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Editorial on the Research Topic

Pain-related neural networks and regulation mechanisms

Pain is defined as an unpleasant sensory and emotional experience associated with, or

resembling actual or potential tissue damage. However, the pain-related neural networks

and regulation mechanisms are still not clearly understood, particularly in the thematic

areas of pain biomarkers in multi-omics, molecular mechanism of pain comorbidity,

exploration of pain sensitivity, application of machine learning (ML) in solving specific

pain problems, and the prospect of research trends in the field of pain. So, we conducted

such topical research with a total of 14 articles, including one review, one study protocol,

two bibliometric analysis studies, and 10 original quantitative studies.

Biomarkers in pain pathogenesis

The use of high-throughput screening and epigenetic study provides evidence

to elucidate the pathogenesis and pathophysiology of disease. Screening biomarkers

through multi-omics data is an important approach to study pain-related neural

mechanisms. Song et al. explored the effect of swimming exercise on the chronic

constriction injury (CCI) rats, and confirmed that exercise can relieve neuropathic pain

(NP). They found remarkable differences in the expression of lncRNAs and mRNAs in

the CCI rats, and potential biomarkers including Dnah6, Pkd1l2, C3, Adgre1, Plac9,

Sgk1, and VGF. Li, Li et al. also studied three diagnostic biomarkers related to immune

cell infiltration, and found that five hub genes involved in the pathogenesis might acted

as potential genes for target therapy points of lumbar disc herniation as assessed with

the bioinformatics analysis. Perhaps we could replicate or conduct with the similar

methodology of the aforementioned research to explore more molecular biomarkers
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or hub genes to explain the mechanism of pain. In

addition, Zhou et al. identified a novel neuron type

MAAC (Fxyd7+/Atp1b1+) in dorsal root ganglia of painful

diabetic peripheral neuropathy rats with the single-cell RNA

sequencing technique, and investigated the transcriptomic

characteristics, origin, transition trajectory, regulator and

cellular communication. However, this study has not yet

thoroughly clarified the role of MAAC in NP.

Neuromorphological approach

Research on the comorbidity of pain, such as emotional

disorders and itch, is still in its infancy. Dai et al. exerted

significant differences in transcriptomic characteristics between

the medial prefrontal cortex (mPFC) and the anterior cingulate

cortex (ACC) of mice after spared nerve injury exhibiting

acute pain and mild depression. Interestingly, there was sexual

dimorphism at the transcriptional level. Furthermore, this study

indicated that restoring oligodendrocytes and myelin in the

mPFC or extracellular matrix in the ACC may be key to the

treatment of pain-depression comorbidity. Overall, this study

further highlights the role of the sexually dimorphic brain

in neuropsychiatric disorders by examining differences at the

neuromorphological and molecular levels. Accordingly, more

research studies may be needed to focus on gender differences

and its dependent factors, such as sex hormones and genetics, in

the pathogenesis and management of pain or its comorbidities.

Li, Bai et al. investigated parvalbumin neurons in the in zona

incerta that acts as an endogenous negative modulatory center.

Up to date, studies have demonstrated that pain, itch, and

depression are intricately entangled at anatomical, circuit and

molecular levels (Caccavale et al., 2016; Malfliet et al., 2017;

Koch et al., 2018; Belinskaia et al., 2019; Roberts et al., 2019;

Mihailescu-Marin et al., 2020; Najafi et al., 2021). Therefore,

it is very critical to discover the same core pathogenic factors,

such as sensory center, among these three symptoms for the

future studies.

Study of pain sensitivity

Currently, neuroimaging and neural regulation techniques

are widely used in pain study. These techniques may include

functional magnetic resonance imaging (fMRI), diffusion

tensor imaging (DTI), functional near-infrared spectroscopy

(fNIRS), repetitive transcranial magnetic stimulation (rTMS),

and transcranial direct current stimulation (tDCS). In this

present thematic topic, the pain sensitivity assessed with these

techniques seems to be an intriguing point. Zou et al. found

that the multi-features (regional homogeneity and connectivity

metrics) of multimodal MRI (fMRI and DTI) shows more

accurately predictive in anticipating the pain sensitivity. In

another study of comparing the effects of three rTMS paradigms

on different sensory fibers (Aβ, Aδ, and C fibers) assessed with

the fNIRS, Li, Zhang et al. revealed that prolonged continuous

theta-burst stimulation can modulate sensitivity on Aβ fibers

and affect the activation of dorsolateral prefrontal cortex,

frontopolar cortex and other brain regions. Li, Lin et al. directly

explored how single session of high-definition tDCS (HD-

tDCS) over the primary motor cortex (M1) affects experimental

pain sensitivity among healthy participants. Results showed

that only anodal HD-tDCS significantly increased cold pain

threshold. Interestingly, the effectiveness of anodal HD-tDCS

in attenuating pain intensity ratings to suprathreshold pain

was dependent upon the level of attentional bias to negative

information. It highlights those individual differences in pain-

related cognition should be taken into consideration in the

clinical applications of tDCS for pain relief.

Disease-specific pain

The neural mechanisms and interventions of specific

pain have always been concerned by researchers. Wei, Yang

et al. conducted in-depth exploration on migraine without

aura (MwoA) and used ML model to study the efficacy of

non-steroidal anti-inflammatory drugs (NSAIDs). Their team

showed us two high-quality studies on this topic. In Wei,

Yang et al., dysfunctional connections within seven networks

were observed, including default mode network, executive

control network, salience network, sensorimotor network,

dorsal attention network, visual network, and auditory network.

The support vector machine (SVM) model using the clinical

characteristics and functional network connectivity (FNC)

abnormalities as features has also proved to be very helpful

in predicting efficacy of NSAIDs and improving the decision-

making of therapeutic strategy. In Wei, Xu et al., the abnormal

functional connectivity (FC) between amygdala and multiple

brain regions has been found, which helps to reveal the

neural network mechanism of MwoA. At the same time, the

multivariable logistic regression (MLR) and SVM models that

include disrupted FC patterns from amygdala-based FC analysis

and clinical characteristics also show high reliability in verifying

the efficacy of NSAIDs, which helps to solve the clinical efficacy

problem of MwoA. In other respects, de Souza Moura et al.

provided a new study protocol to explore the treatment of

head and neck cancer patients under chemoradiation therapy

condition with tDCS. The expected results from this proposed

study might shed lights on better understanding the neural

mechanism of tDCS intervention on the cancer patients.

Pain study in trend

Our topic also focuses on the latest trends in the field

of pain to promote research progress. Li, Shu et al. and Du

et al. conducted bibliometric analysis on the field of post stroke
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pain and diabetic peripheral neuropathic pain, respectively,

and provided an analytical method to visualize the trend and

frontiers of the above fields. Finally, Yang et al. summarized

the research progress of non-invasive brain stimulation (NIBS)

in the treatment of different central neuropathic pain (CNP)s

and described the effects on alleviating CNPs as well as the

underlying mechanisms. It is suggested that the future research

should gradually carry out large-scale multi center research to

verify the stability and reliability of the analgesic effect induced

by NIBS.

To sum up, this paper on the topic “Neural Networks

and Regulatory Mechanisms Associated with Pain” expands the

mechanistic theories, biomarkers and targeted drugs at the

neural network and molecular levels in the field of pain.
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Machine learning (ML) has been largely applied for predicting migraine classification.
However, the prediction of efficacy of non-steroidal anti-inflammatory drugs (NSAIDs) in
migraine is still in the early stages. This study aims to evaluate whether the combination
of machine learning and amygdala-related functional features could help predict the
efficacy of NSAIDs in patients with migraine without aura (MwoA). A total of 70 MwoA
patients were enrolled for the study, including patients with an effective response
to NSAIDs (M-eNSAIDs, n = 35) and MwoA patients with ineffective response to
NSAIDs (M-ieNSAIDs, n = 35). Furthermore, 33 healthy controls (HCs) were matched
for age, sex, and education level. The study participants were subjected to resting-
state functional magnetic resonance imaging (fMRI) scanning. Disrupted functional
connectivity (FC) patterns from amygdala-based FC analysis and clinical characteristics
were considered features that could promote classification through multivariable logistic
regression (MLR) and support vector machine (SVM) for predicting the efficacy of
NSAIDs. Further, receiver operating characteristic (ROC) curves were drawn to evaluate
the predictive ability of the models. The M-eNSAIDs group exhibited enhanced FC
with ipsilateral calcarine sulcus (CAL), superior parietal gyrus (SPG), paracentral lobule
(PCL), and contralateral superior frontal gyrus (SFG) in the left amygdala. However,
the M-eNSAIDs group showed decreased FC with ipsilateral caudate nucleus (CAU),
compared to the M-ieNSAIDs group. Moreover, the M-eNSAIDs group showed higher
FC with left pre-central gyrus (PreCG) and post-central gyrus (PoCG) compared to HCs.
In contrast, the M-ieNSAIDs group showed lower FC with the left anterior cingulate
cortex (ACC) and right SFG. Furthermore, the MwoA patients showed increased
FC with the left middle frontal gyrus (MFG) in the right amygdala compared to
HCs. The disrupted left amygdala-related FC patterns exhibited significant correlations
with migraine characteristics in the M-ieNSAIDs group. The MLR and SVM models
discriminated clinical efficacy of NSAIDs with an area under the curve (AUC) of 0.891 and
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0.896, sensitivity of 0.971 and 0.833, and specificity of 0.629 and 0.875, respectively.
These findings suggest that the efficacy of NSAIDs in migraine could be predicted using
ML algorithm. Furthermore, this study highlights the role of amygdala-related neural
function in revealing underlying migraine-related neuroimaging mechanisms.

Keywords: migraine, amygdala, functional connectivity, machine learning, non-steroidal anti-inflammatory drugs

INTRODUCTION

Migraine is the leading cause of disability among young women.
Moreover, it is the second leading cause of disability worldwide
affecting over 15% of the population (GBD 2015 Disease and
Injury Incidence and Prevalence Collaborators, 2016). It is
a common prevalent neurological disorder characterized by
recurrent moderate to severe headaches and is aggravated
by physical activity. Non-steroidal anti-inflammatory drugs
(NSAIDs), sedatives and opioids, are often used for the
management of migraine (Tfelt-Hansen, 2021). In particular,
NSAIDs are considered first-line drugs for the treatment of
migraine attacks (Ashina, 2020). Nonetheless, NSAIDs have
unsatisfactory therapeutic outcomes in a considerable percentage
of the patients due to inter-individual variability (Biglione et al.,
2020). Moreover, it has been shown that migraineurs who tend to
overuse NSAIDs suffer from treatment-resistant headaches and
cognitive decline more frequently (Cai et al., 2019). In addition,
it was shown in an observational study that migraine patients
with or without medication overuse had an increased risk of
developing depression. Moreover, migraineurs with medication-
overuse had a higher prevalence of depression (Mose et al., 2018).
Of note, NSAIDs-induced addiction, cognitive dysfunction and
psychiatric disorders are suggestive of central nervous system
(CNS) abnormalities in migraine progression, which may lead
to unsatisfactory results with the migraine-specific treatments.
Furthermore, there is a need to have further understanding of
inter-individual variability affecting the response to NSAIDs to
allow optimization of therapy.

Endogenous bioactive lipids are critical mediators in
hyperalgesia (Patel and Dickenson, 2021). The inhibition of the
cyclooxygenase (COX) enzymes and subsequently the synthesis
of prostaglandins are the mechanism of action of NSAIDs
to tackle the most common forms of hyperalgesia. The COX
metabolic hubs are involved in the ascending and descending
pathways that modulate nociceptive signaling, including the
paraventricular nucleus, prefrontal cortex, amygdala, thalamus,
and periaqueductal gray (Buisseret et al., 2019). Due to the
complex pathophysiology of migraine, it is described as a
disabling neurolimbic pain disorder (Tolner et al., 2019). The
amygdala, a core region of the neurolimbic system, plays a
crucial role in regulating the top-down nociceptive pathway
(Maizels et al., 2012; Minen et al., 2016). On the one hand,
seed-based whole-brain functional connectivity (FC) and
Granger causality analyses revealed that migraine sufferers
exhibit aberrant connectivity between the amygdala and the
higher cortex (Wei et al., 2020b; Huang et al., 2021). On the
other hand, some studies suggested recurrent nociceptive input
could affect the anatomical pattern of the amygdala, and these

changes may explain the functional abnormalities in migraine
patients (Jia and Yu, 2017). Besides, the amygdala is implicated in
analgesic response to NSAIDs. Furthermore, the analgesic effects
of NSAIDs are mediated via the descending pain inhibitory
pathways (Hodkinson et al., 2015). Studies have shown that
antinociceptive tolerance to NSAIDs is associated with disrupted
amygdala-related FC patterns. However, studies on amygdala-
related functional changes for predicting efficacy to NSAIDs in
migraine have not been conducted. Multivariable analysis was
used to detect group differences. However, neuroimaging-based
predictions are required to identify differences at the individual
level. Machine learning (ML) provides a complementary strategy
to guide individual-level prediction by integrating neuroimaging
and clinical features. Although several recent studies used
ML methods to investigate migraine-related features, such
as classification, frequency, and the efficacy of acupuncture
(Chong et al., 2017; Mu et al., 2020; Yin et al., 2020), only
a few studies used ML algorithms to predict the efficacy of
NSAIDs in migraine.

In this study, the bilateral amygdalae were selected as
the seed regions for FC analysis. The study only included
patients with migraine without aura (MwoA), the most common
subtype, to reduce potential interference due to heterogeneity.
We hypothesized that the amygdala-related abnormalities could
guide in predicting the efficacy of NSAIDs in MwoA patients.
Herein, we established a conventional multivariable logistic
regression (MLR) and support vector machine (SVM) models,
to predict the efficacy of NSAIDs. These models could help
clinicians optimize therapeutic effectiveness of medications used
to manage migraine at the individual level.

MATERIALS AND METHODS

Participants
A total of 73 patients diagnosed with episodic MwoA were
recruited. A diagnosis of migraine was based on the International
Classification of Headache Disorders, 3rd edition (ICHD-
3) (Headache Classification Committee of the International
Headache Society (IHS), 2013). To reduce potential physiological
and pharmacological effects, the inclusion criteria were (1)
MwoA patients not taking medications for at least 1 month
before enrollment; (2) migraineurs who were headache-free for
at least 3 days before and after the scanning. In addition, 33
healthy subjects (all right-handed) matched for age, sex, and
education level were recruited as healthy controls (HCs). The
exclusion criteria were: (1) comorbidities with other forms of
headache; (2) history of psychiatric diseases or severe brain
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injury; (3) history of drug use disorders; (4) pregnant women, and
(5) any contraindication to magnetic resonance imaging (MRI)
examination. Each patient was required to keep a headache diary
and complete a semi-structured questionnaire on demographic
variables, clinical data, headache profile and past medical history.
The study protocol was reviewed and approved by the ethics
committee and review boards of the Affiliated Jiangning Hospital
of Nanjing Medicine University. All study participants signed a
written informed consent.

Clinical Characteristics
All migraineurs underwent cognitive impairment screening
using Montreal Cognitive Assessment (MoCA) to evaluate the
cognitive condition. All the participants had MoCA scores
of above twenty-five. In addition, the severity and impact
of headaches were assessed using the Visual Analogue Scale
(VAS) and the Headache Impact Test six-item scale (HIT-
6). Furthermore, headache-related disability was quantified
using the migraine disability assessment (MIDAS). The MwoA
patients were instructed to record pain intensity before and
2 h after taking the medicine. Complete, partial, minimal, and
no responses were classified as >75, 50–75, 25–50, and <25%
reduction in pain intensity, respectively. Response to NSAIDs
was defined as a 50% or greater reduction in VAS scores between
the pre-treatment level and 2 h after taking medication.

Imaging Data Acquisition
Imaging data were obtained using a 3.0 T MRI scanner (Ingenia)
with an eight-channel head coil. The foam padding and earplugs
were used to reduce head motion and scanner noise. Structural
images were acquired with a three-dimensional turbo fast
echo T1-weighted imaging sequence as follows: repetition time
(TR)/echo time (TE) = 8.1/3.7 ms; slices = 170; thickness = 1 mm;
flip angle (FA) = 8◦; acquisition matrix = 256 × 256; field of
view (FOV) = 256 mm × 256 mm. Functional images were
obtained axially as follows: TR = 2000 ms; TE = 30 ms; slices = 36;
thickness = 4 mm; FOV = 240 mm × 240 mm; acquisition
matrix = 64 × 64; and FA = 90◦. All participants were required
to stay awake without thinking anything.

Data Analyses
Data analyses were preprocessed using the resting-state
functional MRI (Rs-fMRI) Data Analysis Toolkit plus
(RESTplus1). The first 10 volumes were discarded to minimize
the effect of signal instability. Slice-timing with the middle slice
as reference and realignment for head motion correction were
performed. Participants with head motion > 2.0 mm translation
or a 2.0◦ rotation in any direction were excluded. Then, the data
were spatial normalized to the Montreal Neurological Institute
template (resampling voxel size =◦3 mm3

× 3 mm3
× 3 mm3).

Six head motion parameters and mean time series of white
matter (WM) and cerebrospinal fluid (CSF) were included
in the regression analysis to eliminate possible effects on the
results. Subsequently, detrended, filtered (0.01–0.08 Hz), and
smoothed with an isotropic Gaussian kernel [full width at

1http://restfmri.net/forum/

half maximum (FWHM) = 6 mm] were implemented. The
WFU_PickAtlas software was used to extract the seed regions of
interest (ROIs) of the bilateral amygdalae. The mean time series
of each amygdala was computed as a reference time course. After
that, Pearson correlation coefficients were calculated between the
mean signal change of each ROI and the voxels. Finally, Fisher’s
z-transformation was applied to improve the normality of the
correlation coefficients.

Structural Analysis
Structural images were processed based on the voxel-based
morphometry (VBM8) toolbox.2 Briefly, cerebral tissues were
segmented into gray matter (GM), WM, and CSF using the
unified segmentation model. GM and WM volumes were
calculated by estimating these segments. The brain parenchyma
volume was defined as the sum of GM and WM. Subsequently,
the GM and WM images were smoothed using a 10-mm FWHM
Gaussian kernel. Statistical analysis of the whole-brain GM was
performed at the voxel level with family-wise error (FWE)
correction for multiple comparisons (p < 0.05) or an uncorrected
threshold (p < 0.001, cluster size > 100), with age, sex, and
education as covariates of no interest.

Construction of the Multivariable
Logistic Regression and Support Vector
Machine Models
Univariable regression analysis was performed using the
demographics, clinical characteristics and abnormal FC patterns.
Only variables with p < 0.05 in the univariate analysis were
included in the MLR model to identify independent risk factors
affecting NSAIDs efficacy. Additionally, the migraineurs were
randomly assigned to the training group (80%) and testing
group (20%). The SVM model was constructed based on the
demographic variables, clinical features and abnormal amygdala-
related FC patterns between the two migraine subgroups through
a five-fold cross-validation strategy on the training group.
Further, the training group was randomly divided into five equal
sized subgroups. Four of these subgroups were used as an intra-
training set, whereas, the remaining subgroup was used as an
intra-validation set. In each run, four subgroups were used to
develop the classifier while the remaining subgroup was used to
verify accuracy of the classifier. Subsequently, the SVM model
was tested using the testing group. Finally, the receiver operating
characteristic (ROC) curves and values of sensitivity, specificity,
and area under the curve (AUC) values were obtained.

Statistical Analysis
The SPSS software (version 25.0) was used for statistical analyses.
Differences in the demographic and clinical characteristics were
analyzed using a one-way analysis of variance (ANOVA) or a
two-sample t-test for normally distributed data. In addition,
the Kruskal-Wallis test or Mann-Whitney U-test were used to
determine differences in non-normally distributed data. The Chi-
square test was used to determine differences in categorical

2http://dbm.neuro.uni-jena.de/vbm
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variables. Significant voxel time courses (FWE correction for
multiple comparisons, p < 0.05) were considered to determine
the functional connection of the amygdala-related FC patterns.
Age, sex, and education were considered as nuisance covariate.
Furthermore, the Pearson correlation was used to analyze
the correlation between the amygdala-related dysfunctional
connectivity across the three groups and the corresponding
clinical characteristics of each migraine subgroups. A p-value of
less than 0.05 was considered statistically significant.

RESULTS

Demographics and Clinical
Characteristics
Three patients were excluded from the study due to excessive
head movement. Therefore, the final cohort included 35
MwoA patients who were effectively managed with NSAIDs
(M-eNSAIDs), 35 MwoA patients with ineffective response
to NSAIDs (M-ieNSAIDs), and 33 healthy participants.
The demographics and clinical characteristics of the study
participants are shown in Table 1. There were no significant
differences in demographic and clinical characteristics observed
across the groups (p > 0.05).

Voxel Based Morphometry Results
There were no significant differences in total brain volume,
including the GM volume, WM volume, and parenchyma volume
among the three groups (Table 1). Moreover, structural analysis
of the GM did not reveal any significant brain region, at a liberal
threshold of p < 0.001 (uncorrected) or a stringent level of
p < 0.05 (FWE correction).

Functional Connectivity Between
Effective Response to Non-steroidal
Anti-inflammatory Drugs and Ineffective
Response to Non-steroidal
Anti-inflammatory Drugs
The brain regions with increased FC of the left amygdala
mainly located in the right superior frontal gyrus (SFG), left
calcarine sulcus (CAL), left superior parietal gyrus (SPG) and
paracentral lobule (PCL), and these with decreased FC located
in the ipsilateral caudate nucleus (CAU) in the M-eNSAIDs
patients compared to the M-ieNSAIDs patients. However, the
right amygdala did not observe any disruption in FC between the
two migraine subgroups (Figure 1 and Table 2).

Functional Connectivity Between
Effective Response to Non-steroidal
Anti-inflammatory Drugs and Healthy
Controls
The brain regions with increased FC of the left amygdala
primarily included the left precentral gyrus (PreCG) and post-
central gyrus (PoCG), and with increased FC of the right
amygdala included the left middle frontal gyrus (MFG) in

the M-eNSAIDs patents, compared to the HCs (Figure 1 and
Table 2).

Functional Connectivity Between
Ineffective Response to Non-steroidal
Anti-inflammatory Drugs and Healthy
Controls
The study found decreased FC of the left amygdala with the right
SFG and left anterior cingulate cortex (ACC), as well as increased
FC of the right amygdala with the left MFG in the M-ieNSAIDs
patients, compared to the HCs (Figure 1 and Table 2).

Functional Connectivity Between
Migraine Without Aura Patients and
Healthy Controls
The study found increased FC of the left amygdala with the right
middle occipital gyrus (MOG) (x = 36, y = −96, z = 6; cluster
size = 77; t = 4.3239), as well as increased FC of the right amygdala
with the right MOG (x = 39, y = −93, z = 6; cluster size = 60;
t = 3.7749), left IFG (x = −48, y = 45, z = 0; cluster size = 71;
t = 3.4334) and left MFG (x = −51, y = 30, z = 33; cluster size = 61;
t = 3.9930) in the MwoA group, compared to the HCs.

Correlation Analysis
Significant correlations were observed between the FC of the left
amygdala-CAL and MIDAS scores (r = −0.371, p = 0.037) and
FC of the amygdala-CAU and VAS scores (r = 0.438, p = 0.012)
in the M-ieNSAIDs group (Figure 2). In contrast, there was no
significant correlation between the FC of the right amygdala and
the clinical characteristics.

Multivariable Logistic Regression and
Support Vector Machine Models
The MLR analysis showed that abnormal FC patterns in the
left amygdala with ipsilateral CAL and CAU were independent
risk factors affecting the efficacy of NSAIDs (Table 3). The
MLR and SVM models discriminated clinical efficacy of NSAIDs
with an area under the curve (AUC) of 0.891 and 0.896,
sensitivity of 0.971 and 0.833, and specificity of 0.629 and 0.875,
respectively (Figure 3).

DISCUSSION

To the best of our knowledge, this was the first study
conducted to predict the clinical efficacy of NSAIDs in MwoA
patients. The study evaluated abnormal amygdala-related FC
patterns between M-eNSAIDs and M-ieNSAIDs groups using
the SVM classifier. The study revealed that the SVM classifier
demonstrated predictive ability with an accuracy of more
than 89%, treating abnormal amygdala-related FC patterns and
clinical characteristics as features of interest. The present study
demonstrated that the amygdala showed stronger FCs with
some higher cognitive regions, including the limbic system,
visual cortex and prefrontal cortex in MwoA patients compared
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TABLE 1 | The clinical characteristics of the subjects.

M-eNSAIDs M-ieNSAIDs HCs F/t/χ2 P-value

Age (years) 33.91 ± 10.75 35.69 ± 11.47 36.30 ± 10.38 0.445 0.642

Sex (male/female) 3/32 4/31 2/31 0.669 0.907

Education (years) 13.54 ± 2.81 13.11 ± 3.08 12.39 ± 4.06 1.020 0.364

Disease duration (years) 7.94 ± 6.15 11.60 ± 10.08 / −1.832 0.071

Frequency (times/month) 4.77 ± 3.15 5.23 ± 5.76 / −0.412 0.682

Attack duration (hours) 17.31 ± 13.81 17.03 ± 15.05 / 0.083 0.934

VAS score 6.40 ± 1.54 5.97 ± 1.65 / 1.123 0.265

MIDAS score 38.97 ± 32.26 37.29 ± 31.78 / 0.220 0.826

HIT-6 score 57.57 ± 8.86 60.34 ± 9.41 / −1.269 0.209

Gray matter (mm3) 613.88 ± 57.32 605.51 ± 47.31 595.21 ± 47.08 1.147 0.322

White matter (mm3) 516.05 ± 42.63 500.82 ± 54.28 502.22 ± 45.26 1.083 0.343

Parenchyma (mm3) 1129.93 ± 87.57 1106.33 ± 91.70 1097.43 ± 82.43 1.267 0.286

HCs, healthy controls; HIT, headache impact test; M-eNSAIDs, migraine without aura with effective NSAIDs; M-ieNSAIDs, migraine without aura with ineffective NSAIDs;
MIDAS, migraine disability assessment scale; NSAIDs, non-steroidal anti-inflammatory drugs; VAS, visual analogue scale.

FIGURE 1 | Abnormal functional connectivity of the left amygdala among the three groups. ACC, anterior cingulate cortex; CAL, calcarine sulcus; CAU, caudate
nucleus; FC, functional connectivity; HCs, healthy controls; M-eNSAIDs, migraine without aura with effective NSAIDs; M-ieNSAIDs, migraine without aura with
ineffective NSAIDs; MFG, middle frontal gyrus; NSAIDs, non-steroidal anti-inflammatory drugs; PCL, paracentral lobule; PoCG, post-central gyrus; PreCG, precentral
gyrus; SFG, superior frontal gyrus; SPG, superior parietal gyrus; L, left; R, right.

to the HCs, consistent with previous studies (Wei et al.,
2020b; Huang et al., 2021). The higher cognitive regions are
involved in the top-down pain control circuit. Therefore, a
disrupted circuit may lead to enhanced pain sensitivity. The
right lateralization of the amygdala plays a dominant role
in the modulation of pain processing and negative emotions
(Jiang et al., 2014). In animal models, increased activation
of the right amygdala induced by the extracellular signal-
regulated kinase triggers hypersensitivity (Carrasquillo and
Gereau, 2008). Moreover, blocking the activation of the right
amygdala significantly decreases mechanical hypersensitivity (Ji
and Neugebauer, 2009). These results suggest that the lateralized
activation of the right amygdala mediates the generation and
maintenance of pain. In the present study, there was increased

left lateralization of the amygdala-related FC in the M-eNSAIDs
group compared to the M-ieNSAIDs group. These results
suggest that the neural function of the left amygdala plays an
important role in determining the effectiveness of NSAIDs. In
addition, the findings provide novel insights into the underlying
neurophysiological mechanisms in migraine.

Compared to the M-ieNSAIDs group, these findings indicated
a significant increase of FC pattern between the left amygdala
and ipsilateral CAL in the M-eNSAIDs group. During the
interictal and ictal periods, MwoA patients could develop visual,
auditory and olfactory hypersensitivity. Photophobia is the most
prevalent symptom. Then hyperexcitability of the visual cortex is
considered the neural basis of hypersensitivity to light (Mulleners
et al., 2001). Generally, the CAL is considered the core region of
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TABLE 2 | The regions with changed functional connectivity of amygdala among
the three groups.

Brain
regions

MNI coordinates
x, y, z

Cluster
size

T value

L_Amygdala

M-eNSAIDs vs. M-ieNSAIDs L_CAL −6, −96, 12 43 3.753

L_CAU −6, 15, 9 23 −3.924

L_SPG −18, −60, 66 37 3.648

L_PCL −6, −36, 72 21 3.242

R_SFG 21, 42, −18 23 3.712

M-eNSAIDs vs. HCs L_PreCG −30, −18, 51 28 3.801

L_PoCG −27, −30, 72 23 3.849

M-ieNSAIDs vs. HCs R_SFG 21, 42, −15 23 −3.647

L_ACC −6, 42, 3 20 −3.759

R_Amygdala

M-eNSAIDs vs. HCs L_MFG −54, 30, 27 29 3.525

M-ieNSAIDs vs. HCs L_MFG −42, 48, −3 20 3.238

ACC, anterior cingulate cortex; CAL, calcarine sulcus; CAU, caudate nucleus; FC,
functional connectivity; HCs, healthy controls; M-eNSAIDs, migraine without aura
with effective NSAIDs; M-ieNSAIDs, migraine without aura with ineffective NSAIDs;
MFG, middle frontal gyrus; NSAIDs, non-steroidal anti-inflammatory drugs; PCL,
paracentral lobule; PoCG, post-central gyrus; PreCG, pre-central gyrus; SFG,
superior frontal gyrus; SPG, superior parietal gyrus; L, left; R, right.

the primary visual cortex and is critical in the trigeminovascular
pathway, which is essential for the underlying neuromechanism
of migraine. Considering the complex functional connection of
the dorsal and ventral visual pathways, the CAL may integrate
multi-sensory information. Several previous studies revealed
functional changes in the visual cortex in migraine patients,
which are thought to modulate nociceptive perception (Wei et al.,
2019, 2021). In this study, increased amygdala-CAL FC had
a negative correlation with the MIDAS scores in M-ieNSAIDs
patients. In addition, the MLR model showed amygdala-visual
FCs which were shown to positively affect the efficacy of NSAIDs.
These findings suggest that amygdala-visual dysfunctional
patterns could affect the response to NSAIDs in migraine.

Furthermore, decreased interaction between the left amygdala
and ipsilateral striatum region mainly located in CAU was
observed in the M-eNSAIDs group. The putamen together
with CAU forms the dorsal striatum. Functional neuroimaging
studies (Chong et al., 2019) showed that central nervous system
mechanisms are critical in understanding the pathophysiology
of migraine and indicated the addictive behavior in the brain
reward system, including the periaqueductal gray, limbic system
and striatum. As a critical region in the reward circuit, the
CAU is involved in regulating the transmission of nociceptive
inputs to the limbic system from the brainstem. Therefore,
abnormal FC patterns in these areas could directly affect the
processing of nociceptive information in the reward circuit.
Moreover, a previous study employing arterial spin labeling
(ASL) (Hodkinson et al., 2015) revealed that hyperactivation
of the limbic and striatum regions is involved in the neuro-
regulatory mechanism of post-operative analgesia with NSAIDs.
Similarly, the current study showed that a dysfunctional
amygdala-CAU was an independent risk factor for ineffective
treatment response in migraineurs. Moreover, it showed a
significant positive correlation with pain severity. This suggests
that severe headaches could promote the complexity of migraine
treatment and reduce efficacy to NSAIDs. Consequently,
ineffective treatment outcomes could increase the risk of
using higher drug doses, which may cause medication-overuse
headaches. Excessive use of analgesics is associated with
some adverse events, such as hepatotoxicity, nephrotoxicity or
abnormal striatal function (Fumal et al., 2006). These phenomena
influence each other and perpetuate a vicious cycle. In this
study, the M-eNSAIDs group showed significantly enhanced
FC between the left amygdala and SPG and PCL compared to
the M-ieNSAIDs group. The brain regions are located in the
trigeminovascular pathway and are involved in the modulation of
pain (Russo et al., 2018). Furthermore, MwoA patients receiving
acupuncture treatment demonstrated significantly lower FC
patterns between the bilateral amygdalae and pain-related regions

FIGURE 2 | The abnormal functional connectivity patterns of the left amygdala showed significant correlations with migraine characteristics in M-ieNSAIDs (A,B).
CAL, calcarine sulcus; CAU, caudate nucleus; M-eNSAIDs, migraine without aura with effective NSAIDs; M-ieNSAIDs, migraine without aura with ineffective NSAIDs;
MIDAS, migraine disability assessment scale; NSAIDs, non-steroidal anti-inflammatory drugs; PoCG, post-central gyrus; PreCG, pre-central gyrus; VAS, visual
analogue scale; L, left.
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TABLE 3 | Univariable and multivariable logistic regression models.

B SE Wald Unadjusted Adjusted

P OR (95% CI) P OR (95% CI)

L_Amygdala–L_CAL 0.680 0.202 11.344 0.001 1.973 (1.329–2.930) 0.012 1.811 (1.139–2.880)

L_Amygdala–L_CAU −0.656 0.180 13.314 0.000 0.519 (0.365–0.738) 0.002 0.521 (0.347–0.783)

L_Amygdala–R_SFG 0.425 0.136 9.848 0.002 1.530 (1.173–1.996) / /

L_Amygdala–L_PCL 0.500 0.159 9.840 0.002 1.649 (1.206–2.253) / /

L_Amygdala–L_SPG 0.585 0.176 11.070 0.001 1.796 (1.272–2.535) / /

OR, odds ratio; SE, standard deviation. ACC, anterior cingulate cortex; CAL, calcarine sulcus; CAU, caudate nucleus; CI, confidence interval; PCL, paracentral lobule;
SFG, superior frontal gyrus; SPG, superior parietal gyrus; L, left; R, right.

FIGURE 3 | The ROC curves of MLG and SVM models (A). The ROC curve of MLG model based on the anxiety scores and abnormal functional connectivity of the
left amygdala with ipsilateral calcarine sulcus and caudate nucleus. The values of AUC, sensitivity and specificity of MLG and SVM were 0.891, 0.971, 0.629 and
0.896, 0.833, 0.875, respectively (B). AUC, area under the curve; MLG, multivariable logistic regression; ROC, receiver operating characteristic; SEN, sensitivity;
SPE, specificity; SVM, support vector machine.

(Russo et al., 2018), suggesting that inhibition of functional
activity of amygdala-related brain networks could reduce neural
hypersensitivity leading to analgesia. Therefore, disruption of
amygdala-related FC could be used to develop an effective
prediction model for individualizing treatment in MwoA and
considered as a potential indicator for developing therapeutic
strategies and reduce the side effects.

This study indicated some disrupted brain regions primarily
in the executive control network (ECN), salient network (SN),
and sensorimotor network (SMN) between migraineurs and HCs.
Functional studies have demonstrated coordinated activation of
several brain areas in response to somatic and visceral stimuli,
including the thalamus, anterior cingulate cortex (ACC), insular
cortex, sensory cortices, prefrontal cortex (PFC), basal ganglia,
and limbic system (Maizels et al., 2012). This network of brain
regions involved in both sensory-discriminative and emotional-
affective aspects of pain is termed the “neurolimbic pain matrix.”
This study demonstrated increased amygdala-functional changes
during the resting state with left SFG and MFG in migraineurs.
Previous studies showed GABAergic monosynaptic projections
from the amygdala to PFC, which could contribute to the
affective-motivational aspect of neuropathic pain (Seno et al.,
2018; Gadotti et al., 2019). Furthermore, the studies showed
amygdala-PFC–periaqueductal gray (PAG)–spinal cord (SC)
pathway critical for pain hypersensitivity (Huang et al., 2019).

For example, optogenetic and pharmacological studies exhibited
that functional activation of the amygdala to PFC inputs was
related to loss of descending inhibitory modulation of pain
signals (Zhang et al., 2015; Huang et al., 2019; Coppieters et al.,
2021). Inhibitory deficit results provide evidence supporting that
enhanced input from the amygdala to PFC was a well-received
underlying mechanism for the generation and maintenance of
neuropathic pain (Cheriyan and Sheets, 2020), consistent with
the findings of this study.

The PFC is crucial for executive functioning and pain
processing, based on the GABAegic pathway and its
dysfunctional connections within the PFC-limbic-PAG circuit
(Ong et al., 2019). In line with the susceptibility and negative
feedback regulation to stress-related response via hypothalamic-
pituitary-adrenal (HPA) axis, amygdala activation, and PFC
deactivation potentially disrupt the descending pain-inhibitory
pathway causing nociceptive experience (Ji and Neugebauer,
2011; Cheriyan and Sheets, 2018). Hodkinson et al. (2015)
reported increased cerebral blood flow (CBF) in the midbrain,
amygdala and hippocampus, and decreased CBF in the insula,
primary sensory cortex and PFC following treatment with
analgesics. These differences may be attributed to ongoing
pain after surgery. Furthermore, decreased amygdala-related
hyperconnectivity has been observed after pain rehabilitation
treatment, specifically between the left amygdala and right SFG

Frontiers in Molecular Neuroscience | www.frontiersin.org 7 February 2022 | Volume 15 | Article 81950714

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-15-819507 February 19, 2022 Time: 15:25 # 8

Wei et al. Predicting NSAIDs Efficacy in MwoA

and between the right amygdala and left MFG after acupuncture
(Simons et al., 2014; Luo et al., 2020). While the above mentioned
studies showed that suppressing the input from the amygdala
to PFC might modulate the top-down inhibitory circuit. In this
study, the M-ieNSAIDs group showed significantly decreased
amygdala-PFC and amygdala-ACC connectivity patterns than
the M-eNSAIDs group and HCs. The decreased amygdala-
related functional connections may lead to ineffective treatment
with NSAIDs in M-ieNSAIDs patients, implying other neural
pathways may underlie the nociceptive mechanism, including the
PFC and ACC. Of note, PFC and ACC are part of the mesolimbic
reward circuit modulated by a dopamine neurotransmitter
(DosSantos et al., 2017). Thus, decreased connectivity of the left
amygdala with PFC and ACC may depict impairment of the
reward circuit, which could explain for the ineffective response
to NSAIDs treatment.

This study also revealed significantly increased FC between
the left amygdala and ipsilateral PreCG and PoCG in the
M-eNSAIDs group. The SMN, including the PreCG and PoCG,
plays a major role in pain perception and the integration
of sensory information. Furthermore, abnormal connections
between the amygdala and SMN may partly explain the
hypersensitivity in migraineurs to endogenous changes and
exogenous stimuli. Besides, previous studies showed that the
dysfunction of SMN played an important role in encoding
nociceptive information. Moreover, amygdala-SMN connectivity
may predict pain-intensity modulation (Gandhi et al., 2020;
Wei et al., 2020a). Furthermore, fMRI and positron emission
tomography-computed tomography approaches (Qin et al.,
2008; Yang et al., 2012) demonstrated that acupuncture was
effective in reducing pain intensity by modulating the amygdala-
associated brain networks and deactivating the metabolism
of SMN. Additionally, cellular mechanisms with increased
neuronal excitability in the primary somatosensory cortex have
been shown to target these microcircuits via inhibiting the
SMN activity (Okada et al., 2021), consistent with this study.
Therefore, the increased connectivity between the amygdala
and SMN in M-eMwoA patients may represent impairment
of the inhibitory pathway. Furthermore, these findings may
provide insights for developing potential therapeutic targets.
Based on the findings of this study, we concluded that alteration
of amygdala-related FC patterns with the higher-level sensory
cortex and prefrontal cortex were important central pathological
features for distinguishing MwoA patients likely to have effective
response to NSAIDs from MwoA patients likely to have
ineffective response to NSAIDs. These results may help in
further elucidating the functional characteristics of migraine and
predicting individualized response to NSAIDs.

However, several shortcomings in this study need to be
revealed. First, this study was cross-sectional in design and
therefore could not reflect the causal relationship between
the efficacy of drugs and changes in brain function. In the
future, longitudinal studies are needed to verify the causal
mechanism. Second, only MwoA patients in the interictal period
were included. Therefore, future studies should include patients
with other migraine subtypes and in other phases. Third,
hormone levels and concomitant psychiatric diseases could

potentially exacerbate migraine, influence treatment response
and complicate migraine treatment (Yurt and Kaplan, 2018;
Radat, 2021). Therefore, future studies should investigate the
influence of the hormone profile and psychiatric disorders.
Moreover, this study had a small sample size, especially
male participants. Therefore, future studies should aim for
a large sample size to avoid overfitting. Furthermore, this
study did not consider the different distinct effects of each
substructure of the amygdala on function. As such, future studies
should focus on a more accurate analysis of the anatomical
substructures of the amygdala. Finally, the drug history was not
comprehensive enough to capture details such as drug dosages
or the types of drugs. Therefore, future studies should conduct a
comprehensive drug history.

In conclusion, our findings reveal that some amygdala-
related FC patterns potentially act as objectively measurable
neuroimaging indicators in NSAIDs treatment of MwoA
patients. Besides, a combination of the SVM classifier and
amygdala-related FC features may represent a valuable strategy
for predicting the efficacy of NSAIDs and improving clinical
decision-making.
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Pain and itch are intricately entangled at both circuitry and behavioral levels. Emerging
evidence indicates that parvalbumin (PV)-expressing neurons in zona incerta (ZI) are
critical for promoting nocifensive behaviors. However, the role of these neurons in
itch modulation remains elusive. Herein, by combining FOS immunostaining, fiber
photometry, and chemogenetic manipulation, we reveal that ZI PV neurons act as an
endogenous negative diencephalic modulator for itch processing. Morphological data
showed that both histamine and chloroquine stimuli induced FOS expression in ZI
PV neurons. The activation of these neurons was further supported by the increased
calcium signal upon scratching behavior evoked by acute itch. Behavioral data further
indicated that chemogenetic activation of these neurons reduced scratching behaviors
related to histaminergic and non-histaminergic acute itch. Similar neural activity and
modulatory role of ZI PV neurons were seen in mice with chronic itch induced by atopic
dermatitis. Together, our study provides direct evidence for the role of ZI PV neurons in
regulating itch, and identifies a potential target for the remedy of chronic itch.
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INTRODUCTION

Itch is an uncomfortable sensation that triggers the desire to scratch (Davidson and Giesler, 2010).
While acute itch protects our body from irritants by scratching, chronic itch, often associated
with dermatologic, neuropathic, psychogenic, and systemic disorders, leads to the vicious itch-
scratch cycle. Chronic itch, affecting nearly 15% of the population, is the most frequent cause of
visits to dermatologists and exerts a huge personal and economic burden (Greaves and Khalifa,
2004; Weisshaar and Matterne, 2016). Despite substantial antipruritics available in the clinic,
optimal therapeutic effect is hampered by our inadequate understanding of itch pathophysiology
(Tey and Yosipovitch, 2011).

It has long been appreciated that pain and itch are intricately entangled at both circuitry
and behavioral levels, and prior efforts have been made to distinguish itch circuitry from that
of pain at the level of primary afferents and spinal dorsal horn (SDH) (Dong and Dong, 2018;
Koch et al., 2018; Chen, 2021). Accumulating imaging data have indicated that the interwoven
network involved in itch processing, including primary sensory cortex (S1), limbic system, and
thalamus, mimics the “pain matrix” (Treede et al., 1999; Drzezga et al., 2001; Schweinhardt and
Bushnell, 2010; Papoiu et al., 2012). Emerging studies aiming at elucidating supraspinal itch
circuitry have also identified the role of the ventral tegmental area (Yuan et al., 2018; Su et al.,
2019), central amygdala (Sanders et al., 2019; Samineni et al., 2021), and periaqueductal gray (PAG)
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(Gao et al., 2019; Samineni et al., 2019) in itch modulation, all of
which are involved in pain regulation (Peters et al., 2021; Tan and
Kuner, 2021). Thus, brain mechanisms that signal itch and pain
appear remarkably similar.

As an inhibitory subthalamic nucleus, zona incerta (ZI)
integrates various sensory modalities and feeds them to a series
of downstream areas, including the thalamus, hypothalamus,
midbrain, and spinal cord, to modulate behavioral outputs and
convey motivational states (Mitrofanis, 2005; Wang et al., 2020b).
As yet, ZI has been demonstrated to regulate fear memory
(Zhou et al., 2018; Venkataraman et al., 2019), defensive behavior
(Chou et al., 2018; Wang et al., 2019), predatory hunting (Zhao
et al., 2019), anxiety (Li et al., 2021), and sleep (Liu et al.,
2017). Interestingly, ZI is also implicated in pain modulation.
Neuropathic pain is related with decreased GABAergic neuronal
activity in ZI, and pharmacological activation of ZI improves
neuropathic pain behaviors in rats (Masri et al., 2009; Petronilho
et al., 2012; Moon et al., 2016; Moon and Park, 2017). Considering
that ZI contains heterogeneous groups of cell with diverse
functions (Mitrofanis, 2005; Wang et al., 2020b). Wang et al.
(2020a) further investigated the role of parvalbumin (PV)-
expressing neurons, a neuronal subset mainly residing in the
ventral ZI (ZIv), in pain modulation, and observed that these
neurons promote nocifensive behaviors. Nevertheless, it still
remains unknown how ZI PV neurons encode and modify itch
processing. Given the similarity in brain circuitry for pain and
itch, we propose this neuronal subpopulation may participate in
itch modulation.

Herein, we used morphological and optical imaging
approaches, as well as chemogenetic manipulations to identify
neural dynamics and functional roles of ZI PV neurons during
itch processing in mice. The results showed that activation of
these neurons inhibited scratching behaviors in mouse models
of acute and chronic itch. Our results highlight novel cellular
mechanisms of a diencephalic area underlying itch signaling and
brain modulation of itch-related scratching behaviors.

MATERIALS AND METHODS

Experimental Animals
All mice used in this study were adult male with a pure C57BL/6J
background. C57BL/6J mice were provided by Experimental
Animal Center of the Fourth Military Medical University. PV-
IRES-Cre (Stock No: 008069) mice were acquired from the
Jackson Laboratory and crossed with wild-type C57BL/6J mice.
Mice aged 9–10 weeks were used for FOS immunostaining, while
those aged 7–8 weeks received virus injection for photometry
recordings and chemogenetic manipulations. All tests were
performed during the light phase. The experimenters were
blinded to the genotype and experimental conditions. All mice
were housed under a 12-h light/dark cycle at 22–25◦C with
ad libitum access to food and water under environmentally
controlled conditions. All procedures were approved by the
Institutional Animal Care and Use Committee of the Fourth
Military Medical University and conformed to the Guide for the

Care and Use of Laboratory Animals published by the National
Institutes of Health.

Itching Models
For pruritogen-induced acute itch, the mice were shaved on the
back of neck and received intradermal injection of histamine
(10 µg/µL, Cat#: H7125, Sigma), chloroquine (10 µg/µL, Cat#:
C6628, Sigma), or vehicle (saline) into the nape of neck with a
total volume of 10 µL. The scratching behaviors were recorded
with a digital camera for 30 min and the scratching bouts were
counted in a blind manner.

Tropical application of calcipotriol to mouse skin
recapitulated features of atopic dermatitis (AD) and was
adopted in the present study as the chronic itch model (Kim
et al., 2019). As previously reported (Kim et al., 2013), bilateral
ear skin were tropically treated with the calcipotriol scalp
solution (1.5 mg/30 mL, 30 µL per side, LEO Laboratories
Limited, Madison, NJ, United States) or vehicle (ethanol) for
three consecutive weeks. Scratching behaviors were video
recorded for 30 min after the final drug application to verify
successful establishment of the model.

Stereotaxic Surgery
Mice were anesthetized with isoflurane (4% for induction and
1.5% for maintenance) and then mounted in a stereotaxic frame
(RWD Life Science Inc., Shenzhen, China). The skull was exposed
with a small incision and holes were drilled. Injection into ZIv
was performed using a microinjection needle with a 10 µL
microsyringe (Shanghai Gaoge Industry and Trade Co., Ltd.,
Shanghai, China) to deliver the virus at a rate of 30 nL/min
using a microsyringe pump (Kd Scientific Inc., Holliston, MA.,
United States). The microsyringe had a glass pipette of 15–25 µm
in diameter at the tip to avoid excessive tissue injury. Following
injection, the needle was left in place for another 10 min before
retraction. According to the Paxinos and Franklin mouse brain
atlas (4th edition), the stereotaxic coordinates for virus injection
in ZIv were set as follows: anterior posterior (AP), −2.46; medial
lateral (ML), 1.50; and dorsal ventral (DV), −4.25 mm. For
fiber photometry, fiber implantation (230 µm OD, 0.5 NA,
Newdoon) was performed immediately after viral injection, and
the dental acrylic and skull-penetrating screws were used to
support the ceramic ferrule. The stereotaxic coordinates for
implantation in ZIv were as follows: AP, −2.46; ML, 1.50;
and DV,−4.23 mm.

For chemogenetic manipulation of ZI PV neurons, a
200 nL mixture of rAAV-EF1α-DIO-hM3D(Gq)-mCherry-
WPREs (titer: 2.36 × 1012 vg/mL; Cat#: PT-0042, BrainVTA,
China) or rAAV-EF1α-DIO-hM4D(Gi)-mCherry-WPREs (titer:
2.40 × 1012 vg/mL; Cat#: PT-0043, BrainVTA) was injected
bilaterally into the ZI in PV-Cre mice, with rAAV-hSyn-DIO-
EGFP-WPRE-hGHpA injected as the control. For recording
the activity of ZI PV neurons, 200-nL of rAAV-hSyn-DIO-
GCaMP6s-WPREs-pA (titer: 5.40 × 1012 vg/mL; Cat#: PT-0091,
BrainVTA) or rAAV-hSyn-DIO-EGFP-WPRE-hGHpA (titer:
2.31 × 1012 vg/mL; Cat#: PT-1103, BrainVTA) was injected into
the right ZI of PV-Cre mice.
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Chemogenetic Manipulations and
Behavioral Tests
The mice were allowed to recover for 3 weeks after chemogenetic
virus injection before behavioral experiments. The mice were
handled and acclimatized to the testing apparatus for at least
3 days prior to performing behavior tests. For acute itch stimuli,
the mice were firstly intraperitoneally injected with 80 µL
clozapine N-oxide (CNO, 0.75 mg/mL, dissolved in saline, Cat#:
4936, Tocris, Bristo, United Kingdom). 40 min later, the mice
received intradermal injection of histamine or chloroquine, and
then were immediately transferred back to the recording cages.
Then, the animals were videotaped for at least 30 min. The
number of scratching behavior was manually counted. After
behavioral tests, the mice were immediately perfused and those
with viral expression restricted in the ZI were chosen for
statistical analysis. FOS immunostaining was then performed to
validate the efficacy of chemogenetics.

For chronic itch stimuli, the establishment of AD model
was initiated immediately after viral injection. On the day of
behavioral experiments, the mice were treated with CNO, and
then placed in the recording cages where the recording started
40 min later and continued for 30 min. Other procedures were
the same as those described under the condition of acute itch.

Fiber Photometry
The mice were allowed to recover for 3 weeks after the stereotaxic
surgery. The mice were handled and acclimatized to the testing
apparatus for at least 3 days prior to experimentation. For
acute itch stimuli, the mice received histamine or chloroquine
injection and then were immediately transferred back to the
recording apparatus on the day of experimentation. For chronic
itch stimuli, the establishment of AD model was performed
immediately after viral injection. On the day of behavioral test,
the mice were placed in the recording apparatus. Fluorescence
signals produced by a 473 nm laser (OBIS 488LS; Coherent) was
reflected by a dichroic mirror (MD498; Thorlabs, Inc., Newton,
MA, United States), focused by a 0.3 NA x10 objective lens
(Olympus, Japan), and coupled to an optical commutator (Doris
Lenses, Canada). An optical fiber (230 µm OD, 0.5 NA) guided
the light between the implanted optical fiber and the commutator.
The laser power was adjusted to 0.01–0.02 mW at the tip of the
optical fiber for minimizing bleaching of the GCaMP6s probes.
The GCaMP6s fluorescence signals were bandpass filtered
(MF525-39, Thorlabs, Inc., Newton, MA, United States), and an
amplifier was used to convert the CMOS (DCC3240M, Thorlabs,
Inc., Newton, MA, United States) current output to a voltage
signal. The voltage signal was further filtered through a low-pass
filter (40 Hz cutoff, ThinkerTech). The analog voltage signals
were digitalized at 50 Hz and recorded by the multichannel fiber
photometry recording system (ThinkerTech). The fluorescence
signals were recorded continuously during scratching. After
behavioral tests, the mice were perfused. Viral injection and fiber
implantation were confirmed post doc, and animals with incorrect
locations were excluded from final analyses.

For data analysis, fluorescence change (1F/F) was represented
by (F-F0)/F0. F0 referred to the median of the fluorescence values

in the baseline period, while F referred to the fluorescence values
of each time point. The 1F/F values of mice in each group were
then averaged. To precisely analyze the change in fluorescence
values across the scratching train, the baseline period and the
post-scratching period were defined as −2 to −1 s relative to
the scratching onset and 0–3 s after the onset of scratching
behaviors, respectively. The areas under the curve (AUC) of
1F/F in each time window defined were also adopted to quantify
the change of fluorescence values induced by scratching. In
addition, permutation tests were performed for analyzing the
statistical significance of the event-related fluorescence change
(ERF) (Li et al., 2016). Permutation tests with 1000 permutations
were used to compare the fluorescence change at each time
point of events with the baseline ERF. A series of statistical
P-values at each time point were then generated and the statistical
results were superimposed on the average ERF curve with red
segments indicating statistically significant (P < 0.05) increase.
Non-significant changes were shown as black lines.

Immunofluorescent Staining
The mice were anesthetized with overdose of 2% pentobarbital
sodium, and perfused transcardially with 20 ml of 0.01 M
phosphate buffer saline (PBS, pH 7.4), followed by 100 ml 4%
paraformaldehyde (PFA) fixative solution in 0.1 M phosphate
buffer (PB, pH 7.4). After perfusion, their brains were removed,
placed in 30% sucrose solution for 24 h at 4◦C, and then
cut into coronal sections at 30 µm thickness with a cryostat
(Leica CM 1950, Leica Microsystems Inc., United States). The
sections containing ZI were used for immunostaining. Briefly,
the sections were incubated in 10% normal donkey serum (NDS)
for 40 min at room temperature (RT) to block non-specific
immunoreactivity, and then incubated with primary antibodies
at 4◦C overnight and secondary antibodies at RT for 4 h in
sequence. Finally, the sections were air-dried and cover-slipped
with a mixture of 0.1% (v/v) DAPI (Cat#: d9564, Sigma), 50%
(v/v) glycerol and 2.5% (w/v) triethylenediamine in 0.01 M PBS.
Photomicrographs for injection sites were taken using Olympus
VS200 microscope (10×), and confocal images were taken using
Olympus FV3000 microscope. Cell counting was carried out
manually in a blinded manner.

For examination of FOS expression in the ZI, C57BL/6J
mice received intradermal injection of histamine or chloroquine,
and then were placed into original rearing cages for 90 min
before being perfused. The AD model mice were acclimatized
in the rearing cages for 90 min and then sacrificed. The primary
antibodies used for double immunofluorescence staining of FOS
and PV were mouse anti-PV (1:200, Cat#: p3088, Sigma) and
rabbit anti-c-fos (1:500, Cat#: 226008, Synaptic systems). The
secondary antibodies were donkey anti-mouse IgG-Alexa 594
(1:500, Cat#: A21203, Invitrogen) and donkey anti-rabbit IgG-
Alexa 488 (1:500, Cat#: ab150073, Abcam). For the analysis
of FOS expression in different ZI subregions, 10 × confocal
images of the ZI area were taken, and the number of FOS-
immunoreactive (ir) neurons in the rostral ZI (ZIr), ZIv, the
dorsal ZI (ZId), and the caudal ZI (ZIc) was counted from
each mouse (three sections for each region per mouse) in
different groups. For the analysis of FOS expression in ZI PV

Frontiers in Molecular Neuroscience | www.frontiersin.org 3 March 2022 | Volume 15 | Article 84375420

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-15-843754 February 23, 2022 Time: 16:9 # 4

Li et al. Zona Incerta Neurons in Itch

neurons, 20 × confocal images were taken, and the number
of neurons expressing FOS or PV were counted from three
sections for each mouse.

For verifying the specificity of GCaMP6s expression in PV
neurons, PV immunostaining was performed in the ZI from
three sections randomly selected from each mouse (n = 3)
transduced with the Cre-dependent GCaMP6s protein. The
primary antibody and the second antibody were rabbit anti-PV
(1:200, Cat#: ab11427, Abcam) and donkey anti-rabbit IgG-Alexa
594 (1:500, Cat#: A21206, Invitrogen), respectively. 20× confocal
images were taken and the number of neurons expressing
GCaMP6s-mCherry or PV was counted.

To determine whether hM3Dq was selectively expressed in PV
neurons, PV immunostaining was performed in the ZI from three
sections randomly selected from each mouse (n = 3) transduced
with the Cre-dependent hM3Dq protein. The primary antibody
and the second antibody were rabbit anti-PV and donkey anti-
rabbit IgG-Alexa 488, respectively. 20 × confocal images were
taken and the number of neurons expressing hM3Dq-mCherry
or PV was counted.

For verifying the efficacy of chemogenetics, FOS
immunostaining was performed in the ZI from three sections
randomly selected from each mouse (n = 3) transduced with
the Cre-dependent hM3Dq-mCherry or mCherry alone. The
primary antibodies used was rabbit anti-c-fos, and the secondary
antibody was donkey anti-rabbit IgG-Alexa 488. 20× confocal
images were taken and the number of neurons expressing
hM3Dq-mCherry or FOS was counted.

Statistical Analysis
All data were expressed as the mean ± SEM. Statistical tests
were performed using GraphPad Prism 7 and MATLAB
2018b (MathWorks). The normality test were performed
using Kolmogorov–Smirnov test. For the analysis of
immunofluorescent and behavioral data, one-way ANOVA
with a post hoc least significant difference (LSD) test, Kruskal–
Wallis test and Nemenyi multiple comparisons tests, or an
unpaired t-test was used. For fiber photometry data, repeated
measure ANOVA was firstly performed. If significant main
effects were found, a simple effect analysis was performed.
P < 0.05 was considered statistically significant.

RESULTS

Increased FOS Expression in the Ventral
ZI Neurons Under the Condition of Acute
and Chronic Itch Stimuli
FOS is widely utilized as a biomarker of neuronal activation
upon external sensory stimuli (Coggeshall, 2005). Herein, we
performed FOS immunostaining in brain sections containing
the ZI 90 min after acute itch stimuli, or 21 days after
the initiation of calcipotriol administration when the mice
exhibited robust spontaneous scratching behavior. The successful
establishment of acute (Supplementary Figures 1A,B) and
chronic (Supplementary Figures 1C,D) models was verified by
recordings of mouse scratching behavior. Since the ZI is a long

diencephalic nucleus along the rostro-caudal axis, we counted
the number of FOS-ir neurons in the rostral, dorsal, ventral,
and caudal parts of ZI in mice among control, histamine and
chloroquine groups. Quantification data showed that acute itch
stimuli specifically increased the number of FOS-ir neurons in
the ZIv (control: 31.17 ± 8.01, histamine: 69.00 ± 5.68, and
chloroquine: 77.50 ± 2.93; P = 0.003) (Figures 1A,B), and no
change in the number of FOS-expressing neurons was seen in
other subregions. For chronic itch stimuli, a significant increase
in FOS-expressing neurons was also seen in the ZIv (control:
27.83 ± 3.44, AD: 58.67 ± 5.49; P = 0.009), but not in other
parts of ZI (Figures 1C,D). These results provide evidence for
the activation of the ZIv upon both acute and chronic itch stimuli,
laying morphological basis for subsequent investigations of ZI PV
neurons in itch processing.

Zona Incerta Parvalbumin Neurons Are
Activated During Acute Itch Processing
The ZI has a wealthy cluster of neuro-chemically distinct
neurons, among which GABAergic PV neurons are mainly
located in the ZIv (Mitrofanis, 2005). The modulatory role of ZI
PV neurons in nocifensive behavior has been identified (Wang
et al., 2020a). For these reasons, we focused on the role of this
neuronal subpopulation in itch processing. A combination of
PV and FOS immunostaining was firstly performed to test the
activation of ZI PV neurons after introduction of acute itch
stimuli. As illustrated in Figures 2A,C, the majority of these
neurons were accumulated in the ZIv, with a few scattered in the
ZId. Notably, a higher proportion of ZI PV neurons expressed
FOS under the condition of both histamine and chloroquine
stimuli, compared with the control group (control: 1.40± 0.72%,
histamine: 27.12 ± 7.02%, and chloroquine: 24.14 ± 2.66%;
P < 0.001).

Next, to quantify physiological activities of these neurons
related with acute itch-evoked scratching, we stereotaxically
injected rAAVs expressing the Cre-dependent GCaMP6s (AAV-
DIO-GCaMP6s) into the ZI of PV-Cre mice, with rAAVs
containing only a fluorescent tag served as controls, and
implanted an optical fiber with its tip situated in the ZI
for long-term recordings of GCaMP6s fluorescence via fiber
photometry (Figures 3A–C). GCaMP6s expression in PV
neurons was confirmed post doc using PV immunostaining
(Figure 3D), and 90.66 ± 2.38% GCaMP6s-expressing neurons
were labeled by PV. Three weeks after virus injection, the
mice were injected with histamine. By aligning GCaMP6s
signals in time with scratching trains, we observed that the
calcium fluorescence of ZI PV neurons of GCaMP6s group
was significantly increased, which initiated at 0.10 ± 2.45 s
and continued until 5.13 ± 1.57 s in the post-onset period,
compared with that in control group (Figures 3E–H). To
extend above observations to histamine-independent itch, we
investigated the effect of chloroquine injection and obtained
similar responses in these neurons. This increase occurred from
0.16 ± 0.28 s to 4.08 ± 0.71 s in the post-scratching period
(Figures 3I–L). In summary, these data suggest that ZI PV
neurons exhibit rapid and strong activation during acute itch-
induced scratching.
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FIGURE 1 | Acute itch stimuli and Chronic itch stimuli increase FOS expression in the ZIv. (A) Representative images of FOS staining in the ZI after saline (the upper
panel), histamine (the middle panel), and chloroquine (the lower panel) injection. Scale bar = 200 µm. (B) Quantification of FOS-expressing neurons in response to
saline, histamine, and chloroquine injection showed both histamine and chloroquine stimuli increased FOS expression in the ZIv instead of other ZI subregions. n = 3
mice per group, three sections per mouse. One-way ANOVA with post hoc LSD test for multiple comparisons. For the analysis in ZIv, F (2,6) = 17.378, P = 0.003.
(C) Representative images of FOS staining in the ZI in control (the upper panel) and AD (the lower panel) mice. Scale bar = 200 µm. (D) Quantification of
FOS-expressing neurons in control and AD mice showed AD increased FOS expression in the ZIv instead of other ZI subregions. n = 3 mice per group, three
sections per mouse. Unpaired T-test. For the analysis in ZIv, t = –4.759, P = 0.009. ZIr, the rostral ZI; ZIv, the ventral ZI; ZId, the dorsal ZI; ZIc, caudal ZI; AD, atopic
dermatitis. ∗P < 0.05, ∗∗P < 0.01.

Chemogenetic Activation of Zona Incerta
Parvalbumin Neurons Attenuates Acute
Itch-Induced Scratching
To further characterize the precise role of ZI PV neurons
in acute itch processing, chemogenetic manipulations of these
neurons were performed. We targeted them by local injection

of rAAVs delivering a construct containing excitatory (hM3Dq)
or inhibitory (hM4Di) designer receptor fused with EYFP into
bilateral ZI of PV-Cre mice. The mice injected with rAAV-
DIO-EYFP served as controls (Figures 4A,B). Immunostaining
results showed that 91.23 ± 3.78% mCherry-labeled neurons
expressed PV in the ZI (Figure 4C). In addition, CNO treatment
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FIGURE 2 | Acute and chronic itch stimuli increase FOS expression in ZI PV neurons. (A–C) Representative images of FOS and PV staining in ZI after saline (the
upper panel), histamine (the middle panel), and chloroquine (the lower panel) injection. (B) Representative images of FOS and PV staining in ZI in control (the upper
panel) and AD (the lower panel) mice. Scale bar = 100 µm. (C) Quantification of FOS-expressing neurons in response to saline, histamine, and chloroquine injections
showed both histamine and chloroquine stimuli increased FOS expression in ZI PV neurons. n = 3 mice per group, three sections per mouse. One-way ANOVA with
post hoc LSD test for multiple comparisons. F (2,6) = 73.642, P < 0.001. (D) Quantification of FOS-expressing neurons in control and AD mice showed chronic itch
stimuli increased FOS expression in ZI PV neurons. n = 3 mice per group, three sections per mouse. Unpaired T-test. t = –7.03, P = 0.002. ∗∗∗∗P < 0.0001,
∗∗P < 0.01.

increased FOS expression in ZI PV neurons of hM3Dq
group compared to control group (control: 1.25 ± 0.31%,
hM3Dq: 51.14 ± 1.60%; P < 0.001) (Figures 4D,E). These
immunostaining data suggest the reliability and efficiency of
modulating the activity of ZI PV neurons with chemogenetics.
Behavioral data showed that pharmacogenetic activation of
ZI PV neurons greatly attenuated mouse scratching behavior
induced by histamine (EYFP group: 71.00 ± 5.54, hM3Dq
group: 13.28 ± 4.26, and hM4Di group: 63.17 ± 6.78; P = 0.001)
and chloroquine (EYFP group: 154.71 ± 23.13, hM3Dq
group: 29.00 ± 3.73, and hM4Di group: 171.43 ± 31.82;
P < 0.001), whereas the inhibition of these neurons exerted
no effect on scratching behavior (Figures 4F,G). Given above,
ZI PV neurons negatively regulate scratching behaviors
evoked by acute itch.

Zona Incerta Parvalbumin Neurons
Regulate Chronic Itch-Induced
Scratching
To further analyze whether ZI PV neurons are also involved in
chronic itch, we established a mouse model of AD induced by
calcipotriol. Immunostaining results showed that chronic itch
stimuli increased FOS expression in ZI PV neurons (control:
3.77± 2.07%, AD: 25.29± 2.25%; P = 0.002) (Figures 2B,D). We
obtained similar results as in acute itch using fiber photometry,
indicating that ZI PV neurons displayed a rapid increase in

GCaMP6s fluorescence which closely matched with the onset
of each scratching train (from 0.78 ± 0.18 s to 7.36 ± 1.42 s
in the post-scratching period) in mice with AD (Figures 5A–
F and Supplementary Figure 2A). As expected, chemogenetic
activation of ZI PV neurons induced an apparent decrease in the
number of scratching in AD mice, while the inhibition of these
neurons did not influence the scratching behavior (EYFP group:
87.00 ± 5.37, hM3Dq group: 14.25 ± 3.95, and hM4Di group:
82.83 ± 8.36; P < 0.001) (Figures 5G–I and Supplementary
Figures 2B–D). Taken together, ZI PV neurons also negatively
regulate scratching behaviors evoked by chronic itch.

DISCUSSION

Our study showed that ZI PV neurons displayed elevated
activity related to acute itch-induced scratching. Chemogenetic
activation of ZI PV neurons attenuated scratching behavior
induced by both histamine and chloroquine. These phenomena
were also seen under the condition of AD-induced chronic itch.
These results together suggest that ZI PV neurons act as an
endogenous negative modulatory center during itch stimuli.

Pain and itch are two opposing sensations. Pain attenuates
itch sensation, and the suppression of pain could enhances itch
(Ma, 2010; LaMotte et al., 2014). This was originally attributed to
distinct neural circuit mechanisms at the spinal level (Davidson
and Giesler, 2010). Then, subsequent evidence identified
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FIGURE 3 | Increased activity of ZI PV neurons during acute itch-induced scratching behavior. (A) The fiber photometry setup. (B) Schematic showing the viral
targeting of AAV-DIO-GCaMP6s-EYFP and AAV-DIO-EYFP into the ZI of PV-Cre mice. (C) Histological verification of viral expression (green) and optical fiber
implantation in the ZI in a representative mouse. (D) Representative photographs showing the expression of PV (red) in GCaMP6s-positive (green) neurons in the ZI
of PV-Cre mice. The framed area in d1 was magnified in d2-4. Scale bars represent 100 µm in d1 and 50 µm in d2-4. (E) Representative GCaMP6s fluorescence
trace (top) and behavioral trace (bottom) recorded simultaneously in ZI PV neurons in response to histamine injection. (F) Heatmap illustrating GCaMP6s
fluorescence aligned to the beginning of individual scratching trains in all the mice in response to histamine stimuli. Each row represents Ca2+ signals corresponding
to one scratching train. The color scale at the right indicates 1F/F. (G) Mean fluorescent signal in response to histamine stimuli in all the mice recorded, with shaded
areas indicating the SEM. The black and gray lines represent the signals of PV ZI neurons in mice with AAV-GCaMP6s and AAV-EYFP injection, respectively. The red
line represents statistically significant increase from the baseline (P < 0.05; multivariate permutation test). The vertical dotted line indicates the scratching bout.
(H) Area under the curve showing fluorescence changes of ZI PV neurons in the mice with AAV-GCaMP6s and AAV-EYFP injection in both pre-scratching and
post-scratching periods under the condition of histamine stimuli. Repeated ANOVA followed by simple effects analysis. n = 5 mice in EYFP group and 6 mice in
GCaMP6s group, F (1,9) = 27.892, P = 0.001. (I–L) Same conventions as (E–H) but for recording in response to chloroquine stimuli. n = 5 mice in EYFP group and 6
mice in GCaMP6s group, F (1,9) = 36.586, P < 0.001. ∗∗∗P < 0.001, ∗∗P < 0.01. PMT, photomultiplier.

several supra-spinal structures related to this phenomenon.
Spinal-projecting neurons in the S1 exert inhibitory effects
on itch transmission via spinal inhibitory interneurons, but
facilitate mechanical allodynia via spinal excitatory interneurons
during neuropathic pain (Liu et al., 2018; Wu et al., 2021).
Pain and itch are also subject to opposing descending
modulation. The activation of PAG glutamatergic neurons

suppresses nociception but facilitates itch (Samineni et al.,
2017, 2019). This phenomenon may be owing to the dual
modulation of downstream 5-HT signaling in itch and pain
during the vicious itch-scratching cycle. Scratching could
elicit pain, and consequently result in the activation of 5-
HT neurons in the RVM. The released 5-HT acts upon two
SDH neuronal subpopulations. Those expressing 5-HT1AR alone
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FIGURE 4 | ZI PV neurons negatively regulate scratching behaviors during acute itch. (A) Schematic illustration of viral injection for chemogenetic modulation of ZI
PV neurons. (B) Histological verification of viral expression in the ZI in a representative mouse with AAV-DIO-hM3Dq-mCherry injection. Scale bar = 250 µm.
(C) Representative photographs showing the expression of PV (green) in hM3Dq-positive (red) neurons in the ZI of PV-Cre mice. (D) Representative photographs
showing the expression of FOS (green) in hM3Dq-positive (red) neurons in the ZI of PV-Cre mice. (E) Quantification of FOS-expressing neurons in mice with
AAV-hM3Dq and AAV-mCherry injection showed CNO injection increased FOS expression in ZI PV neurons in the mice in AAV-hM3Dq group. n = 3 mice per group,
three sections per mouse. Unpaired T-test. t = –14.44, P < 0.001. (F,G) Chemogenetic activation of ZI PV neurons reduces scratching behaviors induced by
histamine (F) and chloroquine (G), while inhibition of them exerts no effect on scratching behaviors. One-way ANOVA with post hoc LSD test for multiple
comparisons. For the analysis of histamine-induced itch, F (2,6) = 10.599, P = 0.001. n = 6 mice in EGFP and hM4Di groups and 7 in hM3Dq group. For the analysis
of chloroquine-induced itch, F (2,6) = 13.341, P < 0.001. n = 6 mice in EGFP and hM4Di groups and 7 in hM3Dq group. n = 7 mice in EGFP and hM4Di groups and
8 in hM3Dq group. ∗∗∗P < 0.001, ∗∗P < 0.01.

Frontiers in Molecular Neuroscience | www.frontiersin.org 8 March 2022 | Volume 15 | Article 84375425

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-15-843754 February 23, 2022 Time: 16:9 # 9

Li et al. Zona Incerta Neurons in Itch

FIGURE 5 | ZI PV neurons negatively regulate scratching behaviors during chronic itch. (A) Schematic showing the viral targeting of AAV-DIO-GCaMP6s-EYFP and
AAV-DIO-EYFP into the ZI of PV-Cre mice with AD. (B) Histological verification of viral expression (green) and optical fiber implantation in the ZI in a representative
mouse. (C) Representative GCaMP6s fluorescence trace (top) and behavioral trace (bottom) recorded simultaneously in ZI PV neurons in response to calcipotriol
injection. (D) Heatmap illustrating GCaMP6s fluorescence aligned to the beginning of individual scratching trains in all the mice in response to calcipotriol stimuli.
Each row represents Ca2+ signals corresponding to one scratching train. (E) Mean fluorescent signal in response to calcipotriol stimuli in all the mice recorded, with
shaded areas indicating the SEM. The black and gray line represent the signals of PV ZI neurons in mice with AAV-GCaMP6s and AAV-EYFP injection, respectively.
The red line represents statistically significant increase from the baseline (P < 0.05; multivariate permutation test). (F) Area under the curve showing fluorescence
changes of ZI PV neurons in mice with AAV-GCaMP6s and AAV-EYFP injection in both pre-scratching and post-scratching periods under the condition of calcipotriol
stimuli. Repeated ANOVA followed by simple effects analysis. n = 4 mice in EYFP group and 6 mice in GCaMP6s group, F (1,8) = 14.355, P < 0.01. (G) Schematic
illustration of viral injection in mice with AD for chemogenetic modulation of ZI PV neurons. (H) Histological verification of viral expression within ZI in a representative
mouse with AAV-DIO-hM3Dq-mCherry injection. Scale bar = 250 µm. (I) Chemogenetic activation of ZI PV neurons reduces scratching behaviors induced by
calcipotriol injection, while the inhibition of them exerts no effect on scratching behaviors. One-way ANOVA with post hoc LSD test for multiple comparisons.
F (2,6) = 49.27, P < 0.001. n = 7, 8, and 6 in EGFP, hM3Dq, and hM4Di group, respectively. ∗∗∗P < 0.001, ∗∗P < 0.01.

inhibit nociceptive processing, while the others expressing both
gastrin releasing peptide receptor and 5-HT1AR facilitate itch
transmission (Zhao et al., 2014). Herein, we identify a novel
diencephalic area that affects itch and pain in opposing manners,
and the activation of ZI PV neurons facilitates nocifensive
behaviors (Wang et al., 2020a) but inhibits itch processing as seen
in the present study. Distinct downstream neural pathways or
postsynaptic neuronal types may mediate these opposing effects.

The unidirectional modulatory effect of ZI PV neurons
adds the complexity of neurocircuitry mechanisms underlying
itch processing. As shown in the present study, the activation
of ZI PV neurons inhibits both histamine and chloroquine
induced scratching, however, the inhibition of them fails to

enhance scratching behavior. One possible explanation for
this phenomenon is that as an exogenous, non-physiological
manipulation way during itch stimuli, chemogenetic inhibition
of these neurons may recruit other itch-suppressing pathways in
a compensatory style, which masked the itch-facilitatory effect
induced by decreased ZI PV neuronal activities themselves.

ZI provides massive projections toward various cortical and
subcortical regions, including the S1, intra-laminar and higher-
order thalamic nuclei, PAG, anterior pretectal nucleus, pontine
reticular nucleus, and RVM (Mitrofanis, 2005; Zhao et al., 2019).
Among them, the posterior thalamic nucleus (Po) represents
a potential target of ZI for pain processing. Incertal neurons
participate in a feed forward inhibitory circuit that blocking
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sensory transmission through Po, and neuropathic pain is
associated with reduced ZI activity and consequently increased
Po activity (Trageser and Keller, 2004; Masri et al., 2009). In
addition, the activation of ZI-Po pathway mediates the analgesic
effects of motor cortex stimulation (Cha et al., 2013). Emerging
evidence suggest that Po mediates histaminergic itch (Zhu et al.,
2020) and ZIv PV neurons send GABAergic projections to Po
(Wang et al., 2020a). Thus, incertal projections toward Po might
mediate the anti-pruritus effect of ZIv PV neurons. It is worth
mentioning that PAG also receives inputs from ZIv PV neurons
(Wang et al., 2020a). It is plausible that the descending PAG-
RVM-SDH pathway may subserve the distinct roles of ZIv PV
neurons in the modulation of itch and pain.

As a highly heterogenous nucleus, ZI possesses diverse
neuronal types with capacity to release neurotransmitters
including GABA, glutamate, and neuropeptides (Kolmac and
Mitrofanis, 1999; Mitrofanis et al., 2004). ZI GABAergic neurons
are abundant in number, which could be further divided by
the expression of somatostatin, vasopressin, and PV (Watson
et al., 2014). Distinct ZI sectors or neuronal types display diverse
connectivity patterns and contribute to multiple roles of ZI
in various physiological functions (Mitrofanis, 2005). Despite
early studies indicating ZI as an integrative hub for global
regulation of physiological behaviors, in-depth dissections of
contributions of specific subpopulations were not emphasized
until in recent researches with state-of-the-art tract tracing and
activity manipulation techniques (Mitrofanis, 2005; Wang et al.,
2020b). For instance, the activation of ZIr GABAergic neurons
reduced defensive behavior via direct projections toward PAG
(Chou et al., 2018), which was opposite to that of activating ZIv
PV neurons devoid of projections to PAG (Wang et al., 2019).
In the domain of pain research, early studies based on non-
specific manipulations of ZI activity suggest the antinociceptive
role of ZI (Masri et al., 2009; Petronilho et al., 2012; Moon
et al., 2016; Moon and Park, 2017), which might be mediated
by ZId/r subpopulations that receive glutamatergic inputs from
midcingulate cortex (Hu et al., 2019). However, ZI PV neurons
positively control nocifensive behavior via the incerta-thalamic
circuit (Wang et al., 2020a). Herein, although the inhibitory
role of ZI PV neurons during itch processing was identified,
we did not know whether other subpopulations were engaged
in itch behaviors. It would be exciting to explore whether
and how (including circuit and molecular mechanisms) other
subpopulations are involved in itch regulation in the future.

Chronic itch renders a challenging symptom for clinicians
to manage. Although many novel treatments including
immunomodulators and drugs targeting at the neural system
are identified, frustrated voices concerning its efficacy never
diminish, owing to the lack of evidence from large-scale
controlled trials as well as adverse effects (e.g., somnolence
and weight gain) (Yosipovitch et al., 2018). In the absence of
ideal antipruritics, neuromodulation emerges as a promising
alternative for refractory itch disorders. Emerging neural targets
have been identified along pruritic transmission or modulation
pathway, including the spinal cord (Hill and Paraiso, 2015) and
the sensorimotor cortex (Knotkova et al., 2013; Nakagawa et al.,
2016; Thibaut et al., 2019). There is an ever-growing body of

efforts, indicating the importance of ZI stimulation in clinical
settings. Deep brain stimulation of ZI has been demonstrated to
improve akinesia and bradykinesia in patients with Parkinson’s
disease (Voges et al., 2002), proximal tremor in patients with
multiple sclerosis (Nandi et al., 2002), as well as obsessive
symptoms in patients with obsessive compulsive disorder (Mallet
et al., 2002). Interestingly, Lu et al. (2021) noticed changes of
human perception of experimental heat pain in subthalamic DBS
patients, supporting ZI as a potential target for pain modulation.
Herein, we showed that ZI PV neurons negatively regulate
scratching behaviors evoked by chronic itch. These data may
lay preclinical basis for the application of ZI stimulation in the
treatment of pharmaco-resistant itch.

This study is not without flaws. Firstly, it is unknown whether
pain and itch activate the same population of ZI PV neurons.
This issue could be addressed by in vivo miniscope, miniature
two-photon imaging or multi-channel extracellular recordings
(de Groot et al., 2020; Zhang et al., 2021), which helps determine
whether individual ZI PV neuron responds to both pain and itch
stimuli. In addition, the utilization of the targeted recombination
in active populations system in Fos-CreER transgenic mice
(Sanders et al., 2019) allows to determine whether selective
manipulation of itching-responsive ZI neurons influences pain
behaviors. Secondly, nocifensive responses induced by scratching
may also activate PV neurons in the ZI. To selectively detect
neuronal activity by itch stimuli, a neck collar should be used to
avoid scratching-induced activation.

CONCLUSION

In summary, our data revealed a novel role of ZI PV neurons
in controlling itch signal processing. These knowledge would
extend our understanding of central mechanisms underlying
itch sensation and provide clues to intervention strategies
for chronic itch.
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Characterization and prediction of individual difference of pain sensitivity are of great
importance in clinical practice. MRI techniques, such as functional magnetic resonance
imaging (fMRI) and diffusion tensor imaging (DTI), have been popularly used to predict
an individual’s pain sensitivity, but existing studies are limited by using one single
imaging modality (fMRI or DTI) and/or using one type of metrics (regional or connectivity
features). As a result, pain-relevant information in MRI has not been fully revealed and
the associations among different imaging modalities and different features have not
been fully explored for elucidating pain sensitivity. In this study, we investigated the
predictive capability of multi-features (regional and connectivity metrics) of multimodal
MRI (fMRI and DTI) in the prediction of pain sensitivity using data from 210 healthy
subjects. We found that fusing fMRI-DTI and regional-connectivity features are capable
of more accurately predicting an individual’s pain sensitivity than only using one type of
feature or using one imaging modality. These results revealed rich information regarding
individual pain sensitivity from the brain’s both structural and functional perspectives as
well as from both regional and connectivity metrics. Hence, this study provided a more
comprehensive characterization of the neural correlates of individual pain sensitivity,
which holds a great potential for clinical pain management.

Keywords: pain sensitivity, fMRI, DTI, regional-connectivity features, machine learning

INTRODUCTION

Pain is a subjective, complex, and multidimensional sensory experience that exhibits huge inter-
subject variability (Rainville, 2002; Nielsen et al., 2009; Coghill, 2010). The study of individual
differences in pain sensitivity is of great importance in clinical practice (Werner et al., 2010;
Abrishami et al., 2011) and in pharmaceutical research (Chizh et al., 2009; Angst et al., 2012).
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For example, pain sensitivity is a predictive factor for the
treatment outcome of many clinical diseases (Abrishami et al.,
2011; Rehberg et al., 2017). Hence, investigating the underlying
neural mechanism of individual differences in pain sensitivity
cannot only deepen our understanding of pain sensitivity but
can also be used to develop a predictive model of individual
pain sensitivity.

With the fast development of neuroimaging technologies and
associated data analytics, using neural images and signals, such as
magnetic resonance imaging (MRI) and electroencephalography
(EEG), to probe the neural mechanisms of pain has been
widely adopted in pain researches, which include the studies of
momentary (acute or chronic) pain experience (Apkarian et al.,
2005) and pain sensitivity (Coghill et al., 2003; Zunhammer et al.,
2016). The complex brain activity underlying pain sensitivity
plays a major role in the representation and modulation of
pain (Rainville, 2002; Apkarian et al., 2005). Several studies
have revealed that individual differences in pain sensitivity are
reflected in differences in brain structure and function by using
different MRI modalities (Geisler et al., 2021; Niddam et al.,
2021).

Resting-state functional magnetic resonance imaging
(rs-fMRI) uses blood oxygenation level-dependent (BOLD)
responses to study spontaneous brain activity in individuals
when performing no specific task. A very widely used rs-fMRI
feature is Regional Homogeneity (ReHo), which calculates
Kendall’s coefficient of concordance to measure regional
synchronizations of temporal changes in BOLD activities in a
voxel-wise manner (Baumgartner et al., 1999). Several studies
used ReHo to investigate the local features of spontaneous brain
activity in chronic pain such as migraine (Yu et al., 2012; Zhao
et al., 2013; Zhang et al., 2016) and headache (Wang et al., 2014).
These ReHo-based results showed that patients with chronic
pain exhibited increased or decreased ReHo values in certain
regions compared to healthy subjects. For example, Yoshino
et al. (2017) found that ReHo at the dorsolateral prefrontal
cortex significantly decreased in chronic pain patients. Another
type of rs-fMRI feature popularly used in pain research is
functional connectivity (FC). Unlike ReHo, which measures
regional brain activities, FC measures the statistical relationship
between BOLD signals of different brain regions. Many studies
have demonstrated that FC between some specific regions is
related to pain perception and can be used as a neural indicator
of individual pain sensitivity. For example, Tu et al. (2019)
used multivariate pattern analysis to find that resting-state FC
could predict individual pain thresholds with high accuracy
(a correlation coefficient of 0.60 between predicted and real
values of heat pain thresholds). Meanwhile, they found that
the connections within medial-frontal and frontal-parietal
networks are the most predictive FC features of pain sensitivity.
Another study (Spisak et al., 2020) also identified and validated a
pain-free resting-state FC pattern that is predictive of individual
differences in pain sensitivity.

Besides rs-fMRI, diffusion tensor imaging (DTI), which maps
white matter anatomical connections in the living human
brain, is another common MRI modality that has been
gradually used to study individual differences in pain sensitivity
(Deppe et al., 2013; Porpora et al., 2018). Fractional anisotropy

(FA) is the most widely used quantitative DTI measure and it
reflects how the diffusion of water is directionally constrained
along axons (Alexander et al., 2007). Several DTI studies have
found abnormal white matter changes in migraine and other
chronic pain conditions (Mansour et al., 2013; Michels et al.,
2017). On the other hand, DTI is able to characterize the
structural connectivity (SC) based on the fibers connecting each
pair of brains regions. DTI-based SC has also been used to
investigate the pain-related brain networks. For example, by
using the graph analysis of probabilistic tractography based
on DTI, one study found that the anterior insula connectivity
was related to the individual degree of pain vigilance and
awareness (Wiech et al., 2014). Also, studies demonstrated that
SC provides new insights into the understanding of chronic pain.
For example, Huang et al. (2021) found that patients with chronic
prostatitis/chronic pelvic pain syndrome had alterations of SC
within the frontal-parietal control network.

However, most of the existing MRI studies regarding pain
sensitivity are limited by only using one single modality of
MRI (rs-fMRI or DTI) or only using one single type of feature
(regional or connectivity features) to explore the relationship
between pain sensitivity and MRI features. However, pain
has a complicated neural mechanism, which influences and is
influenced by the brain’s structure and function. Also, both
brain patterns within local regions and brain connections
among local regions contribute to an individual’s sensitivity
of pain. Thus, only using one MRI modality or using one
type of feature (regional or connectivity) cannot offer a
complete characterization of brain patterns related to pain and
cannot provide sufficient information to accurately predict the
individual pain sensitivity. Accumulated evidence have shown the
importance of using multiple MRI modality in the understanding
of cognitive functions and the diagnosis of neurological diseases
(Michels et al., 2017; Dhamala et al., 2020). For example,
Xiao et al. (2021) built a model to predict visual working
memory capacity by using voxel-wise multimodal MRI features
(amplitude of low-frequency fluctuations from fMRI, gray matter
volume from structural MRI, and FA from DTI). On the other
hand, MRI studies based on both regional patterns and inter-
regional connectivity patterns are also gaining popularity in the
research of brain disorders. For example, Luo et al. (2020) used
multi-features, including both regional features and connectivity
features extracted from fMRI and DTI, to significantly improve
the prediction performance of adult outcomes in childhood-
onset attention-deficit/hyperactivity disorder compared to using
the models based on one type of features. However, combining
both regional and connectivity features from both rs-fMRI and
DTI in the prediction of pain sensitivity is still lacking. As a
result, it remains unclear how the brain’s structure, function, and
connectivity interact and synergize in the determination of an
individual’s pain sensitivity.

In the present study, we hypothesize that both regional
and connectivity features from both rs-fMRI and DTI are
predictive of an individual’s pain sensitivity. This hypothesis
was proposed based on the following facts. First, scattered
evidence has shown that, either regional or connectivity patterns
measured from either fMRI or DTI were correlated with an
individual’s pain threshold (Rogachov et al., 2016; Hsiao et al.,
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2020; Geisler et al., 2021). Second, for either fMRI or DTI, its
regional patterns and connectivity patterns are associated (Ma
et al., 2010; Straathof et al., 2019). Third, because of the brain’s
structural-functional coupling, fMRI and DTI are also correlated
in terms of regional characteristics or connections (Gu et al.,
2015; Tang and Bassett, 2018; Straathof et al., 2019). These
literature supports will be further elaborated in the Discussion.

To validate this hypothesis, we acquired rs-fMRI and
DTI data as well as laser pain threshold from 210 healthy
participants and explored the relationship between multi-modal
MRI features and individual pain sensitivity. For each participant,
we extracted regional and connectivity features from two MRI
modalities (ReHo and FC from rs-fMRI; FA and SC from DTI).
We used machine learning and feature selection methods to
construct prediction models and to identify the most predictive
features of pain sensitivity. Furthermore, to examine whether
different MRI modalities and different feature types can provide
complementary information in predicting an individual’s pain
thresholds, we established a series of models to fuse various
types of MRI features at the decision level and compared
their performance.

MATERIALS AND METHODS

Participants
We recruited a total of 210 healthy participants (131 females;
age: 20.81 ± 2.93 years) through college and community
advertisements and paid for their participation. All the
participants were right-handed. Before the experiments,
participants were carefully screened to ensure that they had no
history of chronic pain, neurological diseases, cerebrovascular
diseases, coronary heart disease, and mental disorders, and they
had no contraindications to MRI examination. The study was
proved by the local ethics committee and all participants gave
their written informed consent before participating in the study.

Measurement of Pain Threshold
Pain sensitivity of all the participants was measured as the
laser pain threshold in a behavioral experiment before the MRI
scan. The laser pain threshold was measured manually using
quantitative sensory testing. A series of infrared neodymium
yttrium aluminum perovskite (Nd: YAP) laser stimuli were
delivered to the back area between the thumb and index finger
of a participant’s left hand. The measurement started from an
energy level at 1 J with a 0.25 J increase at each stimulus. After
each stimulus, a participant was asked to report the pain rating
from 0 (no pain) to 10 (the worst pain). When a rating of 4 was
reported, the corresponding energy level was recorded as the laser
pain threshold. For each participant, the laser pain threshold was
averaged from two independent measurements conducted in 1 h.

Magnetic Resonance Imaging
Acquisition
Multimodal MRI data were acquired using a GE 3.0 T scanner.
Resting-state fMRI were collected using the following

parameters: 43 oblique slices, thickness/gap = 3/0 mm,
acquisition matrix = 64×64, TR = 2,000 ms, TE = 30 ms,
flip angle = 90◦, field of view = 22×22 mm2, total volume = 300,
acquisition time = 10 min. For the DTI data, the following
acquisition parameters were used: 70 axial slices, TR = 8,500 ms,
TE = 80.8 ms, 64 optimal non-linear diffusion-weighted
directions with b = 1,000 s/mm2 and one additional image
without diffusion weighting (i.e., b = 0 s/mm2), 2.0-mm slice
thickness, acquisition matrix = 128×128; 2×2 mm in-plane
resolution, acquisition time = 10:50 min.

Data Analysis
Functional Magnetic Resonance Imaging
Preprocessing
Resting-state fMRI preprocessing was performed with DPABI1

(Yan et al., 2016) and SPM12 (Statistical Parametric Mapping;
Wellcome Department of Imaging Neuroscience, University
College London, United Kingdom)2 running under Matlab
R2017b (Mathworks, Sherborn, MA). For each subject, the first
10 volumes of rs-fMRI data were discarded, leaving 290 images
pre-processed. The middle slice was used as the reference slice
for slice timing correction. Then, fMRI data were realigned to
correct the head motion and obtained the 6 rigid body motion
parameters. T1 images were co-registered to functional images
and segmented into gray matter, white matter, and cerebrospinal
fluid. In order to decrease the effects of head motion, the Friston
24-parameter model, 6 head motion parameters, 6 head motion
parameters one time point before, and the 12 corresponding
squared items (Friston et al., 1996), were used to regress out
the head motion parameters. Time points with the head motion
parameters larger than 0.2 were scrubbed, and they were modeled
as a separate covariable for regression to decrease their influence
on the continuity of time. The functional images were then
normalized into standard Montreal Neurological Institute (MNI)
space, resampled to a 3 × 3 × 3 mm3 voxel. Finally, a bandpass
filter with a frequency window of 0.01–0.1 Hz was used to
improve the signal-to-noise ratio of fMRI signals.

Diffusion Tensor Imaging Preprocessing
The DTI data were preprocessed by the PANDA toolbox (Cui
et al., 2013)3 in the FSL diffusion toolkit and MRIcron. The
preprocessing steps were performed as follows. Briefly, (a) covert
the DICOM files of all subjects into NIfTI images using the
MRIcron; (b) estimate the brain mask by extracting the brain
tissue and structure; (c) correct for the eddy-current effect; (d)
average acquisitions and calculate DTI metrics. In order to get
the voxel-based diffusion metrics for the subsequent analysis,
the individual diffusion metric images were transformed from
the native space into a standard Montreal Neurological Institute
(MNI) space (voxel size 1 mm × 1 mm × 1 mm3) via spatial
normalization and smoothed with a 6 mm full width at half-
maximum (FWHM) Gaussian kernel.

1http://rfmri.org/dpabi/
2http://www.fil.ion.ucl.ac.uk/spm
3http://www.nitrc.org/projects/panda
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Brain Parcellation
In order to better compare the results of different imaging
modalities, we used the Automated Anatomical Labeling
(AAL) (Tzourio-Mazoyer et al., 2002) atlas, which was
commonly adopted in multimodality researches to achieve
the whole-brain parcellation on both functional data and
structural data (Wee et al., 2012; Ahmed et al., 2017).
Cerebellar regions were excluded for incomplete coverage
of the cerebellum of several participants. In total 90 regions
of interest (ROIs) were defined by the AAL atlas and used in
subsequent analyses.

Feature Extraction
We extracted both regional and connectivity metrics from
pre-processed fMRI and DTI for the prediction of the
laser pain threshold.

fMRI ReHo: For fMRI, individual ReHo maps were generated
by calculating Kendall’s coefficient concordance of the time series
of a given voxel with those of its surrounding 27 voxels (Zang
et al., 2004). Then, the data were smoothed with a Gaussian
filter of 6 mm FWHM to reduce noise and residual differences
in gyral anatomy. These individual maps underwent whole-brain
equalization for further analysis. Finally, 55017 ReHo features
were extracted for each participant.

fMRI FC: For fMRI FC matrices, Pearson’s correlation
coefficients (PCC) between BOLD time courses of each pair of
ROIs were calculated for each subject. The obtained correlation
matrix for each subject was then normalized using Fisher’s
z-transformation to improve normality. The FC matrix for each
individual was a 90×90 symmetric matrix. Only the lower
triangular matrix, which has 4005 FC features, was taken for
subsequent analysis.

DTI FA: For DTI, the FA matrix, which measures the degree
of anisotropy of water diffusion, was calculated in the MNI
space for each individual. FA is calculated from the eigenvalues
of the diffusion tensor, and its value varies between 0 and 1.
FA = 0 means that the diffusion ellipsoid is a sphere (perfect
isotropic diffusion). When the eigenvalues become more unequal
with progressive diffusion anisotropy, the FA → 1. Finally,
for each participant, 55017 FA features were extracted for the
following analysis.

DTI SC: After the pre-processing of DTI data, probabilistic
tractography was used to construct the SC network (Behrens
et al., 2007). Briefly, for each defined brain region/node,
probabilistic tractography was performed by seeding from all
voxels of this region. For each voxel, 5000 fibers were sampled.
The connectivity probability from the seed region i to another
region j was defined by the number of fibers passing through
region j divided by the total number of fibers sampled from
region i. The connectivity probability of each node to the other
nodes within the brain network can be calculated by repeating the
tractography procedure for all nodes. This leads to an individual-
specific weighted matrix, whose rows and columns represent
the brain nodes and whose elements represent the connectivity
probability between nodes. The SC matrix for each participant
was a 90× 90 matrix.

Prediction of Pain Threshold
After regional features (i.e., ReHo and FA) and connectivity
features (i.e., FC and SC) were extracted from fMRI and DTI data,
we used feature selection and machine learning techniques to
establish models for predicting individual laser pain thresholds.
As shown in Figure 1, the whole procedure of pain threshold
prediction is detailed as follows.

Cross-validation: We selected the features, trained and tested
the prediction models based on the leave-one-individual-out
cross-validation. At each run, we randomly used one participant’s
data for testing and the remaining participants’ data for training.
Because we had a total of 210 participants, the procedure was
repeated 210 times to make sure that each participant’s data were
used as test samples once.

Feature selection: To improve the model accuracy and increase
the model interpretability, it is necessary to identify a subset
of most predictive features from a high-dimensional feature.
We adopt the correlation-based feature selection method for
each type of feature (ReHo, FA, FC, or SC) separately. In each
run of the cross-validation in regression, PCC between each
type of feature and the laser pain thresholds were computed
within the training data to make sure the test data were not
involved in the step of feature selection. The features with
correlation significance beyond a threshold (P = 0.05; P = 0.01;
P = 0.001, tested separately for comparison, see Supplementary
Tables 1, 2 for details) were selected and used for the prediction
of pain thresholds.

Machine learning algorithms: After feature normalization,
four popular and effective ML regression algorithms
were used to model the relationship between these
MRI features and laser pain threshold, namely,
support vector machine regression with linear kernels
(SVR-Linear) or Gaussian kernels (SVR-RBF), partial
least squares regression (PLSR), and random forest
regression (RF). All these algorithms were implemented
with the open-source scikit-learn library for python
(Pedregosa et al., 2011).

Models with different feature types: We compared the
prediction performance of a series of models based on single-
modality and single-type features using different machine
learning algorithms and different thresholds of feature selection.
Supplementary Tables 1, 2 show the prediction performance
of these models. Four models using one type of feature,
namely ReHo (SVR-Linear, threshold < 0.001), FA (SVR-RBF,
threshold < 0.01), FC (SVR-Linear, threshold < 0.001), and SC
(SVR-RBF, threshold < 0.001) models, were determined first
because of their better performance than models with other ML
algorithms and parameters. Then, features were selected based
on above four models using the corresponding feature type. As
a result, the fusion process allowed information from multiple
modalities to integrate but did not interfere with the feature
selection and model selection in each model (ReHo, FA, FC, or SC
model). Next, we build five models using different combinations
of features: ReHo+ FA (regional features), FC+ SC (connectivity
features), ReHo + FC (fMRI features), FA + SC (DTI features),
and all four features. An average of the predicted values
of multiple single-type feature models was calculated as the
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FIGURE 1 | The whole procedure of the pain threshold prediction analysis based on multi-features of multi-modal MRI.

final predicted threshold of each multimodality models. More
precisely, we established and compared the following 9 models
with different types of features:

1. ReHo Model: using ReHo features;
2. FC Model: using FC features;
3. FA Model: using FA features;
4. SC Model: using SC features;
5. Regional Model: using ReHo (from rs-fMRI) and FA (from

DTI) features;
6. Connectivity Model: using FC (from rs-fMRI) and SC

(from DTI) features;
7. fMRI Model: using ReHo (regional) and FC (connectivity)

features from fMRI;
8. DTI Model: using FA (regional) and SC (connectivity)

features from DTI;
9. Fused Model: using all features (ReHo+ FA+ FC+ SC).

Performance evaluation: PCC between the predicted
thresholds and the true values across all participants was
calculated as the main metric of the performance of these
prediction models. Also, we calculated the mean absolute error
(MAE), which measured the overall distance between predicted
and true values. MAE is calculated as:

MAE =
1
N

N∑
n=1

∣∣ŷn − yn
∣∣ ,

where yn is the measured pain threshold of the n-th participant,
ŷn is the pain threshold estimated from the prediction model, and
N is the total number of participants. The prediction performance
in terms of MAE of nine models was compared using paired
t-test. The PCCs of any two models were compared using the
test for comparing elements of a correlation matrix, as suggested
in Steiger (1980). This correlation test was adopted here because

the true labels were used in the calculation of all PCCs so that
these PCCs were not independent and the conventional t-test
could not be used.

Identifying common predictive features: This part is aimed
at identifying the brain regions and brain connectivity that
are commonly selected across individuals. We calculated the
occurrence frequency of each feature across all folds in leave-one-
individual-out cross-validation involved in building the models
based on one type of feature. For better visualization and
interpretation of the features, we only showed those features
which were selected more than half of the time in the whole
leave-one-individual-out cross-validation procedure. ReHo and
FA results were mapped onto the AAL-90 atlas. Connectivity
results were visualized by using the Connectivity Visualization
Tool4.

RESULTS

Measurements of Pain Threshold
For all participants, the laser pain thresholds were 2.57 ± 0.53 J
(mean ± std). We calculated the PCC between age and pain
sensitivity but found no significant relationship (p = 0.98)
between age and laser pain threshold. A two-sample t-test
revealed that gender had no significant effect on the laser pain
threshold (p = 0.49).

Prediction Performance of Different
Models
Table 1 shows the prediction performance of nine laser
pain threshold prediction models: ReHo Model (PCC = 0.30,
p = 7.64×10−6), FC Model (PCC = 0.23, p = 8.73×10−4), FA

4https://bioimagesuiteweb.github.io/webapp/connviewer.html
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TABLE 1 | Prediction performance of different models using different feature sets.

Feature set MAE (mean ± std) PCC (R and p-values)

ReHo 0.42 ± 0.33 0.30 (7.64×10−6)

FC 0.43 ± 0.32 0.23 (8.73×10−4)

FA 0.39 ± 0.29 0.35 (1.61×10−7)

SC 0.41 ± 0.32 0.30 (1.36×10−5)

fMRI (ReHo + FC) 0.39 ± 0.31 0.35 (2.91×10−7)

DTI (FA + SC) 0.37 ± 0.30 0.43 (1.16×10−10)

Regional (ReHo + FA) 0.37 ± 0.30 0.42 (3.73×10−10)

Connectivity (FC + SC) 0.38 ± 0.30 0.38 (9.54×10−9)

Fused (ReHo + FC + FA + SC) 0.36 ± 0.29 0.51 (4.99×10−15)

Highlight the best performance of the prediction model.

Model (PCC = 0.35, p = 1.61×10−7), SC Model (PCC = 0.30,
p = 1.36×10−5), fMRI Model (PCC = 0.35, p = 2.91×10−7),
DTI Model (PCC = 0.43, p = 1.16×10−10), Regional Model
(PCC = 0.42, p = 3.73×10−10), Connectivity Model (PCC = 0.38,
p = 9.54×10−9), and Fused Model (PCC = 0.51, p = 4.99×10−15).
As shown in Figure 2, the correlation results of all prediction
models are significant. Figure 3 compares the PCC between
predicted and real laser pain thresholds of all the participants

among different prediction models. We have the following
two major observations from Table 1 and Figures 2, 3. First,
the prediction performances in terms of PCC of the models
based on two type features (i.e., Regional Model, Connectivity
Model, fMRI Model, and DTI Model) are higher than models
which only used one type of feature. Specifically, the correlation
result of fMRI Model is significantly better than FC Model
(p = 0.007), and PCC of DTI Model is significantly better than
SC model (p = 4.19×10−5). Also, PCC of Regional Model is
significantly better than ReHo model (p = 6.90×10−5), and PCC
of Connectivity Model is significantly better than FC model
(p = 0.002) and SC model (p = 0.05). Second, the correlation
result of Fused Model is significantly better than all models
based on one-type (Fused vs. ReHo, p = 2.08×10−5; Fused
vs. FC, p = 2.67×10−7; Fused vs. FA, p = 0.007; Fused vs.
FT, p = 4.49×10−4) or two type features (Fused vs. fMRI,
p = 3.43×10−6; Fused vs. DTI, p = 0.057; Fused vs. Regional,
p = 0.011, Fused vs. Connectivity, p = 9.29×10−4).

Predictive Multimodality Features
Table 2 and Figure 4 show the common predictive regional
feature sets (ReHo or FA, respectively), which were determined

FIGURE 2 | The linear correlation between predicted and real pain thresholds. Each blue dot denotes one participant. Red lines are linear fitting lines.
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FIGURE 3 | Comparison of PCC between predicted and real laser pain threshold among models using different features. ∗ indicates p < 0.05, ∗∗ indicates p < 0.01,
∗∗∗ indicates p < 0.001.

because they were selected for more than half of the time
in the leave-one-individual-out cross-validation for the laser
pain threshold prediction. Finally, ReHo features of 109
voxels were selected and they were mainly in Parietal_Inf_L,
SupraMarginal_L/R, Insula_R, Rolandic_Oper_R, Calcarine_R,
Temporal_Mid_R, Precuneus_R, Cingulum_Mid_R. FA
features of 668 voxels were selected and they were mainly in
Occipital_Inf_R, Temporal_Inf_R, Calcarine_R, Precuneus_R,
Insula_L/R, Frontal_Mid_R, Temporal_Pole_Mid_L,
Putamen_L/R, Lingual_R. The common regions of ReHo
and FA feature sets are Precuneus_R, Insula_R, and Calcarine_R.

As shown in Table 3 and Figure 4, there were 35 common
FC features and 2 common SC features were visualized because
they were selected for more than half of the time in the
leave-one-individual-out cross-validation. These FC features are
predominately for the prefrontal-parietal and insula-cingulate
networks. For SC, the 2 features are Occipital_Inf_R-Lingual_R,
Fusiform_R-Occipital_Sup_R. The common hub of FC and SC is
Occipital_Sup_R.

DISCUSSION

In this study, we investigated the predictive capability of
multi-features of multi-modal MRI data in the prediction
of individual pain sensitivity, as measured by laser pain
threshold. The results on 210 healthy subjects demonstrated
that fMRI-DTI and regional-connectivity features are capable of
accurately predicting an individual’s pain threshold. Importantly,

TABLE 2 | List of common predictive regional features for the prediction of
laser pain threshold.

Feature set Regions or connectivity

ReHo Parietal_Inf_L, SupraMarginal_L/R, Insula_R,
Rolandic_Oper_R, Calcarine_R, Temporal_Mid_R,
Precuneus_R, Cingulum_Mid_R

FA Occipital_Inf_R, Temporal_Inf_R, Calcarine_R,
Precuneus_R, Insula_L/R, Frontal_Mid_R,
Temporal_Pole_Mid_L, Putamen_L/R, Lingual_R

Common regions Insula_R, Calcarine_R, Precuneus_R

the predictive capability of fusing fMRI-DTI and regional-
connectivity features is significantly higher than that of using
one type of feature from one imaging modality (i.e., ReHo,
FA, FC, or SC). These results revealed rich information about
individual pain sensitivity from the brain’s both structural
and functional perspectives as well as from both regional and
connectivity brain patterns.

Fused Model Achieves Higher
Performance
The fused model that uses fMRI-based ReHo and FC features
and DTI-based FA and SC features has the best prediction
performance because (1) it uses both regional and connectivity
features, and (2) it uses two imaging modalities.

First, the prediction models (i.e., fMRI Model, DTI Model,
or Fused Model) which fused the regional features (i.e., ReHo
and FA) and brain connectivity features (i.e., FC and SC)
outperformed the prediction models which only used one type
feature, suggesting that multi-type imaging features embrace
richer information than single-type features in the prediction of
pain sensitivity. The regional functional feature, ReHo, which
reflects the spontaneous brain activity observed in specific
regions, serves an important functional role in the efficacy of
neural systems. Also, regional structural characteristics like FA
reflect the changes in microstructure (Basser and Pierpaoli,
2011). Actually, several previous studies (Erpelding et al., 2012;
Emerson et al., 2014; Rogachov et al., 2016; Geisler et al.,
2021) have demonstrated the relationship between regional
functional signal or structural characteristics and individual pain
sensitivity. However, as pain is a complex experience related
to a wide network of brain regions, it is also important to
explore the relationship between individual pain sensitivity and
brain connectivity which reflect the communication between
distinct regions. Combining the information of both regional
measurement and brain connectivity gives us a more complete
understanding of the brain mechanisms underlying pain
sensitivity, which may also be the reason for the improvement
of the prediction performance after fusion. We will further
discuss these predictive regional and connectivity features later
in this section.
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FIGURE 4 | Common predictive regional features and connectivity features for the prediction of laser pain threshold.

Second, we found that models based on both fMRI and DTI
features are more predictive than those used single modality
only, which implies these two MRI modalities contribute to the
determination of pain sensitivity from different perspectives. But
the predictive power of fused models is not simply equal to the
sum of the power of the related prediction models which only
used one MRI modality. This is expected because a wealth of
research (Gu et al., 2015; Tang and Bassett, 2018) has shown
that white matter microstructure links discreet brain areas and
thus regulates brain function. In another word, DTI and fMRI
features are correlated because of the brain’s structure-function
coupling. Therefore, the information provided by fMRI and DTI,
on the one hand, complements to each other, while on the other
hand, overlaps to some extent. Although little effort has been
made on utilizing the multimodal neuroimaging data (fMRI and
DTI) for predicting individual pain sensitivity, several studies
demonstrated the advantage of integrating DTI and fMRI in
the field of cognitive neuroscience and psychiatry (Goble et al.,
2012; Sugranyes et al., 2012). For example, Xiao et al. (2021)
combined regional features extracted from the whole brain in
three modalities (fMRI data, T1-weighted data, and DWI data),

achieving a good performance in predicting individual visual
working memory capacity.

Functional Magnetic Resonance Imaging
Features Predictive of Pain Sensitivity
Our results indicated some relations between the common
predictive fMRI regional features and FC features. We found
that the selected fMRI regional features are mainly located in the
precuneus, insula, and calcarine. As identified in the previous
studies, precuneus plays an important role in pain processing
(Zhang et al., 2020), possibly with different mechanisms.
Precuneus is engaged in continuous information gathering and
representation of the self and the external world (co-perception),
as well as in the assessment of self-relevant sensations (Johnson
et al., 2006), both of which are important aspects of the pain
experience. Also, the precuneus is a core constituent of the
default-mode network (DMN) (Utevsky et al., 2014), of which
the alterations have been well documented to be related to pain
progression. In addition, Goffaux et al. (2014) found that pain
sensitivity in healthy adults was closely tied to pain-evoked
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TABLE 3 | List of common predictive connectivity features for the prediction of
laser pain threshold.

Feature set Regions or connectivity

FC Frontal_Sup_R- Caudate_R
Frontal_Sup_Orb_L—Parietal_Sup_R
Frontal_Mid_Orb_L—Parietal_Sup_R
Frontal_Mid_Orb_R—Occipital_Sup_R
Frontal_Inf_Oper_L—Frontal_Inf_Tri_R
Frontal_Inf_Oper_L—Cingulum_Mid_R
Frontal_Inf_Oper_L—Parietal_Inf_R
Frontal_Inf_Oper_L—Precuneus_R
Frontal_Inf_Oper_R—Parietal_Sup_R
Frontal_Inf_Tri_L—Parietal_Inf_R
Frontal_Inf_Tri_R—Parietal_Inf_R
Rolandic_Oper_L—Cingulum_Mid_R
Rolandic_Oper_R—Cingulum_Mid_R
Olfactory_L—Lingual_R
Frontal_Sup_Medial_R—Caudate_R
Rectus_R—Calcarine_L
Insula_L—Cingulum_Mid_R
Insula_L—Cuneus_L
Insula_L—Occipital_Inf_R
Insula_R—Cingulum_Mid_L
Insula_R—Cingulum_Mid_R
Cingulum_Ant_R—Occipital_Sup_R
Cingulum_Mid_R—Occipital_Sup_L
Cingulum_Mid_R—Occipital_Sup_R
Cingulum_Mid_R—Parietal_Sup_L
Cingulum_Mid_R—Parietal_Sup_R
Hippocampus_R—Lingual_L
Hippocampus_R—Fusiform_L
ParaHippocampal_L—Fusiform_L
ParaHippocampal_R—Fusiform_L
Calcarine_L—Postcentral_L
Calcarine_L—Temporal_Pole_Mid_R
Occipital_Mid_R—Caudate_L
Occipital_Inf_L—Pallidum_R
Frontal_Mid_R—Frontal_Inf_Oper_L

SC Occipital_Inf_R—Lingual_R
Fusiform_R—Occipital_Sup_R

responses in the contra-lateral precuneus, which was similar to
our study. Insula is a part of cortical regions that are related to
the affective/motivational aspect of pain (Greenspan et al., 1999;
Duerden and Albanese, 2013), and it is also important in the
prediction of pain sensitivity.

As for common predictive FC features, a large number
of prefrontal-parietal and insula-cingulate connectivity features
were identified. Among these connections, we can easily find that
some hubs, such as mid-cingulate cortex and insula, were also
identified as common predictive regional results, which further
showed the important roles of mid-cingulate cortex and insula
in the determination of pain sensitivity. A study (Hsiao et al.,
2020) has mentioned that pain sensitivity in healthy individuals is
associated with the FC in pain-related cortical regions such as the
insula. Beyond that, connections between prefrontal cortex and
parietal lobe were also found to be the most important predictive
connections. This finding is similar to previous studies (Tu et al.,
2019), which found the frontal-parietal networks are useful in
predicting an individual’s pain threshold at both with-session and
between-session levels.

Diffusion Tensor Imaging Features
Predictive of Pain Sensitivity
For FA, the feature analysis demonstrated the FA features in
Occipital_Inf_R, Temporal_Inf_R, Calcarine_R, Precuneus_R,
Insula, and Lingual_R are useful for the prediction of laser pain

threshold. Importantly, we could find that insula, precuneus, and
calcarine are the common predictive regions identified from both
fMRI regional features and DTI structural features. Therefore,
these results do not only reflect the consistency of structure and
function of the brain, but also confirm the key roles of these
regions in the determination of pain sensitivity. For SC, occipital-
occipital and occipital-temporal connections are predictive for
the prediction of pain sensitivity. Actually, till now, only a few
studies focused on the relationship between individual pain
sensitivity and structural properties of white matter and the
findings in these studies are inconsistent. Previous studies suggest
that white matter properties are distinct between pain conditions
(Mansour et al., 2013; Michels et al., 2017). For example, a DTI
study found a negative correlation between FA and migraine
duration in the mid-insula and a positive correlation between
left mid-insula FA and pain catastrophizing (Mathur et al.,
2016). Also, studies have provided evidence that white matter
integrity within and between regions of the descending pain
modulatory network is critically linked with the individual ability
for endogenous pain control (Stein et al., 2012). Our study did
not find many predictive DTI SC features in healthy individuals,
which may imply that the white matter connectivity is mainly
related to pain conditions of chronic patients but not closely
related to healthy individuals’ pain sensitivity.

Limitations and Future Work
Some limitations of the present study are mentioned here. First,
the cerebellum was not included in the feature analysis because
a proportion of participants had incomplete coverage of the
cerebellum. Previous studies have suggested that the cerebellum
has a role in pain and nociceptive processing (Moulton et al.,
2010; Tu et al., 2019), so connectivity between the cerebellum
and other regions may also be predictive of pain thresholds.
Second, AAL atlas was used in our study to extract features
in both the fMRI and DTI data. In fact, for each modality,
there are more elaborate atlas options. To better compare the
features between two modalities’ data, we finally chose commonly
used AAL atlas to unify the atlas. Third, to some extent, the
regional results showed lateralization to the right, which may be
influenced by the location of the stimulus. To better validate the
hypothesis, the measurement of pain sensitivity can be carried out
on both left and right hands/legs. Moreover, pain sensitivity can
be measured in many ways. In addition to the pain threshold used
in our study, pain tolerance threshold and pain intensity can also
be used to assess pain sensitivity. Meanwhile, different painful
stimulus could also be used in pain measurement. To better
describe subjects’ pain sensitivity, different pain measurements
should be considered in the future studies. Fourth, the subjects
recruited in this study were all young adults, but pain sensitivity
and brain structure/function may vary across different ages.
Several studies (Cole et al., 2010; El Tumi et al., 2017) have
demonstrated that pain sensitivity varies with age. To better study
the stability of pain sensitivity and understand the mechanism
of pain sensitivity, it will be better to recruit a cohort with a
more widely spectrum of ages in further studies. Finally, our
finding would be helpful in understanding pain sensitivity in both
structural and functional perspectives. However, the correlation
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between fMRI and DTI features and the underlying mechanism
about how these multimodality features contribute together to
affect the individual pain sensitivity remain unclear. Previous
studies (Warbrick et al., 2017) have revealed that there is a
relationship between fMRI features and DTI features and the
relationship is task- and region-dependent. In our study, the
relationship between the brain’s function and structure in these
overlapping regions and how they work together to decide
one’s pain sensitivity need to be confirmed by further studies.
One possibility is that, a brain region’s function is (at least
partially) determined by its structural characteristics and the
brain function reflects complex multisynaptic interactions in
structural networks (Suárez et al., 2020).

CONCLUSION

In summary, we combined multi-features from multi-modal
MRI data of healthy participants to investigate individual pain
sensitivity and found that fusing functional and structural
features as well as fusing regional and connectivity features
can predict the individual pain threshold more accurately.
Moreover, we identified several predictive features to individual
pain sensitivity from both functional and structural perspectives
as well as regional and connectivity perspectives. This study
provides valuable information regarding how the brain’s
structure, function, and connectivity interact and synergize in the
determination of an individual’s pain sensitivity.
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Some clinical studies have shown promising effects of transcranial direct current
stimulation (tDCS) over the primary motor cortex (M1) on pain relief. Nevertheless, a few
studies reported no significant analgesic effects of tDCS, likely due to the complexity
of clinical pain conditions. Human experimental pain models that utilize indices of
pain in response to well-controlled noxious stimuli can avoid many confounds that
are present in the clinical data. This study aimed to investigate the effects of high-
definition tDCS (HD-tDCS) stimulation over M1 on sensitivity to experimental pain and
assess whether these effects could be influenced by the pain-related cognitions and
emotions. A randomized, double-blinded, crossover, and sham-controlled design was
adopted. A total of 28 healthy participants received anodal, cathodal, or sham HD-
tDCS over M1 (1 mA for 20 min) in different sessions, in which montage has the
advantage of producing more focal stimulation. Using a cold pressor test, several
indices reflecting the sensitivity to cold pain were measured immediately after HD-
tDCS stimulation, such as cold pain threshold and tolerance and cold pain intensity
and unpleasantness ratings. Results showed that only anodal HD-tDCS significantly
increased cold pain threshold when compared with sham stimulation. Neither anodal
nor cathodal HD-tDCS showed significant analgesic effects on cold pain tolerance,
pain intensity, and unpleasantness ratings. Correlation analysis revealed that individuals
that a had lower level of attentional bias to negative information benefited more from
attenuating pain intensity rating induced by anodal HD-tDCS. Therefore, single-session
anodal HD-tDCS modulates the sensory-discriminative aspect of pain perception as
indexed by the increased pain threshold. In addition, the modulating effects of HD-
tDCS on attenuating pain intensity to suprathreshold pain could be influenced by the
participant’s negative attentional bias, which deserves to be taken into consideration in
the clinical applications.

Keywords: high-definition transcranial direct current stimulation (HD-tDCS), primary motor cortex (M1), pain,
analgesia, cold pain sensitivity
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INTRODUCTION

Non-invasive brain stimulation techniques, such as transcranial
magnetic stimulation and transcranial electrical stimulation,
are neuromodulation approaches that can regulate the cortical
activity (Nitsche et al., 2008; Lefaucheur et al., 2017). Transcranial
direct current stimulation (tDCS) is the most commonly used
transcranial electrical stimulation technique, due to its relatively
small-size, low-cost, ease-of-use, and safety characteristics
(Lefaucheur et al., 2017). The primary mechanism of tDCS is
considered to induce polarity-dependent shifts in the resting
membrane potentials, thereby, modulating cortical excitability
and neuronal spontaneous firing rate (Creutzfeldt et al., 1962;
Purpura and McMurtry, 1965). In general, anodal stimulation
results in neuronal depolarization and increases cortical
excitability, whereas cathodal stimulation causes neuronal
hyperpolarization and decreases cortical excitability (Nitsche
and Paulus, 2000; Nitsche et al., 2008).

Previous studies have shown tDCS effects on attenuating pain
perception in experimental pain and clinical pain conditions,
such as neuropathic pain, fibromyalgia, and migraine (Fregni
et al., 2007; Lefaucheur et al., 2008; Nitsche et al., 2008; Luedtke
et al., 2012b; Mylius et al., 2012). Applying 20-min anodal
tDCS over the primary motor cortex (M1) is recommended for
pain relief in the evidence-based guidelines (Lefaucheur et al.,
2017). Meta-analysis showed that tDCS over M1 has small to
moderate analgesic effects on pain threshold in both healthy
and chronic pain populations (Vaseghi et al., 2015; Giannoni-
Luza et al., 2020). However, some studies reported no significant
analgesic effects of tDCS as compared with sham condition
(Jürgens et al., 2012; Luedtke et al., 2012a, 2015). For instance,
a single-blinded crossover study found that tDCS over M1 was
failed to modulate pain threshold and ratings to suprathreshold
heat stimuli among healthy volunteers (Jürgens et al., 2012).
In addition, anodal tDCS over M1 did not significantly relieve
pain and disability for 135 patients with chronic low back pain
(Luedtke et al., 2015). These heterogeneous results lead to the
question of whether the active tDCS stimulation of M1 is effective
for pain modulation.

Most studies that investigated the effects of tDCS over
M1 upon pain perception have adopted the conventional
montage with the target electrode placed at the M1 and the
reference electrode placed at the contralateral supraorbital area.
Nevertheless, the spatial distribution of the electrical field for
conventional tDCS configurations has been critically discussed.
Conventional tDCS stimulation modulates cortical activation
in a large cortical area beyond the cortical region underlying
the target electrode (Lang et al., 2005; Nitsche et al., 2007). In
addition, modeling studies provide evidence that electric fields
produced by conventional tDCS montage are highly diffuse, and
the target area does not directly receive the largest current density
(Datta et al., 2009; Bikson et al., 2010). Relative to conventional
tDCS, 4 × 1 high-definition tDCS (HD-tDCS) montage with
smaller electrodes allows to restrict the current flow between
the central and return electrodes, thereby, providing a more
focal stimulation in the target area (Kuo et al., 2013; Villamar
et al., 2013). Thus, HD-tDCS seems to overcome one of the

main limitations of conventional tDCS by improving the spatial
precision of stimulation.

In light of the advantages of HD-tDCS, some studies
attempted to assess whether HD-tDCS targeted on M1 can
effectively alleviate clinical pain (Villamar et al., 2013; Castillo-
Saavedra et al., 2016). For instance, a phase II open-label trial
reported that 15 sessions (median number) of HD-tDCS over
M1 could achieve a 50% pain reduction in fibromyalgia patients
(Castillo-Saavedra et al., 2016). Indeed, there are inevitably
some confounding factors in the clinical pain population,
such as pain comorbidity of anxiety and depression. Human
experimental pain models allow to provide noxious stimuli
with standardized intensity and to rigorously measure pain
responses with a high level of precision. Noxious stimuli (e.g.,
cold pressor) of the intensity and modality can be applied in
a controlled laboratory setting while other variables of interest
are systematically manipulated. In addition, indices of pain
perception in response to the well-controlled noxious stimuli
can be measured with psychophysical methods. Thus, human
experimental pain models are often used to measure pain
sensitivity and avoid many confounds presented in the clinical
data. A recent study showed that HD-tDCS over M1 was
delivered across 3 days among the healthy individuals, but was
failed to modulate somatosensory and pain sensitivity (Kold and
Graven-Nielsen, 2021). In this study, somatosensory detection
and pain thresholds were measured, which mainly reflect the
sensory-discriminative aspect of pain perception (Rainville et al.,
1992). It remains unclear whether HD-tDCS can modulate the
affective-motivation aspect of pain, such as pain tolerance.

Pain perception is greatly dependent upon psychological
factors, such as pain-related cognitions and emotions
(Bushnell et al., 2013). These psychological factors (e.g.,
pain catastrophizing and fear of pain) can also predict the
outcomes in clinical interventions of clinical pain (Werneke
et al., 2009; Mankovsky et al., 2012; Sparkes et al., 2015; Burns
et al., 2017; Sharifzadeh et al., 2017). For example, greater pain
catastrophizing predicts a worse response to opioid analgesics
for patients with chronic low back pain (Burns et al., 2017) and
less pain reduction after spinal cord stimulation treatment for
patients with chronic neuropathic pain (Sparkes et al., 2015).
Moreover, more fear of pain is associated with worse outcomes
in physical rehabilitation therapy for patients with low back
pain (Werneke et al., 2009). Since the effectiveness of pain
intervention is greatly influenced by pain-related cognitions
and emotions, it is likely that these psychological factors could
influence the analgesic effects of tDCS. Understanding the
underlying moderating factors of analgesia induced by tDCS
may help to develop tDCS protocols for precision medicine.

Cold pressor pain, induced by submerging a non-dominant
hand into cold water, is a well-validated test to mimic clinical
pain, because of the more sustained and higher level of pain
intensity and unpleasantness that it evokes (Rainville et al.,
1992). It shows excellent experimental reliability and validity
in assessing cold pain sensitivity (Ehrlich et al., 2003). Here,
the present study used the cold pressor test and investigated
the effects of single-session HD-tDCS over M1 on cold pain
sensitivity among healthy participants. Adopting a randomized,
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double-blinded, crossover, and sham-controlled design, pain
sensitivity was measured immediately after anodal, cathodal,
and sham HD-tDCS targeted on the M1. We hypothesized
that when compared with sham stimulation, active HD-tDCS
over M1 could increase cold pain threshold and tolerance but
decrease pain intensity and unpleasantness ratings. In addition,
we hypothesized that the effectiveness of active HD-tDCS
on cold pain sensitivity could be influenced by pain-related
cognitions and emotions.

MATERIALS AND METHODS

Participants
A priori power analysis using G∗Power software was conducted
to determine the appropriate sample size for a within-participant
design with two factors (2 × 3 = 6 conditions). It yielded a
sample size of n = 28 to detect a medium effect size of f = 0.25
at a standard error probability of α = 0.05 with a power of
0.95. Therefore, we recruited 28 participants [14 women; age:
mean ± standard error of the mean (SEM) = 23.07 ± 0.34 years)
to participate in this study. All participants were right-handed,
had a normal or corrected-to-normal vision, and were free
from any contraindications for tDCS application. No participant
reported any medical condition associated with acute or
chronic pain, cardiovascular or neurological diseases, psychiatric
disorders, or current use of any medication, or in menstrual
period. All participants gave their written informed consent
before the experiments according to the Declaration of Helsinki.
All experimental procedures were approved by the local research
ethics committee.

Questionnaires
Before the experiment, all participants were instructed to
complete the pain-related questionnaires that measured their
cognitions and emotions to pain. Specifically, the Pain Sensitivity
Questionnaire (PSQ) was used to assess subjective pain
perception of painful situations in daily life (Ruscheweyh
et al., 2009). The Fear of Pain Questionnaire (FPQ; McNeil
and Rainwater, 1998) and the Pain Catastrophizing Scale
(PCS; Sullivan et al., 1995) were administered to assess
their thoughts, attitudes, and beliefs toward pain. The Pain
Vigilance and Awareness Questionnaire (PVAQ) was used to
measure awareness, consciousness, vigilance, and observation
of pain (McCracken, 1997). The Attention to Positive and
Negative Information Scale (APNI; Noguchi et al., 2006) was
adopted to examine the individual attentional bias to positive
or negative information, which consisted of two subscales
(Attention to Positive Information, API; Attention to Negative
Information, ANI).

General Experimental Procedure
This study was a randomized, double-blinded, crossover, and
sham-controlled design. Two experimenters were involved in
this study, with one as the tDCS administrator and the other as
the pain-test assessor. The tDCS administrator was responsible
for the generation of the random allocation sequence and the

delivery of the tDCS intervention, who was not involved in
any data collection and analysis. As shown in Figure 1, each
participant attended three sessions and underwent a single
session of anodal, cathodal, and sham HD-tDCS targeted on
the left or right M1, which were followed by a cold pressor
test. Sessions were separated by at least 1 week to prevent any
carryover effects. The order and the stimulated site of tDCS
intervention were counterbalanced and randomly assigned to the
participants. Therefore, each participant received three sessions
of HD-tDCS (anodal, cathodal, and sham) with the target region
on either left or right M1, which was kept constant across
the three sessions.

High-Definition Transcranial Direct Current
Stimulation
A 4 × 1 Multichannel Stimulation Adaptor (Model 4 × 1-C3A;
Soterix Medical Inc., New York, NY, United States) was employed
to deliver 1 mA direct current to the scalp via Ag-AgCl sintered
ring electrodes (EL-TP-RNG Sintered; Stens Biofeedback Inc.,
San Rafael, CA, United States) (Minhas et al., 2010). The 4 × 1
ring montage consisted of one central electrode placed at the
M1 (C3 or C4) based on the International 10–20 System, and
the four return electrodes were surrounded the central electrode
at a center-to-center distance of 3.5 cm. When stimulating the

FIGURE 1 | Schematic illustration of the experimental procedures. Each
participant visited three sessions which comprised single-session tDCS
intervention (1 mA, 20 min) followed by a cold pressor test. Three sessions
were separated by 7 days to avoid the possible carryover effects due to the
tDCS stimulation. During the tDCS intervention, participants received
HD-tDCS targeted on the M1 using anodal, cathodal, or sham stimulation.
HD-tDCS electrodes were placed according to the International 10–20
System, with the central electrode placed at C3 or C4 and the return
electrodes placed at FC5, FC1, CP1, CP5 or FC6, FC2, CP2, CP6,
respectively. During the cold pressor test, sensitivity to cold pain was
measured by instructing participants to immerse their both hands
(contralateral and ipsilateral to the HD-tDCS target side) into the cold-water
apparatus of 4◦C.
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left M1, the central electrode was placed on C3, while the four
return electrodes were placed on FC1, FC5, CP5, and CP1.
When stimulating the right M1, the central electrode was placed
on C4, and the four return electrodes were placed on FC2,
FC6, CP6, and CP2. Previous studies have confirmed that the
position of the electrode at C3 or C4 corresponds approximately
to the location of the left or right M1 (Edwards et al., 2013).
HD-Explore software (Version 2.3, Soterix Medical, New York,
NY, United States) was used to confirm the focality of electric
fields induced by HD-tDCS (Figure 2). The identical montage
setting was used for the anodal, cathodal, and sham stimulation.
Impedance values were measured for each of the five electrodes
and were all verified to be <1 quality unit. For anodal and
cathodal stimulations, the current ramped up from 0 to 1 mA
in 30 s and was then constantly given for 20 min, with a 30 s
ramp-down time period at the end of the stimulation. For sham
stimulation, the current ramped up to 1 mA over 30 s, prior
to being ramped down over the next 30 s to 0 mA, where its
stimulation protocol was still maintained for 20 min. At the end
of the stimulation, the current was again ramped up to 1 mA
over 30 s. Participants were blinded to the type of HD-tDCS
stimulation and the device was kept out of their sight during the
experiment. At the end of each session, participants completed a
questionnaire regarding blinding efficiency and potential adverse
effects caused by the HD-tDCS stimulation, such as itching, pain,
or skin irritation (Antal et al., 2010; Brunoni et al., 2011).

Cold Pressor Test
Immediately after HD-tDCS intervention, a cold pressor test
was conducted to assess individual cold pain sensitivity. The
test was applied to both hands (contralateral and ipsilateral
to the HD-tDCS stimulated side), separated by 10 min. The
testing order of two hands was counterbalanced and randomly
assigned for the participants. Participants were instructed to
firstly immerse the hand up to the wrist into a tank with
room temperature water at approximately 22◦C for 30 s.
This was done to ensure that the hand temperature before
a cold pressor test was similar across participants. Then,
participants were asked to immediately immerse open-hand into
a circulating cold-water tank (Type: DX-208, Beijing Changliu
Scientific Instrument Co., Ltd.) of 4◦C (±0.10). Simultaneously,
a stopwatch was activated. Cold pain threshold was defined
as the total duration from the onset of hand immersion until
the first report of pain perception (in seconds). Cold pain
tolerance was defined as the total duration from the onset of
hand immersion until the removal of the hand from the cold
pressor apparatus (in seconds). Perceived pain intensity and
unpleasantness were rated at tolerance, using an 11-point scale
ranging from 0 (no pain/unpleasantness) to 10 (unbearable
pain/unpleasantness). For the safety concerns, we would instruct
the participants to withdraw their hand from the apparatus if the
immersion duration reached 3 min. This was not informed to the
participants before the cold pressor test.

Statistical Analysis
All statistical analyses were carried out using the IBM SPSS
statistical analysis package (version 22; IBM Corp., Armonk,

NY, United States). The blinding of tDCS type was examined
using a Cochran’s Q-test, which compared the frequency of
yes responses across three sessions. Ratings for adverse effects
were investigated using the one-way repeated measures analysis
of variance (ANOVA) with a factor of tDCS Type (anodal,
cathodal, and sham HD-tDCS). To assess possible effects of HD-
tDCS on cold pain sensitivity, measures in the cold pressor
test (such as cold pain threshold and tolerance, as well as
ratings of perceived pain intensity and unpleasantness) were
compared using a two-way repeated measures ANOVA with
two within-participant factors of tDCS Type (anodal, cathodal,
and sham HD-tDCS) and Stimulation Side (hands ipsilateral
and contralateral to the HD-tDCS side). When there was a
significant main effect or interaction, we performed post hoc
comparisons. Bonferroni correction was used for multiple-
comparison correction. In addition, the relationship between
the analgesic effects of HD-tDCS (active HD-tDCS minus sham
HD-tDCS) and scores on pain-related questionnaires (i.e., PSQ,
FPQ, PCS, PVAQ, and APNI) was assessed using Pearson
correlation across all participants. This was done to test whether
analgesic effects of HD-tDCS were influenced by pain-related
cognitions or emotions.

RESULTS

A total of 28 participants were originally recruited. Three
participants failed to complete the three sessions due to either
personal issues (n = 1) or the equipment failure (n = 2).
To this end, data from 25 participants were included in
the data analysis. The demographic information (including
age and gender) and psychometric characteristics (including
the PSQ, FPQ, PCS, PVAQ, and APNI) are summarized in
Table 1.

Immediately after tDCS intervention, the blinding of
stimulation type was evaluated using the questionnaires. The
effectiveness of blinding HD-tDCS (i.e., whether the participant
believed that they had received active tDCS or not) was analyzed
using a Cochran’s Q-test. The reports did not differ among the
three sessions [χ2 (2) = 2.00, p = 0.778]. It suggests successful
blinding of HD-tDCS. Ratings of adverse events were compared
among the three HD-tDCS sessions. As shown in Table 2, ratings
of adverse events after HD-tDCS are comparable among the
three sessions (p> 0.05 for all comparisons), except for ratings of
burning sensation (F2,46 = 5.41, p = 0.010, η2

p = 0.191). Post hoc
comparisons showed that participants reported greater burning
sensations after cathodal stimulation intervention than after
anodal stimulation intervention (p = 0.029). Nevertheless, ratings
to sham stimulation were not different from anodal or cathodal
stimulation (p = 0.575 and p = 0.110, respectively). It suggests
that cathodal HD-tDCS causes more adverse effects on eliciting
burning sensation.

The duration to cold pain threshold and tolerance and ratings
to pain intensity and unpleasantness are displayed in Figure 3.
Statistics for the effects of HD-tDCS on cold pain sensitivity are
summarized in Table 3. Analysis of HD-tDCS effects on cold
pain threshold showed a significant main effect of tDCS Type
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FIGURE 2 | Finite element models of high-definition transcranial direct current (HD-tDCS) of the left M1. Cortical surface and deep brain structure plots illustrate
electric field magnitude (A; directionless; blue color represents zero electric field and the red color represents peak magnitude). HD-tDCS electrodes were placed
according to the International 10–20 System. The central electrode was placed at C3 with surrounding return electrodes that are located at FC1, FC5, CP5, and
CP1 (red color represents anode, blue color represents cathode). Anodal (B) and cathodal (C) modeling showed a similar current field intensity but with current flow
in opposite directions. The direction of the current flow is indicated by black arrows. A field intensity range of 0.00–0.08 V/m was used.

(F2,48 = 3.83, p = 0.035, η2
p = 0.138). Post hoc paired-sample

t-tests showed that cold pain threshold was greater after anodal
HD-tDCS than after sham stimulation (p = 0.008; Figure 3A)
but was comparable between cathodal and sham stimulation
(p = 0.272). The main effect of the Stimulation Side was also
significant (F1,24 = 7.65, p = 0.011, η2

p = 0.242) such that
the cold pain threshold at hand contralateral to the HD-tDCS
side was greater than at the ipsilateral side. The interaction
was not significant for cold pain threshold (F2,48 = 0.08,
p = 0.923, η2

p = 0.003). These results suggested that anodal HD-
tDCS significantly increased cold pain threshold, in which effect
was comparable between hands contralateral or ipsilateral to
tDCS target side.

In contrast, repeated measure ANOVA did not show any
significant main effects or interaction on pain tolerance, pain
intensity, and unpleasantness ratings evoked by cold pressor
stimulus (p > 0.05 for all comparisons).

Correlation analysis was conducted to determine whether
the analgesic effects of HD-tDCS were influenced by pain-
related cognitions and emotions. Firstly, cold pain sensitivity
measured at hands contralateral and ipsilateral to the HD-
tDCS side was grand averaged for each tDCS type (anodal,

TABLE 1 | Demographic and psychometric characteristics of participants (n = 25).

Characteristics Mean ± SEM

Age (years) 22.92 ± 0.36

Sex (female/male) 13/12

Pain Sensitivity Questionnaire 72.80 ± 4.39

Fear of Pain Questionnaire 101.12 ± 3.24

Pain Catastrophizing Scale 18.2 ± 1.88

Pain Vigilance and Awareness Questionnaire 38.24 ± 1.86

Attention to Positive Information (API) 76.52 ± 0.76

Attention to Negative Information (ANI) 34.72 ± 1.56

cathodal, and sham HD-tDCS), thus yielding three values
for each pain sensitivity measure and for each participant.
Next, the analgesic effects of HD-tDCS were evaluated by
calculating the contrast between active and sham stimulation
(i.e., anodal minus sham or cathodal minus sham). A negative
value for the pain rating or a positive value for pain threshold
and tolerance indicates analgesia induced by active HD-tDCS.
Finally, the relationships between the analgesic effects of HD-
tDCS and pain-related cognitions/emotions (scores on the PSQ,
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TABLE 2 | Reported adverse effects after anodal, cathodal, and sham HD-tDCS stimulation.

Anodal Cathodal Sham ANOVA

Headache 0.32 ± 0.16 0.72 ± 0.32 0.63 ± 0.37 F2,46 = 0.64, p = 0.504, η2
p = 0.027

Neck pain 0.08 ± 0.08 0.36 ± 0.18 0.13 ± 0.09 F2,46 = 1.33, p = 0.274, η2
p = 0.055

Scalp pain 1.56 ± 0.39 1.44 ± 0.41 1.50 ± 0.33 F2,46 = 0.32, p = 0.718, η2
p = 0.014

Tingling 2.92 ± 0.46 3.24 ± 0.49 2.96 ± 0.59 F2,46 = 0.35, p = 0.658, η2
p = 0.015

Itching 3.24 ± 0.61 3.80 ± 0.59 2.63 ± 0.59 F2,46 = 2.71, p = 0.082, η2
p = 0.105

Burning sensation 0.44 ± 0.19 1.88 ± 0.50 0.88 ± 0.44 F2,46 = 5.41, p = 0.010, η2
p = 0.191

Skin redness 0.16 ± 0.11 0.68 ± 0.33 0.50 ± 0.30 F2,46 = 0.66, p = 0.462, η2
p = 0.028

Sleepiness 2.84 ± 0.40 2.16 ± 0.37 2.92 ± 0.42 F2,46 = 2.49, p = 0.107, η2
p = 0.098

Trouble concentrating 2.24 ± 0.38 2.24 ± 0.49 2.13 ± 0.51 F2,46 = 0.01, p = 0.978, η2
p = 0.001

Acute mood changes 0.44 ± 0.22 0.68 ± 0.34 0.67 ± 0.36 F2,46 = 0.22, p = 0.733, η2
p = 0.009

Data are expressed as mean ± SEM. Statistics were obtained by applying one-way repeated measures ANOVA with one factor of “Type” (anodal, cathodal, and sham HD-
tDCS).

FIGURE 3 | Effects of high-definition transcranial direct current (HD-tDCS) on cold pain sensitivity. Cold pain threshold (measured in seconds; A) and tolerance
(measured in seconds; B), as well as cold pain intensity (measured on the 0–10 scale; C) and unpleasantness (measured on the 0–10 scale; D) ratings were
measured after the application of anodal, cathodal, sham HD-tDCS, for hands contralateral and ipsilateral to the HD-tDCS side. Data are expressed as
mean ± SEM. Compared with sham stimulation, the cold pain threshold was significantly increased after anodal HD-tDCS, regardless of whether the cold pain
stimulus was delivered to the hand contralateral or ipsilateral to the HD-tDCS side. **p < 0.01, paired-sample t-test.

FPQ, PCS, PVAQ, and APNI) were estimated using Pearson
correlation analysis. As shown in Figure 4, the analgesic effect of
anodal HD-tDCS on cold pain intensity rating was significantly
associated with scores on the ANI (r = 0.59, p = 0.002).
This result suggested that individuals with a lower level of
attentional bias to negative information would benefit more
from attenuating pain intensity rating induced by anodal HD-
tDCS stimulation.

DISCUSSION

The current study evaluated the effects of single-session
HD-tDCS over M1 on cold pain sensitivity among the
healthy population. Anodal HD-tDCS showed to be effective
in increasing cold pain threshold when compared with
sham stimulation. Neither anodal nor cathodal HD-tDCS
significantly modulated cold pain tolerance and pain intensity
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TABLE 3 | Statistics for cold pain sensitivity.

Stimulation Side tDCS Type Stimulation Side × tDCS Type

Cold pain threshold F1, 24 = 7.65*, η2
p = 0.242 F2,48 = 3.83*, η2

p = 0.138 F2,48 = 0.08, η2
p = 0.003

Cold pain tolerance F1, 24 = 1.52, η2
p = 0.059 F2,48 = 0.19, η2

p = 0.008 F2,48 = 2.13, η2
p = 0.082

Pain intensity F1, 24 = 0.13, η2
p = 0.005 F2,48 = 1.37, η2

p = 0.054 F2,48 = 0.38, η2
p = 0.016

Unpleasantness F1, 24 = 0.01, η2
p < 0.001 F2,48 = 0.42, η2

p = 0.017 F2,48 = 1.59, η2
p = 0.062

Statistics were obtained by applying a two-way repeated measures ANOVA, with two within-participant factors of Stimulation Side (the hands contralateral and ipsilateral
to the HD-tDCS side) and tDCS Type (anodal, cathodal, and sham HD-tDCS). *p < 0.05.

FIGURE 4 | Associations between analgesic effects of anodal high-definition
transcranial direct current (HD-tDCS) and negative attentional bias. Analgesic
effects of anodal HD-tDCS over M1 on cold pain intensity rating were
calculated as the contrast between anodal and sham stimulation condition
(anodal HD-tDCS minus sham HD-tDCS), with more negative values indicating
stronger analgesic effects (colored in darker blue). The negative attentional
bias was quantified by the scores on the Attention to Negative Information
Scale (ANI), with greater scores on the ANI indicating a higher level of negative
attentional bias (colored in darker red). Across all participants, stronger
analgesic effects of anodal HD-tDCS were significantly correlated with a lower
level of negative attentional bias. Each gray dot in the scatter plots represents
a single participant. The black line represents the best linear fit for the data.

and unpleasantness ratings. Analgesic effects of anodal HD-
tDCS on cold pain intensity rating could be influenced by the
level of attentional bias to negative information. These results
suggested that anodal HD-tDCS over M1 can modulate the
sensory-discriminative aspect of experimental pain perception
and that analgesic effects of anodal HD-tDCS on the perception
of suprathreshold pain may be influenced by psychological
factors, such as negative attentional bias.

Single-session 20-min anodal HD-tDCS targeted on the M1,
relative to sham stimulation, increased cold pain threshold,
regardless of whether a painful stimulus was delivered to the
hand contralateral or ipsilateral to the tDCS target site. This
finding is in line with Zandieh et al. (2013), which reported that
the application of conventional anodal tDCS, but not cathodal

tDCS, led to an increment in cold pain threshold. Previous meta-
analyses also support our findings and show that anodal tDCS
stimulation over M1 increases pain threshold in both healthy
(Vaseghi et al., 2014) and clinical pain (Giannoni-Luza et al.,
2020) population. However, our results are in contrast with
previous studies that reported negative effects of tDCS on cold
pain threshold among healthy volunteers (Bachmann et al., 2010;
Grundmann et al., 2011; Borckardt et al., 2012; Jürgens et al.,
2012; Brasil-Neto et al., 2020; Kold and Graven-Nielsen, 2021).
Unlike the conventional pad-based tDCS frequently used in
previous studies (Bachmann et al., 2010; Grundmann et al., 2011;
Jürgens et al., 2012), we used HD-tDCS montage with multiple
smaller electrodes that can provide more focal stimulation on the
M1, thereby, increasing the credibility of activating M1 (Nitsche
et al., 2007; Kuo et al., 2013). A few studies did employ the HD-
tDCS stimulation over M1 but also reported little or marginal
effect on cold pain threshold (Borckardt et al., 2012; Brasil-
Neto et al., 2020; Kold and Graven-Nielsen, 2021). Most of these
studies measured cold pain sensitivity before and after the tDCS
intervention, which likely induce habituation or sensitization to
the noxious stimulus. As the participants were repeatedly exposed
to the same assessments with a relatively short interval (i.e., 15–
20 min), the novelty and salience of noxious stimulus would be
reduced along with the test progress, which may confound with
the analgesic effects of tDCS (Kold and Graven-Nielsen, 2021).

Although previous studies have reported analgesic effects
of M1-tDCS in both experimental and clinical pain settings
(Lefaucheur et al., 2008; Giannoni-Luza et al., 2020), the
underlying mechanisms still remain unclear. One of the
hypotheses proposes that M1-tDCS induced analgesia through
the inhibition of the nociceptive ascending pathway at the
spinal cord level by activating the endogenous pain inhibitory
pathway (García-Larrea et al., 1999; Giannoni-Luza et al.,
2020). Neuroimaging studies provide evidence that motor cortex
stimulation triggers activation in the ventral-lateral thalamus,
leading to a cascade of events in medial thalamus, anterior
cingulate/orbitofrontal cortices, and periaqueductal gray matter,
in which regions constitute the endogenous pain inhibitory
pathway (García-Larrea et al., 1999; Garcia-Larrea and Peyron,
2007). A meta-analysis reports that non-invasive motor cortex
stimulation could effectively modulate pain thresholds and
conditioned pain modulation (CPM) efficiency in the healthy
and chronic pain populations (Giannoni-Luza et al., 2020).
The CPM paradigm is commonly employed to examine the
function and integrity of the endogenous pain inhibitory
pathway (Bannister and Dickenson, 2017). Indeed, two recent
studies confirmed that the single-session HD-tDCS targeted
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on the M1 could improve CPM efficiency among healthy
populations (Wan et al., 2021; Jiang et al., 2022). Therefore, the
observed analgesic effects on pain threshold could have arisen
from the top-down modulation of endogenous pain inhibitory
pathway via HD-tDCS stimulating M1. Nevertheless, we did
not measure neurophysiological data that could allow us to
assess the mechanisms underlying the analgesic effects. Future
neuroimaging studies are recommended to further explore
whether and how HD-tDCS over M1 modulates the endogenous
pain inhibitory pathway and subjective pain perception.

High-definition tDCS over M1 did not modulate cold pain
tolerance and pain intensity and unpleasantness ratings. Human
pain is a subjective and multidimensional experience involving
sensory-discriminative, affective-motivational, and cognitive-
evaluation aspects (Wiech et al., 2008; Tracey, 2011). Although
pain threshold, pain tolerance, pain intensity, and unpleasantness
ratings are indices of subjective pain perception, they could be
reflecting different aspects of pain processing. Pain threshold
seems to be determined predominantly by physiological factors,
thereby, largely reflecting the sensory-discriminative aspect
of pain that is mediated by the primary and secondary
somatosensory cortices (Schnitzler and Ploner, 2000; Price et al.,
2001; Vierck et al., 2013). Pain tolerance and unpleasantness
rating are mainly reflecting the affective-motivational aspect
of pain, which is processed in the medial nociceptive system
including the anterior cingulate cortex and insula (Peyron et al.,
2000; Schnitzler and Ploner, 2000; Bushnell et al., 2013). In
contrast, pain intensity rating would be more complex, therefore,
encompassing multiple aspects of pain that are encoded in brain
regions associated with somatosensory, emotional, attention,
and motor processing (Rainville et al., 1992; Coghill et al.,
1999). Here, anodal HD-tDCS on M1 increased cold pain
threshold but did not significantly affect cold pain tolerance,
intensity, and unpleasantness rating. It suggests that HD-tDCS
can effectively modulate the sensory-discriminative processes
of pain perception, instead of the affective-cognitive aspect of
pain perception.

Correlation analysis showed that analgesic effects of anodal
HD-tDCS on pain intensity ratings were strongly associated
with the participant’s negative attentional bias. It is manifested
that those healthy participants with a lower level of attentional
bias to negative information tend to have greater effects of
HD-tDCS on relieving pain intensity. With the knowledge that
patients with chronic pain have more negative attitudes and
beliefs, such as pain catastrophizing and fear of pain, as well
as negative bias toward pain (Vlaeyen and Linton, 2000; Keogh
et al., 2004; Bushnell et al., 2013; Meints and Edwards, 2018),
the affective turning of the attentional system could direct
attention to negatively-valanced information more frequently
and consequently, leading to poor responses to pharmacological
interventions of pain (Mankovsky et al., 2012; Burns et al., 2017;
Sharifzadeh et al., 2017). For instance, chronic pain patients with
less pain catastrophizing or fear of pain tend to exhibit better
treatment outcomes (Werneke et al., 2009; Sparkes et al., 2015).
Consistent with this understanding, hypervigilance to negative
information may counteract the pain-relieving effects induced by
HD-tDCS. It suggests that the application of tDCS on relieving

clinical pain should well consider the patients’ cognitions, such as
attentional bias. Individuals with less attentional bias to negative
information could be the ones that can benefit more from the
tDCS intervention. This can help guide more precise tDCS
intervention in clinical pain management.

CONCLUSION

In conclusion, relative to sham stimulation, single-session anodal
HD-tDCS over M1 increased cold pain threshold in the healthy
population. It indicates anodal HD-tDCS targeted on the M1
can effectively modulate the sensory-discriminative aspect of
pain perception. In addition, the effectiveness of anodal HD-
tDCS in attenuating pain intensity ratings to suprathreshold pain
could be influenced by the level of attentional bias to negative
information. Our findings support the potential application of
HD-tDCS interventions in pain relief among the clinical pain
patients and highlight that individual attentional bias to negative
information should be well taken into consideration. Given
that multiple-session tDCS may be more effective than single-
session stimulation (Monte-Silva et al., 2013; Lefaucheur et al.,
2017), future studies are recommended to test the effectiveness
on relieving clinical pain through applying HD-tDCS with
repeated sessions.
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Exercise can help inhibition of neuropathic pain (NP), but the related mechanism remains
being explored. In this research, we performed the effect of swimming exercise on
the chronic constriction injury (CCI) rats. Compared with CCI group, the mechanical
withdrawal threshold of rats in the CCI-Swim group significantly increased on the 21st
and 28th day after CCI surgery. Second-generation RNA-sequencing technology was
employed to investigate the transcriptomes of spinal dorsal horns in the Sham, CCI,
and CCI-Swim groups. On the 28th day post-operation, 306 intersecting long non-
coding RNAs (lncRNAs) and 173 intersecting mRNAs were observed between the CCI
vs Sham group and CCI-Swim vs CCI groups. Then, the biological functions of lncRNAs
and mRNAs in the spinal dorsal horn of CCI rats were then analyzed. Taking the results
together, this study could provide a novel perspective for the treatment for NP.

Keywords: swim, spinal dorsal horn, sequencing, neuropathic pain, lncRNA, mRNA

INTRODUCTION

Neuropathic pain (NP) is a primary lesion or disease of the somatosensory system, the symptoms
and signs of which include spontaneous pain, allodynia, hyperalgesia, and paresthesia (Jensen and
Finnerup, 2014; Colloca et al., 2017; Cavalli et al., 2019). Long-term pain not only reduces the sleep
quality of NP patients, but also leads to decreased quality of life and psychological state (Colloca
et al., 2017; Wu et al., 2019). Epidemiological surveys show that the prevalence of NP is 7–10% (van
Hecke et al., 2014). Global aging has rendered NP a major public health issue and socioeconomic
burden (Colloca et al., 2017; Bouhassira, 2019). Previous studies have found that the majority of
available NP treatments have mild effects or dose-limiting side effects, and many NP patients have
pain that cannot be properly treated (Attal and Bouhassira, 2015; Cooper et al., 2016; Gierthmühlen
and Baron, 2016). Therefore, exploring safe and effective treatments for NP is necessary.

Exercise is widely used in the medical field as a therapeutic method and as a new approach to
relieve various painful conditions (Dobson et al., 2014; Cooper et al., 2016; Kami et al., 2017; Palandi
et al., 2020; Zhao et al., 2020; Zhou et al., 2020; Zheng et al., 2021; Peng et al., 2022; Wu et al.,
2022). Previous studies have reported that swimming and treadmill running could significantly
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improve mechanical allodynia, cold allodynia, and heat
hyperalgesia, while suppress the level of inflammatory cytokines
in animal NP models (Cooper et al., 2016; Kami et al., 2017).
Swimming, as an effective method of reducing pain in rats, is an
attractive form of exercise for patients with NP. Swimming can
relieve the load on the aching limbs and coordination problems
affected by pain in most patients, especially in the elderly (Cooper
et al., 2016; Kami et al., 2017). However, the exact mechanism by
which swimming alleviates NP is insufficiently understood and
requires further exploration.

Recent developments in RNA-sequencing (RNA-seq)
technology have enabled the screening of differentially expressed
genes (DEGs) in the NP process and improved the understanding
of the mechanism of NP (St John Smith, 2018). Long non-coding
RNAs (lncRNAs), as non-protein coding RNAs with more
than 200 nucleotides in length, have gene regulation functions.
Earlier research established the participation of lncRNAs in the
pathological process of NP by modulating pain-associated genes
and altering neuronal excitability (Zhou et al., 2017a,b; Wu et al.,
2019). Published studies also found that the spinal dorsal horn
is the site of greatest concern in basic researches on NP. The
spinal dorsal horn is the first station for the central nervous
system to receive pain afferent signals (Cohen and Mao, 2014;
Tsuda, 2016). After preliminary integration, the information is
uploaded to the thalamus, and then the information is further
transmitted to the cerebral cortex, thus causing pain. The
dorsal horn of spinal cord is an important node for upward
transmission of pain signals (Guo and Hu, 2014). However,
no study evaluating the function of exercise in spinal dorsal
horn transcriptomes in an NP animal model has yet been
published. Therefore, in this research, we demonstrate the effect
of swimming on the transcriptome of chronic constriction
injury (CCI) rats, and utilized RNA-seq technology analyzing
DEGs with their biological function. The genetic changes
induced by exercise afford potential intervention targets for the
development of NP.

MATERIALS AND METHODS

Animals and Exercise Training
The SLAC Laboratory (Shanghai, China) afforded us with
Sprague Dawley rats. The rats were all 6-week-old males weighing
between 180 and 200 g. The rats were given standard water and
rat chow. Their ambient temperature was controlled at 24 ± 1◦C
and the light and dark cycle was 12/12 h. All experimental
processes were authorized by the Ethics Committee of Scientific
Research of Shanghai University of Sport.

The rats (n = 18) were grouped randomly into three groups:
the Sham group (n = 6), the CCI group (n = 6), and the CCI-
Swim group (n = 6). Adaptive feeding was conducted for 1 week.
The rats in Sham and CCI groups were routinely fed and did
not participate in swimming exercise, while rats in the CCI-
Swim group were adapted to swim for 1 week preoperatively.
Swimming time gradually increased from 10 min on day 1 to
60 min on day 6. On the third day after the CCI operation, rats in
the CCI-Swim group were made to swim for a total of 19 sessions,

and the swimming time was gradually increased. The first and
second sessions involved swimming for 30 min each day, the third
and fourth sessions involved swimming for 40 min each day, and
the fifth and sixth sessions involved swimming for 50 min each
day. In the seventh to ninth sessions, the rats swam for 60 min
each time (Figure 1). This swimming training program is based
on a previously published animal swimming exercise program
that was improved by our research group. The rats were made to
swim in a plastic box (82 cm × 60 cm × 59 cm) at a temperature
of 35–37◦C. After swimming, the rats are caught and dried with
a heat blower (Almeida et al., 2015).

Chronic Constriction Injury Models
We performed CCI on the sciatic nerve of the rats on the basis
of a previous study (Jaggi et al., 2011). First, we anesthetized
the animal with 5% isoflurane. Then, the skin of the rats’ right
lower limb was cut, and the muscle and connective tissue were
bluntly dissected to locate the sciatic nerve. Four chromic catguts

FIGURE 1 | Protocol for swimming exercise. Swimming was included 1-week
habituation before CCI surgery and 4-week formal training after CCI surgery.

TABLE 1 | The primers utilized in qRT-PCR.

Primer Forward Reverse

XLOC_274480 AGATACCAGTCATCCT
ACCTGC

CGAGACATCGTATCATG
GAGTCA

XLOC_105980 CGGTCTCCAGCTAGTTA
TCCAC

GGCAACCGGAGAAAGAA
TTGAAC

XLOC_134372 AGTGAAATACATTGCTGT
CCTGTC

CACTGGGAGGATATGG
TAAGGCA

AABR07047899.1 TGATCCAAAAGCTGC
CCGACA

GAACAGAATCTCCTTGC
GACA

C3 TCTTGTCACTGCCC
ATCACT

GAGTCCTTCACAT
CCACCCA

Sgk1 CTCAGTAACAAAACCC
GAGGC

ATTCCCGGTCAAGAA
ATGCTC

Dnah7 ATGATACCCGTTCTG
CACCA

TGACGAGGGTGCT
TCTGAAA

Vwa3a TCCACGAGAAGGCA
ATGGTA

TATCTGCACAGCTT
TCCCGA

U6 CTCGCTTCG
GCAGCACA

AACGCTTCACGAA
TTTGCGT

β-Actin TGTCACCAACTGG
GACGATA

GGGGTGTTGAAGGT
CTCAAA
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(4.0 silk) were ligated on the sciatic nerve at an interval of
approximately 1 mm. The sciatic nerve of rats in the Sham
group was exposed but not ligated. The skin was then sewn with
5.0 silk sutures, and the rats were allowed a recovery period
after the operation.

Mechanical Withdrawal Threshold
We performed mechanical withdrawal threshold (MWT) tests
before and after CCI at 3, 7, 14, 21, and 28 days. The rats
were placed in transparent glass boxes for 20 min to acclimatize
before each behavioral test. The MWT test was performed by
harmless stimulation to the posterior plantar of the rats. Von
Frey wires (4–180 g, Aesthesio, Danmic Global, United States)
were applied to the right hind paw, and the intensity of the Von
Frey wires increased from small to large until the rats exhibited
the desired behavior. Each rat was tested at least three times, at
5 min intervals.

Histological Examination
On the 28th day after CCI operation, three rats in each group
(i.e., Sham, CCI, and CCI-Swim groups) were killed, and the
spinal cord was collected for histopathological analysis. The
spinal cord was fixed in 4% paraformaldehyde solution at 4◦C
for 90 min. After phosphate-buffered saline (PBS) cleaning for
15 min, the samples were then respectively soaked in 15 and
30% sucrose solution for 24 and 48 h. The tissue samples were
placed in compound compounds (SAKURA, 4583), sliced (14 µm
thick), and dyed with hematoxylin and eosin (HE). The slices
were rinsed with PBS for 5 min, soaked in hematoxylin staining
solution (Servicebio, G1005-1) for 4 min, and then washed under
running water for 20 min. After washing, 1% hydrochloric acid
solution was used for differentiation for 3 s. Rinsing was repeated
for 15 min. The slides were kept in 0.1% eosin staining solution
(Servicebio, G1005-2) for 3 min and then soaked in 85, 95, and
100% alcohol solutions for 1 min in sequence. After soaking in
xylene I and xylene II for 1 min, the tissue samples were sealed
with neutral resin and then observed under an Olympus BX53
microscope (Tokyo, Japan).

Sample Collection and RNA-Sequencing
On the 28th day after surgery, the remaining rats (n = 9,
three in each group) were anesthetized with 3% pentobarbital
sodium and instilled with saline (250 mL, 4◦C) via the aorta. The
corresponding positions of L4–L6 were located on the surgical
side of the spine, and the spinal canal was opened to remove the
L4–L6 spinal dorsal horn. TRIzol reagent was utilized to extract
total RNA from the spinal dorsal horn. RNA quantification
and qualification were conducted prior to sequencing. We
established sequencing libraries through NEBNext R© UltraTM

RNA Library Prep Kit for Illumina R© (NEB, United States) and
appended the index code to attribute sequence of each sample.
Then, the PCR products were purified by AMPure XP system,
and the library quality was evaluated on Agilent Bioanalyzer
2100 system. Finally, the library preparation was sequenced by
Illumina Hiseq platform.

Differentially Expressed Genes and
Bioinformatics Analysis
The DESeq2 R package (1.10.1) was utilized to analyze the
identified DEGs. DEG selection criteria is P-values < 0.05 and
| log2 Fold Change (FC) | > 1.

Gene Ontology (GO) analysis was executed by the
clusterProfiler R package. The KEGG database allows for
genome deciphering, which enables a better understanding and
analysis of the interactions, reactions, and relational networks of
biomolecules produced by sequencing experimental techniques.1

The ClusterProfiler R package was utilized to detect DEGs
enrichment in KEGG pathways. The significant enrichment
criterion for GO analysis and KEGG pathway analyses was
P < 0.05.

Validation by Quantitative Real-Time
PCR
Quantitative real-time PCR (qRT-PCR) was used to detect the
DEGs to verify the accuracy of the sequencing results. Total
RNA was reverse transcribed into cDNA by Evo M-MLV RT
Kit with gDNA Clean for qPCR II (Cat. No. AG11711). The
qRT-PCR was executed by SYBR R© Green Premix Pro Taq HS
qPCR Kit II (Cat. No. AG11702) and run in a real-time system
(Thermo Fisher Scientific, CA, United States). U6 and β-actin
were identified as internal controls for lncRNAs and mRNAs,
respectively, and the 2−11Ct approach was applied to describe
relative expression ratios. The specific primer sequences in this
work are listed Table 1.

Statistics
Two-way repeated-measures analysis of variance with Tukey’s
post hoc analysis was conducted to evaluate the results of

1http://www.genome.jp/kegg/

FIGURE 2 | Effect of exercise therapy on mechanical allodynia induced by
chronic constrictive injury (CCI). Analyses was adopted by two-way repeated
measures analysis of variance (ANOVA) with Tukey’s post hoc analysis. The
average is denoted by mean ± standard error of mean (SEM), N = 6 per
group. ∗∗p < 0.01, for comparisons of the Sham group vs the CCI group or
CCI-Swim group. #p < 0.05, ##p < 0.01 for comparisons of the CCI-Swim
group vs the CCI group.
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weight measurement and behavioral tests. The results of qRT-
PCR were determined by independent-sample t-tests. All of the
data were analyzed by Graphpad Prism 9.0 and presented as
mean ± standard error of the mean (SEM). The standard of
statistical significance was P < 0.05.

RESULTS

Chronic Constriction Injury Model
Identification and Mechanical
Withdrawal Threshold Analysis
In this study, the NP model of rats involved CCI on the right
hind limb. MWT test was performed in all three groups before

and after operation (Figure 2). No significant difference in
body weight among the three groups. Contrast to rats in the
Sham group, animals in CCI group showed higher mechanical
allodynia sensitivity from day 3 to 28 after CCI surgery; the
CCI-Swim group also exhibited higher MWT on days 3, 7, and
14 after surgery. MWT was significantly improved in the CCI-
Swim group on the day 21 and 28 after operation in contrast
to the CCI group.

Histological Examination of the Spinal
Dorsal Horn
The HE staining results showed that the spinal dorsal horn
neurons in the Sham group were intact, regular, and orderly
and that the nucleolus in vivo was distinct. In the CCI group,

FIGURE 3 | Histological examination of spinal dorsal horn. The hematoxylin-eosin (HE) staining of spinal dorsal horn tissue were observed under light microscopy
(×200, bar = 50 µm). Sham group (A), CCI group (B), and CCI-Swim group (C).

FIGURE 4 | Volcano plots of RNA-sequencing data exhibited the differentially expressed lncRNAs in the spinal dorsal horn between rats in the comparisons of CCI
group vs Sham group (A), and CCI-Swim group vs CCI group (B). The red part is significantly upregulated lncRNAs, the green part is significantly downregulated
lncRNAs, and the blue part is not significantly expressed lncRNAs.
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the spinal dorsal horn neurons were damaged and denatured,
with pyknosis, fragmentation, and dissolution of the nucleus, as
well as loose surrounding tissues. These features indicate that
the CCI model had been successfully prepared. Compared with
the CCI group, the CCI-Swim group showed a slightly irregular

TABLE 2 | The top 20 DE lncRNAs in CCI group vs Sham group.

Gene name Log2FC P-value Regulation

AABR07015080.2 −12.81 <0.001 Down

XLOC_097393 14.21 <0.001 Up

XLOC_309240 −13.00 <0.001 Down

XLOC_176078 −13.45 <0.001 Down

XLOC_314732 12.62 <0.001 Up

XLOC_085264 −11.83 <0.001 Down

XLOC_234469 11.47 <0.001 Up

XLOC_173719 11.46 <0.001 Up

1700066B19Rik 6.44 <0.001 Up

XLOC_189377 11.04 <0.001 Up

XLOC_239191 −11.10 <0.001 Down

XLOC_274480 −2.01 <0.001 Down

XLOC_002354 1.71 <0.001 Up

XLOC_011654 −10.70 <0.001 Down

XLOC_122558 10.52 <0.001 Up

XLOC_305707 −11.04 <0.001 Down

LOC102546683 11.01 <0.001 Up

AABR07053749.1 −12.70 <0.001 Down

XLOC_244676 10.74 <0.001 Down

AABR07058158.1 3.02 <0.001 Up

DE, differentially expressed; FC, fold change.

TABLE 3 | The top 20 DE lncRNAs in CCI-Swim group vs CCI group.

Gene name Log2FC P-value Regulation

AABR07015080.2 10.90 <0.001 Up

XLOC_309240 14.03 <0.001 Up

LOC108348298 −12.39 <0.001 Down

XLOC_025354 −12.35 <0.001 Down

AABR07067076.1 −11.79 <0.001 Down

XLOC_312531 12.16 <0.001 Up

XLOC_032459 −11.70 <0.001 Down

XLOC_033171 −11.65 <0.001 Down

XLOC_096101 11.72 <0.001 Up

XLOC_189377 −10.99 <0.001 Down

AABR07062823.1 14.90 <0.001 Up

XLOC_243724 14.93 <0.001 Up

XLOC_212511 −10.98 <0.001 Down

XLOC_274480 2.01 <0.001 Up

XLOC_044460 −10.43 <0.001 Down

XLOC_097273 −10.72 <0.001 Down

XLOC_244676 10.36 <0.001 Up

AABR07071299.1 −10.51 <0.001 Down

AABR07015078.1 1.27 <0.001 Up

XLOC_119427 10.25 <0.001 Up

DE, differentially expressed; FC, fold change.

arrangement of sensory neurons in the spinal dorsal horn and
relatively dense surrounding tissues. In general, the histological
features of the spinal cord in this group were better than those of
the CCI group overall (Figure 3).

FIGURE 5 | Venn diagram of lncRNAs. The figure shows the intersection of
differential expressed lncRNAs between the CCI vs Sham group and the
CCI-Swim vs CCI group.

FIGURE 6 | The hierarchical cluster analysis diagram shows the clustering
patterns of the Sham, CCI, and CCI-Swim groups of differentially expressed
lncRNAs. The red part represents the upregulated lncRNAs and the blue part
represents the downregulated lncRNAs.
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FIGURE 7 | Volcano plots of RNA-sequencing data exhibited the differentially expressed mRNAs in the spinal dorsal horn between rats in the comparisons of CCI
group vs Sham group (A), and CCI-Swim group vs CCI group (B). The red part is significantly upregulated lncRNAs, the green part is significantly downregulated
lncRNAs, and the blue part is not significantly expressed lncRNAs.

Differentially Expressed Gene Expression
in the Spinal Dorsal Horn
The quality of the RNA-seq results was evaluated. Comparison
of the Sham and CCI groups (Figure 4A) revealed a total of 734
DE lncRNAs, among which 385 lncRNAs were upregulated and
349 were downregulated. The top 20 DE lncRNAs in the Sham
vs CCI group are shown in Table 2. There were 758 DE lncRNAs
were noted in the CCI-Swim vs CCI group (Figure 4B) and the
top 20 DE are listed in Table 3. The Venn diagram indicated
306 intersecting lncRNAs in the two comparisons (Figure 5).
Hierarchical cluster analysis revealed the clustering patterns of
the three groups of DE lncRNAs (Figure 6).

Figure 7 shows differences in mRNA expression among
the three groups. Compared with the Sham group, 442
mRNAs were significantly changed in the CCI group, including
286 upregulated mRNAs and 156 downregulated mRNAs
(Figure 7A). The top 20 DE mRNAs in the Sham and CCI groups
are listed in Table 4. A total of 401 DE mRNAs were observed
in the CCI-Swim and CCI groups (126 upregulated and 275
downregulated; Figure 7B). The top 20 DE mRNAs in the CCI
vs CCI-Swim group are detailed in Table 5. The Venn diagram
obtained showed 173 intersecting mRNAs, which are listed in
Figure 8. Hierarchical clustering analysis of the three groups of
DE mRNAs revealed their clustering patterns (Figure 9).

Gene Ontology Functional Analysis
Gene Ontology analysis was conducted on the target genes with
significant changes in DE lncRNAs. Between the CCI and Sham
groups, the target genes were enriched in biological process (BP)

terms such as muscle structure development, positive regulation
of BP, and muscle organ development (P < 0.05). The cellular
component (CC) terms were significantly related to Z disc, I
band, and sarcomere (P < 0.05). Molecular functions (MFs) were

TABLE 4 | The top 20 DE mRNAs in CCI group vs Sham group.

Gene name Log2FC P-value Regulation

AABR07015080.2 −12.81 <0.001 Down

LOC100910708 10.66 <0.001 Up

Trdn 12.79 <0.001 Up

LOC685716 11.02 <0.001 Up

1700066B19Rik 6.44 <0.001 Up

LOC100910990 13.64 <0.001 Up

C3 1.47 <0.001 Up

AABR07053749.1 −12.70 <0.001 Down

Senp1 −13.23 <0.001 Down

LOC100910270 3.51 <0.001 Up

LOC100910021 12.69 <0.001 Up

AABR07051731.1 −9.88 <0.001 Down

Clrn3 2.12 <0.001 Up

AABR07043288.1 5.90 <0.001 Up

LOC685699 9.17 <0.001 Up

Adgre1 1.13 <0.001 Up

AABR07017658.1 −11.57 <0.001 Down

Themis 11.57 <0.001 Up

Sgk1 −1.34 <0.001 Down

Vgf 2.15 <0.001 Up

DE, differentially expressed; FC, fold change.
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TABLE 5 | The top 20 DE mRNAs in CCI-Swim group vs CCI group.

Gene name Log2FC P-value Regulation

LOC100910882 −15.35 < 0.001 down

AABR07015080.2 10.90 <0.001 Up

Fam111a 6.08 <0.001 Up

LOC108348298 −12.39 <0.001 Down

Tex11 −12.25 <0.001 Down

Trdn −12.74 <0.001 Down

Myo3b −3.32 <0.001 Down

Rgs13 −12.87 <0.001 Down

LOC685716 −10.97 <0.001 Down

LOC100910143 14.94 <0.001 Up

LOC100910990 −13.59 <0.001 Down

Ak7 −2.84 <0.001 Down

Senp1 13.26 <0.001 Up

AABR07015078.1 1.27 <0.001 Up

Pik3c2g −1.56 <0.001 Down

LOC103690114 −12.83 <0.001 Down

AABR07052585.1 −10.39 <0.001 Down

Nhp2 −12.31 <0.001 Down

Noxred1 −9.58 <0.001 Down

AABR07042937.1 −12.16 <0.001 Down

DE, differentially expressed; FC, fold change.

FIGURE 8 | Venn diagram of mRNAs. The figure shows the intersection of
differential expressed mRNAs between the CCI vs Sham group and the
CCI-Swim vs CCI group.

enriched in terms such as acid phosphatase activity, structural
constituent of muscle, and protein binding (P < 0.05). The target
genes of DE lncRNAs in the CCI-Swim and CCI groups were
concentrated in BP terms such as muscle system process, positive
regulation of immune system process, and positive regulation of
immune response (P < 0.05). The most enriched CCs were Z disc,
I band, and sarcomere (P < 0.05). MF terms were focused on
acid phosphatase activity, structural constituent of muscle, and
phosphatase activity (P < 0.05).

Gene Ontology analysis was also applied to the DE mRNAs of
two groups, and the results are shown in Figure 10 (P < 0.05).

FIGURE 9 | The hierarchical cluster analysis diagram shows the clustering
patterns of the Sham, CCI, and CCI-Swim groups of differentially expressed
mRNAs. The red part represents the upregulated mRNAs and the blue part
represents the downregulated mRNAs.

DE mRNAs in the CCI and Sham groups were enriched in
BP terms such as positive T cell selection, negative T cell
selection, and membrane fusion; DE mRNAs were also enriched
in CC terms such as proteasome core complex, beta-subunit
complex, proteasome core complex, and COP9 signalosome
(P < 0.05). The most enriched MF terms were sarcosine
oxidase activity, oxidoreductase activity, and threonine-type
endopeptidase activity (P < 0.05). The DEGs of mRNAs in the
CCI vs CCI-Swim group were focused on BPs terms such as
nucleoside triphosphate biosynthetic process, sodium ion export
from cell, and establishment or maintenance of transmembrane
electrochemical gradient (P < 0.05). The CC terms were enriched
in the sodium:potassium-exchanging ATPase complex. Finally,
DE mRNAs were significantly enriched in MF terms such as
cation-transporting ATPase activity, ATPase activity, coupled
to transmembrane movement of ions, and sodium:potassium-
exchanging ATPase activity (P < 0.05; Figure 11).

KEGG Pathway Enrichment Analysis
Figure 12 shows the KEGG pathways of the target genes of
DE lncRNAs in the CCI vs Sham groups. The top five KEGG
pathways were hypertrophic cardiomyopathy (HCM), dilated
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FIGURE 10 | Gene Ontology analysis on target genes of lncRNA. (A) CCI group vs Sham group, and (B) CCI-Swim group vs CCI group. N = 3 per group.

cardiomyopathy, ribosome, asthma, and PPAR signaling pathway
(P < 0.05). In the CCI-Swim vs CCI groups, the top five enriched
KEGG pathways were HCM, dilated cardiomyopathy, olfactory
transduction, ribosome, and cytokine–cytokine receptor
interaction (P < 0.05). For mRNAs, DEGs in the CCI and Sham
groups focused on aldosterone-regulated sodium reabsorption
and B cell receptor signaling pathway. DE mRNAs in the CCI-
Swim and CCI groups were significantly enriched in the KEGG
pathways of metabolic pathways, oxidative phosphorylation,
Parkinson’s disease, proximal tubule bicarbonate reclamation,
glycosylphosphatidylinositol–anchor biosynthesis, and cAMP
signaling pathway (P < 0.05; Figure 13).

Quantitative Real-Time PCR Analysis
We verified four lncRNAs (i.e., XLOC_274480, XLOC_105980,
XLOC_137372, and AABR07047899.1) and four mRNAs (i.e., C3,
Sgk1, Dnah7, and Vwa3a) to demonstrate the accuracy of the
RNA-seq results. According to Figures 14, 15, the expression
changes of the eight DEGs were consistent with the RNA-
seq result.

DISCUSSION

In this study, we found remarkable differences in the expression
of lncRNAs and mRNAs in the spinal dorsal horn of rats in

the Sham, CCI, and CCI-Swim groups. We also predicted the
potential functions of these DEGs by GO and KEGG pathway
analyses. The findings are helpful in further explorations of the
potential therapeutic targets of NP.

Previous studies demonstrated that the potential mechanisms
of NP include abnormal heterotopic activity of the injurious
nerve, peripheral and central sensitization, impaired inhibitory
regulation, and pathological activation of microglia (Meacham
et al., 2017; Inoue and Tsuda, 2018; Tozaki-Saitoh and Tsuda,
2019; Finnerup et al., 2021). The current treatment methods
for NP mainly include pharmacology, non-pharmacology and
interventional therapy (Nijs et al., 2015; Macone and Otis,
2018). However, most existing treatments are limited in their
effectiveness in controlling pain (Gilron et al., 2015; Xu et al.,
2016; Szok et al., 2019). Therefore, exploring new alternative
treatment methods for NP remains an urgent necessity.

Given the increasing popularity of exercise in the field of
medicine, the treatment of NP by exercise has become a research
hotspot (Safakhah et al., 2017; Guo et al., 2019; Ma et al., 2019;
Palandi et al., 2020). Kuphal et al. (2007) demonstrated that in
NP model mice, swimming for 7 days can significantly increase
the pain threshold of thermal hyperalgesia, while swimming for
18–20 days can significantly improve the thermal hyperalgesia
and cold allodynia in CCI rats. Farzad et al. (2018) reported that
after 4 weeks of swimming training could significantly decrease
allodynia and hyperalgesia in rats with NP. The authors thus
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FIGURE 11 | Gene Ontology analysis on differential expression mRNAs. (A) CCI group vs Sham group, and (B) CCI-Swim group vs CCI group. N = 3 per group.

believed that the improvement of pain tests was associate with
GAD65 (Farzad et al., 2018). Another study demonstrate the
expressions of inflammatory cytokines IL-4, IL-1RA, and IL-
5DE were upregulated in the spinal cord of mice with peripheral
nerve injury. Two weeks of treadmill exercise could significantly
suppress the expression of inflammatory factors and improve
pain behaviors (Bobinski et al., 2018). The results of our own
research presented that the mechanical pain threshold of CCI
rats significantly increased on day 21 and day 28 after swimming
training. These studies have confirmed that exercise has a
positive effect on NP.

Previous research showed that lncRNAs participated in
the processes of NP and regulate NP-related gene expression

(Li et al., 2019; Wu et al., 2019). Zhou et al. (2017a) utilized the
second-generation sequencing method to observe the expressions
of lncRNA and mRNA in the spinal cord of SNI rats at
different time points. The authors’ results showed that lncRNAs
and mRNAs in rats changed significantly at each measuring
time point measured. The authors then explored the profiles
of DEGs in the spinal cord of NP rats through GO and
KEGG analyses (Zhou et al., 2017a). Another article employed
microarray analysis to show the level of DEGs in the spinal
cord of spinal nerve ligation (SNL) rats. A total of 511 DEGs
of lncRNAs and 493 DEGs of mRNAs were observed on the
10th day after SNL surgery. Functional analysis indicated that
the DEGs most enriched in SNL included immune response,
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FIGURE 12 | KEGG pathways of the target genes of lncRNAs. (A) CCI group vs Sham group, and (B) CCI-Swim group vs CCI group. N = 3 per group.

FIGURE 13 | KEGG pathways of the differential expression mRNAs. (A) CCI group vs Sham group, and (B) CCI-Swim group vs CCI group. N = 3 per group.

defense response, and inflammatory response, thus revealing the
potential mechanisms in NP (Jiang et al., 2015).

Some existing studies have explored DEGs in NP through
gene sequencing and gene functional analysis. However, there

was few literatures analyzing the potential mechanisms of the
improvement of NP through exercise. Hence, we explored DE
lncRNAs and mRNAs by means of second-generation sequencing
and conducted further functional analysis. Among the two
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FIGURE 14 | Quantitative real-time PCR validation. The expression levels of lncRNAs (A) XLOC_274480, (B) XLOC_105980, (C) XLOC_134372, and
(D) AABR07047899.1 in the spinal cord of CCI rats at 28 days post operation. Data was analyzed by independent-samples t-test. Values are denoted by
mean ± SEM, N = 3 per group. ∗p < 0.05, ∗∗p < 0.01.

FIGURE 15 | Quantitative real-time PCR validation. The expression levels of mRNAs (A) C3, (B) Sgk1, (C) Dnah7, and (D) Vwa3a in the spinal cord of CCI rats at
28 days post operation. Data was analyzed by independent-samples t-test. Values are denoted by mean ± SEM, N = 3 per group. ∗∗p < 0.01, ∗∗∗p < 0.001.
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comparison groups, we revealed 173 intersecting mRNAs. In
these intersecting mRNAs, Dnah6 was significantly upregulated
in the CCI vs Sham group but downregulated in the CCI-Swim
vs CCI group. Similarly, Zhou et al. (2017a) demonstrated that
the expression of Dnah6 is significantly increased in the NP
model rats, which is consistent with our results. The mRNAs
Pkd1l2, C3, Adgre1, and Plac9 have showed in previous RNA-
seq literatures related with NP, and their significant alterations are
consistent with our results (Zhou et al., 2017a,b; Du et al., 2018).
Changes in the DE of these mRNAs were consistent with our
sequencing results, which means they could be potential target
genes for the development of NP. In addition, we found that
some significantly altered mRNA such as C3, Sgk1, and VGF
were associated with NP. Studies have revealed that C3 levels are
positively correlated with the degree of neurological impairment
in a variety of neurodegenerative diseases (Aeinehband et al.,
2015). Sgk1 is genetically regulated by cellular stress and several
hormones. It can activate a variety of ion channels and participate
in BPs (Arteaga et al., 2008; Lang and Shumilina, 2013). VGF
is selectively expressed in neuroendocrine cells and neurons,
including central and peripheral nervous systems (Ferri et al.,
2011). These mRNAs may be biomarkers for the treatment
of NP, and future studies can focus on these mRNAs for
further research.

The results of GO analysis of DE lncRNA target genes
revealed the GO terms, such as extracellular space, plasma
membrane, phosphatase activity, and protein binding,
consistent with previous NP related studies (Zhou et al.,
2017a,b; Du et al., 2018; Mao et al., 2018; Wang et al.,
2019; Li et al., 2021). These GO terms were significantly
expressed among the two group comparisons, thus suggesting
that they may be the potential pathways of the effects
of exercise on NP.

In the CCI vs Sham group and the CCI-Swim vs CCI
group, the KEGG pathway enriched by lncRNA target genes
showed significant changes in cytokine–cytokine receptor
interaction, Asthma, Ribosome, and PPAR signaling pathway.
The enrichment degree of these pathways in the CCI vs Sham
group was significantly changed, which was in accordance with
existing researches (Zhou et al., 2017a; Du et al., 2018; Wang et al.,
2019; Li et al., 2021). In addition, these enrichment pathways
changed significantly again after swimming in the CCI-Swim
group, suggesting that they may be a potential pathway for
exercise to improve NP.

In clinical work, medical workers may recommend
appropriate exercise for NP patients to improve the symptoms
of pain, which has guiding significance for the clinical treatment
of NP. Although we investigated the underlying mechanism
of exercise therapy for NP by sequencing, there are still some
limitations in our study. For example, the results showed
significant improvements in the pain behavior of rats in the
CCI-Swim vs CCI groups on days 21 and 28 postoperatively.
However, RNA-seq was only performed on the 28th day
after CCI surgery; thus, future studies should also conduct
RNA-seq on the 21st day to explore more NP-related DEGs.
Moreover, whereas swimming is usually a voluntary exercise
in humans, it is a forced exercise in rats. Therefore, future

studies on the role of exercise in improving NP may include
forms of exercises considered voluntary in animals, such as
autonomous wheel exercise.

CONCLUSION

In this study, we demonstrated that swimming exercise can
relieve NP. RNA-seq analysis was utilized to identify the DEGs of
lncRNAs and mRNAs among Sham, CCI, and CCI-Swim groups.
The DEGs obtained may be potential treatment targets for
NP. We also conducted bioinformatics analysis of dysregulated
lncRNAs and mRNAs and obtained information that could
lead to a better understanding of the mechanism of exercise
in improving NP.
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Objective: High-frequency repetitive transcranial magnetic stimulation (rTMS) induces
analgesic effects in both experimental pain and clinical pain conditions. However,
whether rTMS can modulate sensory and pain thresholds on sensory fibers is still
unclear. Here, we compared the effects of three rTMS paradigms on sensory and
pain thresholds conducted by different sensory fibers (Aβ, Aδ, and C fibers) with sham
stimulation and investigate the potential brain activation using functional near-infrared
spectroscopy (fNIRS).

Methods: Forty right-handed healthy subjects were randomly allocated into one of
four groups. Each subject received one session rTMS [prolonged continuous theta-
burst stimulation (pcTBS), intermittent theta-burst stimulation (iTBS), 10 Hz rTMS
or sham]. Current perception threshold (CPT), pain tolerance threshold (PTT), and
fNIRS were measured at baseline, immediately after stimulation, and 1 h after
stimulation, respectively.

Results: Significant differences between treatments were observed for changes for
CPT 2,000 Hz between baseline and 1 h after rTMS (F = 6.551, P < 0.001): pcTBS
versus sham (P = 0.004) and pcTBS versus 10 Hz rTMS (P = 0.007). There were
significant difference in average HbO µm in the right frontopolar cortex (FPC) [channel
23: P = 0.030 (pcTBS versus sham: P = 0.036)], left dorsolateral prefrontal cortex
(DLPFC) [channel 7: P = 0.006 (pcTBS versus sham: P = 0.004)], left FPC [channel 17:
P = 0.014 (pcTBS versus sham: P = 0.046), channel 22: P = 0.004 (pcTBS versus sham:
P = 0.004)] comparing four group in 1 h after stimulation in PTT 2000 Hz (Aβ-fiber).

Conclusion: Prolonged continuous theta-burst stimulation can regulate sensitivity on
Aβ fibers. In addition, single-session pcTBS placed on left M1 can increase the
excitability of DLPFC and FPC, indicating the interaction between M1 and prefrontal
cortex may be a potential mechanism of analgesic effect of rTMS. Studies in
patients with central post-stroke pain are required to confirm the potential clinical
applications of pcTBS.

Keywords: repetitive transcranial magnetic stimulation, theta-burst stimulation, pain, sensory fiber, functional
near-infrared spectroscopy
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INTRODUCTION

For the revised International Association for the Study of Pain
definition, pain is termed as an unpleasant sensory and emotional
experience associated with, or resembling that associated with,
actual or potential tissue damage (Raja et al., 2020). Pain is mainly
transmitted by sensory nerve fibers. According to morphological,
electrophysiological, and functional characteristics, sensory
nerve fibers can be divided into three main subgroups: large
myelinated sensory nerve fibers (Aβ fibers), small myelinated
sensory nerve fibers (Aδ fibers), and unmyelinated sensory nerve
fibers (C fibers) (Lynn and Carpenter, 1982). In the peripheral
nerves, vibration sensation, tactile sensation, and light pressure
sensation are mainly conducted by Aβ fibers. Temperature
sensation, rapid pain sensation, and pressure sensation are
mainly conducted by Aδ fibers. Warmth, slow pain, and various
forms of nociceptive sensation are mainly conducted by C
fibers (Schmelz, 2011; Paricio-Montesinos et al., 2020; Gomatos
and Rehman, 2022). Pain is a subjective emotional experience
that may be due to many different diseases or conditions, and
there are few effective treatments. At present, the application
of analgesic drugs is the main way to relieve pain (Finnerup
et al., 2015, 2021). However, long-term use of analgesic drugs
is not only prone to addiction, but also has many side effects
(Koob, 2021).

Transcranial magnetic stimulation (TMS) is a biological
stimulation technology that uses the time-varying magnetic field
to act on the cerebral cortex to generate induced current and
change the action potential of cortical nerve cells, thus affecting
brain metabolism and nerve electrical activity (Cárdenas-Morales
et al., 2010; Lefaucheur, 2019). Repeated transcranial magnetic
stimulation (rTMS) refers to the process of giving repeated
stimulation to a specific cortical area. As a painless, safe, and
non-invasive brain stimulation technology, rTMS is gradually
applied to pain therapy caused by various conditions (Lefaucheur
et al., 2014, 2020; Klein et al., 2015). It has been shown that high
frequency (>5 Hz) rTMS applied over the primary motor cortex
(M1) can induce analgesic effects against both experimental pain
(Summers et al., 2004; Nahmias et al., 2009; Houzé et al., 2013)
and chronic pain (André-Obadia et al., 2008; Young et al., 2014;
Attia et al., 2021). Studies indicated that the analgesic effect of
10 Hz rTMS is better than that of other frequencies (André-
Obadia et al., 2008; Young et al., 2014; Attia et al., 2021).
In addition, studies have shown that rTMS may relieve pain
by regulating neural plasticity, influencing cerebral blood flow
changes, and mediating pain circuits (Hoogendam et al., 2010;
Dall’Agnol et al., 2014; Park et al., 2017).

In addition to the classic rTMS, new rTMS parameters
have been described. Theta burst stimulation (TBS) consists
of bursts of three pulses at 50 Hz, repeated five times per
second. Intermittent TBS (iTBS) with 600 pulses and prolonged
continuous TBS (pcTBS) with 1,200 pulses induce facilitation
of cortical excitability (Huang et al., 2005; Gamboa et al., 2010;
Moisset et al., 2015). Such stimulation sessions are much shorter
than classical high-frequency rTMS sessions, which can optimize
medical resources. Existing studies mainly focused on the effects
of different parameters of rTMS on different experimental pain

(such as cold pain, hot pain, tenderness, etc.) and clinically
related pain, such as post-stroke pain. However, the analgesic
effect of rTMS with different parameters on sensory fibers
remains unclear.

Therefore, we hypothesized that pcTBS and/or iTBS would
yield analgesic effects and modulate sensitivity on sensory fibers
similar to or, stronger than classical 10 Hz rTMS. We carried
out a double-blind, randomized controlled study in healthy
volunteers to prove our hypothesis. The purpose of this study
is twofold: first, to compare the effects of the three rTMS
paradigms on pain thresholds conducted by different sensory
fibers; and second, to investigate the potential mechanisms of
action of these stimulation paradigms using functional near-
infrared spectroscopy (fNIRS).

MATERIALS AND METHODS

Study Design
This was a double-blind, four-group randomized controlled trial
comparing three types of rTMS with sham stimulation on sensory
and pain threshold in healthy volunteers. The protocol involved
four experimental sessions, in which we compared the effects of
pcTBS, iTBS, 10 Hz rTMS, and sham stimulation on sensory and
pain thresholds. In each session, the stimulation administered
targeted the left primary motor cortex. This study was conducted
at the first affiliated hospital of Fujian Medical University (Fujian,
China) from November 2021 to January 2022 and was approved
by the Institutional Review Board of Huashan Hospital, Fudan
University (KY2021-815).

Participants
Forty healthy volunteers were recruited in this study. The
inclusion criteria were: (1) right-handed non-smokers; (2) aged
between 20 and 40; and (3) free of pain during the past 6 months.
The exclusion criteria included: (1) a history of chronic pain
or recent acute pain; (2) on medication at the time of testing
or during the previous; (3) serious medical conditions; (4)
pregnancy or breastfeeding; (5) sensory impairment. All of the
participants gave written informed consent after inclusion.

Experimental Procedures
A blinded evaluator performed assessments for all participants.
All participants were assessed sensory and pain thresholds
after inclusion. An independent researcher not involved in
the study created a blocked randomization sequence using a
computerized program (Microsoft Excel). Block randomization
ensured equal numbers of participants for group allocation.
Allocation assignments were placed in sequentially numbered,
opaque, and sealed envelopes by an offsite officer not involved
in the study. Participants were blind regarding the intervention
received. Once the participant completed the baseline assessment,
an independent person would open an envelope and reveal the
group allocation.

After giving informed consent, participants were allocated to
one of four groups receiving one session of rTMS stimulation.
The evaluator would assess sensory and pain thresholds for
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all participants immediately after stimulation and 1 h after
stimulation (Figure 1).

Transcranial Magnetic Stimulation
A magnetic therapy device (Model CCY-II; Wuhan Yiruide
Medical Equipment Co., Ltd., Wuhan, China, YZB-20142211249)
was used. rTMS was applied over the left M1 using a figure-of-
eight-shaped coil (70 mm diameter) positioned tangentially to the
scalp and horizontally in the posterior-anterior direction, which
proved to be effective in pain relief (Andre-Obadia et al., 2018).

Resting motor threshold (RMT) was determined
experimentally as the lowest stimulation intensity that produced
motor evoked potentials (MEP) ≥ 50 µV in 50% of trials (Rossini
et al., 1994). In addition, we also recorded the cortical latency
of the subjects.

Repetitive transcranial magnetic stimulation was applied at
80% of the RMT, as in previous studies in which that was
sufficient to induce pain analgesia in healthy volunteers (Nahmias
et al., 2009; de Andrade et al., 2011). Three active and one
sham stimulation were applied randomly, with only one type of
stimulation applied for each participant. pcTBS consisted of three
pulses at 50 Hz repeated 400 times at intervals of 200 ms (1,200
pulses, 1 min and 40 s). iTBS consisted of three pulses at 50 Hz
repeated 10 times at intervals of 200 ms (600 pulses, 3 min and
20 s). The 10 Hz rTMS pattern consisted of 15 trains of 10 s with
an interval of 50 s (1,500 pulses, 15 min).

Outcome Measures
Sensory and Pain Thresholds Assessments
Painless current perception threshold (CPT) and pain tolerance
threshold (PTT) were evaluated using Neurometer R© device (the

UAS). The Neurometer R© generates a constant current stimulus
which evokes responses that quantify the functional integrity
of each of the three major sub-populations of sensory nerve
fibers. Specifically, Aβ, Aδ, and C fiber groups are selectively
stimulated by sinusoid waveform currents of 2,000, 250, and 5 Hz
respectively. Using small surface electrodes, this test generated
discrete double-blinded CPT measures (P < 0.006). After the
start of the test, the subjects were placed in a comfortable position
and a pair of electrodes were fixed to the tip of the index finger of
the subject’s right hand with adhesive tape (Figure 2).

For the CPT test, the Neurometer R© device emits stimuli of
three different frequencies. Subjects need to distinguish between
“true” and “false” stimuli randomly generated by the detector.
After a sufficient number of consistent tests are conducted for
each stimulus frequency, the detector determines the current
sensing threshold of the frequency test.

When the intensity of Neurometer R© stimulation exceeds the
painless CPT value, it will induce pain. Under the self-control
of the subjects, the maximum intensity that can tolerate nerve
selective electrical stimulation is defined as the pain tolerance
threshold. The PTT was tested combined with the functional
near-infrared test.

Functional Near-Infrared Spectroscopy Neuroimaging
and Probe Localization
We used an fNIRS system (BS-3000, Wuhan Znion Technology
Co., Ltd., Wuhan, China) with wavelengths of 695 and 830 nm.
The fNIRS cap setup included 12 emitters of near-infrared light
and 12 detectors spaced 3 cm apart, yielding 37 data channels
deployed at the prefrontal area according to the EEG-10-20
system (Figures 3A,B). The system used a chin strap to secure

FIGURE 1 | Schematic overview of the whole study. MEP means motor evoked potentials, CPT means current perception thresholds, PTT means pain tolerance
threshold, fNIRS means functional near-infrared spectroscopy. Prolonged continuous theta-burst stimulation (pcTBS) consisted of three pulses at 50 Hz repeated
400 times at intervals of 200 ms (1,200 pulses, 1 min and 40 s). Intermittent theta-burst stimulation (iTBS) consisted of three pulses at 50 Hz repeated 10 times at
intervals of 200 ms (600 pulses, 3 min and 20 s). 10 Hz rTMS consisted of 15 trains of 10 s with an interval of 50 s (1,500 pulses, 15 min).
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FIGURE 2 | (A) The Neurometer R© device. (B) The electrode is placed on the fingertip of the right index finger.

FIGURE 3 | Illustration of fNIRS testing. (A) Wearing method of functional near-infrared spectroscopy cap. (B) Brain localization schema of channels. (C) fNIRS
testing procedure. PTT means pain tolerance threshold.

the cap in place to reduce cap movement. A NIR gain quality
check was performed to ensure data acquisition before recording.
Neuroimaging data were collected at a sampling rating of 20 Hz
throughout the entire experiment.

For each fNIRS testing, participants were asked to rest for
30 s, followed by the PTT tests (20 s 2,000 Hz PTT test and
20 s rest, 30 s 250 Hz PTT test and 30 s rest, and 30 s 5 Hz
PTT test and 30 s rest) (Figure 3C). Using fNIRS, we observed
the activation of different parameters of rTMS applied on the left
M1 in the prefrontal cortex (Broca’s area, dorsolateral prefrontal
cortex, frontopolar area, and orbitofrontal area).

Statistical Analysis
Statistical analysis was performed in IBM SPSS Statistics (version
26). Data were confirmed to have a normal distribution using
the Shapiro–Wilk normality test since the sample size was
small. A repeated-measures analysis of variance (ANOVA) with
the factors “time,” “stimulation,” and the “time × stimulation”
interaction was used for the comparison of CPT, PTT. If there
was a significant “time × stimulation,” simple main effects

were calculated for “time” and “stimulation” and paired t-tests
with Bonferroni’s correction for multiple comparisons. One-
way ANOVA was used for comparison between four groups.
For categorical variables, we use Fisher exact test to compare
differences between groups.

In order to minimize motion artifact and ambient light
noise for fNIRS data, a low pass filter was used to filtered
the detected signals. Modified Beer-Lambert Law (MBLL) was
used to calculate hemodynamic changes for each of the 37
channels. To demonstrate the differences in the prefrontal
cortex activity, NIRS_SPM and Homer_2 were used the make
topographical maps. A repeated-measures ANOVA was used
to calculate difference for intra-group comparison. One-way
ANOVA was used to calculate difference for inter-group
comparison. Statistical significance was established at P < 0.05.

RESULTS

Forty healthy volunteers were included in the study (mean
age: 24.7 ± 4.43 years, 26 men and 14 women) to receive
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different rTMS parameters applied to the left M1. None volunteer
withdrew from the study. The participants’ baseline demographic
characteristics are shown in Table 1. No significant differences
were observed between the groups regarding gender, age, RMT,
MEP-latency, CPT, and PTT (P > 0.05).

Effect of Left M1 Repetitive Transcranial
Magnetic Stimulation on Sensory
Threshold
Sensory thresholds and pain thresholds were determined for
the right index fingertip, which represented the global effect
of stimulation. Significant differences between treatments were
observed for changes in CPT 2K Hz between baseline and
1 h after rTMS (F = 6.551, P < 0.001): pcTBS versus sham
(P = 0.004) and pcTBS versus 10 Hz rTMS (P = 0.007)
(Figure 5A). There was a significant difference for changes

in CPT 250 Hz between baseline and 1 h after stimulation
(F = 3.809, P = 0.018): pcTBS versus 10 Hz rTMS (P = 0.018)
(Figure 5B). No significant effect of treatments was observed
for CPT 2K Hz (F(time × stimulation) = 3.127, P = 0.058),
CPT 250 Hz (F(time × stimulation) = 2.286, P = 0.082), CPT
5 Hz (F(time × stimulation) = 1.312, P = 0.268) (Table 2 and
Figures 4A–C).

Effect of Left M1 Repetitive Transcranial
Magnetic Stimulation on Pain Threshold
There was no significant difference on pain threshold for the test
stimulation for PTT 2K Hz [F(stimulation) = 0.072, P = 0.974],
PTT 250 Hz [F(stimulation) = 0.214, P = 0.886], and PTT 5Hz
[F(stimulation) = 0.556, P = 0.649] (Figures 4D–F). Neither effect
of change for PTT 2K Hz (F = 0.706, P = 0.554), PTT 250 Hz
(F = 1.085, P = 0.368), PTT 2K Hz (F = 0.751, P = 0.529) between
baseline and 1 h after stimulation.

TABLE 1 | Baseline information for four groups.

Variable pcTBS iTBS 10 Hz rTMS sham F/X2 P-value

Age (years) 26.9 ± 6.45 24.7 ± 4.19 24.5 ± 3.53 22.7 ± 1.88 1.573 0.213

Gender, n 0.424 0.737

Man/Female 3/7 4/6 4/6 3/7

BMI (kg/m2) 20.97 ± 3.52 21.94 ± 3.75 21.95 ± 3.36 22.69 ± 3 0.441 0.932

RMT (percentage) 38 ± 13.3 39 ± 7.3 36 ± 10.4 34 ± 7 0.452 0.717

MEP-latency (ms) 24.34 ± 1.71 25.02 ± 2.01 24.95 ± 3.62 23.25 ± 1.94 1.120 0.354

CPT-2 kHz 147.40 ± 36.13 144.40 ± 30.32 134.60 ± 27.62 155.30 ± 22.44 0.839 0.482

CPT-250 Hz 65.60 ± 24.41 51 ± 17.49 55 ± 13.36 64.9 ± 20.81 1.395 0.260

CPT-5 Hz 37.4 ± 17.31 29.9 ± 13.15 28.8 ± 11.81 37.5 ± 17.23 0.971 0.417

PTT-2 kHz 11.3 ± 4.11 10.3 ± 4.54 10.5 ± 3.81 11.1 ± 5.15 0.115 0.951

PTT-250 Hz 7.3 ± 2.79 7.8 ± 4.8 6.9 ± 2.99 7.23 ± 3.23 0.163 0.921

PTT-5 Hz 12.7 ± 5.31 10.3 ± 5.22 10.7 ± 5.18 11.5 ± 5.64 0.392 0.760

Data are presented as mean ± SD. pcTBS, prolonged continuous theta-burst stimulation; iTBS, intermittent theta-burst stimulation; rTMS, repetitive transcranial magnetic
stimulation; BMI, body mass index; RMT, resting motor thresholds; MEP, motor evoked potential; CPT, current perception threshold; PTT, pain tolerance threshold.

TABLE 2 | Comparison of outcomes in the four groups in post-stimulation and 1 h after stimulation.

Variable pcTBS iTBS 10Hz rTMS sham F/X2 P-value

RMT-1 h (percentage) 35 ± 11.6 38 ± 7.4 34 ± 10.1 34 ± 6.3 0.384 0.765

MEP-latency 1 h 22.73 ± 1.93 22.50 ± 1.27 24.41 ± 2.77 23.04 ± 1.89 1.757 0.173

CPT-2K Hz post 168.2 ± 35.24 147 ± 33.57 145.7 ± 28.56 157.5 ± 21.94 1.201 0.323

CPT-2K Hz 1h 180.2 ± 42.2 166.3 ± 26.82 136.6 ± 28.39 157.4 ± 20.7 3.577 0.023*

CPT-250 Hz post 69.9 ± 24.76 48.7 ± 22.86 52.1 ± 13.45 65 ± 20.07 2.391 0.085

CPT-250 Hz 1 h 77.4 ± 28.99 50.5 ± 17.27 50.9 ± 10.96 65.1 ± 20.38 3.964 0.015*

CPT-5 Hz post 43.4 ± 31.91 26.3 ± 15.03 31.1 ± 11.35 38.2 ± 18.39 1.335 0.278

CPT-5 Hz 1 h 36.6 ± 20.7 22.7 ± 8.09 25.1 ± 12.04 37.6 ± 17.85 2.473 0.077

PTT-2K Hz post 11.3 ± 5.2 10.4 ± 4.27 11 ± 5.05 11 ± 5.22 0.058 0.981

PTT-2K Hz 1 h 12.7 ± 6.32 12 ± 5.37 11.4 ± 5.08 10.9 ± 5.04 0.201 0.895

PTT-250 Hz post 7.5 ± 2.99 7.7 ± 4.64 7.6 ± 4.55 6.7 ± 2.75 0.142 0.934

PTT-250 Hz 1 h 9.2 ± 5.18 8.2 ± 4.36 8 ± 4.57 7 ± 2.49 0.446 0.722

PTT-5 Hz post 12.8 ± 4.87 10.7 ± 4.49 10.4 ± 4.57 10.9 ± 6.22 0.455 0.715

PTT-5 Hz 1 h 13.9 ± 6.91 10 ± 4.66 11.7 ± 5.16 11.3 ± 6.03 0.792 0.506

Data are presented as mean ± SD. pcTBS, prolonged continuous theta-burst stimulation; iTBS, intermittent theta-burst stimulation; rTMS, repetitive transcranial magnetic
stimulation; RMT, resting motor thresholds; MEP, motor evoked potential; CPT, current perception threshold; PTT, pain tolerance threshold.
*P < 0.05.
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FIGURE 4 | Sensory and pain thresholds measurements. CPT means current perception threshold and PTT means pain tolerance threshold. pcTBS, prolonged
continuous theta-burst stimulation; iTBS, intermittent theta-burst stimulation; rTMS, repetitive transcranial magnetic stimulation. ***P < 0.001.

Effect of Left M1 Repetitive Transcranial
Magnetic Stimulation on Left M1 Cortical
Excitability
The mean baseline RMT was 37 ± 9.6% of the stimulator
maximum output power [F(stimulation) = 0.452, P = 0.717].
There was no significant change after stimulation (F = 1.420,
P = 0.253) (Table 2). The latency of the RMT was
24.39 ± 2.459 ms at baseline [F(stimulation) = 1.120, P = 0.354].
Significant difference was observed for change for latency
(F = 4.260, P = 0.011): iTBS versus sham (P = 0.017) (Figure 5C).

Effect of Left M1 Repetitive Transcranial
Magnetic Stimulation on Brain Activation
There were no significant differences in average oxygenated
hemoglobin (HbO) among four groups in baseline (P > 0.05).
There was significant difference in average HbO µm in the right
dorsolateral prefrontal cortex (DLPFC) [P = 0.037 (pcTBS versus
sham: P = 0.041)] and left DLPFC [P = 0.0058 (pcTBS versus
iTBS: P = 0.005, pcTBS versus 10 Hz rTMS: P = 0.034)] when
performing PTT 2,000 Hz task immediately after stimulation
(Figure 6A). Significant difference was found in average HbO
µm in left DLPFC [P = 0.039 (iTBS versus sham: P = 0.024)]
when performing PTT 5 Hz task immediately after stimulation
(Figure 6B). There was significant difference in average HbO µm
in the right DLPFC [channel 32: P = 0.038 (10 Hz rTMS versus
sham: P = 0.032), channel 34: P = 0.020 (10 Hz rTMS versus
sham: P = 0.013)], right frontopolar cortex (FPC) [channel 23:
P = 0.030 (pcTBS versus sham: P = 0.036), channel 35: P = 0.008
(10 Hz rTMS versus sham: P = 0.005)], left DLPFC [channel 7:
P = 0.006 (pcTBS versus sham: P = 0.004)], left FPC [channel 17:
P = 0.014 (pcTBS versus sham: P = 0.046), channel 22: P = 0.004

(pcTBS versus sham: P = 0.004)] (Figure 6C) comparing four
group in 1 h after stimulation of PTT 2K Hz. When comparing
the changes of PPT 2K Hz between 1 h after stimulation and
baseline, significant difference was found in average HbO um
in left DLPFC (F = 3.9727, P = 0.038): pcTBS versus sham:
P = 0.029 (Figure 6D).

Adverse Effects
Mild headaches occurred in one subject after pcTBS and
one subject after iTBS stimulation. No serious adverse
effects occurred.

DISCUSSION

This study aimed to identify the sensory thresholds, pain
thresholds, and functional brain activity changes by comparing
three rTMS paradigms with sham stimulation. The results of
this study indicate that pcTBS can modulate sensitivity on Aβ

fibers compared with 10 Hz rTMS and sham stimulation. In
addition, pcTBS applied to left M1 can activate DLPFC and FPC
after stimulation compared with iTBS, 10 Hz rTMS, and sham
stimulation. However, no significant changes were found in pain
tolerance threshold from behavioral data.

Acute Sensory and Pain Threshold
Change After rTMS Stimulation
Our results revealed that one-session pcTBS can modulate
sensitivity on Aβ fibers compared with 10 Hz rTMS and
sham stimulation. In addition, on-session pcTBS can modulate
sensitivity on Aδ fibers compared with iTBS. This result is
congruent with the statement that doubling the stimulation
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FIGURE 5 | (A) Changes in current perception threshold of 2,000 Hz between baseline and 1 h after stimulation. (B) Changes in current perception threshold of
250 Hz between baseline and 1 h after stimulation. (C) Changes of latency in MEP between baseline and 1 h after stimulation. pcTBS, prolonged continuous
theta-burst stimulation; iTBS, intermittent theta-burst stimulation; rTMS, repetitive transcranial magnetic stimulation. *P < 0.05; **P < 0.001 (not significant
otherwise).

duration of the cTBS can convert inhibitory cTBS into facilitatory
pcTBS (Gamboa et al., 2010; De Martino et al., 2019). In addtion,
one study indicated that 1 Hz rTMS over M1 had significant
modulatory effects on pain perception (Tamura et al., 2004a).
Our study found that pcTBS (50 Hz) can increase the Aβ-fiber
threshold, which can support the previous studies. pcTBS has
some potential advantages over other parameters. On the one
hand, pcTBS can promote cortical excitability in a short time.
On the other hand, pcTBS needs less stimulation time than iTBS
and 10Hz rTMS, which can greatly improve the efficiency of
therapeutic instruments.

No significant changes were found for pain thresholds after
one-session high-frequency rTMS stimulation, which supports
the results reported in previously published studies (Antal and
Paulus, 2010; Borckardt et al., 2011; Klírová et al., 2020). Klírová
et al. found that pcTBS of the motor cortex can modulate
cortical excitability but not pain perception. Antal and Paulus,
and Borckardt et al. found that iTBS of the motor cortex did not
induce a significant reduction in acute pain perception. However,
most studies indicated that one-session high-frequency rTMS
can decrease pain sensitivity (Ciampi et al., 2014; Moisset et al.,
2015; De Martino et al., 2019; Liu et al., 2021). An explanation
could be related to differences in the methodology used to assess
pain thresholds. Most of the studies were conducted with pain
induction tests using capsaicin, cold pain, heat pain, and pressure
pain. Our study directly measures the pain tolerance threshold
on sensory fibers of participants. Another explanation could be
related to parameters of rTMS. A systematic review indicated
the changes of MEP suppression in 30 Hz TBS were more
persistent compared with 50 Hz TBS (Chung et al., 2016). In
addition, one study found that three sessions of pcTBS to the left
dorsolateral prefrontal cortex increased heat, cold, and pressure
pain thresholds (De Martino et al., 2019). Therefore, frequency
may be a key fact for rTMS to relieve pain.

Acute Brain Activation Change After
rTMS Stimulation
Although our behavioral data showed that one-session high-
frequency rTMS can not increase the pain threshold of healthy
subjects, fNIRS showed that high-frequency rTMS applied over

left M1 can activate the DLPFC immediately after stimulation.
After 1 h of stimulation, it can diffuse to the bilateral DLPFC
and FPC. In addition, pcTBS can significantly activate DLPFC
and FPC on A-fibers compared with iTBS, 10 Hz rTMS, and
sham stimulation, which indicates that pcTBS has a potential
analgesic effect. This result is in line with one study (Tupak et al.,
2013). The authors indicated that iTBS applied to the left PFC can
decrease prefrontal oxygenation. Other studies also used fNIRS
to investigate acute neural adaptation after high-frequency rTMS
on M1. However, decreased functional connectivity within PFC
(Li et al., 2019) and reduction in HbO concentration from both
motor and prefrontal cortices (Rihui et al., 2017) were observed
during rTMS. The possible explanation is that these two studies
applied rTMS over 1–2 cm lateral from the vertex rather than M1.

The analgesic effect of rTMS is still unclear. fMRI showed
that rTMS can directly activate the thalamus through cortical-
thalamic projection and inhibit the transmission of sensory
information through the spinothalamic pathway, thus relieving
pain (Cioni and Meglio, 2007). In addition, electrophysiological
studies have shown that high-frequency rTMS can increase the
excitability of the M1 area and cause cumulative plasticity
changes of brain nerve tissue (Pridmore et al., 2005).
Furthermore, studies indicated that chronic pain is accompanied
by the decrease of blood perfusion in the thalamus and other
parts, while low-frequency rTMS can reduce blood flow in the
stimulated ipsilateral side and increase blood flow compensation
in the contralateral brain (Tamura et al., 2004b). Our results
indicate that single-session pcTBS placed on M1 can increase
the excitability of DLPFC and FPC compared with iTBS, 10 Hz
rTMS, sham stimulation. In addition, high-frequency rTMS can
increase blood flow compensation in the prefrontal lobe. This
result indicates that rTMS applied to the left M1 may play an
analgesic effect by regulating DLPFC and FPC in the frontal lobe.
More research is needed in the future to identify the interaction
between M1 and the prefrontal cortex in pain research.

Potential Clinical Application of pcTBS
One study examined the nociceptive threshold in the hind paws
using the Neurometer in the bilateral carotid artery occlusion
(BCAO) mouse model. The results found that the sensitivity of C
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FIGURE 6 | (A) Comparison of difference in brain activation when performing
PTT 2,000 Hz task immediately after stimulation. (B) Comparison of difference
in brain activation when performing PTT 5 Hz task immediately after
stimulation. (C) Comparison of difference in brain activation when performing
PTT 2,000 Hz task 1 h after stimulation. (D) Comparison of difference in
changes between 1 h after stimulation and baseline in brain activation when
performing PTT 2,000 Hz. pcTBS, prolonged continuous theta-burst
stimulation; iTBS, intermittent theta-burst stimulation; rTMS, repetitive
transcranial magnetic stimulation.

and Aβ fibers (at stimulation of 5 and 2KHz, respectively) were
significantly decreased in the 30 min BCAO group compared
with those before BCAO, which were closely related to the

development of the hyperalgesia component of central post-
stroke pain (P) (Tamiya et al., 2013). Another study examined
alterations of the current stimulation threshold of primary
neurons using the Neurometer in mice receiving left middle
cerebral artery occlusion (MCAO). The data showed that the
sensitivity of Aδ and Aβ fibers (at 2 kHz and 250 Hz stimulation,
respectively) was significantly decreased on day 3 after MCAO,
which may contribute to the allodynia for CPSP (Takami et al.,
2011). This study indicated that Aβ fiber damage may be the
key to cause CPSP.

Our data show that pcTBS can modulate the sensitivity of Aβ

fibers more effectively than 10 Hz rTMS and sham stimulation,
which means that pcTBS may be used as a potential treatment
for CPSP. In the future, multicenter, large-sample randomized
controlled trials are needed to prove its effectiveness.

Limitations
There are a few limitations in this study. Due to the limitation of
research conditions, this study is the absence of a neuronavigation
system that can target the left M1 according to the functional
imaging examination. In addition, due to the limited number of
fNIRS channels, we did not monitor the neuroplastic changes in
the left M1. Therefore, we were unable to analyze the changes
of brain functional connections between motor areas and the
prefrontal cortex. In addition, sensory sensitivity may change at
different ages. We only recruited subjects around 24 years old
which may cause the results not stability across other age cohorts.
Another limitation is that the sample of the study (n = 40) actually
can be considered as a small sample, which can also limit the
extrapolation of the results.

CONCLUSION

In conclusion, our data demonstrate the advantages of pcTBS
over 10 Hz rTMS and sham stimulation on Aβ fibers, opening
new avenues of research concerning the clinical application
of pcTBS for the treatment of CPSP. In addition, single-
session pcTBS placed on left M1 can increase the excitability
of DLPFC and FPC compared with iTBS, 10 Hz rTMS,
and sham stimulation, indicating the interaction between M1
and prefrontal cortex may be a potential mechanism of
analgesic effect of rTMS.
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Background: Diabetic peripheral neuropathic pain (DPNP) is a usual complication of
diabetes with a high incidence and mortality. Many diabetes-related studies have been
published in various journals. However, bibliometrics and visual analyses in the domain
of DPNP research are still lacking. The study aimed to offer a visual method to observe
the systematic overview of global research in this field from 2011 to 2021.

Methods: The publications from the Science Citation Index Expanded in Web of
Science (WOS) in the past 11 years (from 2011 to 2021) were collected and sorted
out, and those related to DPNP were extracted and analyzed. The article language
was limited in English. Then, CiteSpace V was used for the bibliometric analysis of the
extracted literature.

Results: A total of 1,422 articles met the inclusion criteria. A continuous but unstable
growth in the amounts of papers published on DPNP was observed over the last
11 years. The subject sort of the 1,422 papers mainly concentrates on Endocrinology
Metabolism, Clinical neurology and Neurosciences from the WOS. According to the
research contribution in the field of DPNP, the United States occupies a leading position,
with the highest amounts of publications, citations, open access, and the H- index.

Conclusion: This study provides a visual analysis method for the trend of DPNP,
and offers some hidden serviceable information that may define new directions for
future research.

Keywords: diabetic, neuropathic pain, trend, visual analysis, bibliometric

INTRODUCTION

Diabetes mellitus refers to a series of metabolic diseases distinguished by high blood sugar, which is
mainly caused by lack of insulin secretion, defective action, or both (Abbott et al., 2011). According
to the reports, diabetes accounted for the largest share among 155 conditions of United States
health care spending in 2013, with an estimated amount of $101.4 billion, including 57.6% spent
on medical drugs and 23.5% on outpatient care (Dieleman et al., 2016). Diabetic peripheral
neuropathic pain (DPNP) is a common diabetic peripheral neuropathy, and about 20–30% of
patients with diabetes experience peripheral neuropathic pain during their lifetime (Baba et al.,
2019). Moreover, more than half of the diabetic patients may admit peripheral neuropathic pain
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(Calcutt, 2010). Most studies found that it developed before pre-
diabetes (Tesfaye et al., 2010). There is evidence that DPNP
reduces health-related quality of life and increases health-care
expenditures (Gore et al., 2006; Stewart et al., 2007; Ritzwoller
et al., 2009). Furthermore, DPNP is closely associated with some
depressive symptoms, anxiety, and lower rates of optimal sleep
(Sadosky et al., 2013).

Due to the high morbidity and family burden of DPNP, an
increasing number of studies have been involved in the field of
DPNP, and relevant literature has been published in academic
journals. Some studies have explored the mechanisms of pain
relief by non-pharmacological interventions (Zheng et al., 2021;
Peng et al., 2022; Wu et al., 2022). However, only a few large-
scale systematic global reviews of DPNP have been published
(Çakici et al., 2016).

Bibliometric analysis is an important quantitative analysis
method for literature on a specific topic (Bornmann and
Leydesdorff, 2014). The purpose of this work is to offer a classified
analysis of this research on DPNP from 2011 to 2021, including
quantitative information by authors, countries, institutions, and
co-citations (Chen and Wang, 2020). Bibliometrics analyzes
the numbers of articles published, keywords, citations, and
cooperation in recent years to better understand the current
trends and the knowledge structure of research. WOS is a
database from which relevant literature can be extracted, and
CiteSpace V is used for the in-depth analysis of visualization (Yao
et al., 2020). Moreover, we can know which places occupy the
international leading positions in this field so far and which one
has a significant impact on this discipline through the analysis
of publishing states, authors, and institutions (Chen et al., 2012,
2014; Li et al., 2020). Visual analysis extracts useful information
from big data through data mining technology and presents
it clearly for readers to understand the development of the
discipline more intuitively (Liao et al., 2018; Weng et al., 2020).
Bibliometrics and visual analysis have been widely used in various
fields, such as mathematics (Sabermahani and Ordokhani, 2021),
medicine (Weng et al., 2020), artificial intelligence (Xieling et al.,
2021), big data financial decision-making (Nobanee, 2021) and
economics (Liang et al., 2017). According to these researches,
this study explored the characteristics of articles in the field
of DPNP through bibliometrics and visual analysis. Specific
influential literature can be found to evaluate the current research
status of diabetic neuropathy and predict the future research
direction through the association among different literature and
citations. The study also provided valuable reference information
for researchers and promoted the cooperation among various
institutions (Weng et al., 2020).

MATERIALS AND METHODS

Source and Search Strategy
We retrieved and downloaded all published literature in the
past 11 years (from 2011 to 2021) from the Science Citation
Index Expanded (SCI-Expanded) of WOS. The keywords “pain”
and “diabetes” and its disparate utterances were used as the
subject to search correlative paper (Weng et al., 2020). All

fundamental information about each article, such as authors,
countries, institutions, citation, key words, and references, was
collected (Weng et al., 2020). The specific search strategy can be
found in the Supplementary.

Inclusion Criteria
The included paper should meet the following standards: (1)
Articles published in various journals over the last 11 years
(from 2011 to 2021); (2) Articles in English; and (3) literature on
pain and diabetic.

Analysis Tool
Microsoft Office Excel was used to extract the literature
downloaded from WOS. The extracted relevant data included
the amounts of publications and citations from different
countries/regions, and institutions; keywords; journals;
references; and H-index. Two documents named “Date”
and “Project” were created to extract the data downloaded
from the WOS. CiteSpace V, a superb bibliometric analysis
instrument, was used for the bibliometric analysis of extracted
literature. We diagrammed co-citation diagrams of authors,
countries, and institutions that contributed the most to diabetic
peripheral neuralgia. The top 25 keywords with the strongest
citation bursts and the top 10 citations paper were drawn. The
numbers of publications, citations, and H-indexes for different
years were also summarized and an annual bar chart was plotted.
Meanwhile, a regional world diagram was drawn using Microsoft
Office Excel. The red areas represented the regions with the
highest amounts of posts, followed by orange, purple, yellow, and
blue. The gray area represented a region that had no published
literature. Cluster analysis and citation bursts were performed
and a large node circle indicated a high occurrence frequency.

RESULTS

The Number and Growth Trend of Annual
Publications
A total of 1,422 articles met the inclusion criteria. We
summarized the amounts of publications and citations from 2011
to 2021 and charted the growth trend (Figure 1). The numbers
of papers published each year has risen from 103 in 2011 to 127
in 2021 (Figure 1A). Overall, the number of published papers
showed a continuous but unstable growth trend, which can be
roughly divided into two stages. In the first stage, the number
of published papers increased steadily from 103 in 2015 to 151
in2015. From 2015 to 2016, with the number of published papers
dropping from 151 to 126, was a turning point. The period
from 2016 to 2021 was the second stage, showing a fluctuating
growth and a relatively slow growth rate, with an average annual
publication volume of 135. The 1,422 papers were cited 16.620
times. The numbers of citations have decrease from 2,893 in 2011
to 138 in 2021 (Figure 1B). Considering the impact of publication
year, the absence of high amounts of citations in recent years
was normal. In the last five 2-year periods (2011–2012, 2013–
2014, 2015–2016, 2017–2018, 2019–2020, and 2021), the largest
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FIGURE 1 | The amounts of papers and citations published. (A) The annual amounts of publications on DPNP research from 2011 to 2021. (B) The annual amounts
of citations on DPNP research from 2011 to 2021.

FIGURE 2 | Amounts of publications, citations, citations per paper, open access paper, H-index, and citations for each 2-year time period.

average numbers of citations per paper (23.74), citations (5,080),
and the highest H-index (39) occurred in 2011–2012. In 2019–
2020, the highest numbers of published papers and open access
values were 285 and 135, respectively (Figure 2). The amounts
of papers published and open access in the domain of DPNP
increased continuously but unstably, while the citation per paper
and H-index decreased.

Different Subject Sort of Web of Science
The top 10 subject sorts on DPNP, including publications,
citations, open access, and H-index, were demonstrated in
Figure 3. Among the top 10 discipline sorts, Endocrinology
Metabolism published most papers, with amount of 347.
However, Neurosciences had the highest amounts of citations,

the open access papers, and the H-index, being 4,771,
96, and 36, respectively. Anesthesiology had the highest
amounts of citations per paper of 27.22. According to
statistical analysis, the top 10 subject sorts calculated by the
amounts of publications were Endocrinology Metabolism, Clinical
neurology, Neurosciences, Pharmacology pharmacy, Medicine
general internal, Anesthesiology, Medicine research experimental,
Biochemistry molecular biology, Health care sciences services, and
Health policy services.

Distribution by Different Journals
The Table 1 demonstrated the top 10 journals in the field
of DPNP. In the top 10 journals, Diabetes, Diabetologia, and
Diabetic medicine contributed the most to the amounts of
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FIGURE 3 | The amounts of papers, citations, citations per paper, open access papers, and H-index of the top 10 subject sort of Web of Science.

TABLE 1 | The top 10 journals in the field of DPNP.

Journals Papers Number of papers
about neurpathic

pain/total number of
papers

Citations
(WOS)

Citations per
paper

Open
access

WOS sort IF (2020) Quartile H-
index

Diabetes 65 65/1422 241 3.71 8 ENDOCRINOLOGY &
METABOLISM

9.461 Q1 7

Diabetologia 59 59/1422 75 1.27 3 ENDOCRINOLOGY &
METABOLISM

10.122 Q1 2

Diabetic
medicine

42 7/237 295 7.02 4 CLINICAL NEUROLOGY;
NEUROSCIENCES

4.359 Q3 7

Journal of the
peripheral
nervous system

39 13/474 13 0.33 0 ENDOCRINOLOGY &
METABOLISM

3.494 Q3 3

Value in health 32 32/1422 8 0.25 27 ECONOMICS; HEALTH
CARE SCIENCES &
SERVICES; HEALTH
POLICY & SERVICES

5.728 Q2 1

Pain 31 31/1422 1638 52.84 10 CLINICAL NEUROLOGY;
NEUROSCIENCES

6.961 Q1; Q2 19

Journal of pain 30 5/237 290 9.67 10 ANESTHESIOLOGY;
CLINICAL NEUROLOGY;

NEUROSCIENCES

5.828 Q2 6

Neurology 26 13/711 399 15.35 4 CLINICAL NEUROLOGY 9.91 Q1 4

Pain medicine 26 13/711 427 16.42 22 ANESTHESIOLOGY;
MEDICINE, GENERAL &

INTERNAL

3.75 Q3 13

Diabetes care 17 17/1422 1131 66.53 16 ENDOCRINOLOGY &
METABOLISM

19.112 Q1 13

published papers, with the papers of 65, 59, and 42 respectively.
Pain showed the most citations and the highest H-index, being
1,638 and 19, respectively. Diabetes care had the largest average
per paper citations and the highest impact factor, which were

66.53 and 19.112, respectively. Value in health presented the
highest open access value of 27 to the public free of charge.
Among the top 10 journals, 45.45% were Q1 (Q1 on behalf of the
top 25% of 3-year average IF of various journals), 27.27% journals
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FIGURE 4 | The dual-diagram overlay of journals related to DPNP research.

FIGURE 5 | The amounts of papers, citations, citations per paper, open access papers, and H-index of the top 10 countries.

were Q2 (Q2 on behalf of the 25–50% of average IF distribution),
and 27.27% journals were Q3 (Q3 on behalf of the 50–75% of
average IF distribution).

Figure 4 depicted the dual diagram of citing and cited of
different journals, with the diagram on the left and right sides
representing the citing journals and cited journals, respectively.
The line between the citing and cited journals represented
communication and connection between the two and the node
tags meant the disciplines wrapped by the different journals.
The ellipse’s aclinic axis represented the numbers of relevant
authors, while the perpendicular axis was the amounts of journals

published. Based on the diagram, the journals that contributed
the most were mainly from the fields of mathematic, medicine,
and ecology, while the journals cited the most were mainly from
the fields of systems, environmental, and earth.

Distribution by Different Countries and
Institutions
The Figure 5 showed the top 10 countries in terms of the
numbers of publications on DPNP, with total 1,166 papers. The
highest amounts of publications, citations, open access value, and
the H-index was reported in United States, being 394, 6,003,
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FIGURE 6 | The analysis of countries and institutions. (A) Network diagram of countries worked on DPNP research. (B) Network diagram of institutions worked on
DPNP research.

FIGURE 7 | World diagram of total country output based on DPNP.

170, and 40, respectively; followed by China (200 publications);
England (165 publications); and Germany (80 publications).
Figure 6A showed the cooperation among various countries.
The Czech Republic had the maximum centrality (0.50), which
was followed by Switzerland (0.35) and India (0.33). According
to the relevant definition of centrality, these countries indicated
close cooperative links with other countries and represented
some academic influence. Combining publication and centrality
analysis, United States and China were in the dominant positions.
The United States, England, Japan, and China have established

extensive cooperative relationship and radiate outwards. A world
diagram was created with the amounts of published papers
to provide a clearer picture of the 1,422 published papers in
each country (Figure 7). In this map, the Americas was in the
ascendancy, with the United States leading the way.

The top 10 institutions by amounts of published papers
were shown in Figure 8, which contributed 326 papers in
the domain of DPNP. The Pfizer had the largest publications
with the amount of 53. Although the Pfizer had the highest
H-index value of 17, the University of Manchester had the
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FIGURE 8 | The amounts of papers, citations, citations per paper, open access papers, and H-index of the top 10 institutions.

TABLE 2 | The top 10 authors, co-cited authors, and co-cited references on DPNP research.

Author Published
articles

Cocited
author

Cited times Cocited reference Cited times

TESFAYE S 63 TESFAYE S 271 Painful diabetic peripheral neuropathy: consensus recommendations on
diagnosis, assessment and management?

181

SELVARAJAH D 53 ZIEGLER D 166 The Pain in Neuropathy Study (PiNS): a cross-sectional observational
study determining the somatosensory phenotype of painful and

painless diabetic neuropathy?

133

WILKINSON ID 29 BOULTON AJM 160 A new look at painful diabetic neuropathy 49

PARSONS B 27 ABBOTT CA 143 Healthcare utilization and costs in diabetes relative to the clinical
spectrum of painful diabetic peripheral neuropathy

56

MALIK RA 25 DWORKIN RH 137 Prevalence and characteristics of painful diabetic neuropathy in a large
community-based diabetic population in the united kingdom

411

GANDHI R 21 BRIL V 135 Microvascular perfusion abnormalities of the thalamus in painful but not
painless diabetic polyneuropathy a clue to the pathogenesis of pain in

type 1 diabetes

47

GAO Y 20 DAVIES M 130 LncRNA NON-RATT021972 siRNA regulates neuropathic pain
behaviors in type 2 diabetic rats through the P2X (7) receptor in dorsal

root ganglia

74

ZIEGLER D 20 FINNERUP NB 119 From guideline to patient: a review of recent recommendations for
pharmacotherapy of painful diabetic neuropathy?

61

FABER CG 16 GORE M 118 Spinal cord stimulation and pain relief in Painful diabetic peripheral
neuropathy: a prospective two-center randomized controlled trial?

82

GREIG M 15 VINIK AI 110 Painful and painless diabetic neuropathies: what is the difference? 36

most citations, citations per paper, and open access at 1,291,
28.07, and 26, respectively. Figure 6B depicted the cooperation
and communication among various institutions. The Aarhus
University showed maximum centrality (0.18), followed by
University of Michigan (0.17) and Weill Cornell Medical College
Qatar (0.15). These institutions exhibited extensive cooperative
relationships and strong academic influence. Based on the
analysis of the number and centrality of publications, Pfizer,
Northwestern University and University of Manchester showed
relatively close cooperative relationship.

Distribution by Different Authors
The top 10 authors, co-cited authors, and co-cited references
on DPNP research were listed in Table 2. Among the top 10
authors, Tesfaye S had the most publications (63 publications),
followed by Selvarajah D (53 publications), and Wilkinson ID
(29 publications). From perspective of co-cited authors, Tesfaye
S also had the most cited times (271 cited times), followed by
Ziegler D (166 cited times), and Boulton AJM (160 cited times).
The collaboration among different authors was demonstrated in
Figure 9.
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FIGURE 9 | The analysis of authors. Network diagram of influential authors
devoted to DPNP research.

Analysis by Different References
Figure 10 showed the time plot of the first 16 co-citation
references in the cluster analysis. The modularity Q value was
0.8304 (higher than 0.5), which indicated the network was

compatibly distributed to loosely coupled clusters. The largest
cluster #0 was “skin biopsy”, followed by “diabetic neuropathic
pain” (#1), “abt-894” (#2), and “7” (#3) (Chen and Wang, 2020).

Analysis by Different Keywords
The top 25 keywords with the strongest citation bursts from
2011 to 2021 was depicted in Figure 11. The strongest citation
bursts of keyword since 2011 was symptomatic treatment.
By the end of 2021, the keywords with the most outbreaks
of cited literature included “inflammation” (2017–2021),
“activation” (2018–2021), “phenotype” (2018–2021), “phenotype”
(2018–2021), “adult” (2018–2021), and “receptor” (2019–
2021) among the top 25 keywords (inflammation, randomized
controlled trial, placebo, activation, phenotype, adult, natural
history, in vitro, open label, obesity, disease, receptor, EFNS
guideline, pharmacological treatment, management, pathogenesis,
controlled trial, sensory neuron, mice, placebo controlled
trial, multicenter, recommendation, microglia, injury, and
symptomatic treatment).

Analysis by the 10 Most Frequently Cited
Papers
The top 10 frequently cited papers on DPNP were listed in
Table 3. The most cited paper (411 citations) by Abbott with

FIGURE 10 | The analysis of references. Co-citation diagram (timeline view) of references from publications on DPNP research.
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FIGURE 11 | The keywords with the strongest citation bursts of publications on DPNP research.

the title “Prevalence and Characteristics of Painful Diabetic
Neuropathy in a Large Community-Based Diabetic Population in
the United Kingdom” (Abbott et al., 2011) was published in 2011
in Diabetes care. Out of the top 10 citations, three of them were
published in the journals with IF ≥ 10 (Neuron and Diabetes care)
(Abbott et al., 2011; Tesfaye et al., 2013a; Feldman et al., 2017),
four in journals with 5 ≤ IF < 10 (Neurology and Pain) (Bril et al.,
2011; Yarnitsky et al., 2012; Tesfaye et al., 2013b; Themistocleous
et al., 2016), one in journal with 3 ≤ IF < 5 (Diabetes-Metabolism
research and reviews) (Tesfaye et al., 2011), and two in journals
with 2 ≤ IF < 3 (Current Medical research and opinion and
Fitoterapia) (Schwartz et al., 2011; Kandhare et al., 2012).

DISCUSSION

Global Development Tendency of
Diabetic Peripheral Neuropathic Pain
Research
This bibliometric analysis provided a scientific review of DPNP
over the past 11 years (Chen and Wang, 2020). The numbers of
publications correlated with DPNP have showed a continuous
but unstable growth trend yearly, with the most obvious growth
trend from 2014 to 2015. However, the numbers of citations
have been drawn from 2,893 in 2011 to 138 in 2021. Notably,
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TABLE 3 | The top 10 papers with the most citations on DPNP research.

Title First author Journal IF (2019) Year Citations
(WOS)

WOS sort Category ranking

Prevalence and characteristics of
painful diabetic neuropathy in a
large community-based diabetic
population in the United Kingdom

Abbott, CA DIABETES
CARE

19.112 2011 411 Endocrinology
& metabolism

4/143

Conditioned pain modulation
predicts duloxetine efficacy in
painful diabetic neuropathy

Yarnitsky, D PAIN 6.961 2012 320 Anesthesiology;
Clinical

Neurology;
Neurosciences

6/32;25/204;43/272

Evidence-based guideline:
Treatment of painful diabetic
neuropathy

Bril, V NEUROLOGY 9.91 2011 289 Clinical
Neurology

10/204

New Horizons in diabetic
neuropathy: mechanisms,
bioenergetics, and pain

Feldman, EL NEURON 17.173 2017 288 Neurosciences 6/272

Painful diabetic peripheral
neuropathy: consensus
recommendations on diagnosis,
assessment and management

Tesfaye, S DIABETES-
METABOLISM
RESEARCH

AND REVIEWS

4.876 2011 181 Endocrinology
& Metabolism

64/143

Mechanisms and management of
diabetic painful distal symmetrical
polyneuropathy

Tesfaye, S DIABETES
CARE

19.112 2013 170 Endocrinology
& Metabolism

4/143

Safety and efficacy of tapentadol
ER in patients with painful diabetic
peripheral neuropathy: results of a
randomized-withdrawal,
placebo-controlled trial

Schwartz, S CURRENT
MEDICAL

RESEARCH
AND OPINION

2.58 2011 168 Medicine,
General &
Internal;

Medicine,
Research &

Experimental

61/165;93/139

Duloxetine and pregabalin:
High-dose monotherapy or their
combination? The "COMBO-DN
study” - a multinational,
randomized, double-blind,
parallel-group study in patients with
diabetic peripheral neuropathic pain

Tesfaye, S PAIN 6.961 2013 145 Anesthesiology;
Clinical

Neurology;
Neurosciences

6/32;25/204;43/272

Neuroprotective effect of naringin
by modulation of endogenous
biomarkers in streptozotocin
induced painful diabetic
neuropathys

Kandhare, AD FITOTERAPIA 2. 882 2012 136 Chemistry,
Medicinal;

Pharmacology
& Pharmacy

38/61;152/271

The pain in neuropathy study
(PiNS): a cross-sectional
observational study determining the
somatosensory phenotype of
painful and painless diabetic
neuropathy

Themistocleous,
AC

PAIN 6.961 2016 133 Anesthesiology;
Clinical

Neurology;
Neurosciences

6/32;25/204;43/272

the increased amounts of published articles do not mean the
improvement of the literature quality, and the decreased amounts
of citations are not equal to the decline of quality. Considering
the factor of year, the amounts of citations in the last 2 years
are not as high as those in previous years, which is a normal
phenomenon (Wang et al., 2020). The highest amounts of
published papers and open access values are in 2019–2020,
which are 285 and 135, respectively. Moreover, the year 2011–
2012 has the highest number of citations (5,080) and H-index
(39). These results indicate that DPNP is receiving increasing
attention, and the papers published between 2011 and 2013 are
of high-quality.

With regards of journals, Diabetes (65 publications),
Diabetologia (59 publications), and Diabetic medicine (42
publications) contributed the most to the numbers of published
papers. Among the top 10 journals, 45.45% of them were
Q1, 27.27% were Q2, and 27.27% were Q3. IFs of 70% of the
journals were more than 5. These results indicated that the
Diabetes was the most influential journal in the field. Most of
the top 10 journals had high IFs though some of them located
in Q2 and Q3, which might imply that more exploration is
required in this domain.

According to the numbers of papers published in the field
of DPNP, the United States ranked first (394 publications), far

Frontiers in Molecular Neuroscience | www.frontiersin.org 10 April 2022 | Volume 15 | Article 85400085

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-15-854000 April 7, 2022 Time: 14:7 # 11

Du et al. Bibliometric Analysis of Neuropathic Pain

ahead of China (200 publications), England (165 publications),
Germany (80 publications), and other countries. The six
European countries, three Asian countries, one North American
country composed the top 10 countries. Figure 6 depicted a
wide range of cooperative relationships that have been established
between various countries/regions and institutions. From the
top 10 institutions, 80% were the world-renowned universities.
These results demonstrated that universities were a major front
in the field of DPNP, with some American and European
universities having a relatively large influence in this field.
Pfizer, Northwestern University, and University of Manchester
have relatively close cooperative relationship, meaning that the
University and the company have established a wide cooperative
relationship, which can play a certain positive role in the
transformation from scientific research into clinical practice.

Research Focusing on Diabetic
Peripheral Neuropathic Pain
According to the subject sort of DPNP, the research mainly
focused on Endocrinology Metabolism, Clinical Neurology, and
Neurosciences. The prevention and education of diabetes have
been emphasized based on the concept of Endocrinology and
Metabolism (Sanjari et al., 2021). However, the largest amounts
of citations, open access papers, and H-index were found in
Neurosciences, being 4,771, 96, and 36, respectively. In terms
of co-cited references, the largest cluster #0 was “skin biopsy”,
followed by “diabetic neuropathic pain” (#1), “abt-894” (#2), and
“7” (#3). Based on the analysis of keywords, while the strongest
citation bursts of keyword since 2011 was symptomatic treatment,
the keywords by the end of 2021 included “inflammation”
(2017–2021), “activation” (2018–2021), “phenotype” (2018–
2021), “adult” (2018–2021), and “receptor” (2019–2021). This
change may represent that the focuses of research about DPNP
have transferred from the superficial symptoms to the possible
pathogenesis, which probably indicates that future research
should further explore the mechanism of diabetes.

Benefits and Limitations
This paper is the first to present a visual analysis of global
trends and feasibility in the domain of DPNP over the last
11 years. The included publications are from different academic
journals in the SCI-Expanded of WOS to obtain richer data
and draw more convincing conclusions (Chen and Wang,
2020). Furthermore, some high-quality journals, such as Diabetes
care (IF = 19.112), Diabetologia (IF = 10.122), and Neurology
(IF = 9.91), are also included in this study. Moreover, this study
contains a more comprehensive analysis, including the number
and growth trend of annual publications, different subject
sort of WOS, relationship among different journals, authors,
countries and institutions, analysis by different references,
citations, and keywords.

However, this study still has a few limitations. First of
all, we only collected the English publications from SCI-
expanded, which might neglect high-quality literature in
other languages. In addition, some literatures use specific
indicators of bibliometrics, such as Price’s Law, Lotka’s Law,

and Bradford’s Law (López-Muñoz et al., 2013, 2015; Redondo
et al., 2017), which could accurately reflect the changes in
this field. Finally, the figure illustrating the links among
different countries and institutions is hard to read due to the
close and complicated cooperation among various states and
institutions in this field.

CONCLUSION

The study extracted some hidden and useful information from
the 2011 to 2021 study of DPNP. The tendency of publications
each year increased from 103 in 2011 to 127 in 2021, showing a
continuous but unstable growth trend. Endocrinology Metabolism
and Clinical Neurology were the two most popular subject sorts in
this domain. The United States has occupied a leading position
in this field and has established contacts with Italy, Japan, and
other countries. The Pfizer had the largest publications with the
amounts of 53. Tesfaye S published the most amounts of studies.
The recent emerging burst keywords included “inflammation,”
“activation,” “phenotype,” “adult,” and “receptor.” The study
provided some valuable information for follow-up researchers,
such as development trend and direction, influential journals,
and cooperation among different regional institutions.
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Objectives: Lumbar disc herniation (LDH) is a musculoskeletal disease that contributes
to low back pain, sciatica, and movement disorder. Existing studies have suggested
that the immune environment factors are the primary contributions to LDH. However,
its etiology remains unknown. We sought to identify the potential diagnostic biomarkers
and analyze the immune infiltration pattern in LDH.

Methods: The whole-blood gene expression level profiles of GSE124272 and
GSE150408 were downloaded from the Gene Expression Omnibus (GEO) database,
including that of 25 patients with LDH and 25 healthy volunteers. After merging
the two microarray datasets, Differentially Expressed Genes (DEGs) were screened,
and a functional correlation analysis was performed. The Least Absolute Shrinkage
and Selection Operator (LASSO) logistic regression algorithm and support vector
machine recursive feature elimination (SVM-RFE) were applied to identify diagnostic
biomarkers by a cross-validation method. Then, the GSE42611 dataset was used
as a validation dataset to detect the expression level of these diagnostic biomarkers
in the nucleus pulposus and evaluate their accuracy. The hub genes in the network
were identified by the CIBERSORT tool and the Weighted Gene Coexpression Network
Analysis (WGCNA). A Spearman correlation analysis between diagnostic markers and
infiltrating immune cells was conducted to further illustrate the molecular immune
mechanism of LDH.

Results: The azurophil granule and the systemic lupus erythematosus pathway were
significantly different between the healthy group and the LDH group after gene
enrichment analysis. The XLOC_l2_012836, lnc-FGD3-1, and scavenger receptor class
A member 5 were correlated with the immune cell infiltration in various degrees. In
addition, five hub genes that correlated with LDH were identified, including AQP9,
SIRPB2, SLC16A3, LILRB3, and HSPA6.

Conclusion: The XLOC_l2_012836, lnc-FGD3-1, and SCARA5 might be adopted for
the early diagnosis of LDH. The five identified hub genes might have similar pathological
mechanisms that contribute to the degeneration of the lumbar disc. The identified hub
genes and immune infiltrating pattern extend the knowledge on the potential functioning
mechanisms, which offer guidance for the development of therapeutic targets of LDH.

Keywords: lumbar disc herniation, GEO dataset, diagnostic biomarkers, immune cell infiltration, pain
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INTRODUCTION

Low back pain (LBP) affects approximately 1.71 billion
people worldwide and is the main contributor to the global
burden of musculoskeletal conditions (Cieza et al., 2021).
Lumbar disc herniation (LDH) is a pathology that causes
LBP, sciatica, and movement disorders (Clark and Horton,
2018). LDH causes LBP symptoms by mechanical compression,
chemical radiculitis, and autoimmunity. However, the exact
pathological immune mechanism of LDH remains unknown.
A study illustrated that immune environment factors are a
contributing factor to inflammation and pain exacerbation
for patients with LDH. Until now, no effective medical
therapy has been available for LDH. Therefore, identifying
the vital biomarkers and revealing the relationship is of great
significance to developing effective treatment strategies for
patients with LDH.

The intervertebral disc is a fibrocartilage that connects two
adjacent vertebrae. The disc consists of the outer annulus fibrosus
(AF), inner nucleus pulposus (NP), and cartilage endplate (CEP).
A previous study reported that intervertebral disc degeneration
and aging are crucial factors that contribute to the dehydration
of the NP, consequently weakening the AF (Gorth et al., 2019).
As the cartilage endplate becomes weak, fissures will appear in
the AF, and its shock-absorbing ability will be limited and will
eventually contribute to LDH. An increasing number of studies
suggest that the immune environment plays an important role
in the occurrence and deterioration of LDH. Sun et al. (2020)
showed that the damage of the blood-NP barrier (BNB), an
immune privilege of the intervertebral disc, plays a significant
role in the whole process of LDH. Therefore, identifying
the differential gene expression will assist the clarification of
the molecular mechanism that underpins LDH and develops
new immunotherapy targets. To date, only a few studies that
have investigated the molecular immune mechanism of the
development of LDH were found.

MATERIALS AND METHODS

Selecting and Preprocessing Data
In the Gene Expression Omnibus (GEO) database1,
intervertebral disc degeneration and lumbar disc herniation
were set as the retrieval condition. Based on the sample size and

Abbreviations: LDH, Lumbar disc herniation; GEO, Gene Expression Omnibus;
DEGs, Differentially Expressed Genes; LASSO, Least Absolute Shrinkage and
Selection Operator; WGCNA, Weighted Gene Coexpression Network Analysis;
LBP, Low back pain; AF, Annulus fibrous; NP, Nucleus pulposus; BNB, Blood-
NP barrier; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and
Genomes; DO, Disease Ontology; BP, Biological process; MF, Molecular function;
CC, Cellular component; FDR, False discovery rate; GSEA, Gene Set Enrichment
Analysis; ROC, Receiver operating characteristic; TOM, Topological Overlap
Matrix; GS, Gene significance; MM, Module membership; PPI, Protein-protein
interaction; ICCs, Infiltrating immune cells; BPI, Bactericidal permeability-
increasing protein; HRASLS, The H-RAS-like suppressor; CTSG, Cathepsin G;
AQP9, Aquaporin 9; SIRPB2, Signal Regulatory Protein Beta 2; LILRB3, Leukocyte
immunoglobulin-like receptor subfamily B member 3; HSPA6, Heat Shock
Protein 6.
1https://www.ncbi.nlm.nih.gov/geo/

retrieval condition of the lumbar disc, the datasets GSE124272
(Wang et al., 2019) and GSE150408 (Wang et al., 2021) were
selected. Whole-blood RNA-seq transcriptome data were
obtained from eight patients in the GSE124272 dataset and 17
patients in the GSE150408 dataset. In addition, the patients
with treatment were excluded from the transcriptome data in
the GSE150408 dataset. Healthy group data were obtained from
eight healthy volunteers in the GSE124272 dataset and 17 healthy
volunteers in the GSE150408 dataset.

The “R” software (R v4.1.1)2 was adopted for the analysis. The
Practical Extraction and Report Language (Perl)3 was applied to
accurately handle the text formats that were required for the R
package analysis. Figure 1 shows the analysis steps in this study.
Two gene expression matrices were merged, and the inter-batch
differences were removed for next-stage analysis. The “ggplot2”
package (Skidmore et al., 2016) was applied to draw the two-
dimensional PCA cluster plot and to visualize the effect after
data normalization.

Processing Data and Analyzing
Enrichment
The “limma” package (Ritchie et al., 2015) was adopted
to screen differentially expressed genes (DEGs), and the
“ConsensusClusterPlus” package (Wilkerson and Hayes, 2010)
was applied to cluster the LDH dataset into different groups
on account of the expression similarity. Then, the “pheatmap”
package and the “ggplot2” package (Steenwyk and Rokas,
2021) were applied to visualize the expression of DEGs. The
selection criteria were |log2 FC| > 1, and false discovery rate
(FDR) was < 0.05.

The “clusterProfiler,” (Yu et al., 2012) “org.Hs.eg.db,”
“enrichplot,” and “ggplot2” packages were applied to perform
Gene Ontology (GO) (Gene Ontology Consortium, 2015) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa
and Goto, 2000; Kanehisa et al., 2017). Then, the “GSEABase”
package and the “DOSE” were applied to analyze Disease
Ontology (DO) (Yu et al., 2015) enrichment on DEGs. The GO
analysis consisted of biological process (BP), molecular function
(MF), and cellular component (CC). The KEGG analysis
was adopted to identify the pathways of biological molecular
interaction. The DO analysis was applied to explore the similarity
of diseases. The level of FDR < 0.25 and p < 0.05 were chosen to
find out the significant function enrichment.

The “clusterProfiler” package was adopted to perform Gene
Set Enrichment Analysis (GSEA) (Reimand et al., 2019) on
the gene expression matrix. The “c2.cp.kegg.v7.0.symbols.gmt”
and “c5.go.v7.4.symbols.gmt” were applied to analyze significant
enrichment between the healthy group and LDH group.
Subsequently, the results were illustrated in the enrichment plot
by applying the “enrichplot” package. The GSEA is another
enrichment analysis to identify significant biological changes in
the microarray datasets. Net enrichment score (NES), gene ratio,
and p-value in the GSEA analysis were applied to verify the GO
and KEGG enrichment results.

2https://www.r-project.org/
3https://www.perl.org/get.html
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FIGURE 1 | A flow-process diagram showing the analysis steps in this study (GEO: Gene Expression Omnibus; DEGs: Differentially Expressed Genes; ROC:
Receiver operating characteristic; LASSO: Least Absolute Shrinkage and Selection Operator; SVM-RFE: the support vector machine recursive feature elimination;
GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes; DO: Disease Ontology; GSEA: Gene Set Enrichment Analysis; WGCNA: Weighted Gene
Coexpression Network Analysis; PPI: Protein-protein interaction).

Screening and Verifying Diagnostic
Biomarkers
The “glmnet” package was applied to analyze DEGs by the
application of the Least Absolute Shrinkage and Selection
Operator (LASSO) logistic regression algorithm. The feature
sorting method of support vector machine recursive feature
elimination (SVM-RFE) (Zhang et al., 2018) was conducted to
improve the accuracy of identifying the diagnostic biomarkers by
analyzing appropriate datasets selected by the LASSO algorithm
to obtain biomarkers. The “e1071” package, “kernlab” package,
and “caret” package were applied to identify DEGs from
whole-blood gene expression profiles by applying SVM-RFE.
The “VennDiagram” package was applied to draw a Venn
plot which shows the screened intersection genes after using
the LASSO algorithm and SVM-RFE method to analyze the
gene expression profiles. The GSE42611 dataset was used as
a validation dataset to detect the gene expression level of
intersection genes in the nucleus pulposus. The “pROC” package
was adopted to draw receiver operating characteristic (ROC)
curves (Mandrekar, 2010), calculate AUC, and evaluate values of
diagnostic biomarkers.

Identifying the Hub Genes
The “CIBERSORT” method (Newman et al., 2015) was applied to
analyze the level of immune cell infiltration. Then, the “e1071”
package was adopted to calculate the relative ratio of immune
cells and immunity score (Chen et al., 2018). Moreover, the
“corrplot” package was used to draw the correlation graph of
22 types of infiltrating immune cells. Due to the sample size of

DEGs, the merged group was chosen to analyze and filter out
the low expression data. Based on the gene difference analysis,
the “ConsensusClusterPlus” package was applied to cluster the
“merge” data set into different groups for gene expression
similarity. Then, the “ggpubr” package was applied to analyze the
immune infiltration of DEGs between the healthy group and the
LDH group. Besides, the “ggplot2” package was adopted to draw
a boxplot to show the difference in infiltrating immune cells.

The immune cell infiltration-related genes were identified by
the Weighted Gene Coexpression Network Analysis (WGCNA)
(Langfelder and Horvath, 2008), revealing the correlation
between immune cell infiltration-related genes and exploring the
phenotype and hub genes in the network. Total samples were
clustered by average linkage and Pearson correlation value. β = 4
(scale free R2 = 0.9) was chosen to construct a scale-free network
(Figure 5C). Then, a hierarchical clustering tree was constructed
by the dynamic hybrid cutting technology to construct gene
modules (minimum gene number of gene modules is 50).
Branches represent a series of genes with similar expression data,
and each leaf represents a gene in the tree (Figure 5D). In
addition, six modules (Figure 5E) were built into the analysis.
A heatmap was used to show the gene expression in six modules
and two groups. Afterward, cluster analysis was carried out on
gene modules and the modules were merged into a new dynamic
tree. Gene significance (GS) and module membership (MM) were
calculated. The relationship between gene expression and sample
trait (including immune cell infiltration score) was determined.
Lastly, the “VennDiagram” package (Chen and Boutros, 2011)
was used to draw a Venn plot and show the intersection of DEGs
and gene modules. Intersection genes were analyzed using the
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FIGURE 2 | The distribution of RNA in lumbar disc herniation (LDH) after merging the GSE124272 and the GSE150408 datasets. (A) In the two-dimensional PCA
cluster plot of the merged dataset before normalization, with each point representing a sample. (B) In the two-dimensional PCA cluster plot of the merged dataset
after normalization, with each point representing a sample. (C) The expression level of RNA in LDH. The higher the level of expression, the darker the color (red
represents upregulated, green represents downregulated). The tree on the left showed the clustering results of significant RNA in different samples. The grid on the
right indicated the groups (red represented normal group and blue represented LDH group). (D) Volcano map of differentially expressed genes (DEGs); red
represents upregulated differentially expressed genes (DGEs), gray represents no significant DGEs, and green represents downregulated DGEs.

online tool STRING4 to construct a protein-protein interaction
(PPI) network (Miryala et al., 2018), and Cytoscape software
(Reimand et al., 2019) was employed to investigate the interaction
and identify the hub genes.

Verifying the Correlation of Diagnostic
Biomarkers and Immune Cell Infiltration
The “corrplot” package was adopted to analyze the correlation
of the 22 types of immune cells. In addition, intersection genes
were filtered from the genes of LASSO logistic regression and
significant gene modules. The “VennDiagram” package was
applied to draw a Venn plot and show the intersection genes.
The “ggpubr” package and the “ggExtra” package were applied
to perform Spearman correlation analysis on diagnostic markers
and infiltrating immune cells. Then, a lollipop drawing was
applied to visualize the analysis results.

4https://string-db.org

RESULTS

Selecting and Preprocessing Data
The inter-batch differences between GSE124272 and GSE150408
datasets were eliminated after the two datasets merged.
The clustering of the two datasets was evenly distributed
after data normalization (Figures 2A,B), indicating a
reliable sample source.

Processing Data and Analyzing
Enrichment
A total of 21 DEGs between the healthy and LDH groups
were identified from the merging gene expression matrix.
Figures 2C,D illustrate the expression of DEGs. Six upregulated
genes and 15 downregulated genes were found in the
merging dataset.

Figure 3 illustrates the results of functional correlation
analysis of GO, KEGG, and DO. The results of GO analysis
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FIGURE 3 | Functional correlation analysis. (A) Gene Ontology (GO) enrichment analysis, where the circle size represents the count of DEGs (the larger the circle
size, the more count of DEGs), and the color represents p-value (the redder the color, the smaller the value). GO analyses consisted of biological process (BP),
molecular function (MF), and cellular component (CC). (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis, where the circle size represents
the count of DEGs, and the color represents p-value. (C) Disease Ontology (DO) enrichment analysis, where the circle size represents the count of DEGs, and the
color represents p-value. (D) Gene Set Enrichment Analysis (GSEA) in the normal group using annotation information of GO. (E) GSEA in the LDH group using
annotation information of GO. (F) GSEA in the normal group using annotation information of KEGG. (G) GSEA in the LDH group using annotation information of
KEGG [Net enrichment score (NES), gene ratio, and p-value in GSEA analysis were used to verify the GO and KEGG enrichment results].

(Figure 3A) suggest that DEGs are mainly involved in 3
cellular functions: BP, CC, and MF. The primary variations
in BP are neutrophil degranulation, neutrophil activation
in immune response, neutrophil-mediated immunity, and
neutrophil activation. The main differences in CC were the
primary lysosome, azurophil granule, secretory granule lumen,
cytoplasmic vesicle lumen, and vesicle lumen. The most variation
in MF was the endopeptidase activity. Figure 3B illustrates
the results of the KEGG pathway analysis. It shows that
DEGs were significantly enriched in neutrophil extracellular
trap formation, systemic lupus erythematosus, transcriptional
misregulation in cancer, and staphylococcus aureus infection. DO
analysis (Figure 3C) revealed that DEGs were primarily related to
autosomal recessive disease, cystic fibrosis, periodontal disease,
tuberculosis, tooth disease, and mouth disease.

Gene Set Enrichment Analysis (GSEA) and GO analysis
(Figures 3D,E) showed that azurophil granules were significantly
different between the healthy and LDH groups. The GSEA

enrichment results showed the top five significant results in the
healthy and LDH group. In addition, GSEA and KEGG analysis
(Figures 3F,G) indicated that systemic lupus erythematosus was
significantly different between the healthy and LDH groups.

Screening and Verifying Diagnostic
Biomarkers
Figure 4A illustrates gene numbers after using LASSO logistic
regression algorithm to screen genes. Figure 4B presents
the gene numbers after using SVM-RFE to screen genes.
The ROC curves (Figure 4E) indicated the accuracy of five
diagnostic biomarkers distinguishing the healthy and LDH
patients, including XLOC_l2_012836 (AUC = 0.690), HRASLS2
(AUC = 0.736), scavenger receptor class A member 5 (SCARA5;
AUC = 0.722), LINC00278 (AUC = 0.693), and lnc-FGD3-
1 (AUC = 0.557). Figure 4C presents the seven intersection
genes screened by both the LASSO and SVM-RFE methods.
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FIGURE 4 | Identification of diagnostic biomarkers in LDH. (A) The gene numbers screened by the LASSO. (B) The gene numbers screened by the support vector
machine recursive feature elimination (SVM-RFE). (C) The Venn plot was adopted to show the intersection genes between LASSO and SVM-RFE. (D) The
distribution of scavenger receptor class A member 5 (SCARA5) between healthy and LDH group in GSE42611 dataset. (E) Receiver operating characteristic (ROC)
curves showed the prediction efficiency of diagnostic markers.

According to the result of the gene expression levels of three
intersection genes in the GSE42611 dataset, the expression of
SCARA5 was different in the nucleus pulposus (Figure 4D), while
the expressions of Bactericidal permeability-increasing protein
(BPI) and Cathepsin G (CTSG) were not significantly different.

Identifying the Hub Genes
Figure 5 illustrates the results of the WGCNA analysis. Within
the six of the merged modules, two gene modules were
significantly associated with LDH. Among them, the yellow
module is positively correlated with LDH, and the brown module
is negatively correlated with LDH. The yellow module consists
of 287 genes, while the brown module consists of 384 genes.
Venn plot was constructed to show the intersection genes
between the two clustering groups (Figure 5G) and the two
modules. Subsequently, 11 intersection genes were obtained
between the yellow module and the clustering genes (Figure 5G),
including ADCY4, AQP9, ATG16L2, ECEL1P2, HSPA6, LILRB3,
lnc-F8A2-2, LOC101928948 (lncRNA), LOC729040 (lncRNA),
SIRPB2, and SLC16A3. Figures 6A,B illustrate the results
of the PPI network of intersection genes. As a result, five
significant hub genes were identified (Figures 6A,B), namely,
AQP9, LILRB3, HSPA6, SIRPB2, and SLC16A3. The ADCY4,
AQP9, ECEL1P2, HSPA6, LILRB3, lnc-F8A2-2, LOC101928948,
LOC729040, SIRPB2, and SLC16A3, all of which were found to
have upregulated gene expressions. On the other hand, ATG16L2
was found to have downregulated gene expression in LDH.

Verifying the Correlation of Biomarkers
and Immune Cell Infiltration
The relationships between the 22 types of immune cells of DEGs
in the LDH group were analyzed (Figure 6C). It was found
that resting natural killer (NK) cells were positively related to

plasma cells and CD4 memory-activated T cells. The heatmap
revealed that neutrophils had a positive relation with plasma
cells, CD4-naive T cells, macrophages M0, macrophages M1,
and activated mast cells while having a negative correlation with
CD8 T cells, CD4 memory-activated T cells, and monocytes.
Then, the boxplot of immune infiltration (Figure 6D) revealed
that naive B cells, resting NK cells, neutrophils, and immune
scores have a significant difference between the healthy and
LDH groups. Subsequently, Venn plots were applied to identify
diagnostic markers and perform Spearman correlation analysis.
Consequently, the lnc-FGD3-1 was identified when screening
intersection genes in brown modules and genes obtained by
LASSO logistic regression (Figure 6E). The XLOC_l2_012836
(lncRNA) was also identified when screening intersection genes
in yellow modules and genes obtained by LASSO logistic
regression (Figure 6E). Figures 6F–H illustrate the relationship
between diagnostic biomarkers and immune cell infiltration.
The expression level of lnc-FGD3-1 was negatively correlated
with naive B cells (r = −0.313, p = 0.027) (Figure 6F). In
addition, the expression level of XLOC_l2_012836 was positively
correlated with neutrophils (r = 0.561, p < 0.001), macrophages
M0 (r = 0.426, p = 0.002), activated mast cells (r = 0.313,
p = 0.027), and CD4-naive T cells (r = 0.295, p = 0.038). The
expression level of XLOC_l2_012836 was negatively related with
naive B cells (r =−0.324, p = 0.022) and CD8 T cells (r =−0.346,
p = 0.014) (Figure 6G). The expression level of SCARA5 was
negatively correlated with neutrophils (r =−0.298, p = 0.036) and
activated mast cells (r =−0.309, p = 0.029) (Figure 6H).

DISCUSSION

This study aimed to identify the vital diagnostic biomarkers
and hub genes and to analyze the immune cell infiltration
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FIGURE 5 | Identification of the hub genes in LDH. (A) Consensus clustering matrix for k = 2 in LDH dataset [Consensus clustering cumulative distribution function
(CDF) for k = 2 to 9]; (B) Consensus clustering matrix (Each bar represents a grid, where the more complete the bar color, the better the clustering degree); (C) β = 4
(scale free R2 = 0.9) was chosen to construct a scale-free network; (D) A cluster tree of co-representation network modules based on 1-Tom matrix is constructed.
(E) Module-trait relationships, where different colors represent different modules in two groups (each row corresponds to a module, and each unit includes a
correlation coefficient and a p-value). (F) Module-gene relationships: each plot includes a correlation coefficient and a p-value. (G) Venn plot: identification of
intersection genes between cluster genes and module genes.

patterns in the LDH population. It is observed that the genes
XLOC_l2_012836, lnc-FGD3-1, and SCARA5 correlated with the
immune cell infiltration to various extents, which may, therefore,
act as potential diagnostic biomarkers of LDH. Five hub genes
were identified that correlated with LDH, including AQP9,
SIRPB2, SLC16A3, LILRB3, and HSPA6. The new hub genes and
immune infiltrating pattern identification extend the knowledge
of the potential lumbar disc degeneration mechanisms.

In the present study, the GSEA and GO analysis
(Figures 3D,E) showed that azurophil granule in the LDH
and healthy group was significantly different. Azurophil granules
released cytotoxic and digestive agents when neutrophils were
guided to the site of infection (Cowland and Borregaard,
2016). The result supports the recent theory that inflammation
plays a role in the cause of LDH. In addition, the GSEA and
KEGG analysis (Figures 3F,G) indicated that the systemic lupus
erythematosus pathway was significantly different between the
LDH and the healthy group. A recent study suggested that
NP cells could transform into fibroblast-like cells after the
injury of the intervertebral disc (Au et al., 2020). Besides, a
previous study found that systemic lupus erythematosus (SLE)

was associated with the proliferation of fibrous tissue cells
(Yamamoto et al., 2005). Though no study had provided firm
evidence to support that SLE is correlated with the development
of LDH, it is reasonable to speculate that SLE may contribute to
the development of LDH by promoting the transformation of
NP cells in the interverbal disc.

The LASSO logistic regression determines variables by looking
for optional λ when the classification error is minimal. The SVM-
RFE was used to achieve better performance by analyzing the
appropriate dataset selected by the LASSO algorithm to obtain
biomarkers. The intersection genes from the two modules of
WGCNA and LASSO logistic regression identified significant
differences in lnc-FGD3-1 and XLOC_l2_012836 between the
LDH and healthy groups (Figure 6E). A long non-coding RNA
(lncRNA) was found to play a vital role in the development of
LDH by regulating cell proliferation and metastasis (Tang et al.,
2020). Faciogenital dysplasia 3 (FGD3) has a presumed guanine
nucleotide exchange factor which plays an important role in cell
migration (Hayakawa et al., 2008). The FDG3 is found in the
growth plate cartilage of the femurs of mice, which is associated
with articular cartilage and growth plates (Takasuga et al., 2015).
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FIGURE 6 | Identification of the hub genes in LDH and verification of the correlation between diagnostic biomarkers and immune cell infiltration. (A) The
protein-protein interaction (PPI) network was constructed to identify the hub genes; (B) The number of adjacent nodes correlated with protein of hub genes; (C)
analysis of the relationship between 22 types of immune cells of DEGs in LDH; (D) box plot: identification of significant immune cells between normal groups and
LDH group (symbol “*,” “**,” and “ns,” respectively, stand for p-value under.05, p-value under.01, and non-significance.); (E) Venn plot: identification of intersection
genes between biomarkers and module genes; (F) Expression level correlation between lnc-FGD3-1 and infiltrating immune cells; (G) Expression level correlation
between XLOC_l2_012836 and infiltrating immune cells. (H) Expression level correlation between SCARA5 and infiltrating immune cells (The larger the circle size, the
stronger the correlation; The color of the dots represents the p-value, and p < 0.05 was considered statistically significant).

Therefore, it is reasonable to speculate that lnc-FGD3-1 may
promote the degeneration of the intervertebral disc by regulating
FDG3 expression and inhibiting the growth of the cartilage
endplate. In addition, XLOC_l2_012836 (lncRNA) was positively
correlated with neutrophils, M0 macrophages, activated mast
cells, and CD4-naive T cells, while negatively correlated with
naive B cells and CD8 T cells (Figure 6G). A previous study
(Peng et al., 2006) suggested that macrophages and mast
cells may play a vital role in repairing damaged AF and
subsequent disc degeneration. This is given some support by a
study that reported that imbalanced counts of CD4 + T and
CD4 + /CD8 + lymphocytes were correlated with LDH-related
back pain. Therefore, it could be proposed that XLOC_l2_012836
promotes the development of LDH by stimulating neutrophils,
M0 macrophages, activated mast cells, and CD4-naive T cells,
reducing naive B cells, and CD8 T cells. It is reasonable
to speculate that XLOC_l2_012836 might play a vital role
in the immune response in LDH. It is also reasonable to

take SCARA5 into a relationship analysis between diagnostic
biomarkers and immune cells after using the external validation
of the GSE42611 dataset. The expression level of SCARA5
was negatively correlated with the expression of neutrophils
(r = −0.298, p = 0.036) and activated mast cells (r = −0.309,
p = 0.029) (Figure 6H). A previous study found that the
downregulation expression of SCARA5 is correlated with the
proliferation of synovial (de Seny et al., 2021) and cancer
cells (Yan et al., 2012). From the result of the present study,
the downregulated expression of SCARA5 might promote the
proliferation of the nucleus pulposus to some extent and correlate
with the occurrence of inflammation. More studies are needed to
further analyze the function of lncRNA.

The hub genes of AQP9, SIRPB2, SLC16A3, LILRB3, and
HSPA6 were significantly different between the LDH and
healthy groups (Figures 6A,B). Aquaporin-9 (AQP9) is a
hydroglycerin channel protein that promotes water movement
between cerebrospinal fluid and brain parenchyma (Badaut et al.,
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2001). A study showed that AQP9 might be involved in chronic
inflammation disease (Mesko et al., 2010). The downregulation
of AQP9 was observed in the cartilage cells, which would cause
the decomposition-related genes of stimulating the IL-1β that
is down-expressed in osteoarthritis (Piccio et al., 2005). It is
reasonable to suspect that the increased expression of AQP9
would promote the inflammation of CEP in the intervertebral
disc, which subsequently contributes to LDH. Another potential
theory is that owing to the lack of local blood supply, the
NP cells settle in hypoxic conditions, which, thereby produces
an increased amount of lactic acid and promotes the high
expression of AQP9 (Badaut et al., 2001). Signal-regulatory
protein beta 2 (SIRPB2), a transmembrane glycoprotein, is found
to be expressed in the immune and central nervous system
(Piccio et al., 2005). A recent study showed that the CD47
on antigen-presenting cells that engage with SIRPB2 on T
cells could promote the proliferation of antigen-specific T-cells
(Veillette and Chen, 2018). Therefore, the SIRPB2 might play a
significant role in the immune response. The solute carrier family
16 member 3 (SLC16A3, also called MCT4), which is mainly
affected by HIF-1α in NP cells at hypoxic conditions, plays a
significant role in maintaining the stability of the intervertebral
disc (Silagi et al., 2020). It is possible that due to the lack of
blood supply, prolonged hypoxia could stimulate the increased
expression of SLC16A3 and induce NP cell death. Leukocyte
immunoglobulin-like receptor subfamily B member 3 (LILRB3,
also called PIR-B) is found to be associated with the neutrophil
activation and antibacterial effect function (Zhao et al., 2020).
It might be reasonable to regard LILRB3 as an immune-
induced treatment point since it can effectively inhibit immune
response in vitro (Yeboah et al., 2020). The heat shock 70 kDa
protein 6 (HSPA6) involves cell repairment and cell protection
(Hageman et al., 2011). Becirovic and Brown (2017) illustrated
that HSPA6 is involved in the post-stress transcriptional recovery
in neurodegenerative diseases. Therefore, HSPA6 might be
associated with the cell protection of LDH when facing stress. To
date, there is no conclusive evidence confirming the above hub
genes have the same pathological mechanism that contributes to
the development of LDH. However, these genes are associated
with the same factors, such as hypoxia or injury that promote the
development of LDH. It might be a possible means to produce
targeted therapy using these genes as the starting points.

LIMITATIONS

In the present study, the cross-validation between LASSO logistic
regression algorithm and SVM-RFE was applied to identify
significant genes, followed by functional enrichment analysis to
identify the mechanism. The data was then analyzed using the
CIBERSORT method to explore the pattern of immune cells
infiltration. However, there are still limitations about the effect
of diagnostic markers in LDH. First, the present research is a
retrospective study. Although external validation was added in
the present study, there was no clinical trial to verify the accuracy
of biomarker identification. Therefore, the functional impact of
these RNAs in the occurrence and development of LDH ought
to be assessed by knocking out or importing studies in animal

models and cell lines. Second, the present study is a secondary
analysis based on the originally published dataset. Although
the results were broadly consistent with previous studies, the
validity of the results should be examined with reasonable doubt.
Moreover, the effect of treatment on the expression of RNA was
not appraised. Despite the two chosen datasets being from the
same research institute to minimize the error, the small sample
size may contain bias.

CONCLUSION

The present study identifies XLOC_l2_012836 (lncRNA), lnc-
FGD3-1, and SCARA5 as potential genes for target therapy
points. Their involvement in the development of LDH are
potentially related to the immune response or inhibiting growth
of cartilage endplate. The five identified hub genes are associated
with the same factors of hypoxia or injury. The azurophil granule
and the SLE pathway are significantly different between the
healthy group and the LDH group after gene enrichment analysis.
The findings of the present study provide some guidance for
future research on the pathogenesis and treatment of LDH.
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Background: Pain is a common complication after stroke with a high incidence and

mortality rate. Many studies in the field of pain after stroke have been published in various

journals. However, bibliometric analysis in the domain of pain after stroke is still lacking.

This study aimed to deliver a visual analysis to analyze the global trends in research on

the comorbidity of pain after stroke in the last 12 years.

Methods: The publications from the Web of Science (WoS) in the last 12 years (from

2010 to 2021) were collected and retrieved. CiteSpace software was used to analyze the

relationship of publication year with countries, institutions, journals, authors, references,

and keywords.

Results: A total of 322 publications were included in the analysis. A continuous but

unstable growth in the number of articles published on pain after stroke was observed

over the last 12 years. The Peoples’ R China (65), Chang Gung University (10), and Topic

in Stroke Rehabilitation (16) were the country, institution, and journal with the highest

number of publications, respectively. Analysis of keywords showed that shoulder pain

after stroke and central post-stroke pain were the research development trends and

focus in this research field.

Conclusion: This study provides a visual analysis method for the trend and frontiers of

pain research after stroke. In the future, large sample, randomized controlled trials are

needed to identify the potential treatments and pathophysiology for pain after stroke.

Keywords: pain, stroke, CiteSpace, visual analysis, bibliometric

INTRODUCTION

Pain is a common complication of stroke, reported in 10–45.8% of patients with stroke
(Yang and Chang, 2021; Zhang et al., 2021a). Pain after stroke can hinder the progress
of rehabilitation and decrease the quality of life in stroke survivors (Payton and Soundy,
2020; Wang and Liu, 2021; Zhang et al., 2021b). However, due to cognitive impairment
or lack of communication, pain after stroke is frequently overlooked. Pain is often missed
clinically due to a low disclosure rate. The main subtypes of pain after stroke include
central post-stroke pain (CPSP), complex regional pain syndrome (CRPS), shoulder pain, and
spasticity-related pain (Delpont et al., 2018; Torres-Parada et al., 2020; Yang and Chang,
2021). Many patients persistently experience at least one subtype. Pain after stroke is not
always responsive to conventional painkillers (Choi et al., 2021; Haslam et al., 2021). In
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addition, owing to unclear pathophysiology, effective methods
for the treatment of pain after stroke are still limited.

Given the high incidence of post-stroke pain, an increasing
number of researchers have studied pain after stroke, and related
articles have been published in academic journals (Elias et al.,
2020; Scuteri et al., 2020; Chiu et al., 2021; Zhang et al., 2021b).
Some studies have investigated non-drug interventions to relieve
pain after stroke (Kadono et al., 2021; Malfitano et al., 2021; Zhao
et al., 2021). However, a quantitative analysis of publications on
pain after stroke has not yet been conducted.

Data visualization is a technology that uses computer
graphics and image processing technology to convert data into
graphics and display them on the screen and process them
interactively (Chen, 2004). Based on co-citation analysis theory
and pathfinding network algorithm, CiteSpace software can
analyze literature of specific disciplines or fields from multiple
perspectives and draw visual maps to explore the critical paths,
research hotspots, and frontiers of the evolution of this discipline
or field (Chen and Song, 2019). In recent years, using CiteSpace
software combined with relevant authoritative databases to
visually analyze the literature of a certain discipline or field has
become a hot research topic for scholars all over the world (Yin
et al., 2020, 2021; Wang et al., 2021; Wu et al., 2021; Yuan et al.,
2021).

To address the weakness of quantitative analysis for studies
involved in pain after stroke, the objective of this study is to
perform bibliometric analysis for the global scientific research on
pain after stroke using CiteSpace. The results of the present study
would provide valuable reference information for researchers and
promote cooperation among various countries and institutions.

METHODS AND MATERIALS

Data Source and Search Strategy
A bibliometric literature search was performed from 01 January
2010 to 31 December 2021 on the core collection database ofWeb
of Science (WoS). For the search, two Medical Subject Heading
(MeSH) terms were used. Term A was “stroke.” Term B was
“pain.” The search terms were as follows: TS = (stroke) AND TS
= (pain).

FIGURE 1 | Flowchart of studies inclusion.

Inclusion and Exclusion Criteria
Studies related to pain after stroke were selected after screening
the title and abstract. Only articles and reviews were included.
Other document types, such as letters, commentaries, and
meeting abstracts, were excluded. In addition, the publication
language was limited to English. The flow chart of the inclusion
is shown in Figure 1. Finally, 322 records (276 articles and 46
reviews) were identified for final analysis.

Analytic Methods
Software Parameter Settings
CiteSpace is a visualization software developed by Professor Chen
Chaomei (Drexel University, USA) for bibliometric analysis. We
used CiteSpace 5.8.R3 to analyze the final records. The ‘Time
Sliding’ value was set to 1 year. The type of node was selected
according to the purpose of the analysis.

Interpretation of Main Parameters in Visualization

Map
Cluster view and burst detection: cluster view is carried out
on the generated map, and each cluster is labeled by citing
the title, keywords, and subject headings in the abstract of the
citing reference. The function of burst detection is to detect the
situation where there is a great change in the number of citations
in a certain period. Thus, it can be used to find the decline or rise
of keywords.

Dual-map overlaps: dual-map overlaps are a new method
to display the distribution and citation trajectory of articles in
various disciplines. As a result, there is a distribution of citing
journals on the left side and a distribution of cited journals on the
right side. The curve is the citation line, which completely shows
the context of the citation.

RESULTS

Publication Outputs Analysis
A total of 322 articles were included in the analysis. Figure 2A
shows the distribution of annual publication of pain after stroke
from 2010 to 2021. The overall trend of publications is positively
increasing, and the time trend of publications indicated a
significant correlation (R2 = 0.5518, p<0.01) between the annual
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FIGURE 2 | The number of publications and citations. (A) The number of annual publications on studies of pain after stroke from 2010 to 2021. (B) The number of

annual citations on studies of pain after stroke research from 2010 to 2021.

publication outputs and the years in the last 12 years. Figure 2B
shows the distribution of annual citations of included studies.
The number of citations increased from 3 in 2010 to 720 in
2021. The overall trend is positive and the time trend of citations
indicated a significant correlation (R2 = 0.9609, p<0.001). The
highest average number of citations per article (33.83), citations
(711) occurred in 2011. The highest H-index was found in 2012,
and the most published articles (45) were recorded in 2020
(Figure 3).

Authoritative Journals Analysis
The included 322 studies were published in 156 academic
journals. The information of the top 15 journals is shown in
Table 1. In the top 15 journals, Topic in Stroke Rehabilitation
contributed the most published articles (16), followed by Pain
(12) and Frontiers in Neurology (9). Pain showed the most
citations (335). Stroke had the highest average per article citations
(45.8) and impact factor (IF = 7.914). Frontiers in Neurology
presented with the greatest open access value of 9.
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FIGURE 3 | The number of articles, open-access articles, citations, citations per article, citations in 2021, and H-index for each year.

Based on the Blondel algorithm, dual-map overlaps of journals
are displayed in Figure 4. The citing journals of 322 studies were
mainly from the fields of Medicine, Medical, Neurology, and
Sports. The cited journals were mainly from the fields of Health,
Medicine, Sports, and Rehabilitation.

Subject Categories of WoS Analysis
We classified the 322 papers into 45 subject categories of WoS.
The top 15 categories are demonstrated in Figure 5. Among the
top 15 subject categories, Clinical Neurology ranked the largest
number of articles (109), open-access articles (45), citations
(1864), and the highest H-index value (24). Peripheral Vascular
Disease had the largest number of citations per article (27.43).

References Analysis
The clustered research categories of reference co-citation analysis
were divided into 13 groups (#0–12). The timeline view of
clusters is shown in Figure 6, which presents the characteristics
of the time-span citation information for the cluster domains.
The largest cluster (#0) has 42 members, which is labeled as
hemiplegic shoulder pain by Latent Semantic Indexing (LSI). The
most relevant citer to the cluster is “Persistent shoulder pain in
the first 6 months after stroke: results of a prospective cohort
study” (Roosink et al., 2011). The second-largest cluster (#1)

has 34 members labeled as central post-stroke pain by LSI. The
most relevant citer to the cluster is “Prevalence and management
challenges in central post-stroke neuropathic pain: a systematic
review and meta-analysis” (Liampas et al., 2020).

The Sigma value can be used to identify innovative references.
Five innovative references are summarized in Table 2. Three
articles are observational studies and two articles are reviews.

Authoritative Countries and Institutions
Analysis
Figure 7 shows the top 15 countries in terms of the number
of publications on pain after stroke. The highest numbers of
publications (65) and open access value (37) were reported in
China. The United States had the highest number of citations
(941) and H-index (18). Denmark ranked the highest numbers
of citation per article (40.71).

Figure 8 shows the top 15 institutions based on the number
of publications on pain after stroke. The highest amounts of
publications (10), open access value (7), and H-index (7) were
reported at Chang Gung University. The University of Verona
had the highest number of citations (281) and citations per article
(46.83). Figure 9 indicates the collaborations between countries
and institutions.
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TABLE 1 | The top 15 journals of articles in pain after stroke.

Journals Papers Citations

(WOS)

Citations

per Paper

Open

access

WoS Categories IF (2021) Quartile H-index

European Journal of Neurology 4 73 18.25 0 Clinical neurology; neurosciences 6.089 Q2; Q2 3

Stroke 5 229 45.8 5 Clinical neurology; peripheral

vascular disease

7.914 Q1; Q1 5

Journal of Stroke

Cerebrovascular Diseases

5 16 3.2 1 Neurosciences; peripheral

vascular disease

2.136 Q4; Q4 3

Clinical Rehabilitation 5 71 14.2 2 Rehabilitation 3.477 Q2 4

BMC Neurology 5 57 11.4 5 Clinical neurology 2.474 Q4 3

PM R 6 65 10.83 3 Rehabilitation; sport sciences 2.298 Q4; Q4 3

Journal of Pain Research 6 47 7.83 6 Clinical neurology 3.133 Q4 4

Journal of Rehabilitation

Medicine

7 134 19.14 7 Rehabilitation; sport sciences 2.912 Q3; Q3 5

Archives of Physical Medicine

and Rehabilitation

7 180 25.71 1 Rehabilitation; sport sciences 3.966 Q1; Q2 7

American Journal of Physical

Medicine Rehabilitation

7 224 32 2 Rehabilitation; sport sciences 2.159 Q4; Q4 7

Medicine 8 47 5.88 8 Medicine 1.889 Q4 4

Journal of Physical Therapy

Science

8 58 7.25 7 Sport sciences \ \ 5

Frontiers in Neurology 9 49 5.44 9 Clinical Neurology;

Neurosciences

4.003 Q3; Q3 4

Pain 12 335 27.92 1 Anesthesiology; Clinical

Neurology

6.961 Q2; Q2 8

Topic in Stroke Rehabilitation 16 199 12.44 1 Rehabilitation 2.119 Q4 9

FIGURE 4 | Visualization of dual-map overlays of citing journals and cited journals of 322 studies published from 2010 to 2021. The colored curve indicates the path

of citation, which originates from 11 fields of the citing journals on the left and points to 14 fields of the cited journals on the right.

Authoritative Authors Analysis
The 322 papers were contributed by 1,437 authors. The top 15
authors and co-cited authors were ranked in terms of the number
of journals published (Table 3). In terms of publications, Shyu BC
ranked first (8), followed by Huang YC (7) and Finnerup NB (6).
Klit H was co-cited 139 times, followed by Lindgren I (67) and
Andersen G (67).

Keywords Analysis
The top 25 keywords with the strongest citations bursts from
2010 to 2021 are shown in Figure 10. The strongest citation
burst of keywords since 2010 was central pain. By the end
of 2021, the keywords with the most outbreaks of cited
literature included spinal cord (2019–2021), impact (2019–
2021), chronic pain (2020–2021), quality (2020–2021), frequency
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FIGURE 5 | The number of articles, open-access articles, citations, H-index, and citations per article of the top 15 subject categories of Web of Science (WoS).

FIGURE 6 | A timeline view of reference co-citation analysis.

(2020–2021), and systematic review (2020–2021) among the top
25 keywords.

The Most Frequently Cited Articles
Analysis
The top 10 frequently cited articles on pain after stroke are listed
in Table 4. The most cited article (95 citations) by Harrison
et al. with the title “Post Stroke Pain: Identification, Assessment,
and Therapy” was published in 2015 in Cerebrovascular Diseases.
Among the top 10 cited articles, one of them was published in the

journals with IF ≥ 10 (Brain), five in journals with 5 ≤ IF ≤10
(Stroke and Pain), and four in journals with IF < 5.

DISCUSSION

Global Research Trends on Pain After
Stroke
This study presents a bibliometric analysis of pain after stroke
over the last 12 years. The number of citations has shown a
continuous but unstable growth trend yearly, with the most
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TABLE 2 | Five innovative studies about the pain after stroke research among the cited references of the included 322 studies.

Study Sigma* Journal Study type Sample Intervention Outcomes Highlights

Adey-Wakeling et al.,

2015

0.24 Archives of

physical medicine

and rehabilitation

A prospective

population-based study

301 NA Subjective reports

of onset, severity,

and aggravating

factors for pain

and 3 passive

range-of-motion

measures

The frequency of poststroke

shoulder pain is almost

30%.

Zeilig et al., 2013
0.21 Pain An observational study 30 NA The thresholds of

warmth, cold,

heat-pain, touch,

and graphesthesia

The more prominent

sensory alterations in the

shoulder region suggest

that neuropathic factors

play a role in hemiplegic

shoulder pain.

Sprenger et al., 2012
0.17 Brain An observational study 10 NA Magnetic

resonance imaging

The ventral posterior

nucleus-pulvinar border

zone is crucial in the

pathogenesis of thalamic

pain.

Kalichman and

Ratmansky, 2011

0.17 American journal

of physical

medicine and

rehabilitation

Review NA NA NA The authors categorized the

possible underlying

pathologies of hemiplegic

shoulder pain into three

categories: (1) impaired

motor control (muscle tonus

changes), (2) soft-tissue

lesions, and (3) altered

peripheral and central

nervous activity.

Oh and Seo, 2015
0.17 Pain management

nursing

Review NA NA NA Nurses should be

knowledgeable of central

post-stroke pain (CPSP),

provide precise information

to patients and their

families, and develop

effective nursing care plans

that improve outcomes and

quality of life for patients

with CPSP.

*Sigma = (centrality+1) burstness (burstness on the index) to identify innovative reference.

obvious growth trend from 2015 to 2016. The highest amount
of published articles (45 publications) was in 2020. The highest
numbers of citations and citations per article are in 2011, which
are 711 and 33.86, respectively. In addition, the highest H-index
(15) value occurred in 2012. These results indicate that studies
involved in pain after stroke attracting more and more attention
from all over the world.

In terms of authoritative journals, Topic in Stroke
Rehabilitation (16 publications), Pain (12 publications), and
Frontiers in Neurology (nine publications) contributed the most
to the number of published papers. Among the top 15 journals,
13.33% of them were Q1, 20% were Q2, and 13.33% were Q3,
indicating the quality of studies on pain after a stroke still needed
to strengthen. Stroke had the highest number of citations per
article (45.8 times). Pain had the highest amounts of citations
(335 times). The highest H-index value (9) occurred in Topic in
Stroke Rehabilitation. According to the Journal Citation Reports
(2021 edition), none of the top 15 journals had an IF of more

than 10. Seven journals had an IF value of 1–3 (Journal of Stroke
Cerebrovascular Diseases, BMC Neurology, PM &R, Journal of
Rehabilitation Medicine, American Journal of Physical Medicine
Rehabilitation,Medicine, and Topic in Stroke Rehabilitation), four
journals had an IF value of 3–5 (Clinical Rehabilitation, Journal of
Pain Research, Archives of Physical Medicine and Rehabilitation,
and Frontiers in Neurology), three journals had an IF value of
5–10 (European Journal of Neurology, Stroke, and Pain). These
results indicate that high-quality research should be carried out
in the future.

In terms of authoritative countries, China had a dominating
contribution to the numbers of published articles (65), followed
by the United States (57) and South Korea (38). The top
15 countries are composed of eight European countries, four
Asia-Pacific countries, and three American countries. In terms
of authoritative institutions, 73% of the top 15 institutions
were world-renowned universities. According to international
cooperation, the United States and the Chang Gung University
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FIGURE 7 | The number of articles, citations, citations per article, and open-access articles, and H-index of the top 15 countries.

FIGURE 8 | The number of articles, citations, citations per articles, and open-access articles, and H-index of the top 15 institutions.
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FIGURE 9 | The analysis of countries and institutions. (A) Network map of countries engaged in pain after stroke. (B) Network map of institutions engaged in pain

after stroke.

TABLE 3 | The top 15 authors, co-cited authors, and co-cited references in pain after stroke.

Author Papers Co-cited author Cited times Cocited reference Cited times

Shyu Bc 8 Klit H 139 Klit H, 2009, LANCENT NEUROL, V8, P857, DOI

10.1016/S1474-4422(09)70176-0

37

Huang YC 7 Lindgren I 67 Klit H, 2011, PAIN, V152, P818, DOI

10.1016/j.pain.2010.12.030

21

Finnerup NB 6 Andersen G 67 Sprenger T, 2012, BRAIN, V135, P2536, DOI

10.1093/brain/aws153

20

Huang ACW 6 Bowsher D 64 Lindgren I, 2007, STROKE, V16, P343, DOI

10.1161/01.STR.0000254598.16739.4e

20

ljzerman MJ 6 Kumar B 60 Hansen AP, 2012, EUR J PAIN, V16, P1128, DOI

10.1002/j.1532-2149.2012.00123.x

20

Renzenbrink GJ 6 Kim JS 58 Harrison RA, 2015, CEREBROVASC DIS, V39,

P190, DOI 10.1159/000375397

19

Roosink M 6 Jonsson AC 57 Paolucci S, 2016, PAIN MED, V17, P924, DOI

10.1093/pm/pnv019

19

Brogardh C 5 Widar M 55 Kumar B, 2009, ANESTH ANALG, V108, P1645,

DOI 10.1213/ane.0b013e31819d644c

17

Fernandez-de-las

penas C

5 Chae J 55 Adey-Wakeling Z, 2015, ARCH PHYS MED REHAB,

V96, P241, DOI 10.1016/j.apmr.2014.09.007

16

Jang SH 5 Gamble GE 54 Krause T, 2012, J NEUROL NEUROSUR PS, V83,

P776, DOI 10.1136/jnnp-2011-301936

14

Jensen TS 5 Vestergaard K 53 Kim JS, 2011, PAIN, V152, P1018, DOI

10.1016/j.pain.2010.12.023

14

Kit H 5 Leijon G 50 Kalichman L, 2011, AM J PHYS MED REHAB, V90,

P768, DOI 10.1097/PHM.0b013e318214e976

13

Leong CP 5 Bohannon RW 44 Dromerick AW, 2008, ARCH PHYS MED REHAB,

V89, P1589, DOI 10.1016/j.apmr.2007.10.051

13

Lindgren l 5 Roosink M 43 Klit H, 2010, PLOS ONE, V6, P0, DOI

10.1371/journal.pone.0027607

13

Tokuyama S 5 Boivie J 42 Naess H, 2010, J NEUROL, V257, P1446, DOI

10.1007/s00415-010-5539-y

12
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TABLE 4 | The top 10 articles with the most citation frequency in pain after stroke.

Title First author Journal Impact

factor

Year Citations

(WoS)

WoS categories Category ranking

Post Stroke Pain: Identification,

Assessment, and Therapy

Harrison Cerebrovascular

Diseases

2.762 2015 95 Peripheral vascular disease;

clinical neurology

39/65; 133/208

Botulinum Toxin for the Upper

Limb After Stroke (BoTULS) Trial

Effect on Impairment, Activity

Limitation, and Pain

Shaw Stroke 7.914 2011 89 Peripheral vascular disease;

clinical neurology

6/65; 16/208

Central poststroke pain: A

population-based study

Klit Pain 6.961 2011 88 Anesthesiology; clinical

neurology; neurosciences

4/33; 23/208; 39/273

Pain following stroke: A

prospective study

Hansen European Journal

of Pain

3.931 2012 85 Anesthesiology; clinical

neurology; neurosciences

13/33; 75/208;

121/273

Safety and efficacy of pregabalin

in patients with central

post-stroke pain

Kim Pain 6.961 2011 75 Anesthesiology; clinical

neurology; neurosciences

4/33; 23/208; 39/273

Duloxetine in patients with

central neuropathic pain caused

by spinal cord injury or stroke: A

randomized, double-blind,

placebo-controlled trial

Vranken JH Pain 6.961 2011 71 Anesthesiology; clinical

neurology; neurosciences

4/33; 23/208; 39/273

Underlying Pathology and

Associated Factors of

Hemiplegic Shoulder Pain

Kalichman American Journal

of Physical

Medicine &

Rehabilitation

2.159 2011 71 Rehabilitation 40/68

Assessing the risk of central

post-stroke pain of thalamic

origin by lesion mapping

Sprenger Brain 13.501 2012 68 Clinical neurology;

neurosciences

6/208; 10/273

Chronic Pain Syndromes After

Ischemic Stroke PRoFESS Trial

O’Donnell Stroke 7.914 2013 65 Peripheral vascular disease;

clinical neurology

6/65; 16/208

Injury of the

Spino-Thalamo-Cortical Pathway

Is Necessary for Central

Post-Stroke Pain

Hong JH European

Neurology

1.710 2010 60 Clinical neurology;

neurosciences

179/208; 248/273

had relatively close collaborations with others. Though a wide
range of cooperative relationships has been established between
various countries and institutions, future studies involved in pain
after stroke should focus on international cooperation to carry
out multi-center, large sample studies.

Research Hotspots and Frontiers on Pain
After Stroke
According to the subject categories of articles on pain
after stroke, Clinical Neurology (109) was the most prolific
research field, followed by Rehabilitation (90) and Neurosciences
(87). The top 15 subject categories were Clinical Neurology,
Rehabilitation, Neurosciences, Sport Sciences, Anesthesiology,
Medicine General Internal, Pharmacology Pharmacy, Integrative
Complementary Medicine, Peripheral Vascular Disease, Health
Care Sciences Services, Surgery, Medicine Research Experimental,
Public Environmental Occupational Health, Multidisciplinary
Sciences, and Orthopedics, indicating pain after stroke is a
complex issue that needed multi-disciplinary intervention.
Clinical Neurology had the highest numbers of open access (45),
citations (1864), and H-index value (24).

In terms of reference analysis, the most relevant citer to the
largest cluster is “Persistent shoulder pain in the first 6 months

after stroke: results of a prospective cohort study.” The authors
found that the association of persistent poststroke shoulder
pain with restricted, passive, pain-free range of motion, and
signs indicative of somatosensory sensitization may implicate a
vicious cycle of repetitive trauma that can establish itself rapidly
after stroke (Roosink et al., 2011). Therefore, intervention for
post-stroke shoulder pain should be focused on maintaining
and restoring joint ROM as well as preventing injury and
somatosensory sensitization. Future research should investigate
different interventions to relieve poststroke shoulder pain.

The evolution of a knowledge domain can be reflected by
keywords. Therefore, keyword analysis can reveal emerging
trends and provide directions for future research. In terms
of count numbers, shoulder pain (55) ranked first, followed
by central post-stroke pain (44). Shoulder pain is one of the
most common nociceptive pain syndromes after stroke (Anwer
and Alghadir, 2020). The pathophysiology of shoulder pain is
thought to be a multifactorial factor, such as glenohumeral
subluxation, impingement, rotator cuff tears, glenohumeral
capsulitis, and weakness and spasticity are thought to be involved
(Precerutti et al., 2010; Chang, 2017). The treatment of shoulder
pain after stroke includes pharmacological (antispasmodic
medications, Nonsteroidal anti-inflammatory drugs et al.), and
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FIGURE 10 | The keywords with the strongest citations bursts of publications on pain after stroke.

nonpharmacological (passive range-of-motion exercises et. al)
interventions (Dyer et al., 2020; Souza et al., 2021). In recent
years, noninvasive brain stimulation has been proven as a
potentially effective intervention to relieve shoulder pain after
stroke (Choi and Chang, 2018; de Souza et al., 2019). CPSP is
a type of central neuropathic pain. While the pathophysiology
of the occurrence of CPSP has not yet been elucidated,
some possible mechanisms include hyperexcitability of the
spinothalamic tract and central sensitization (Park et al., 2021).
Oral medications and non-drug treatments are used to treat

CPSP (Ramger et al., 2019; Choi et al., 2021). Recently, a
study indicated that prolonged continuous burst stimulation
could be a potential treatment for CPSP. Among the top 25
keywords with the strongest citation bursts, spinal cord had the
strongest strength from 2019 to 2021. A study published in
2020 indicated that perispinal etanercept can provide significant
benefits for chronic post-stroke pain (Ralph et al., 2020).
Therefore, the current studies on post-stroke pain mainly focus
on post-stroke shoulder pain and post-stroke central pain. Future
research should focus on well-designed pharmacological and
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non-pharmacological interventions aiming to relieve pain after
stroke. In addition, more studies should focus on the potential
pathophysiology of pain after stroke.

Strengths and Limitations
To the best of our knowledge, this study is the first visual
analysis of global trends of pain after stroke based on
literature published from 2010 to 2021. In addition, this study
contains a comprehensive analysis, such as the number and
growth trend of annual publications, different subject sorts
of WoS, the relationship among different journals, authors,
countries, and institutions, and analysis by different references,
citations, and keywords. Nevertheless, this work has some
limitations. Because of a limitation of the CiteSpace software,
we only analyzed references in the WoS database. Some articles
could inevitably have been missed. In addition, large-sample
randomized controlled data are lacking.

CONCLUSION

In conclusion, this study may help investigators discover the
publication patterns and emerging trends of pain after stroke
from 2010 to 2021. The most influential author, institutions,

journals, and countries were Shyu Bc, Chang Gung University,
Topic in Stroke Rehabilitation, and the Peoples’ R China. The
visual map shows the hot research directions of research on pain
after stroke in recent years, such as shoulder pain and CPSP.
Our bibliometric analysis of 322 studies using CiteSpace software
is in line with current clinical studies of research on pain after
stroke, indicating that the methodology is valid. In the future,
large sample, randomized controlled trials are needed to carry out
for pain after stroke.
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Neuropathic pain is a chronic debilitating condition with a high comorbidity with
depression. Clinical reports and animal studies have suggested that both the medial
prefrontal cortex (mPFC) and the anterior cingulate cortex (ACC) are critically implicated
in regulating the affective symptoms of neuropathic pain. Neuropathic pain induces
differential long-term structural, functional, and biochemical changes in both regions,
which are thought to be regulated by multiple waves of gene transcription. However,
the differences in the transcriptomic profiles changed by neuropathic pain between
these regions are largely unknown. Furthermore, women are more susceptible to
pain and depression than men. The molecular mechanisms underlying this sexual
dimorphism remain to be explored. Here, we performed RNA sequencing and analyzed
the transcriptomic profiles of the mPFC and ACC of female and male mice at 2 weeks
after spared nerve injury (SNI), an early time point when the mice began to show
mild depressive symptoms. Our results showed that the SNI-induced transcriptomic
changes in female and male mice were largely distinct. Interestingly, the female mice
exhibited more robust transcriptomic changes in the ACC than male, whereas the
opposite pattern occurred in the mPFC. Cell type enrichment analyses revealed that
the differentially expressed genes involved genes enriched in neurons, various types of
glia and endothelial cells. We further performed gene set enrichment analysis (GSEA),
which revealed significant de-enrichment of myelin sheath development in both female
and male mPFC after SNI. In the female ACC, gene sets for synaptic organization were
enriched, and gene sets for extracellular matrix were de-enriched after SNI, while such
signatures were absent in male ACC. Collectively, these findings revealed region-specific
and sexual dimorphism at the transcriptional levels induced by neuropathic pain, and
provided novel therapeutic targets for chronic pain and its associated affective disorders.

Keywords: neuropathic pain, sex-differences, depression, medial prefrontal cortex, anterior cingulate cortex,
RNA sequencing
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INTRODUCTION

Neuropathic pain, which is defined as “pain caused by a lesion
or disease of the somatosensory system,” affects 6–8% of the
population worldwide (Treede et al., 2008; Bannister et al.,
2020; Finnerup et al., 2021). As a debilitating medical condition,
neuropathic pain severely impairs the quality of life of patients
due to the difficulty in clinical management of the disease (Treede
et al., 2008). Over 60% of patients with neuropathic pain have
depression, which is characterized by persistent depressed mood
as well as loss in pleasure and motivation (Bair et al., 2003; de
Heer et al., 2014). Such high comorbidity with depression in
patients suffering from neuropathic pain exacerbates the severity
of pain sensation and leads to worsening prognosis (Williams
et al., 2003; Walker et al., 2014; Tappe-Theodor and Kuner, 2019).
However, the mechanisms underlying the dynamic interactions
of neuropathic pain and depression remain poorly understood.
Moreover, although pain and depression can occur in both sexes,
women generally show higher prevalence of physical pain and
depression than men, while the underlying mechanisms remain
underexplored (Ruau et al., 2012; Altemus et al., 2014; Vetvik and
MacGregor, 2017; Mogil, 2020; Bangasser and Cuarenta, 2021).

The experience of pain, a combination of sensory and
emotional components, is thought to arise from collaborative
activities of multiple brain regions (Bushnell et al., 2013; Tan
and Kuner, 2021). The brain regions most commonly activated
by painful stimuli are often referred to as the “pain-related
regions.” The medial prefrontal cortex (mPFC) and the anterior
cingulate cortex (ACC) are considered as two hub regions (Tracey
and Johns, 2010; Ong et al., 2019; Kummer et al., 2020). Both
the mPFC and the ACC are associative cortices, with vast
connectivity with other cortical and subcortical regions involved
in the processing of pain and/or emotion (Etkin et al., 2011; Ong
et al., 2019; Tan and Kuner, 2021; Pizzagalli and Roberts, 2022).
These two regions are close in location, extensively connected
with each other, and both can be activated by various types of
acute pain (Bliss et al., 2016; Seminowicz and Moayedi, 2017; Tan
and Kuner, 2021).

Chronic pain, including neuropathic pain, modifies the
structures and functions of the mPFC and the ACC differently.
Both human and animal studies have shown that chronic pain
reduces the volume of gray matter as well as the activity of
mPFC (Rodriguez-Raecke et al., 2009; Bushnell et al., 2013;
Fritz et al., 2016; Phelps et al., 2021). The reduced mPFC
activity is accompanied by increased GABAergic tone and
decreased glutamatergic currents (Zhang et al., 2015; Kelly
et al., 2016; Kummer et al., 2020). Pharmacologic or optogenetic
rescue of mPFC activity alleviates nociceptive responses as
well as pain-associated depression, suggesting that both the
sensory and affective aspects of pain can be processed by the
mPFC (Millecamps et al., 2007; Zhang et al., 2015; Hare and
Duman, 2020; Tan and Kuner, 2021; Yan and Rein, 2021).
Chronic pain also results in reduced gray matter volume in
the ACC (Rodriguez-Raecke et al., 2009; Bushnell et al., 2013).
However, a hyperactive phenotype of ACC was observed in
human functional magnetic resonance imaging (fMRI) studies
and confirmed by electrophysiological recording in the animal
models of chronic pain (Buffington et al., 2005; Bliss et al., 2016).

Prolonged pain induces long-term changes in synaptic plasticity,
leading to persistently increased excitatory and decreased
inhibitory synaptic transmission in the ACC (Li et al., 2010; Bliss
et al., 2016). Lesion or inactivation of ACC relieves neuropathic
pain-induced depression, but the effects on nociception are
mixed (Barthas et al., 2015; Tan and Kuner, 2021; Zhu et al.,
2021). In the reversed fashion, electrical or optogenetic activation
of ACC lowers mechanical pain threshold as well as induces
aversion to the place where it is delivered (Navratilova and
Porreca, 2014; Bliss et al., 2016; Zhang et al., 2017; Tan and
Kuner, 2021). Therefore, in contrast to the impairment of
the mPFC, chronic pain induces abnormal elevation of the
ACC activity to increase pain sensitivity and drive depression.
However, the differential mechanisms underlying acute pain-
induced activation of both the mPFC and the ACC, and the
opposite changes induced by prolonged pain in these two brain
regions, remain to be explored.

The comorbidity of neuropathic pain and depression engages
long-lasting functional and structural modifications of the mPFC
and the ACC, which in turn often involve changes in gene
expression that are functionally associated with both diseases
(Bliss et al., 2016; Descalzi et al., 2017; Li et al., 2021; Tan and
Kuner, 2021). In this study, we aimed to compare differences in
the transcriptomic profiles of the mPFC and the ACC in both
female and male mice induced by spared nerve injury (SNI), a
classical model of neuropathic pain (Decosterd and Woolf, 2000;
Guida et al., 2020; Sadler et al., 2022). Our results revealed that
more robust transcriptomic changes were induced at 2 weeks
after SNI in the ACC of female mice than that of male mice,
whereas the opposite pattern was observed in the mPFC. Further
analyses revealed brain region-specific and sexual dimorphic
changes in the transcriptional profiles after SNI. These findings
are of value to advance the understanding of the mechanisms
underlying cortical processing of pain and its affective aspects,
and to suggest novel therapeutic targets for the treatment of
neuropathic pain and its associated affective disorders.

MATERIALS AND METHODS

Animals
A total of 2–3 months old female and male C57BL/6J mice were
obtained from the Institute of Experimental Animals of Sun
Yat-sen University or Guangdong Medical Laboratory Animal
Center (Guangzhou, China). The mice were housed in groups
of 5 and maintained on a 12 h light/dark cycle in a specific
pathogen free (SPF) facility. All mice were allowed ad libitum
access to food and water. The experiments were performed
during the light cycle. The animals were randomly assigned to
different experimental groups and were handled for 2 min per
day for 4 days before behavioral testing. All animal studies were
approved by the Institutional Animal Care and Use Committee
of Sun Yat-sen University. A total number of 132 animals were
used in the study.

Spared Nerve Injury Surgery
Mice were anesthetized with 1.5% isoflurane at an oxygen flow
rate of 0.4 L/min (RWD Life Science, Shenzhen, China). After
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shaving the fur and sterilizing the incision site, incisions were
made in the skin and muscle on the left hind leg at the mid-
thigh level to expose the sciatic nerve and its branches. The
common peroneal and sural nerves were ligated with 5.0 silk
suture (Shanghai Pudong Jinhuan Medical Instrument, Shanghai,
China), transected, and a 1–2 mm sections of each nerve were
removed. The tibial nerve was left intact. Afterward, the skin
was sutured. The mice were allowed to recover on a heating
pad before returning to their home-cage. The control mice were
sham operated, exposed to the same surgery procedure without
injury of the nerves.

von Frey Test
The sensitivity to mechanical pain threshold was measured
following the up-down method using the von Frey hairs
(Aesthesio Precise Tactile Sensory Evaluator Kit, DanMic Global
Danmic, United States) (Hansson, 2003; Deuis et al., 2017).
Mice were habituated to a transparent chamber with a metal
mesh floor for 30–60 min before testing. The plantar surface of
the hind paw was stimulated with von Frey hairs and a quick
withdrawal of the paw upon the stimulation was indicative of a
nociceptive response. von Frey hairs with forces ranging from
0.04 to 2 g were applied in an ascending manner, and each
hair was applied for five consecutive times. The lowest force to
evoke a paw withdrawal 50% of the time was recorded as the
threshold for mechanical pain (Chaplan et al., 1994). von Frey
test was performed by an investigator who was blinded to the
experimental conditions.

Behavioral Tests
Depression-like behaviors were assessed over 2 and 4 weeks
after the surgery of SNI, as previously described (Cryan
et al., 2005; Jiang et al., 2019; Vuralli et al., 2019). The
animals were acclimated to the testing room for 1–2 h prior
to testing. The behavioral testing apparatus were cleaned
with 75% ethanol between animals. Behavioral analyses
were performed by an investigator who was blinded to the
experimental conditions.

The splash test (ST) was carried out in a normal mouse home-
cage under red-light. The mouse was allowed to habituate in the
cage for 1 min, after which the dorsal coat of mouse was sprayed
with a 10% sucrose solution. The test process was videotaped,
and the grooming time in the first 5 min after the application
of sucrose solution was scored by a researcher blinded to the
experimental groups.

The tail suspension test (TST) was carried out by suspending
the individual mouse by its tail from a ledge with an adhesive tape
(approximately 1 cm from the tip of the tail). The immobile time
during the 5 min of the test were videotaped and analyzed offline
by a researcher blinded to the experimental groups. The mice
were considered immobile only when they were hung passively
and completely motionless.

The forced swim test (FST) was carried out by placing the mice
into a 5 L glass beaker containing 3.5 L of water (24–25◦C) under
white light, and videotaped for 6 min. The water in the cylinder
was replaced after each animal. The immobile time during the
last 4 min of the 6 min test were analyzed offline by a researcher

blinded to the experimental groups. The mice were defined as
immobile as absence of any movement except that necessary for
them to keep their heads above water.

The open field test (OFT) was used to assess the general
locomotor activity of the mice. The mice were placed onto
a corner of a 40 × 40 cm arena illuminated with red-
light. The total distance traveled in the 5-min test were
tracked and analyzed by the DigBehv system (Ji-Liang,
Shanghai, China).

Tissue Dissection and RNA Extraction
and Sequencing
Two weeks after SNI surgery or sham operation, mice were
sacrificed by rapid cervical dislocation. Their brains were sliced
into 1 mm sections on a brain matrix (RWD Life Science,
Shenzhen, China) in ice-cold dissection buffer (2.6 mM KCl,
1.23 mM NaH2PO4, 26.2 mM NaHCO3, 5 mM kynurenic acid,
212.7 mM sucrose, 10 mM dextrose, 0.5 mM CaCl2, 1 mM
MgCl2). The mPFC and ACC were dissected out with a 15G
puncher and snap-frozen on dry ice. Total RNA was isolated
using RNAeasy Micro Kit following the manufacturer’s protocol
(Qiagen, Hilden, Germany). The RNA samples were submitted
to the MAGIGENE (Guangzhou, China) for quality control
using Agilent 4200 Bioanalyzer. All samples have RNA integrity
numbers (RINs) > 8. The samples further underwent library
construction and sequenced by an Illumina NovaSeq 6000 system
as paired-end 150 bp reads.

RNA Sequencing Alignment, Read
Counting and Differential Gene
Expression Analysis
Raw data of fastq format was processed by Trimmomatic (version
0.36) to acquire the clean reads, which were then mapped to
NCBI Rfam databases, to remove the rRNA sequences by Bowtie2
(version 2.33). The reads were mapped to the mouse reference
genome1 using the Hisat2 (version 2.1.0) (Anders et al., 2015;
Lachmann et al., 2020). HTSeq-count (version 0.9.1) was used
to obtain the read count and function information of each gene.
The count tables were normalized based on their library size using
trimmed mean of M-values (TMM) normalization implemented
in R/Bioconductor EdgeR (version 3.34.0) (Robinson et al.,
2010; McDermaid et al., 2019). Normalized read counts were
fitted to a negative binomial distribution with a quasilikelihood
F-test. Principal component analysis (PCA) was performed
for the regularized log transform (rlog) of the normalized
counts using plotPCA tools with default parameters (Mi et al.,
2019; Yoo et al., 2021). Differential gene expression analysis
was further carried out using EdgeR. The transcripts were
considered as differentially expressed genes (DEGs) at false
discovery rate (FDR) < 0.1 with Benjamini–Hochberg correction
for multiple testing. Volcano plots, Venn plot and heatmaps
were generated using VennDiagram (version 1.6.20), plot, and
pheatmap (version 1.0.12) packages in R/Bioconductor (Wang
et al., 2021; Yoo et al., 2021).

1https://cloud.biohpc.swmed.edu/index.php/s/grcm38/download
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Cell Type-Specificity Analyses
To identify cell type-enriched transcripts, we compared our
DEGs to a database of cell type-specific mRNA expression
published by Zhang et al. (2014), which established selectively
enriched transcripts in neurons, glia, and vascular cells of mouse
cerebral cortex. Using FPKM numbers for astrocyte, endothelial
cell, neuron, microglia, and oligodendrocyte, we calculated the
enrichment scores of the transcripts as follows: enrichment score
in cell type X = FPKM of transcripts expressed in cell type
X/FPKM of transcripts expressed in all other cell types. The DEGs
with enrichment scores >1.5 in a given cell type were considered
as cell-type enriched.

Validation of RNA Sequencing Data by
Quantitative PCR
The quantitative PCR (qPCR) primers were selected from the
PrimerBank2 or designed using Primer-BLAST.3 The specificity
of the primers was further confirmed with BLAST4 and melting
curve analysis, and the amplification efficient of the primers were
examined by qPCR using series dilutions of a cDNA template.
The sequences of the primers are listed in Supplementary
Table 1. The cDNAs were synthesized using the NovoScript
Plus All-in-on Strand cDNA Synthesis Supermix (Novoprotein,
Suzhou, China) following the manufacturer’s instructions. The
qPCR was performed using a CFX96 Touch Real-Time PCR
Detection System (Bio-Rad) with the NovoStart SYBR qPCR
SuperMix Plus (Novoprotein, Suzhou, China). For each sample, 2
or 8 ng of cDNA was amplified using one initial denaturation step
at 95◦C for 1 min, followed by 40 cycles at 95◦C for 20 s, 60◦C for
20 s, and 72◦C for 30 s. Triplicates of each sample were analyzed
by qPCR, and the mean cycle quantification (Cq) value was used
for calculating the relative expression of target mRNAs using the
11Ct method, using the mRNA level of Gapdh as the internal
control for normalization.

Analyses of Protein–Protein Interaction
Networks
STRING (version 11.5) was used to identify potential protein–
protein interactions between the DEGs. The cytoHubba’s
Maximal Clique Centrality (MCC) score were used to identify top
hub DEGs and their sub-networks (Chin et al., 2014; Szklarczyk
et al., 2019; Pan et al., 2021). The data were visualized by
Cytoscape (version 3.9.1).

Gene Set Enrichment Analysis
Gene set enrichment analysis (GSEA) (Broad Institute, version
4.2.2) analysis was performed to identify changes in functional
enrichments of the transcriptomic profiles, using the gene set
databases for Gene Ontology (GO, c5.go.bp.v7.51.symbols.gmt,
c5.go.mf.v7.51.symbols.gmt, and c5.go.cc.v7.51.symbols.gmt)
and KEGG pathways (c2.cp.kegg.v7.51.symbols.gmt). Gene set
size filters were set at minimum of 5 and maximum of 1000. FDR

2https://pga.mgh.harvard.edu/primerbank/
3https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi
4https://blast.ncbi.nlm.nih.gov/Blast.cgi

for the enrichment score of the gene set were calculated based on
1000 gene set permutations. The top gene sets enriched in each
group were plotted with ggplot2 (version 3.3.5) in R.

Statistical Analyses
The statistical analyses of the RNA sequencing (RNAseq)
data were described in the sections above. Two-way ANOVA
followed by Sidak’s or Tukey’s multiple comparisons tests were
used for comparing the behavioral or von Frey test results
for the sham versus SNI groups of female and male mice.
Unpaired Student’s t-test was used for qPCR analyses to validate
gene expression changes by SNI. The statistical analyses were
performed in GraphPad Prism for windows (version 8.0.0). Data
were presented as mean ± SEM and p < 0.05 was considered as
statistically significant.

RESULTS

Spared Nerve Injury Induces
Depression-Like Behaviors in Both
Female and Male Mice
To explore the temporal course for the development of depressive
symptoms after SNI, a classic model of neuropathic pain, we
measured behavioral changes at different time points after SNI
surgery in both female and male mice. The von Frey test was
used to measure mechanical pain sensitivity. The ST, TST, and
the FST were used to assess depressive-like behaviors. The OFT
was used to evaluate general locomotion (Figure 1A). The results
showed that, after SNI, mice of both sexes developed robust
mechanical allodynia as early as 1 week post-surgery, which
persisted for at least 4 weeks. The decrease in mechanical pain
threshold measured by the von Frey test was relatively larger in
the female mice than that in the male mice (Figures 1B,C). At
2 weeks after SNI surgery, the female mice exhibited significantly
less grooming time in the ST and trends toward increased
immobility in the TST and the FST. Similarly, the male mice
also showed depressive phenotypes at 2 weeks post-SNI surgery,
including significantly decreased grooming time in the ST and
increased immobility in the TST and FST (Figures 1D–F). At
4 weeks after SNI surgery, both female and male mice showed
robust depression-like behaviors (Figures 1G–I). The decreased
grooming and increased immobility in the tests above were
unlikely due to the impairment in the general locomotion of these
mice after SNI surgery, as for both time points, the total distance
of mice traveled in the OFT was not altered (Figures 1J,K).

Thus, these data reveal that SNI induces chronic pain and
depression-like behaviors in both female and male mice.

Sex-Specific Transcriptional Signatures
in the Medial Prefrontal Cortex and the
Anterior Cingulate Cortex of Mice After
Spared Nerve Injury Surgery
We next sought to identify transcriptional changes that
may contribute to the development of depressive symptoms
induced by neuropathic pain. Previous studies have reported
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FIGURE 1 | The spared nerve injury (SNI) model of neuropathic pain induces mechanical allodynia and depression-like behaviors in both female and male mice at 2
and 4 weeks after surgery. (A) The schema for SNI and the experimental timeline showing the sequence of surgery and behavioral tests. (B,C) Changes in the

(Continued)
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FIGURE 1 | mechanical withdrawal threshold of the ipsilateral hindlimb over 4 weeks after surgery, compared to the threshold measured before surgery by von Frey
test (VFT). Data are presented as mean ± SEM and analyzed by two-way ANOVA followed by Tukey’s multiple comparisons test. #p < 0.05, ##p < 0.01 for SNI male
group versus Sham male group (B); **p < 0.01, ***p < 0.001 for SNI female group versus Sham female group (C). N = 10 (sham female), 10 (SNI female), 5 (Sham
male), and 11 (SNI male). The time spent in grooming during the 5 min splash test (ST) at 2 weeks (D) and 4 weeks (G) after SNI surgery. The time spent immobile
during the 5 min tail suspension test (TST) at 2 weeks (E) and 4 weeks (H) after SNI surgery. The time spent immobile during the last 4 min of the 6 min forced swim
test (FST) at 2 weeks (F) and 4 weeks (I) after SNI surgery. The total distance traveled during the open field test (OFT) at 2 weeks (J) and 4 weeks (K) after SNI
surgery. (D–K) N = 9–11 mice per group. Data are analyzed by two-way ANOVA followed by Sidak’s multiple comparisons test, and presented as mean ± SEM.

transcriptomic changes in the brains after SNI but at much later
time points (2.5–6 months post-surgery) (Alvarado et al., 2013;
Berta et al., 2017; Descalzi et al., 2017; Li et al., 2021). Since the
mPFC and the ACC are two brain regions critical for regulating
both the affective symptoms of neuropathic pain and depression
(Bliss et al., 2016; Descalzi et al., 2017; Li et al., 2021; Tan and
Kuner, 2021), we chose to examine the transcriptomic profiles
of the mPFC and the ACC at 2 weeks post-SNI, a time point
when the mice started to show mild depressive phenotypes, to
identify the potential molecular signatures that are involved in
the emergence of depressive phenotypes during the progression
of neuropathic pain.

The mPFC and the ACC were harvested from female and
male mice at 2 weeks after SNI surgery or sham operation. The
RNAs from both groups were extracted in parallel and underwent
quality checks. Afterward, RNAseq were performed on three
independent pools of samples from each sex and brain region (4–
5 animals were mixed as one biological pool) (Figure 2A). The
principal component analysis (PCA) revealed striking separation
between the mPFC and the ACC transcriptomes, as well as
between the female and male transcriptomes (Figure 2B). In
general, more differentially expressed genes between the sham
and the SNI groups (DEGs, FDR < 0.1 by edgeR) were observed
in the mPFC than the ACC (Figure 2C and Supplementary
Table 2). Interestingly, for the mPFC, more DEGs were identified
in the male mice (211 total) than the female mice (48 total). In
contrast, for the ACC, more DEGs were identified in the female
mice (59 total), whereas only 8 DEGs were identified in the male
mice (Figure 2C).

Of note, among the top transcripts upregulated by SNI in
the mPFC of SNI female mice, Snhg14 encodes a long non-
coding RNA that regulates the expression of ubiquitin protein
ligase E3A (Ube3a), which is known to critically implicate
in the social interaction dysfunction in Angelman’s syndrome
(Stanurova et al., 2016; Chung et al., 2020). The top transcripts
downregulated in the mPFC of SNI female mice involved Gdf1,
which encodes growth differentiation factor 1, a secreted ligand
of the TGF-beta superfamily (Tanaka et al., 2007), and Myh14,
which encodes the heavy chain of myosin, a motor protein
(Donaudy et al., 2004; Figure 2D). For the mPFC of SNI male
mice, the most noticeable signatures included downregulation
of Mal (myelin and lymphocyte protein), Mbp (myelin basic
protein), and Cnp (2′,3′-cyclic nucleotide 3′-phosphodiesterase),
genes that are known for their roles in myelin formation (Fulton
et al., 2010; Cao et al., 2013; Figure 2E). The noteworthy
transcriptomic changes in the ACC of female mice included
upregulation of Syt6 and Syt2, which encode presynaptic protein
synaptotagmins and are important for neurotransmitter release

(Wolfes and Dean, 2020), and downregulation of Col3a1 and
Col1a1, two transcripts that encode type I and type III collagens,
components of the extracellular matrix (Fujiwara et al., 2010;
Santoro Belangero et al., 2018; Figure 2F and Supplementary
Table 2). The eight DEGs identified in the ACC of male mice
were mostly pseudogenes whose functions remain unclear, except
Gcat, which encodes glycine C-acetyltransferase that is involved
in the synthesis of glycine and acetyl-CoA (Ravichandran et al.,
2018; Figure 2G).

Further comparison of the DEGs between different groups
revealed little commonality between brain regions and between
different sexes. In comparison of the mPFC and the ACC, we
identified two common DEGs in the female mice (Gm26723
and Tmem267) and no common DEGs in the male mice. By
comparing female and male mice, we found two common DEGs
in the mPFC (B430305J03Rik and Unc5b) and one common
DEG in the ACC (Gm5641) (Figure 3A). We combined the
DEGs from both sexes to generate the heatmaps, and the results
revealed that part of the DEGs exhibited similar directions
of changes in both sexes but with greater magnitudes in one
sex over the other, while the other DEGs showed sex-specific
changes and even changes in opposite directions in different sexes
(Figures 3B,C).

We further evaluated the cell-type specificity of the identified
DEGs by comparing our data to a cell-type specific mouse
brain RNAseq repository (Zhang et al., 2014). For the DEGs
in the female mPFC, 13 were identified to be enriched
in specific brain cell-types, including astrocytes, endothelial
cells, neuron and oligodendrocytes (Figure 3D). For the male
mPFC, a noteworthy signature was downregulation of DEGs
enriched in the oligodendrocytes (Figure 3E). For the DEGs
in the ACC of female mice, the downregulated DEGs were
found mainly enriched in astrocytes, endothelial cells, and
oligodendrocytes, whereas the upregulated DEGs were found
mainly enriched in neurons (Figure 3F). For the eight DEGs
identified in the male ACC, one of those was enriched
in oligodendrocytes (Figure 3G). Thus, SNI modifies the
transcriptomic profiles across multiple cell-types in the mPFC
and the ACC in both sexes.

To validate the RNAseq results, we performed qPCR analyses
using independent sets of individual RNA samples. Eight mPFC-
specific DEGs were chosen for the subsequent qPCR validation,
which included Gdf1 (growth differentiation factor 1), Snhg14
(small nucleolar RNA host gene 14), Myh14 (myosin heavy chain
14), Tmem267 (transmembrane protein 267), Trf (transferrin),
Gfap (glial fibrillary acidic protein), Mbp (myelin basic
protein), and Cnp (2′,3′-cyclic nucleotide 3′ phosphodiesterase)
(Figure 4A). Similarly, seven ACC-specific DEGs were assessed,
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FIGURE 2 | Differentially expressed genes in the mPFC and the ACC of female and male mice at 2 weeks after SNI surgery, compared to the sham group.
(A) Experimental design and the workflow of the RNAseq and analyses. (B) Principal component analysis (PCA) plot of the sham versus the SNI groups, depicting
the clustering of samples: the mPFC versus the ACC, female versus male, and the sham group versus the SNI group. (C) The numbers of the significantly
upregulated or downregulated differentially expressed genes (DEGs) by SNI. mPFC-F, the mPFC of female mice; mPFC-M, the mPFC of male mice; ACC-F, the ACC
of female mice; ACC-M, the ACC of male mice. The volcano plots of the DEGs in the mPFC of female (mPFC-F, D) and male mice (mPFC-M, E), as well as in the
ACC of female (ACC-F, F) and male mice (ACC-M, G), with horizontal lines at the –log10 (false discovery rate, FDR) = 1 and vertical lines at log2 (fold change,
FC) = 0, delineating positive versus negative regulation. Blue dots represent downregulated DEGs, and red dots represent upregulated DEGs.
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FIGURE 3 | Differential transcriptomic profiles and cell-type enrichment of the DEGs induced in the mPFC and the ACC of mice of different sexes by SNI. (A) Venn
diagram depicting limited overlaps of the DEGs between the mPFC and the ACC, as well as between different sexes. mPFC-F, the mPFC of female mice; mPFC-M,
the mPFC of male mice; ACC-F, the ACC of female mice; ACC-M, the ACC of male mice. Hierarchical clustered heatmaps of the mPFC (B) and the ACC (C),
showing relative expression of the DEGs across the sham and the SNI groups in different sexes (F, female; M, male). Color scales represent standardized
rlog-transformed values across samples. (D–G) The numbers of DEGs enriched in different cell types in the mPFC and the ACC of female and male mice, comparing
the sham versus the SNI groups, as determined from a database of cell type-specific transcripts in the mouse cortex by Zhang et al. (2014).

which included Scn4b (sodium voltage-gated channel beta
subunit 4), Syt2 (synaptotagmin 2), Acta2 (actin alpha 2),
Col1a1 (collagen type I alpha 1 chain), Gm27177, Gm5641,

and Gcat (glycine C-acetyltransferase) (Figure 4D). The results
of qPCR analysis confirmed the findings of the RNAseq
(Figures 4B,C,E,F).
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FIGURE 4 | Quantitative PCR validation of the DEGs between the sham and the SNI groups in the mPFC and the ACC of mice of different sexes. Heatmaps
showing relative expression levels of the selected upregulated and downregulated DEGs in the mPFC (A) and the ACC (D) of female and male mice, comparing the
sham versus SNI groups. mPFC-F, the mPFC of female mice; mPFC-M, the mPFC of male mice; ACC-F, the ACC of female mice; ACC-M, the ACC of male mice.
Color scales represent standardized rlog-transformed values across samples. qPCR validation results of the selected upregulated and downregulated transcripts in
the mPFC (B,C) and ACC (E,F). N = 6–9 mice per group. Data are analyzed by unpaired Student’s t-test, and presented as mean ± SEM.

Collectively, our data showed that highly distinct and sex-
specific changes in the transcriptomic profiles occurred in the
mPFC and the ACC at 2 weeks after SNI surgery.

Analysis of Protein–Protein Interaction
Network Identifies Hub Genes Related to
Spared Nerve Injury in the Male Medial
Prefrontal Cortex and the Female
Anterior Cingulate Cortex
To explore the molecular interactions and the potential key
drivers of the identified DEGs in the mPFC and the ACC of
female and male mice after SNI surgery, we performed network
analysis based on the STRING Protein–Protein Interaction
database (Szklarczyk et al., 2019). Analysis of the DEGs generated
a network of 105 nodes and 249 edges in male mPFC, and 20
nodes and 30 edges in female ACC (Figures 5A,B). We did not
observe any network structure for the female mPFC and the
male ACC, likely due to the limited number of DEGs identified
in these two conditions. We further used the cytoHubba’s
MCC score to identify top hub DEGs and their sub-networks
(Chin et al., 2014; Li and Xu, 2019). For the male mPFC,
the top 20 hub DEGs constituted a sub-network, collectively
engaged in nervous system development and axon ensheathment
(Figure 5A). For the female ACC, the top eight hub DEGs
formed a sub-network, encoding the components of extracellular
matrix (Figure 5B).

Of note, among the top hub DEGs in the network for
male mPFC, Mal (myelin and lymphocyte protein), Cnp (2′,3′-
cyclic nucleotide 3′-phosphodiesterase), Plp1 (proteolipid protein

1), Mobp (myelin associated oligodendrocyte basic protein),
Mbp (myelin basic protein), and Mog (myelin oligodendrocyte
glycoprotein) were functionally related to the myelination
process and also among the top 20 DEGs whose expression
was most significantly downregulated after SNI. Similarly, in the
female ACC network, the hub DEGs, including Col3a1 (collagen
type III alpha 1 chain) and Dcn (decorin), were important
components of the extracellular matrix and they were also
among the top 20 DEGs whose expression was most significantly
downregulated after SNI. These data suggest that decreased
myelination in the male mPFC and disruption of extracellular
matrix in the female ACC are likely the key factors involved in
the pathological development of the comorbidity of SNI-induced
neuropathic pain and depressive phenotype.

Gene Set Enrichment Analysis of Spared
Nerve Injury Versus Sham Groups
Reveals Sex-Dependent Signatures in
the Medial Prefrontal Cortex and the
Anterior Cingulate Cortex
In order to gain functional insights of the transcriptomic changes
in the mPFC and the ACC at 2 weeks after SNI surgery, we
performed GSEA analysis, which does not rely on the DEGs
selected by arbitrary imposed statistical cut-off parameters, but
instead uses the entire list of genes ranked according to a
combinational score of the fold change and the adjusted p-value.
Thus, GSEA analysis is a sensitive method for GO/KEGG
enrichment of genes with modest but coordinated changes
(Subramanian et al., 2005).
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FIGURE 5 | Protein–protein interaction (PPI) networks of the DEGs in the male mPFC and female ACC, comparing the sham versus the SNI groups. STRING PPI
networks depicting the potential interactions of the DEGs in the mPFC (A) and the ACC (B) at 2 weeks after SNI. The color and size of the nodes are relative to the
degree of the connectivity, and the color and size of the edges are relative to the combined score of the interactions.
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We combined the GO and KEGG terms that were most
significantly different between sham versus SNI groups to
generate the list of top 10 gene sets for each condition
(Figure 6). The results showed that for the female mPFC, the
most significantly regulated gene sets included oligodendrocyte
differentiation, semaphoring plexin signaling pathway, negative
regulation of gliogenesis, neuron fate commitment, intrinsic
component of external side of plasma membrane, and germ
cell nucleus (Figure 6A), which were all de-enriched after SNI.
For the male mPFC, the gene sets that emerged as the most
significant changes by SNI included enrichment of RNA splicing,
mitochondrion organization, glutamatergic synapse, voltage
gated potassium channel activity, and nucleoside triphosphatase
regulator activity; de-enrichment of positive regulation of
interferon gamma production and myelin sheath (Figure 6B).
Of note, most of the identified gene sets were significantly
enriched in one sex, but showed no or minimal enrichment
in the other sex. The exceptions were myelin sheath and germ
cell nucleus in the SNI group, which showed similar degree of
de-enrichment in the mPFC of both sexes (Figures 6A,B and
Supplementary Table 3).

For the ACC, the GSEA results revealed that the most
significant changes by SNI in the female included enrichment of
mitochondrial respiratory chain complex assembly, RNA splicing
via transesterification reactions, main axon and neuron to neuron
synapse; and de-enrichment of collagen fibril organization,
collagen trimer, extracellular matrix structural constituent, and
serine type endopeptidase inhibitor activity (Figure 6C). In
the male ACC, the top list included enrichment of triglyceride
lipase activity; and de-enrichment of regulation of translational
initiation, respirasome, ribosome, spliceosomal complex, graft
versus host disease, and Parkinson’s disease (Figure 6D).
Similar to the observation in the mPFC, the gene sets in the
ACC also showed sex-divergent patterns (Figures 6C,D and
Supplementary Table 3).

Taken together, these data suggest that the GO and signaling
pathways of the transcriptomic changes of the mPFC and the
ACC at 2 weeks after SNI are also largely sex-specific.

The Transcriptomic Profiles Between the
Medial Prefrontal Cortex and the Anterior
Cingulate Cortex Are Partially Distinct
and Have Sex-Specific Properties in the
Non-spared Nerve Injury Condition
We next wondered whether the brain area and sex-specific
differences existed in the transcriptomic changes regulated by
SNI in the sham (non-SNI) group of mice. Toward that end,
we first compared the transcriptomic profiles between the mPFC
and the ACC in the same sex of the sham groups. The DEG
analyses identified 1630 transcripts in female mice and 950
transcripts in male mice that were significantly enriched in the
mPFC, among which 597 were shared DEGs in both sexes.
For the transcripts significantly enriched in the ACC, 2071 in
female and 1294 in male mice were found, among which 708
DEGs were shared by both sexes (Figure 7A and Supplementary
Table 4). Overall, more DEGs were identified in the female than

the male mice, and similar amounts of DEGs were enriched in
the mPFC versus the ACC (Figures 7B,C). Of note, between
the mPFC and the ACC, Dio3 (iodothyronine deiodinase 3)
was among the most significantly enriched transcripts in the
mPFC of both sexes (Figures 7D,E). It encodes an enzyme
catalyzing the inactivation of thyroid hormone, and is involved
in regulating aggressive and maternal behaviors (Stohn et al.,
2016, 2018). The top DEGs enriched in the ACC and shared
by both sexes included Npnt (nephronectin), a member of the
epidermal growth factor-like superfamily; Pvalb (parvalbumin),
the marker for fast-spiking inhibitory neurons regulating the
excitability of the targeted neurons; and Kcnab3 (potassium
voltage-gated channel subfamily a regulatory beta subunit 3), a
component of potassium channel (Figures 7D,E). The identified
DEGs were enriched across multiple cell types in both sexes,
with the highest enrichment in oligodendrocytes and neurons
(Figures 7F,G). Further GSEA analyses revealed that the most
significantly enriched gene sets in the mPFC of both sexes
were related with mating, grooming behavior, microtubule
formation, neuropeptide receptor activity, axon guidance and
notch signaling pathway (Figure 7H). On the other hand,
the top gene sets enriched in the ACC of both sexes were
related with mitochondrial function, potassium channel regulator
activity, extracellular matrix, Parkinson’s disease, oxidative
phosphorylation as well as complement and coagulation cascades
(Figure 7I and Supplementary Table 5). Of note, the gene sets
of mitochondrial function, potassium channel regulator activity,
extracellular matrix and Parkinson’s disease were also among
the most significant ones regulated by SNI, indicating that the
differences in transcriptomic changes after SNI in the mPFC
versus the ACC are at least in part due to the distinct patterns
of transcriptomes between these two regions at baseline.

To further characterize sex-dependent transcriptomic
signatures in the brain regions of interest, we performed DEG
analyses of the female versus male transcriptomes in the mPFC
and the ACC of the sham groups. The results showed that
the expression levels of 61 transcripts of the mPFC and 41
transcripts of the ACC were higher in the female than the male
mice. Ten of these transcripts were shared by the mPFC and
the ACC, among which Xist, Eif2s3x, and Ddx3x are located
within the X chromosome (Figure 8A). The expression levels
of 97 transcripts in the mPFC and 37 transcripts in the ACC
were significantly higher in the male than the female mice.
Seven of these transcripts were shared by the mPFC and the
ACC, among which Ddx3y, Eif2s3y, Uty, and Uba1y are located
within the Y chromosome (Figure 8A and Supplementary
Table 6). More DEGs between female and male mice were
identified in the mPFC than the ACC. In the mPFC, more
DEGs were enriched in the male than female mice, whereas
similar amounts of DEGs were enriched in the female and
male ACC (Figures 8B,C). Beyond the genes located in X or
Y chromosomes, the noticeable top enriched transcripts in the
female mPFC included Myh7, which encodes myosin heavy chain
7, and Col6a1, which encodes collagen type VI alpha 1 chain,
the basic structural unit of collagen VI. The most significantly
enriched transcripts in the male mPFC included Tpt1-ps3 (tumor
protein, translationally controlled, pseudogene 3) and Krt17
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FIGURE 6 | Gene set enrichment analysis (GSEA) of the transcriptomic changes in the mPFC and the ACC of female and male mice at 2 weeks after SNI. Most
significantly regulated gene sets in the mPFC of female (mPFC-F, A) and male (mPFC-M, B) mice, as well as in the ACC of female (ACC-F, C) and male (ACC-M, D)
mice, comparing the sham versus SNI groups. The size of the dots indicates the –log10 (nominal p) values, and the color indicates the normalized enrichment scores
(NES).

(keratin 17), both of which regulate tumorigenesis (Fiucci et al.,
2003; Yang et al., 2019; Figure 8D). The noteworthy sex-different
transcripts in the ACC included Ide (insulin degrading enzyme;
female > male), which regulates the catabolism of insulin
and β-amyloid (Tundo et al., 2013); and Irs2 (insulin receptor
substrate 2, male > female), which provides an alternative route
for insulin signaling (Copps and White, 2012; Figure 8E). The
differential expression of Ide and Irs2 indicates the possibility

of distinct responses to insulin in the female versus male
ACC. The identified DEGs were enriched across multiple cell
types in the mPFC and the ACC (Figures 8F,G). We further
performed GSEA analyses to compare female versus male mPFC
and ACC. We found sex-differences across multiple domains
of GO and KEGG signaling pathways in both brain regions.
The sex-specific gene sets in the sham groups were partially
overlapped with the most significantly altered gene sets in
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FIGURE 7 | Differences between the transcriptomic profiles of the mPFC versus the ACC of female and male mice in the sham group. (A) Venn diagram depicting
partial overlaps of the DEGs comparing the mPFC versus the ACC between the female and male mice. F, female; M, male. mPFC > ACC: transcripts expressed
significantly more in the mPFC than in the ACC; mPFC < ACC: transcripts expressed significantly more in the ACC than in the mPFC. Hierarchical clustered
heatmaps showing relative expression of the DEGs comparing the ACC versus the mPFC in the female (B) and male (C) mice from the sham group. Color scales
represent standardized rlog-transformed values across samples. The volcano plots of the DEGs in the female (D) and male (E) mice, with horizontal lines at the
–log10 (false discovery rate, FDR) = 1 and vertical lines at log2 (fold change, FC) = 0. Blue dots represent transcripts expressed significantly more in the ACC than the
mPFC, and the red dots represent transcripts expressed significantly more in the mPFC than the ACC. The numbers of DEGs enriched in different cell types in the
female (F) and male (G) mice, comparing the mPFC versus the ACC. Top differentially enriched gene sets in the mPFC (H) versus the ACC (I). The size of the dots
indicates the –log10 (nominal p) values, and the color indicates the normalized enrichment scores (NES).
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FIGURE 8 | Sex differences in the transcriptomic profiles of the mPFC and the ACC in the sham group. (A) Venn diagram depicting partial overlaps of the
sex-specific DEGs between the mPFC and the ACC. F > M: transcripts expressed significantly more in the female than in the male mice; F < M: transcripts
expressed significantly more in the male than in the female mice. Hierarchical clustered heatmaps showing relative expression of the sex-specific DEGs in the mPFC
(B) and the ACC (C) from the sham group. Color scales represent standardized rlog-transformed values across samples. The volcano plots of the sex-specific DEGs
in the mPFC (D) and the ACC (E), with horizontal lines at the –log10 (false discovery rate, FDR) = 1 and vertical lines at log2 (fold change, FC) = 0. Blue dots represent
transcripts expressed significantly more in the male than in the female mice, and the red dots represent transcripts expressed significantly more in the female than in
the male mice. The numbers of specific DEGs enriched in different cell types in the mPFC (F) and the ACC (G). Top sex-specific differentially enriched gene sets in
the mPFC (H) and the ACC (I). The size of the dots indicates the –log10 (nominal p) values, and the color indicates the normalized enrichment scores (NES).
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different sexes by SNI (Figures 6A–D, 8H,I and Supplementary
Table 7).

Collectively, these findings suggest the already existed
difference of transcriptomic profiles between the mPFC and the
ACC of non-SNI sham group in a sex-specific manner, which
may contribute to the region- and sex-specific alternations in the
transcriptomic profiles induced by SNI.

DISCUSSION

In summary, the current study reveals the distinct nature of the
transcriptomic profiles of the mPFC and the ACC in a sex-specific
manner at 2 weeks after SNI, an early time point when mice
began to show mild depression-like phenotypes. Given that sex
difference exists in susceptibility to both pain and depression
(Bartley and Fillingim, 2013; Altemus et al., 2014), and that the
mPFC and the ACC are known brain regions for their critical but
opposite roles in the comorbidity of pain and depression (Barthas
et al., 2015; Sellmeijer et al., 2018; Kummer et al., 2020), our
findings provide a valuable resource for elucidating the molecular
mechanisms underlying the differential regulation of the mPFC
and the ACC in different sexes during early development of the
comorbidity of pain and depression. In addition, these findings
should pave the way for the development of targeted therapeutics
for the treatment of chronic pain and its affective disorders.

Several epidemiological studies of chronic pain have well
documented that the prevalence of chronic pain and depression
is higher in women than men (Williams et al., 2003; Fillingim
et al., 2009; Ruau et al., 2012; Vetvik and MacGregor, 2017).
Although social and cultural factors may contribute to the
differences (Meints and Edwards, 2018; Mills et al., 2019),
biological factors cannot be ignored. However, the preclinical
studies of pain and its associated affective disorders have been
largely relied on male rodents. Direct comparison of the similarity
and differences between sexes have rarely been reported (Mogil,
2020). In the current study, we first compared the mechanical
pain and depression-like behaviors in female and male mice
after SNI surgery, which, however, did not exhibit significant sex
differences, except that the decrease in mechanical pain threshold
was relatively larger in the female mice than in the male mice.
We reason that several factors may contribute to the lack of
sex-differences in our behavioral tests. First, SNI is a procedure
that generates robust and persistent stimulation to pain fibers,
which is hard to tolerant (Decosterd and Woolf, 2000; Guida
et al., 2020), whereas sex-differential sensitivity to pain may be
more relevant to lower magnitudes of painful stimuli. Second,
the sex differences in tolerance to chronic pain and development
of associated depressive phenotypes are likely due to in part the
differential adaptation to chronic pain conditions. The current
study only examined behavioral changes over the first 4 weeks
after SNI, but sex-contributed phenotypic difference may require
more time to emerge. Third, we cannot exclude the possibility
that the behavioral tests used in this study weren’t sensitive
enough to reveal the sex differences.

Despite limited differences at the behavioral level were
detected, robust sex differences were observed at the

transcriptional level after SNI. Interestingly, comparing the
sham group versus the SNI group, more DEGs were identified
for the male mice than the female mice in the mPFC, whereas the
opposite patterns occurred in the ACC, indicating differential
modulation of the two brain regions in different sexes. Consistent
with this notion, Jones and Sheets reported that SNI selectively
increased the excitability and the excitatory synaptic currents
of the parvalbumin-expressing (PV+) inhibitory neurons in the
layer 5 of the mPFC of male mice but not female mice (Jones and
Sheets, 2020). As PV+ neurons are critical for controlling the
excitability of the targeted pyramidal neurons (Hu et al., 2014),
the change mentioned above may lead to greater reduction of
overall excitability in the mPFC of the male mice than female
mice, which in turn is thought to contribute to greater attention
deficits in male and female individuals with chronic pain (Shiers
et al., 2018; Jones and Sheets, 2020). On the other hand, women
but not men with chronic low back pain showed alterations
in the functional connectivity of the subgenual ACC (sgACC)
(Osborne et al., 2021). It would be of interest to examine how the
sex-specific and distinct changes in the transcriptomic profiles
of the mPFC and the ACC may be related to their functional
alterations during neuropathic pain.

In addition to the differences in the numbers of DEGs, we
found that the DEGs induced by SNI in the mPFC and the
ACC showed little overlaps between female and male mice. The
GSEA results further revealed largely distinct enrichment of
transcriptomes in the GO and signaling pathways induced by
SNI in female versus male mice. These findings are consistent
with the emerging evidences, suggesting that clear differences
existed in the mechanisms underlying chronic pain processing
and the development of affective disorders during chronic pain
progression at the system, cellular, and molecular levels (Barthas
et al., 2015; Zhu et al., 2021). Such mechanistic differences
may contribute to the differential sensitivity and tolerance of
chronic pain and susceptibility to pain-induced depression, as
well as differential treatment options for female and male patients
(Bartley and Fillingim, 2013; Meints and Edwards, 2018). By
directly comparing female and male transcriptomes in the two
brain hub regions for the comorbidity of pain and depression,
our study provides a useful resource for further dissecting and
understanding the mechanisms contributing to the dynamic
interaction of neuropathic pain and depression.

The sex-differences in the transcriptomic changes of the
mPFC and the ACC after SNI were partially overlapped with
the sex-differences in the transcriptomes of the two regions in
the sham group. These findings suggest that the already existed
biological differences in the female and male brains, which may
be due to genetic, genomic imprinting, and hormonal differences
in different sexes (Ngun et al., 2011; Mogil, 2012; Choleris et al.,
2018), may contribute to their differential responses and adaption
to chronic pain and its affective disorders like depression.

While the mPFC and the ACC are both activated by acute
pain, chronic pain leads to opposite phenotypes in the two
regions: hypoactive mPFC and hyperactive ACC accompanied
by long-lasting changes in synaptic plasticity (Bliss et al., 2016;
Sellmeijer et al., 2018; Tan and Kuner, 2021). However, direct
comparison of the mechanisms underlying the divergent
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alterations of the mPFC versus the ACC by chronic pain remains
under-investigated. Here, we showed that the transcriptomic
profiles between the mPFC and the ACC were dramatically
different in the sham condition and after SNI. Interestingly,
after SNI, the most noticeable changes in the mPFC involved
the downregulation of transcripts related to myelin formation,
glia development, and axonal transportation. These processes are
known to be prerequisite for the establishment and maintenance
of proper functions of neural circuits during developmental
stages and in the adulthood (Almeida and Lyons, 2017; Monje,
2018; Stadelmann et al., 2019). Therefore, we speculate that
the impairment of these processes during early phase of
neuropathic pain likely weakens the functional connectivity
of the mPFC, which then contributes to the development of
hypoactive phenotype. On the other hand, the most significantly
upregulated transcripts in the ACC include Syt6 and Syt2,
two genes that encode different subtypes of synaptotagmins.
Synaptotagmin-2 is one of three major synaptotagmins that are
required for fast synchronous neurotransmitter release from
presynaptic terminals, which also play important roles in long-
term potentiation (LTP) and short-term synaptic plasticity of
excitatory synapses (Chen et al., 2017; Wolfes and Dean, 2020).
Synaptotagmin-6 is a key component of the acrosomal exocytosis
process, which involves in exocytosis of neuropeptides such as
BDNF (Dean et al., 2009). The upregulation of the Syt6 and
Syt2 expression in the ACC after SNI may be involved in the
regulation of LTP and hyperactivity of ACC neurons. However,
it should be emphasized that increasing evidences have suggested
that chronic pain induces distinct changes in diverse subtypes of
neurons (including excitatory and different types of inhibitory
neurons) in different layers of the mPFC and the ACC (Bliss
et al., 2016; Tan and Kuner, 2021). Therefore, it is important to
investigate in the next steps which neuronal populations are most
affected by the key transcriptomic changes induced by SNI in the
mPFC and the ACC.

How are changes at the transcriptional level in the mPFC at
2 weeks after SNI surgery related to the pathological development
of depression during neuropathic pain? It has been reported
previously that the PFC in patients with depression exhibits a
hypoactive feature (Kupfer et al., 2012; Li et al., 2016). The
PFC and the nucleus accumbens (NAc) receive dopaminergic
innervation from the ventral tegmental area (VTA), also known
as the brain’s reward circuits that are involved in the regulation
of the susceptibility of depressive phenotypes, pain perception,
and addictive behaviors (Russo and Nestler, 2013; Navratilova
and Porreca, 2014). Optogenetic activation of glutaminergic
projection of mPFC-to-NAc resulted in increased resilience to
stress-induced depressive phenotypes (Bagot et al., 2015), while
optogenetic suppression of VTA-to-mPFC neurons promoted
susceptibility (Chaudhury et al., 2013), results that are in
agreement with the numerous literatures on human and animal
studies that support a general function of the mPFC to render
individual resistance to stress and other negative stimuli, whereas
dysfunction of mPFC can result in increased susceptibility to
depression (Gomes and Grace, 2017; Hare and Duman, 2020).
Importantly, elevation of the mPFC activity in the animal
models, which also affect the reward circuits as mentioned above,

can alleviate depression-like behaviors as well as hyperalgesia,
suggesting that the mPFC acts as a hub which can regulate both
pain and depression (Kummer et al., 2020; Liang et al., 2020).
It is worth noting that in the clinical settings, repeated, non-
invasive electrical or magnetic field stimulation targeting the
mPFC has been found to ameliorate chronic pain as well as
depressive symptoms, at least for a subset of patients who showed
altered mPFC activity and connectivity (Borckardt et al., 2017;
Ong et al., 2019; Hare and Duman, 2020; Scangos et al., 2021; Tan
and Kuner, 2021). Ketamine, a fast-acting antidepressant, also
appears to rapidly induce elevation of mPFC activity (Berman
et al., 2000; Hare and Duman, 2020). These findings highlight the
mPFC as an intercepted region for developing the comorbidity
of pain and depression, and the importance of elucidating the
molecular signatures and their underlying mechanisms that
may contribute to the regulation of the neuronal activity of
mPFC and its connecting strength to other brain regions in the
reward circuits.

How does the mPFC become hypoactive in both chronic pain
and depression? A growing number of studies have suggested the
potential involvement of non-neuronal brain cells in depression.
During the early pathogenesis of depression, alterations of
non-neuronal brain cells may precede and lead to neuronal
dysfunction (Cathomas et al., 2022). In line with this notion, we
found in the current study that downregulation of myelination
was the most striking change in the mPFC of both female and
male mice at 2 weeks after SNI, when depressive-like behaviors
began to emerge. In the mPFC of male mice after SNI, more
than half of the downregulated transcripts were enriched in
the oligodendrocytes. The myelin-related and oligodendrocyte-
enriched genes, such as Mal, Cnp, Plp1, Mobp, Mbp, and Mog
were among the most downregulated genes as well as the
most strongly associated hub genes in the PPI network in
the male mPFC. On the other hand, for the mPFC in female
mice after SNI, we observed modest changes in the expression
of individual genes enriched in oligodendrocytes and engaged
in myelination, but highly coordinated expressional changes
across multiple genes in the related gene sets. These led to
the findings from our GSEA analysis that downregulation of
gene sets involved in oligodendrocyte development and myelin
sheath were the most prominent features after SNI. Thus,
although gene expression patterns differ greatly between female
and male mice after SNI, dysfunction of myelination process
emerged to be the most pronounced alteration in the mPFC
in both sexes. Interestingly, recent studies have also found
decreases in oligodendrocytes and impairment of myelin in
the mPFC after several types of stress that produce depressive
phenotypes (Liu et al., 2012; Makinodan et al., 2012; Bonnefil
et al., 2019). Selective demyelination of the mPFC induced
by focal injection of lysolecithin reduced social interaction, a
depression-related phenotype in mice, whereas clemastine, a
compound that induced oligodendrocyte differentiation in the
mPFC, alleviated depressive-like social avoidance induced by
prolonged social isolation (Liu et al., 2016; Bonnefil et al., 2019).
Oligodendrocytes in the mPFC have also been reported to play an
important role in pain management. Downregulation of myelin-
related proteins and oligodendrocyte apoptosis were observed

Frontiers in Molecular Neuroscience | www.frontiersin.org 16 May 2022 | Volume 15 | Article 886916128

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-15-886916 May 12, 2022 Time: 15:8 # 17

Dai et al. Sex-Specific Transcriptomes After SNI

in rats with fentanyl-induced hyperalgesia, whereas prophylactic
blockage of oligodendrocyte apoptosis in the mPFC prevented
hyperalgesia to occur (Wang et al., 2022). Together with these
findings, our study suggests that restoring oligodendrocytes and
myelin in the mPFC may be key to the treatment of comorbidity
of pain and related depression.

In addition to the mPFC, the ACC has also been identified as
a critical region in the pathological development of depression,
particularly in the context of chronic pain (Barthas et al., 2015;
Tan and Kuner, 2021). Abnormally increased activities in the
sgACC and the perigenual ACC (pgACC) have been observed in
patients with major depressive disorder and has been correlated
with anhedonia, a typical symptom of depression (Philippi et al.,
2015; Rupprechter et al., 2021; Pizzagalli and Roberts, 2022). The
fast-acting antidepressant ketamine reduced sgACC and pgACC
activity. Importantly, this reduction was associated with an anti-
anhedonia effect at the behavioral level (Alexander et al., 2021).
In neuropathic pain, lesion or inactivation of ACC reduced pain-
related depressive symptoms, whereas activation of the ACC
induced aversion to the place of its administration (Barthas et al.,
2015; Zhang et al., 2017). Therefore, the ACC is also a key brain
region at the interface between pain and depression.

In the present study, the transcriptome of ACC was
significantly altered by SNI in the female mice, while only a
limited numbers of DEGs were detected in the ACC of male
mice. Given the importance of ACC in depression (Etkin et al.,
2011; Pizzagalli and Roberts, 2022), and female subjects being
more prone to depression than male subjects (Altemus et al.,
2014; Bangasser and Cuarenta, 2021), we speculate that the
sex-differences in transcriptional changes in the ACC after SNI
may contribute to the differential prevalence of depression as
neuropathic pain progresses. This speculation, however, awaits
further experimental testing. In the ACC of female mice after
SNI, besides upregulation of the synaptotagmins, the most
notable change was the reduction of genes encoding extracellular
matrix components. These genes also constituted the central sub-
network of hub genes in the PPI network of the DEGs in the
female ACC after SNI. Furthermore, GSEA analysis of the ACC
transcriptome of female mice showed that downregulation of
collagen fibril organization, collagen trimer, extracellular matrix
structural constituent, and serine type endopeptidase inhibitor
activity were the most prominent changes after SNI. Collectively,
these findings reveal that the disruption of extracellular matrix
in the ACC of female mice is a major event accompanying
the early development of depressive-like phenotypes at 2 weeks
after SNI surgery.

Extracellular matrix, which accounts for 20% of the brain’s
volume, not only provides a supporting scaffold for other brain
cells, but also acts as the first messengers for transmission of
extracellular signals to modulate neuronal functions (Dityatev
et al., 2010; Barros et al., 2011; Laham and Gould, 2021).
Formation of extracellular matrix at the end of the “critical
period” during visual cortex development serves as an essential
mechanism to restrain structural plasticity (Hensch, 2005; de
Vivo et al., 2013). In the adulthood, it has been reported that
remodeling of extracellular matrix is required for de novo synapse
formation, various forms of synaptic plasticity, and fear memory

erasure (Tajerian et al., 2018; Laham and Gould, 2021). In the
context of neuropathic pain, Kawasaki et al. (2008) reported the
distinct roles of acutely up-regulated matrix metalloproteases-
9 and delayed induction of matrix metalloproteases-2, two
proteases involved in the breakdown of extracellular matrix
and cytokines, in the dorsal root ganglion for the development
of early- and late-phase neuropathic pain indued by spinal
nerve ligation. Inhibition of matrix metalloproteases-9 and
matrix metalloproteases-2 by pharmacological or siRNA-based
strategies effectively produced anti-allodynic effect (Kawasaki
et al., 2008). Li et al. (2021) reported that SNI reduced the
expression of LAMB1, a major component of extracellular matrix
in the ACC. Knockdown of LAMB1 in the ACC increased the
release probability of neurotransmitters and led to abnormal
postsynaptic spine remodeling, which in turn increased pain
sensitivity and caused depression-like behaviors (Li et al., 2021).
Our findings now showed that the decrease of extracellular
matrix is a major event in the early development of depressive
phenotypes after SNI, further highlight the restoration of
extracellular matrix in the ACC as a potential therapeutic strategy
for the treatment of pain and depression comorbidity.

In conclusion, our study reveals that at 2 weeks after SNI,
an early time point when the mice began to show mild
depressive symptoms, the transcriptomic changes in the mPFC
and the ACC are highly distinct and sex-specific. Female mice
exhibited stronger transcriptomic changes in the ACC than
male mice, while the opposite was observed in the mPFC.
The transcriptomic changes occurred across multiple brain cell
types. We further identified downregulation of myelin-related
transcripts in the mPFC of both sexes, as well as upregulation
of synaptotagmins and downregulation of extracellular matrix
components in the female ACC as the most prominent changes
induced by SNI. Taken together, these findings demonstrate
the transcriptional dimorphism in both sexes and brain areas
induced by neuropathic pain, suggesting potential therapeutic
targets for the treatment of chronic pain and its related
affective disorders.
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The research and clinical application of the noninvasive brain stimulation (NIBS)
technique in the treatment of neuropathic pain (NP) are increasing. In this review
article, we outline the effectiveness and limitations of the NIBS approach in treating
common central neuropathic pain (CNP). This article summarizes the research progress
of NIBS in the treatment of different CNPs and describes the effects and mechanisms
of these methods on different CNPs. Repetitive transcranial magnetic stimulation
(rTMS) analgesic research has been relatively mature and applied to a variety of CNP
treatments. But the optimal stimulation targets, stimulation intensity, and stimulation
time of transcranial direct current stimulation (tDCS) for each type of CNP are still
difficult to identify. The analgesic mechanism of rTMS is similar to that of tDCS, both of
which change cortical excitability and synaptic plasticity, regulate the release of related
neurotransmitters and affect the structural and functional connections of brain regions
associated with pain processing and regulation. Some deficiencies are found in current
NIBS relevant studies, such as small sample size, difficulty to avoid placebo effect, and
insufficient research on analgesia mechanism. Future research should gradually carry
out large-scale, multicenter studies to test the stability and reliability of the analgesic
effects of NIBS.

Keywords: rTMS, tDCS, central neuropathic pain, analgesic mechanism, analgesic effects

INTRODUCTION

Neuropathic pain (NP) was defined by the International Association for the Study of Pain (IASP) in
2008 as “pain caused by a lesion or disease of the somatosensory nervous system” (Beydoun, 2003).
And the prevalence of NP was about 3.3%–8.2% (Haanpää et al., 2011). According to the anatomical
location of the injury or disease, NP can be classified as central NP (CNP), which is due to lesions or
diseases of the spinal cord or brain, and peripheral neuropathic pain (PNP), which includes diabetic
neuropathy, nerve damage, facial pain, phantom limb pain, cancer pain, and deformity (Colloca
et al., 2017). The most common CNP syndromes include NP associated with spinal cord injury
(SCI), post-stroke pain (PSP), NP associated with multiple sclerosis (MS), and Parkinson’s disease
(PD) (Finnerup et al., 2016; Zhang et al., 2021; Figure 1). The appearance and aggravation of pain
symptoms often occur within a few days after the lesion or disease. CNP has no specific treatment
at present (Dworkin et al., 2013; Cruccu et al., 2016), and patients suffer from chronic pain for a
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long time, which seriously affects their quality of life. The aversive
experience of pain is activated by the temporal and spatial
coordination of a neural network called the pain matrix after
a nociceptive stimulus (Garcia-Larrea and Bastuji, 2018). Pain
matrix is mainly distributed in the cerebral cortex and subcortical
regions, including thalamus, insula, cingulate cortex, prefrontal
cortex, and frontal-orbitofrontal cortex (Mouraux et al., 2011).
Responses during NP exhibit reproducible patterns, in particular
hypoactivity of the thalamus contralateral to the pain area and
deficit in reactiveness of the prefrontal cortices during NP
(Garcia-Larrea and Peyron, 2013). Common pharmacological
treatments for NP include calcium channel modulators, opioid
analgesics, and antidepressants, while non-pharmacological
treatments include exercise, noninvasive brain stimulation
(NIBS), spinal cord stimulation (SCS), radiofrequency ablation
(RFA), and nerve block (Baron et al., 2010; Reimer et al., 2014;
Zheng et al., 2021; Peng et al., 2022; Wu et al., 2022). Since
there is no specific drug for NP at present, non-drug therapy
has been gradually accepted by NP patients because of its no
side effects, no drug resistance, and strong pertinence (Moisset
et al., 2020). NIBS has been applied in the rehabilitation of
various brain dysfunction to regulate cortical excitability and
neuroplasticity and has attracted wide attention because of its
noninvasiveness, tolerability, and portability (Chisari et al., 2014).
In basic and clinical settings, two approaches have become
the pillars of NIBS: repetitive transcranial magnetic stimulation
(rTMS) and transcranial direct current stimulation (tDCS) with
a painless current (current intensities ± 1–2 mA) applied to the
scalp. Both techniques are effective in reducing pain as measured
by the visual analog scale (VAS) and numerical rating scale
(NRS) (Ayache et al., 2016b; Nardone et al., 2017). rTMS focuses
on neuromodulation sequelae through magnetic fields (Hallett,
2007). tDCS is applied to the scalp by a weak current to produce
neuromodulation (Terney et al., 2008). In terms of different
types of pain, NP response to NIBS is better than non-neurotic
pain (Knotkova et al., 2021). NIBS is a promising therapeutic
technique for resolving the dynamic neurological changes caused
by NP (Costa et al., 2019).

REPETITIVE TRANSCRANIAL
MAGNETIC STIMULATION FOR
CENTRAL NEUROPATHIC PAIN

Based on the principles of electromagnetic induction and
electromagnetic conversion, TMS, including single-pulse TMS
and rTMS, alters the motor potential of cortical nerve cells by
stimulating the magnetic field generated by coil transients, which
affects intra-brain metabolism and neuroelectric activity (Hallett,
2007). Compared with the chronic implantation procedure,
rTMS is a safe, noninvasive, easy to tolerate, and effective
therapeutic intervention pattern that continuously distributes
multiple pulses at a fixed frequency and is more widely used in
clinical applications (Gu and Chang, 2017; Choi et al., 2018).
The main limitation of rTMS is the short-term analgesic effects
(Hemond and Fregni, 2007). Low-frequency rTMS (LF-rTMS,
≤1 Hz) can inhibit the metabolism of nerve cells and reduce

cortical excitability, whereas high-frequency rTMS (HF-rTMS,
≥1 Hz) has the opposite effect (Wagner et al., 2007). The
reduction in VAS and NRS scores with HF-rTMS (10–20 Hz) is
much greater than that with LF-rTMS (≤1 Hz) under conditions
for analgesia (Lefaucheur et al., 2001; Canavero et al., 2002;
Lefaucheur, 2006; Leo and Latif, 2007; Borckardt et al., 2011).
Therefore, HF-rTMS is often used in the clinical treatment of NP.
More research information about the effect of rTMS on CNP is
shown in Table 1.

The guidelines of the International Federation of Clinical
Neurophysiology and the European Federation of Neurological
Societies supported the specific analgesic effect of HF-rTMS
stimulation in the primary motor cortex (M1) of NP (Cruccu
et al., 2007; Lefaucheur et al., 2020). Moreover, a longer course
of treatment and continuous treatment was more conducive
to the analgesic effect and therefore included in the grade A
recommendation. Stimulation of the frontal lobes, particularly
the dorsolateral prefrontal cortex (DLPFC), was associated with
improved depression and cognitive impairment, but its effect on
NP improvement was clinically controversial and not addressed
in the guidelines. In the studies included in the guidelines, rTMS
was often used to stimulate the contralateral M1 of NP at a
frequency of 5–10 Hz; approximately 80%–90% resting motor
threshold (RMT) and 5–10 sessions of treatment can usually have
a definite analgesic effect (Lefaucheur et al., 2020).

Repetitive Transcranial Magnetic
Stimulation for Post-stroke Pain
Pain was common and present in 10%–45.8% of stroke cases
(Paolucci et al., 2016; Choi-Kwon et al., 2017). PSP impeded
recovery, affects the mental state of patients with stroke, and
further impairs the quality of life of patients (Lundström et al.,
2009; Naess et al., 2012). The common variants of PSP are
central poststroke pain (CPSP), complex regional pain syndrome
(CRPS), shoulder pain, spasticity-related pain, and headache
(Treister et al., 2017; Delpont et al., 2018). CPSP was a CNP
disorder that affected 10%–35% of the post-stroke population
(Flaster et al., 2013). The properties of pain included searing or
freezing pain or numbness, and pain intensity was reported as a
VAS score of nearly 8 out of 10 (Oh et al., 2015). Some studies
that focused on the analgesic effect of rTMS on PSP showed
that HF- rTMS (5–20 Hz) can produce effective immediate
pain relief in patients after stroke, and multiple sessions and
a long duration of intervention can make the analgesic effects
last (Ohn et al., 2012; Hosomi et al., 2013; Matsumura et al.,
2013; Hasan et al., 2014; Kobayashi et al., 2015; Ramger et al.,
2019). Most patients with CPSP responded positively to rTMS
(Ohn et al., 2012; Matsumura et al., 2013; Kobayashi et al.,
2015). Pain relief was more pronounced in the rTMS group than
in the sham stimulation group as measured by VAS and NRS.
They also found a time-course effect on pain relief after 1 and
3 weeks of stimulation that lasted for up to 12 weeks and peaked
at around 8 weeks.

The influence of the site of the stimuli around the motor
cortex on the analgesic effect is also the focus of research (Saitoh
and Yoshimine, 2007). M1 is the stimulus area selected by most
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FIGURE 1 | The common diseases that cause central neuropathic pain. Stroke, Parkinson’s disease, multiple sclerosis, and spinal cord injury often lead to central
neuropathic pain that persists throughout the recovery cycle. This pain clearly has a negative effect on the prognosis of patients.

studies and has achieved a good analgesic effect on PSP (Saitoh
and Yoshimine, 2007; Ohn et al., 2012; Hosomi et al., 2013;
Matsumura et al., 2013; Hasan et al., 2014; Sacco et al., 2014;
Kobayashi et al., 2015; Ramger et al., 2019). In addition, two
studies (Khedr et al., 2005; Zhao et al., 2021) selected the upper
limb and hand regions of the motor cortex as stimulation sites
and found that CPSP is effectively alleviated by intervention at
these sites. By contrast, DLPFC and anterior cingulate cortex
(ACC) were also selected for stimulation in some studies but
did not produce analgesic effects compared with the stimulation
of the motor cortex (de Oliveira et al., 2014; Galhardoni et al.,
2019; Attal et al., 2021). In addition to common PSP, Choi and
Chang (2018) found that rTMS could be used as an effective
therapeutic tool for managing post-stroke shoulder pain, and this
pain relief could be maintained for about 4 weeks after 10 sessions
of HF-rTMS (10 Hz) treatment.

Repetitive Transcranial Magnetic
Stimulation for Central Neuropathic Pain
Associated With Spinal Cord Injury
Central neuropathic pain is a common and disabling symptom
in individuals with SCI; it affects 75%–81% of SCI patients, and
one-third reported severe pain that worsens their mood state
(Margot-Duclot et al., 2009). CNP affects the quality of life,
rehabilitation, and recovery of more than two-thirds of SCI cases
(Rekand et al., 2012). CNP following SCI is resistant to common
pharmacologic treatments (Moreno-Duarte et al., 2014). rTMS
has been developed to offer a safe and reliable approach to pain
management (Quesada et al., 2018). Most of the stimulation sites
were located in M1, as well as the premotor cortex (PMC) and
limb cortex areas depending on the pain site (Lefaucheur et al.,
2004; Sun et al., 2019). One study found analgesic effects when

stimulating the vertex (Defrin et al., 2007). HF-rTMS (5–20 Hz)
can produce effective pain relief for NP following SCI (Kang
et al., 2009; Yılmaz et al., 2014; Zhao et al., 2020). Zhao et al.
(2020) found that 10 Hz rTMS over the hand area of the motor
cortex could relieve acute CNP during the early stage of SCI.
Some studies indicated that rTMS has no early pain relief after
SCI but has a better intermediate analgesic effect compared with
sham rTMS (Shen et al., 2020). Regarding the management of
intractable NP by rTMS in cases with SCI, Yılmaz et al. (2014)
found that the middle-term (over 6 weeks) analgesic effect of
rTMS (10 Hz) was encouraging. Sun et al. (2019) found that
rTMS (10 Hz, 6 weeks with 1-day interval per week) showed
more analgesic effect on NP following SCI at 2–6 weeks. rTMS
applied over the hand or leg motor cortex can relieve NP, improve
spasm, and therefore reduce pain in patients with incomplete SCI
(Kumru et al., 2010; Jetté et al., 2013). Pain relief caused by single
rTMS treatment may be due to placebo, but patients with SCI may
benefit from multiple rTMS sessions (Defrin et al., 2007).

Repetitive Transcranial Magnetic
Stimulation for Central Neuropathic Pain
Associated With Parkinson’s Disease
Parkinson’s disease is a common chronic progressive
neurodegenerative disease among middle-aged and elderly
people and is characterized by motor and non-motor symptoms.
More than 90% of patients with PD experienced non-motor
symptoms; among which, the most common was pain with an
incidence of 40%–85%, and it seriously affected the quality of life
of patients (Elefant et al., 2012; Young Blood et al., 2016). The
current rTMS protocol did not pose a substantial risk to patients
with PD (Vonloh et al., 2013). Most current research on rTMS in
PD focused on motor symptoms, such as gait, motor retardation,
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TABLE 1 | Major findings of Repetitive transcranial magnetic stimulation (rTMS) in central neuropathic pain (CNP) studies.

Author, year Study type CNP
type

Sample (size, sex,
age)

rTMS site Frequency/Intensity Duration Analgesic effect

de Oliveira et al.,
2014

Prospective
cohort

CPSP 21, 10M, 11F, Real:
55 ± 9.67, Sham:
57.8 ± 11.86

M1/DLPFC 10 Hz/120%RMT 10 days No effective pain relief by VAS

Zhao et al., 2021 Randomized
control

Acute
CPSP

38, 21M, 7F, Real:
50.1 ± 11.34, Sham:
48.9 ± 11.51

Upper limb area of
the motor cortex

10 Hz/80%RMT 3 weeks Significant pain relief by NRS and
MPQ

Khedr et al., 2005 Randomized
parallel

PSP 24, 14M, 10F,
52.3 ± 10.3

Hand area of the
motor cortex

20 Hz/80%RMT 5 days Pain relief by VAS and LANSS
scales

Hosomi et al., 2013 Cross-over PSP 57, Gender not,
60.7 ± 10.6

M1 5 Hz/90%RMT 10 sessions Modest pain relief by VAS

Hasan et al., 2014 Case series PSP 14, 10M, 4F, 57 (median) M1 10 Hz/80%–90%RMT 5 sessions Modest but significant pain relief
by NRS

Kobayashi et al.,
2015

Cross-over PSP 18, 12M, 6F, 63.0 ± 9.9 M1 5 Hz/90%RMT 12 weeks Pain relief by VAS

Matsumura et al.,
2013

Cross-over PSP 20, 12M, 8F, 63.6 ± 8.1 M1 5 Hz/100%RMT 1 day Pain relief by VAS correlated well
with morphine test

Galhardoni et al.,
2019

Cross-over PSP 98, Gender not,
55.02 ± 12.13

ACC/PSI 10 Hz/90%RMT 5 sessions No significant pain relief by NRS

Ohn et al., 2012 Case series PSP 22, 13M, 9F, 54.0 ± 9 M1 10 Hz/90%RMT 5 days Significant pain relief by VAS

Sun et al., 2019 Sham-control SCI 17, 15M, 2F, 23.0–54.5 M1 10 Hz/80%RMT 6 weeks More pain relief from 2 to
6 weeks by NRS

Lefaucheur et al.,
2004

Cross-over SCI 12, Gender/age not M1 10 Hz/80%RMT 1 session Significant but transient pain
relief by VAS

Defrin et al., 2007 Randomized
control

SCI 11, 7M, 4F, 54.0 ± 6 vertex 5 Hz/115%RMT 10 days Continued pain relief by MPQ

Kang et al., 2009 Cross-over SCI 11, 6M, 5F, 54.8 ± 13.7 M1 10 Hz/85%RMT 5 days No Significant pain relief by NRS
and BPI

Jetté et al., 2013 Cross-over SCI 16, 11M, 6F, 50.0 ± 9 motor cortex (hand /
leg area)

10 Hz/90%RMT (hand
area) 110%RMT (leg
area)

3 sessions Significant but equivalent pain
relief by NRS

Yılmaz et al., 2014 Randomized
control

SCI 16, 16M, 38.6 ± 6.5 motor cortex 10 Hz/110%RMT 10 days Middle-term (over 6 weeks) pain
relief by VAS

Centonze et al.,
2007

Randomized
control

MS 19, 5M, 14F, Age not M1 5 Hz/100%RMT 2 weeks Long-lasting spasticity pain relief

CNP, central neuropathic pain; PSP, post-stroke pain; CPSP, central post-stroke pain; SCI, spinal cord injury; MS, multiple sclerosis; M, male; F, female; rTMS, repetitive
transcranial magnetic stimulation; Hz, hertz; RMT, resting motor threshold; ACC, anterior cingulate cortex; PSI, posterior superior insula; M1, primary motor cortex; DLPFC,
dorsolateral prefrontal cortex; PMC, premotor cortex; VAS, visual analog scale; NRS, numerical rating scale; BPI, brief pain inventory; MPQ, McGill pain questionnaire;
LANSS, Leeds assessment of neuropathic symptoms and signs.

and coordination, as well as emotional and psychiatric symptoms
(Xie et al., 2015; Brys et al., 2016; Dagan et al., 2017). rTMS has
antidepressant efficacy and can improve motor function (Xie
et al., 2015). Studies showed that PD with NP was associated
with depression and dyskinesia; thus, treating depression to
improve motor symptoms can relieve the pain of patients with
PD (Yang et al., 2014). rTMS usually targets the left DLPFC in
the treatment of depression but regulates the excitability of pain
circuits in related brain regions by stimulating the M1 region to
achieve analgesia (Moseley and Flor, 2012; Martin et al., 2013).
Therefore, the study of the analgesic effect of rTMS on patients
with PD still needs more research input in terms of stimulation
site, as well as the frequency and intensity of stimulation.

Repetitive Transcranial Magnetic
Stimulation for Central Neuropathic Pain
Associated With Multiple Sclerosis
Multiple sclerosis is a disease caused by an inflammatory
demyelinating process in the central nervous system (CNS) and
a leading cause of disability in young adults with substantial

economic and social burdens (Patwardhan et al., 2005; Yamout
and Alroughani, 2018). Many common symptoms of MS, such
as spasticity, pain, depression, and cognitive impairment, cannot
be fully managed by medication (Kesselring and Beer, 2005). The
first clinical application of rTMS in MS patients was to manage
spasms (Centonze et al., 2007). HF-rTMS can significantly
reduce spasticity, compared to sham stimulation. Some studies
supported a more durable effect in reducing pain and fatigue
following HF-rTMS (Mori et al., 2011; Korzhova et al., 2019).
According to the recent evidence-based guidelines (Lefaucheur
et al., 2014), no recommendations still exist for the use of
rTMS in the treatment of patients with MS, even though rTMS
has few promising results for sensory and motor symptoms
(Iodice et al., 2017).

Mechanisms of Repetitive Transcranial
Magnetic Stimulation for Central
Neuropathic Pain
Currently, the mechanism of rTMS is found to be related to
synaptic plasticity, neural regulation, and response (Figure 2).
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FIGURE 2 | The neurophysiological mechanisms of rTMS. NMDA, N-methyl-D-aspartate receptor; LTP, long-term potentiation; IL, interleukin; TNF, tumor necrosis
factor; Bcl, B-cell lymphoma; Bax, Bcl2-associated X; NSCs, neural stem cells; DRD2, dopamine receptor D2.

Brain Plasticity
Repetitive transcranial magnetic stimulation acts on the synapses
of neurons and causes axons to be depolarized and transmitted
down-line, which then leads to changes in the nerve cell body, cell
permeability, and excitability and results in brain plasticity. Esser
et al. (2006) found that HF-rTMS induces long-term potentiation
(LTP), which is a change in information transmission resulting
from the emergence of central neurologic transsynaptic/trans-
presynaptic nerve fibers and is also one of the important cellular
and molecular mechanisms of human memory and learning. HF-
rTMS can remarkably increase the level of serum brain-derived
neurotrophic factor (BDNF) by enhancing cortical excitability
and brain plasticity, which may be the basis of NP treatment
by HF-rTMS (Dockx et al., 2018). Blocking signaling between
BDNF and Tyrosine receptor kinase B (TrkB) was found to
reduce abnormal pain caused by nerve injury (Coull et al., 2005).
But rTMS has been found to enhance this signaling in the
cerebral cortex (Wang et al., 2011). rTMS may induce the increase
of BDNF level in the motor cortex or frontal lobe to cause
neuroplasticity changes and thus achieve the analgesic effect.

Ghosh et al. (2010) found that rTMS may regulate the
balance of inhibitory neurotransmitters and excitatory glutamate
neurotransmitters in the cerebral cortex to achieve pain
relief. Gamma-aminobutyric acid (GABA) is an inhibitory
neurotransmitter because it inhibits certain interneuronal
synaptic signals, thereby preventing or reducing the risk of
CNP (Gwak and Hulsebosch, 2011). Some studies found that
single rTMS protocol increased phrenic motoneuron excitability
at 10 Hz through the mediation of a local GABA ergic
disinhibition (Barr et al., 2013; Michel-Flutot et al., 2021).

rTMS (10 Hz) alleviated acute CNP in the early stages of SCI
by improving motor-evoked potential (MEP) parameters and
modulating BDNF and nerve growth factor (NGF) secretion
(Zhao et al., 2020). Some studies have found that rTMS can
promote dopamine release and dopamine activity is affected by
the DRD2 genotype (Strafella et al., 2001, 2003; Hagelberg et al.,
2002). When navigated rTMS targeted M1, the participants with
homozygous DRD2 T/T genotype were remarkably more likely
to experience pain relief than those with other genotypes (Ojala
et al., 2021). Therefore, the plasticity-related gene polymorphisms
of DRD2 may play a key role in CNP regulation.

Central Sensitization Reduction
Central sensitization refers to the abnormal increase in the
excitability or synaptic transmission of central pain-related
neurons, including the increase in the spontaneous discharge
activity of neurons, the expansion of the sensory domain,
the reduction of threshold value to external stimuli, and the
enhancement of response to suprathreshold stimuli, which
amplify the transmission of pain signals (Dooley et al., 2007;
Latremoliere and Woolf, 2009; Quintero et al., 2011; Nickel et al.,
2012). The maintenance of NP depends on central sensitization.
Cioni and Meglio (2007) used functional magnetic resonance
imaging to find that rTMS can inhibit the transmission of pain
information in the spinothalamic pathway. HF-rTMS may reduce
central sensitization and relieve NP by down-regulating the
overexpression of neuronal nitric oxide synthase in ipsilateral
dorsal root ganglions and inhibiting the activity and proliferation
of astrocytes in L4–6 spinal dorsal horn ipsilateral to the NP
(Yang et al., 2018).
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Neuroinflammation Modulation
The exudation of mast cells, macrophages, and other immune
cells; sympathetic nerve excitation; and vascular dilation after
nerve injury or disease make the peripheral nervous system
and CNS produce histamine, NGF, IL-10, tumor necrosis factor
(TNF)-α, and other pro-inflammatory cytokines and then cause
NP (Vallejo et al., 2010; Li et al., 2011). Mechanical ectopic pain
and hyperalgesia were partially reversed by rTMS, which may be
related to increased levels of TNF-α, and IL-10 in the prefrontal
cortex (Toledo et al., 2021).

Tumor necrosis factor-α expression in the central nervous
system contributes to the induction of NP in rats (Andrade et al.,
2011). The classical anti-inflammatory effects of IL-10 may be
involved in the development of NP (Moore et al., 2001). rTMS
has been shown to alter IL-10 levels in a variety of situations.
rTMS reduced the activation of microglia and increased the level
of IL-10 in the cortex, alleviating neurological abnormalities in
rats with MS-induced neurological injury (Yang et al., 2020).
The reduction of neurotoxic astrocyte polarization through IL-10
effects has been proposed as a mechanism by which rTMS (5-
10 Hz) is effective in nerve regeneration induced by stroke in rats
(Hong et al., 2020). Changes in IL-10 levels observed in NP rats
treated with rTMS are reflected in increased TNF-α, contributing
to central homeostasis. A link between pain and microglia TNF-
α has been proposed because it improves long-term synaptic
enhancement in spinal horn C fibers in animal models of nerve
injury (Liu et al., 2017).

Cell Proliferation
Repetitive transcranial magnetic stimulation could promote
nerve cell proliferation in healthy, depressed, and stroke rat
models. Ueyama et al. (2011) stimulated rats with HF-rTMS
(25 Hz) for 2 weeks and found that 5-bromo-2-deoxyuridine-
positive cells in the subventricular zone increased remarkably
in the rTMS group. The proliferative cells were later identified
as neural stem cells (NSCs), but the proliferative mechanism
remains unclear. The anti-apoptotic effect of rTMS may cause
NSC proliferation. Yoon et al. (2011) treated cerebral ischemia
rats with HF-rTMS (10 Hz) for 14 days, and the Bcl-2/Bax ratio
increased and apoptosis decreased after treatments. In addition,
Guo et al. (2014) found that 10 Hz rTMS can promote the
secretion of the miR-106B family in cerebral ischemia rats and
regulate the NSC cycle by regulating the downstream target gene,
P57, which indicates that HF-rTMS can affect the cell cycle and
stimulate cell proliferation. The in vitro stimulation of NSCs
by HF-rTMS (10 Hz) can increase the mIR-106B expression of
NSCs and promote the proliferation of NSCs (Liu et al., 2015).
However, no relevant experimental study has been conducted on
whether rTMS can promote NSC differentiation.

TRANSCRANIAL DIRECT CURRENT
STIMULATION FOR CENTRAL
NEUROPATHIC PAIN

Transcranial direct current stimulation is an approach that
induces neuroplasticity and modulates cortical excitability by

applying a weak direct current over the scalp of subjects (Stagg
and Nitsche, 2011). tDCS is a noninvasive neuromodulatory
technique that reduces bidirectional polarity-dependent changes
in underlying cortical areas (Fregni et al., 2006). Five studies,
which collectively included 95 NP cases, also found that tDCS
can effectively manage NP (Antal et al., 2010; Soler et al.,
2010; Bolognini et al., 2013; Attal et al., 2016; Houde et al.,
2020). In the included studies, the M1 area plays a key role
in the analgesic effect of tDCS. tDCS’s cathode stimulation of
the M1 and PMC can improve the hand motor function of
patients with stroke, as well as the pain perception and pain-
related symptoms induced by chronic pain (Andrade et al.,
2017; Zortea et al., 2019). tDCS is a safe technique and
has slight adverse reactions, such as headache, discomfort on
the scalp, and a slight burning sensation under the electrode
sheet (Nitsche et al., 2009; Brunoni et al., 2011; Fagerlund
et al., 2015). Compared with rTMS, tDCS does not have the
risk of convulsions and only has a brief and mild tingling
sensation, whereas rTMS causes tingling throughout the process
(Hummel et al., 2005).

The tDCS guidelines published by the International Society
for Neuropsychopharmacology indicated that the use of tDCS to
stimulate the left M1 region was highly effective in improving
NP and was therefore a level B recommendation (Fregni et al.,
2021). The guideline of the International Federation of Clinical
Neurophysiology pointed out that tDCS in M1 (contralateral
to pain side) in chronic lower limb NP following SCI was a
level C recommendation (possible efficacy) (Lefaucheur et al.,
2017). The commonly used tDCS parameter was an intensity
of 2 mA, which was performed continuously for at least 5
consecutive days with a duration of 20 min each time. Although
the current level of evidence suggests that tDCS was less
effective than rTMS in relieving pain when stimulating the M1
area, the most surprising point was that tDCS appeared to be
more effective for NP following SCI in the lower extremities
(Lefaucheur et al., 2004, 2006, 2014, 2017). This point was
reinforced by the treatment of a patient with chronic refractory
NP who did not respond to the HF-rTMS but gradually improved
by the tDCS over a long period (Hodaj et al., 2016). More
research information about the effect of tDCS on CNP is shown
in Table 2.

Transcranial Direct Current Stimulation
for Post-stroke Pain
Patients with CPSP may have skin temperature changes because
of autonomic nervous system dysfunction. Therefore, the
physiological changes in patients with CPSP can be evaluated
by measuring the skin temperature difference between the pain
area and contralateral area (Klit et al., 2009; Kim, 2014). Bae
et al. (2014) found a 1.15 reduction in pain intensity through
VAS after 3 weeks of treatment in the tDCS group, as well as
changes in warm sensation and cold pain threshold, some of
which lasted up to 3 weeks after stimulation. This result means
that tDCS improved sensory identification and exerted analgesic
effects in patients with stroke and PSP. The decreased skin
temperature also reduces the sensitivity of patients to pain and
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TABLE 2 | Major findings of transcranial direct current stimulation (tDCS) in central neuropathic pain (CNP) studies.

Author, Year Study type CNP
type

Sample (size, sex, age) tDCS
site

Intensity/Current
flow time

Duration Analgesic effect

Bae et al., 2014 Randomized
control

PSP 14, 7M, 7F, 45–55 M1 2 mA/20 min 3 weeks Pain relief by VAS

Hassan et al., 2021 Case report PSP 1, Gender not, 45 DLPFC 2 mA/20 min 2 weeks Immediate but transient pain
relief by VAS

Molero-Chamizo
et al., 2021

3 cases report PSP 3, 2W:43, 72, 1M:54 M1 1.5 mA/20 min 5 sessions Significant pain relief by AVAS

Fregni et al., 2006 Randomized
control

SCI 17, 14M, 3F, 35.7 ± 13.3 M1 2 mA/20 min 16 days Significant pain relief by VAS,
CGI and PGA

Soler et al., 2010 Randomized
control

SCI 39, 30M, 9F, 44.1 ± 11.6 M1 2 mA/20 min 10 sessions Effective relief for continuous
and paroxysmal pain by NRS
and BPI

Wrigley et al., 2013 Cross-over SCI 10, 8M, 2F, 56.1 ± 14.9 M1 2 mA/20 min 5 days Effective relief for recent pain by
NRS

Yoon et al., 2014 Prospective
control

SCI 16, 12M, 4F, 44.1 ± 8.6 M1 2 mA/20 min 10 days Significant pain relief by NRS

Ngernyam et al.,
2015

Cross-over SCI 20, 15M, 5F, 44.5 ± 9.16 M1 2 mA/20 min 1 session Significant pain relief by NRS

Thibaut et al., 2017 Two-phase
randomized
control

SCI Phase I: 33, 24M, 9F,
51.2 ± 12.5 Phase II: 9, 7M,
2F, 49.0 ± 14.38

M1 2 mA/20 min 5 days (Phase I)
10 days (Phase

II)

Long-lasting pain relief by VAS

Mori et al., 2010 Randomized,
sham-control

MS 19, 8M, 11F, 23–68 motor
cortex

2 mA/20 min 5 days Significant pain relief by VAS
and MPQ

Ayache et al., 2016a Cross-over MS 16, 3M, 13F, 48.9 ± 10.0 DLPFC 2 mA/20 min 3 days Significant pain relief by VAS
and BPI

González-Zamorano
et al., 2021

Randomized
control

PD 32, Gender not, Age not M1 2 mA/20 min 2 weeks (10
sessions)

Pain relief by BPI, KPDPS, PPT,
TS and CPM

CNP, central neuropathic pain; PSP, post-stroke pain; CPSP, central post-stroke pain; SCI, spinal cord injury; MS, multiple sclerosis; PD, Parkinson’s disease; M, male;
F, female; tDCS, transcranial direct current stimulation; RMT, resting motor threshold; mA, milliampere; min, minute; M1, primary motor cortex; DLPFC, dorsolateral
prefrontal cortex; VAS, visual analog scale; AVAS, adaptive visual analog scale; NRS, numerical rating scale; BPI, brief pain inventory; MPQ, McGill pain questionnaire;
CGI, clinical global impression; PGA, patient global assessment; PPT, pain pressure threshold; KPDPS, King’s Parkinson’s disease pain scale; TS, temporal summation;
CPM, conditioned pain modulation.

thus contributes to analgesia (Tan and Knight, 2018; Madden and
Morrison, 2019). Ramger et al. (2019) also suggested that tDCS
on M1 has positive effects on CPSP.

Transcranial Direct Current Stimulation
for Central Neuropathic Pain Associated
With Spinal Cord Injury
The increased excitability and reactivity of spinal dorsal horn
neurons caused by the dysregulation of the central inhibitory
mechanism is an important cause of pain following SCI (Tung
et al., 2015). Fregni et al. (2006) first reported the effect of
tDCS on NP after SCI. Subjects were randomly divided into
the tDCS group (2 mA, 20 min) and the sham stimulation
group to receive motor cortex stimulation. After 5 days of
stimulation, the pain was remarkably reduced in the tDCS
group according to the VAS, whereas no considerable change
was observed in the sham stimulation group. More recently,
Murray et al. (2015) investigated the effect of different current
intensities on tDCS in treating NP after SCI. The subjects
were randomly assigned to different groups (1 mA, 2 mA,
and sham stimulation of the motor cortex). They found that
MEP increased considerably in minutes only after 2 mA tDCS
motor cortex stimulation. From this result, we can speculate

that current intensity may influence the clinical outcome of
tDCS stimulation. In addition, Soler et al. (2010) applied visual
illusion technology and tDCS to patients with CNP after SCI,
and the combination of the two can relieve pain more effectively
than monotherapy.

Some evidence showed that tDCS did not provide any pain
relief to longstanding NP after SCI (Wrigley et al., 2013). The
analgesic effect of tDCS was not superior to exercise alone
after 12 sessions of intervention, and the beneficial effect was
not maintained at follow-up (Mehta et al., 2015; Yeh et al.,
2021). However, not enough evidence could suggest that the
analgesic effect of tDCS on NP following SCI over the M1
region is effective compared with medication treatments because
of the lack of high-quality studies and sufficient sample size
and control groups (Boldt et al., 2014; Nardone et al., 2014;
Mehta et al., 2015; Ngernyam et al., 2015; David et al., 2018;
Shen et al., 2020; Li et al., 2021). Fagerlund et al. (2015)
found that pain reduction after the tDCS stimulation of the
motor cortex was closely associated with increased peak spectral
density in the θ-α range of electroencephalogram, but no
corresponding association was found with sham stimulation.
This finding may become a measurement tool to quantify
the effect of tDCS management on NP to better compare
analgesic effects.
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Transcranial Direct Current Stimulation
for Central Neuropathic Pain Associated
With Parkinson’s Disease
Transcranial direct current stimulation manages PD through
brain stimulation by very weak currents to activate neurons into
an excitable state (Shigematsu et al., 2013). A growing number of
studies have shown that tDCS can improve motor and cognitive
symptoms, but the results suggest that a fully optimized tDCS
protocol has not been established (Biundo et al., 2016; Elsner
et al., 2016; Putzolu et al., 2018; Broeder et al., 2019; Orru
et al., 2019). Few studies have been conducted on tDCS for PD-
related pain, but home-isolated patients with PD are experiencing
increased pain frequency because of the reduction of movement
due to the protocols for the coronavirus 2019 (COVID-19)
pandemic. Approximately 49.7% of Spanish patients with PD
reported pain every day during the COVID-19 pandemic
(Santos-García et al., 2020). González-Zamorano et al. (2021)
proposed a new method based on pain psychological expression
techniques and tDCS in patients with pain following PD. Finally,
after the configuration and explanation, the treatment can be
applied at home to promote independence and self-management
and maximize the time out of medical centers.

Transcranial Direct Current Stimulation
for Central Neuropathic Pain Associated
With Multiple Sclerosis
Transcranial direct current stimulation has been gradually used
in the clinical of spasticity and pain in MS (Mori et al., 2010;
Dubbioso et al., 2015; Iodice et al., 2015; Rossini et al., 2015;
Saturnino et al., 2015; Ayache et al., 2016b). Poorly managed
spasticity can lead to pain and limited mobility. Mori et al.
(2010) researched the effect of the application of tDCS (2 mA,
20 min/day, 5 sessions) over M1 contralateral to the affected
side on chronic, drug-fast pain. Nineteen patients with MS were
randomized to receive sham stimulation or tDCS. Remarkable
pain relief was found following tDCS but not sham stimulation
as measured by VAS and McGill questionnaire, and a total
improvement in quality of life was observed within 3 weeks
after the end of treatment. tDCS could have acted on the pain
matrix networks where the prefrontal cortex mainly contributed
(Ayache et al., 2016b). And anodal tDCS over the DLPFC
appeared to increase the pain threshold to produce analgesic
effects, especially NP. Overall, data for the treatment of NP
following MS with tDCS is sparse (Palm et al., 2014).

Mechanisms of Transcranial Direct
Current Stimulation for Neuropathic Pain
The effect of tDCS in reducing CNP may be related to
increased sympathetic nerve activity, decreased blood flow,
and decreased or interrupted transmission of the connection
between sympathetic nerve fibers and pain-transmitting nerve
fibers (Figure 3).

Selective Excitability of Neurons
Transcranial direct current stimulation is thought to work by
changing the excitability of nerve cells as electricity passes

through brain tissue (Nitsche et al., 2008; To et al., 2016; Stagg
et al., 2018). The current intensity used by tDCS is weak, does
not cause action potential, only changes the resting membrane
potential of nerve cells, and regulates the excitability of nerve
cells (Bikson et al., 2004). tDCS affects the opening and closing
of ion channels in the stimulated region and induces the flow of
intracranial ions. Anodic stimulation leads to the depolarization
of the nerve membrane, whereas cathodic stimulation leads to the
hyperpolarization of the nerve membrane, both of which change
the excitability of neurons (Zaghi et al., 2010). This effect can
occur a few seconds after tDCS stimulation; therefore, it is often
referred to as the immediate effect of tDCS stimulation (Chang
et al., 2015). Notably, the cortical excitatory effect of tDCS is
related to the direction and intensity of the stimulus current, but
the relationship is not linear, that is, a greater current intensity has
a better stimulus effect, but sometimes, the effect will be reversed
with the increase in current intensity (Batsikadze et al., 2013;
Benwell et al., 2015). The excitatory effect of tDCS on neurons
is selective to some extent, that is, tDCS only acts on neurons that
are already in an active state. This feature of tDCS can effectively
avoid the side effects of excitatory toxicity caused by traditional
nerve stimulation techniques (Fertonani and Miniussi, 2017).

Synaptic Plasticity and Connectivity
The subsequent effects of the cessation of tDCS stimulation may
be related to the regulation of synaptic plasticity and connect
ability by regulating neurotransmitter activity (Nitsche et al.,
2008; To et al., 2016). Synaptic plasticity involves glutamate
and GABAergic neurons, which produce glutamate and GABA,
respectively. Glutamate N-methyl-D-aspartate (NMDA) receptor
agonist, D-cycloserine, prolongs the effect of tDCS on M1
excitability (Nitsche et al., 2004a). GABA receptor agonist,
lorazepam, enhances and extends the subsequent effects of tDCS
in a short period (Nitsche et al., 2004b). tDCS can induce long-
term enhancement or inhibition in the stimulated region, which
leads to synaptic remodeling, by regulating NMDA expression
and GABA release (Antonenko et al., 2017). tDCS also has
a network effect that can alter the structure and functional
connections between different brain regions. Lin et al. (2017)
found that the analgesic effect of tDCS is associated with the
structural connections between the left DLPFC and the left
thalamus. Cummiford et al. (2016) found that applying anode
stimulation to the left M1 reduces the functional connection of
the left abdominal extrinsic thalamus to the inner frontal lobe
and the left auxiliary movement area, as well as the functional
connection between the right abdominal extrinsic thalamus and
the lower chin and the left auxiliary movement area, which play
an important role in pain processing and regulation.

Regulation of Pain Receptor Expression
The activation of purinoceptor 4 (P2X4) receptors in the
microglia is a sufficient and necessary condition for NP
(Wasserman and Koeberle, 2009; Gritsch et al., 2016). The P2X4
receptor is expressed in the spinal cord ganglion and brain
microglia, and its upregulation is the key process for the microglia
to participate in NP (Baroja-Mazo et al., 2013). Microglia in
the posterior horn of the ipsilateral spinal cord is activated
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FIGURE 3 | The neurophysiological mechanisms of tDCS. NMDAR, N-methyl-D-aspartate receptor; GABA, gamma-aminobutyric acid; P2X4, purinoceptor 4.

rapidly, the expression of the P2X4 receptor is upregulated,
and the change in P2X4 receptor expression is consistent with
the timeline of mechanical pain sensitivity (Nasu-Tada et al.,
2006; Beggs et al., 2012). tDCS can improve NP while inhibiting
neuronal sensitivity and microglial activity after peripheral nerve
injury (Zhang et al., 2020). This outcome may be due to the
downregulation of P2X4 receptor expression by tDCS, which in
turn inhibits microglia activity. Therefore, P2X4 can be used as a
therapeutic target to treat NP in future studies.

Changes in Brain Blood Flow and Metabolism
Transcranial direct current stimulation modulates the activities
of brain regions directly under the stimulating electrode, as well
as a network of brain regions that are functionally related to
the stimulated area. Zheng et al. (2011) found that the effect of
tDCS is related to changes in cerebral blood flow, and blood
flow is remarkably reduced and continues for a period after
cathodic stimulation; these effects may also be a key mechanism
of tDCS’s therapeutic role. Yoon et al. (2014) found increased
metabolism in the medulla and decreased metabolism in the left
DLPFC after active tDCS stimulation compared with sham tDCS.
In addition, an increase in metabolism after active tDCS was
observed in the subgenual anterior cingulate cortex and insula.
An instant increase in the endogenous µ-opioid release may
occur during acute motor cortex neuromodulation with tDCS
(DosSantos et al., 2012).

LIMITATIONS AND RECOMMENDATIONS

The relevant NIBS studies still have several shortcomings, which
may be important causes of the inconsistency in research
results and difficulties in clinical application. First, most studies

have small sample sizes (typically less than 40 people per
group). Studies with a limited sample size may lead to the
poor stability of the results and the inability to reliably reveal
the true analgesic effect of NIBS because of the subjective
characteristics of pain scores and differences in pain sensitivity
among individuals. Future research should gradually carry out
large-scale, multicenter studies to test the stability and reliability
of the analgesic effects of NIBS.

Second, the current research on the analgesic effect of brain
stimulation is not sufficient and in-depth. The analgesic research
of rTMS is limited to CPSP, and the attention to other pain
types is insufficient. The parameters used in the study of tDCS
are relatively single, and the effect of stimulus parameters on
analgesia is not clear. The effect of stimulation parameters on
the regulation of analgesic effect should be comprehensively
investigated. Micro-neuron discharge and neurotransmitter
release can be integrated, as well as macro-brain response signal
and somatic nervous system signal changes, through cross-
species studies.

Third, understanding analgesic mechanisms rely on
comparisons with analgesic loops found in other analgesic
areas in the past without substantial evidence. Additionally,
the influence of the placebo effect cannot be excluded because
some experimental designs did not set a placebo group and
only examined the changes in pain indexes before and after
stimulation. Scale measurement or behavioral experiments can
be carried out in multi-experimental and placebo groups to
reveal the analgesic circuits of NIBS. In addition, the current
assessment of the analgesic effect of different combinations of
technologies is insufficient, and the interaction between NIBS
and analgesic drugs is less considered. Combining different
approaches may enhance analgesic effects by considering
differences in pain-avoidance mechanisms.
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FIGURE 4 | The common mechanisms of NIBS analgesia on CNP. The analgesic mechanism of rTMS is similar to that of tDCS, both of which change cortical
excitability and synaptic plasticity, regulate the release of related neurotransmitters, and affect the structural and functional connections of brain regions associated
with pain processing and regulation.

DISCUSSION AND CONCLUSION

In this article, the analgesic effects of common NIBS techniques
on CNP are described in detail, and their respective analgesic
mechanisms are discussed. The stimulation parameters for rTMS
to produce an analgesic effect are stimulation frequency of 5–
10 Hz, RMT of 80–90%, 5–10 times, and current intensity of
2 mA, 20–30 mins a time, 5–10 times is the common parameter
of tDCS. The most popular stimulation area of analgesia is the
M1 region for rTMS and tDCS. In addition, DLPFC has also
been used as a target for NP improvement for tDCS. Although
tDCS stimulation of the DLPFC region has been found to reduce
pain caused by MS, current guidelines do not mention improving
NP by stimulating DLPFC. tDCS with different parameters acting
on the DLPFC region to reduce NP induced by various diseases
needs further study.

Repetitive transcranial magnetic stimulation analgesic
research has been relatively mature and applied to a variety
of CNP treatments (Lefaucheur et al., 2001; Lefaucheur, 2006;
Ayache et al., 2016a; Nardone et al., 2017; Quesada et al., 2018;
Sun et al., 2019). The analgesic mechanisms of rTMS and tDCS
are similar, which both alter cortical excitability and synaptic
plasticity, regulate the release of related neurotransmitters,
and affect the structural and functional connections of brain
regions associated with pain processing and regulation (Figure 4;
Zheng et al., 2011; Thibaut et al., 2017; Hassan et al., 2021;
Molero-Chamizo et al., 2021). tDCS has been studied in several
studies and was able to manage pain effectively, but its optimal
stimulation targets, stimulation intensity, and stimulation

time for each type of CNP are still difficult to identify (Iodice
et al., 2017; Wen et al., 2017; Young et al., 2020). NIBS not
only affects the cerebral cortex at the stimulated site but also
affects the related functional areas of the brain based on the
pain matrix. The selection of optimal stimulation sites and
parameters depends on the role of the primary disease-causing
NP and its associated homologous brain regions in pain
reduction. Revealing the interaction between NIBS with different
parameters and cerebral cortex has great practical value for the
selection of clinical analgesic methods to ultimately relieve pain
and reduce the health and economic burden of pain on patients,
families, and society.
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Mechanical allodynia (MA) is the main reason that patients with diabetic peripheral

neuropathy (DPN) seek medical advice. It severely debilitates the quality of life.

Investigating hyperglycemia-induced changes in neural transcription could provide

fundamental insights into the complex pathogenesis of painful DPN (PDPN). Gene

expression profiles of physiological dorsal root ganglia (DRG) have been studied.

However, the transcriptomic changes in DRG neurons in PDPN remain largely

unexplored. In this study, by single-cell RNA sequencing on dissociated rat DRG,

we identified five physiological neuron types and a novel neuron type MAAC

(Fxyd7+/Atp1b1+) in PDPN. The novel neuron type originated from peptidergic neuron

cluster and was characterized by highly expressing genes related to neurofilament and

cytoskeleton. Based on the inferred gene regulatory networks, we found that activated

transcription factors Hobx7 and Larp1 in MAAC could enhance Atp1b1 expression.

Moreover, we constructed the cellular communication network of MAAC and revealed its

receptor-ligand pairs for transmitting signals with other cells. Our molecular investigation

at single-cell resolution advances the understanding of the dynamic peripheral neuron

changes and underlying molecular mechanisms during the development of PDPN.

Keywords: mechanical allodynia, neuropathic pain, painful diabetic peripheral neuropathy, somatosensory

neurons, single-cell RNA sequencing

INTRODUCTION

Diabetic peripheral neuropathy (DPN) is a common complication of diabetes with variable clinical
presentations. Patients can suffer from a painless syndrome with loss of sense of touch and
temperature, or neuropathic pain manifested by mechanical allodynia (MA) (Berti-Mattera et al.,
2008). The latter is the main reason for patients to seek medical advice as it severely debilitates
patients’ life quality (Quattrini and Tesfaye, 2003). The pathogenesis of painful DPN (PDPN)
is complex. Diabetes can lead to multiple damage to the peripheral nervous system, including
abnormal activation of multiple metabolic pathways and imbalance of mitochondrial redox state
(Feldman et al., 2017). In addition, nerve swelling caused by metabolic disturbances can result in
nerve compression injury (Best et al., 2019). In the central nervous system, neuroplastic changes
that involve the spinal cord and thalamus were observed in patients or experimental models
(Selvarajah et al., 2014; Marshall et al., 2017). The dorsal root ganglia (DRG) contains most
of cell bodies of primary sensory neurons, which transmits sensory neural signals through the
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peripheral nerves to the central nervous system (Maatuf et al.,
2019). Due to exposure outside the blood-brain barrier, DRG is
particularly vulnerable in diabetes and could be an important
trigger for neuropathic pain (Sloan et al., 2018). Overall, the
diversity of mechanisms determines that PDPN is difficult to
cure. Current first-line treatment for PDPN is nonspecific, and
serious adverse effects limit their clinical use (Todorovic, 2015;
Snyder et al., 2016). Hence, deeper knowledge in molecular and
cellular mechanisms of PDPN is urgently needed to provide a
basis for pharmaceutical development.

Single-cell RNA sequencing (scRNA-seq) has progressed at a
rapid pace for its advantages in determining tissue heterogeneity
and identifying novel cell types (Rodriguez-Meira et al., 2019).
Previous transcriptomic studies characterized changes that
could contribute to PDPN or DPN in DRG or sural nerves
(Hur et al., 2011, 2016; Yamazaki et al., 2013; Guo et al.,
2020). These sequenced RNA samples were from whole tissue
that inevitably contained mixed cell types. Meanwhile, the
“average” gene expression profiles could possibly lead to the
confounding interpretation of the results. The difference is that
scRNA-seq can sequence thousands of cells in an unbiased
manner to uncover both known and novel cell types. We can
simultaneously classify and analyze numerous DRG neuron
types to know which one is most associated with PDPN.
Furthermore, thousands of cell sequencing data would help to
investigate whether and how the dynamic DRG neuron type
changes in response to hyperglycemia. In the current study,
we performed scRNA-seq on rat DRG from PDPN models
induced by streptozotocin (STZ) injection (Morrow, 2004). Our
work established an unbiased classification of rat DRG neuronal
types and identified a novel neuron type MAAC. MAAC was
marked by Na, K -ATPase (NKA)-related genes Fxyd7, and
Atp1b1. Compared with other neurons, MAACwas characterized
by highly expressing genes related to neurofilaments and
cytoskeletons. We inferred that it was derived from peptidergic
neurons based on correlation analysis and used pseudo-time
analysis to identify the gene expression kinetics in neuron
type transitions. Furthermore, we studied the transcriptional
regulatory networks and communication networks of MAAC.
Our results provide comprehensive landscape to uncover the
alteration of genes, cell types, and intercellular communication.
These results advance our understanding of neuropathic pain
in diabetes and provide a basis for the development of
pain therapy.

MATERIALS AND METHODS

Rat
All animal studies were approved by the Shanghai Jiao Tong
University Animal Care and Use Committee and conducted in
accordance with the animal policies of the Shanghai Jiao Tong
University and the guidelines established by the National Health
and Family Planning Commission of China. Sprague Dawley rats
were obtained from Shanghai Lab Animal Research Center. Rats
were housed in specific pathogen-free conditions with free access
to water and rat chow.

Diabetes
To induce diabetes, male Sprague-Dawley rats (200–220 g) were
injected intraperitoneally with 60 mg/kg STZ (Solarbio, China)
dissolved in 1% citrate buffer (pH = 4.5). The control group
received equal volumes of the vehicle. Three days after the
injections, the glucose concentration was measured in tail vein
blood samples using a blood glucose meter (Bayer HealthCare,
USA). Only rats with the glucose concentration higher than 11.1
mmol/l were considered diabetic (Dominguez et al., 2015). All
the animals were weekly weighed and daily observed during
the study.

Mechanical Allodynia
Mechanical nociception was weekly evaluated using the von
Frey filaments (North Coast, USA). Rats were separately placed
in transparent plexiglass chambers on an elevated metal grid
floor with 1 cm holes and probed from below. After a 15-min
adaptation period, the hind paws were stimulated with varying
forces (in this case 1.4, 2, 4, 6, 8, 10, 15, and 26 grams-force). Every
stimulation delivered a constant pre-determined force for 5 s,
and the interval of every stimulation was 15 s. The depression in
the center of the rats’ paws was accurately stimulated. Sensation
in this area is within the innervation range of the tibial nerve,
of which most fibers originate from L5 DRG in rats (Rigaud
et al., 2008; Laedermann et al., 2014). The 50% paw withdrawal
threshold (PWT) was determined by the up–down method of
Chaplan et al. (1994). The experiment begins by testing the
response to the 6 g filament. If a positive response occurred,
the next filament with a lower force was applied. Conversely, if
a negative response occurred, the next filament with a higher
force was applied. This continues until at least four readings
are obtained after different reactions appear for the first time.
If the force to be used is higher than 15 g or lower than 1.4 g,
the threshold on this side is directly recorded as 15 g or 1.4 g,
respectively (Deuis et al., 2017). Finally, diabetic rats were divided
into groups on day 28 after STZ injection. Diabetic rats with the
PWT≤ 8 g were considered to developMA. Rats with the PWT≥

15 g were selected into the group without MA, and other diabetic
rats were excluded from subsequent experiments.

Tissue Dissociation and Cell Purification
In total, 24 rats (eight in each group) were sacrificed 28
days after STZ injection. Among these animals, two control
group rats, four diabetic rats with MA, and two diabetic rats
without MA were used for scRNA-seq. DRGs, dissected from
rats of the abovementioned groups, were washed with Hanks
Balanced Salt Solution (HBSS; Sigma-Aldrich, USA) three times.
Then, the tissue pieces were transferred into a 15ml centrifuge
tube and digested with 2ml GEXSCOPETM Tissue Dissociation
Solution (Singleron, China) at 37◦C for 15min under sustained
agitation. After digestion, the samples were filtered using 40µm
sterile strainers and centrifuged at 1,000 rpm for 5min. The
supernatant was discarded and the sediment was resuspended
in 1ml phosphate-buffered saline (PBS; HyClone, USA). Two
milliliters of GEXSCOPETM red blood cell lysis buffer (Singleron,
China) was added to remove the red blood cells for 10min at
25◦C. The solution was then centrifuged at 500 × g for 5min
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and suspended in PBS. The sample was stained with trypan blue
(Sigma-Aldrich, USA) and microscopically evaluated.

Library Construction and Sequencing
The scRNA-seq libraries were constructed following the protocol
of GEXSCOPETM Single-Cell RNA Library Kit (Singleron,
China) (Dura et al., 2019). Briefly, the single-cell suspensions
were loaded onto microfluidic devices. Then, millions of beads
with unique cell barcodes and unique molecular identifiers
(UMIs) were loaded similar to cells. Only one bead was
loaded in each microwell. Following lysis, mRNA was captured
onto the beads. More than 95% of the beads were recovered,
and the captured mRNA was reverse-transcribed. After cDNA
amplification and enrichment, the resulting scRNA-seq libraries
were sequenced on Illumina HiSeq X10 instrument with 150
bp paired end reads. Sequencing data of cell populations was
conserved in the National Center for Biotechnology Information
(NCBI) database with the Gene Expression Omnibus (GEO)
accession number GSE176017.

Pre-Processing of scRNA-Seq Data
The raw reads were processed to generate gene expression
profiles by an internal pipeline, namely, FastQC for quality
evaluation, fastp for trimming, STAR aligner (2.5.3a) for
alignment, and featureCounts (1.6.2) for transcript counting
(Dobin et al., 2013; Liao et al., 2014; Chen et al., 2018; Wingett
and Andrews, 2018). Briefly, after filtering read 1 without polyT
tails, cell-barcode and UMI were extracted. Adapters and polyA
tails were trimmed before read 2 was mapped to RGSC rn6
reference genome with ensemble version 92 gene annotation
(http://www.ensembl.org). Reads with the same cell barcode,
UMI, and gene were grouped to calculate the number of UMIs
per gene per cell. UMI count tables of each cellular barcode were
used for further analysis.

Data Integration and the Dimensionality
Reduction
The data were processed by the Seurat (version 4. 0. 4) (Hao
et al., 2021) in R software (version 4. 1. 1). According to quality
control metrics (Ilicic et al., 2016), cells with genes >2,500 or
<200 and the cells that have >10% mitochondrial genes were
filtered out. A total of 6,693 cells that were obtained (2,543 in
the control group, 1,192 in diabetic rats without MA, and 2,958
in diabetic rats with MA) were used for further bioinformatics
analysis. Gene expression of each cell was normalized by
total expression, multiplied by a scale factor of 10,000, and
log-transformed (NormalizeData function). The 2,000 highly
variable genes (HVGs) were selected (FindVariableGenes). Then,
we integrated different samples (IntegrateData), and the technical
or batch effect was eliminated by canonical correlation analysis
(CCA). The expression of each gene that was scaled to shift its
mean/variance across cells is 0 and 1 (ScaleData). These results
were used as input for dimensionality reduction via principal
component analysis (PCA).

Unsupervised Clustering and Cell Type
Identification
The top 30 principal components were chosen for cell
clustering. The clustering analysis was performed based on
FindClusters function after building the nearest neighbor graph
using FindNeighbors function. The main cell clusters were
identified and visualized with t-distributed stochastic neighbor
embedding (t-SNE) plots or uniform manifold approximation
and projection (UMAP) plots. Due to differences in algorithms,
the distance between two points in the two-dimensional plane
of UMAP plots can represent the difference in gene expression
information between two cells of the high-dimensional space
better. To annotate the cell clusters, cluster biomarkers with high
discrimination abilities were identified (FindMarkers function).
The cell groups were annotated based on SingleR (Aran et al.,
2019) and conventional markers described in previous studies
(Fallon, 1985; Arroyo et al., 1998; Le et al., 2005; Dhaka et al.,
2007; Schroeter and Steiner, 2009; Usoskin et al., 2015; Li et al.,
2016; Oikari et al., 2016; Urban-Ciecko and Barth, 2016; Wu
et al., 2017; Donovan et al., 2018; Hockley et al., 2019; Ronning
et al., 2019; Zhang et al., 2019; Avraham et al., 2020; Gerber
et al., 2021). Similar procedures were applied in the subclusters
identification of neurons.

Enrichment Analysis
The gene ontology (GO) enrichment analysis was explored
in Database for Annotation, Visualization, and Integrated
Discovery (DAVID) (Ashburner et al., 2000).

Pseudo-Time Trajectory Analysis
To discover the gene expression kinetics in neuron type
transition in PDPN development, the pseudo-time trajectories
were generated with the Monocle package (version 2.18.0)
(Trapnell et al., 2014). It can arrange cells along the pseudo-
time trajectory, where each cell corresponds to a distinct
time point, showing their developmental trajectories such as
cell differentiation and other biological processes. The gene
expression matrix derived from the Seurat processed data were
used as the inputs. The differentially expressed genes (DEGs)
were identified (q-value < 0.1) to sort cells in a pseudo-
time order. Dimension reduction was performed using the
DDRTree method. DEGs were clustered into different categories
according to the gene expression patterns along the pseudo-time
(Plot_pseudotime_heatmap function). Biological processes were
revealed using GO enrichment analysis in DAVID.

Transcription Factor Inference
The analysis of the single-cell gene regulatory network
was performed using the single-cell regulatory network
inference and clustering (SCENIC) package (Aibar
et al., 2017). Rat gene symbols were converted in the
corresponding mouse homologous genes using the
homologene R package (github.com/oganm/homologene;
www.ncbi.nlm.nih.gov/homologene). After initializing settings,
the expression matrix was loaded onto GENIE3 for building
the initial co-expression gene regulatory networks (GRN). The
regulon data were analyzed using the RcisTarget package and
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the network activity was evaluated. The transcriptional network
of TF and predicted target genes were visualized by Cytoscape
(Shannon et al., 2003).

Cell Communications Analysis
Cell communications were analyzed based on CellChat (Jin
et al., 2021). The ligand-receptor interaction database can be
found at http://www.cellchat.org/. All the rat gene names were
converted to the mouse ortholog using the homologene R
package. The communication network was generated to discover
the number of ligand and receptor (L-R) pairs and the signaling
strength between each cell cluster. The strength was defined
by the communication probability, which was calculated by a
specific algorithm using the geometric mean of the normalized
expression of receptors and ligands as input data. Outgoing
and incoming interaction strength was calculated to compare
the communication ability of each neuronal cluster as senders
and receivers. The communication probabilities mediated by L-R
pairs were compared and visualized in the bubble plot.

Statistical Analysis
All statistical analyses and the graph generation were performed
in R (version 4. 1. 1).

Code Availability
The analysis codes are available on GitHub: https://github.com/
SJTU-ZhouHan/SJTU-ZhouHan.

RESULT

Cellular Constitution of Rat DRG
In the present work, we intended to investigate the cell diversity
of DRG neurons in the adult rat under PDPN conditions.
A conspicuous MA typically becomes steady 4 weeks after
diabetes induction in rats. We performed scRNA-seq on the cells
dissociated from bilateral lumbar (L) 5 DRGs of diabetic rats
with and without MA and normal control groups (Figure 1A;
Supplementary Figure 1). After quality control, 6,693 cells,
including 3,979 neurons, were obtained. Visualization of single-
cell transcriptomes in t-SNE space was able to separate cells
into clusters which we mapped to eight major cell types with
distinct markers (Figure 1B). These cells included neurons,
satellite glial cells (SGC), proliferating SGC (PSGC), Schwann
cells, fibroblasts, vascular smooth muscle cells (VSMC), vascular
endothelial cells (VEC), and microglia. SGC were identified due
to highly expressed Fabp7 (Figure 1C) (Goncalves et al., 2017).
PSGC specifically expressed Fabp7 and proliferation markers
Top2a (Figure 1C) (Gerber et al., 2021). The cell population
that highly expressed Mpz was annotated as Schwann cells
(Figure 1C) (Le et al., 2005). Microglia highly expressed Lyz2
(Figure 1C) (Donovan et al., 2018; Ronning et al., 2019). In
addition, we identified VEC marked by Cldn5 and VSMC by
Tpm2 (Figure 1C) (Jang et al., 2011; Kalluri et al., 2019).

Subclusters-Specific Analysis of Neurons
To detect discrete neuron subclusters, we reclassified neurons
based on the canonical DRG neuron markers (Usoskin et al.,

2015; Liguz-Lecznar et al., 2016; Kupari et al., 2021). Eleven
neuron clusters and their DEGs were unbiasedly identified by
Seurat program (Figures 1D,E). These clusters were annotated
as non-peptidergic nociceptors (NP), peptidergic nociceptors
(PEP), somatostatin-positive neurons (SOM), C-fiber low-
threshold mechanoreceptors (C-LTMR), and Trpm8-positive
neurons (TRPM8) (Figure 2A). We identified MA-associated
clusters (MAAC) for the obviously increased cell number in
diabetic rats with MA (Figure 2A). The specific neuron number
for each cluster is given in Supplementary Table 1. Neuron
clusters were matched with a previous scRNA-seq study of
macaques DRG (Figure 2B) (Kupari et al., 2021). NP was
named based on Purinergic receptor P2X3 (P2rx3), and PEP was
named based on tropomyosin receptor kinase A (TRKA, Ntrk1).
SOM was identified using somatostatin (Sst) and interleukin
31 receptor A (Il31ra). Although SOM contains markers for
both peptidergic and nonpeptidergic neurons (Tac1 and P2rx3),
this cluster was named NP3 in previous literature (Usoskin
et al., 2015). Exoc1l, P2ry1, and Gfra2 were used to assign
C-LTMR. Trpm8 expression was used for naming the TRPM8
neuron cluster.

Emerging Novel Neuron Cluster
Associated With MA
The t-SNE plot was split based on different groups to present
the progression of the emerging novel neuron cluster MAAC
(Figure 2A). Neurons in other clusters were evenly distributed in
different groups (Figure 2A). Hundreds of DEGs of MAAC were
identified (log2FC > 0.25 and adj. p-value < 0.05) (Figure 2C;
Supplementary Table 2). Among these genes, Fxyd7 and Atp1b1
were highly expressed in MAAC. The paralog of Fxyd7, Fxyd1,
and the paralog of Atp1b1 and Atp2b4 were also included
(Supplementary Table 2). We next annotated the DEGs with
biological processes [false discovery rate (FDR) < 0.3] from
GO databases to obtain transcriptomic characteristics of MAAC.
These cell-type specific genes recapitulated neurofilament, axon,
synapse, and receptor-related biological processes (Figure 2D;
Supplementary Table 3). “Regulation of cell shape,” “receptor
internalization,” and “neurofilament bundle assembly” were
the most significant enrichment terms. “Neurofilament bundle
assembly” was the most enriched biological process with the
highest fold enrichment.

The Origin and Transition of MAAC
To explore the origin of MAAC, we calculated the transcriptomic
correlations of different neuron clusters. The heatmap showed
that the gene expression of MAAC was close to PEP (Figure 3A),
and the distance between these two clusters on the UMAP plot
also provides corroborative evidence (Supplementary Figure 2).
Then, we reconstructed the pseudo-time trajectories and identify
genes whose expression changed as the neurons underwent
transition (Figures 3B,C). Genes in the neuronal switch process
from PEP to MAAC were classified into four modules based on
their expressing patterns (Figure 3C). GO enrichment analysis
were used to analyze the biological processes of each gene
module. Upregulated genes in Module 1 were associated with
“cell morphogenesis,” including Tgfb2, Tenm4, Hgf, and Atp2b2.
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FIGURE 1 | The heterogeneity of dorsal root ganglia (DRG) cells in the painful diabetic peripheral neuropathy (PDPN) model. (A) Workflow of the pain threshold

evaluation, sample preparation, sequencing, and bioinformatic analysis. The red region in the center of the rats’ paws was stimulated by von Frey filaments. Sensation

(Continued)
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FIGURE 1 | in this area is within the innervation range of the tibial nerve, originating from L5 DRG in rat. (B) t-distributed scholastic neighbor embedding (t-SNE) plot

of single cells profiled in the presenting work colored by cell types. Each colored dot represents a cell. (C) Feature heatmap shows the marker genes in each cell type.

The color represents the gene expression level after batch effect correction and normalization. (D) t-SNE plot shows the unsupervised clustering DRG neurons. Dots,

individual cells; colors, neuron clusters. (E) Dot plot shows the differentially expressed genes (DEGs) of each DRG neuron cluster. The size of the dot means the

percentage of cells expressing the gene, and the color indicates the average expression level.

Module 2 reflected the genes that were upregulated from a lower
level across pseudo-time. These genes were enriched in “cell
adhesion” and “regulation of neuron projection development.”
Comparatively, the expression of genes related to “inflammatory
response” eventually decreased. Notably, some genes involved in
“sensory perception of pain” were downregulated, includingNdn,
Trpv1, Asic1, Aqp1 (Module 3), Adcyap1, Trpa1, Npy1r, Oprk1,
Tac1 (Module 4).

Pivotal Regulons Involved in Neuron Type
Transition
The SCENIC analysis was performed to identify the critical
regulators and to reconstruct gene regulatory network. The
binary regulon activity matrix was generated and two MAAC-
specific regulons, Hobx7 and Lar1p, were identified (Figure 4A).
The binary t-SNE plot showed that these TFs were expressed
and activated in MAAC (Figure 4B). Other TFs like Fosb, Cebpd,
Fosl1, Junb, and Ddit3 had broad expression patterns. They were
mainly expressed and activated in PEP and MAAC. In addition,
we constructed the gene regulatory network of Hobx7 and Lar1p
(Figure 4C). We observed that Hobx7 regulated the most DEGs
ofMAAC, including genes with high expression level, likeAtp1b1
and S100b. However, Larp1 only regulated the expression of
Gap43 andArid5b. Thus,Hobx7 could serve as a critical regulator
in the formation of MAAC.

Intercellular Communication Analysis of
MAAC
The intercellular communication was inferred based on the
information of L-R pairs in CellChat database (Jin et al., 2021).
The numbers of interactions between cell clusters were calculated
(Figures 5A,B). There is a close link between MAAC and SGC,
but not between other neuron clusters (Figures 5A,B). Then,
we compared the outgoing and incoming interaction strength
of each cell type (Figure 5C). The interaction strength of glia
appeared to be greater than other cells, and the strength ofMAAC
was obviously greater than their PEP cluster origin. To identify
the ligands or receptors involved, we respectively compared the
communication probabilities mediated by L-R pairs between
MAAC and other cells (Figures 5D,E). Only the L-R pairs with
the most pronounced changes (p-value < 0.05) were displayed.
When MAAC served as the signal source, communication
probabilities of PTN ligand were prominent. MAAC may
communicate with SGC and PSGC via Ptn-Sdc4, Ptn-Ptprz1,
Ptn-Ncl, and Bdnf-Ntrk2. The communication between MAAC
and VEC was mediated by Calcb-Calcrl and Calca-Calcrl
in low communication probabilities. Besides, MAAC could
communicate with microglia and VSMC by Ptn-Ncl. When
MAAC served as the signal target, theNcl receptor was playing an

important role. The biologic behavior ofMAACmay be regulated
by Ptn-Ncl andMdk-Ncl.

DISCUSSION

Dorsal root ganglia are vulnerable in diabetes due to lack of
the protection of blood-nerve barrier. Injured somatosensory
neurons could be an important trigger for pain. Here, using
scRNA-seq, we generated a cell-type specific transcriptome atlas
and revealed the complexity of the cellular landscape inside
DRG tissues. Then, we identified a PDPN-related cluster MAAC
and their origin. The transcriptomic characteristics of neuron
type transition and pivotal regulons were demonstrated. Finally,
we constructed the intercellular communication networks and
revealed associated L-R pairs.

In the current study, we used STZ-induced diabetic rats to
evoke MA. The extent of nerve damage exhibited individual
differences among diabetic rodent models. In detail, in the same
batch, the PWT of some rats dropped below 1.4 g, while some still
stayed above 15 g onDay 28 after STZ injection.We compared L5
DRG cells from mechanically sensitive (diabetes with MA; PWT
≤ 8 g), insensitive rats (diabetes without MA; PWT ≥ 15 g), and
normal rats.

Traditionally, DRG neuron classification was based on size
and neuron-type genetic marker, but they were not always
consistent with the functional heterogeneity of DRG neurons
(Murray and Cheema, 2003). In contrast, comprehensive
transcriptome analysis of scRNA-seq data can classify neurons in
an unbiased manner. Usoskin et al. (2015) clustered mice L4-L6
DRG neurons into PEP, NP, and neurofilament-containing and
tyrosine hydroxylase-containing clusters. Subsequently, these
clusters were further classified into 11 subtypes including
thermosensitive, itch sensitive, low-threshold mechanosensitive,
and nociceptive neurons, etc. Compared with this study, we
also identified cold thermoreceptors (TrpM8), C-LTMR, and
SOM neurons which expressed the itch-related biomarker
Il31ra. The SOM was named NP3 in the study of Usoskin
et al. (2015). Because it expressed both peptidergic and non-
peptidergic neuronal markers, and the distance in space is
relatively independent in the t-SNE plot, we think it is more
reasonable to label it as SOM. Kupari et al. (2021) classified
macaques’ primate DRG sensory neurons. The results of their
neuron subtypes identification were broadly consistent Usoskin
et al.’s (2015). A difference was that Nefh+ neurons were not
clustered into one subcluster as NF cluster in the latter, which
was closer to our classification result.

In previous single-cell or single-nucleus sequencing studies
of different models of pain, injury-related subpopulations of
neurons have been reported (Nguyen et al., 2019; Renthal
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FIGURE 2 | Novel neuron cluster mechanical allodynia-associated cluster (MAAC) appeared in the development of PDPN. (A) t-SNE plot shows somatosensory

neuron clusters in control versus in diabetic rats without or with mechanical allodynia (MA). The dots in the control group are grayed out when they are compared with

the dots in the other two groups. Dots, individual cells; colors, neuron clusters. (B) Summary of neuron type classification in this work and previous study. (C)

Heatmap shows the DEGs of MAAC. The genes with the largest fold difference are marked. Color, expression level. (D) Bar plot shows gene ontology (GO) terms of

biological processes [false discovery rate (FDR) <0.3] enriched for the DEGs of MAAC.
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FIGURE 3 | The origin and transition of MAAC. (A) Heatmap shows the Pearson correlation of each neuron cluster based on their genes expression files. (B)

Pseudo-time trajectories show the fate of MAAC originated from peptidergic nociceptors (PEP). Dot, cells; colors, neuron clusters or pseudotime. (C) Heatmaps show

the DEGs clustered based on their dynamic expression characteristic, which were shown in pseudo-time from PEP to MAAC.
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FIGURE 4 | Specifically expressed transcription factors and regulatory network of MAAC. (A) The binary heatmap shows the activity of inferred transcription factors in

different neuron clusters. (B) t-SNE plots show the activities cells distribution of two specific expressed regulons of MAAC. Dots, individual cells; colors, activated

cells. (C) Gene regulatory networks of Hobx7 and Larp1 inferred by single-cell regulatory network inference and clustering (SCENIC). Colors indicated the log2FC of

DEGs of MAAC.
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FIGURE 5 | The intercellular communication of MAAC. (A) Intercellular communication network reflects the number of interactions between clusters. Nodes, neuronal

clusters; node size, cell counts; edge width, number of interactions. (B) Intercellular communication network shows the number of interactions between MAAC and

(Continued)
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FIGURE 5 | other neuron clusters. Nodes, neuronal clusters; node size, cell counts; edge width, number of interactions. (C) Dot plot shows the incoming and

outgoing strength of each cell type. The outgoing /incoming interaction strength is defined by the comprehensive communication probability between the signal

sending /target cells and all cell types. (D) Dot plot shows the communication probabilities of ligand-receptor pairs when MAAC are sender cells. Only the

ligand-receptor pairs with significant changes (p <0.05) are shown in the picture. Commun. Prob, communication probability. The communication probability here

equals to the interaction strength and is not exactly a probability. Dot color means communication probabilities and dot size represents computed p-values. (E) Dot

plot shows the communication probabilities of ligand-receptor pairs when MAAC serves as target cells.

et al., 2020; Wang et al., 2021). In the present study, we
found that a new neuron type appeared in the development
of PDPN, namely, MAAC (Fxyd7+/Atp1b1+), and identified
the transcriptomic characteristics, origin, transition, and
intercellular communication of them. Two DEGs with the
highest fold change were considered as the biomarkers of
MAAC. Interestingly, they are both closely associated with
the NKA, and the dysfunction of NKA has been reported in
patients with DPN (Vague et al., 1997; Krishnan et al., 2008).
Fxyd7 proven to be a regulator of NKA isozymes, which could
significantly affect the apparent affinity for extracellular K+ of
NKA α1–β1 complexes (Béguin et al., 2002). The paralog of
Fxyd7 and Fxyd2 could regulate neuronal activity by modulating
NKA activity, which may be a fundamental mechanism
underlying the persistent hypersensitivity to pain (Wang et al.,
2015). Atp1b1 encodes the protein of NKA family. Its paralog,
Atp1b3, has been reported to be involved in the formalin pain
behavior (LaCroix-Fralish et al., 2009).

The enrichment analysis investigated multiple processes of
MAAC. Some processes with high significance were involved
in neurofilament and cytoskeleton, including “regulation of cell
shape,” “neurofilament bundle assembly,” and “neurofilament
cytoskeleton organization.” The mechanisms of how the
cytoskeleton affects mechanical nociception are not fully
understood, but it is known that through cytoskeleton force, it
can be transmitted to cell membrane receptors, making them
more responsive to pressure (Ingber, 2006). Bhattacherjee et al.
(2017) reported that ganglion cytoskeletal genes were critical
in determining mechanosensory properties in Rett syndrome.
In addition, Dina et al. (2003) suggested that inflammatory
mediator-induced MA was differentially dependent on the
neuron cytoskeleton and that cytoskeletal disruptors could
attenuate epinephrine-induced hyperalgesia in rat paws. Thus,
activated cytoskeletal genes are another important feature
of MAAC.

Our results suggested MAAC could originate from PEP by
the alteration of gene expression profiles. The similar cellular
transition was found in spared nerve injury (SNI) models.
Wang et al. (2021) found three novel neuronal clusters induced
by SNI. Most of them originate from the peptidergic neuron
cluster. Then, through tracing the inferred trajectories, the
dynamic characteristics were revealed. Notably, some enriched
genes in sensory perception of pain were downregulated during
MAAC formation. A similar phenomenon was also present
after SNI injury (Wang et al., 2021). Further, based on the
binary heatmap of regulon activity, we found the fate of MAAC
could be determined by Hobx7 and Larp1. Hobx7 played a
dominant role and was involved in the regulation of many DEGs
of MAAC.

Next, the cellular communication activity of MAAC was
inferred, and we found abundant communication relationships
between MAAC and SGC and endothelial cells and microglia.
Soma of neurons could not form synaptic contact with one
another (Pannese, 1981), and each soma is tightly enwrapped by
SGC. Therefore, the interactions of MAAC with other neurons
were not found, and how hyperglycemia influences the signaling
between SGC and neurons should be of particular concern. Both
MAAC and SGC can send or receive signals to or from each
other via Ptn-Ncl. SGC can also influence MAAC via Mdk-Ncl.
Ncl encodes nucleolin, which is involved in the synthesis and
maturation of ribosomes (Hirano et al., 2005). Previous studies
have pointed out that nucleolin in neuronal cell bodies can
restrict axon growth (Perry et al., 2016). Hence, we hypothesize
that SGC may regulate abnormal axon growth through Ptn-Ncl
andMdk-Ncl in PDPN.

In summary, the present study reveals the single-cell
transcriptomic alterations of somatosensory neurons in PDPN,
identifies a novel neuron type MAAC, and investigates the novel
neuron type’s transcriptomic characteristics, origin, transition
trajectory, regulons, and cellular communication. Thus, the
study’s findings advanced our current understanding of PDPN
and neuropathic pain, which can be a resource for developing
pain therapy. However, there were some limitations in the
present study. For example, further basic experiments are needed
to validate our results, and how the novel cluster MAAC induces
pain symptom remains to be further clarified.
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Therapy Condition: An fNIRS-EEG
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Brenda de Souza Moura 1,2†‡, Xiao-Su Hu 1†‡, Marcos F. DosSantos 2*† and

Alexandre F. DaSilva 1*†

1Headache & Orofacial Pain Effort (H.O.P.E.), Department of Biologic and Materials Sciences, School of Dentistry, University

of Michigan, Ann Arbor, MI, United States, 2 Laboratório de Propriedades Mecânicas e Biologia Celular (PropBio),

Departamento de Prótese e Materiais Dentários, Faculdade de Odontologia, Universidade Federal do Rio de Janeiro (UFRJ),

Rio de Janeiro, Brazil

Background: Multiple therapeutic strategies have been adopted to reduce pain,

odynophagia, and oral mucositis in head and neck cancer patients. Among them,

transcranial direct current stimulation (tDCS) represents a unique analgesic modality.

However, the details of tDCS mechanisms in pain treatment are still unclear.

Aims: (1) to study the analgesic effects of a protocol that encompassed

supervised-remote and in-clinic tDCS sessions applied in head and neck patients

undergoing chemoradiation therapy; (2) to explore the underlining brain mechanisms of

such modulation process, using a novel protocol that combined functional near-infrared

spectroscopy (fNIRS), and electroencephalograph (EEG), two distinct neuroimaging

methods that bring information regarding changes in the hemodynamic as well as in

the electrical activity of the brain, respectively.

Methods: This proof-of-concept study was performed on two subjects. The study

protocol included a 7-week-long tDCS stimulation procedure, a pre-tDCS baseline

session, and two post-tDCS follow-up sessions. Two types of tDCS devices were used.

One was used in the clinical setting and the other remotely. Brain imaging was obtained

in weeks 1, 2, 5, 7, 8, and after 1 month.

Results: The protocol implemented was safe and reliable. Preliminary results of the

fNIRS analysis in weeks 2 and 7 showed a decrease in functional connections between

the bilateral prefrontal cortex (PFC) and the primary sensory cortex (S1) (p < 0.05, FDR

corrected). Changes in EEG power spectra were found in the PFC when comparing the

seventh with the first week of tDCS.

Conclusion: The protocol combining remote and in-clinic administered tDCS and

integrated fNIRS and EEG to evaluate the brain activity is feasible. The preliminary results

suggest that the mechanisms of tDCS in reducing the pain of head and neck cancer

patients may be related to its effects on the connections between the S1 and the PFC.

Keywords: head and neck cancer, chemoradiotherapy, transcranial direct current stimulation, functional near-

infrared spectroscopy, electroencephalograph
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INTRODUCTION

Head and neck cancer affects annually more than 50.000 in the
USA (Siegel et al., 2012). Pain is an important symptom reported
by head and neck cancer patients. Therefore, the pathophysiology
of cancer-related pain and the mechanisms of novel therapies
used to ameliorate cancer pain must be explored in deep. It
has been widely recognized that patients with locally advanced
head and neck cancer undergoing definitive chemoradiotherapy
(CRT) frequently experience severe pain due to the side effects
related to cancer therapies. In this regard CRT has been combined
with clinical guidelines such as symptomatic treatment and
individualized pain medication, including opioids, to treat oral
mucositis (OM) and tumor pain (Ling and Larsson, 2011; Elad
et al., 2020).

In many cases, this leads to opioid overuse and, as a result,
to drug-associated side effects, including tolerance, dependence,
and addiction (Elting et al., 2008; Ling and Larsson, 2011;
Schaller et al., 2015; Hu et al., 2016). Hence, it is imperative to
elucidate not only the peripheral but also the central mechanisms
associated with cancer-related pain. It is also necessary to explore
the neuromechanisms by which different therapies are applied
to ameliorate pain in cancer patients. Such information will
be crucial to tailoring more specific therapies in a precision
medicine context. This knowledge may help physicians improve
the quality of life and reduce the side effects associated with
CRT treatment.

Among the several novel adjuvant therapies that have been
used in the treatment of cancer-related pain, the modulation
of the neural activity of the primary motor cortex through
transcranial direct current stimulation (M1-tDCS) has been
proved to be a promising therapy. In fact, according to some
preliminary results, tDCS can provide significant relief of pain
in head and neck cancer patients under CRT treatment (Hu
et al., 2016). However, the specific mechanisms by which tDCS
acts to control cancer-related pain are still uncertain. Therefore,
more studies adopting protocols that permit the evaluation of
changes in the brain activity associated with tDCS must be
developed to understand better its mechanisms in controlling
cancer-related pain.

tDCS has been proven to be safe and very effective in treating
different types of pain (Fregni et al., 2006; Dossantos et al., 2012;
Donnell et al., 2015). Moreover, due to its safety aspects, it is a
potential therapy for treating cancer pain. Due to its portability
and easy handling, it would be reasonable to include tDCS as
an additional tool in the palliative clinical setting. Supporting
this concept, one case report demonstrated the feasibility and
the benefits of tDCS therapy in patients with pancreatic cancer.
According to the reported results, tDCS relieves pain and
decreases the need for rescue medication (Silva et al., 2007).
These effects of tDCS in the modulation of cancer-related pain
may be at least in part explained by a significant electric current

that flows not only through outer but also through inner cortical

structures, as previously demonstrated by the so-called forward

model analyses (Dasilva et al., 2012, 2015).
Nonetheless, other functional mechanisms must also be

considered (Dossantos et al., 2016). In this regard, new

devices that use several different configurations have been
introduced in recent years. Such modifications of the original
apparatus permitted researchers to study the effects of tDCS on
brain activity using different neuroimaging methods, including
electroencephalography (EEG) and functional near-infrared
spectroscopy (fNIRS).

As a matter of fact, clinicians and researchers have sought
objective pain assessment solutions via neuroimaging techniques
for many years. They focused on the brain to detect how
nociceptive signals and pain are processed in the human brain.
Technological advances havemade it possible to obtain responses
to many old questions and to have more detailed information
on the brain functioning under different conditions. In some
cases, it is possible to extract real-time information about the
brain activity during painful stimuli (Hu et al., 2019), which
was unthinkable until some years ago. This accurate pain
assessment is crucial across a wide range of acute and chronic
pain conditions. It provides proper diagnosis and treatment,
especially when patients have limitations in expressing their
ongoing suffering. This is the case for many patients with head
and neck cancer.

Multimodal integration, which combines multiple
neurophysiological signals, has brought more attention
in the last few years, primarily because of its potential to
supplement a single modality’s drawbacks and yield reliable
results by extracting complementary features. One example is
the integration of EEG with fNIRS which is cost-effective and,
therefore, a fascinating approach to brain-computer interface
(BCI) (Ahn and Jun, 2017; Hong et al., 2018; Ge et al., 2019).
Overall, the integration of EEG and fNIRS provides us with
two different sources of information about the brain, e.g.,
the electrical activities through EEG, and the hemodynamic
responses, through fNIRS. This integration has the advantages
of non-invasiveness, portability, and the previously mentioned
cost-effectiveness (Ahn and Jun, 2017; Li et al., 2020a,b; Ghafoor
et al., 2021).

More recently, simultaneous tDCS/EEG evaluation of cortical
mechanisms provided information regarding the immediate
effects of tDCS on the brain. Furthermore, an emerging
technology called fNIRS has been used for brain imaging.
fNIRS has become a reliable and objective tool to evaluate the
cortical activity of patients by measuring changes in the blood
oxygenation within different layers of the nervous tissue likewise
functional magnetic resonance imaging (fMRI) (Schestatsky
et al., 2013; Liang et al., 2014; Racek et al., 2015). Interestingly,
a recent study reported the use of concurrent EEG/fNIRS to
clarify hemodynamic changes in children that presented spasms
in clusters (Bourel-Ponchel et al., 2017).

In our previous study, we applied tDCS pain
neuromodulation in patients with head and neck cancer
under CRT (Hu et al., 2016). We found that tDCS could offer
significant symptoms relief for mucositis and odynophagia.
Thereby, it helped reduce weight loss, improve performance
status, and decrease narcotics intake. At the same time, tDCS
induced the prefrontal cortex (PFC), the motor cortex (MC),
and precuneus activations, as revealed by EEG data. However,
the detailed brain mechanism was not well-understood at that
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time due to the limited number of EEG electrodes and the lack of
spatial resolution of this method.

In the current study, we designed a new protocol that
optimizes the one from our previous paper. More specifically,
we added fNIRS to our study protocol. Also, we employed a
tDCS device that can be administered remotely so that the tDCS
sessions could be supervised and conducted in the patient’s own
place daily. fNIRS has become a reliable and objective tool to
evaluate the cortical activity of patients by measuring changes
in blood oxygenation, similar to fMRI (Ferrari and Quaresima,
2012; Curtin et al., 2019). The EEG/fNIRS combination has
been proved to be effective in investigating the neurovascular
coupling in the brain (Chiarelli et al., 2017; Pinti et al.,
2021). On the other hand, the remotely supervised tDCS (RS-
tDCS) has been an extension of in-clinic tDCS sessions that
improve patients’ compliance (Charvet et al., 2015; Kasschau
et al., 2015; Shaw et al., 2017). Besides that, it has been
shown that RS-tDCS represents an advance in the tDCS field,
especially for patients with neurodegenerative diseases, including
patients with multiple sclerosis and palliative care patients
(Charvet et al., 2015; Kasschau et al., 2015, 2016; Shaw et al.,
2017).

Hence, to provide a broader understanding of the central
analgesic mechanisms linked to non-invasive neuromodulation
in cancer-related pain, the protocol of the current study
combined a 6-channel EEG with a 16-channel fNIRS
system to investigate the effects of 20 sessions (remote
and in clinic) of tDCS in head and neck cancer patients
undergoing CRT.

METHODS

Subjects
Patients with head and neck cancer undergoing definitive CRT
treatment were recruited through the University of Michigan
health system (UMHS), department of medical oncology. The
CRT protocol included two Gray (Gy) per day, 5 days a week, for
a total of 7 weeks. Subjects were screened by a group of clinical
oncologists and further approached by the H.O.P.E. lab team
members to discuss the study protocol and read the informed
consent form.

The designed study protocol comprised a 7-week-long tDCS
stimulation procedure, a pre-tDCS baseline session (pre-1 week),
and two post-tDCS follow-up sessions (the first after 1 week and
the second after 1 month). We used two types of tDCS devices.
One of them was applied in our facility by our research staff,
and the other one was a remotely supervised tDCS. The subjects
visited our research facility every week. We used neuroimaging
techniques to scan their brains during those sessions, which
occurred in weeks 1, 2, 5, 7, 8, and after 1 month of tDCS
treatment. We did two neuroimaging techniques in the current
study, fNIRS and EEG.

This protocol (HUM00078942) was approved by
the University of Michigan Institutional Review Board.
Written informed consent was obtained from all
participants.

TABLE 1 | Questionnaires and clinical measurements in the current study.

Assessment purpose Questionnaire(s) used

Pain VAS, McGill, Geo-Pain

Emotion PANAS-x

Oral mucositis World Health Organization (WHO) scale, Oral

Mucositis Weekly Questionnaire for Head and

Neck Cancer

Weight Clinical evaluation

Narcotic pain medication Clinical evaluation

Diet Clinical evaluation

Quality of Life Head and Neck Quality of Life Weekly

Questionnaire, University of Washington Quality

of Life Questionnaire

Inclusion Criteria
A. Subjects with head and neck malignancy were scheduled for

CRT and were capable of understanding and adhering to the
protocol requirements.

B. Subjects willing to comply with the study procedures
and visits.

C. Subjects aged 18–75 years old.

Exclusion Criteria
A. Substantial dementia.
B. Patients are being actively treated for another cancer at the

time of enrollment.
C. Any condition that would prevent the use of tDCS and EEG,

including any skull abnormality, implanted metals, implanted
electronic devices, seizure disorders, neurologic conditions.

D. Use of an investigational drug or device within 30 days of
study screening.

Questionnaire
We used multiple questionnaires in the current study to evaluate
patients’ status along the study process. These questionnaires
assessed pain, emotion, oral mucositis, weight, narcotic pain
medication requirement, diet, and quality of life. A summary of
the questionnaires used in this study can be found in Table 1.

In this proof-of-concept study, we recruited two participants.
Both subjects received tDCS on the day of their CRT
appointments. tDCS was applied before CRT when doing tDCS
sessions in-clinic or after CRT when tDCS was self-administered
at home. tDCS was applied daily (5 days per week) during the
second and third weeks of CRT, three times per week during the
fourth and fifth weeks of CRT, and twice per week during the sixth
and seventh weeks of CRT (5/5/3/3/2/2 per week). The tDCS
stimulation protocol was designed to accommodate the patient’s
CRT schedule in this study.

In-clinic Procedures
The in-clinic tDCS protocol followed the methodology published
in previous articles (Dasilva et al., 2011; Schestatsky et al., 2013).
Briefly, the procedure was divided into seven steps: (1) check if
all materials were available before starting the entire procedure.
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The checking items included the cap quality, the device battery,
and the USB and Bluetooth connections between the device
and the computer. Our study used C3 or C5 as references; (2)
prepare the skin for tDCS stimulation. We inspected the skin
for any pre-existing lesions—to avoid electrical stimulation/EEG
recording over damaged skin or skull lesions. To increase
conductance, we moved the hair away from the site of the
electrical stimulation/EEG registering and placed plastic hair
clips to keep hair away and cleaned the skin’s surface to remove
any signs of lotion, dirt, and grease. Furthermore, we allowed
it to dry; (3) obtained patients’ head measurements to decide
the size of the cap in use. We marked the fiducial points, Cz,
Fp1, and Fp2; (4) mount the electrodes onto the cap. We put
conducting gel on the tDCS electrodes and embedded both EEG,
and the tDCS electrodes into the cap; (5) patients wear the cap.
We confirmed that the subject was seated comfortably and placed
the cap in a way that the vertex of the cap matched the Cz
point on the cap, while the Fp1 and Fp2 points were aligned as
well. (6) configure the stimulation and data acquisition software
(NeuroElectric, Spain) on the computer. (7) Finally, start the
stimulation simultaneously with EEG data recording. We used a
2-mA current for the tDCS stimulation with a duration of 20min
per session.

Remote Procedures
Weused physical mini-CT tDCS devices (Soterix, NY) and online
management software ElectraRx (Soterix, NY). At the end of the
first in-clinic session, the patient received proper training on the
remotely supervised tDCS using the ElectraRx website (https://
www.soterixmedical.com/electrarx/login) and was provided with
a mini-CT device and written guidelines. Then the patients were
able to complete their stimulation sessions at home. In each
remote session, the patients filled out the steps through the
ElectraRx website ahead of the remote session start and then were
provided with a code that allowed the participant to start the
stimulation (Figure 1). We used a 2-mA current for the tDCS
stimulation with a duration of 20min per session.

Patients were asked to properly follow the steps to ensure
correct electrode preparation and placement, low impedance,
and safe device removal. During the remote sessions, the
patients were instructed to abort the RS-tDCS session in case
of any significant discomfort or other adverse events, or if
a study team member determined that the session should be
discontinued. Also, they were aware of the designated “stop
criteria.” If the stop criteria were met at any time throughout
the study, the session and/or ongoing study participation
were reviewed.

Finally, the subjects completed a “tDCS side effects form”
after each stimulation. This assessment objectively gauged any
adverse events that the patient underwent as a direct result of
the stimulation.

Neuroimaging
We used an NE EEG/tDCS device (Neutralelectrics, Spain)
combined with NIRx fNIRS (NIRx Medical Technologies,
Germany) device for the neuroimaging data collection. The
montage for the EEG/fNIRS/tDCS probes can be found in
Figure 2. Our neuroimaging probe cap design was based on
the international 10-10 system reference map. The Table 2

provides the relevant fiducial markers in the 10-10 system
and MNI coordinates (Koessler et al., 2009). We placed the
tDCS anode at the right F4 fiducial mark, while the cathode
was placed at the left C5 fiducial mark. Then we placed
the EEG electrodes, respectively, at Fpz, Fz, Cz, Pz, F3, and
C6 fiducial marks, yielding 6 EEG data channels. Our EEG
data were collected at a sample rate of 500Hz. Finally, our
fNIRS setup employed 8 by 8 source-detector combinations
(3 cm apart), yielding 16 data measurement channels. The
data channels, respectively, covered the bilateral prefrontal
cortices and bilateral somatosensory/motor cortices. Our fNIRS
data were sampled at a rate of 7.81Hz. The localization
process was validated via a photogrammetry-based localization
process (Hu et al., 2020).

FIGURE 1 | Remote tDCS website set-up. Further details can be found at: https://soterixmedical.com/research/remote/electrarx.
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FIGURE 2 | Simultaneous EEG-fNIRS-tDCS multimodal scanning and stimulation setup EEG evaluation of cortical mechanisms can elucidate valuable information

regarding the immediate tDCS effects on the brain. EEG recording was taked at the pre-study visit, the first stimulation visit, last stimulation on first week of tDCS

session, and the fifth and seventh week of treatment (both on the last session on week), as well as the follow-up appointment. The fNIRS is an important tool for

clinical monitoring of tissue oxygenation and measurement of cortical activity, thereby appear that an advancement in brain imaging. fNIRS was taked at the pre-study

visit, first stimulation visit, at the fifth week of treatment and the last stimulation visit.

Optodes and Electrodes Registration
We designed the cap in three sizes, 56, 58, and 60, respectively,
to account for head size variation, following the international
10-10 transcranial system positioning. We then applied a

photogrammetry method to register all the optodes and data
channels onto the cortical surface. Our previous article described
the detailed method (Hu et al., 2020). Briefly, we used the
Structure Sensor (Occipital Inc, CO) with an iPad (Apple Inc,
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TABLE 2 | The neuroimaging localization results for fNIRS optodes, channels, EEG, and tDCS electrodes.

Type Modality 10-10 location MNI coordinates

X Y Z

Source 1 fNIRS C1 −25.1 −22.5 70.1

Source 2 fNIRS CP3 −46.9 −47.7 49.7

Source 3 fNIRS C2 26.7 −20.9 69.5

Source 4 fNIRS CP4 49.5 −45.5 50.7

Source 5 fNIRS AF7 −41.7 52.8 11.3

Source 6 fNIRS F1 −22.1 26.8 54.9

Source 7 fNIRS AF4 35.1 50.1 31.1

Source 8 fNIRS F6 52.9 28.7 25.2

Detector 1 fNIRS C3 −49.1 −20.7 53.2

Detector 2 fNIRS CP1 −24 −49.1 66.1

Detector 3 fNIRS C4 50.3 −18.8 53

Detector 4 fNIRS CP2 25.8 −47.1 66

Detector 5 fNIRS AF3 −32.7 48.4 32.8

Detector 6 fNIRS F5 −51.4 26.7 24.7

Detector 7 fNIRS AF8 43.9 52.7 9.3

Detector 8 fNIRS F2 23.6 28.2 55.6

Electrode 1 EEG Fpz 1.4 65.1 11.3

Electrode 2 EEG Fz 0 26.8 60.6

Electrode 3 EEG Cz 0.8 −21.9 77.4

Electrode 4 EEG Pz 0.7 −69.3 56.9

Electrode 5 EEG F3 −39.7 25.3 44.7

Electrode 6 EEG C6 65.2 −18 26.4

Anode tDCS F4 41.9 27.5 43.9

Cathode tDCS C5 −63.6 −18.9 25.8

Type Modality Estimated brain region MNI coordinates

Source-detector X Y Z

Channel 1 fNIRS S1-D1 BA* 6 −37.1 −21.6 61.65

Channel 2 fNIRS S1-D2 BA 2|BA 4|BA 1|BA 6|BA 3 −24.55 −35.8 68.1

Channel 3 fNIRS S2-D1 BA 3|BA 4|BA 6|BA 1|BA 2 −48 −34.2 51.45

Channel 4 fNIRS S2-D2 BA 5|BA 2|BA 1|BA 3 −35.45 −48.4 57.9

Channel 5 fNIRS S3-D3 BA 6 38.5 −19.85 61.25

Channel 6 fNIRS S3-D4 BA 6|BA 1|BA 2|BA 4|BA 3 26.25 −34 67.75

Channel 7 fNIRS S4-D3 BA 3|BA4|BA 1|BA 2|BA 6 49.9 −32.15 51.85

Channel 8 fNIRS S4-D4 BA 1|BA 2|BA 3 37.65 −46.3 58.35

Channel 9 fNIRS S5-D5 BA 9|BA 8 −37.2 50.6 22.05

Channel 10 fNIRS S5-D6 BA 9|BA 46|BA 8|BA 10 −46.55 39.75 18

Channel 11 fNIRS S6-D5 BA 8 −27.4 37.6 43.85

Channel 12 fNIRS S6-D6 BA 8|BA 6 −36.75 26.75 39.8

Channel 13 fNIRS S7-D7 BA 9|BA 10 39.5 51.4 20.2

Channel 14 fNIRS S7-D8 BA 8 29.35 39.15 43.35

Channel 15 fNIRS S8-D7 BA 46|BA 9|BA 10 48.4 40.7 17.25

Channel 16 fNIRS S8-D8 BA 8 38.25 28.45 40.4

*BA stands for Brodmann Area.

CA) to capture the 3D photos of the optodes and electrodes
on the participants’ heads. We then loaded the 3-D photo in
the MATLAB software (Mathworks, MA, USA) and pinpointed
the locations of fNIRS optodes and EEG/tDCS electrodes with

five fiducial markers (Nasion, Inion, Cz, AR, and AL in the
10-10 system). The derived optodes coordinates were affinely
transferred into the MNI space using the MATLAB-based
AtlasViewerGUI toolbox (Aasted et al., 2015). The mid-points
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FIGURE 3 | Geo-pain software graphical user interface, MoxyTech Inc, MI.

between the source-detector (optodes) pairs were used as the
coordinates for the fNIRS channels. Finally, we estimated
the regions under each fNIRS channel and EEG electrode
by matching their MNI coordinates with locations in the
neurosynth.org database. Also, we evaluated the brain regions
with a voxel size of 10mm using the WFU_pick atlas in XJview
toolbox (https://www.alivelearn.net/xjview).

Pain Level Evaluation
Patients’ pain levels were evaluated immediately before and
after the stimulation through the McGill Pain Questionnaire
(MPQ)—Short Form (Melzack, 1975) and through the GeoPain
App (Kaciroti et al., 2020). GeoPain is a free stand-alone and
embedded mobile app developed in collaboration with the
Headache and Orofacial Pain Effort (HOPE) at the University
of Michigan and is currently licensed by the spinoff MoxyTech
Inc (Kaciroti et al., 2020). GeoPain provides a 3D body map for
pain tracking based on a squared grid system with vertical and
horizontal coordinates using anatomical landmarks (an example
can be found in Figure 3).

Neuroimaging Data Analysis
fNIRS and EEG data collected in the current study were
analyzed separately and then interpreted jointly. The fNIRS
data were analyzed using the NIRSAnalyzer toolbox (Santosa
et al., 2018), while the EEG data were analyzed using the
EEGLAB toolbox (Delorme and Makeig, 2004) in MATLAB
(Mathworks, MA).

We conducted functional connectivity analysis on the
collected fNIRS data to study the brain mechanism induced
by tDCS. The calculation process was described in a previous
method paper (Santosa et al., 2017). Briefly, the raw fNIRS
data was first downsampled to 4Hz. Then we converted the
raw data into oxy- and deoxy-hemoglobin using the modified
Beer-Lambert law (Kocsis et al., 2006). We then used bandpass
filters to filter that HbO data into two frequency bands, namely,
high (0.5–1Hz) and low (0.01–0.08) frequency bands. These
two frequency bands were selected to avoid the physiological
signal bandwidth, including Mayer’s wave (0.1Hz), respiratory
(0.3–0.5Hz), and cardiac (1–1.5Hz) relevant fluctuations. Next,
we calculated the between-channel correlation at the individual
level using the connectivity method in the toolbox. This method
used prewhitening via the autoregressive filter and the weighted
least-squares fit during the FC calculation to account for
physiological noises, motion, and other artifacts in the fNIRS
signal (Santosa et al., 2017). Then, the individual-level correlation
coefficients were converted to Z-score using Fisher’s Z-transform.
Finally, a linear mixed-effect (LME) model was applied to
obtain the group-level connectivity effect. We applied the LME
analysis using the MixedEffectsConnectivity function in the
NIRSAnalyzer toolbox. Briefly, the LME estimated the group-
level correlation effects based on the individual Z scores. The
model consists of two parts, fixed effects and random effects.
We used the individual subject as random effects to account
for between-subject variability so that the fixed effects can be
estimated as the group-level correlation effects. This calculation
was implemented on the data collected from both subjects during
the two lab visits. It is worth noting that we included a relatively
high-frequency band (0.5–1Hz) connectivity analysis in this
study for exploratory EEG-fNIRS network comparison on the
delta frequency band (0–4 Hz).

For EEG data, we conducted a dipole source localization
analysis on the collected EEG signal. First, we visually inspected
the EEG data to reject artifact-affected segments. The inspected
EEG signals were first filtered using a bandpass filter with cut-
off frequencies at 0.01–40Hz. Then, the data was cleaned using
the automatic data cleaning pipeline in the EEGLab toolbox
and re-referenced. We ran an independent component analysis
(ICA) on the preprocessed signal. The calculated independent
components were then entered into the DIPFIT plug-in in the
EEGLAB toolbox for the source localization (Kavanagh et al.,
1978; Oostendorp and Van Oosterom, 1989). The head model
used for the DIPFIT was the BEM DIPFIT head model with
MNI coordinates. In addition, we used the phase-lag index (PLI)
to analyze the functional connectivity between the electrodes.
The PLI measures the phase synchronization of EEG signals
recorded from different electrodes [CITATION]. In this study, we

Frontiers in Molecular Neuroscience | www.frontiersin.org 7 June 2022 | Volume 15 | Article 859988169

https://www.neurosynth.org
https://www.alivelearn.net/xjview
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


de Souza Moura et al. Neuromodulation of Cancer-Related Pain

calculated the PLI using the following equation:

PLI =
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y)t ])
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(1)

WhereK is the number of the phase differences, t is the time from
1 to K, x and y are, respectively, the electrode indices, and sign
is the sign function. The PLI value ranges from 0 to 1, where
0 means inconsistent phase lag (volume conduction), while 1
means perfectly consistent phase lag.

Finally, the fNIRS and EEG analysis results were gathered for
a qualitative and quantitative comparison and correlation. For
qualitative comparison, we plotted the possible tDCS induced
brain mechanism in a network consisting of (1) cortico-cortical
connections revealed by the fNIRS signal, (2) cortico-deep-brain
connections revealed by the EEG signal, if available. Also, the
collected questionnaire data and preprocessed neuroimaging
data were entered into a canonical correlation analysis model

for brain-behavior correlation change in EEG power spectra.
For quantitative analysis, we calculated the correlation between
the fNIRS connectivity at low/high-frequency bands and the
EEG power spectral density at different frequencies (respectively,
at 4/8/16/24Hz). The Pearson’s and Spearman’s correlation
coefficients were calculated, and the relative p-values were
examined to reveal the potential relationship between the fNIRS
signal and EEG signal.

Preliminary Results
The data presented in this section were collected from two
subjects who have participated in the study. We first presented
the demographic and questionnaire data in Table 1. Figure 4
illustrates the results of neuroimaging data analysis during tDCS
stimulation, respectively, for Subjects #8 and #11. Panels (a)
and (c) present the significant connections between bilateral
prefrontal and sensory cortices revealed by fNIRS data (p <

0.05, FDR corrected). Differences in EEG power spectra in the

FIGURE 4 | Brain activations during tDCS stimulation (Week 2, 5, and 7 combined). (A,C) Functional connectivity revealed by fNIRS. (B,D) Source localization of EEG

signal.
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PFC were found when comparing the seventh with the first
week of tDCS. Panels (b) and (d) show the results of the EEG
source localization analysis, presented as a transverse view at
different slicing. Figure 5 shows the connectivity patterns of
the resting state before tDCS stimulation at week 2, week 7,
and one-month follow-up, respectively, for subjects #8 and #11.
Panels (a) and (b) show the significant connections between
bilateral prefrontal and sensory cortices revealed by the fNIRS
data (p<0.05, FDR corrected) in week 2 and week 7. Panel
(c), (d), and (e) demonstrate the power map of EEG data at
4/8/16/24Hz, respectively, in week 2, week 7, and month 1
follow-up for subjects #8 and #11.

DISCUSSION

The current study presented a preliminary protocol that applies
tDCS modulation of pain in head and neck cancer patients under
CRT. Furthermore, patient-bedside neuroimaging techniques,
e.g., fNIRS and EEG, were used to monitor the associated
underlining brain mechanisms. tDCS was able to decrease the
functional connections between the PFC and S1 according to
the fNIRS data. The EEG data revealed that the 7 weeks of
tDCS activated the right PFC compared to the first week of
stimulation (week 2).

The collected visual analog scale (VAS) score and amount
of narcotic use (Table 3) indicated that both patients suffered
from the worst pain in the weeks 5–week 8 along the CRT
treatment process. Such severe pain was probably due to the side
effects of the CRT treatment since both patients presented little

pain and no narcotic use at the beginning of the treatment. We
then analyzed the resting state data collected as baseline data
before tDCS sessions in weeks 2, 7, and 1-month follow-up. The
EEG power maps at different frequency bands (4/8/16/24Hz)
demonstrated a similar pattern of right prefrontal cortical
activation after 7 weeks of tDCS. fNIRS data obtained from both
participants demonstrated less PFC-S1 connection after 7 weeks
of tDCS stimulation. In addition, we found that both participants
developed PFC activation during the tDCS modulation, as
revealed by the EEG signal. Participant # 8 also demonstrated
right parietal activation, while participant # 11 demonstrated
some very weak activation in bilateral parietal cortices. Previous
studies have confirmed that the PFC, including the anterior PFC
and the dorsal lateral prefrontal cortex (DLPFC), play a key role
in pain perception (Peng et al., 2018). Our observations revealed
by the preliminary data also indicated that the PFC was activated
during the tDCS modulation (Figure 5). Also, the PFC decreased
in connection with the motor and sensory parts of the brain,
as indicated in Figure 5, panels (a) and (b). We also found that
the 7-week tDCS modulation protocol increased the broadband
(4/8/16/24Hz) EEG power at the right PFC region in both the
subjects enrolled in this study. While in Subject # 8, we observed
a decrease in the activation in the anterior PFC after 7-week
stimulation, consistent with the findings of a previous study (Roy
et al., 2014). Unfortunately, we have not collected data from a
standard of care (control) group to make further conclusions.

During the experiment protocol designed and data collection,
we experienced several challenges that presented limitations
to the study. The first challenge in this study is designing a

FIGURE 5 | Neuroimaging data analysis results of the resting state before tDCS stimulation at week 2, week 7, and 1-month follow-up, respectively, for subjects #8

and #11. (A,B) Show the significant connections between bilateral prefrontal and sensory cortices revealed by the fNIRS data (p < 0.05, FDR corrected) in week 2

and week 7. The color bar represent the correlation coefficient levels, ranges from −1 to 1. (C–E) Demonstrate the power spectra map of EEG data, separately at

4/8/16/24Hz, in week 2, week 7, and month 1 follow-up. The color bars represent the power of the spectral density at different frequencies, ranges from 0 to 60.
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TABLE 3 | Preliminary demographic and clinical measurement data collected from two patients.

VAS VAS pre-PANASx pre-PANASx Narcotic Weight Mucositis QoL WA QoL PPI

(0–5) (0–100) -PA -NA _use pain gen H&N _Mcgill

Subject # 8 Age = 62 Gender = M

Wk0 0 0 0 276 0 20 0 0

Wk1 0 0 29 24 0 276 0 0

Wk2 3 40 27 25 0 272 1 0

Wk3 2 20 30 21 0 260 4 2

Wk4 3 25 20 21 0 257 0

Wk5 2 40 25 20 25 239 3 3

Wk6 2 80 24 23 300 242 3

Wk7 2 20 23 23 420 240 2 30 0 2

Wk8 3 60 24 25 840 240 4 30 5

Mo1 1 30 34 23 630 232 4 30 1 2

Subject # 11 Age = 60 Gender = M

Wk0 0 0 0 211 10 1 0

Wk1 0 0 36 10 0 211 0

Wk2 2 20 43 10 0 212 5

Wk3 4 60 49 10 0 208 4 2

Wk4 2 20 46 10 70 208 3 3

Wk5 1 10 42 10 70 209 1 2

Wk6 2 20 44 10 140 203 4 4

Wk7 3 70 44 10 140 204 4 40 3 2

Wk8 3 40 43 10 140 208 3 40 1 3

M 3 40 43 10 0 208 3 30 1 2

PANAS, Positive and Negative Affect Schedule; PA, Positive Affects; NA, Negative Affexts; QoL, Quality of Life; WA, Washington; H&N, Head and Neck; PPI, Present Pain Intensity.

probe holding cap that holds both EEG electrodes and fNIRS
optodes. The two neuroimaging techniques required placement
of their probes on the head surface, and thus the space for
each probe could be very limited (Chiarelli et al., 2017). The
cap design included two regions of interest, the PFC and
the S1. Therefore, we used the F7, F8, C3, and C4, in the
international 10-20 system as the centers to deploy fNIRS/EEG
probes. Specifically, we used four fNIRS optodes (two sources
and two detectors, forming up 4 channels) to surround one EEG
electrode, as illustrated in Figure 4. In addition, the number of
EEG electrodes was not sufficient. The electrodes employed as
anode/cathode for tDCS stimulation cannot record EEG signals.
Therefore, we only had 6 electrodes for EEG signal recording,
which may lead to less-optimal source localization analysis for
EEG data.

Moreover, the fNIRS and EEG signal analysis do not have
a standard pipeline (Pinti et al., 2021). The advantage of the
dual-modality measurement was to detect both hemodynamic
responses and neurophysiology signals using an entire portable
setup. fNIRS has balanced spatial and temporal resolutions.
However, it detects only the cortical response. Thus, EEG is a
supplementary imaging technique not only to measure neuronal
signals that couples hemodynamic responses but also from both
cortical and deep brain regions. We combined the two imaging
techniques and investigated both cortico-cortical and cortico-
deep brain networks.

Nonetheless, the joint data analysis is challenging due to
the neurovascular coupling (Huneau et al., 2015; Phillips et al.,
2016). Previous studies analyzed the two types of data separately
and then correlated the preprocessed signals (Pinti et al., 2021).
Recently, a novel study recorded EEG signal as the stimulus
function for the hemodynamic response modeling and then used
the model to fit the fNIRS data from different channels (Zhang
and Zhu, 2019). By fitting the hemodynamic response model to
the fNIRS data, future studies will be able to obtain both cortico-
cortical and cortico-deep-brain connections based on the two
types of signals.

Finally, the large amount of clinical data collected through
the questionnaires pose challenges on clinical information-brain
correlation. Such correlation is a key step that associates the
collected neuroimage data with the clinical data acquired from
the questionnaires and clinical measurements. Along with the
protocol in the current study, we collected eight categories of
clinical measures or questionnaires along with the study at
multiple time points. On the other hand, we collected fNIRS
data from 16 data channels, 3 sessions (75min in total), and
EEG data from 6 channels, 5 sessions (125min in total) from
each participant. The large amount of data posed challenges to
associating neuroimaging with clinical measures. Existing studies
proved that methods like canonical correlation analysis (CCA)
(Wang et al., 2020) or artificial intelligence (machine learning)
analysis (Mihalik et al., 2020) could be used to solve such “big
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data” correlation issues. In the current study, we condensed
the neuroimaging data by finding the connectivity between the
brain regions of interest. In future studies, we will use a method
like CCA or un-supervised artificial intelligence algorithms
to find precisely which “clinical score” correlates mainly
with the specific “connection” revealed by the neuroimaging
data analysis.

Our understanding of tDCS-based head and neck pain
modulation is very limited. In this article, we proposed a novel
protocol to study (1) the effect of tDCS-based pain modulation
(remote-supervised and in-clinic) in head and neck patients
undergoing CRT and (2) the underlining brain mechanisms
of such modulation process. The study results will enhance
understanding of the mechanisms by which tDCS modulates
cancer-related pain. We also expect that our study and data will
represent a starting point for more complicated protocols of
tDCS-based cancer-pain modulation.
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Altered static functional
network connectivity predicts
the efficacy of non-steroidal
anti-inflammatory drugs in
migraineurs without aura
Heng-Le Wei1†, Wen-Juan Yang2†, Gang-Ping Zhou1,
Yu-Chen Chen3, Yu-Sheng Yu1, Xindao Yin3, Junrong Li2* and
Hong Zhang1*
1Department of Radiology, Nanjing Jiangning Hospital, Nanjing, China, 2Department of Neurology,
Nanjing Jiangning Hospital, Nanjing, China, 3Department of Radiology, Nanjing First Hospital,
Nanjing Medical University, Nanjing, China

Brain networks have significant implications for the understanding of migraine

pathophysiology and prognosis. This study aimed to investigate whether

large-scale network dysfunction in patients with migraine without aura

(MwoA) could predict the efficacy of non-steroidal anti-inflammatory drugs

(NSAIDs). Seventy patients with episodic MwoA and 33 healthy controls (HCs)

were recruited. Patients were divided into MwoA with effective NSAIDs (M-

eNSAIDs) and with ineffective NSAIDs (M-ieNSAIDs). Group-level independent

component analysis and functional network connectivity (FNC) analysis were

used to extract intrinsic networks and detect dysfunction among these

networks. The clinical characteristics and FNC abnormalities were considered

as features, and a support vector machine (SVM) model with fivefold cross-

validation was applied to distinguish the subjects at an individual level.

Dysfunctional connections within seven networks were observed, including

default mode network (DMN), executive control network (ECN), salience

network (SN), sensorimotor network (SMN), dorsal attention network (DAN),

visual network (VN), and auditory network (AN). Compared with M-ieNSAIDs

and HCs, patients with M-eNSAIDs displayed reduced DMN-VN and SMN-

VN, and enhanced VN-AN connections. Moreover, patients with M-eNSAIDs

showed increased FNC patterns within ECN, DAN, and SN, relative to

HCs. Higher ECN-SN connections than HCs were revealed in patients

with M-ieNSAIDs. The SVM model demonstrated that the area under the

curve, sensitivity, and specificity were 0.93, 0.88, and 0.89, respectively. The
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widespread FNC impairment existing in the modulation of medical treatment

suggested FNC disruption as a biomarker for advancing the understanding

of neurophysiological mechanisms and improving the decision-making of

therapeutic strategy.

KEYWORDS

migraine, functional network connectivity, non-steroidal anti-inflammatory drugs,
efficacy, machine learning

Introduction

Migraine is a persistent, disabling neurological disorder
involving moderate-to-severe headache attacks, which can last
up to 72 h, and related unpleasant symptoms (Headache
Classification Committee of the International Headache Society
[IHS], 2013). It is the second leading cause of neuronal disability
in the world, which may lead to personal suffering and impaired
quality of life with significant socioeconomic burdens (Feigin
et al., 2019; Abrams et al., 2020). In the United States alone,
its estimated healthcare cost is about $1 billion annually
(Mennini et al., 2008). Migraine affects approximately 15% of
the general population worldwide (Abrams et al., 2020). Given
the health and socio-economic burden caused by migraine,
exploring effective treatments for the disorder is one of the
key areas of clinical research. Several studies have continuously
proposed, developed, and tested more specific drugs for
migraine treatment. Although several pharmacological choices
are available to treat migraines, none of such treatments are
ideal for most people. Regardless of that, non-steroidal anti-
inflammatory drugs (NSAIDs) are still the first-line drugs for
the acute treatment of migraines (Ashina, 2020). Currently, the
selection strategy for NSAIDs is still mainly based on trial and
error. Possible explanations include various pathophysiological
mechanisms with complexity in migraine. The trial-and-error
approach not only prolongs the treatment time but also
increases the ineffective cost. Recent studies have focused on
understanding the pathophysiological mechanism of migraine
to develop new theories for improving the treatment efficacy.
For instance, neuroimaging studies have transformed the
understanding of migraine from a vascular to a neurovascular,
and most recently, to a central neural system disorder (Schwedt
et al., 2015). However, the effect of brain functional alterations
on migraine treatment remains unknown.

The resting-state functional magnetic resonance imaging
(rs-fMRI), a non-invasive neuroimaging examination, has
therefore attracted considerable attention. It is reported that
neurogenic inflammation resulting from activation of the
trigeminovascular pathway is the main cause of migraine
attacks (Goadsby et al., 2017). Various studies have suggested
that the cortical feed-forward system originates from the

trigeminal neurovascular pathway and connects to the higher-
sensory cortex (Brennan and Pietrobon, 2018; Tu et al.,
2020). Yu et al. (2017) and Chen et al. (2019) revealed
the alterations in either regional brain activity or functional
connectivity among core cognitive networks located in the
trigeminovascular pathway, such as the default mode network
(DMN), executive control network (ECN), and salient network
(SN), and their correlations with clinical characteristics in
patients with migraine. Nonetheless, they only focused on
regional and seed-based functional changes, or a limited number
of prior selected networks, and have not done a comprehensive
analysis of the abnormal connections among the large-scale
functional networks in migraine. Some studies have linked
complex subjective experiences like perception and processing
of pain in patients with migraine to functional integration
among intrinsic large-scale functional networks and reported
significant differences (Zhang et al., 2016; Coppola et al.,
2018; Wei et al., 2020). These studies provided initial evidence
regarding abnormal interactions among the functional networks
in migraine. Although these rs-fMRI studies have proved that
functional alterations between different large-scale networks
were associated with the neurophysiological mechanism of
migraine, less is known about the interactions among the large-
scale networks and their influence on the treatment efficacy in
migraine.

Additionally, machine learning models based on clinical and
neuroimaging data have shown great potential in constructing
automatic predictors in the field of classification and treatment
of migraine (Pérez Benito et al., 2019; Kwon et al., 2020;
Liu et al., 2020; Mu et al., 2020). However, predictors for
the efficacy of NSAIDs are still in their infancy. It has been
revealed that migraine subtypes can have various influences on
the efficacy of drugs because of their diverse pathophysiological
mechanisms. Therefore, this study attempted to investigate
the possible neural mechanisms for underpinning the efficacy
of NSAIDs in patients with migraine without aura (MwoA)
using a combination of functional network connectivity (FNC)
analysis and a support vector machine (SVM) algorithm. We
hypothesized that patients with MwoA and showing an effective
response to NSAIDs (M-eNSAIDs) may display significant FNC
differences among large-scale networks involved in modulating
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nociception and predicting efficacy, compared to patients with
ineffective response to NSAIDs (M-ieNSAIDs). Substantive
differences, as revealed in this study, may be linked with clinical
characteristics, and provide novel insights into elucidating
the pathophysiological mechanism and developing treatment
strategies for migraine.

Materials and methods

Participants

A total of 73 patients diagnosed with episodic MwoA
in the neurological outpatient clinic were prospectively and
continuously enrolled. The diagnosis of patients with MwoA
was based on the International Classification of Headache
Disorders, 3rd edition (ICHD-3) (Headache Classification
Committee of the International Headache Society [IHS], 2013).
To control the potential pharmacological and physiological
effects, the inclusion criteria were: (1) patients were drug-free
for at least 1 month before being enrolled; (2) patients in the
interictal phase were headache-free for at least 3 days before and
after scanning, ascertained by a structured telephonic interview.
Thirty-three healthy subjects (all right-handed) matched for
age, sex, and education level were recruited as healthy controls
(HCs). The general exclusion criteria included: (1) comorbidity
with other forms of headache and neuropsychological or
neurological diseases, (2) a history of previous brain injury
or psychoactive medication use, (3) a history of alcohol or
drug abuse, (4) pregnant or lactating women, and (5) any
contraindications to MRI scanning.

Clinical characteristics

All migraine participants underwent comprehensive
questionnaires during the first visit and were followed
up via telephone. The questionnaires primarily include
demographic data (e.g., age, sex, and education level) and
migraine characteristics (e.g., disease duration, frequency and
attack duration, headache intensity, the extent of the impact,
and burden on quality of life). Namely, headache intensity
was recorded on the Visual Analog Scale (VAS); impact and
disability on an individual were assessed by Headache Impact
Test-6 item (HIT-6) and Migraine Disability Assessment Scale
(MIDAS), respectively. We also applied the Montreal Cognitive
Assessment (MoCA) to evaluate cognitive impairment (all
participants’ MoCA scores were > 25). Patients were asked
to record a headache diary about headache intensity (VAS
score) before and 2 h after drug intake within 3 months after
scanning. According to the criteria, the complete response,
partial response, minimal response, and no response were
classified as > 75% reduction, 50–75% reduction, 25–50%

reduction, and < 25% reduction in VAS scores, respectively
(Yadav et al., 2020). The response to NSAIDs was defined as a
50% or greater reduction in pain intensity from pre-treatment
level to post-treatment level at least 2 times.

Magnetic resonance imaging
acquisition

All MRI data were acquired on a 3.0-Tesla Philips
MRI scanner (Ingenia) with an eight-channel head coil. For
this analysis, the functional images were acquired axially
using a gradient echo-planar imaging sequence as follows:
repetition time (TR) = 2,000 ms; echo time (TE) = 30 ms;
slices = 36; thickness = 4 mm; gap = 0 mm; field of view
(FOV) = 240 mm × 240 mm; acquisition matrix = 64 × 64;
and flip angle (FA) = 90◦. Moreover, structural images were
obtained using a three-dimensional turbo fast echo T1WI
sequence with the following parameters: TR/TE = 8.1/3.7 ms;
slices = 170; thickness = 1 mm; gap = 0 mm; FA = 8◦; acquisition
matrix = 256 × 256; FOV = 256 mm × 256 mm. During the
scanning, scanner noise and head motion were reduced using
earplugs and foam padding, and the participants were instructed
to reflex and lie with their eyes closed but not fall asleep.

Data pre-processing

Image preprocessing was performed using the Resting-state
fMRI Data Analysis Toolkit plus V1.24 (RESTplus V1.24).1

The preprocessing included the following steps: discarding
the first 10 volumes, slice timing correction with the 35th
slice as the reference, realignment of head motion, and
normalizing corrected images to the Montreal Neurological
Institute space (3 × 3 × 3 mm3) using the diffeomorphic
anatomical registration through exponentiated lie (DARTEL)
algebra, and spatial smoothing with a 6-mm full-width half-
maximum (FWHM) Gaussian kernel. Moreover, subjects with
excessive head motion in any direction (>2 mm or 2◦) were
excluded from the analysis.

Independent component analysis and
static functional network connectivity
analysis

The Group ICA of fMRI Toolbox (GIFT 4.0a)2 was
used to extract independent networks. The preprocessed
data were automatically decomposed into spatial independent

1 http://restfmri.net/forum/

2 http://icatb.sourceforge.net/
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components (ICs) by the minimum description length (MDL)
criteria. Then the data were concatenated and reduced by
subject-level and group-level principal component analysis,
using the Infomax algorithm. Subsequently, the GICA-3
back reconstruction step was used to separate single-subject
components from the set of aggregate components. Finally,
the spatial component maps were acquired and the value
of connectivity strength within each IC was converted into
a z-score.

After the ICA, the individual-level time courses of
recognized components were deduced via the spatio-temporal
double regression method. The relationship between the time
courses of different pairwise networks was determined using
static FNC analysis. Briefly, a band-pass filter (band-pass
0.01–0.15 Hz) was used to reduce the potential influence
of low-and high-frequency noise on the time course. Then,
the Pearson correlation coefficient between the ICs was
performed to calculate the FNC strength. An FNC matrix
with the dimensions of 12 times 12 (selected ICs) times 103
(participants) was realized.

Prediction for non-steroidal
anti-inflammatory drugs efficacy

Migraineurs were randomly divided into the training and
testing cohorts, in the ratios of 80%/20%, 75%/25%, and
70%/30%, respectively. To classify the efficacy of NSAIDs, the
SVM model based on abnormal FNC patterns between two
migraine subgroups was trained by a fivefold cross-validation
strategy in the training cohort. Subsequently, the model was
tested on the internal testing cohort. The receiver operating
characteristic (ROC) curve was plotted to determine the area
under the curve (AUC). Calculations to determine sensitivity
and specificity were also measured.

Statistical analysis

The SPSS 25.0 software was used for statistical analyses
and the level of significance was set at p < 0.05. The
demographic characteristics of the three groups were compared
using one-way analyses of variance (ANOVA) for the normally
distributed continuous variables, while the Kruskal–Wallis test
was employed for the non-normally distributed continuous
variables. The clinical characteristics of the two migraine
groups were compared using a two-sample t-test for the
normally distributed continuous variables and the Mann–
Whitney test for the non-normally distributed continuous
variables. Comparisons between categorical variables were
determined using the Chi-square test.

For FNC analysis, the correlation coefficients of each
pairwise component among the three groups were compared.

All post hoc tests were corrected by the Bonferroni correction
method (p < 0.05/3). Furthermore, the partial correlation
analysis between the FNC strength and migraine-related
characteristics was calculated at a significant level of p < 0.05,
controlling for age, sex, and education level.

Results

Demographics and clinical
characteristics

After the fMRI data head motion check, three patients were
excluded because of excessive head motion artifacts. Therefore,
the final cohort consisted of patients with seventy MwoA and
33 healthy participants. There was no significant difference in
the demographic and clinical data among the three groups
(p > 0.05) (Table 1).

Independent component analysis and
component selection

In this study, 26 ICs were automatically extracted, and
12 components of them were selected as the resting-state
networks for further analysis (Figure 1). Afterward, seven
large-scale networks within the 12 components were labeled
(Li et al., 2019, 2020). The first was the ECN (IC8, IC11,
and IC16). This mainly focused on the dorsolateral prefrontal
cortex, inferior parietal lobule, and superior parietal lobule.
The second was the DMN (IC14, IC20), which includes the
medial prefrontal cortex, posterior cingulate cortex (PCC),
precuneus, inferior parietal gyrus, and angular gyrus. The
third was the SN (IC1), which mainly consists of the anterior
cingulate cortex (ACC), anterior insular cortex, and part of
the prefrontal areas. The fourth was the sensorimotor network
(SMN) (IC4), which included the supplementary motor area,
the paracentral lobule, the precentral gyrus, and the postcentral
gyrus. The fifth was the dorsal attention network (DAN) (IC19)
which mainly includes the bilateral intraparietal sulcus, frontal
eye field, and middle temporal lobe. The DAN was followed
by the auditory network (AN) (IC15). The auditory network
includes the temporal lobe and the surrounding temporal-
parietal association cortex. Finally, was the visual network (VN)
(IC5, IC24, IC26), which includes the primary visual cortex and
extra-visual cortex.

Group-level differences in functional
network connectivity analysis

For the FNC analysis between all patients and HCs, patients
with MwoA had increased connections, including SN (IC1)-
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TABLE 1 The demographic and clinical characteristics of MwoA patients and HCs.

M-eNSAIDs M-ieNSAIDs HCs F/t/χ 2 P-value

Age (years) 33.91 ± 10.75 35.69 ± 11.47 36.30 ± 10.38 0.445 0.642

Sex (male/female) 3/32 4/31 2/31 0.669 0.907

Education (years) 13.54 ± 2.81 13.11 ± 3.08 12.39 ± 4.06 1.020 0.364

Disease duration (years) 7.94 ± 6.15 11.60 ± 10.08 / −1.832 0.071

Frequency (days/month) 4.77 ± 3.15 5.23 ± 5.76 / −0.412 0.682

Attack duration (hours) 17.31 ± 13.81 17.03 ± 15.05 / 0.083 0.934

VAS score 6.40 ± 1.54 5.97 ± 1.65 / 1.123 0.265

MIDAS score 38.97 ± 32.26 37.29 ± 31.78 / 0.220 0.826

HIT-6 score 57.57 ± 8.86 60.34 ± 9.41 / −1.269 0.209

Drug types (Ibuprofen/Aspirin) 30/5 28/7 / 0.402 0.752

Values for continuous variables are mean ± standard deviation. HCs, healthy controls; HIT, headache impact test; MIDAS, migraine disability assessment scale; M-eNSAIDs, MwoA with
effective NSAIDs; M-ieNSAIDs, MwoA with ineffective NSAIDs; MwoA, migraine without aura; NSAIDs, non-steroid anti-inflammatory drugs; VAS, visual analogue scale.

FIGURE 1

Functional relevant resting-state networks. The spatial maps of the 12 independent components were selected for further analysis. AN, auditory
network; DAN, dorsal attention network; DMN, default mode network; ECN, executive control network; SMN, sensorimotor network; SN, salient
network; VN, visual network.

ECN (IC8), SN (IC1)-ECN (IC16), SN (IC1)-DAN (IC19),
and ECN (IC16)-DAN (IC19) (Figure 2A). For the FNC
analysis among the three groups, nine FNC patterns were
shown to be significantly altered (Figures 2B–D). Relative to
patients with M-ieNSAIDs, patients with M-eNSAIDs exhibited
significantly opposite interactions in three networks, including
the decreased DMN (IC14)-VN (IC5, IC26) and increased
VN (IC5)-AN (IC15) connections. Moreover, compared with
HCs, patients with M-eNSAIDs showed significantly increased
FNC patterns for SN (IC1)-ECN (IC16), SN (IC1)-DAN
(IC19), VN (IC5)-AN (IC15), and ECN (IC16)-DAN (IC19)
connections. On the contrary, there was revealed a decreased
connection between SMN (IC4)-VN (IC26). In addition,
SN (IC1)- ECN (IC8) connection was also found to be

significantly increased in patients with M-ieNSAIDs, compared
with HCs.

Correlation analysis

There were significant correlations between the SMN-
VN connection and frequency (r = −0.424, p = 0.016),
as well as between the ECN-SN connection and frequency
(r = 0.565, p = 0.001) in patients with M-eNSAIDs (Figure 3).
However, there was no correlation between migraine-related
characteristics and abnormal FNC patterns, neither in all
patients with MwoA nor in patients who did not respond to
NSAIDs.
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FIGURE 2

Group-level differences in static functional network connectivity patterns. (A–D) AN, auditory network; DAN, dorsal attention network; DMN,
default mode network; ECN, executive control network; SMN, sensorimotor network; SN, salient network; VN, visual network; M-eNSAIDs,
MwoA with effective NSAIDs; M-ieNSAIDs, MwoA with ineffective NSAIDs; MwoA, migraine without aura; NSAIDs, non-steroid
anti-inflammatory drugs.

Support vector machine model
performance

The SVM model with an allocation ratio of 75%/25%
demonstrated a better predictive capacity, with an AUC of 0.93,
the sensitivity of 0.88, and a specificity of 0.89 (Figure 4).

Discussion

To our knowledge, this study is the first time through
the ICA approach to explore the inter-network connectivity

and the relationship with the efficacy of NSAIDs in patients
with MwoA. The DMN and several somatosensory-associated
networks, including the VN, AN, and SMN, were detected to
be abnormal in patients with M-eNSAIDs. Meanwhile, the two
migraine subgroups also showed increased alterations of the
inter-network functional coupling in the higher-level executive
areas, such as SN, ECN, and DAN, when compared with HCs.
Interestingly, only SN-ECN functional abnormality was found
between both two subgroups and HCs, which may indicate that
the executive control function of the SN and ECN is mainly
manifested in the potential neuroimaging features for migraine.
These results reveal evidence of aberrant connectivity patterns
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FIGURE 3

Correlations between the mean z-scores of functional network connectivity and headache frequency (A–B) in migraineurs with effective
NSAIDs (for other abbreviations see Figure 2 legend).

FIGURE 4

(A) The AUCs, sensitivity and specificity of SVM model in testing cohort of 70%/30%, 75%/25%, and 80%/20% datasets are 0.91, 0.85, and 0.88
(green bar); 0.93, 0.88, and 0.89 (orange bar); 0.81, 0.75, and 0.83 (blue bar), respectively. (B) The ROC curve of SVM model in testing cohort of
75%/25% dataset. AUC, area under the curve; ROC, receiver operating characteristic; SEN, sensitivity; SPE, specificity; SVM, support vector
machine.

across core neurocognitive networks in migraineurs and provide
a proposition complementary to the point that migraine
involves dysfunctional cortical-subcortical circuitry. Moreover,
the observed correlations between FNC abnormalities and
clinical parameters may not only improve the understanding
of the pathophysiologic features of migraine but also further
highlight neuroimaging characteristics in migraine treatment.

Visual and auditory discomforts are the most common
complaints of migraine patients during both ictal and interictal
periods. Thus, the visual and auditory cortex may play an
important role in the neurophysiological mechanisms and
treatment strategies. Moreover, the visual and auditory cortices
have been demonstrated to be abnormal neural activity in
the acupuncture treatment of migraine patients (Yang et al.,
2012; Liu et al., 2020). An acupuncture study showed that the
visual-related regions could predict the therapeutic efficacy of
acupuncture in migraineurs without aura (Liu et al., 2020). In
the present study, the functional connectivity strength of VN-
AN in patients with M-eNSAIDs was significantly higher than
that of patients with M-ieNSAIDs and HCs. It may imply that

this connection pattern could play an important role in the
development and treatment of migraine. Also, the pattern may
be a neuroimaging marker for predicting the treatment efficacy
for migraine. Moreover, a decreased FNC pattern between SMN
and VN showed a significant negative correlation with headache
frequency in the present study. Similarly, a prior study revealed
that there was a bidirectional connection between SMN and
VN in patients with MwoA (Wei et al., 2020). Furthermore, it
was reported that the activity of SMN is positively correlated
with headache frequency, which is contrary to our results.
However, another study showed that multiple increased VN-
related functional connections were negatively correlated with
headache frequency in patients with MwoA (Wei et al., 2021).
Although consistency has been maintained in the migraine
population according to the ICHD-3, the controversial results of
these studies may be caused by the patients of different subtypes
and complex pathological mechanisms of migraine. Long-term
and repeated migraine attacks could lead to somatosensory and
visual cortex changes. When this happens, it may result in
dysfunctional relief of pain and modulation of mental disorders,
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as well as the efficacy of NSAIDs. These findings suggest
that altered intrinsic FNC architecture could provide a novel
perspective to understand the neural circuits of NSAIDs in
migraine, providing a more appropriate therapeutic strategy.

Results of the FNC abnormality of patients with M-eNSAIDs
showed evidence of several prominent networks in the high
cognitive and sensory networks. These included FNC pairs
associated with DMN regions extending to sensory functional
nodes (visual cortex and auditory cortex). The DMN is
active in the resting condition and has a salient function
in the functional network architecture of the resting-state
brain. The main functions of the DMN are to maintain
the steady state of the endogenous environment and exclude
the interference of exogenous stimuli. When stimulated
by endogenous or exogenous stimuli, the trigeminovascular
pathway enters into an active status to suppress the DMN
function and activates the executive regions to inhibit the pain
signals. However, disrupted brain-network circuits contribute to
inefficient control performance and headache attacks (Menon,
2019). A growing body of evidence (Zhang et al., 2016; Lo
Buono et al., 2017) indicates similar results that, compared
with HCs, migraine patients showed significantly increased
spontaneous neuronal activity in the DMN. Also, the functional
coupling between the DMN and other pain inhibitory cortex
is associated with pain inhibition efficiency. Previous task-state
fMRI studies (Hougaard et al., 2014; Wang et al., 2017) have
reported greater visual-induced DMN activation in patients with
migraine, indicating correlations and synchronizations between
the DMN and VN. Hence, the disrupted DMN-VN connection
may be involved in the information transfer and multimodal
integration dysfunction affecting the clinical efficacy of NSAIDs
for migraineurs.

A PET study (Di et al., 2013) also showed similar
cerebral glucose hypermetabolism in the DMN in chronic
migraine patients with analgesic overuse relative to patients
without overuse. The ability of DMN to enhance functional
hyperresponsiveness is possibly associated with pathogenesis
and drug overuse. Similar to the aforementioned studies,
the results of the current study reflected elevated functional
connectivity in the static state involving the DMN in migraine
patients. Additionally, Kong et al. (2010) studied the effect of
pain intensity on DMN activation and deactivation in a healthy
cohort, demonstrating an intriguing result that moderate-
intensity nociception decreased DMN activity to a lesser extent
than did severity-intensity nociception. The report suggested
that deactivation of DMN may be a compensatory physiological
response to the pain perception and higher intensity of painful
stress exceeding the regulatory threshold of pain stimuli, leading
to dysfunctional deactivation. On the basis of the current study,
compared with the M-ieNSAIDs patients, only patients with
M-eNSAIDs demonstrated lower connectivity strength between
DMN and VN. These results suggest that NSAIDs may exert
analgesic effects by depressing the activity of the DMN, but

excessive DMN activity may eventually result in invalid efficacy.
Nevertheless, an ASL study (Hodkinson et al., 2015) attended
to explore the activation in response to NSAIDs-induced
analgesia. The study concluded that there was significantly
enhanced cerebral blood flow in the PCC and nearby limbic
system, and significant negative analgesic interaction in the SN
and prefrontal cortex in post-surgery patients. The completely
opposite findings may be due to variations in methodology
and heterogeneity of populations between post-surgery patients
and headache-free migraineurs. On the other hand, similar to
the current study, the ASL study verified that the functional
imbalance of task-free and task-positive networks may be the
substrate neuromechanism in the perception and modulation of
pain.

The present findings further showed that enhanced FNC
connections among the large-scale networks including ECN,
DAN, and SN are important for efficient therapy. ECN
and DAN are dubbed the “task-positive networks,” well-
characterized by the performance of cognitive control and
attention-demanding tasks. The previous study has called
attention to the presence of anticorrelations between the
DMN and the task-positive networks in pain perception
(Ter Minassian et al., 2013). The study reported that during
pain perception, the DMN was activated, as was the DAN,
showing the anticorrelation between DMN and DAN disappears
in chronic pain patients. This findings of this study are
in agreement with our results that revealed lower DMN-
related and higher task-related connections in migraineurs
with an effective response to NSAID treatment. Moreover, the
present study indicated that there was a significant increase
in the connections between ECN-SN and DAN-SN. The
SN, consisting of the insula and dorsal ACC, responds to
the perception and chronification of pain (Lu et al., 2016),
modulation of emotion (Gasquoine, 2014), and making of
decisions (Chand and Dhamala, 2016). Furthermore, the SN,
related to gating the nociceptive hypersensitivity pathway (Tan
et al., 2017), performs its function as a switch to deactivate
the DMN and activate the ECN when a salient stimulus is
ongoing (Menon, 2019). These three components (DMN, ECN,
and SN) constituted a “triple-network model,” mapping the
salient aberrance and cognitive deficits across neurological
disorders (Menon, 2011), including the migraine. Additionally,
a nociceptive-task study displayed opposite functional patterns
between the DMN and ECN observed in healthy subjects,
confirming this functional coupling model is an effective
physiological modulation for inhibiting nociception (Kong
et al., 2010).

The results of this study showed similar anti-correlations
among the three core networks, which may provide a new
perspective on investigating the potential mechanisms
underlying migraine treatment. Besides, the functional
imbalance of the triple-network model in this study induced
significant and potential correlations with headache frequency.
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Recently, gradually increasing evidence has suggested that
clinical characteristics are strongly linked with inter-network
functional deficits (Russo et al., 2012; Lo Buono et al., 2017;
Coppola et al., 2018). Reciprocally, these migraine-related
features may be potentially vital for influencing the progression
of the disease and the quality of therapy (Zou et al., 2019).
This result of association with headache frequency implies
understanding of the neural mechanisms facilitating the
transition from episodic to chronic migraine.

These results demonstrated that abnormal FNC patterns
were associated with neurophysiological mechanisms of
migraine and NSAID treatment, and represented a novelty
approach to predicting NSAIDs efficacy, since to our knowledge
network-level neuroimaging characteristics had never been
considered predictive variables. We believe that our findings
provide a foundation for a new line of research oriented
to individually predicting NSAIDs efficacy in patients with
MwoA, as well as its significant interaction with neuroimaging
FNC characteristics. These neuroimaging variables could be
taken into account for the selection and implementation of
improving NSAIDs efficacy and enhancing the quality of life in
patients with MwoA.

Although the study was to examine targeted relationships
between FNC patterns and the efficacy of NSAIDs, some
limitations need to be addressed. First, the large-scale brain
networks involved in this study are limited. Other brain
networks may also play a vital role in the neurophysiology of
drug treatment in migraineurs, thus exploring the extending
FNC abnormalities among the multiple networks may give
insight into the neural mechanism. Second, cause-and-effect
relationships between altered FNC patterns and the efficacy of
NSAIDs should be cautiously interpreted using a longitudinal
study in the future. Third, despite not taking any medication
for 1 month before the scanning, the effect of other analgesic
drugs on neurological function cannot be ruled out completely.
Fourth, the models in this work underwent only internal tests,
future work should focus on additional validation using external
data to confirm the robustness. Moreover, no significant results
persisted after Bonferroni correction for multiple comparisons
in the FNC analyses due to the relatively strict method.
Nonetheless, our research is still meaningful as it forms a basis
upon which future novel studies can be developed. Finally,
this study only explored the non-directional FNC interactions
between static networks using the ICA approach. Further
studies are needed to reflect the characteristics of temporal and
directional function in the coupling between brain networks.

Conclusion

The major strength and novelty of this study are that
inter-static FNC patterns participate in the pain processing
and medicine treatment in patients with migraine. The

present data support the notion that the development
of the antinociceptive effects of NSAIDs is mediated
via the triple-network model, involving the descending
pain inhibitory pathway, which provides meaningful
insights for further understanding the neural mechanism
of migraine treatment.
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