

removed from the current study for use in an unrelated

study.

Study schedule

Prior to surgery, macaques were assessed for responsive-

ness to von Frey filaments in the awake state and then

during fMRI at intervals indicated in Figure 1.
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Surgery

The current macaque unilateral nerve injury model was
partially based on a rat unilateral nerve injury model of
a “chronic constriction injury”, wherein a polyethylene
cuff was applied to the common sciatic nerve.32 Surgery
was performed in anesthetized macaques using aseptic
technique. Under ketamine anesthesia (10–30mg/kg, i.
m.; Daiichi Sankyo, Tokyo, Japan), the skin of the left
posterior-lateral upper thigh was shaved and cleaned
with povidone-iodine. A skin incision of about 3 cm
was made to expose the lateral aspect of the biceps femo-
ris. The middle portion of the sciatic nerve was exposed
via blunt dissection. A 1 cm length of PVC tubing, cut
from a Shiley endotracheal tube (internal diameter about
3.5–4.0mm; Mallinckrodt Medical, Dublin, Ireland) was
split lengthwise on one side and placed around the sciatic
nerve. To keep the tube closed, a length of silk suture
was tied around the tube. The muscle and skin were
closed with silk sutures. Immediately following surgery,
macaques were treated once with buprenorphine
(0.03mg/kg, i.m.; Otsuka Pharmaceutical Co., Tokyo,
Japan) for post-operative pain and enrofloxacin (5mg/
kg, i.m.; Bayer, Tokyo, Japan), once daily for at least
three days to prevent infection.

Behavioral assessment

Prior to nerve injury surgery, macaques were habituated
to restraint in a monkey chair and von Frey filament
probing of both feet for no more than an hour a day,
for two weeks, no more than five days per week. With
feet resting on the chair’s lower cross bar, von Frey
filaments (1, 4, 8, 15 and 26 g; Stoelting, Wood Dale,
IL, US) were applied to the plantar surface of the foot.
Each filament was applied to the mid-plantar foot, until
there was a slight bend, for about 2–3 seconds, six times
to the same spot.33 A score was assigned based on the
foot response: 0, no response; 1, mild response, consist-
ing of shifting of the foot without lifting of the foot from
the crossbar; 2, moderate response, consisting of lifting
of the foot following application of the stimulus with
replacement of the foot onto the crossbar; 3, robust

response, vigorous lifting of the foot away from the stim-
ulus and avoidance of replacing the foot back on the
crossbar.33 The left foot was tested with all five filaments
and then the right foot was tested with all five filaments.

Macaques that showed restlessness during training or
testing were returned to their home cage and tested the
following day. All six macaques habituated to restraint
and filament testing; there were no exclusions. Testing
was performed before nerve injury surgery and 6 mos.
after nerve injury.

Functional magnetic resonance imaging

Stimulus-evoked brain activation was visualized using a
Signa HDxt 3.0T MRI system (GE Healthcare,
Milwaukee, WI, US). Macaques were sedated by contin-
uous intravenous infusion of propofol (0.2mg/kg/min;
Maruishi Pharmaceutical Co., Osaka, Japan) and
heads were fixed within an MR compatible acrylic
head holder (Matsui Co., Aichi, Japan). Anesthesia
was used to minimize movement during scanning and
the dose of propofol used has little, if any, antinocicep-
tive effect.34,35 During scans, animals were kept warm
with heating pads and blankets.

The anatomical MRI protocol consisted of a T1-
weighted fast spoiled gradient-recalled (FSPGR)
sequence (repetition time (TR)/echo time (TE), 15.8/
7.0ms; number of averages, 1; flip angle, 12�; field of
view, 150mm� 150mm; matrix, 256� 224; slice thick-
ness/interval, 1.0/0.5mm; number of slices, 168).
Functional scan sequences consisted of field-echo,
echo-planar imaging (TR/TE, 3000/35ms; flip angle,
90�; field of view, 140mm� 140mm; matrix, 64� 64;
slice thickness, 2.4mm; number of slices, 30).

During one fMRI scan, animals underwent a block
design stimulation protocol: 10 sets of mechanical stim-
ulations using the 4, 8, 15 and 26 g von Frey filaments
(Figure 2). One stimulation set consisted of 30 sec. of an
“OFF” stimulus, 1 g von Frey filament applied by hand
to rest perpendicularly on the center of the plantar foot,
followed by 30 sec. of an “ON” stimulus, a 4, 8, 15 or
26 g von Frey filament. For each set, 10 frames were
acquired, for a total of 100 frames per functional scan.

Figure 1. Study timeline and number (N) of macaques used.
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A 30 sec. interval without stimulation separated each set.

The filaments were tested in ascending order. Both ipsi-

lateral and contralateral feet were tested. One fMRI scan

was about 2 hrs. in duration.

Drug testing

On the day of MRI scanning, to examine the effects of

drugs on stimulus-evoked brain activation, macaques

underwent a MRI scan, as described previously, before

and after drug treatment. Following the pre-drug scan,

macaques received either vehicle (sterile water, 2ml/kg,

p.o.; Otsuka Pharmaceutical, Tokyo, Japan), pregabalin

(30mg/kg, p.o.; Kemprotec, Ltd., Cumbria, UK) or

aprepitant (10mg/kg, p.o.; Ono Pharmaceutical Co.,

Tokyo, Japan). One hour after dosing, a post-drug

MRI scan was performed. Drugs were prepared on the

day of MRI scanning.
For pregabalin, 30mg/kg was utilized. A clinical

study examined the acute efficacy of 150mg pregabalin

in patients with painful herpes zoster and found signifi-

cant pain reduction beginning 1.5 hrs. after dosing, last-

ing for at least 5 hrs. after dosing.36 According to the

pregabalin package insert (Pfizer Inc., NY, NY) the

dose range for pregabalin for use in managing neuro-

pathic pain is 150–600mg/day. The macaque equivalent

dose of 600mg/day would be about 30mg/kg.37

The dose of aprepitant used in the current study was

extrapolated from the clinical pharmacokinetics of apre-

pitant in rhesus macaques and from a positron emission

tomography study in which aprepitant blocked greater

than 90% of striatal NK-1 receptors in rhesus

macaques.30,38

At week 3, two macaques each were assigned to either

vehicle, pregabalin or aprepitant and at weeks 4 and 5,

macaques were randomly assigned to a new treatment;

by week 5 each macaque received all three treatments.

Randomization was based on body weight and peak

voxels obtained from pre-dosing MRI scans of the

insula/secondary somatosensory cortex (Ins/SII) contra-

lateral to the ligated sciatic nerve. At week 12, two mac-

aques were assigned to either vehicle, pregabalin or

aprepitant and randomized to a different treatment on

week 13; macaques received a total of two out of the

three treatments. Twenty-four weeks after nerve injury,

four macaques were randomized to either vehicle or pre-

gabalin and were crossed-over to the other treatment the

following week. Each macaque received both treatments.

MRI data analysis

All subsequent image analyses were conducted with

SPM12 software (Wellcome Trust Centre for

Neuroimaging, London, UK). The images were real-

igned and resliced on to the mean echo-planar imaging

(EPI) image to correct for head motion. The EPI images

were co-registered to the corresponding T1-weighted

anatomical image, and normalized to a macaque brain

template39. (Stereotaxic coordinates according to

Horsley-Clarke’s stereotaxic coordinates.) The resulting

image was smoothed with a 4mm� 4mm� 4mm full-

width at half-maximum Gaussian kernel. Voxel-wise sta-

tistical analysis was based on a general linear model. A

fixed-effect model was used for group analysis of data

from four to six macaques with a peripheral nerve injury.

Figure 2. Stimulation pattern for fMRI. A 1 g filament (“OFF”) was pressed on the plantar surface for 30 sec., followed by a 4 g filament
(“ON”) pressed on the plantar surface for 30 sec. and followed by no stimulation for 30 sec. This set was repeated ten times for the 4 g
filament. In ascending order, ten sets of stimulation with the next higher force filament was performed. Following completion of one foot,
the other foot underwent the same stimulation process.
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Contrast (subtraction) was defined to isolate regions
responsive to von Frey stimulation-related signals in the
entire brain. Group mean contrasts were calculated
between 1 g and the 8, 10, 15, 26 g filaments (1 g – x
g), as the 1 g filament did not evoke significant activation
(z score< 1.96). For drug treatment, group mean con-
trasts were defined as (vehicle - post-treatment) to deter-
mine decreases in activation following drug treatments.
Peak voxels were considered significant at a z-score
greater than 1.96 (P< 0.05, uncorrected for multiple
comparisons, one-tailed t-test).

Statistics

No statistical method was used to determine sample sizes
prior to the start of the current study. The fewest
number of animals was used on the basis of ethical con-
siderations and on the basis of animal availability.
Group sizes were similar to those reported in previous
publications.40–42 Unless otherwise indicated, data are
presented as mean� SEM. Minimum statistical signifi-
cance was set at P< 0.05.

Results

Response to von Frey filaments

Probing of the left plantar foot before nerve injury sur-
gery with increasing force von Frey filaments evoked
increasing responses as reflected by increasing mean
total scores (Table 1). Six months following nerve
injury, the mean scores of the ipsilateral left foot to fil-
ament probing tended to be lower compared to the ipsi-
lateral foot before surgery (Mann Whitney test,
P> 0.05).

Brain activation before and after nerve injury

While foot responses were observed in awake macaques
prior to nerve injury, there was no significant brain acti-
vation following stimulation with any of the von Frey
filaments (Table 2; Figure 3).

Beginning two weeks after nerve injury, significant
activation of the anterior cingulate cortex (ACC) and
the contralateral insular/secondary somatosensory
cortex (Ins/SII) was observed following stimulation of
the ipsilateral foot with the 15 and 26 g filaments
(Table 3). No significant activation was observed in
these areas with the 4 and 8 g filaments (Figure 4, vehi-
cle). No stimulus evoked activation was observed in the
left, ipsilateral Ins/SII. No significant activation was
observed on stimulation of the contralateral unligated
foot (data not shown).

Eight and nine weeks after nerve injury, in addition to
the ACC and the contralateral Ins/SII, robust activation
was observed bilaterally in thalamus with the 15 and 26 g

filaments (Table 4). No activation was observed with the
4 and 8 g filaments. No stimulus-evoked activation was
observed of the left, ipsilateral Ins/SII. No activation
was observed with stimulation of the contralateral unli-
gated foot (data not shown).

Effect of drug treatment on evoked brain activation

Between three to five weeks following nerve injury,
vehicle-treated nerve-injured macaques demonstrated
robust activation of the contralateral Ins/SII, bilateral
thalamus and ACC following ipsilateral foot stimulation
with 15 and 26 g von Frey filaments (Table 5). No sig-
nificant activation was observed with either 4 or 8 g fil-
aments. Vehicle treatment did not significantly alter 26 g
filament-evoked activation in nerve-injured macaques
(Figure 5).

Treatment with aprepitant reduced 15 g filament-
evoked activation of the left, ipsilateral thalamus
(Table 5). No other brain nuclei (contralateral Ins/SII,
ACC or the right thalamus) were affected. Aprepitant
did not significantly reduce 26 g filament-evoked activa-
tion (Figure 6).

In contrast to aprepitant and vehicle treatment, pre-
gabalin treatment significantly suppressed 15 g filament-
evoked activation. In addition, pregabalin treatment
suppressed 26 g filament-evoked activation except for
the right (contralateral) thalamus (Table 5; Figure 7).

At 12 to 13weeks after nerve injury, both the 15 g and
26 g filaments evoked activation of the ACC, contralat-
eral Ins/SII and bilateral thalamus in vehicle-treated
macaques (Table 6). Treatment with aprepitant reduced
15 g filament-evoked activation of the ACC alone.
However, 26 g filament-evoked activation of the ACC
was not reduced with aprepitant treatment—no other
brain nuclei were affected by aprepitant treatment.

In contrast to aprepitant and vehicle treatment, pre-
gabalin treatment reduced both 15 g and 26 g filament-
evoked activation of the ACC, contralateral Ins/SII and
bilateral thalamus (Table 6).

Six months after nerve injury, both 15 g and 26 g
filament-evoked activation were observed in the contra-
lateral Ins/SII and bilateral thalamus in vehicle-treated
macaques (Table 7). Unlike previous time points after
nerve injury, filament-evoked activation of the ACC was
not observed. Pregabalin treatment suppressed activa-
tion of bilateral thalamus and the contralateral Ins/SII.

Comparisons of the effects of drug treatments vs.
vehicle with 26 g filament-evoked activation are shown
in Table 8. At three to five weeks, ACC activation was
greater in vehicle-treated macaques compared to that of
aprepitant-treated macaques (i.e. aprepitant reduced
stimulus-evoked ACC activation). Contralateral Ins/
SII, bilateral thalamus and ACC activation was greater
in vehicle-treated macaques compared to that of
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pregabalin-treated macaques (i.e. pregabalin reduced
stimulus-evoked contralateral Ins/SII, bilateral thalamus
and ACC activation).

At 12 to 13weeks, there was no difference between
vehicle and aprepitant treatment in terms of 26 g
stimulus-evoked activation. By contrast, stimulus-
evoked activation of the ACC, contralateral Ins/SII
and thalamus following pregabalin treatment
was reduced compared to that of vehicle treatment
(Table 8).

Similarly, at six months, stimulus-evoked activation

of the contralateral Ins/SII and thalamus was greater in

vehicle–treated macaques than in pregabalin-treated

macaques (Table 8).

Discussion

The dearth of analgesics with mechanisms other than

opioid or anti-inflammatory could be in part attributed

to reliance on rodents, a species that is phylogenetically

Table 1. Responses to von Frey filaments.

Total score

Filament (g)

1 4 8 15 26

Pre-surgery 4.8� 0.2 7.2� 0.5 8.4� 0.4 11.4� 0.3 13.8� 0.2

6 mos. 4.0� 0.5 5.8� 0.7 6.8� 0.7 9.2� 0.5 9.6� 0.7

P 0.6905 0.5476 0.5476 0.2222 0.0556

Responses of the foot ipsilateral to nerve injury to von Frey filaments before nerve injury surgery and 6 mos. after nerve injury surgery. The foot was probed

six times with each filament. The response to one filament probing was scored (0–3) and all six responses per filament were totaled. Thus, the maximum

score for each filament is 18. The mean� SEM total scores from 6 macaques before nerve and 4 macaques 6 mos. after nerve injury are shown. Total scores

at Pre-surgery and 6 mos. after surgery were not significantly different (Mann Whitney test.).

Table 2. Lack of evoked brain activation in macaques prior to nerve injury of the left sciatic nerve.

Area Hemisphere Z score

Coordinates (mm)

ROI volume (cm3)x y z

Pre-injury, 1 g - 4 g vF

Insular Cortex Left 0.68 16 20 8 0.232

Right 0.79 �12 18 4 0.229

Thalamus Left 0.75 �2 �10 0 0.942

Right 0.69 6 8 2 0.935

ACC 0.91 0 �20 �12 0.461

Pre-injury, 1 g - 8 g vF

Insular Cortex Left 0.71 16 18 8

Right 0.83 �12 18 6

Thalamus Left 0.66 �2 �10 0

Right 0.57 4 �2 2

ACC 0.93 0 �18 �12

Pre-injury, 1 g - 15 g vF

Insular Cortex Left 0.84 16 16 8

Right 0.97 �14 18 6

Thalamus Left 0.66 �2 �10 0

Right 0.81 4 0 2

ACC 0.83 0 �18 �12

Pre-injury, 1 g - 26 g vF

Insular Cortex Left 0.79 16 16 8

Right 1.18 �16 18 6

Thalamus Left 0.71 �2 �10 0

Right 0.73 4 4 2

ACC 0.89 0 �18 �12

Group mean peak voxel z score and coordinates from each region of interest following stimulation with von Frey filaments. Mean contrasts obtained from

six macaques. Prior to nerve injury (“Pre-CCI”), mean z scores were less than 1.96. Stereotaxic coordinates (x, y, z) are according to Horsely-Clarke’s

stereotaxic coordinates.
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Figure 3. Contrast group average brain activation maps of uninjured macaques, before nerve injury. The left foot was stimulated with a
26 g von Frey filament. Ins/SII, insular/secondary somatosensory cortex; Thal., thalamic nuclei; ACC, anterior cingulate cortex. Serial
coronal sections, from rostral to caudal (upper left to lower right). Contrast group average from 6 macaques.

Table 3. Evoked brain activation in macaques two weeks after left sciatic nerve injury.

Area Hemisphere Z score

Coordinates (mm)

x y z

Vehicle, 1g - 4g vF

Insular Cortex Left 0.69 18 18 6

Right 0.96 �16 18 6

Thalamus Left 0.93 �2 �10 0

Right 0.97 6 8 2

ACC 1.24 0 �20 �12

Vehicle, 1 g - 8 g vF

Insular Cortex Left 0.71 16 16 4

Right 1.49 �14 18 4

Thalamus Left 1.13 �2 10 0

Right 1.21 6 10 2

ACC 1.69 0 �20 �12

Vehicle, 1 g - 15 g vF

Insular Cortex Left 0.76 18 16 4

Right 2.04 �14 18 4

Thalamus Left 1.35 �2 10 0

Right 1.69 6 10 2

ACC 2.01 0 �20 �12

Vehicle, 1 g - 26 g vF

Insular Cortex Left 0.99 18 16 4

Right 2.53 �14 18 4

Thalamus Left 1.69 �2 10 0

Right 1.81 6 10 2

ACC 2.73 0 �20 �12

Group mean peak voxel z score and coordinates from each region of interest following stimulation with von Frey filaments. Mean contrasts obtained from

six macaques. Ipsilateral stimulation evoked anterior cingulate cortex (ACC) and contralateral insular/secondary somatosensory cortex (Ins/SII) activation.

Stereotaxic coordinates (x, y, z) are according to Horsely-Clarke’s stereotaxic coordinates. Z score> 1.96, P< 0.05. Z score> 2.58, P< 0.01.
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and physiologically distant to humans, as the primary

preclinical model species. Rodent-based pain modeling

has yet to yield novel therapeutics that successful com-

pleted Phase III clinical trials.43,44 Furthermore, an

objective marker of pain, which is a subjective affective

as well as somatosensory experience, has yet to be

defined. The current study attempted to address both

issues, in modeling a chronic pain state in a species

that is phylogenetically close to humans and to pharma-

cologically validate stimulus-evoked brain activation as

a marker of chronic neuropathic pain.
In the current study, 15 g and 26 g von Frey filament

stimulation evoked activation of brain nuclei associated

with pain perception as early as two weeks after unilat-

eral sciatic nerve injury in macaques. While the von Frey

Filaments (1–26 g) used in the current study evoked

responses in awake, uninjured macaques, none of the

von Frey filaments, including 26 g, elicited significant

brain activation in propofol-anesthetized macaques

before nerve injuy. A previous study demonstrated that

applying a grater with dentate projections attached to

1 kg in weight to the dorsum of the foot evoked an ipsi-

lateral pain-related response in awake macaques.35

Under propofol anesthesia, contralateral Ins/SII

activation was observed with fMRI.35 Thus, the von

Frey filaments used in the current study, even though

they evoked responses in awake uninjured macaques,

can be considered non-noxious. Extracellular recordings

of dorsal horn spinothalamic tract (STT) neurons have

shown responding to a similar range of von Frey fila-

ments when applied to the macaque foot, but these were

not as robust to in response to either pressure or pinch.45

The current findings suggest persistent functional

changes in brain neurons following a unilateral nerve

injury, as reflected in robust responses in brain nuclei

previously unresponsive to innocuous mechanical

stimulation.
Unilateral nerve injury leads to significant ipsilateral

hypersensitivity to non-noxious and noxious stimuli.46

In addition to well-documented genomic and physiolog-

ical changes in STT neurons following unilateral nerve

injury, hypersensitivity to cutaneous stimuli is thought

to be due to changes in neurons within the ventroposte-

rior lateral (VPL) thalamus, a key relay center between

spinal dorsal horn neurons and cortical areas involved in

somatosensation and affect-motivation.3 Terminating

within the VPL thalamus are STT neurons which trans-

mit noxious information. Also within VPL thalamus are

Figure 4. Contrast group average brain activation maps of vehicle, aprepitant and pregabalin-treated macaques three to five weeks after
nerve injury. The left foot was stimulated with 4, 8, 15 and 26 g von Frey filaments. Coronal sections at the same level across treatments
and across filaments. Contrast group average from 6 macaques.
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terminals of second order neurons of the dorsal column-

medial lemniscus pathway, which are postsynaptic to

large diameter primary afferents that respond to non-

noxious cutaneous stimuli. Within the thalamus itself

are neurons that respond to either noxious or non-

noxious stimuli.47,48 Within two weeks of a unilateral

neve injury, rat thalamic neurons contralateral to nerve

injury demonstrated altered responding to non-noxious

and noxious cutaneous mechanical stimuli, including

increased activation and persistent activation well after

stimulus termination.46,49,50 Additionally, significant

expansion of the cutaneous receptive field was observed

following a nerve injury. While thought to be primarily

due to changes in spinal dorsal horn neurons, thalamic

neurons have also been implicated in receptive field

changes.49,51,52 Along with the VPL thalamus, primary

somatosensory cortex (SI), SII, and posterior Ins com-

prise the lateral pain system and mediate the sensory-

discriminative aspects of pain.53

Other key areas of the brain involved in pain percep-

tion include the ACC, anterior Ins, and medial thalamic

nuclei—these nuclei comprise the medial pain system

which mediates the affective-cognitive dimensions of

pain.53 Lesions to the CC in humans appear to reduce

the unpleasant aspect of pain but not entirely its percep-

tion.54 Activation of the anterior Ins in humans evokes

pain “with a strong affective component”.55 In maca-

ques, CC neurons are active during “pain avoidance

behavior”.56

Studies in rodents have found degrees of activation of

the medial pain system, particularly the CC following

nerve injury. For example, decreased excitatory postsyn-

aptic potentials (EPSP) within the CC are observed five

days after a unilateral partial sciatic nerve ligation.57

Tachibana et al. directly stimulated thalamic neurons,

rather than with cutaneous stimuli, to evoke CC

neuron EPSP. In contrast, eight to nine weeks after uni-

lateral chronic constriction injury (CCI) of the sciatic

nerve in mice, increased spontaneous activity was

observed in CC neurons.58 Sellmeijer et al. also did not

examine the effect of a cutaneous stimulus on CC neu-

rons. In yet another study, no change in spontaneous

activity of CC neurons was observed in rats with a

spared nerve injury (SNI).16 Furthermore, decreased

activation of the contralateral Ins following cold stimu-

lation was observed in SNI rats.15 Perhaps in general

Table 4. Evoked brain activation in macaques eight and nine weeks after left sciatic nerve injury.

Area Hemisphere Z score

Coordinates (mm)

x y z

1g> 4g vF

Insular Cortex Left 0.66 18 18 2

Right 1.01 �16 18 4

Thalamus Left 1.23 �2 �10 0

Right 1.39 6 8 2

ACC 1.05 0 �20 �12

1g> 8 g vF

Insular Cortex Left 0.72 16 16 2

Right 1.61 �14 18 2

Thalamus Left 1.64 �2 10 0

Right 1.78 6 10 2

ACC 1.52 0 �20 �12

1g> 15 g vF

Insular Cortex Left 0.84 18 16 2

Right 2.49 �14 18 2

Thalamus Left 2.53 �2 10 0

Right 2.61 6 10 2

ACC 2.19 0 �20 �12

1g> 26 g vF

Insular Cortex Left 0.92 18 16 2

Right 2.96 �14 18 2

Thalamus Left 3.04 �2 10 0

Right 3.18 6 10 2

ACC 2.88 0 �20 �12

Group mean peak voxel z score and coordinates from each region of interest following stimulation with von Frey filaments. Mean contrasts obtained from

six macaques. Ipsilateral stimulation evoked anterior cingulate cortex (ACC) and contralateral insular/secondary somatosensory cortex (Ins/SII) activation.

Stereotaxic coordinates (x, y, z) are according to Horsely-Clarke’s stereotaxic coordinates. Z score> 1.96, P< 0.05. Z score> 2.58, P< 0.01.

Hama et al. 9



T
a
b
le

5
.
E
ff
e
ct

o
f
d
ru
g
tr
e
at
m
e
n
t
o
n
st
im
u
lu
s-
ev
o
ke
d
b
ra
in

ac
ti
va
ti
o
n
in

m
ac
aq
u
e
s
th
re
e
to

fiv
e
w
e
e
k
s
af
te
r
le
ft
sc
ia
ti
c
n
e
rv
e
in
ju
ry
.

A
re
a

H
e
m
is
p
h
e
re

Z
sc
o
re

C
o
o
rd
in
at
e
s
(m

m
)

A
re
a

H
e
m
is
p
h
e
re

Z
sc
o
re

C
o
o
rd
in
at
e
s
(m

m
)

A
re
a

H
e
m
is
p
h
e
re

Z
sc
o
re

C
o
o
rd
in
at
e
s
(m

m
)

x
y

z
x

y
z

x
y

z

V
e
h
ic
le
,
1
g
-
8
g
vF

A
p
re
p
it
an
t,
1
g
-
8
g
vF

P
re
ga
b
al
in
,
1
g
-
8
g
vF

In
s/
SI
I

L
e
ft

0
.8
1

1
6

1
6

4
In
s/
SI
I

L
e
ft

0
.8
2

1
6

1
6

4
In
s/
SI
I

L
e
ft

0
.6
5

1
6

1
6

6

R
ig
h
t

1
.6
3

�1
2

1
8

4
R
ig
h
t

1
.6
6

�1
2

1
8

6
R
ig
h
t

1
.4
1

�1
2

1
8

6

T
h
al
am

u
s

L
e
ft

1
.5
5

�4
1
0

0
T
h
al
am

u
s

L
e
ft

1
.2
3

�4
1
0

0
T
h
al
am

u
s

L
e
ft

1
.3
9

�4
1
0

0

R
ig
h
t

1
.5
8

6
1
0

2
R
ig
h
t

1
.6
2

6
1
0

2
R
ig
h
t

1
.4
2

6
1
0

2

A
C
C

1
.5
2

0
�1

8
�1

2
A
C
C

1
.4
8

0
�1

8
�1

2
A
C
C

0
.8
3

0
�1

8
�1

2

V
e
h
ic
le
,
1
g
-
1
5
g
vF

A
p
re
p
it
an
t,
1
g
-
1
5
g
vF

P
re
ga
b
al
in
,
1
g
-
1
5
g
vF

In
s/
SI
I

L
e
ft

0
.9
1

1
8

1
6

4
In
s/
SI
I

L
e
ft

0
.8
3

1
6

1
6

4
In
s/
SI
I

L
e
ft

0
.7
1

1
6

1
6

6

R
ig
h
t

2
.6
1

�1
2

1
8

4
R
ig
h
t

2
.5
2

�1
2

1
8

6
R
ig
h
t

1
.6
1

�1
2

1
8

6

T
h
al
am

u
s

L
e
ft

2
.4
9

�4
1
0

0
T
h
al
am

u
s

L
e
ft

1
.9
1

�4
1
0

0
T
h
al
am

u
s

L
e
ft

1
.4
1

�4
1
0

0

R
ig
h
t

2
.5
6

6
1
0

2
R
ig
h
t

2
.1
1

6
1
0

2
R
ig
h
t

1
.7
1

6
1
0

2

A
C
C

2
.3
6

0
�1

8
�1

2
A
C
C

1
.9
7

0
�1

8
�1

2
A
C
C

0
.9
1

0
�1

8
�1

2

V
e
h
ic
le
,
1
g
-
2
6
g
vF

A
p
re
p
it
an
t,
1
g
-
2
6
g
vF

P
re
ga
b
al
in
,
1
g
-
2
6
g
vF

In
s/
SI
I

L
e
ft

0
.9
9

1
8

1
6

4
In
s/
SI
I

L
e
ft

0
.9
6

1
6

1
6

4
In
s/
SI
I

L
e
ft

0
.9
3

1
6

1
6

6

R
ig
h
t

3
.0
7

�1
2

1
8

4
R
ig
h
t

2
.8
2

�1
2

1
8

6
R
ig
h
t

1
.8
4

�1
2

1
8

6

T
h
al
am

u
s

L
e
ft

2
.9
7

�4
1
0

0
T
h
al
am

u
s

L
e
ft

2
.1
1

�4
1
0

0
T
h
al
am

u
s

L
e
ft

1
.4
5

�4
8

0

R
ig
h
t

2
.9
8

6
1
0

2
R
ig
h
t

2
.2
9

6
1
0

2
R
ig
h
t

2
.1
3

6
1
0

2

A
C
C

3
.0
2

0
�1

8
�1

2
A
C
C

2
.3
3

0
�1

8
�1

2
A
C
C

1
.0
7

0
�1

8
�1

2

M
ac
aq
u
e
s
w
e
re

d
o
se
d
(p
.o
.)
1
h
r.
p
ri
o
r
to

b
ra
in
im
ag
in
g
w
it
h
e
it
h
e
r
ve
h
ic
le
,
ap
re
p
it
an
t
(1
0
m
g/
k
g)

o
r
p
re
ga
b
al
in
(3
0
m
g/
k
g)
.
G
ro
u
p
m
e
an

p
e
ak

vo
x
e
l
z
sc
o
re

an
d
co
o
rd
in
at
e
s
fr
o
m

e
ac
h
re
gi
o
n
o
f
in
te
re
st
fo
llo
w
in
g
st
im
u
la
ti
o
n
w
it
h

vo
n
Fr
ey

fil
am

e
n
ts
.
M
e
an

co
n
tr
as
ts

o
b
ta
in
e
d
fr
o
m

si
x
m
ac
aq
u
e
s.
E
vo
ke
d
ac
ti
va
ti
o
n
p
e
rs
is
te
d
fo
llo
w
in
g
e
it
h
e
r
ve
h
ic
le

an
d
ap
re
p
it
an
t
tr
e
at
m
en
t.
M
o
st

ev
o
ke
d
ac
ti
va
ti
o
n
w
as

e
lim

in
at
e
d
fo
llo
w
in
g
p
re
ga
b
al
in

tr
e
at
m
en
t.
St
er
eo

ta
x
ic

co
o
rd
in
at
es

(x
,
y,
z)

ar
e
ac
co
rd
in
g
to

H
o
rs
e
ly
-C

la
rk
e
’s
st
er
eo

ta
x
ic
co
o
rd
in
at
e
s.
Z
sc
o
re

>
1
.9
6
,
P
<
0
.0
5
.
Z
sc
o
re

>
2
.5
8
,
P
<
0
.0
1
.



agreement with the electrophysiological findings, in the

case of a CCI, rats displayed anxiety-like behavior in the

elevated plus maze.59 Perhaps, again, in agreement with

the electrophysiological findings, rats with a SNI did not

display anxiety-like behavior.15

A limitation of in vivo extracellular recordings is its

invasiveness, which restricts examination, for example,

to one brain nucleus at one time-point for each animal.

As a noninvasive alternative, BOLD fMRI infers in vivo

neural activation through changes in tissue perfusion of

Figure 5. Contrast group average brain activation maps of vehicle-treated macaques three to five weeks after nerve injury. The left foot
was stimulated with a 26 g von Frey filament. Activation of the contralateral insular/secondary somatosensory cortex (Ins/SII), bilateral
thalamus (Thal.) and anterior cingulate cortex (ACC). Serial coronal sections, from rostral to caudal (upper left to lower right). Contrast
group average from 6 macaques.

Figure 6. Contrast group average brain activation maps of aprepitant-treated macaques three to five weeks after nerve injury. The left
foot was stimulated with a 26 g von Frey filament. Activation of the contralateral insular/secondary somatosensory cortex (Ins/SII),
bilateral thalamus (Thal.) and anterior cingulate cortex (ACC). Serial coronal sections, from rostral to caudal (upper left to lower right).
Contrast group average from 6 macaques.
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paramagnetic hemoglobin.60 With neuroimaging, multi-

ple pain-associated brain nuclei at a time can be exam-

ined and the same subject may be repeatedly examined

over time, allowing for the tracking of disease progres-
sion and observing the effects of therapeutics over time

within the same subject.
Cold stimulation-evoked brain activation was visual-

ized with fMRI in anesthetized rats with a SNI.15 Four
weeks after SNI, increased activation to acetone-induced

cooling was observed in the contralateral ventroposte-

rior thalamus compared to rats that underwent a sham

surgery.15 At the same time, decreased activation was
also observed in the contralateral medial thalamus and

insula.15 On the side ipsilateral to the injury, decreased

activation, relative to sham-operated rats, was observed
in the ACC, mid-cingulate cortex (MCC) and thalamus.

At 20weeks after nerve injury, rats demonstrated bilat-

erally increased SII activation. Additionally, nerve-

injured rats at 20weeks showed increased ipsilateral
ACC and contralateral MCC activation and decreased

bilateral thalamic activation.15

The effects of cutaneous tactile stimuli on brain acti-

vation was assessed in awake rats with a SNI.17 Five
days after nerve injury, no change in evoked activation,

relative to activation reported before injury, was noted.

Twenty-eight days after nerve injury, decreased activa-
tion was observed in mesolimbic nuclei such as ipsilat-

eral nucleus accumbens, contralateral prelimbic cortex

and bilateral Ins and caudate putamen.17

The findings in total do not strongly support the

notion that tactile stimulation in neuropathic rats

evokes “unpleasantness”. The differences in activation
between Hubbard et al. and Chang et al. could be due

to the stimulus (cooling vs. air puff, respectively) or pos-
sibly due to the sex of the animals (female vs. male rats,

respectively). In the case of Hubbard et al., anesthetic

could have impinged upon stimulus-evoked brain acti-
vation, but low concentrations of isoflurane do not

appear to dampen activation in pain-related brain
nuclei and functional connectivity, or the connectivity

between nuclei with shared functions.18 While rats with

an SNI demonstrated robust ipsilateral hypersensitivity
to nonnoxious cutaneous stimuli, as noted earlier, they

do not display robust anxiety-like behavior.
In the current macaque model, progressive activation

of both the medial and lateral pain systems is observed

following nerve injury. Non-noxious mechanical stimuli
evoked activation of the ACC and the contralateral Ins/

SII. Over time, bilateral activation of the thalamus is
also observed. At six months after injury, bilateral acti-

vation of thalamus and contralateral activation of Ins/
SII are still present but ACC activation is no longer

present. Similarly, in awake patients with a painful

peripheral neuropathy, brush-evoked activation of bilat-
eral thalamus, Ins/SII and ACC were observed.19 In con-

trast to findings in the macaque, bilateral, rather than
contralateral, activation of Ins/SII was observed in

patients. Other areas evoked in awake patients following

Figure 7. Contrast group average brain activation maps of pregabalin-treated macaques three to five weeks after nerve injury. The left
foot was stimulated with a 26 g von Frey filament. Activation of the contralateral insular/secondary somatosensory cortex (Ins/SII),
bilateral thalamus (Thal.) and anterior cingulate cortex (ACC). Serial coronal sections, from rostral to caudal (upper left to lower right).
Contrast group average from 6 macaques.
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ipsilateral brushing include the prefrontal cortex and

supplemental motor area.19 It is possible that propofol

anesthesia used in the current study suppressed activa-

tion of nuclei associated with movement and executive

functioning. The lack of ipsilateral Ins/SII activation in

the macaque may be due to anesthesia or perhaps could

have been seen at longer time points after nerve injury—

neuropathic pain patients who underwent imaging had

neuropathic pain for at least one year.19

If neuropathic pain is mediated by the brain nuclei

activated in the current study, then gabapentinoid treat-

ment should reduce activation. Antinociceptive doses of

pregabalin reduced stimulus-evoked activation of tha-

lamic neurons in nerve-injured rats but not stimulus-

evoked activation of thalamic neurons in uninjured

rats.46 A systemic dose of antinociceptive gabapentin

reduced evoked and spontaneous activation of several

brain nuclei including thalamic nuclei and the ACC, in

both rodent neuropathic pain and in clinical neuropathic

pain.18,19,61,62 The findings in rat neuropathic pain

models suggest a neural basis by which gabapentinoids

could have effects other than antinociception.

Microinjection of gabapentin into the ACC in rats

with a spinal nerve ligation did not alleviate hind paw

hypersensitivity to non-noxious mechanical stimulation

but it did reduce pain-associated anxiety.9 In neuropath-

ic pain patients, pregabalin treatment decreased evoked

activation of the CC and Ins.19 It is possible that the

analgesic effect of gabapentinoids is in part due to reduc-

tion of pain-associated anxiety as well as pain itself.
The current study in nonhuman primates also showed

reductions in evoked activation following pregabalin

dosing in the ACC, contralateral Ins and ipsilateral thal-

amus, three to five weeks after nerve injury. At 12 to

13weeks after injury, bilateral thalamus, along with con-

tralateral Ins and ACC were suppressed with pregabalin.

A similar reduction in thalamic and Ins activation (but

without the presence of evoked ACC activation) was

observed 24weeks after nerve injury. Thus, pregabalin

treatment, whether early or late after nerve injury,

appears to have a similar level of efficacy over time in

the macaque model. Interestingly, pregabalin treatment

did not reduce bilateral thalamic activation in patients

with neuropathic pain—and such treated patients did

not report pain relief.19 The findings suggest reduction

of thalamic activation as a crucial CNS mechanism of

action of pregabalin. The differential response to prega-

balin, between the macaque model and neuropathic pain

patients, could be due to the type of pain and its dura-

tion. Pregabalin’s site of action will need further

Table 8. Group mean contrasts following drug treatment over time in macaques with a nerve injury.

Area Hemisphere Z score

Coordinates (mm)

Area Hemisphere Z score

Coordinates (mm)

x y z x y z

Weeks 3–5

Vehicle>Aprepitant, 1g - 26g vF Vehicle> Pregabalin, 1g - 26g vF

Ins/SII Left 0.07 16 16 4 Ins/SII Left 0.11 16 16 6

Right 1.32 �12 18 6 Right 2.94 �12 18 6

Thalamus Left 1.81 �4 10 0 Thalamus Left 3.21 �4 8 0

Right 1.67 6 10 2 Right 2.78 6 10 2

ACC 2.07 0 �18 �12 ACC 3.57 0 �18 �12

Weeks 12–13

Vehicle>Aprepitant, 1g - 26g vF Vehicle> Pregabalin, 1g - 26g vF

Ins/SII Left 0.24 16 16 4 Ins/SII Left 0.07 18 16 4

Right 1.41 �14 18 4 Right 2.51 �12 16 4

Thalamus Left 1.57 �4 8 0 Thalamus Left 2.54 �4 10 0

Right 1.64 4 10 2 Right 2.74 6 10 2

ACC 1.02 0 �18 �12 ACC 3.24 0 �18 �12

Week 24

Vehicle> Pregabalin, 1g - 26g vF

Ins/SII Left 0.32 18 16 2

Right 2.19 �14 16 2

Thalamus Left 2.39 �4 10 0

Right 2.68 6 8 2

ACC 1.74 0 �18 �12

Differences in brain activation with 26 g filament stimulation between vehicle treatment drug treatment (vehicle> drug). Mean contrasts were obtained from

four macaques. Compared to vehicle treatment, at three to five weeks, aprepitant reduced ACC activation. Pregabalin treatment, compared to vehicle

treatment, suppressed Ins/SII and thalamic activation at all time points. (At week 24, no activation of the ACC was observed in vehicle treated nerve-injured

macaques.) Stereotaxic coordinates (x, y, z) are according to Horsely-Clarke’s stereotaxic coordinates. Z score> 1.96, P< 0.05. Z score> 2.58, P< 0.01.
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elucidation, as pregabalin could be acting directly on
thalamic neurons or in other CNS nuclei which send
terminals to the thalamus.

Few in vivo fMRI studies have tested negative control
drugs, that is, treatments based on a pain-related mech-
anism that demonstrated no significant clinical pain
relief. While block of CNS NK1 receptors demonstrated
robust antinociception in rodent models of neuropathic
pain, NK1 receptor antagonists did not demonstrate sig-
nificant clinical efficacy.63,64 Aprepitant was ineffective
in both reducing noxious heat pain and noxious heat
evoked activation of pain-related brain nuclei—in fact
aprepitant tended to potentiate heat activation of limbic
nuclei.65 The current study in nonhuman primates dem-
onstrated limited CNS effects of NK1 receptor block. At
three to five weeks after nerve injury, evoked activation
of the ipsilateral thalamus was reduced following apre-
pitant treatment. At 12 to 13weeks after nerve injury,
aprepitant reduced activation (15 g filament) of the
ACC. With a higher stimulus (26 g), however aprepitant
did not reduce ACC activation. It is possible that
reduced evoked activation of the ACC by aprepitant
suggests a degree of pain relief, but given the role of
the thalamic nuclei in pain perception, it is not clear if
reduction of ACC activation is sufficient for significant
pain relief.

A number preclinical nonhuman animal models of
neuropathic pain have been developed with a range of
evoked, learned and spontaneous behavioral outcome
measures.28 Whether these actually reflect neuropathic
pain as observed in humans is not entirely clear.21 The
current study attempted to develop a method of quanti-
tative assessment of pain following nerve injury using
von Frey filaments as used in rodent neuropathic pain
models. By six months, however, there was no increased
sensitivity to von Frey filament probing of the ipsilateral
foot—instead, there was a trend of decreased responding
to the filaments. Whether it is possible to obtain robust
behaviors indicating unilateral neuropathic pain in the
nonhuman primate is not very clear.33 One of the aims of
the current study was to tie a behavioral response to a
neurophysiological response following nerve injury. The
current study nonetheless uncovered a neurophysiologi-
cal response to a unilateral neve injury to non-noxious
stimulation following a unilateral nerve injury that
evolves over time.

Insight from studies at the synaptic and cellular levels
could explain the presence and persistence of evoked
activation of brain nuclei observed in the current
study. It has been hypothesized that spontaneous activa-
tion and altered responses of CNS neurons to nonnox-
ious stimuli following peripheral nerve injury are due to
neural plasticity, highlighted by the phenomenon of
long-term potentiation (LTP).7,66 In short, brief, high
intensity presynaptic stimulation can lead to a persistent

postsynaptic activation, persisting long after termination

of the initiating stimulus. In the context of pain, LTP has

been observed in spinal dorsal horn neurons following

peripheral nerve stimulation and tissue injury.67

However, LTP has also been described in cortical

regions, including the ACC and Ins.66 In addition to

increased synaptic activity mediated through increased

excitatory neurotransmission and upregulation of cation

channels that increase EPSP, intracellular signaling,

between receptors and cation channels is also elevated.67

Thus, while blocking excitatory glutamate neurotrans-

mission in established LTP may reduce it, LTP is not

entirely suppressed, as a number non-glutamatergic neu-

rotransmitters and intracellular processes have forced

the neuron into a highly activated state.
Furthermore, the increased activation of intracellular

second messengers and protein kinases leads to changes

in gene expression.66 Interestingly, immediate early gene

expression was observed in cortical regions such as the

CC and Ins following ipsilateral non-noxious stimula-

tion in rats following unilateral tissue injury. 68,69

Thus, nonnoxious stimulation which does not normally

evoke immediate early gene expression, could lead to

molecular, physiological and structural changes to the

synapse and postsynaptic cell. These cellular processes

have been suggested to exist in clinical chronic painn,

but confirmation in humans remains challenging.

However, processes that have been well delineated in

rodent models could be further explored in a preclinical

non-rodent species that is phylogenetically close to

humans.
The current macaque model of neuropathic pain dem-

onstrated robust brain activation to non-noxious stimu-

lation and the evolution of activation over time. While

the current study examined discrete nuclei, further exam-

ination of functional connectivity could uncover changes

in physiological properties of brain networks involved in

pain perception and the possibility of modulating these

networks for pain relief. Pharmacologically challenging

the discrete brain nuclei observed in the current preclin-

ical model could lead to greater understanding of drug

mechanism and possibly boost the likelihood of success-

ful clinical translation.
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