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A B S T R A C T

Susceptibility to neuropathic pain and the degree of pain amplification vary among individuals. However,
methods for objective evaluation of pain status have not been well established. Using an animal model, we
identified the brain signature of neuropathic pain, and developed a method for the objective evaluation of pain
degree. We analyzed paw withdrawal thresholds from rats that were subjected to right L5 spinal nerve ligation
(SNL) surgery, and regressed them to the metabotropic glutamate receptor 5 (mGluR5) availability levels in the
brain using [11C] ABP688 PET image data from our previous research. We found clusters with a significant
correlation to paw withdrawal threshold localized in brain areas involved in sensory, cognitive, and affective
aspects of pain processing. Strikingly, mGluR5 availability levels in the identified brain regions showed distinct
patterns in the neuropathic pain group but not in the control group. We successfully elucidated the degree of pain-
sensing behavior using the neuropathic pain-specific pattern of the mGluR5 availability. Our study provides new
insight into the signature of neuropathic pain in the brain, and offers a novel diagnostic method for objectively
decoding the status of individual neuropathic pain.
1. Introduction

Once neuropathic pain is established, patients perceive normally
innocuous external sensory stimuli as noxious, and suffer from intrac-
table pain. For many patients, neuropathic pain symptoms are not
treatable with conventional methods, and the direct cause of neuropathic
pain cannot be identified even with close examination (Singleton, 2005;
van Wilgen and Keizer, 2012). Moreover, there is currently no estab-
lished standard method for objective assessment of pain status (Hu and
Iannetti, 2016; Wager et al., 2013), although studies on neuropathic pain
have been actively conducted over the past decades. The existing
assessment tools primarily rely on the subjective self-report of the pa-
tients. In that, it is hard to distinguish false reports, and the methods can
not be applied to patients who can not communicate verbally. The lack of
the objective method can cause issues on the insurance application and
high medical costs due to a communication issue with patients. The
manifestation of chronic pain symptoms after nerve injury and the degree
of pain experienced vary among individuals (Baron et al., 2012; von
Hehn et al., 2012), making it difficult to identify common circuits and
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develop standard evaluation methods.
Research in humans with neuropathic pain is difficult because of the

variation in symptoms and degree of pain as well as psychosocial effects
(Baron et al., 2012; Bouhassira and Attal, 2016; Fitzgerald andMcKelvey,
2016; Tran et al., 2016; Vase et al., 2016). Therefore, identifying factors
that determine the pain behavior in the rodent model is advantageous for
understanding mechanisms of neuropathic pain. Various animal models
have been developed and studied to clarify mechanisms underlying
abnormal sensory processing in the nervous system of patients with
neuropathic pain (Kim et al., 1997; Yalcin et al., 2014). In many rodent
models of neuropathic pain, mononeuropathy is surgically induced by
unilaterally injuring the nerve innervating a hind paw. In such models,
evaluation of the paw withdrawal response using the von Frey test is the
most commonly applied method for assessing resulting tactile mechani-
cal allodynia (Chaplan et al., 1994; Detloff et al., 2010). When successful,
surgically induced neuropathic pain reduces the tactile threshold and
evokes sensitized withdrawal behavior in response to a mechanical
stimulus applied to the affected paw.

Interestingly, the degree of reduction in paw withdrawal threshold
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following neuropathic pain modeling varies among individual animals,
despite being subjected to the same surgical procedures and experi-
mental environment, and being of the same genetic background (Hogan
et al., 2004). Reduction of the paw withdrawal threshold involves
supraspinal as well as spinal mechanisms (Detloff et al., 2010; Ossipov
et al., 2000; Saad�e et al., 2006), and the stochastic neural responses to an
aberrant pain signal in the circuits are thought to underlie such variation.
Previous studies have revealed various neural factors that correlate with
paw withdrawal thresholds in animal models of neuropathic and in-
flammatory pain (Baliki et al., 2014; Coffeen et al., 2010; Kras et al.,
2014; Massart et al., 2016; Wei et al., 2017). For example, changes in the
functional connectivity between limbic system and sensorimotor cortices
(Baliki et al., 2014), the dopamine release in the insular cortex (Coffeen
et al., 2010), and the DNA methylation states in the prefrontal cortex
(Massart et al., 2016) are correlated with the degree of the paw with-
drawal behavior in pain animals. These studies demonstrated that the
changes in the brain, as well as in the spinal cord, strongly correlate with
the execution of pain behaviors.

Recent neuroimaging techniques have provided a strong foundation
for the study of the functional relationship between brain parameters and
animal behavior (Litaudon et al., 2017). The significance of higher
cortical functions in pain behavior has been the subject of much attention
based on observations from clinical studies (Baliki et al., 2014; Roy et al.,
2014; Vachon-Presseau et al., 2016; Wager et al., 2013). Indeed, neu-
roimaging studies of animal models of neuropathic pain and human
patients with chronic pain emphasize the critical role of corticolimbic
structures of the brain in accounting for the probability, severity, and
duration of pain symptoms, independently from spinal level mechanisms
(Baliki et al., 2014, 2012; Baliki and Apkarian, 2015; Davis et al., 2016;
Vachon-Presseau et al., 2016).

In this study, we focused on the metabotropic glutamate receptor 5
(mGluR5), a key player in the modulation of the neural transmission in
the brain. The mGluR5 plays a significant role in information processing
and plastic change of neurons, and thus the mGluR5 availability in
various brain regions are critically involved in the physiological func-
tions and pathological alterations of the brain circuitry, including
amplified pain perception and deciding behavioral coping strategy. Our
primary hypothesis was that the sensitized paw withdrawal behavior
observed during neuropathic pain is tightly connected to mGluR5
availability levels in sensory and limbic brain structures. We analyzed
brain images of animal models of neuropathic pain using positron
emission tomography (PET) with mGluR5-specific radiotracer [11C]
ABP688 from our previous study (Chung et al., 2017). Strikingly,
mGluR5 availability levels showed distinct regional patterns in the brain
of neuropathic rats but not control rats. Further, we show that the
withdrawal threshold of the individual neuropathic pain subject could be
successfully determined from an [11C] ABP688 PET image using this
pattern.

2. Material and methods

2.1. Animal experiments

All the experimental procedures were approved by the Institutional
Animal Care and Use Committee at Seoul National University and were
performed according to the Ethical Guidelines of the International As-
sociation for the Study of Pain.

8-week-old male Sprague-Dawley rats (Samtako, Seoul, Korea) were
subjected to right L5 spinal nerve ligation (SNL) surgery (Kim and Chung,
1992) or sham surgery under isoflurane anesthesia. In SNL surgery, the
right L5 spinal nerve was isolated and tightly ligated using 5-0 silk to
induce neuropathic pain. In sham surgery, the L5 spinal nerve was iso-
lated but not ligated. Paw withdrawal thresholds of the affected right
hind pawwere measured one day before and 1, 5, 9, and 15 days after the
surgery. A series of von Frey filaments with logarithmic incremental
forces (3.61, 3.84, 4.08, 4.31, 4.56, 4.93, 5.18) were used with Dixon's
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up-down method and Chaplan's calculation method (Chaplan et al.,
1994; Dixon, 1965) to assess 50% paw withdrawal threshold. The
withdrawal threshold of 15 g was applied as the cut-off threshold. Ani-
mals with abnormal motor deficiency (foot-drop) after the surgery were
excluded from analyses. Animals exhibiting sensitive hind paws
pre-surgery (paw withdrawal threshold< 10 g) or weak sensitivity
post-SNL surgery (paw withdrawal threshold> 5 g) were not considered
as the subject of the PET scan, although they underwent behavioral tests
during the observation period.

2.2. PET imaging and data processing

The PET images used in this study are from our previous research, and
detailed procedures for PET scan and preprocessing of the data are
described elsewhere (Chung et al., 2017). Briefly, animals were anes-
thetized with isofluorane and received a tail vein injection of [11C]
ABP688 (5.05–16.15 MBq/100 g). Brain images were acquired using a
micro-PET/CT scanner (eXplore VISTA, GE Healthcare) with list-mode
for 60 min. The data were reconstructed into a single static image of
the full 60 min scan as well as separated binned images of 6 * 30 s, 7 *
60 s, and 5 * 600 s duration, using 3-dimensional OSEM algorithm with
scatter correction and random correction. Voxel size was 0.3875 * 0.3875
* 0.775mm. Each image was reconstructed in proportion to standardized
uptake value (SUV). Static images of the full 60 min were coregistered
with a standard rat MRI template (Schweinhardt et al., 2003) and the
transformation parameters were applied to the respective binned images
of each dataset. The non-displaceable binding potential (BPND) of [11C]
ABP688 was calculated using the simplified reference tissue model with
the cerebellum as a reference region. The brain mGluR5 template image
was made by averaging all the [11C] ABP688 BPND images, and then all
the BPND images were spatially normalized to this brain mGluR5 tem-
plate image. Voxels were resampled to 0.2 * 0.2 * 0.2 mm and smoothed
with a Gaussian filter of 0.8 mm full-width at half maximum. Images
were processed using SPM8, MarsBaR toolbox, and imgsrtm program of
Turku PET Centre. Images were acquired between the 16th and the 25th
day after the surgery.

2.3. SPM analysis

To investigate the interaction between the mGluR5 availability level
in the brain and paw withdrawal threshold, a voxel-wise regression
analysis was used with data from SNL group animals. An uncorrected p-
value threshold of 0.005 and an extent threshold of 20 voxels were used
to screen ROIs. In addition, we reported clusters that survived a threshold
of p< 0.005 and p< 0.001 with permutation-based analyses. Threshold-
free cluster enhancement (TFCE) was used with 5000 permutations. The
statistical map was overlaid onto an MRI template image (Schweinhardt
et al., 2003). For posthoc analyses, region-of-interest (ROI) was set based
on the anatomical location of the significant cluster, and BPND in the
0.5 mm radius sphere of the ROI was extracted using the MarsBaR
toolbox (Brett et al., 2002).

2.4. Statistical analysis

Pearson's correlation coefficient method was also used to compute the
correlation between the ROIs. The mGluR5 availability levels of each ROI
in the SNL group and the sham group were compared using the two-
sample t-test and F-test.

2.5. Creating a representative template of the mGluR5 patterns

For normalization, the mGluR5 availability levels in each ROIs were
separately divided by the average values of each ROIs of the sham group.
The normalized values of SNL rats were then regressed to the paw
withdrawal thresholds. The regressed values of each ROIs were then
plotted in separate columns. As such, a row of regressed mGluR5
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templates represents an ideal mGluR5 pattern of a hypothetical SNL rat
that has a corresponding paw withdrawal threshold.

2.6. Deciphering the pain status using the mGluR5 patterns

A normalized mGluR5 pattern of a rat was applied to the regressed
template row-by-row, to calculate Pearson's correlation coefficients. The
calculations were repeated for all rats, and the results for each rat were
plotted to the separated columns. Thus, each column of the r-value and p-
value matrices represents the result from an individual rat.

2.7. Cross-validation

The sensitivity of the method was investigated using leave-one-
subject-out cross-validation. In this paradigm, the data of one subject
was left out after the ROI selection or before the ROI selection. In the
former case, the pattern data of one subject (mGluR5 availability levels in
12 ROIs) were left out, and the regressed template was created from data
of the remaining nine subjects. Then, data of the subject that had been
left out (the mGluR5 availability data from 12 ROIs) were applied to the
regressed template row-by-row, to calculate the correlation coefficients.
This method was repeated subject-by-subject to predict all the paw
withdrawal thresholds of SNL subjects. In the latter, additional cross-
validation test, the data of one subject (test sample subject) was left
out before the ROI selection, and the following procedurewas performed.
Depending on the trials, 9 to 17 ROIs were selected based on the PET
images from the remaining nine subjects. The mGluR5 availability levels
were extracted from the ROIs of the corresponding trial. The regressed
template was created using data from the nine subjects with the corre-
sponding ROI set. Then the pattern data from the subject which had been
left out (the pattern data of the test sample subject with the trial-specific
ROI set) were applied to the regressed template row-by-row to calculate
the correlation coefficients. The tests were repeated subject-by-subject.

3. Results

3.1. Variation of the paw withdrawal threshold following nerve injury-
induced neuropathic pain

We adopted the data from 103 rats that were subjected to right L5
SNL surgery during the study period of our previous research (Chung
et al., 2017). The paw withdrawal threshold was successfully and
persistently reduced after the SNL surgery in the majority of subjects
(Fig. S1A). As previously described, there was some variation in the de-
gree of behavioral responses of the animal models of neuropathic pain,
despite being subjected to identical procedures (Hogan et al., 2004).
Consistent with previous studies, paw withdrawal thresholds were
distributed with positive skew (Fig. S1B), and in approximately 15% of
animals (14 out of 103 rats), the threshold was merely reduced (>50% of
baseline threshold) despite SNL surgery. This ratio is in agreement with
reports of SNL surgery in the same rodent-strain of ours (Sprague-Dawley
rats) (Felice et al., 2011). We focused on the brains of animals that
demonstrated successful induction of neuropathic pain; non-allodynic
animals did not undergo [11C] ABP688-PET scan. Rats with appropri-
ately non-sensitive hind paw response during baseline measurement
(paw withdrawal threshold> 10 g) and successful induction of me-
chanical allodynia were subjected to PET scan (n¼ 10 SNL rats; Fig. S1, B
and C, red data points). We further confirmed that the observed variation
was common across the 31 surgery batches performed during the
research period (Fig. S1C).

3.2. Brain regions in which mGluR5 availability is correlated to behavioral
response

Using a regression analysis of the [11C] ABP688-PET images from
this group, we investigated the brain regions in which mGluR5
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availability levels are tightly connected to paw withdrawal thresholds.
The results of this analysis revealed that mGluR availability levels in
several sensory and limbic brain structures were correlated with paw
withdrawal thresholds in SNL animals (Table S1 and Table S2).

A negative interaction with the paw withdrawal thresholds was
shown in (1) the striatum including the caudate putamen (contralateral
to nerve injury) connected to the secondary somatosensory cortex
(Fig. 1A), (2) the rostral striatum (contralateral to nerve injury) (Fig. 1B)
connected to the insular cortex (Fig. 1C), and (3) the hippocampus
(ipsilateral to nerve injury) (Fig. 1D) of SNL animals. This translates into
greater mGluR5 availability in these regions, with more sensitive paw
withdrawal behavior.

Conversely, a positive interaction with the paw withdrawal thresh-
olds was shown in (1) the cingulate cortex (Fig. 2A), (2) the ipsilesional
trunk region of the primary somatosensory cortex connected to the hip-
pocampus (Fig. 2B), (3) the hypothalamus (Fig. 2C), (4) the contrale-
sional trunk region, dysgranular zone, and barrel field of the primary
somatosensory cortex (Fig. 2D), (5) the ipsilesional secondary somato-
sensory cortex (Fig. 2E), and (6) the ipsilesional hindlimb region of the
primary somatosensory cortex (Fig. 2F) of SNL animals. This translates
into a greater mGluR5 availability in these regions, with a less sensitive
paw withdrawal behavior.

We used the region-of-interest (ROI) analysis to validate the results of
the regression analysis. Based on the anatomical location of the signifi-
cant clusters from the regression analysis, ROIs were set as the 0.5mm
radius sphere in each region (Fig. S2A and Table S3). The mGluR5
availability (BPND) of each ROI was extracted from the SNL group, and
correlations between the paw withdrawal threshold and the individual
BPND from each ROI were calculated (Fig. S3). These analyses confirmed
significant correlations between the paw withdrawal threshold and
mGluR5 BPND levels of each region (Figs. 1 and 2).

3.3. Correlation of mGluR5 availability levels between brain regions of
SNL animals

As the brain regions were chosen on the basis of their interactions
with functional outcome (i.e., paw withdrawal thresholds), the mGluR5
BPND in each region should have inter-subject correlations with each
other. Indeed, the SNL group showed a high correlation between ROIs
(Fig. 3A). There was a clear contrast between the clusters of positive and
negative correlations in the matrix of r-value (Fig. 3A, left). These cor-
relations were significant (P-value summary, Fig. 3A, right).

We aimed to assess whether this manifestation of inter-subject cor-
relations is a feature specific to neuropathic pain group, rather than an
intrinsic feature of the brain. To investigate this, the BPND of each ROI
was extracted from the sham group (n¼ 10 rats) and their correlations
were computed. The majority of the ROIs did not correlate with other
regions, with only a few significant correlations in the matrices (Fig. 3B).

The significant regions that were correlated with paw withdrawal
threshold in SNL group (Figs. 1 and 2) were not overlapped with the
significant regions extracted by voxel-by-voxel two-sample t-test between
SNL group and sham group (Chung et al., 2017). Therefore, it is sus-
pected that the amount of mGluR5 availability levels in the regions of
correlation would not be different between the SNL and sham groups. To
confirm this, the BPND measurements of each ROI were compared using
two-sample t-tests and F-tests. No significant differences were observed
(Fig. S4). This suggests that the mGluR5 availability levels in these brain
regions of the SNL group are in a normal range, despite the abnormal paw
withdrawal threshold (Fig. S2, B and C).

These results demonstrate that mGluR5 availability levels in the
sensory and limbic regions form distinct patterns in animals that un-
derwent the neuropathic pain procedure, but not in controls. This raises
the prospect that from a group-level perspective, mGluR5 BPND levels in
these regions are ‘re-aligned’ according to the paw withdrawal threshold
following neuropathic pain. This might be due to the expressional and/or
conformational change of the mGluR5 which affect tracer binding.



Fig. 2. Brain regions in which mGluR5 availability is positively correlated to the paw withdrawal threshold in the SNL group. This translates into higher mGluR5
availability in regions with a less sensitive right hind paw. A. A cluster in the cingulate cortex. B. A cluster in the right primary somatosensory cortex (trunk region). C.
Clusters in the hypothalamus and the right hippocampus. D. Bilateral clusters in the primary somatosensory cortices. The cluster in the left primary somatosensory
cortex includes the trunk region, dysgranular zone, and barrel field. The cluster in the right primary somatosensory cortex is largely constituted by the trunk region and
connected to the right hippocampus. E. A cluster in the right secondary somatosensory cortex. F. A cluster in the right primary somatosensory cortex (hindlimb and
forelimb regions).

Fig. 1. Brain regions in which mGluR5 availability is negatively correlated to paw withdrawal threshold in the SNL group. This translates into higher mGluR5
availability in regions with a more sensitive right hind paw. A. A cluster including the left striatum (caudate putamen) connected to the secondary somatosensory
cortex. B. A cluster in the left rostral striatum (caudate putamen). C. A cluster in the left insular cortex connected to a small portion of the orbitofrontal cortex. D.
Clusters in the left striatum (caudate putamen) and the right hippocampus (CA3).

G. Chung et al. NeuroImage 190 (2019) 303–312
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Fig. 3. The correlation coefficient between mGluR5 availability levels in the brain. mGluR5 availability levels in the corticolimbic areas show distinct correlation
patterns in the SNL group only. A. Correlation coefficient matrices of the SNL group. A clear contrast between the clusters of positive and negative correlations was
shown in the matrix of r-value (left). The significances of the correlations were further confirmed by their p-values (right). B. Correlation coefficient matrices of the
sham group. The majority of the ROIs did not correlate with other regions, shown by small r-values (left). The majority of the p-values did not reach signifi-
cance (right).
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Consequently, the mGluR5 BPND levels of the ROIs show inter-subject
correlations with each other in the neuropathic pain group. Notably,
this re-alignment of mGluR5 BPND following neuropathic pain does not
make the mGluR5 BPND levels in these regions exceed the physiological
range.

3.4. Decoding of the paw withdrawal threshold based on the mGluR5
patterns of neuropathic pain brain

To assess the distribution range of the mGluR5 availability in each
region, the BPND of each ROI was plotted by group (Fig. 4A and B). For
normalization, all values were scaled in proportion to the average values
of each region in the sham group (Fig. 4C and D). A representative
template of the SNL group pattern was produced by regression of the
normalized mGluR5 BPND levels to the paw withdrawal thresholds
(Fig. 4E). Thus, each row of the template represents the pattern of
normalized mGluR5 BPND levels in each brain regions of a hypothetical
SNL rat that has a corresponding paw withdrawal threshold.
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The degree of match of the original pattern with the regressed pattern
was computed using Pearson's correlation coefficient method. The cor-
relation coefficient between the pattern of each SNL rat (Fig. 4C) and the
template (Fig. 4E) was calculated row-by-row, and the results of each rat
were plotted in the columns (Fig. 5A and B). Thus, each column of the r-
value and p-value matrices represents the result from an individual rat.
As the template was produced from the SNL data, and the SNL data had
been normalized in proportion to the average value, high correlations
(r> 0.5) were shown on either side of the average level, depending on
the original paw withdrawal threshold value of the subject. The matched
patterns were shown by the range of the r-value (Fig. 5C). The range of
r> 0.5 or r> 75 percentile was plotted to show the best-match between
the mGluR5 pattern of the subject and the template, with the original
paw withdrawal threshold of the subject assessed using the von Frey test
(Fig. 5C). The results showed a good match between the original mGluR5
patterns of the SNL group animals and the patterns of the regressed
template.

We questioned whether the mGluR5 patterns of the sham group
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Fig. 4. mGluR5 availability in each ROI, and a representative template of mGluR5 pattern in the SNL group. A. The distribution range of mGluR5 availability in each
ROI in the SNL group. B. The distribution range of mGluR5 availability in each ROI in the sham group. C. The mGluR5 availability levels in each region of SNL animals
were scaled in proportion to the average values of each region in the sham group. D. Scaled mGluR5 availability levels in the sham group. E. A representative template
of the SNL group pattern. Proportionally scaled mGluR5 availability levels of SNL rats were regressed to the paw withdrawal thresholds. Each row of the template
represents the pattern of normalized mGluR5 availability in each brain region of a hypothetical SNL rat which has a corresponding paw withdrawal threshold.
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animals matched the patterns of the SNL template by chance. To inves-
tigate this, the patterns of sham group animals (Fig. 4C) were compared
to the SNL template (Fig. 4E) with the same method (Fig. 5D and E). To
classify the image into SNL or sham group, the values of the columns
were investigated in the matrices of both groups. The columns that
contain the match satisfying r> 0.5 were predicted to be the SNL group.
In the criteria, individual PET image could be predicted with 90% ac-
curacy (100% sensitivity and 80% specificity). The accuracy reached
100% level when the cut-off r-value criterion was in the range of
0.555< r< 0.754 (Fig. 5F).

Further, we investigated the sensitivity of our method using a leave-
one-subject-out cross-validation paradigm. In this method, the pattern
data of one subject (a row in Fig. 4C) were left out, and the regressed
template was created from data of the remaining nine subjects. Then data
of the subject which had been left out were applied, to calculate the
degree of match. This method was repeated subject-by-subject to predict
all the paw withdrawal thresholds of SNL subjects. We observed that all
the SNL subjects were correctly predicted by the method with 100%
sensitivity, showing the existence of matches satisfying r> 0.5 in all of
the SNL subjects (Fig. S5A and B). The high correlation range in this
Fig. 5. The correlation between mGluR5 patterns of the regressed template and mode
coefficients between the pattern of each SNL rat and the regressed SNL template. Eac
rats showed high correlation with values of the SNL template. B. The p-value matrix
successfully predicted the original paw withdrawal threshold of the subject. D. The co
template. The mGluR5 values of sham rats showed poor correlations with the valu
operating characteristic curve. The subject which contained an r-value above the
whether it belonged to the SNL or sham group with 100% accuracy when the cut-o
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leave-one-out analysis was plotted with the paw withdrawal thresholds
assessed using the von Frey test (Fig. S5C). We further performed an
additional cross-validation. In this test, the PET image of one subject was
left out, and the ROIs were selected based on data of the remaining nine
subjects. Depending on the trials, 9 to 17 ROIs were selected. The data of
the subject which had been left out were extracted, with the ROI set of
the trial. The regressed template was created from data of the nine sub-
jects, and then the data of the test sample were applied. Tests were
repeated subject-by-subject (Fig. S5, D and E). In total tests, 80% sensi-
tivity was obtained (Fig. S5F). The average specificity across 10 trials was
84%.

4. Discussion

Together, these results show that once a model template is established
from the [11C] ABP688 PET images of neuropathic pain group, the status
of the individual subject can be decoded using the regional patterns of
the mGluR5 availability. We could predict which group the sample
subject belonged to, and further estimate the extent of paw withdrawal
threshold of SNL group animals using mGluR5 patterns. Regarding the
l animal predicts the presence and degree of neuropathic pain. A. The correlation
h column represents the result from an individual rat. mGluR5 values from SNL
of SNL group. C. Best-match ranges. The match ranges of the pattern correlation
rrelation coefficients between the pattern of each sham rat and the regressed SNL
es of the SNL template. E. The p-value matrix of the sham group. F. Receiver-
cut-off level was predicted as the SNL group. The subject could be predicted
ff level was in the range of 0.555< r< 0.754.
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significant role of mGluR5 in regulating neuronal excitability, we pro-
pose that the mGluR5 “fingerprints” imprinted within the sensory and
limbic structures of neuropathic pain brain reflect the functional cross-
talk between sensory perception and behavioral coping.

4.1. Variation in pain behavior

Variation in paw withdrawal threshold in neuropathic pain animals
(Fig. S1) might involve the degree of peripheral hypersensitivity,
amplified aversive perception of the nervous system, and altered
response strategy for coping behavior following nociception. With the
analysis of [11C] ABP688-PET images, we demonstrated the brain re-
gions in which the mGluR5 availability is correlated with the paw
withdrawal threshold of neuropathic pain model animals. The brain re-
gions are mainly constituted of sensory and limbic structures which are
known to participate in sensory processing, decision making, and coping
behaviors. Although it is difficult to interpret whether these correlations
reflect passive change of mGluR5 following peripheral pain amplification
or intrinsic regional function of mGluR5 as a determinant responsible for
the execution of pain behavior, the critical role of the corticolimbic
system in pain processing and avoidance behavior is in agreement with
previous studies (Baliki et al., 2014; Boeke et al., 2017; Bravo-Rivera
et al., 2015; Cardinal et al., 2002; Fardo et al., 2017; Navratilova and
Porreca, 2014; Orenius et al., 2017).

4.2. The limbic structures

We found that the striatal (caudate-putamen) mGluR5 is negatively
correlated (Fig. 1A and B and D), whereas the somatosensory mGluR5 is
positively correlated (Fig. 2, B, D, E and F), with paw withdrawal
thresholds (with the exception of a negative correlation of the left sec-
ondary somatosensory cortex, Fig. 1A). Thus, the higher availability
levels of striatal mGluR5 or the lower availability levels of somatosensory
mGluR5 are connected to a more sensitive paw withdrawal behavior to
tactile stimulus. The hippocampus showed both a positive and negative
correlation depending on subregion. Strikingly, these brain areas overlap
with the regions identified by a previous analysis of fMRI-based con-
nectivity. Baliki et al. (2014) demonstrated that the hippocampus shows
increased functional connectivity to the striatum and decreased func-
tional connectivity to the sensorimotor cortex in neuropathic pain ani-
mals, and that these changes correlate with the degree of nerve
injury-induced reduction of paw withdrawal thresholds. According to
that study, the hippocampus-striatum connectivity is negatively corre-
lated, whereas the hippocampus-sensorimotor cortex connectivity is
positively correlated, with the paw withdrawal thresholds. Thus, the
higher level of hippocampus-striatum connectivity or the lower level of
hippocampus-sensorimotor connectivity of neuropathic pain animals is
connected to a more sensitive paw withdrawal behavior for tactile
stimulus. They proposed that the interconnection between these brain
regions plays a significant role in the manifestation of neuropathic pain.
The results from our PET analysis support this view, and further implicate
mGluR5 as a determinant of connectivity between these brain regions.

Besides the hippocampus and the striatum, significant clusters of
mGluR5 were also located in other limbic structures such as the cingulate
cortex (Fig. 2A) and the hypothalamus (Fig. 2C). In the case of the
cingulate cortex (Fig. 2A), the anterior-posterior range of the significant
cluster was �0.4mm~�1.4mm from bregma, located in the anterior
part of the midcingulate cortex (aMCC) (Vogt and Paxinos, 2014). This
region is involved in error detection (conflict monitoring) and cognitive
control (Parvaz et al., 2014; Procyk et al., 2014), and engaged in evalu-
ating the necessity of behavioral adaption (Wessel et al., 2012). Our data
suggest that mGluR5 in this region affects decision making related to the
execution of behavioral coping, and thus correlates with von Frey
stimuli-induced avoidance behavior. In the case of the hypothalamus, a
significant mGluR5 cluster was located on the right side of the posterior
nucleus (Fig. 2C). Regarding the sympathetic dependency of
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SNL-induced neuropathic pain (Kim et al., 1997), the positive correlation
of a significant cluster suggests that mGluR5 in the posterior nucleus of
hypothalamus suppresses withdrawal behavior via control of autonomic
nervous tone.

4.3. The somatosensory cortices

One unexpected result was the significant correlation of paw with-
drawal threshold with the hindlimb region of ipsilateral, but not
contralateral, primary somatosensory cortex. SNL rats were subjected to
the right L5 SNL surgery, and therefore the withdrawal threshold of the
right hind paw was assessed and used for regression analysis. Although
many significant clusters in other subregions of primary somatosensory
cortices were located bilaterally (Fig. 2D), correlation with hindlimb
region was shown only in the right (ipsilateral to nerve injury) primary
somatosensory cortex (Fig. 2F). The mGluR5 availability in the hindlimb
region of the right primary somatosensory cortex was positively corre-
lated with the paw withdrawal threshold, which indicates that the higher
mGluR5 availability was, the less withdrawal behavior of the right hind
paw was elicited. This might be explained by interhemispheric inhibition
of the contralateral corresponding hindlimb area by the ipsilateral pri-
mary somatosensory cortex (Clarey et al., 1996; Hlushchuk and Hari,
2006). Unilateral somatosensory cortex participates in interhemispheric
inhibition of the contralateral sensorimotor cortex, and thus influences
sensory discrimination of transcallosal somatosensory cortex and aids in
themotor control (Iwata et al., 2016; Lei and Perez, 2017; Zapallow et al.,
2013). In addition, the transcallosal communication between bilateral
corresponding somatosensory area is known to be involved in the
mirror-image pain (Ishikawa et al., 2018). The nerve injury-induced pain
would reciprocally interact with the mGluR5-mediated excitatory and
inhibitory influences in the ipsilesional and contralesional somatosen-
sory cortices (Ishikawa et al., 2018; Kim et al., 2016).

In the case of the secondary somatosensory cortex, the left and right
secondary somatosensory cortices showed an opposite direction in terms
of the correlation to paw withdrawal threshold (Figs. 1A and 2E), further
supporting the idea above. The positive correlation of right secondary
somatosensory cortex, and the negative correlation of left secondary
somatosensory cortex, with paw withdrawal threshold, translates into a
less sensitive hind paw with higher mGluR5 availability in the right
secondary somatosensory cortex and/or lower mGluR5 availability in the
left secondary somatosensory cortex. This suggests that among the
bilateral somatosensory cortices, only mGluR5 in the left secondary so-
matosensory cortex might exacerbate tactile hypersensitivity of the right
hind paw. In contrast, mGluR5 availability levels in the right secondary
somatosensory cortex, trunk region of the bilateral primary somatosen-
sory cortices, and hindlimb region of the right primary somatosensory
cortex might mitigate the hypersensitivity of the right hind paw.

4.4. The pain processing in the corticolimbic circuits

In the previous research, we compared the mGluR5 levels in the
brains of SNL surgery animals and sham surgery animals using voxel-by-
voxel two-sample t-tests (Chung et al., 2017). The resulting significant
ROI clusters did not overlap in a coordinated space with the results of
current regression study, although some clusters were located within the
same anatomical structures (e.g., insular cortex, somatosensory cortices,
and striatum). This disagreement between clusters with SNL-induced
mGluR5 alteration and clusters which correlate to the withdrawal
thresholds implies that the mGluR5 levels of each neural circuits repre-
sent separate stages of pain processing. According to the dynamic causal
model of a recent study (Roy et al., 2014), a system of interconnected
regions including the caudate putamen, hippocampus, and ventromedial
prefrontal cortex encodes expectancies of behavioral outcome (expected
pain and avoidance value), and activity of the putamen is most closely
related to the expected value. In this causality model, the expected value
signals from the putamen and the prediction error signals calculated in



G. Chung et al. NeuroImage 190 (2019) 303–312
the midbrain periaqueductal gray are then transmitted to orbitofrontal
cortex and aMCC, updating the value in the dorsomedial prefrontal
cortex. While that study was conducted in humans and the model was
produced based on fMRI experiments, participating brain regions
revealed in that model largely overlap with ROIs extracted from our
analyses. We interpret the aberrant levels of mGluR5 in affected brain
regions (such as the prelimbic subregion of the medial prefrontal cortex)
in the SNL animals of our previous study (Chung et al., 2017) as mal-
adaptation in the chronic pain state, which affects updating appraisal of
internal perception. In contrast, mGluR5 levels in the brain regions of
behavioral correlation in the current regression analysis were in a
physiological range (Fig. S2), and thus their correlation with withdrawal
threshold might reflect the normal physiological mGluR5 function of the
system which affects encoding behavioral strategies (Roy et al., 2014) or
regulating the sensory perception. We propose that mGluR5 in the sig-
nificant brain regions affects the withdrawal threshold of nerve-injured
subjects via functional regulation of sensory processing and behavioral
coding in the somatosensory and limbic circuitry.

4.5. The advancements

In the other previous study of ours, we distinguished neuropathic pain
animals and control animals using brain images acquired with [18F]
fluorodeoxyglucose – PET (Kim et al., 2014). Using multivariate pattern
analysis, we could successfully predict which group (SNL or sham) the
subjects belonged to. In the current study, we could predict the extent of
the pain severity, and calculate to what extent they are similar to the
reference patterns, in addition to predicting whether the subject is pain
positive or pain negative. There are unmet needs for the objective pain
assessment for the human patients, and we suggest that the mGluR5
pattern analysis we described here could be a useful tool in the clinic as a
measure of the pain status.

4.6. The limitations

The estimation of the mGluR5 availability in each brain regions could
be affected by biases resulted from various factors. As the spatial reso-
lution of the PET image is poor and some of the brain areas we are
handling are very small, biases could be introduced by the partial volume
effects. In addition, the calculation of the BPND in our research might be
affected by small amounts of mGluR5 expression in the deep cerebellar
nuclei, as we did not strictly exclude the deep cerebellar nuclei region
when we set the reference ROI in the cerebellum for the simplified
reference tissue model. However, we believe that this possible bias would
not affect the main results of the current study, as the cerebellar mGluR5
level is extremely low and the binding of the ABP688 is negligible in the
cerebellum compared to the cerebral structures we are dealing with
(Ametamey et al., 2007; Elmenhorst et al., 2010). The other factor we
could not control for during the study design is a diurnal fluctuation of
the mGluR5 in the brain (David Elmenhorst, 2016; DeLorenzo et al.,
2017). In our research, the PET scans were performed mostly during the
daytime (11:18–13:20) in 14 rats (n¼ 7 per each group). However, 6 rats
(n¼ 3 per each group) experienced PET scan during the late afternoon
and early evening (16:58–18:04). The bias might be caused by the time
when the scan was performed, although we could not find a significant
interaction between the scan start time and the mGluR5 availability
levels in our data (Fig. S6).

5. Conclusion

In conclusion, we report the correlation between brain mGluR5
availability levels and nerve injury-induced reduction of paw withdrawal
threshold in a rodent model of neuropathic pain. A correlation was
observed in the somatosensory cortices and limbic structures of the brain,
emphasizing a critical role of mGluR5 in these regions with respect to
neuropathic pain perception and resulting reactive behavior. Owing to
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the interactions between sensory perception and behavioral coping,
regional mGluR5 availability levels form distinct patterns in the brain of
neuropathic pain subjects. Using the distinct “fingerprints” of mGluR5
availability, the status of individuals could be precisely predicted.
Together with previous studies (Chung et al., 2017; Kim et al., 2016), the
current research reveals a significant involvement of brain mGluR5 in the
manifestation of neuropathic pain, and identifies brain circuits that may
be further studied to clarify the mechanisms underlying altered sensory
perception and behavioral coping in neuropathic pain subjects.
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