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Purpose: It has been suggested that reward system dysfunction may account for
emotion and pain suffering in migraine. However, there is a lack of evidence whether
the altered reward system connectivity is directly associated with clinical manifestations,
including negative affect and ictal pain severity and, at the molecular level, the dopa-
mine (DA) D2/D3 receptors (D2/3Rs) signaling implicated in encoding motivational and
emotional cues.

Patients and Methods: We acquired resting-state functional MRI from interictal episodic
migraine (EM) patients and age-matched healthy controls, as well as positron emission
tomography (PET) with [''C]raclopride, a selective radiotracer for DA D2/3Rs, from
a subset of these participants. The nucleus accumbens (NAc) was seeded to measure
functional connectivity (FC) and DA D2/3Rs availability based on its essential involvement
in pain-related aversive/reward functions. Associations of the brain measures with positive/
negative affect and ictal pain severity were also assessed.

Results: Compared with controls, the EM group showed weaker right NAc connectivity
with areas implicated in pain and emotional regulation, such as the amygdala, rostral
anterior cingulate cortex, hippocampus, and thalamus; but showed stronger left NAc
connectivity with the dorsolateral prefrontal cortex and lingual gyrus. Moreover, among
the altered NAc connectivities, only right NAc-amygdala connectivity was inversely
correlated with DA D2/3Rs availability in migraine patients (diagnostic group-by-D2
/3Rs interaction p < 0.007). At a clinical level, such weaker NAc-amygdala connectiv-
ity was associated with lower interictal positive affect and greater ictal pain severity
over the head and facial extension area (pain area and intensity number summation,
PAINS).

Conclusion: Together, our findings suggest that altered reward system connectivity, speci-
fically between the NAc and amygdala, might be affected by endogenous DA D2/3Rs
signaling, and such process might be a neural mechanism that underlies emotional and
pain suffering in episodic migraineurs.

Keywords: dopamine, nucleus accumbens, functional connectivity, migraine, reward

system, craniofacial pain

Introduction

Migraine is a devastating neurological disorder characterized by recurrent episodes
of headache attacks with gastrointestinal symptoms (eg, nausea, vomiting) and
hypersensitivity to odors, touch, light, and sound." These symptoms are often
accompanied by allodynia in 63% of patients during a migraine attack.” In addition
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to pain, emotional dysregulation such as depression and
anxiety is another burden that translates migraine into
a more hard-to-treat disorder.’

Long-term repeated migraine attacks are chronic stres-
sors that reorganize the brain regions involved in pain and
emotion.” Alongside these changes, studies point to abnor-
mal reward processing in episodic migraine (EM) patients
even during the interictal period, such as altered neural
response  to reward/loss

secondary (eg, monetary)

consumption.” Seemingly unrelated, it is evident that
reward strongly interacts with pain through their overlap-
ping neuroanatomical structures such as the amygdala and
nucleus accumbens (NAc).*’ Chronic pain impairs the
mesolimbic reward system, which leads to reduced moti-
vated behaviors, negative affect, and further debilitating
pain-related suffering.®® However, neuroimaging evi-
dence regarding an association between the reward system
and clinical symptoms in migraine is very limited.
Specifically, the NAc receives dopaminergic input
from the ventral tegmental area, which constitutes the
basis of the mesolimbic reward circuitry.” Also, it plays
a significant role in various pain experiences, including

. : 10,11
pain aversiveness and stress,

reward from pain
relief,'>'? and chronification of pain.'*!® The involvement
of the NAc in emotional and motivational processing in
pain context can be possible through its functional con-
nection with brain regions responsible for affective and
executive functions such as the prefrontal cortex and ante-
rior cingulate cortex (ACC).'® Thus, we hypothesized that
the reward system constructed by NAc connectivity would
be compromised and, further, might be relevant for affect
and pain suffering in migraine patients.

Of note, researchers suggested that dopamine (DA),
a key neurotransmitter involved in the reward and aversive
learning, modulates the NAc pathway through D2 type
receptor signalings.'® Recent multimodal neuroimaging
studies have reported that experimental or endogenous
DA was associated with brain signal variability, functional
connectivity (FC), and between-network coupling.'” '
Thus, we hypothesized that endogenous DA receptor sig-
naling would be associated with NAc connectivity in
migraine. However, no studies have investigated these
relationships in interictal EM patients to date.

We, therefore, investigated whether migraine exhibits
an alteration in NAc connectivity during the interictal
(headache-free) phase, if so, whether altered NAc connec-
tivity is associated with endogenous DA receptor avail-
ability. To do so, we acquired resting-state functional

Magnetic Resonance Imaging (rs-fMRI) and Positron
Emission Tomography (PET) with radiotracer [''C]raclo-
pride, a DA D2/D3 receptors (D2/3Rs) antagonist ligand,
from interictal EM patients and healthy controls (HC). We
seeded the NAc for measuring both FC and DA D2/3Rs
availability. We further examined whether these molecular
or functional brain properties would be associated with
positive or negative affect and ictal clinical pain severity.

Patients and Methods
Study Participants

We recruited participants, including patients and controls,
through local advertising in the university’s surrounding
area. The age range was 18—45 years. The diagnosis of EM
was determined by the International Classification of
Headache Disorders (ICHD-3-beta).”* Specific exclusion cri-
teria were applied to both patients and controls as follows: the
presence of potential MR risks such as pacemakers, surgical
clips or metallic surgical devices, pregnancy, preventive
migraine medications, opiate or hormonal contraceptive use
in the 6 months before enrollment, presence of comorbid
chronic pain condition, or other neurological or affective dis-
orders. After screening for eligibility, 14 episodic migraineurs
and 14 age- and sex-matched HCs were included in this study.
We added 11 HC (1 male and 10 females) data from another
study with the same fMRI protocol®® to increase statistical
power in the rs-fMRI connectivity analysis.

This study was approved by the University of Michigan
institutional review board (HUMO00027383) and registered at
NCT03004313. We
obtained written informed consent from all participants

www.clinicaltrials.gov; identifier:

involved in the study and conducted the study in compliance
with the ethical principles for medical research involving
human subjects in the Declaration of Helsinki.

fMRI and PET Data Acquisition

Figure 1 shows an overview of the data acquisition and
analysis flow. We used a 3T GE scanner (General
Electric, Milwaukee, WI, US) at the University of
Michigan for acquiring rs-fMRI and anatomical image
data while the patients were outside of migraine attacks.
Blood oxygenation level-dependent (BOLD) data were
acquired with a reverse spiral sequence® with repetition
time [TR] = 2000 ms, echo time [TE] = 30 ms, flip angle
= 90°, slice thickness = 3.0 mm, field of view [FOV] =
220 * 220 mm, voxel-size = 3.44 * 3.44 * 3 mm, and
acquisition time = 8 min. The participants kept fixating
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Figure | Data acquisition and analysis flow. We acquired data for (A) magnetic resonance imaging (MRI) and (B) [''C]raclopride positron emission tomography (PET) from
interictal episodic migraine patients and healthy controls. Note that the MRI and PET were acquired on different days. (C) During the ictal PET experiment, patients rated
their pain location and intensity using a mobile application (GeoPain, MoxyTech Inc). (D) We first investigated the resting-state functional connectivity for the nucleus
accumbens in each side and compared them between episodic migraineurs and healthy controls. Lastly, we tested if the abnormal NAc connectivity would be associated with

dopamine D2/D3 receptor availability and clinical pain severity in episodic migraineurs.

their eyes on the cross presented on the computer screen
during the fMRI acquisition. We simultaneously acquired
the cardiac and respiratory signal with the pulse oximeter
(sampling rate = 100 Hz and 25 Hz, respectively) placed
on the subject’s finger and the pressure belt placed
around each subject’s abdomen. Field map imaging was
performed with the first volume of the run along with
one of the dummy volumes with a different TE (< 2 ms)
that are typically discarded upfront. Using the two
volumes with different echo times allows us to compute
the field map that is used for correction. Thus, aside
from the different TE of the one-volume used, all other
parameters should be the same as the fMRI data.

Axial fast spoiled gradient recalled echo (SPGR) T1-
weighted image was acquired with TR = 12.22 ms, TE =
5.18 ms, flip angle = 15° slice thickness = 1.0 mm, FOV
= 260 * 260 mm, number of excitation = 1, and voxel
size = 1.02 * 1.02 * 1 mm. To reduce head motion,
participants used foam padding. We asked participants
to stay as still as possible during the whole scan.

PET with a radiotracer [''C]raclopride, a selective
DA D2/3Rs,
a Simens HR+ scanner (Knoxville, TN) in 3-D mode

radiotracer for was performed with
with septa retracted and scatter correction. Detailed infor-
mation regarding the administration of the [''CJraclopride

and reconstruction of individual PET were described

elsewhere.?” The original 90-minute interictal PET experi-
ment included a resting early-phase (30—40 mins) without
stimulation, followed by a sustained thermal pain thresh-
old (STPT) challenge inducing cutaneous allodynia (45-60
mins) and resting late-phase (60-90 mins). Twenty-one
frames of PET images were acquired while increasing
duration from 30 seconds to 10 minutes. A light forechead
restraint was used to prevent head motion. For the entire
schedule, the pain specialist confirmed that patients were
at least 48-hour free of migraine attacks and abortive
medications before the scan time. Also, the patients did
not report migraine attacks at least 48-hours after PET/
MRI participation. This study only included the PET early
phase analysis without stimulation (3040 mins) as it
matched the MRI protocol (no experimental pain).

In sum, we analyzed fMRI data for 13 EM patients (1
patient was excluded due to a technical issue during the
acquisition) and 25 HCs. Among them, 11 EM patients
and 10 HCs were included in PET analyses.

Resting-State fMRI Preprocessing and
Functional Connectivity

Images were reconstructed using field-map correction and
corrected for cardiac- and respiratory-related noise. We
utilized the FMRIB Software Library (FSL)(http://www.
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fmrib.ox.ac.uk/fsl) and  Analysis of Functional PET Preprocessing
Neurolmages ~ (AFNI)(http://afni.nimh.nih.gov/afni) for  We included PET images acquired ranging from 30 to 40-

1000
Connectomes Project (http://www.nitrc.org/projects/fcon

pre-processing  adapted  from Functional

1000). The pre-processing steps are briefly summarized as
follows: discarding the first 5 functional volumes to allow
for MR signal equilibration, slice timing correction,
3-dimensional motion correction, grand-mean scaling of
the voxel value, removing of eight nuisance signals (six
motion parameters, cerebrospinal fluid, and white matter)
by regression, removing linear and quadratic trends, and
spatial smoothing with a Gaussian kernel (FWHM =
6 mm), and temporal band-pass filtering (0.01-0.1 Hz).
The functional images were then registered to the
Montreal Neurological Institute (MNI)(2 * 2 * 2 mm®)
standard space using FMRIB’s Linear Image Registration
Tool. The frame-wise displacement (FD) of time-series
was quantified for head motion.”® Although the mean FD
did not differ between the two groups (EM: 0.054 + 0.021;
HC: 0.061 £ 0.027, t = 0.81, p = 0.43), it was added to the
statistical group comparison as a covariate to rule out
a potential effect of head motion on connectivity measures.

We extracted averaged fMRI time series of left and right
NAc seed using the Harvard-Oxford cortical and subcortical
structural atlases®” to correlate them with each voxel’s time
series of the whole-brain in native space to create an intrin-
sic FC map of the NAc. The resulting correlation maps were
Fisher’s r-to-z converted and then transformed into MNI152
standard space. We conducted a one-sample #-test for each
group while adjusting age, sex, and mean FD to examine
which regions show spatially correlated patterns with the
NAc using the DPABI statistical module version 4.2 (http://
rfmri.org/dpabi).28 We applied a two-sample #-test to iden-
tify brain regions with significant differences in each NAc-
FC between the EM vs HC while adjusting age, sex, and
FD. Multiple comparisons were corrected with a threshold
of p < 0.05 (height threshold of uncorrected p < 0.005,
combined with cluster threshold of p < 0.05, two-tailed),
determined by Monte Carlo simulation (n = 5000) using the
DPABI Alphasim program. After that, we extracted the
average Fisher’s z-score in each significant cluster in
which NAc-FC was different between the two groups. In
principle, it is desirable to correct statistical maps based on
the number of seed points. However, according to the pre-
vious literature,”° left and right NAc are differentially
involved in migraine pathophysiology; therefore, we did
not correct statistical maps based on the number of seed
points.

minute post tracer administration (early resting-state).
They were reconstructed using interactive algorithms into
a 128 * 128 pixel-matrix in a 24 * 24 cm FOV with
attenuation and scatter corrections, as well as head motion
artifact correction by performing a linear co-registration
through frames of dynamic PET images.

Then, two sets of parametric maps were generated
from the reconstructed images, with a voxel-by-voxel
basis threshold at p < 0.01 and an extent threshold of
288 voxels, including 1) a tracer transport measure (K;
ratio) usually used for PET-MRI image co-registration
and normalization, and 2) a receptor-related measure or
a BPyp estimated by applying the modified Logan gra-
phical analysis®' with the cerebellar gray matter, an area
devoid of DA receptors, as a reference region. The slope
of the Logan plot is (f3B,,../K;), where f, is the free
fraction of tracer in the non-displacement tissue compart-
ment, B,,,, is the density of available binding sites, and
K, is the affinity constant. The uptake measure of the
radiotracer [''C]raclopride (non-displaceable binding
potential, BPyp) was used to assess a DA D2/3Rs
availability.

Each T1 image was linearly aligned to the K1 ratio
image with a mutual information algorithm,** and the
resulting matrix was applied to the BPyp images. Tl
images were then non-linearly normalized to MNI space
using the DARTEL?? in SPMS8 and Matlab (MathWorks,
R2015B). Both BPyp and K1 ratio images were then
normalized into MNI space by applying the resulting
deformation parameters. The normalized BPyp images
were resampled to 2-mm voxels and smoothed with
a Gaussian kernel (3 * 3 * 2 mm). Global normalization
was not applied to the parametric map. Only regions of
voxel values of BPyp over 0.1 times the mean global
image was included for analysis. Averaged BPyp of
each NAc was extracted for each subject using the
subcortical structural

Harvard-Oxford cortical and

atlases.?’

Pain and Affect Measures

We acquired demographic and migraine-specific informa-
tion, including duration, frequency of migraine attacks,
and aura at the screening visit. When migraine patients
visited for the MRI or PET scanning, we confirmed that
they were outside of headache attack and any pain using
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the short-form McGill Pain Questionnaires (SF-MPQ).**
Among the patients who participated in both interictal PET
and fMRI, 8 patients re-visited for an ictal PET scan and
record their pain severity in the craniofacial and cervical
region using an in-house developed application called
“GeoPain” (MoxyTech Inc, Ann Arbor, MI, https://moxy
tech.net/), as described in our previous studies.”’>> The
GeoPain is a 3D-body navigation system to record objec-
tive sensory-discriminative information of pain in real-
time, which is quantifiable, reproducible, and validated.*®
In addition to pain area and average pain intensity by body
region (eg, head), it produces a Pain Area and Intensity
Number Summation (PAINS) score by multiplying the
pain area (from the 220 cells) by their numerical headache
intensity (mild=1 (visual analog scale [VAS]: 1-3), mod-
erate=2 (VAS: 4-7), severe=3 (VAS: 8-10)). We divided
this individual PAINS score by 660 (220 * 3) to calculate
a percentage estimate of the ictal pain severity.

We applied the Positive and Negative Affect Schedule
(PANAS) to assess the present-moment positive and nega-
tive affect.>” PANAS score of each affect can range from
1050 with a higher value indicating more positive or
negative affect, respectively.

Statistical Analysis

Group Comparisons

Statistical analyses were conducted using STATA software
(version 15, StataCorp LP, TX, USA). Demographic, clin-
ical, and PET outcome variables were compared between
the two groups (EM vs HC) using an independent samples
t-test for continuous data or chi-square test for categorical
data.

Association Between FC and D2/3Rs Availability

A general linear model (GLM) was used to test group
in the association between the NAc-FC
strength in each cluster, where the EM group showed an

differences

abnormal pattern, and NAc D2/3Rs availability measured
by ["'C]raclopride BPyp. This model includes each NAc
connectivity cluster as a dependent variable and the effects
of sex, group, NAc D2/3Rs availability, and group-by-
NAc D2/3Rs availability interaction term as independent
variables. We applied a Bonferroni correction on the
resulting p-values (p < 0.05/6 clusters = 0.0083). It should
be noted that we restricted the association of NAc-FC with
NAc D2/3Rs availability on the same side; ie, the right
NAc-FC was tested with the right NAc D2/3Rs
availability.

Clinical Correlation

We then evaluated the association between the right NAc
connectivity, specifically with the right amygdala, which
was differentially modulated by NAc D2/3Rs availability
between EM and HC, and interictal affect, and ictal pain
severity measured by PAINS. Pearson correlation coeffi-
cient was used for associations between those variables.
Statistical significance was set as p < 0.05. We performed
additional correlation analyses between affect and pain
measures. Also, we examined the association between
interictal NAc D2/3Rs availability and positive or negative
affect scores in each group.

Results

Sample Characteristics

The interictal EM patients and control subjects did not
significantly differ in demographic variables, including
age and sex composition and PANAS positive and nega-
tive affect scores. Table 1 provides a summary of descrip-
tive statistics for each wvariable and between-group
comparison results.

Group Difference in Brain Measures

We first ascertained that the NAc has a spontaneous rs-FC
with regions, including the prefrontal cortex, ACC, thala-
mus, insula, amygdala, and hippocampus, constituting the
previously known as the mesolimbic reward circuitry in
both groups (Supplementary Figure 1). The two-sample

t-test showed that, relative to controls, the EM group
showed weaker right NAc-FC with the right amygdala
(peak-xyz: 30.4,-20, peak-t = —4.3, voxels = 49), right
hippocampus (peak-xyz: 26,-36,4, peak-t = —4.2, voxels
= 51), right thalamus (peak-xyz: 22,-28,6, peak-t = —4.1,
voxels = 46), and left rostral ACC (peak-xyz: —8,40,2,
peak-t = 3.5, voxels = 40)(Figure 2A). Conversely, the
EM group showed stronger left NAc-FC with the left
dorsolateral prefrontal (DLPFC)(peak-xyz: —32,44,34,
peak-t = 4.0, voxels = 38), and right lingual gyrus (peak-
xyz: 16,-102,0, peak-t = 4.2, voxels = 71) than the HC
group (Figure 2B). When we compared the NAc [''C]
raclopride BPnp (DA D2/3Rs availability) between the
interictal EM and HCs, there were not any differences
between the two groups (Right NAc: t = —0.47, p = 0.69;
Left NAc: t = —0.25, p = 0.81). This result was not
changed after adding age or sex as covariates in a linear
regression model.
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Table | Demographic and Clinical Characteristics of Participants

Episodic Migraine Healthy Control Comparisons
Screening visit
No. (F:M) 13 (7:6) 25 (18:7) x> =125 p=026
Age, year 278 = 6.1 267 +74 t =047, p=0.64
Chronicity, year 126 +7.0 NA NA
Frequency/month, no. 58+29 NA NA
Aura, with: without 9:4 NA NA
Visit at interictal phase
No. (F:M) 11 (6:5) 10 (5:5) x> =0.04, p =084
Age, year 28.0 + 6.3 243 + 6.1 t=137,p=0.19
PANAS positive 260+75 27.7 £ 85 t=-0.51,p=0.62
PANAS negative 133 +£45 13.0 + 4.0 t=0.17,p = 0.87
Visit at ictal phase
No. (F:M) 8 (4:4) NA NA
Pain severity by PAINS?, % 14.51 £9.12 NA NA
Pain area (0-220) 40.5 + 21.33 NA NA
Pain intensity (1-3)° 2.37 £ 051 NA NA

Notes: Values are mean + standard deviation otherwise indicated. “The patients during the ictal phase used GeoPain mobile application to record the pain intensity and area
of the head and facial extension regions. ®Mild=1 (VAS: 1-3), moderate=2 (VAS: 4-7), severe=3 (VAS: 8-10).
Abbreviations: NA, not applicable; PAINS, pain area and intensity number summation; PANAS, positive and negative affect schedule; VAS, visual analog scale.

Association of Altered NAc Connectivity
with DA D2/3Rs Availability

To identify whether the altered NAc connectivity
observed in the EM group was associated with NAc
DA D2/3Rs availability, we performed the GLM analy-
sis to examine an effect of the group-by-DA D2/3Rs
availability on each cluster. A significant interaction
effect was found only in the right NAc connectivity
with the right amygdala (z = —2.72, p = 0.007), but
not in other clusters; left rostral ACC (z = —0.53, p =
0.59), right thalamus (z = —1.17, p = 0.24), right hippo-
campus (z = 0.10, p = 0.92), left DLPFC (z = -0.36, p =
0.72), and right lingual gyrus (z = 0.26, p = 0.80). This
significant result was driven by a negative association
between right NAc D2/3Rs availability and right NAc-
amygdala connectivity in the migraine group. There was
a trend-level positive association between those two
measures in the control group (Figure 3A).

Association of NAc-Amygdala
Connectivity with Affect and Pain

We assessed whether right NAc-amygdala connectivity,
which was negatively modulated by NAc D2/3Rs avail-
ability, was related to affect level and pain severity. As

a result, patients exhibiting weaker right NAc-amygdala
connectivity had lower interictal positive affect (r = 0.77,
p = 0.006) (Figure 3B). But, this was not true for negative
affect (r =0.22, p = 0.51). Also, there was a strong inverse
relationship between right NAc D2/3Rs availability and
positive affect only in the EM group (Figure 3B).
However, we did not find a significant relationship
between right NAc D2/3Rs availability and negative affect
in both groups (all p’s > 0.45). Neither positive nor nega-
tive affect scores were correlated with left NAc D2/3Rs
availability in both groups (all p’s > 0.08). Crucially, the
right NAc- amygdala connectivity was inversely correlated
with pain severity over the head and facial extension area
(r = —0.75, p = 0.033, n= 8) measured during a separate
visit for the ictal PET experiment (Figure 3C). We addi-
tionally found that patients with lower interictal positive
affect exhibit greater ictal pain severity (r = —0.71, p =
0.050). But, this was not true for the relationship between
negative affect and ictal pain severity (r = 0.24, p = 0.56).

Discussion

This study mainly explored whether NAc connectivity, as
a functional measure of reward network, is related to
endogenous DA D2/3Rs signaling and sought to reveal
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Figure 2 Between-group comparison of whole-brain wise resting-state functional connectivity with the right and left nucleus accumbens. The statistical map was corrected
with a threshold of p < 0.05 (height threshold of uncorrected p < 0.005, combined with a cluster extent threshold of p < 0.05). Brain slices are presented based on MNI
coordinates. (A) Compared with HC, patients with EM showed significantly lower R-NAc FC in the right amygdala, hippocampus, thalamus, and left rACC. (B) They also

showed significantly higher L-NAc FC in the left DLPFC and right lingual gyrus.

Abbreviations: EM, episodic migraine; DLPFC, dorsolateral prefrontal cortex; HC, healthy control; NAc, nucleus accumbens; rACC, rostral anterior cingulate cortex.

its clinical significance in EM. We found that lower right
NAc-amygdala connectivity was associated with higher
NAc D2/3Rs availability indicating a more upregulated
DA D2/3Rs or less DA neurotransmission. Notably,
patients showing weaker right NAc-amygdala connectivity
exhibit lower interictal positive affect and greater ictal
pain severity over the craniofacial area. These results sup-
port our hypothesis that the endogenous DA D2/3Rs avail-
ability interacts with the mesolimbic reward circuitry in
a way that regulates positive affect and ictal pain severity
in migraine and agrees with the previous hypothesis that
the hedonic continuum with pain and reward depends on
the dopaminergic reward system.**’

Regarding the NAc connectivity results, episodic
migraineurs showed lower right NAc connectivity with
the reward circuitry’s key components, including the
right amygdala, hippocampus, thalamus, and left rostral
ACC, compared to the HC group, suggesting that the
reward pathway in episodic migraine is less integrated or
functionally communicating.*” Based on our finding that
patients having lower right NAc FC with the right amyg-
dala exhibited lower positive affect and higher pain sever-
ity, less integrated right NAc FC would, at least in part,
reflect an abnormal affective processing or emotional
response to pain. However, in the study by Yuan et al
(2013),% compared with HC, EM patients without aura

(MoWA) exhibited higher right NAc connectivity with
orbitofrontal gyrus, parahippocampal gyrus, and bilateral
ACC whose location partially overlapped with our result
showing a lower right NAc FC with the left rostral ACC in
EM than HC. In the same study, stronger right NAc-ACC
connectivity was correlated with the migraine’s chronicity,
roughly ranging from 2 to 32 years. Notably, their chroni-
city range is 60% longer than that of our patients, which
runs between 2-20 years, pointing to a possibility that
chronicity might account for the differences between the
two studies. Additionally, the presence of aura might

! con-

underlie the different results between the studies,”
sidering that we included both migraines with aura (MWA)
and MoWA. There is still an insufficient number of studies
investigating resting-state migrainous brain between
MoWA and MWA. However, these findings indicated
that visual*** and default-mode network™* are most likely
implicated in the differences observed in brain activity
between the two migraine subtypes.

Interestingly, the recent study by Schulte et al
(2020),° in which 9 EM patients underwent daily rs-
fMRI for a minimum period of 30 consecutive days,
demonstrated that the right NAc, but not left side, con-
nectivity with the left amygdala, hippocampus, and
parahippocampal gyrus was stronger during the preictal
phase (24 hrs before headache onset) than the interictal
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Figure 3 Relationship between the right NAc-amygdala connectivity and NAc D2/3Rs availability, positive affect, and pain severity. (A) Less right NAc-amygdala connectivity
was coupled with higher right NAc D2/3Rs availability in the EM group, whereas this relationship was opposite for the HC group. (B) Patients with lower interictal positive
affect had weaker NAc-amygdala connectivity and higher right NAc D2/3Rs availability. (C) Weaker interictal NAc-amygdala connectivity was associated with greater pain
severity measured by PAINS during their ictal phase. Averaged pain intensity and area for 8 patients measured by the GeoPain mobile application were schematically
represented on the 3D head image at the lower left.

phase. This study indicated that the right NAc connec- and is further implicated in the generation of migraine

tivity depends on the time-lapse from a headache attack  attacks.
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In contrast, the regions showing enhanced connectivity
with the left NAc included the left dorsolateral prefrontal
cortex (DLPFC) and right lingual gyrus. The DLPFC and
nucleus accumbens constitute the cortico-striatal circuit
and perform top-down control of pain sensitivity and
emotion.*” Given that the EM group had no pain or
migraine attack around the time of fMRI acquisition, it
might reflect an adaptive neural strategy for pain modula-
tion during the interictal phase.

We confirmed that healthy controls had no statistically
significant FC between the left NAc and right lingual
gyrus (Supplemental Figure 1). However, EM patients

exhibited positive FC between the two regions, which
should be considered atypical. The growing amount of
literature suggests that the hyper-excitable or hyper-
connected lingual gyrus has been implicated with visual
disturbances of migraineurs such as blurred vision, photo-
phobia, or visual aura.***® For example, resting-state FC
between the right lingual gyrus and cerebellum was linked
to visual light sensitivity in MwoA.*® Interestingly, dopa-
minergic reward network has been hypothesized mechan-
isms underlying the auditory and visual hallucination of
schizophrenia.*” Moreover, NAc activation was related to
its vividness.*® Together, we cautiously speculate that the
left NAc hyper-connected to the right lingual gyrus may
indicate an atypical visual experience related to migraine
attack or headache severity. However, further studies are
needed to confirm these hypotheses.

Previous FC studies are heterogeneous in terms of
clinical characteristics, such as aura, attack frequency,
and the method
a functional network. These factors did not allow us to

medication, analytic to quantify
directly compare previous results with the current one, as
noted in;*’ thus, future studies should assess in detail the
impact of each of those clinical characteristics in migraine.

Although our study was not designed to explain
whether altered NAc connectivities were acquired or vul-
nerable traits, chronic emotional/physiological stress (eg,
repetitive migraine attacks) could change functional net-
works in a maladaptive way. For example, in an investiga-
tion of hippocampal connectivity in response to noxious
heat stimuli, EM patients with high-frequency attacks
(8-14 days/month) showed less connectivity with pain
processing areas, including the bilateral NAc, than patients
with low-frequency attacks (1-2 days/month).’® However,
the current study can not rule out a possibility that altera-
tions in NAc connectivity with the amygdala, hippocam-
pus, and DLPFC would reflect a vulnerability to the

development or maintenance of migraine. A previous
longitudinal neuroimaging study with chronic back pain
(CBP) provided compelling evidence that structural and
functional corticolimbic alterations were a predetermining
factor of developing chronic pain.’' Briefly, patients who
developed from subacute to persistent CBP exhibited
higher connectivity between the medial PFC, amygdala,
and NAc, relative to those who recovered from subacute
pain and healthy participants.

Next, we explored whether altered NAc connectivity
was influenced by DA D2/3Rs availability. As expected,
we found that only the right NAc-amygdala connectivity
was negatively correlated with the right NAc D2/3Rs
availability in the EM group. This relationship was
inverted, which was marginally significant in the control
group. That direction of association is the same as the
previous study with major depressive disorder reporting
an association between higher BPyp (reduced striatal DA
release) and lower striatal connectivity with the default-
mode and salience networks.?’

Although DA deficiency or hypo-functionality has
part of the
pathophysiology,>* we did not find a significant difference
between the interictal EM and HC for the NAc D2/3Rs

availability. However, previous studies with CBP and

been recognized as a migraine

fibromyalgia reported reduced DA receptor availability of
the striatal regions at baseline.'*>® These discrepancies
among studies could be explained by pain origins (neuro-
pathies vs musculoskeletal),”* presence of current pain, or
regional specificity (striatal vs extra-striatal). We reasoned
that sufficient pain relief, possibly interpreted as rewarding
to interictal migraine patients, might compensate for less
DA neurotransmission or upregulated DA receptors.

We also found that interictal positive affect was nega-
tively correlated with right NAc D2/3Rs availability and
positively with the right NAc-amygdala connectivity. This
result is partly understood under the dopaminergic theory
of positive affect, which links positive affect and DA
levels.>> However, our result did not occur simply due to
positive affect since this relationship was observed only in
the patient group. Alternatively, we thought that the result
is likely related to an individual trait, such as reward
responsiveness, positively correlated with PANAS positive
affect.’® The patients might perceive the interictal state as
being rewarded because the relief-period of an aversive
event (pain) can be a substantial reward.”’ We, therefore,
speculated that an inter-individual difference of how
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rewarded or motivated by pain relief would interact with
the DA D2/3Rs system.

It is well established that the amygdala is responsible
for the emotional-affective processing of pain.’® The baso-
lateral nuclei of the amygdala, showing lower connectivity
with the NAc in EM patients, is involved in associative
learning of emotional valance,” anxiety,60 threat
modulation,®’ and negative valence of pain.®* Notably,
Martikainen et al (2015)'* demonstrated a positive asso-
ciation between DA D2/3Rs availability of the right NAc
and p-opioid receptor (MOR) availability of the bilateral
amygdala in CBP patients. As stated by the authors, con-
sidering the reciprocal interaction between opioid and DA
system, MOR function of the amygdala might be compro-
mised as the NAc’s D2/3Rs function of the NAc deterio-
rates in chronic pain. Taken together, our findings of lower
NAc-basolateral amygdala connectivity could reflect
a degraded interaction between DA and opioid system,
which further links reward and pain modulatory systems
in migraine patients.

As an additional result, we found that interictal positive
affect was negatively correlated with ictal pain severity.
This result is supported by a meta-analysis study demon-
strating an inverse relationship between positive affect and
pain severity in people with chronic non-cancer pain.** We
think that the NAc-amygdala network, which underpins
positive emotional valence,®* might play a role in buffer-
ing or facilitating clinical pain. However, how the dopa-
minergic neurotransmission through the reward circuitry
influences migraine pain requires further investigation.
From a behavioral perspective, when patients experience
rewards in a pain-free state, it possibly affects motivation
and learning through dopaminergic reward circuitry. It
might then influence patients to modify their behavior to
prevent future attacks or to mitigate pain intensity.®> Thus,
this finding also corroborates the importance of cognitive-
behavioral therapies in migraine treatment.®®¢’

The multimodal study, with fMRI and PET, provided
insight into understanding the reward system’s involvement
in pain and affect in migraine. Our PET findings and com-
plex protocols (eg, non-induced attacks, same menstrual
phase) added crucial molecular information behind the MRI-
based connectivity dysfunction. Due to the study design’s
complexities, it might be understandable to first conduct
a correlation analysis between FC and pain severity only in
a highly scrutinized number of patients who visited both
interictal and ictal phases. Nonetheless, we investigated
clinical symptoms and functional brain signals in a timely

manner (not dependent on patients’ memory about pain and
affect, which might be erroneous or biased), which brings
more reliability to our findings. Still, they should be later
extended to a larger sample size. For the same reason, we
could not analyze the difference between migraine subtype
(eg, aura) and sex, which would likely affect the current
results. On a related note, given the exploratory nature of our
analysis, we did not perform statistical corrections for multi-
ple clinical correlations.®® Lastly, medication should be
taken into account. Although we excluded participants who
used to take opioids, psychostimulant drugs, or preventive
medicine and ask patients to stop medications except for
non-steroidal anti-inflammatory drugs (NSAIDs) at least 48-
hrs before scan time, their medication history may have
interacted with the brain’s chemical and regional connectiv-
ities differently among the patients. Thus, it needs
a particular caution while interpreting our results.

Conclusion

In sum, this study provides evidence of the association
between the mesolimbic reward connectivity and DA D2/
3Rs availability and its impact on clinical manifestations
in EM. Notably, the NAc-amygdala connectivity asso-
ciated with dopaminergic neurotransmission would encode
an emotional valence, ictal pain severity (area/intensity),
and possibly the relationship between positive affect and
pain. Our findings suggest the system-level mechanism
underlying pain and affect in migraine that could shed
light on innovative and improved treatment strategies,
such as enhancing positive affect or modulating reward
circuitry for alleviating migraine pain severity.
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