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The translocator protein gene is associated with
endogenous pain modulation and the balance
between glutamate and g-aminobutyric acid in
fibromyalgia and healthy subjects: a multimodal
neuroimaging study
Silvia Fantona,b,*, Angelica Sandströma,b, Jeanette Toura,b, Diana Kadetoffa,b,c, Martin Schallingd,e,
Karin B. Jensena,b, Rouslan Sitnikovf, Isabel Ellerbrocka,b, Eva Koseka,b,g

Abstract
Acerebral upregulation of the translocator protein (TSPO), a biomarker of glial activation, has been reported in fibromyalgia subjects (FMS).
The TSPO binding affinity is genetically regulated by the Ala147Thr polymorphism in the TSPO gene (rs6971) and allows for a subject
classification into high affinity binders (HABs) and mixed/low affinity binders (MLABs). The aim of the present multimodal neuroimaging
study was to examine the associations of the TSPO polymorphismwith: (1) conditioned pain modulation, (2) expectancy-modulated pain
processing assessed during functional magnetic resonance imaging, and (3) the concentration and balance of glutamate and
g-aminobutyric acid in the rostral anterior cingulate cortex and thalamus using protonmagnetic resonance spectroscopy in FMS (n5 83)
andhealthy controls (n543). The influenceof TSPOonendogenouspainmodulationpresented in the formof TSPOHABs, asopposed to
MLABs, displaying less efficient descending pain inhibition and expectancy-induced reduction of pain. Translocator protein HABs in both
groups (FMandhealthy controls)were found tohavehigher thalamicglutamate concentrations andexhibit a patternof positive correlations
between glutamate and g-aminobutyric acid in the rostral anterior cingulate cortex, not seen in MLABs. Altogether, our findings point to
TSPO-related mechanisms being HAB-dependent, brain region-specific, and non–FM-specific, although in FMS the disadvantage of an
aberrant pain regulation combinedwith anHABgenetic set-upmight hamper painmodulationmore strongly.Our results provide evidence
for an important role of TSPO in pain regulation and brainmetabolism, thereby supporting the ongoing drug development targeting TSPO-
associated mechanisms for pain relief.

Keywords: Fibromyalgia, TSPO, Genetic polymorphism, Endogenous pain modulation, MRS, Glutamate, GABA, rACC,
Thalamus, fMRI

1. Introduction

Fibromyalgia (FM) is a nociplastic pain condition36 characterized by
widespread musculoskeletal pain and affecting 2% to 4% of the
general population.23,63 Although the etiology is not entirely
understood, several central nervous system aberrations have been
documented,56 including (1) deficient descending pain modulation,
(2) altered brain metabolism, and (3) neuroinflammation.

Evidence for a dysfunctional top-down regulatory system
comes from reports of deficient conditioned pain modulation
(CPM)37,46 and from studies using functional magnetic resonance
imaging (fMRI) documenting reduced activation and diminished
functional connectivity within the brain’s inhibitory network.
Specifically, during evoked pain, FM subjects (FMS) have been
shown to fail to activate the thalamus and a primary link in the
descending pain inhibitory system, ie, the rostral anterior
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cingulate cortex (rACC), and exhibited reduced functional
connectivity between rACC and brainstem.28,29

Furthermore, results from proton magnetic resonance spec-
troscopy (1H-MRS) demonstrated a disequilibrium of numerous
metabolites in the brain of FMS, including the 2 major
neurotransmitters: excitatory glutamate11–13,19–21,59 and inhibi-
tory g-aminobutyric acid (GABA).15 Despite their physiological
interactions33 and the potential pathophysiological conse-
quences of an altered balance between excitation and inhibition,
to our knowledge, no previous FM studies examined their
potentially interacting cerebral concentrations.

Finally, neuroinflammation has been reported in FMas elevated
concentrations of interleukin-8 and fractalkine in the cerebrospi-
nal fluid (CSF)2,32,35 and upregulated expression of a biomarker of
glial activation, ie, the translocator protein (TSPO), in several
cortical regions, including the anterior cingulate cortex.1 Given
that TSPO expression is upregulated in activated glia,39,54 TSPO
positron emission tomography radioligands, such as 11C-PBR28,
have been largely used to investigate neuroinflammatory
disorders.9,62

The binding affinity of 11C-PBR28 to TSPO is genetically
regulated by the Ala147Thr polymorphism (rs6971) in the TSPO
gene.47 Although little is known regarding the physiological
importance of this functional polymorphism, FMS who are
genetically inferred TSPO high affinity binders (HABs) compared
to mixed/low affinity binders (MLABs) showed heightened
symptom severity and increased pain-related functional connec-
tivity in the frontoparietal network,38 a network involved in
expectancy-induced pain modulation.34,60 Consequently, it
would be plausible to assume that TSPO-related mechanisms
in FM influence the anticipatory, expectancy-induced compo-
nents of cerebral pain processing. Translocator protein controls
the rate limiting steps in neurosteroid synthesis,8,10 and neuro-
steroids exert modulatory effects on GABA-A receptors.45

Furthermore, as glia plays a crucial role in glutamate metabo-
lism26 and TSPO is upregulated in activated glia,39,54 TSPOmight
impact glutamate signaling.

The aim of the present multimodal neuroimaging study was to
explore the associations between the TSPO polymorphic variants
and CPM, expectancy-induced pain modulation, cerebral pain
processing (fMRI), and the concentrations of glutamate and
GABA (1H-MRS) in regions associated with altered pain inhibition
in FMS. Based on our previous findings,28,29,38,55 we hypothe-
sized that FMS with TSPO HAB have more severe pain, reduced
CPM, an expectancy bias towards pain-related threats, and
decreased pain-related activation in painmodulatory areas (rACC
and thalamus) compared to MLABs. The analysis of MRS data
with respect to TSPO should be considered as exploratory.

2. Materials and methods

2.1. Study participants

A total of 84 female FMS and 43 age-balanced healthy controls
(HC) (n5 127, age range: 29-60 years) was recruited in the study.
Data from one FMS were excluded from the analyses because of
the absence of genotype determination (refer to section 2.2.1.2).
The final dataset consisted of 83 FMS and 43 HC (n 5 126).
Participants were recruited by advertisement in the daily press. All
FMS underwent a screening by a specialist in rehabilitation
medicine and pain relief so as to ensure compliancewith inclusion
and exclusion criteria. Inclusion criteria for FMS comprised female
sex, due to an extensively reported prevalence of FM in
women,3,6 right handedness, working age (20-60 years), as well

as meeting the FM classification criteria ACR-1990 and ACR-
2011. Exclusion criteria for FMS were rheumatic or autoimmune
diseases, severe psychiatric disorders requiring treatments for
depression or anxiety, severe somatic diseases (neurological,
cardiovascular, etc.), other dominant pain syndromes than FM,
previous heart or brain surgery, substance abuse, medication
with anticonvulsants or antidepressants, self-reported claustro-
phobia, inability to refrain from hypnotics, nonsteroidal anti-
inflammatory drugs, or analgesics prior to study participation,
specifically 48 hours before the first visit and 72 hours before the
second visit, ie, the neuroimaging session, hypertension (.160/
90 mmHg), obesity (body mass index . 35), smoking (.5
cigarettes/day), magnetic implants, pregnancy, and inability to
understand and speak Swedish. The HC were screened by a
telephone interview. Healthy controls were right-handed women,
free from FMS exclusion criteria stated above and, additionally,
free from any chronic pain conditions.

All participants gave written informed consent in accordance
with the Declaration of Helsinki and were compensated for their
time. The study was approved by the local ethical review board
(ethics permit: 2014/1604-31/1).

2.2. Procedure

The current study forms part of a larger project (refer to study plan
https://osf.io/8zqak). While the effects of pain conditioning in
FMS and HC are described in detail in a previous publication,55

this article explores TSPO-related effects.
Data were collected in 2 sessions on 2 subsequent days. Day 1

consisted of (1) the administration of a set of validated
questionnaires, (2) the collection of saliva samples for genotyping,
(3) the calibration of individual pressures to be used in the scanner
on day 2, (4) the conditioning phase of an instructed pressure pain
conditioning paradigm, (5) the assessment of pressure pain
thresholds (PPTs) via pressure algometry on 8 different body
sites, and (6) the assessment of CPM. Day 2, the multimodal
neuroimaging session, consisted of (1) single-voxel 1H-MRS
performed in the right rACC and bilateral thalamus and (2) task-
based fMRI, in which subjects underwent another conditioning
phase and the testing phase of the instructed pressure pain
conditioning paradigm.

2.2.1. Day 1

2.2.1.1. Questionnaires

Fibromyalgia subjects completed the Fibromyalgia Impact
Questionnaire (FIQ),5 a 20-item questionnaire assessing FM-
related symptoms and disability. The FIQ yields a total score
between 0 and 100, with higher scores indicating poorer health.
All subjects were further administered with the visual analogue
scale (VAS) for pain intensity ratings, the Short Form-36 (SF-36)
health survey,7 the Hospitalized Anxiety and Depression Scale
(HADS),64 and the Pain Catastrophizing Scale (PCS).57 Visual
analogue scale ratings were provided using a 0–100 mm scale,
ranging from “no pain” to “worst imaginable pain,” with subjects
rating their current pain (VAS current) as well as the average pain
intensity experienced during the past week (VAS past week). The
bodily pain (SF-36BP) is a subscale of the SF-36, assessing pain
severity and pain interference with working activities, including
housework, over a longer period (4 weeks).24 On a 0 to 100 scale
(converted from raw scores), lower scores of the SF-36BP
indicate more pain symptoms. The HADS is a psychometric
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questionnaire for nonpsychiatric patients. In HADS, 2 subscales
assess anxiety and depression, HAD-A and HAD-D, respectively,
each rated on a 21-point scale (0: no anxiety or depression and
21: maximal anxiety or depression). The PCS includes 13 items,
each rated on a 5-point scale (0: not at all and 4: all the time),
assessing the 3 subscales rumination, magnification, and
helplessness. Higher PCS scores correspond to more pain-
related catastrophizing.

2.2.1.2. Translocator protein (rs6971) genotyping

Saliva samples were collected using Oragene kits (OG-500). The
genotyping procedure was performed using TaqMan SNP
genotyping assays as well as ABI 7900 HT instrument (Applied
Biosystems (ABI), Foster City, CA). Polymerase chain reactions
(PCR), with 5 mL of total volume, were performed in 384-well
plates containing 2.5 mL Universal Master Mix and 5 ng dried-
down genomic DNA per well. The PCR amplification protocol
comprised 2 holds, 50˚C for 2 minutes and denaturation for 10
minutes at 95˚C, and was then followed by 45 cycles at 92˚C for
15 seconds and 60˚C for 1 minute.38

2.2.1.3. Suprathreshold pressure pain (P10, P50) calibration

Stimulus intensity was individually calibrated to match subjective
pain ratings of 10 mm and 50 mm (hereinafter referred to as P10
and P50) on a 100-mm VAS. A pressure stimulus was exerted on
the participants’ left calf by means of a 13 3 85-cm cuff
connected to a rapid cuff inflation system (E20/AG101, Hokan-
son, WA). Cuff pressure algometry was used as it targets deep
tissue nociceptors in amore efficacious and ecologically valid way
to induce deep tissue pain similar to FM pain. In previous studies,
a cuff inflator was successfully used on FMS.41 During pain
calibration, participants were administered 5-second stimula-
tions in an ascending series starting from 25 mmHg, with steps
increasing in intensity by 25 mmHg, so as to determine the first
pressure eliciting pain (first VAS . 0 mm) and the stimulation
maximum (first VAS . 60 mm). Subsequently, participants were
presented with 2 series of 5 randomized stimuli each, one series
to determine the individual representation of P10 (VAS 10 mm)
and the other one of P50 (VAS 50mm). While the former used the
first pressure eliciting pain as starting point and up to22 and12
steps of 25mmHg each, the latter used the stimulation maximum
as starting point and up to 24 steps of 25 mmHg each. In case
the first pressure eliciting pain was, 100mmHg, the randomized
series to determine P10 was presented with increasing steps of
10 mmHg instead of 25 mmHg.

2.2.1.4. First conditioning phase of the instructed pressure
pain conditioning paradigm

Participants underwent the first conditioning phase of the
instructed pain conditioning paradigm in front of a computer in
a behavioral laboratory to associate color cues with pressure
stimuli of different intensities. Here, participants were explicitly
instructed and subsequently trained to pair a green circle with
their calibrated P10 (P10green) and a red circle with P50
(P50red). The order was pseudorandomized (10 repetitions of
P10green and 10 repetitions of P50red), and participants were
instructed to rate their perceived pain intensity on a computerized
VAS after each pressure stimulus.

2.2.1.5. Assessment of pressure pain thresholds

Pressure pain thresholds, an indicator of pain sensitivity, were
assessed using a hand-held pressure algometer (Somedic Sales
AB, Hörby, Sweden), with a hard rubber probe of 1 cm2 applied

with a 90˚ angle and a steadily increasing pressure rate of
approximately 50 kPa/second. All participants were familiarized
with the algometer prior to testing. Pressure pain thresholds were
recorded when participants pressed a button, signaling that they
perceived the pressure as slightly painful. Pressure pain
thresholds were assessed bilaterally at 4 anatomical sites: the
supraspinatus muscle, lateral epicondyle (elbow), gluteus mus-
cle, andmedial fat pad (knee). The average PPT (PPTmean) for all 8
assessments was calculated for each subject and later used in
the analysis.

2.2.1.6. Assessment of conditioned pain modulation

Conditioned pain modulation was determined with PPTs as test
stimuli and ischemic pain as conditioning stimulus (the Tourniquet
test). In assessing PPTs, the hand-held pressure algometer was
used and the handling procedure was performed as described
above, with the difference that the quadriceps femoris muscle
(right thigh) was used as only anatomical target. The continuous
ischemic pain was induced using a 7.5-cm wide blood cuff
pressure gauge placed on the participants’ upper left arm.

Participants were in a comfortable half-seated position. Before
starting with the Tourniquet test, PPTs were assessed twice (first
and second PPT baseline). Then, the experimenter kept the
participants’ left arm raised for 1 minute, in order to drain the
venous blood. At this point, the cuff was adjusted and inflated to
200 mmHg and the arm was placed back to the horizontal
position. In order to induce ischemic pain in the participants’ left
arm, participants were instructed to lift a 1-kg weight by
extending the wrist. Participants were asked to rate, once every
few extensions, their perceived pain intensity on a VAS (0-
100 mm) scale. As soon as the VAS rating exceeded 50 mm, the
lifting was ended. At this stage, the experimenter began
assessing the PPTs on the participants’ right thigh by means of
the pressure algometer. Pressure pain thresholds were assessed
continuously, with at least 10-second intervals between assess-
ments for a duration of 4 minutes or until the participants decided
to end the procedure (end PPT value). After 5-minute rest, PPTs
were assessed again twice.

2.2.2. Day 2: multimodal neuroimaging

MR scanning was performed on a 3T whole-body scanner
(MR750, General Electric, Milwaukee, Wisconsin) using an 8-
channel head receiver array (InVivo Inc).

2.2.2.1. Single-voxel proton magnetic resonance
spectroscopy (1H-MRS) data acquisition

The voxel position was verified by 3-plane localizer images
performed before every MRS scan. Gradient echo shimming,
frequency, and water suppression adjustments were automati-
cally accomplished before each data acquisition. To ensure
comparisons of our results with other studies and particularly for
clinical subjects, the conventional PRESS (point resolved
spectroscopy) was chosen with the following parameters: TR/
TE/TE1 5 2000/40/19 milliseconds (ms), spectral bandwidth 5
kHz, 4096 time-domain data points, and water suppression by 3
CHESS (chemical shift selected suppression) prepulses. To
enhance the voxel definition, 6 very sharp outer volume
suppression radio frequency pulses surrounding voxel were
applied. The voxel volume was 5.4 mL and 12 mL for rACC and
thalamus, respectively. Both voxels acquired with 128 as number
of averages and eight-step phase cycle resulted in experimental
time of 5 minutes for each voxel.
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2.2.2.2. Functional magnetic resonance imaging data
acquisition

A total of 320 volumes each comprised of 42 axial slices (slice
thickness 3 mm and 0.5 mm gap) was acquired using a T2*-
sensitive gradient echo-planar imaging sequence (TR 2
seconds; TE 30 ms; flip angle 70˚; field of view 220 3
220 mm, 72 3 72-mm matrix; and 3 3 3-mm in-plane
resolution). The first 5 functional volumes were discarded to
account for T1 equilibrium effects. For spatial normalization, a
high-resolution T1-weighted structural scan (3D IR-SPGR
“BRAVO,” TI 450 ms, FA/TR 12˚/7.1 ms, voxel size 1 3 1 3
1 mm, 176 slices) was also obtained.

During fMRI, participants performed the second phase of the
instructed pressure pain conditioning paradigm, followed by the
test phase. First, participants repeated the conditioning phase
with 10 repetitions of P10green and 10 repetitions of P50red
presented in a pseudorandomized order. After a short break,
participants underwent the testing phase, which probed whether
cue associations led to expectancy modulation of pain. As a
reminder boost, the first 4 stimulations of the testing phase were
presented identically as in the conditioning phase, with 2
repetitions of P10green and 2 repetitions of P50red. Sub-
sequently, participants were exposed to a new pressure stimulus
(P30), whichwas identically delivered after both colors, ie, red and
green cues. P30 was determined by averaging P10 and P50,
resulting in an individual midintensity pressure pain stimulus (P30
5 (P10 1 P50)/2). P30 was presented in a pseudorandomized
order with 10 repetitions of P30-green (P30green) and 10
repetitions of P30-red (P30red) for a duration of 5 seconds
before being prompted to rate pain intensity on a 0–100 VAS (8
seconds). All stimuli onsets were jittered over the course of the
paradigm. The duration of each part was approximately 11
minutes. Here, only results from the experimental testing phase of
cue-stimulus associations are reported.

2.3. Statistics

2.3.1. Clinical parameters and behavioral data

All analyses of subject characteristics (n 5 126), clinical
parameters, and behavioral data were performed using R version
1.1.463.53 Statistical significance was set at the conventional P,
0.05. Data from individuals with genetically inferred TSPO LAB (n
5 9) and TSPOMAB (n5 43) were combined and treated unitedly
and are hereinafter referred to as MLABs (n 5 52).40 The
remaining subjects (n5 74) in the cohort were individuals with the
genetically inferred TSPO HAB variant.

2.3.1.1. Subject characteristics and effects of translocator
protein polymorphism on clinical parameters

Differences in age between FMS and HC as well as between FM
HABs and MLABs were analyzed through 2 one-way analysis of
variance (ANOVA) tests. Analyses of the effects of TSPO
polymorphism and group on VAS current, VAS past week, SF-
36BP, HADS, PCS, and PPTmean were performed by using,
separately for each measure, a two-way ANOVA with 2 factors,
each with 2 levels: TSPO polymorphism (HAB, MLAB) and group
(FM, HC). All the above-mentioned parameters, in addition to FM
duration, tender points, and FIQ, were further compared between
FMSwith the different genetically inferred variants of TSPO (HAB,
MLAB) by means of a one-way ANOVA. The distribution of the
genetic variants of TSPO in the groups (FM, HC) was assessed by
performing a chi-squared (x2) test.

2.3.1.2. The conditioned pain modulation score

A CPM score was calculated for each participant as (end PPT
value – first PPT baseline)/first PPT baseline, thus controlling for
baseline variability.40,58 As outcomes, a positive score repre-
sented inhibition, a negative score facilitation, and zero corre-
sponded to no pain modulation. The effects of the TSPO
polymorphism and group on pain modulation were tested by a
two-way ANOVA with 2 factors, each with 2 levels: TSPO
polymorphism (HAB, MLAB) and group (FM, HC).

2.3.1.3. Sensitivity to suprathreshold pressure pain (P10,
P50)

Differences in individually calibrated input pressures (mmHg)
were analyzed by performing amixed ANOVAwith 3 factors, each
with 2 levels: pressure level (P10, P50), group (HC, FM), and
TSPO polymorphism (HAB, MLAB). Pressure level was a within-
subject variable, whereas TSPO polymorphism and group were
between-subject variables.

2.3.1.4. Experimental testing phase of the instructed
pressure pain conditioning paradigm

A linear mixed-effects model was performed using the nlme
package51 to analyze the effects of TSPO polymorphism, group,
time, and cue color on subjective pain ratings acquired during the
testing phase of the paradigm. All possible two-way interactions
among the variables TSPO polymorphism (HAB, MLAB), group
(FM, HC), cue color (green, red), and time (10 repetitions per cue
color) were entered into the model as fixed effects. Random
intercepts for subjects and by-subject-over-time random slopes
were entered into the model to account for, respectively, the
variability among subjects at baseline and the individual variability in
the effect over time. The model was adjusted for the Restricted
Maximum Likelihood Estimation, and an autocorrelation structure
of order 1 (corAR1) was introduced to account for the intrasubject
dependency stemming fromhavingmultiplemeasures per subject.
For all effects, the 95% confidence interval is reported. In order to
further explore the results obtained from the main model, 2
repeated measures ANOVAs were used testing for the effects of
TSPO polymorphism, group, and time on pain ratings separately
for the green and red conditions. Follow-up analyses were
evaluatedatP5 0.025 in order to correct formultiple comparisons.

2.3.2. Multimodal neuroimaging data

2.3.2.1. Single-voxel 1H-MRS

LCModel software (version 6.3-1K, s-provencher.com) was used
for MRS data quantification. Before quantification, MRS data were
preprocessed in MATLAB (The MathWorks, Natick, MA). The
preprocessing included the S/N2-weighted MRS signal coil
combining frequency and phase correction for every trace before
final coherent averaging of the elementary MRS traces for each
voxel. The basis set required for LCModel was simulated by
quantum mechanical density matrix formalism in MATLAB using
the actual timing parameters used in PRESS pulse sequence and
the chemical shifts and J-coupling constants published and
available elsewhere.17,18 The basis set included the following
metabolites: aspartate, glutamate, glutamine, GABA, N-acetyl
aspartate, myo-inositol and scyllo-inositol, taurine, ascorbate,
glucose, creatine and phosphocreatine, choline and glycerophos-
phorylcholine, N-acetylaspartate-glutamate, glutathione, alanine,
lactate, ethanolamine, and phosphorylethanolamine. The basis set
was calibrated using MRS phantom (BRAINO 1 GABA, GE
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Healthcare). The MRS data were quantified using the ratio to (1)
total creatine (7-mM assumed value, relative) and (2) total voxel
water concentration (absolute). To estimate the endogenouswater
concentration, the MRS voxel mask was coregistered with a 3D
T1-weighted image in native space that was segmented in 3 tissue
types (graymatter, whitematter, and CSF) in FSL (FMRIBSoftware
Library) version 5. The obtained tissue volumes were then masked
by the voxel and partial volume estimates for each tissue type that
was used to correct the total water concentration.

All the hereinafter reported analyses were performed sepa-
rately for rACC and thalamus datasets using the absolute and
relative concentrations of glutamate and GABA.

The effects of TSPO polymorphism and group on metabolite
concentrations were tested by performing two-way ANOVAs,
separately for glutamate and GABA concentrations, with 2
factors, each with 2 levels: TSPO polymorphism (HAB, MLAB)
and group (FM, HC).

In order to determine correlations between brain metabolites,
nonparametric Spearman correlations were performed between
glutamate and GABA concentrations across subjects, separately
for groups (FM and HC), TSPO genotypes (HAB and MLAB), and
their combinations (FM HAB, FM MLAB, HC HAB, and HC
MLAB).

Similarly, Spearman correlations were performed to assess the
relationship between concentrations of glutamate, GABA, and
pain modulation in subgroups of groups and TSPO genotypes.
Specifically, correlations were performed between glutamate and
CPM score as well as between GABA and CPM score.

2.3.2.2. Functional magnetic resonance imaging

First, anatomical and functional scans were manually reoriented to
the anterior commissure. Preprocessing included spatial realign-
ment to the average image, coregistration of the structural image to
the mean functional data, normalization into the Montreal
Neurological Institute stereotactic standard space and smoothing
with a 6-mm full-width at half-maximum isotropic Gaussian kernel
using the statistical parametric mapping software package
(SPM12, Wellcome Trust Centre for Neuroimaging, London,
United Kingdom) running under MATLAB. Eleven participants
were excluded because of technical issues or dropouts resulting in
incomplete MRI data (n 5 9), closing their eyes during cue
presentation (n 5 1), or structural brain anomalies (n 5 1).
Framewisedisplacement (FD)was used to assess headmovement
from one frame to another by determining the derivatives’ sum of
absolute values of the 6 realignment parameters.52 As a result, 3
subjects were excluded from further analyses due to excessive
head motion (FD. 0.5 in$ 15% of the images). No differences in
FD between FMS andHCwere observed (Wilcoxon rank sum test,
Z5 1.2, P5 0.21). Data of 102 participants (FMS5 68, HC5 34)
were included in the final fMRI analyses.

The general linear model approach as implemented in SPM12-
7219 was used for data analysis. Further processing on the
individual subject level included temporal high-pass filtering (cut-off
128 seconds) and correction for temporal autocorrelations using
first-order autoregressive modelling. The individual first-level
models estimated for each subject response for 2 cue/anticipation
phases (red cue preceding P30/green cue preceding P30, 2
seconds cue plus a period of 2-6 seconds delay before stimulus
onset), 2 pressure stimulations (P30 stimulus after green cue
[P30green]/P30 stimulus after red cue [P30red], 5 seconds), and
the rating period (8 seconds) after each stimulus. Epochs between
trials and between trial components not specifically modeled
(approximately 20 seconds per trial) were used as the implicit

baseline. Regressors of interest were convolved with a canonical
hemodynamic response function (HRF). Six realignment-derived
motion parameters were included as regressors of no interest.
Single-subject contrast images from individual first-level models
were used in random-effects analyses to test for TSPO effects.

2.3.2.3. Region of interest based functional magnetic
resonance imaging and single-voxel 1H-MRS

Pain-evoked single-subject blood oxygen level-dependent
(BOLD) signal extracted from thalamus and rACC were tested
for possible correlations with glutamate and GABA concentra-
tions in the same brain regions. Regions of interest in the right
rACC (Fig. 1A) and bilateral thalamus (Fig. 1B) were manually
drawn to correspond to the single-voxel region of interest (ROIs)
used in MRS. The individual BOLD signal for the effect of painful
pressure stimulation for all P30 compared to the implicit baseline
was extracted from individual first-level analyses from the
specified ROIs. Blood oxygen level-dependent signal was
averaged over all voxels within each ROI to decrease noise. The
drawing of ROIs and parameter extraction thereof were
performed using the MarsBar Region of Interest Toolbox (http://
marsbar.sourceforge.net). This approach was chosen to best link
ROI fMRI and MRS data with each approach providing one single
value (ie, BOLD signal, glutamate, and GABA) per subject
averaged over each ROI (Figs. 1A and B).

Spearman correlations were then performed to test for
associations between glutamate and pain-evoked BOLD signal
as well as between GABA and pain-evoked BOLD signal across
subjects, separately for groups (FM, HC) and TSPO genotypes
(HAB, MLAB).

All the hereinbefore reported analyses were performed
separately for rACC and thalamus datasets using the relative
and absolute concentrations of glutamate and GABA.

In addition, rACC and thalamus masks based on MRS ROIs
were combined into one mask and subjected to a ROI fMRI
analysis. Specifically, two-sample t tests were performed to test
for (1) group differences and (2) TSPO polymorphism differences
in the predetermined ROIs within SPM with group as covariate in
the latter. Based on behavioral results and observed TSPO
effects in P30green but not in P30red, tests were performed
separately for the 2 conditions. For the ROI fMRI analyses, the
statistical threshold was set to P , 0.001.

2.3.2.4. Whole-brain functional magnetic resonance imaging

In an additional analysis, we used an exploratory approach to
determine whether regions outside of the predetermined regions,
ie, rACC and thalamus, displayed TSPO polymorphism differ-
ences. These whole-brain analyses aimed at exploring cerebral
differences in the processing of expectancy-modulated pain
between TSPO genotypes and their interaction with processing
of evoked pain based on cue color.

In order to link pain ratings to neural activity, additional first-
level models using parametric modulation were performed,
where the amplitude of the pain-related neural response was
estimated using individual pressure pain ratings. The purpose of
this approach was to link reported perception, ie, individual VAS
scores, to neural response across stimulus repetitions of the
same condition, ie, P30green or P30red. The parametric
modulator was convolved with the HRF to create a regressor
that represents response modulated by individual VAS scores
for each stimulus. Single-subject contrast images from in-
dividual first-level models were used in random-effects analyses
on the group level.
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A one-sample t testwas performed to investigate themain effect
of painful stimulation (pooled across all presentations of P30).
Additional tests were based on observed effects in pain ratings
obtained during the testing phase of the pressure pain conditioning
paradigm, specifically, to explore the interaction between TSPO
and cue color. Two-sample t-tests were performed to test for (1)
TSPO polymorphism differences during evoked pain for each cue
color (P30red and P30green) and (2) TSPO polymorphism effects
associated with differences in subjective pain intensity ratings
(parametricmodulator) during evoked pain. The factor “group” as a
regressor of no interest was included in all tests exploring TSPO
differences. For tests targeting brain regions outside of a priori
ROIs, ie, rACC and thalamus, initial statistical parametric images
were thresholded at P, 0.001 and a cluster threshold ofP, 0.05
(family-wise error corrected) was applied.

3. Results

3.1. Behavioral results

3.1.1. Subject characteristics and effects of translocator
protein polymorphism on symptom severity

Subject characteristics and effects of group and TSPO on clinical
parameters in FMS are reported in Table 1. As expected,
individuals with FM, when compared to HC, provided higher
ratings of pain, anxiety, depression, and catastrophizing as well

as had lower PPTs. However, no main effects of TSPO
polymorphism nor significant interactions between TSPO poly-
morphism and group were found. In addition, in the FM group, no
significant effects of TSPO on any of these parameters were
shown. The distribution of the genetic variants of TSPO (HAB,
MLAB) did not differ between groups (x2 5 1.10, P 5 0.2932).

3.1.2. Effects of translocator protein polymorphism on
conditioned pain modulation

The analysis of the CPM score yielded a main effect of group
(F(1,119) 5 7.26, P 5 0.0081; Fig. 2), with FMS displaying
decreased pain modulation compared to HC. In addition, a main
effect of TSPO polymorphism was found (F(1,119) 5 5.79, P 5
0.0177; Fig. 2), with TSPO HABs displaying a reduced pain
modulation compared to TSPOMLABs. No statistically significant
interaction between TSPO polymorphism and group arose from
the analysis (P 5 0.6877), indicating that TSPO polymorphism
influenced descending pain modulation in FMS and HC alike.

3.1.3. Effects of translocator protein polymorphism on
sensitivity to suprathreshold pressure pain (P10, P50)

In the input pressure analysis, FMS showed an increased
pressure pain sensitivity compared to HC, resulting in lower input
pressure needed to achieve ratings corresponding to a VAS of

Figure 1. (A) Right rACC and (B) bilateral thalamus. Top row: radiological display convention of MRS single-voxel placement. Bottom row: neurological display
convention of ROI positioning. MRS, magnetic resonance spectroscopy; ROI, region of interest; rACC, rostral anterior cingulate cortex.

Table 1

Subject characteristics and effects of group and (FM) TSPO on clinical parameters.

FM (n 5 83)
M (SD, min, max)

HC (n 5 43)
M (SD, min, max)

GROUP
P

TSPO
P

GROUP 3 TSPO
P

FM HAB (n 5 52)
M (SD, min, max)

FM MLAB (n 5 31)
M (SD, min, max)

FM TSPO
P

Age 47.3 (7.8) 48.1 (7.6) 0.5545 NA NA 47.3 (7.9) 47.2 (7.7) 0.9635

FM duration 121.3 (87.6, 11, 408) NA NA NA NA 131.7 (91.0, 11, 408) 103.2 (79.6, 11, 288) 0.1561

Tender points 16.4 (1.8, 11, 18) NA NA NA NA 16.6 (1.9, 11, 18) 16.2 (1.8, 11, 18) 0.4629

FIQ 63.5 (16.4, 13, 95) NA NA NA NA 64.9 (14.9, 29, 95) 61.0 (18.7, 13, 91) 0.2933

VAS current 53.5 (22.1, 6, 99) 2.2 (3.2, 0, 14) ,0.001 0.5481 0.7202 54.5 (22.2, 6, 99) 51.6 (22.3, 9, 88) 0.5676

VAS past week 58.2 (21.5, 15, 100) 4.3 (5.8, 0, 26) ,0.001 0.6438 0.4503 59.4 (22.8, 15, 100) 56.1 (19.2, 22, 93) 0.4955

SF-36BP 31.0 (14.5, 0, 61) 89.0 (12.4, 51, 100) ,0.001 0.9101 0.3446 30.2 (14.7, 0, 61) 32.3 (14.1, 0, 61) 0.5322

HAD-A 7.8 (4.3, 0, 21) 3.1 (2.9, 0, 21) ,0.001 0.3464 0.9503 7.6 (4.1, 0, 19) 8.3 (4.6, 0, 21) 0.4742

HAD-D 7.4 (4.1, 0, 18) 1.1 (1.5, 0, 5) ,0.001 0.2627 0.9564 7.1 (3.7, 0, 16) 7.8 (4.7, 1, 18) 0.4344

PCS 18.1 (11.0, 0, 48) 4.7 (7.0, 0, 35) ,0.001 0.2698 0.5761 17.0 (10.8, 0, 48) 19.8 (11.2, 2, 46) 0.2757

PPTmean 151.4 (62.5, 39, 333) 317.2 (108.1, 77, 633) ,0.001 0.4069 0.8274 147.6 (59.6, 41, 313) 157.5 (67.5, 39, 333) 0.4881

Reported numbers are P values as well as means (M) with standard deviations (SD), minimum (min) and maximum (max) in parentheses.

FIQ, Fibromyalgia Impact Questionnaire; FM, fibromyalgia; HAB, high affinity binders; HAD-A, Hospital Anxiety and Depression Scale (anxiety score); HAD-D, Hospital Anxiety and Depression Scale (depression score); HC,

healthy controls; MLAB, mixed/low affinity binders; NA, not applicable; PCS, Pain Catastrophizing Scale; PPTmean, pressure pain threshold mean; SF-36BP, Short Form-36 bodily pain score; TSPO, translocator protein; VAS,

visual analogue scale.
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10mm (P10) and 50mm (P50) (F(1,112)5 52.89, P, 0.001; Fig.
3). Besides a main effect of pressure intensities (P10, P50)
(F(1,112) 5 658.52, P , 0.001; Fig. 3), a significant interaction
between group and pressure intensities emerged (F(1,112) 5
10.69, P 5 0.0014; Fig. 3). No main effect of TSPO poly-
morphism nor significant interactions between the TSPO poly-
morphism and the other variables accounted for by the model
were found (P $ 0.1926).

3.1.4. Effects of translocator protein polymorphism and
expectancy on the perceived intensity of evoked pain (P30)

As for the analysis of subjective pain ratings from the instructed
pressure pain paradigm, all results obtained from the linear
mixed-effects model can be found in Table 2. Here, pain ratings
differed among the genetically inferred variants of TSPO, with
individuals with TSPO HAB rating pain intensity higher than
individuals with TSPO MLAB (Fig. 4). Significant differences in
pain ratings were also found between cue colors, reflecting
expectancy modulation of pain, with ratings being higher when
the stimulus was preceded by a red cue compared to a green cue
(Fig. 4). While time differences were also observed (Fig. 4),
groups did not differ in subjective pain ratings per se. The
observed main effects of TSPO polymorphism, cue color, and
timewere qualified by statistically significant interactions between
TSPOpolymorphism and cue color (Fig. 4), time and cue color, as
well as between group and time (Fig. 4). No significant
interactions between TSPO polymorphism and time, TSPO
polymorphism and group, as well as between cue color and
group were found.

An interesting pattern emerged from the data, with the FM
HAB group standing out and numerically providing the highest
subjective pain ratings in both cue color conditions (Fig. 4). To
further explore this pattern and to disentangle the directionality
of the significant interaction between TSPO polymorphism and
cue color, 2 post hoc repeated measures ANOVAs were
performed (P 5 0.025 to correct for multiple comparisons),
separately for the green and red conditions. In the analysis
looking at the effects of TSPO polymorphism, group, and time

on P30green, a main effect of TSPO polymorphism (F(1,111) 5
7.52, P 5 0.0071) emerged, with individuals with TSPO HAB
rating pain intensity higher than individuals with TSPO MLAB. A
main effect of group (F(1,111) 5 5.56, P 5 0.0202) was also
found, with FMS providing more elevated pain intensity ratings
than HC. A main effect of time (F(1,111) 5 38.11, P , 0.001)
was also shown. None of the interactions reached significance
(P $ 0.0798). In the analysis investigating the effects of TSPO
polymorphism, group, and time on P30red, a main effect of
group (F(1,111)5 9.66, P5 0.0024) emerged from the analysis,
with FMS evaluating a midpainful stimulus following a red cue as
more painful than HC. A main effect of time (F(1,111) 5 5.74, P
5 0.0182) was also found. A significant group by time
interaction was observed (F(1,111) 5 7.66, P 5 0.0066),
indicating that P30red ratings differed between FMS and HC
over the course of the paradigm, as previously reported.55

However, importantly, in contrast to P30green, TSPO did not
significantly influence pain ratings of midpainful stimuli after
presentation of the red cue (P 5 0.1904). None of the other
interactions reached significance (P $ 0.3161).

3.2. Multimodal neuroimaging results

3.2.1. Single-voxel 1H-MRS

3.2.1.1. Effects of group and translocator protein
polymorphism on absolute and relative glutamate and
g-aminobutyric acid concentrations in rostral anterior
cingulate cortex and thalamus

Means and standard deviations (SD) of absolute and relative
glutamate and GABA concentrations in rACC and thalamus are
reported in Table 3. No statistically significant effects of TSPO
polymorphism or group were seen for glutamate concentrations
in the rACC. However, although nonsignificant, the interaction
between TSPOpolymorphism and group for absolute (F(1,104)5

Figure 2. CPM score per group (FM, HC) by TSPO polymorphism (HAB,
MLAB). Error bars represent the lower and the upper 95% confidence
intervals. Squares represent the mean of the data. CPM, conditioned pain
modulation; FM, fibromyalgia; HAB, high affinity binders; HC, healthy controls;
MLAB,mixed/low affinity binders; TSPO, translocator protein; FMMLAB5 30;
FM HAB 5 51; HC MLAB 5 21; HC HAB 5 21.

Figure 3. Pain pressure means (mmHg) corresponding to subjectively
calibrated P10 (10-mm VAS) and P50 (50-mm VAS) represented by group
(FM, HC) and TSPO polymorphism (HAB, MLAB). Error bars represent the
lower and the upper 95% confidence intervals. Squares represent the mean of
the data. P10, individually calibrated pain pressure matching a subjective pain
rating of 10/100-mm visual analogue scale (VAS); P50, individually calibrated
pain pressure matching a subjective pain rating of 50/100-mm VAS; FM,
fibromyalgia; HC, healthy controls; HAB, high affinity binders; MLAB, mixed/
low affinity binders; TSPO, translocator protein; VAS, visual analogue scale;
FM MLAB 5 30, FM HAB 5 48, HC MLAB 5 17, HC HAB 5 21.

280 S. Fanton et al.·163 (2022) 274–286 PAIN®



3.89, P 5 0.0513) as well as relative (F(1,104) 5 3.11, P 5
0.0808) glutamate concentrations in the rACC revealed a similar
pattern, with higher glutamate concentrations in the rACC of FM
HABs, compared to MLABs, and vice versa for HC (Table 3 for
means and SD). In the thalamus, a main effect of TSPO
polymorphism was shown for absolute (F(1,112) 5 5.72, P 5
0.0184), but not for relative (P 5 0.1046), glutamate concentra-
tions, with higher thalamic glutamate concentrations in individ-
uals with TSPO HABs compared to MLABs (Table 3 for means
and SD). No significant main effect of group nor a significant
interaction between TSPO polymorphism and group were found
for thalamic glutamate concentrations (P $ 0.3024). No
statistically significant effects of TSPO polymorphism and/or
group nor significant interactions were seen for GABA concen-
trations in rACC and thalamus (P $ 0.1218).

3.2.1.2. Correlations between glutamate and g-aminobutyric
acid concentrations in the rostral anterior cingulate cortex
and thalamus

The correlations between glutamate and GABA concentrations in
rACC and thalamus, respectively, are presented in Table 4. In the
rACC, a consistent pattern emerged revealing significant weak to
moderate positive correlations between glutamate and GABA
concentrations (absolute and relative) across all subjects, in the
FM, HAB, as well as in the FM HAB and HC HAB groups. No
significant positive correlations were found in individuals carrying
theMLABgenetic variant, in fact, a significant negative correlation
was seen in the HC MLAB group for relative metabolite
concentrations. Our data indicate that the HAB genetic variant
is associated with positive correlations between glutamate and
GABA in the rACC of FMS and HC alike. Regarding the thalamus,
we found significant positive glutamate and GABA correlations
(for absolute and relative concentrations) across all subjects, in
the FM, HAB, and FMHABgroups. In addition, significant positive
correlations were found, only for relative values, in HC, MLAB,
and HC MLAB groups.

3.2.1.3. Correlations between the conditioned pain
modulation score and glutamate as well as the conditioned
pain modulation score and g-aminobutyric acid

The correlations between the CPM score, as a measure of
descending pain inhibition, and absolute as well as relative
glutamate and GABA concentrations in rACC and thalamus are
reported in Table 5. In the rACC, a consistent pattern of positive

correlations between the CPM score and absolute as well as
relative glutamate or GABA concentrations emerged in the FM
and the FM HAB groups, but was not seen in HC or in MLAB
individuals of either group. In the thalamus, no significant
correlations emerged between the CPM score and glutamate
or GABA concentrations.

3.2.2. Functional magnetic resonance imaging

First, we evaluated the main effect of pain to assess the effects of
painful pressure stimulation for all P30 across the whole brain.
This revealed a strong BOLD response in areas classically
associated with pain processing, including insula, operculum,
somatosensory cortices, and ACC (Supplementary Table 1,
available at http://links.lww.com/PAIN/B362). Please see our
previous study55 for detailed separate analyses in FMS and HC.

Table 2

Results from the linear mixed-effects model computed on pain ratings in the instructed pressure pain conditioning paradigm.

ß Lower confidence limit Upper confidence limit t-value P

TSPO 9.426 2.973 15.880 2.894 0.0046

Cue color 28.649 24.307 32.991 12.940 <0.001

Time 1.041 0.474 1.609 3.598 <0.001

Group 21.361 29.727 7.005 20.322 0.7478

TSPO 3 cue color 24.438 27.939 20.938 22.486 0.0130

Time 3 cue color 21.281 21.853 20.710 24.397 <0.001

Group 3 time 20.696 21.295 20.097 22.280 0.0227

TSPO 3 time 0.070 20.503 0.643 0.238 0.8116

TSPO 3 group 24.586 215.602 6.430 20.825 0.4112

Cue color 3 group 22.956 26.615 0.702 21.585 0.1132

Main effects and interactions, significant at the conventional P , 0.05, are presented in bold.

TSPO, translocator protein.

Figure 4. VAS pain ratings during the instructed pressure pain conditioning
paradigm displayed by group (FM, HC) and TSPO polymorphism (HAB,
MLAB). Error bars represent the lower and the upper 95% confidence
intervals. Squares represent the mean of the data. VAS, visual analogue scale;
P30green, midintensity pain pressure presented after a green cue and
obtained by averaging individually calibrated low and high pain pressures,
P10 (10/100-mm VAS) and P50 (50/100-mm VAS), respectively; P30red,
midintensity pain pressure presented after a red cue and obtained in the same
manner as P30green (see description above); FM, fibromyalgia; HAB, high
affinity binders; HC, healthy controls; MLAB, mixed/low affinity binders; TSPO,
translocator protein; VAS, visual analogue scale; FM MLAB 5 30, FM HAB 5
48, HC MLAB 5 17, and HC HAB 5 21.
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Based on the behavioral results, we aimed to identify cerebral
differences between variants of the TSPO polymorphism in the
processing of noxious stimulation. In the predetermined ROIs, ie,
rACCand thalamus, therewerenodifferencesbetweeneither groups
or TSPO genotypes, neither during P30green nor during P30red.

We then tested for TSPO effects whole brain, ie, in brain
regions outside of the rACC and thalamus, for completion.
Opposed to the TSPO by cue color interaction in the behavioral
results, no pain-related difference in brain activation was
observed between TSPO genetic variants depending on pre-
ceding cue. Specifically, no differences between TSPO geno-
types were observed in either P30green or P30red.

In addition, no significant difference between TSPO genotypes
was found in pain processing when brain response was
modulated using individual pain ratings as a parametric modu-
lator. Although VAS scores resembled more closely P10 and P50
for P30green and P30red, respectively, in the beginning of the
testing phase and converged over time, this effect was not
accompanied by differences in BOLD signal modulated by pain
perception.

3.2.3. Correlations between extracted P30 blood oxygen
level-dependent signal and glutamate as well as extracted
P30 blood oxygen level-dependent signal and
g-aminobutyric acid

No significant correlations between pain-evoked BOLD signal
and either GABA or glutamate concentrations were observed in
rACC and thalamus (Supplementary Table 2, available at http://
links.lww.com/PAIN/B362).

4. Discussion

The translocator protein is upregulated during glial activation and
increased cerebral TSPO binding has been reported in FMS.1 To
our knowledge, the current study provides the first evidence
linking the genetically inferred variants of TSPO to: (1) endoge-
nous pain modulation, in the form of descending pain inhibition
and expectancy-induced pain modulation, (2) the concentration
and equilibrium of the 2 main excitatory and inhibitory neuro-
transmitters, ie, glutamate and GABA, and (3) the relationship
between top-down pain inhibition and the above-mentioned

Table 3

Glutamate and GABA concentrations (absolute and relative) in rACC and thalamus per group (FM, HC), TSPO (HAB, MLAB), and

their combination.

N (rACC/thalamus)

rACC glutamate THALAMUS glutamate rACC GABA THALAMUS GABA

Absolute Relative Absolute Relative Absolute Relative Absolute Relative

M (SD) M (SD) M (SD) M (SD) M (SD) M (SD) M (SD) M (SD)

FM 68/74 10.8 (2.7) 10.2 (2.6) 9.3 (1.2) 9.6 (1.4) 2.4 (1.1) 2.2 (1.1) 1.9 (0.9) 2.0 (0.9)

HC 40/42 10.6 (2.4) 10.2 (1.8) 9.0 (1.3) 9.4 (1.1) 2.4 (1.0) 2.3 (0.8) 1.7 (0.8) 1.7 (0.8)

HAB 65/66 10.9 (2.7) 10.3 (2.4) 9.4 (1.2) 9.7 (1.4) 2.4 (1.1) 2.3 (1.1) 1.9 (0.9) 2.0 (0.9)

MLAB 43/50 10.5 (2.5) 10.0 (2.2) 8.9 (1.2) 9.3 (1.1) 2.3 (1.0) 2.2 (0.9) 1.7 (0.8) 1.8 (0.9)

FM HAB 44/45 11.3 (2.9) 10.5 (2.8) 9.5 (1.3) 9.8 (1.5) 2.4 (1.2) 2.3 (1.2) 2.1 (0.9) 2.1 (0.9)

FM MLAB 24/29 10.1 (2.3) 9.6 (2.3) 9.0 (0.9) 9.3 (1.1) 2.3 (1.0) 2.1 (0.9) 1.8 (0.8) 1.8 (0.8)

HC HAB 21/21 10.2 (2.0) 9.8 (1.3) 9.3 (0.9) 9.5 (1.2) 2.3 (1.0) 2.2 (0.9) 1.7 (0.8) 1.7 (0.8)

HC MLAB 19/21 11.0 (2.7) 10.6 (2.1) 8.7 (1.6) 9.3 (1.1) 2.4 (1.0) 2.3 (0.8) 1.6 (0.9) 1.7 (0.9)

The reported values are means (M) and standard deviations (SD) in parentheses. Absolute thalamic glutamate concentrations were significantly higher in the HAB, compared to MLAB, group (bold, P 5 0.0184).

FM, fibromyalgia; GABA, g-aminobutyric acid; HAB, high affinity binders; HC, healthy controls; MLAB, mixed/low affinity binders; rACC, rostral anterior cingulate cortex; TSPO, translocator protein; Absolute, absolute compound

concentrations; Relative, relative compound concentrations.

Table 4

Spearman correlations between glutamate and GABA concentrations (absolute and relative) in rACC and thalamus.

N (rACC/thalamus)

rACC THALAMUS

Absolute Relative Absolute Relative

r P r P r P r P

Across subjects 108/116 0.2899 0.0023 0.2232 0.0202 0.3036 <0.001 0.3512 <0.001

FM 68/74 0.3248 0.0069 0.3541 0.0031 0.2967 0.0103 0.3461 0.0025

HC 40/42 0.2387 0.1380 20.0479 0.7694 0.3008 0.0529 0.3381 0.0285

HAB 65/66 0.4634 <0.001 0.5289 <0.001 0.3378 0.0055 0.3090 0.0116

MLAB 43/50 20.0107 0.9460 20.2985 0.0518 0.2122 0.1390 0.4018 0.0038

FM HAB 44/45 0.4086 0.0059 0.5579 <0.001 0.3069 0.0403 0.3359 0.0241

FM MLAB 24/29 0.0636 0.7678 20.2039 0.3392 0.1394 0.4707 0.3303 0.0801

HC HAB 21/21 0.5618 0.0080 0.5215 0.0153 0.3355 0.1371 0.1886 0.4129

HC MLAB 19/21 20.1053 0.6680 20.5035 0.0280 0.2706 0.2355 0.4518 0.0398

Correlations, significant at the conventional P , 0.05, are presented in bold.
FM, fibromyalgia; HAB, high affinity binders; HC, healthy controls; MLAB, mixed/low affinity binders; rACC, rostral anterior cingulate cortex; Absolute, absolute compound concentrations; Relative, relative compound

concentrations.
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metabolites in rACC, but not thalamus. A common denominator
of these findings is that they are non–FM-specific. Individuals with
genetically inferred TSPO HAB, as opposed to MLAB, demon-
strated reduced descending pain inhibition and lower
expectancy-induced reduction of pain, indicating less efficient
endogenous pain modulation. Further supporting the role of
TSPO polymorphism in pain regulation, a pattern of positive
correlations emerged between conditioned pain modulation and
glutamate or GABA in the rACC, a central region for pain
modulation,28 in FMS, HABs, and FM HABs, ie, groups with
reduced descending pain inhibition. Thus, in FMS an aberrant
pain regulatory system combined with a HAB genetic set-up
might increase the inefficiency of pain modulation. Further
non–FM-specific TSPO effects presented as TSPO HABs,
compared to MLABs, having higher absolute glutamate concen-
trations in the thalamus. In the rACC, positive correlations
between glutamate and GABA were found in TSPO HABs of
both groups, whereas the pattern was different in the thalamus,
suggesting, speculatively, that TSPO might have brain region-
specific effects on the investigated metabolites.

4.1. Genetically inferred translocator protein binding and
endogenous pain modulation

Although TSPO did not influence clinical measures, the effects on
endogenous pain modulation revealed a consistent pattern. Our
CPM data are in accordance with previous findings demonstrat-
ing that FM is associated with an aberrant pain modulatory
system.31,37 The influence of the TSPO variants on CPM revealed
less efficient CPM in HABs compared to MLABs in both groups
alike, indicating that CPM is affected by the TSPO polymorphism
regardless of baseline pain levels and overall pain inhibition
efficiency. The reduction in pain modulation efficiency in TSPO
HABs becomes apparent when considering that HC with TSPO
HAB took on FM-like characteristics by showing similar pain
modulation scores as FMS with TSPO MLAB (Fig. 2).

Previously, we observed that FMS and HC diverged in
expectancy-induced pain modulation.55 However, the present
data show a pattern of non–FM-specific effects of TSPO,
although these seemed to be more pronounced in FMS than
HC (Fig. 4). The influence of TSPO was distinct during the
P30green (Fig. 4), not P30red, condition. This indicates the
involvement of TSPO-associated mechanisms specifically during

the green condition, with TSPO HABs displaying a lower
expectancy-induced reduction of pain.

4.2. Concentrations of glutamate and g-aminobutyric acid in
relation to the translocator protein polymorphism

No significant differences in the concentrations of glutamate or GABA
were found between FMS and HC. To our knowledge, this is the first
MRS study investigating the rACC in FMS, although higher glutamate
concentrations in theACCwere reported in amixed cohort of patients
with chronic pain including FMS.27 Our results are consistent with
earlier reports of similar thalamic concentrations of glutamatebetween
FMS and HC.12,13,59 However, we found that absolute thalamic
glutamate concentrations were higher in TSPO HABs than MLABs.
Hypothetically, this finding may be related to differences in pain
modulationbetweenTSPOHABsandMLABsbecauseglutamatergic
projections from the thalamus to rACC have been implicated in pain
processing.16,22

Of further interest is the balance between excitation and inhibition,
with an altered equilibrium between glutamate and GABA being
extensively proposed to contribute to several chronic pain pathol-
ogies, FM included.50 Here, a clear pattern of positive associations
between glutamate and GABA in the rACC was observed in both
FMS and HC with, uniquely, the TSPO HAB variant, whereas a
negative correlation between the relative concentrations of these
metabolites was seen in TSPO MLABs (although significant only in
HC). Although the influence of TSPO on the relationship between
thalamic glutamate and GABA seemed less clear, the displayed
pattern pointed again to TSPO-related effects not being specific to
FM. Altogether, our data support a brain region-specific influence of
TSPO-linkedmechanisms on glutamate and GABA concentrations.

Furthermore, uniquely attributable to the rACC, a significant
pattern of positive correlations between glutamate and the CPM
score as well as GABA and the CPM score emerged for FMS,
TSPO HABs (FM and HC pooled), and FM HABs but was not
significant in HC HABs. Glutamate and GABA are postulated to
act in the brain as excitatory and inhibitory neurotransmitters,
respectively. As such, it might seem counterintuitive that a
pattern of positive correlations features, at the same time, the
relationship between CPM and GABA and the one between
CPM and glutamate. There are several possible explanations:
(1) The MRS technique has the inherent limitation of not allowing
to determine which pool of glutamate and GABA is being

Table 5

Spearman correlations between the CPM score and glutamate as well as the CPM score and GABA in rACC and thalamus.

N (rACC/thalamus)

rACC glutamate-CPM THALAMUS glutamate-CPM rACC GABA-CPM THALAMUS GABA-CPM

Absolute Relative Absolute Relative Absolute Relative Absolute Relative

r P r P r P r P r P r P r P r P

Across subjects 106/113 0.1765 0.0703 0.2093 0.0313 0.0704 0.4590 0.1497 0.1134 0.2314 0.0170 0.2413 0.0127 20.0395 0.6779 0.0082 0.9316

FM 67/72 0.2802 0.0216 0.2754 0.0241 0.0509 0.6713 0.1790 0.1324 0.3365 0.0054 0.3329 0.0059 20.0833 0.4869 20.0240 0.8416

HC 39/41 0.0591 0.7208 0.1644 0.3173 0.2298 0.1484 0.1991 0.2120 0.0545 0.7420 0.0289 0.8611 0.2064 0.1954 0.2041 0.2006

HAB 64/64 0.2806 0.0247 0.2255 0.0731 0.0813 0.5230 0.1335 0.2929 0.3143 0.0114 0.2940 0.0184 20.1434 0.2584 20.1013 0.4256

MLAB 42/49 0.0560 0.7247 0.1724 0.2751 0.1547 0.2886 0.2716 0.0590 0.1179 0.4570 0.1675 0.2889 0.1901 0.1908 0.2441 0.0910

FM HAB 44/44 0.3951 0.0080 0.3270 0.0303 0.0519 0.7381 0.1841 0.2317 0.4208 0.0045 0.3801 0.0109 20.1592 0.3019 20.1134 0.4636

FM MLAB 23/28 0.1206 0.5837 0.2194 0.3146 0.1445 0.4632 0.2841 0.1429 0.1573 0.4736 0.1909 0.3829 0.1768 0.3681 0.2693 0.1658

HC HAB 20/20 0.2165 0.3591 0.1504 0.5269 0.3609 0.1180 0.1805 0.4465 0.0534 0.8231 20.0715 0.7647 0.1581 0.5055 0.1702 0.4730

HC MLAB 19/21 20.0667 0.7863 0.0842 0.7318 0.2520 0.2706 0.4156 0.0610 0.1281 0.6013 0.1754 0.4725 0.3177 0.1606 0.3132 0.1669

Correlations, significant at the conventional P , 0.05, are presented in bold.

CPM, conditioned pain modulation; FM, fibromyalgia; GABA, g-aminobutyric acid; HAB, high affinity binders; HC, healthy controls; MLAB, mixed/low affinity binders; rACC, rostral anterior cingulate cortex; Absolute, absolute

compound concentrations; Relative, relative compound concentrations.
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measured. When these neurotransmitters are in the synaptic
clefts, their biological effects rely on the nature of the neurons
they make synaptic contact with, as inhibition of inhibitory
neurons (GABA) or excitation of excitatory neurons (glutamate)
could give rise to similar biological effects,14 (2) in the context of
the glutamine-glutamate/GABA cycle,61 both GABA and
glutamate potentially have both pronociceptive and antinoci-
ceptive effects based on their concentrations, site, and type of
receptors that is activated,43,49 and (3) correlations do not reveal
causality. Our results suggest a functional link between TSPO
polymorphism, CPM, as well as the glutamate and GABA
equilibrium in the rACC.

4.3. Cerebral pain-related activation in relation to magnetic
resonance spectroscopy data and the translocator
protein polymorphism

In this study, glutamate and GABA in rACC and thalamus were
not found to be associated with neural activity in these brain
regions during evoked pain. In the FM literature, some studies
have reported an association between baseline glutamate and
changes in cerebral response to evoked pain in the insula20,21

while, to our knowledge, none has been published regarding
GABA. Due to the documented involvement of the rACC and
thalamus in FM28–30 and the notion that the projections from the
thalamus to ACC are glutamatergic, while ACC neurons respond
to thalamic input via GABAergic-mediated inhibition,16 we
explored whether GABA and glutamate in rACC and thalamus
were related to cerebral pain processing. One explanation for the
lack of association between task-related fMRI BOLD signal and
MRS during rest might reside in the fact that data were collected
at different time points, suggesting the need for both techniques
to be task-based. Furthermore, despite the behavioral results, we
found no evidence of the effect of the TSPO variants on cerebral
pain processing in BOLD response, which is in accordance with
our previous findings.38 The BOLD signal relies on neurovascular
coupling during neuronal activation resulting from the release of
excitatory neurotransmitter substances, such as glutamate.42

Contrary to this, GABA, as an inhibitory transmitter, has been
proposed to be a keymediator of negative BOLD responses, also
referred to as deactivations, mainly related to inhibitory post-
synaptic potentials.4,25,44 Hypothetically, a simultaneous release
of glutamate and GABA in the same neuronal cluster could have
opposing effects on the neurovascular response and, in turn,
affect the BOLD signal. Therefore, the equilibrium between
glutamate and GABA release in a brain region would have
physiological effects not necessarily captured by the BOLD
response. Under this assumption, our findings showed that the
TSPO polymorphismwas associated with pain modulation on the
behavioral level and the equilibrium between glutamate and
GABA, particularly in the rACC, although without detectable
differences in pain-related BOLD signal.

4.4. Limitations

First, due to uneven group sizes, some statistical analyses were less
powered than possible with equal-sized groups. Second, MRS data
were acquired at rest, reflecting baseline metabolite concentrations,
thus questioning direct relation to task-based fMRI. Third, standard
PRESS, the most commonly used sequence in clinical studies, may
not be the optimal method to separate glutamate, glutamine, and
GABA.Higher accuracy inmetabolite detection could be achieved via
a semi-LASER sequence, as this has been recently suggested to
reduce PRESS-related localization errors.48

5. Conclusions

In FMS and HC alike, the TSPO HAB variant was associated with a
reduced efficacy of endogenous pain modulation, ie, less efficient
descending pain inhibition and diminished expectancy-induced
reduction of pain. Further supporting the TSPO involvement in pain
regulation were the positive associations between conditioned pain
modulation and glutamate or GABA in the rACC, a central region for
pain modulation,28 in FMS, HABs, and FM HABs, ie, groups with
reduced descending pain inhibition. Moreover, in the rACC of HABs,
but not MLABs of both groups, a pattern of positive correlations
between glutamate and GABA was found, whereas there was no
influence of TSPO polymorphism on the concentration of such
metabolites. However, as HABs of both groups had higher absolute
thalamic glutamate concentrations than MLABs, our findings point to
TSPO-linked effects being brain region-specific. Altogether, our data
indicate an important non–FM-specific role of TSPO in the regulation
of endogenous pain modulation and brain metabolism, thereby
supporting the drug development targeting TSPO-related mecha-
nisms for pain relief.
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[23] HäuserW, Brähler E, Ablin J, Wolfe F. 2016modified American College of
Rheumatology fibromyalgia criteria, ACTTION-APS Pain Taxonomy
criteria and the prevalence of fibromyalgia. Arthritis Care Res 2020. doi:
10.1002/acr.24202 [Epub ahead of print].

[24] Hawker GA, Mian S, Kendzerska T, French M. Measures of adult pain:
visual analog scale for pain (VAS pain), numeric rating scale for pain (NRS
pain), McGill pain questionnaire (MPQ), short-form McGill pain
questionnaire (SF-MPQ), chronic pain grade scale (CPGS), short form-36
bodily pain scale (SF-36 BPS), and measure of intermittent and constant
osteoarthritis pain (ICOAP). Arthritis Care Res 2011;63:S240–52.

[25] Hayes DJ, Huxtable AG. Interpreting deactivations in neuroimaging. Front
Psychol 2012;3:27.

[26] Henn FA, Goldstein MN, Hamberger A. Uptake of the neurotransmitter
candidate glutamate by glia. Nature 1974;249:663–4.

[27] Ito T, Tanaka-Mizuno S, Iwashita N, Tooyama I, Shiino A, Miura K, Fukui
S. Proton magnetic resonance spectroscopy assessment of metabolite
status of the anterior cingulate cortex in chronic pain patients and healthy
controls. J Pain Res 2017;10:287–93.

[28] Jensen KB, Kosek E, Petzke F, Carville S, Fransson P,Marcus H,Williams
SCR, Choy E, Giesecke T, Mainguy Y, Gracely R, Ingvar M. Evidence of
dysfunctional pain inhibition in Fibromyalgia reflected in rACC during
provoked pain. PAIN 2009;144:95–100.

[29] Jensen KB, Loitoile R, Kosek E, Petzke F, Carville S, Fransson P, Marcus
H, Williams SC, Choy E, Mainguy Y, Vitton O, Gracely RH, Gollub R,
Ingvar M, Kong J. Patients with fibromyalgia display less functional
connectivity in the brain’s pain inhibitory network. Mol Pain 2012;8:32.

[30] Jensen KB, Srinivasan P, Spaeth R, Tan Y, Kosek E, Petzke F, Carville S,
Fransson P, Marcus H, Williams SCR, Choy E, Vitton O, Gracely R, Ingvar
M, Kong J. Overlapping structural and functional brain changes in
patients with long-term exposure to fibromyalgia pain: brain changes in
long-term fibromyalgia. Arthritis Rheum 2013;65:3293–303.

[31] Julien N, Goffaux P, Arsenault P, Marchand S. Widespread pain in
fibromyalgia is related to a deficit of endogenous pain inhibition. PAIN
2005;114:295–302.

[32] Kadetoff D, Lampa J, Westman M, Andersson M, Kosek E. Evidence of
central inflammation in fibromyalgia—increased cerebrospinal fluid
interleukin-8 levels. J Neuroimmunol 2012;242:33–8.

[33] Kantamneni S. Cross-talk and regulation between glutamate andGABAB
receptors. Front Cell Neurosci 2015;9:135.

[34] Kong J, Jensen K, Loiotile R, Cheetham A, Wey HY, Tan Y, Rosen B,
Smoller JW, Kaptchuk TJ, Gollub RL. Functional connectivity of the
frontoparietal network predicts cognitive modulation of pain. PAIN 2013;
154:459–67.

[35] Kosek E, Altawil R, Kadetoff D, Finn A, Westman M, Le Maı̂tre E,
Andersson M, Jensen-Urstad M, Lampa J. Evidence of different
mediators of central inflammation in dysfunctional and inflammatory
pain—interleukin-8 in fibromyalgia and interleukin-1 b in rheumatoid
arthritis. J Neuroimmunol 2015;280:49–55.

[36] Kosek E, Cohen M, Baron R, Gebhart GF, Mico J-A, Rice ASC, Rief W,
Sluka AK. Do we need a third mechanistic descriptor for chronic pain
states?. PAIN 2016;157:1382–6.

[37] Kosek E, Hansson P.Modulatory influence on somatosensory perception
from vibration and heterotopic noxious conditioning stimulation (HNCS) in
fibromyalgia patients and healthy subjects. PAIN 1997;70:41–51.

[38] Kosek E, Martinsen S, Gerdle B, Mannerkorpi K, Löfgren M, Bileviciute-
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