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Abstract

We explored the atypical functional connectivity between the anterior cingulate cortex and other brain areas in rats
subjected to repeated meningeal nociception. The rat model was established by infusing an inflammatory soup through
supradural catheters in conscious rats. Rats were subdivided according to the frequency of the inflammatory soup infusions.
Functional connectivity analysis seeded on the anterior cingulate cortex was performed on rats 2| days after inflammatory
soup infusion. Glyceryl trinitrate was injected following baseline scanning in the low-frequency inflammatory soup group and
magnetic resonance imaging data were acquired | h after the injection. The rats exhibited nociceptive behavior after high-
frequency inflammatory soup infusion. The anterior cingulate cortex showed increased functional connectivity with the
cerebellum in the inflammatory soup groups. The medulla showed increased functional connectivity with the anterior
cingulate cortex in the ictal period in the low-frequency inflammatory soup rats. Several areas showed increased functional
connectivity with the anterior cingulate cortex in the high-frequency inflammatory soup group, including the pontine teg-
mentum, midbrain, thalamus, corpus callosum, hippocampus, and retrosplenial, visual, sensory, and motor cortices. This
study indicated that the medulla participates in the early stage of a migraine attack and may be associated with the initiation
of migraine. Sensitization of the trigeminal nociceptive pathway might contribute to the cutaneous allodynia seen in chronic
migraine. Brain areas important for memory function may be related to the chronification of migraine. Electrophysiological
studies should examine those migraine-related areas and provide new targets for migraine treatment and prevention.
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Intr ion . .
troductio Except for the difference in headache-day frequency

Migraine is the most common primary headache disor-  between EM and CM, there are two important indica-

der and has high socioeconomic and personal costs.’
Migraine was ranked as the sixth leading cause of dis-
ability worldwide in the Global Burden of Discase
Survey and the leading cause of disability in those
under 50 years of age.”’ Classified as a subset of
migraine, chronic migraine (CM) is defined as headaches
on >15 days/month. In approximately 2.5% of
patients with episodic migraine (EM), the condition
transitions to CM annually.* CM imposes a greater
burden, with disability scores nearly twice as high as
those in EM.”

tors of progression to CM. Repeated migraine attacks
may lead to central sensitization via the chronic stimu-
lation of central pain pathways. As a symptomatic man-
ifestation of central sensitization, cutaneous allodynia
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was defined as innocuous stimuli perceived as painful.
The majority of migraineurs develop cutaneous allody-
nia during migraine attacks, and some have persistent
sensitization even during the interictal phase.®’
Cutaneous allodynia is more frequent and severe in
CM than in EM; it is associated with female sex, head-
ache frequency, increased body mass index, disability,
and depression.® Cutaneous allodynia may indicate
migraine progression.* Hyperalgesia during the interictal
period is also regarded as an indicator of success in the
preparation of animal models of CM.’° Major non-
headache indicators associated with CM include anxiety,
depression, and other affective disorders.'® Clinical and
epidemiological studies have demonstrated that migraine
has a bidirectional relationship with depression and anx-
iety.'""!? Migraineurs have a more than four-fold relative
risk of developing depression compared with patients
without migraine.'> Most CM rats show depression-
and anxiety-like behaviors.'* However, functional
brain changes related to the indicators of progression
to CM remain unclear.

The anterior cingulate cortex (ACC) is a key structure
involved in various higher brain functions, such as noci-
ception, chronic pain, cognition, and emotions."
Migraineurs had concordant decreases in the gray
matter volume in the ACC, and the decreased gray
matter volume was related to the estimated frequency
of headache attacks in a meta-analysis.'® Activation in
the ACC was also found in migraine patients.'® A CM
group showed greater activation in the ACC on laser
stimulus compared with both controls and migraine
without aura (MWA) patients.!” Noxious trigeminal
heat stimulation in migraine patients after external
trigeminal neurostimulation induced a significantly
reduced BOLD response in the ACC."® A molecular-
level study revealed altered N-acetyl aspartate/creatinine
in the ACC in migraine patients.'” Taken together, these
findings indicate that the ACC plays an important role
in the pathogenesis of migraine, especially CM. The
ACC is involved in chronic neuropathic pain and
its associated anxiety.”” Nevertheless, the functional
changes in the ACC that occur in migraine
remain unknown.

Functional connectivity (FC) is a descriptive measure
of the spatiotemporal correlations among distinct cere-
bral regions.”! Resting-state functional connectivity
(rs-FC) shows co-activation of brain regions during the
resting state and reveals the functional brain changes
involved in the pathogenesis of diseases. Therefore, in
this study, we used functional magnetic resonance imag-
ing (fMRI) to investigate rs-FC based on the ACC in
migraine model rats. We prepared animal models that
mimic EM and CM via inflammatory soup (IS) infusions
in the dura mater of rats at different frequencies.”> We
hypothesized that there would be atypical FC of the

ACC with (1) central pain pathways in the ictal stage
in the low-frequency IS-stimulated group and (2) brain
areas related to nociception, emotion processing, and
pain modulation in the high-frequency IS-stimulated
group, and (3) that cutaneous allodynia would be related
to higher pain-modulating cortical areas.

Materials and methods

Ethical concerns and habituation

This study included 24 specific-pathogen-free Sprague
Dawley adult male rats (180-220 g; six to seven weeks
of age; Beijing Vital River Laboratory Animal
Technology Co., Ltd.). The rats were housed separately
in a temperature-controlled (22 + 2°C) environment on a
12/12 h light/dark cycle and allowed food and water ad
libitum. The experimental procedures were approved by
the Laboratory Animal Center of the General Hospital
of Chinese People’s Liberation Army (Beijing, China)
and were consistent with the ethical guidelines recom-
mended by the International Association for the Study
of Pain in experimental conscious animals.”® Efforts
were made to minimize animal suffering.

Animal groups

The rats were divided randomly according to a sequence
generated by a random-number table to avoid selection
bias. According to the frequency of IS infusion, the rats
were assigned to two experimental groups and corre-
sponding control (Con) groups (n=6/group), i.e., low-
frequency infusion of IS (LF-IS; once every four days)
and high-frequency infusion of IS (HF-IS; daily). The
rats in the IS groups received infusions of IS (10 pL)
for 5 min and the Con groups received sterile saline
for 21 days. The IS (2 mM histamine, 2 mM 5-hydroxy-
tryptamine, 2 mM bradykinin, and 0.2 mM prostaglan-
din E2 in saline, Sigma, USA) was prepared from stock
solutions prior to use. The rats were placed in a plastic
tube restraint for IS/saline infusion and tactile sensory
testing. LF-IS group rats were infused with IS six times
totally (less than eight times) to approximate the patients
with EM. The HF-IS rats were infused with IS daily to
mimic CM.**

Surgical procedures

The surgery was conducted according to the methods
described in our previous research.?* Briefly, the rats
were placed under general anesthesia (pentobarbital
50 mg/kg, intraperitoneal) and positioned in a stereotax-
ic apparatus (ZS-B/C, Beijing, China). An incision was
made on the scalp to expose the skull. Next, two
8—10-mm long, 2-mm wide, and ~0.5-mm deep troughs
bilateral to the midsaggital suture (3—4 mm lateral to it)
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were drilled in the skull to orient and secure the PE10
tubing (62310, RWD Life Science Co., Ltd., Shenzhen,
China). The catheters were then attached to the skull
using 502 glue and dental cement. Finally, the incised
skin was sutured. After surgery, rats recovered for
about one week before used to proceed with the experi-
ments. Tactile sensory thresholds were monitored during
the recovery period to ensure that the thresholds
returned back to their preoperative baseline.

Tactile sensory testing

Tactile sensory testing was carried out as described pre-
viously by Oshinsky et al.>> They were conducted every
other day prior to the injection of IS or saline.
Nociceptive thresholds were measured by perpendicular-
ly applying a Von Frey monofilament (North Coast
Medical Co., Ltd., Gilroy, CA, USA) to the periorbital
region of the rats until a positive response was observed.
The von Frey stimuli were presented in a sequential
descending order to determine the threshold of response.
The threshold is defined as a positive response to two of
three, or in some cases three of five trials of a single von
Frey monofilament. Rats that did not respond to the
10 g stimulus were assigned 10 g as their threshold for
analysis. The evaluating experimenter was blind to the
experimental group.

fMRI acquisition and FC analysis

The rats were imaged 24 h after the last infusion of IS/
saline to mimic an interictal migraine state. The MRI
data were acquired using a 7.0-T Bruker Pharma Scan
system (Bruker BioSpin, Ettlingen, Germany) with a
38-mm diameter coil. Glyceryl trinitrate (0.1 mg/kg,
1.p.) was injected following baseline scanning in LF-IS
group.?® Cephalic mechanical allodynia were prominent
in the rats at 1 h after glyceryl trinitrate infusion, so the
MRI data were acquired 1 h after the injection to mimic
an ictal migraine state.”® The MRI data collection were
performed as described in our previous research.?*
Briefly, the rats were anesthetized with isoflurane in a
gas mixture of 40% O, and 60% N,. Each rat was
placed in the prone position on an MR-compatible ste-
reotactic holder with a bite bar and a gas mask to
exhaust the isoflurane. Respiration rate was monitored
using a pressure sensor (SA Instruments, Stony Brook,
NY, USA) throughout the scans.

High-resolution anatomical MRI data were collected
using a T2-weighed RARE sequence. These T2-weighted
images (T2WI) were obtained using a 2D-RARE
sequence with the following parameters: repetition time-
= 6200 ms, effective echo time = 24 ms, flip angle =180°,
field of view = 35 x 35mm?, matrix size = 256 x 256, slice
thickness=0.3mm, slice gap=0mm, and total scan

time =20 min. Functional images were obtained using a
gradient echo-planar imaging (EPI) sequence (repetition
time =2000 ms, echo time=27.1 ms, number of
segments =2, flip angle=90, slice thickness=1mm,
slice gap =0mm, matrix =128 x 128), and 150 continu-
ous EPI functional volumes were acquired axially over 13
min 20 s.*

All functional image post-processing was performed
by a single, experienced observer who was blinded to the
treatment group. The preprocessing and data analysis
were performed using the “spmratIHEP” toolbox
within the SPM8 software (Welcome Department of
Imaging Neuroscience; http://www.fil.ion.ucl.ac.uk/
spm), which includes an fMRI rat brain template and
the atlas of Paxinos and Watson.?**’

The functional data sets of all individual rats were
pre-processed in spmratlHEP with the following major
steps. (1) The first 10 volumes of each rat were discarded
to allow for magnetization equilibration. (2) Slice
timing: the differences in the slice acquisition times
were corrected for using slice timing in each rat. (3)
Realignment: the temporally processed volumes of
each rat were realigned to the first volume to remove
head motion, and a mean image was created over the
150 realigned volumes. All rats exhibited less than 1 mm
of translation in the x, y, and z axes and 1° of rotation in
each axis. (4) Spatial normalization: the realigned vol-
umes were standardized spatially to the Paxinos and
Watson space via normalization with the EPI template
of a rat brain via their corresponding mean image.
Then, all normalized images were resliced to 1.0 x
1.5x 1.0mm> voxels. (5) Smoothing: the normalized
functional series were smoothed with a Gaussian
kernel of 2 x 4 x 2mm® full width at half-maximum.

Using DPARSF (http://rfmri.org/DPARSF), all
smoothed images were then band-pass filtered at
0.01-0.08 Hz and further corrected for the effect of
head movement by regressing out the translations and
rotations of the head that were estimated during image
realignment. FC was evaluated using the ACC as the
seed region. One-sample T test on FC parameters has
been performed for each group. Finally, to identify dif-
ferences in FC between the IS group and the Con group,
two-sample T tests were used. Significant FC was
determined based on a voxel-level height threshold of
P <0.005 (uncorrected) and a cluster-extent threshold
of 100 contiguous voxels.

Statistical analysis

The SPSS (ver. 20.0; IBM Corp., Armonk, NY, USA)
for Windows, GraphPad Prism 5 (GraphPad Software
Inc., San Diego, CA, USA) software packages and
Adobe Photoshop CS6 (Adobe system Inc., San Diego,
CA, USA) were used for data analyses and graph
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generation. All data are presented as the mean
+standard deviation. Levene’s test for homogeneity
was conducted, and abnormally distributed data were
analyzed using the Kruskal-Wallis test to determine dif-
ferences among the groups. The data of facial tactile
sensory threshold were abnormally distributed and ana-
lyzed using the Kruskal-Wallis test. P <0.05 was con-
sidered to indicate statistical significance.

Results

Facial tactile sensory threshold

There was no significant difference in facial tactile
threshold between LF-IS and low-frequency control
(LF-Con; Kruskal-Wallis test, P>0.05) (Figure 1).
The HF-IS group showed a significantly greater decline
in the periorbital tactile threshold compared with the
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Figure 1. Facial tactile thresholds during the 2| days experiment.
The horizontal axis shows the day after measurement, and the
vertical axis shows the facial tactile withdrawal thresholds of the
rats. Mean = standard deviation values are shown. No significant
differences were shown between the LF-IS and LF-Con groups.
The HF-IS group exhibited significant decreases in periorbital
tactile thresholds compared with the HF-Con group (*P < 0.05,
*#P < 0.001) from day 3 of the study. HF: high frequency; LF: low
frequency; IS: inflammatory soup; Con: control.
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high-frequency control (HF-Con) group from day 3
(Kruskal-Wallis test, x> =6.036, P=0.014) (Figure 1).

FC analysis

Figure 2 shows the anatomical boundaries of the ACC
seeds. The results of one-sample t-test have shown that
there was no significant difference in each group. The
IS-infusion rats showed significantly increased function-
al correlations (P < 0.005, uncorrected, extent threshold
k=100 voxels) between the ACC and cerebellum com-
pared with the saline-infusion rats (Figures 3 to 5 and
Table 1). Except for the cerebellum, the medulla showed
relatively increased FC with the ACC in the ictal period
in the LF-IS rats compared with the LF-Con rats
(P<0.005, wuncorrected, extent threshold k=100
voxels) (Figure 4 and Table 1). Several areas in the
HF-IS group showed relative increases in FC with the
ACC compared with the HF-Con group. These areas
included the pontine tegmentum, midbrain, thalamus,
corpus callosum, hippocampus, and retrosplenial,
visual, sensory, and motor cortices (Figure 5 and
Table 1) (P<0.005, uncorrected, extent threshold
k =100 voxels).

Discussion

Migraine is believed to be a brain disorder influenced by
the complex interaction of genetic and environment fac-
tors.*® The prevailing theory is that migraine is caused
by abnormal sensory processing in the brain due to acti-
vation and sensitization of the trigeminovascular system
innervating the intracranial vasculature and meninges.>'
However, the mechanisms of the initiation and chronifi-
cation of migraine are still unclear. In this study, we
found that (1) the cerebellum was involved in all IS-
infusion groups, in either the ictal or interictal stage, of
the rat models of EM and CM; (2) atypical FC between
ACC and medulla existed in the ictal stage of the LF-IS
group (the rat model of EM), so the medulla may be
involved in the initiation of migraine; and (3) central
pain pathways (including the pontine, midbrain, thala-
mus, and sensory cortex) and modulation areas (such as
the hippocampus, corpus callosum, visual cortex, and

-0.96mm

-0.12mm

Figure 2. Anterior cingulate cortex (ACC) seeds across the rats imposed on the T2-weighted MRI template and on the rat atlas
structures. The anatomical boundaries for each rat were based on the atlas of Paxinos and Watson. The coronal slices of the ACC

are shown.
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Figure 3. Cerebellum shown increased functional connectivity with the ACC (in red) in the LF-IS group compared with the LF-Con group
(day 21) (P < 0.005, uncorrected, extent threshold k = 100 voxels) imposed on a T2-weighted magnetic resonance imaging template as
well as on the rat atlas structures. Detail of the cluster shown is reported in Table I. LF: low frequency; IS: inflammatory soup; Con:

control; ACC: anterior cingulate cortex.
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Figure 4. ACC based functional connectivity (FC) in LF-IS rats in ictal phase shown significantly increased FC with medulla and cere-
bellum compared with LF-Con group (day 21). Details of the clusters shown are reported in Table I. LF: low frequency; IS: inflammatory

soup; Con: control; ACC: anterior cingulate cortex.
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Figure 5. Colored voxels represent clusters of significantly increased FC with the ACC in the HF-IS group compared with the HF-Con
group (day 21). Details of the clusters shown are reported in Table I. HF: high frequency; IS: inflammatory soup; Con: control;
ACC: anterior cingulate cortex; FC: functional connectivity.

Table |. Brain regions with atypical functional connectivity with the anterior cingulate cortex in rats induced by dural inflammatory

stimulation.

Coordinates of peak(s)

Cluster or region of interest voxel (x, y, z) Peak T value Effect direction
Cerebellum 07,42, —145 5.44 LF-IS>LF-Con (interictal stage)
—0.9, 4.1, —145 3.62 HF-IS>HF-Con (interictal stage)
Cerebellum 1.5,5.5, —14.3 6.50 LF-IS>LF-Con (ictal stage)
—1.1,52, —143 8.77
Medulla —24,86, —138 5.21 LF-IS>LF-Con (ictal stage)
Pontine (tegmentum of pons) —0.0,9.2, —9.0 5.95 HF-IS>HF-Con (interictal stage)
Midbrain —1.2,25, -9.0 4.86 HF-IS>HF-Con (interictal stage)
12,28, —9.2 4.95
Thalamus —1.6,20, 7.8 4.55 HF-IS>HF-Con (interictal stage)
Corpus callosum —34,18, —68 3.84 HF-IS>HF-Con (interictal stage)
Hippocampus —34,37, 7.1 430 HF-IS>HF-Con (interictal stage)
Retrosplenial cortex —34,26, 9.0 478 HF-IS>HF-Con (interictal stage)
Visual cortex —3.5, 1.6, —68 3.73 HF-IS>HF-Con (interictal stage)
Sensory cortex —4.0, —0.1, =2.5 3.79 HF-IS>HF-Con (interictal stage)
Motor cortex -2.0, 0.1, 2.3 6.21 HF-IS>HF-Con (interictal stage)

Note: Regions with changes in functional connectivity with the anterior cingulate were found in rats induced by subcranial (supradural) infusion of IS

compared with saline-treated control rats. The coordinates according to Paxinos and Watson are given in mm: x (0 = center, left is negative), y (ventral to
dorsal), and z (relative to bregma). Effect direction >: increased functional connectivity with the anterior cingulate cortex; interictal stage: the rats were
imaged 24 h after the last infusion of IS/saline; ictal stage: the MRI data were acquired | h after the injection of glyceryl trinitrate in the LF-IS group. HF: high

frequency; LF: low frequency; IS: inflammatory soup; Con: control.

motor cortex) may be associated with the chronification
of migraine and cutaneous allodynia.

The cerebellum is located solely and closely connected
to the cerebrum, brainstem, and spinal cord.
Traditionally, it is thought to play roles in motor control
and coordination, and ataxia, dysarthria, and nystagmus
arise from cerebellar dysfunction.’ Some recent studies

have suggested that it also plays roles in cognition and
pain processing.**** On nociceptive trigeminal input to
the left nostril in a large number of volunteers, robust
FC was found during nociception between the cerebel-
lum and descending antinociceptive network (rostral
part of the pons, periaqueductal gray, and thalamus),
providing a solid basis for further research on cerebellar
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activity and connectivity in primary headache.®
Comparing the ictal and interictal scans in EM, activa-
tion was seen in the cerebellum.*® Increased cerebellar
activity has also been found in response to trigeminal
noxious stimuli in migraine patients and is highly inter-
connected with higher cognitive areas, implying that
the cerebellum is involved in modulating the pain of
migraine.”” A loss of macromolecules and/or micro-
edema has been found in the cerebellum using T1 and
magnetization transfer ratio contrasts in MWA patients,
and the volume of the cerebellum was smaller in CM
patients compared with healthy controls, although it is
unclear whether the structural brain changes seen in
migraine patients are the cause or result of head-
aches.*®*" Our study found increased FC between the
cerebellum and ACC in the IS groups, further suggesting
that the cerebellum is involved in the modulation
of pain.

Other than the cerebellum, the only atypical FC we
found was between the medulla (lateral portion) and
ACC in the ictal phase of the LF-IS group (1 h after
glyceryl trinitrate infusion, mimicking the ictal phase
of EM). The headache phase of a migraine attack is
thought to originate from the activation of nociceptors
innervating the intracranial vasculature and meninges."'
Central processes of sensory afferents via the trigeminal
tract enter the brainstem and pass caudally while giving
off collaterals that terminate in the trigeminocervical
complex, including the spinal trigeminal nucleus
(SpVC, located in the lateral medulla) and upper cervical
spinal cord (C1-3).*° During a migraine attack in a 42-
year-old man with cutaneous allodynia after 1 h, fMRI
showed activation of the SpVC, indicating that second-
order neurons were activated by the impulses arising
from peripheral nociceptors and initiated their sensitiza-
tion.*" A positron emission tomography study found
activation of the pons and other pain-related areas
(right anterior cingulate, posterior cingulate, thalamus,
insula, prefrontal cortex, and temporal lobes) in ictal
stage scans in EM; the difference may be associated
with the different scanning times after the migraine
attack.® Fos expression revealed that a single high-
intensity IS stimulation on the dura mater of rats leads
to widespread trigeminal and spinal central sensitization,
concomitantly impairing the diffuse noxious inhibitory
controls after repeated dural nociceptor activation.*
Combined with those results, our study further indicated
that activation of the medulla (especially the SpVC)
occurred in the early stage of a migraine attack and
this might be associated with the initiation of migraine.

The interictal periorbital tactile threshold declined in
the HF-IS group, mimicking CM. Cutaneous allodynia
was present both during and between migraine attacks
and is specific to migraine; it was present in the HF-IS
group, indicating the establishment of a migraine animal

model. Increased FC with the ACC was found in
second-order neurons (pontine and midbrain), third-
order neurons (thalamus), and higher centers (sensory
cortex) in the trigeminal nociceptive pathway in the
HEF-IS group. Consistent with fMRI studies of migrai-
neurs, trigemino-nociceptive activation was found in
CM in the interictal phase, further suggesting that the
development of sensitization contributes to the hyper-
sensitivity seen in migraine (cutaneous allodynia in
CM).* Besides the trigemino-nociceptive system, activa-
tion of the hippocampus, corpus callosum, visual cortex,
and motor cortex was also seen in the HF-IS group. The
hippocampus and corpus callosum are important in
memory, and damage to these structures leads to
memory impairment.** Increased FC between the ACC
and the hippocampus and corpus callosum might play a
role in the chronification of migraine. Cortical spreading
depression in the visual cortex may be related to the aura
of migraine and can cause sustained activation of men-
ingeal nociceptors and thereby initiate the headache
mechanisms; however, aura had not been observed in
our study.45 Moreover, the visual and motor cortices
are involved in modulating emotion and pain and atyp-
ical FC with the ACC in the HF-IS group may be
involved in psychiatric comorbidities and pain relief
of CM.*

Although there are important benefits to using animal
models in brain imaging research, homology and consis-
tency, and longitudinal studies are much more feasible,
further histological and electrophysiological studies
should be performed to identify the molecular mecha-
nism in those migraine-related areas and provide new
targets for migraine treatment and prevention.

Conclusion

This study found atypical FC of the ACC with brain
regions primarily involved in the trigeminal nociceptive
pathway, emotion processing, and pain modulation in
rats following repeated stimulation of meningeal affer-
ents (LF-IS, HF-IS, interictal, and ictal phases). This
suggests that the cerebellum plays an important role in
the modulation of pain. The medulla, especially the
SpVC, participated in the ecarly stage of a migraine
attack and may be associated with the initiation of
migraine. Sensitization of the trigeminal nociceptive
pathway might contribute to the cutaneous allodynia
in CM. Brain areas important in memory function
may be related to the chronification of migraine.
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