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Meningeal lymphatic CGRP signaling governs pain
via cerebrospinal fluid efflux and neuroinflammation
in migraine models
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Recently developed antimigraine therapeutics targeting calcitonin gene-related peptide (CGRP) signaling are effective,
though their sites of activity remain elusive. Notably, the lymphatic vasculature is responsive to CGRP signaling, but
whether meningeal lymphatic vessels (MLVs) contribute to migraine pathophysiology is unknown. Mice with lymphatic
vasculature deficient in the CGRP receptor (Calcr/™ mice) treated with nitroglycerin-mediated (NTG-mediated) chronic
migraine exhibit reduced pain and light avoidance compared with NTG-treated littermate controls. Gene expression profiles
of lymphatic endothelial cells (LECs) isolated from the meninges of Rpl22"4/+;Lyve1‘ RiboTag mice treated with NTG
revealed increased MLV-immune interactions compared with cells from untreated mice. Interestingly, the relative abundance
of mucosal vascular addressin cell adhesion molecule 1-interacting (MAdCAM1-interacting) CD4* T cells was increased in the
deep cervical lymph nodes of NTG-treated control mice but not in NTG-treated Calcr/™ mice. Treatment of cultured hLECs
with CGRP peptide in vitro induced vascular endothelial-cadherin (VE-cadherin) rearrangement and reduced functional
permeability. Likewise, intra cisterna magna injection of CGRP caused rearrangement of VE-cadherin, decreased MLV uptake
of cerebrospinal fluid (CSF), and impaired CSF drainage in control mice but not in Calcr/¢ mice. Collectively, these findings

interactions and reduces CSF efflux.

Introduction

The meninges have traditionally been considered a protective
and physical barrier to the brain, shielding the central nervous
system from external trauma or systemic insults such as infection
and inflammation. More recently, a complex network of menin-
geal lymphatic vessels (MLVs) within the dura mater layer of the
meninges have been studied intensely, revealing unexpected and
critical functions for the meninges in normal cerebrospinal fluid
(CSF) turnover (1, 2) and in pathological conditions such as Alzhei-
mer’s disease, Parkinson’s disease, aging, and neuroinflammation
(3-6). Mice also have MLVs that course along the superior sagittal
sinus and transverse sinus on the dorsal aspect of the cranium and
along the petrosquamosal and sigmoid sinuses, including localiza-
tions near the retroglenoid vein and pterygopalatine artery on the
basal aspect of the cranium (1, 2, 7). Drainage of CSF to the deep
cervical lymph nodes (DCLNs) can be visualized by intra cisterna
magna (ICM) injection of tracers into the CSF (3, 7, 8), validating
the physiological function of MLVs in CSF drainage. The lymphat-
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reveal a previously unrecognized role for lymphatics in chronic migraine, whereby CGRP signaling primes MLV-immune

ic system also functions as a conduit for immune cells and anti-
gens from peripheral tissues to the tissue draining lymph nodes
using well-established chemotactic gradients such as CCL21 and
CCL27 to attract CCR7 and/or CCR10-expressing immune cells
(9). This CCR7-CCL21 immune cell trafficking was observed to
occur in a mouse model of multiple sclerosis, validating that this
well-established paracrine signaling is present in the MLVs as well.
Therefore, it is surprising that only a few studies have begun to
explore the involvement of MLVs in the highly prevalent condition
of chronic migraine (10).

Chronic migraine is a pain syndrome that has neuronal, vas-
cular, and immunologic components (11) and is classically mediat-
ed by elevated levels of the neuropeptide calcitonin gene-related
peptide (CGRP) in both plasma (12-14) and CSF (15-17). CGRPisa
potent vasodilatory neuropeptide that is released from trigeminal
C-fibers during migraine (18, 19) and is hypothesized to act upon
dural and cerebral vessels, including the superior sagittal sinus
(an anatomical location of the dorsal MLVs) to cause vasodilation
and consequent stimulation of immune cells (20). This menin-
geal neurogenic inflammation affects cells from both innate and
adaptive immune responses, provoking inflammatory responses
including I1-1B, Il-6, TNF-q, leukotrienes, prostaglandins, soluble
VCAM-1, and soluble ICAM-1, as well as transient blood brain bar-
rier breakdown allowing for immune cell transmigration into the
CNS (21-24). Meningeal neurogenic inflammation is also hypoth-
esized to support a feed-forward pain pathway, contributing to the
overall pathophysiology of migraine, with the trigeminal ganglion
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serving as a critical component of the ascending CNS pain path-
ways to the thalamus and hypothalamus and the dorsal horn of
the spinal cord, playing a central role in the onset of ensuing head-
ache pain (25). Nonsteroidal antiinflammatory drugs (NSAIDS)
are effective as a migraine abortive medication and are often first
choice medications to treat migraine acutely. However, NSAIDS
are ineffective in a large proportion of patients with migraine,
are not recommended for chronic use, and migraine therapeutics
generally do not target inflammation (11). Consequently, several
new medications recently approved by the FDA target the CGRP
signaling axis and are effective at reducing both the duration and
intensity of migraine pain: monoclonal antibodies to the CGRP
receptor (erenumab), monoclonal antibodies to plasma CGRP
(galcanezumab, fremanezumab, and eptinezumab), and small
molecule antagonists for the CGRP receptor (26).

Though these novel antibody medications targeting CGRP
and the CGRP receptor have shown promise in migraine treat-
ment, their precise sites of action—which, according to the phar-
macodynamics of monoclonal antibodies, must reside outside
the blood brain barrier—remain poorly understood. As a potent
vasodilator and vascular permeability agent, CGRP targets the
smooth muscle and endothelial cells of large cerebral blood
vessels of the meninges, suggesting that some of the therapeu-
tic effectiveness of anti-CGRP medications is imparted through
modulation of the vasculature (21). The CGRP receptor is a het-
erodimer formed from Calcitonin-receptor like-receptor (gene:
Calcrl, protein: CLR) and receptor activity modifying protein 1
(gene: Rampl, protein: Rampl), and, interestingly, is expressed at
higher levels in lymphatic endothelial cells (LECs) compared with
blood endothelial cells (27, 28). Consistently, mice and humans
with homozygous loss-of-function mutations in the gene that
encodes CLR die in utero from nonimmune hydrops fetalis and
arrested developmental lymphangiogenesis (29, 30). Lymphatic-
specific deletion of Calcrl in mice recapitulates the edematous
hydrops fetalis phenotype of global Calcrl deletion, demonstrat-
ing the requisite role for CLR signaling in lymphatic develop-
ment. In adult animals, tamoxifen-mediated deletion of Calcrl in
lymphatics causes impaired intestinal lymphatic vessel (LV) lipid
uptake and intestinal lymphangiectasia (31, 32), illustrating the
necessity of sustained CLR signaling in maintaining lymphatic
structure and function during adulthood. Moreover, global loss
of the Rampl gene, which encodes a requisite chaperone protein
required for CGRP signaling (33-36), also causes impaired lym-
phatic growth and function (37). Collectively, these data support
a principal role for CGRP receptor signaling in lymphatics during
development and adulthood.

At the cellular level, activation of the CLR G protein-coupled
receptor pathway results in increased MAPK/ERK and pAKT
downstream signaling in LECs, culminating in cellular prolifer-
ation (38). CLR signaling can also support the transactivation of
other important, growth-promoting lymphatic signaling path-
ways, such as vascular endothelial growth factor-C (VEGFC)/
VEGFR3 signaling, both in cultured cells and in vivo (39). Finally,
activation of CLR stimulates the rapid and robust reorganization
of LEC junctional and gap proteins, like vascular endothelial-
cadherin (VE-cadherin), zonula occludens-1, and connexins, to
tighten intercellular barriers and reduce lymphatic permeability
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(30, 40, 41). Most of these cellular effects of CLR signaling have
been attributed to the activation of the CLR-RAMP2 heterodimer
by adrenomedullin (AM) ligand, leaving open the possibility that
migraine-induced CGRP ligand may elicit similar effects through
CLR-RAMP1 heterodimers in LECs of MLVs.

There are several animal models of chronic migraine that
faithfully recapitulate many aspects of human chronic migraine
pathophysiology, including elevations in CGRP (42-44). Some
migraine models, including direct stimulus of cortical spreading
depression require invasive procedures including burrhole crani-
otomy or skull thinning, potentially damaging the delicate under-
lying meninges or MLVs or provoking trauma-induced inflamma-
tory responses (12, 42, 43). Peripheral or central administration of
CGRP remains a widely used and translationally relevant model
of migraine in multiple species with resultant systemic vasodila-
tion, peripheral allodynia, hyperalgesia, periorbital hypersensi-
tivity, and immobile behaviors (42, 43). Finally, i.p. injection of
nitroglycerin (NTG), a potent NO donor, sensitizes the trigemino-
vascular system to cause the release of endogenous CGRP from
trigeminal ganglion neurons, evoking migraine-like pain and asso-
ciated behaviors in rodents, including aversion to light and hyper-
algesia in response to light touch (44-46). Humans taking NTG for
clinical use have reported migraine-like episodes similar to spon-
taneous migraines, mimicking neural activity in a spontaneous
migraine, though it is still unclear how much this model depends
on CGRP in humans (46). Therefore, in this study, we chose to use
cell culture models, nonsurgical NTG injections, and intrathecal
CGRP injections in genetic mouse models to evaluate whether
and to what extent chronic migraine-induced elevations in CGRP
influence MLVs and subsequent migraine pathophysiology.

Results
Lymphatic-specific deletion of the Calcrl gene, encoding the CGRP
receptoy, alleviates facial expression of chronic migraine pain. To
test whether MLVs contribute to the pathophysiology of chronic
migraine pain, Calcrlf;Vegfr3°Er1%+ (Calcrlt€) mice with lym-
phatic-specific, temporal genetic deletion of the CGRP receptor,
were evaluated for facial pain following NTG induction of chronic
migraine. Vegfr3°*87? mice have been previously described and
are commonly used as a tool to modify genes in lymphatics, and,
depending on timing, copy number and dosage, in some capillary
blood endothelial cells of some organs (47). To assess the extent
of the tamoxifen-mediated deletion, expression of Calcrl 2 weeks
after tamoxifen injection was significantly reduced by 60% in
meningeal LECsisolated from Calcrl:£¢ mice compared with those
of Calcrl mice (0.413 £ 0.19 SD, P = 0.0063, unpaired student’s
t test). Calcrl mRNA levels were unchanged in Lyvel, CD68" cells
isolated from cardiac tissue of Calcrl¢ mice compared with those
of Calcrl" mice (1.8 * 1.6 SD, not significant by student’s ¢ test).
In this study, chronic migraine was induced by i.p. injection of
NTG every other day for 8 days (5 total injections) and compared
with animals with 0.9% normal saline injections (Figure 1, A and
B). This model has been demonstrated to be primarily mediated
by CGRP (44-46), and we confirmed an increase in CGRP peptide
levels adjacent to meningeal lymphatics following NTG injection
(Supplemental Figure 2). Pain behavior was quantified 30 minutes
after each injection using the well-established murine grimace
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Figure 1. Calcr/'t mice treated with NTG exhibit partially ameliorated chronic migraine pain. (A) Experimental protocol representation. (B) Images of
mouse facial expression of pain on Day 6, minute 42 following injection. Unit scores are depicted. E, ears; Y, eyes; N, nose; C, cheek. Sum of scores tallied
bottom right. (C) Facial expression of pain measured 30 minutes after NTG injection and recorded for 20 minutes. Facial expression of pain is scored once
per minute for the 20-minute recording duration and averaged. Mice were allowed to acclimate to the chamber 4 days before first injection (day 1) and 2
days before baseline measurement (day -1). **P < 0.01 between Calcr/"/? and Calcrl™ treated with NTG. Mean grimace score on (D) day -1 (preinjection
baseline) grouped by genotype. Colors indicate injection given later in experimental protocol, matching panel B. Mean Grimace Score on (E) day 3, and (F)
day 9 of chronic migraine model. For C-F, n = 7-10 animals per group representing 4 independent cohorts. Significance calculated using 2-way ANOVA
with Tukey’s multiple comparisons test. Graphs show mean + SD. (G) Facial expression of pain for Ramp1~/- animals and controls. ***P < 0.001 between
Ramp1/- and WT treated with NTG. Mean grimace score on (H) day -1 (preinjection baseline) grouped by genotype. Colors indicate injection given later

in experimental protocol, matching key in panel G. Not all animals were recorded for baseline. Mean grimace score on (1) day 1, and (J) day 7 of chronic
migraine model. For G-}, n = 8-11 animals per group representing 3 independent cohorts. Significance calculated using 2-way ANOVA with Tukey’s multiple

comparisons test. Graphs show mean + SD.

scale (48), which incorporates changes in ear, eye, nose, and cheek
positions as a surrogate measure of pain (Figure 1B). Mean grimace
scores (MGSs) were calculated from video recordings once every
minute for 20 minutes and averaged to generate a MGS (Figure 1, A
and B). As we assigned 0-2 total points to 4 clinical categories, mice
could score between O points (no pain at all) and 8 points (most
possible pain detectable, such as surgical pain without analgesia).
There were no significant differences in facial characteristics
of pain between Calcrl’f and Calcrl™=¢ mice at baseline 1 day before
NTG injection (Figure 1, C and D). As expected, NTG-treated Cal-
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crl” mice exhibited significantly higher MGSs compared with
vehicle-treated littermates (Figure 1, B and C), with peak values
at Day 3 (Figure 1, C and E) that remained chronically elevated
through Day 9 (final day of testing) (Figure 1, C and F). Interest-
ingly, Calcrl®¢ mice with lymphatic loss of the CGRP receptor
exhibited significantly attenuated MGS after treatment with NTG
compared with Calcrl"# littermates treated with NTG (Figure 1C).
Throughout the testing period, Calcrl’E¢ mice treated with NTG
exhibited average MGSs ranging from 1.8 to 2.2, which did not dif-
fer significantly at any point from vehicle-injected Calcrl*£¢ mice
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Figure 2. CalcrlI™® mice treated with NTG exhibit ameliorated light avoidance and anxiety behavior. (A) Schematic of light aversion and movement assay.
(B) Schematic of general (top) and daily (bottom) experimental protocol. Mice were allowed to acclimate to the chamber 4 days before the first injection
and 2 days before the baseline measurement (baseline measurement recorded on day -1) Light avoidance and movement behavior are measured 30 min-
utes after NTG injection and were recorded for 30 minutes. (C) Time spent in dark chamber reported for all test days and on day 1 (D) and day 5 (E). Dashed
line shows the total test time (1,800 seconds or 30 minutes). (F) Time spent in light chamber reported for all test days. (G) Normalized percent time spent
moving in the dark chamber and (H) normalized percent time spent in moving in the light chamber for all experimental days. Percent of time spent moving
in the respective chamber were moving normalized to baseline movement in the same chamber data. Data are normalized to the baseline measurement
on day -1 by individual calculated as percent time moving on test day divided by baseline percent time moving (day -1) multiplied by 100. *P < 0.05, **P

< 0.01reported between Calcr/’f and Calcrl™ treated with NTG. Dashed line, baseline. C-H, n = 14-20 animals per group. Data represents 12 independent

cohorts. Significance for all data calculated using 2-way ANOVA with Tukey’

(Figure 1, D-F). Success of the lymphatic-specific deletion of Calcrl
was confirmed via immunoprecipitation and qPCR, which indicat-
ed approximately 70% deletion of Calcrl in MLVs (Supplemental
Figure 1A; supplemental material available online with this article;
https://doi.org/10.1172/JCI175616DS1). Changes to the lymphatic
vascular network in the meninges 3 weeks after tamoxifen-induced
deletion was assessed using immunofluorescence microscopy.
Using AngioTool, it was determined that there was no difference in
vessel area, vessel length, vessel branchpoints, or vessel endpoints
(Supplemental Figure 1, B-E).

:

s multiple comparisons test. P values indicated if < 0.1. Graphs = mean + SD.

To confirm whether the observations made in Calcr/E€ mice
were mediated by CGRP, chronic migraine-like pain was also
assessed in Rampl”- mice using the NTG-mediated model of
chronic migraine following the same protocol as above. These ani-
mals were only assessed to day 7, due to experimental endpoint
constraints. There were no significant differences in facial charac-
teristics of pain between WT control and RampI7~ mice at baseline
1day before NTG injection (Figure 1, G and H). Consistent with our
findings in NTG-treated Calcrl’f mice, NTG treated WT controls
exhibited significantly higher MGSs compared with vehicle-treat-
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ed littermates (Figure 1, G, I, and J), with peak values at Day 7 that
remained chronically elevated through the extent of testing (Fig-
ure 1, G and ]). As expected, mice that are systemically deficient
in Ramp]l exhibited completely normal MGS after treatment with
NTG compared with WT controls treated with NTG (Figure 1G),
as these animals have no tissues that express Rampl, a required
component for the highest affinity CGRP receptor. Throughout
the testing period, Rampl7~ mice treated with NTG exhibited aver-
age MGS ranging from 1.4 to 1.7, which did not differ significantly
at any point from vehicle-injected mice (Figure 1, G-J).

Together, these data indicate that expression of the CGRP
receptor Calcrl in LVs contributes to the manifestation of chron-
ic migraine pain induced by NTG injection in mice. These data
also indicate that the NTG model of chronic migraine is primarily
mediated through CGRP signaling through it’s primary receptor
complex, CLR in complex with Rampl.

Light avoidance and anxiety-like behavior is abrogated in Cal-
crl™C mice treated with chronic migraine-inducing NTG. Another
clinical hallmark of migraine is aversion to sensory stimuli such
as bright lights or strong odors. To assess the involvement of lym-
phatic CGRP signaling on migraine behavior in a second assay
complementary to pain, we assessed light aversion and movement
behavior. Mice undergoing the chronic NTG-induced chronic
migraine protocol described above were placed in a VersaMax
light aversion/activity recording apparatus consisting of a bright
and dark chamber, with free access between chambers (Figure
2A). Daytime video recordings during the natural nocturnal peri-
od were evaluated to quantify the percent of time that mice were
moving in the dark chamber, as indicated by breaks within a grid of
laser beams. Light avoidance behavior was assessed 2 days before
the first injection on day -1, and then following NTG injection on
days 1, 3, and 5 of the experimental protocol (Figure 2B). On each
testing day, animals were allowed to acclimate to the testing room
for 30 minutes prior to injection. Animals were then injected with
10 mg/kg NTG and allowed to rest for an additional 30 minutes.
Light avoidance behavior was recorded for 30 minutes (Figure
2B). Due to limitations of the darkened chamber’s construction,
we were unable to assess rearing behaviors. Typical of mouse
behavior during the nocturnal period, we found that all mice spent
a majority of the test time in the dark chamber (Figure 2C).

There were no significant differences in light avoidance or
movement between Calcrl”! and Calcrl**¢ mice at baseline 1 day
before NTG injection (Figure 2C). Significant increases in time
spent in the dark were observed on days 3 and 5 of testing between
saline Calcrlf and NTG-treated Calcrl’# mice. Correlating with our
facial expression of pain observations, NTG-treated Calcrl 't mice
demonstrated reduced light avoidance behaviors when compared
with NTG-treated Calcrl’# mice on days 3 and 5 (Figure 2, C-F).

Activity level while in the dark is an additional appropriate
measure that integrates light aversion, movement, and anxiety
behavioral measurements for assessing pain intensity (49). Chron-
ic migraine induced by NTG injection caused a significant atten-
uation of relative movement in the dark chamber in NTG-treated
Calcrl”! mice compared with vehicle-treated Calcrl’? mice on
days 3 and 5. Importantly, throughout the testing period no sig-
nificant difference in light avoidance or relative time moving was
observed between CalcrlE€ mice injected with NTG and Calcrl?!
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or Calcrl™€ mice on days 1, 3, and 5 (Figure 2, G and H), indicat-
ing that loss of CGRP signaling in lymphatics attenuates chronic
migraine-associated behaviors to alevel observed in saline-inject-
ed animals. CalcrlE¢ mice exhibited significantly different move-
ment in the dark behaviors compared with NTG-treated Calcri’?
mice on day 1 and on day 5, though the P value was calculated to
be 0.056 (Figure 2G) indicating that Calcrl!*¢ mice do not expe-
rience chronic migraine-associated light aversion or anxiety. The
converse phenotype, relative amount of time spent moving in the
light, was not found to be significantly different between any of
the genotypes or treatments (Figure 2H). These findings are con-
sistent with the results of similar studies of WT mice (50, 51).

Thus, using 2 independent behavioral metrics of chronic
migraine pain, facial grimace and light avoidance/movement,
these data support the conclusion that CGRP signaling in lym-
phatics contributes significantly to the pathophysiological presen-
tation of chronic migraine pain.

MLVs exhibit transcriptional changes in response to NTG-mediat-
ed chronic migraine. To query and to characterize the genome-wide
transcriptional and translational response of meningeal lymphatic
vasculature during NTG-mediated chronic migraine we utilized
the RiboTag genetic model (Figure 3A) (52). We generated and
used Rpl2214/+;Lyvel®* mice, which enables the HA-tagging and
immunoprecipitation of actively translating mRNAs from Lyvel-
Cre* LECs of dissected meninges (Figure 3A). The Rpl22t4/+;
Lyvel®* mice were treated with either vehicle or NTG to induce
a state of CGRP elevation and chronic migraine. Prior to menin-
ges dissection, we confirmed that mice receiving NTG injections
exhibited significant increases in pain behavior compared with
vehicle controls, as quantified by their MGS (Figure 3B).

Clariom S Pico microarray analysis of Lyvel-Cre* ribosome-as-
sociated mRNAs revealed 2 distinct groups of 700 differentially
expressed genes between NTG and vehicle-treated mice, calculat-
ed using 1-way ANOVA with a FDR of 0.05 (Figure 3C and Supple-
mental Table 1). Ingenuity Pathway Analysis (IPA, Qiagen) of dif-
ferentially expressed genes identified NTG-induced increases in
the expression of genes associated with phagocytosis, cholesterol
biosynthesis, G protein-coupled receptor (GPCR) signaling, cAMP
response element-binding protein signaling, and actin cytoskele-
tal signaling along with NTG-induced decreases in several Thl
and Th2 activation pathways (Figure 3D).

Consistent with the effectiveness of RiboTag to isolate active-
ly translated lymphatic mRNAs from meninges, a high number of
genes with previously described roles in lymphatics were iden-
tified through bibliometric analysis (Figure 3E, labeled genes),
including Gjc2 and Cxcl12, which have been linked to Calcrl sig-
naling in lymphatics (40, 53, 54). Interestingly, the data revealed
enrichment of 2 established serum biomarkers of chronic
migraine, Crp (55) and Ptx3 (56-58), again suggesting the involve-
ment of meningeal lymphatics in chronic migraine pathophysi-
ology. In addition, many chemokine/cytokine and immune sig-
naling genes were identified, including Ptx3, Madcaml, Cxcli0,
Cd74, Il4ra, Ccr2, Cd36, Ccl20, Cxcl12, and Ccr8. This gene sig-
nature is indicative of an immune response within the meninges
following NTG treatment and broadly supporting neuro, vascu-
lar, and immune crosstalk during chronic migraine responses (11,
23, 59). Because MLVs play significant roles in both immune cell
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Figure 3. Mice treated with NTG model of chronic migraine exhibit unique MLV translational profiles. (A) RiboTag Lyvel-Cre schematic depicting exper-
imental protocol. (B) Mean Grimace Score for RiboTag mice, confirming initiation of chronic migraine model. n = 3 animals per group. Data not recorded
from final injection day (Day 8). Graph shows mean + SD. (C) Heatmap of differentially translated genes. Red, up with NTG; Blue, down with NTG. n = 3 ani-
mals per group from 1 cohort. (D) IPA analysis of differentially expressed genes from microarray. Top 10 pathways with more than 4 identified transcripts
per pathway displayed. (E) Volcano plot of significant differentially genes in MLVs. Labeled genes were selected because PubMed searches resulted in over
7 papers with the topic trend of lymphatic biology. Red text, upregulated and investigated. Significance determined by 1-way ANOVA. Significant P values

< 0.05 (above dashed line).

trafficking and the homeostatic efflux of CSF from the CNS, we
elected to validate several candidate genes that might play func-
tional roles in either multitissue crosstalk or fluid homeostasis of
migraine pathophysiology.

CGRP treatment of cultured hLECs is sufficient to induce tran-
scriptional changes in differentially translated genes observed in MLVs
during NTG-induced chronic migraine. Since the RiboTag gene
expression analysis reflects translational changes in response to
systemically administered NTG, we elected to validate that CGRP
peptide itself was sufficient to induce changes in gene expression
of 3 identified genes using cultured human dermal LECs treated
with 100 nM CGRP: Connexin-47 (gene: Gjc2, protein: Connexin-
47), Pentraxin3 (gene: Ptx3, protein: PTX3), and Mucosal vascu-

lar addressin cell adhesion molecule 1 (gene: Madcaml, protein:
MADCAM]) (Figure 3E, red text).

Mutations in the gene encoding for the gap junction protein
Cx47 (GJC2) have been described as causal variants in primary
lymphedema (60, 61); however, the expression of GJC2 mRNA
was not significantly changed in cultured hLECs upon treatment
with CGRP for 8 hours (Figure 4A). Cx47 protein levels were sig-
nificantly, though modestly, upregulated by approximately 1.5
fold 8 hours after CGRP treatment, as quantified by immunoflu-
orescence (Figure 4, B and C). Interestingly, we noted that Cx47
appeared to colocalize along continuous VE-cadherin adherens
junctions between LECs — a pattern that was more apparent in
the CGRP-treated condition (Figure 4B, white arrowheads).
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Pentraxin3 (PTX3) is a secreted, acute phase reactant
expressed by many cell types, including within blunt end terminals
of lymphatic capillaries (62) and in paracortical and cortical sinus
LECs of lymph nodes (63). Moreover, PTX3 is associated with
endothelial dysfunction and vascular inflammation and serves as
a biomarker of endothelial damage during chronic migraine (57).
PTX3 mRNA expression in human LECs was significantly elevat-
ed, 2.5-fold, following 8 hour CGRP treatment in cultured hLECs
(Figure 4D). Additionally, PTX3 protein was significantly upregu-
lated, approximately 2-fold, 8 hours following CGRP treatment, as
quantified by immunofluorescence (Figure 4, E and F).

MADCAML1 is an endothelial cell adhesion molecule that inter-
acts with a4/f7 integrins expressed on immune cells, facilitating
immune cell adhesion to endothelial cells (64). MADCAMI mRNA
wasrobustly enriched 9-fold in hLECs following 8 hour CGRP treat-
ment (Figure 4G). MADCAMI1 protein was also significantly upreg-
ulated, 3-fold, in hLECs after 8 hours of CGRP treatment (Figure 4,
HandI). Collectively, these data demonstrate that meningeal LECs
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in mice with NTG-induced chronic migraine as well as cultured
hLECs cells exposed to CGRP peptide exhibit changes in gene
and protein expression that are suggestive of lymphatic vascular-
immune interactions during chronic migraine pathophysiology.

NTG-induced CGRP signaling primes MLV capillary endpoints
and is required for egress of LPAMI*CD4* T cells to draining cervi-
cal lymph nodes. MLVs have capillary endpoints that are hypoth-
esized to be sites of CSF and immune cell egress from the CNS
(3). Interestingly, Ptx3 expression is increased at these blunt end-
points during macrophage-associated lymphatic malformation
(62). To assess the expression of Ptx3 during chronic migraine,
we performed whole mount immunofluorescence microscopy on
decalcified dorsal skull with adherent meninges from vehicle or
NTG-treated mice. Ptx3 protein expression was higher in the MLV
capillary endpoints of NTG-treated mice compared with vehicle-
treated mice (Figure 5, A and B). These Ptx3 positive endpoints
may represent lymphatic vascular endothelial damage or priming
of MLVs for immune cell interactions during chronic migraine.
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Therefore, to assess whether there were differences in immune
cell egress during NTG-induced chronic migraine, we performed
multispectral flow cytometry of the DCLNs to which the MLVs
drain (Figure 5C). Peripherally located inguinal lymph nodes (ILN),
subjected to systemic NTG-injections but not implicated in chronic
migraine pathophysiology, were included as controls. Because the
RiboTag IPA analysis identified significant changes in both Th1 and
Th2 responses, and because MADCAMI1 is a potent adhesion mole-
cule for 04/p7 integrin (LPAM1)-positive T cells, we elected to pro-

:

file a broad range of T cell populations (see Supplemental Table 2).
No differences were detected in Ifny*CD4* Thli cells, Gata3*CD4*
Th2 cells, CCR7*CD4" T Cells, Ifny*CD8* Tcl cells, Gata3*CD8*
Tc2 cells, CCR7*CD8* T Cells in DCLNS, nor in ILNs between
NTG-treated or vehicle-treated Calcrl’# and Calcrl*E€ mice (Supple-
mental Figure 3). However notably, the only significant change was
an increase in the relative abundance of LPAM1 (a4/f7 integrin)
positive CD4" T cells in NTG-treated Calcrl’# mice. This increase
was not detected in NTG-treated Calcrl™=¢ mice (Figure 5D), nor
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was it detected in peripheral ILNs (Figure 5E). a4/p7 integrin-
positive CD4* T cells are capable of interacting with endotheli-
al cells expressing MADCAMI (Figure 5F), which is significantly
increased in lymphatics by CGRP stimulation (Figure 3E and Figure
4, G-1). These findings indicate that CGRP signaling in the lymphat-
ic endothelium is required for the entry of LPAM1*CD4" T cells into
MADCAMI-enriched MLVs, leading to egress to the DCLN during
chronic migraine (Figure 5F).

CGRP induces formation of continuous, nonpermeable VE-cadherin
Junctions in cultured hLECs. In addition to functioning as conduits
for immune cell trafficking from peripheral tissues to secondary
lymphoid organs, LVs maintain fluid homeostasis, including CSF
turnover and efflux from the CNS through MLVs (1, 5, 8). Thus,
changes in lymphatic endothelial cell junctions influence the per-
meability and function of LVs.

To assess the role of CGRP on LEC junctions, hLECs were
cultured in media or treated with 100 nM CGRP or 100 nM AM, a
nonpermeabilizing agent, for 20 minutes with or without treatment
with 3 nM olcegepant (a.k.a. BIBN4096), a small molecule receptor
antagonist for CLR/Rampl, which is the canonical CGRP receptor.
The organization of interendothelial cell junctions was quantified
using VE-cadherin staining and characterized as percent of total
cell-cell junctional borders in the impermeable confirmation (Fig-
ure 6A). This measurement reflects a physiologic, protein-localiza-
tion response, as it is assessed 20 minutes after treatment.

When compared with untreated cells the positive control AM
peptide stimulated a robust increase in the linear organization of
VE-cadherin (Figure 6A, white arrows), from 60% to approximate-
ly 85% continuous junctions (Figure 6B). As expected, olcegepant
did not reverse the observed AM-mediated increase in linear junc-
tion because AM peptide signals through CLR/Ramp?2 (Figure 6, B
and C). Treatment with CGRP was equivalently potent in convert-
ing VE-cadherin arrangement to linear, continuous junctions (Fig-
ure 6A, white arrows), with a statistically significant increase to
approximately 80% continuous junctions compared with untreat-
ed cells (Figure 6B). Treatment with 3 nM olcegepant was suffi-
cient to prevent the CGRP mediated linearization of VE-cadherin
junctional proteins, yielding a statistically significant reduction
to approximately 60% continuous VE-cadherin junctions com-
pared with CGRP treatment. There was no significant difference
between CGRP-plus-olcegepant-treated LECs and olcegepant
alone-treated LECs.

Further, the functional permeability of LEC monolayers to
protein solutes was also assessed using similar treatment con-
ditions. Confluent monolayers of hLECs were grown on bioti-
nylated-fibronectin coated coverslips. Following 20 minutes of
treatment conditions, fluorescent streptavidin (MW 60 kDa)
was added to the cells for 3 minutes and the cells were fixed and
stained for streptavidin. Permeability was quantified as mean
fluorescence intensity (MFI) of streptavidin that passed between
endothelial cell junctions (Figure 6C). Considering the inherent
permeability of LEC junctions, the dynamic range of the assay is
maximal under both untreated and histamine-treated conditions,
with high streptavidin staining demarcating nearly all cell bor-
ders and abundant streptavidin puncta at multicellular junctions
(Figure 6C, gray arrows). In contrast, MFI of hLECs treated with
100 nM CGRP was equivalent to the low permeability control

J Clin Invest. 2024;134(15):e175616 https://doi.org/10.1172/)CI175616

RESEARCH ARTICLE

of 100 nM AM, with a statistically significant reduction of 40%
compared with media-alone conditions (Figure 6D). The very low
levels of streptavidin staining between cell junctions (Figure 6C,
white arrows) is consistent with the increased linear arrangement
of VE-cadherin under CGRP and AM treatment conditions.

Protein quantification by Western blot illustrated ERK phos-
phorylation in cultured LECs as early as 5 minutes after treat-
ment with CGRP persisting until 20 minutes after treatment
and these changes were not observed in AKT phosphorylation
(Figure 6, E-G). Similarly, CREB phosphorylation was detected
as early as 5 minutes after CGRP treatment, persisting until 10
minutes after treatment (Figure 6, E and H). Taken together,
increased VE-cadherin linearization and reduced protein transit
through a monolayer indicated that CGRP structurally and func-
tionally reduced LEC permeability in vitro, likely through ERK or
CREB-mediated effects.

NTG-induced CGRP signaling is required for formation of con-
tinuous VE-cadherin junctions in MLV capillary endpoints. To
determine whether endogenously elevated CGRP during chronic
migraine affects the cellular junctions of MLVs in vivo, we quanti-
fied the arrangement of VE-cadherin within capillary endpoints of
meningeal lymphatics of Calcrl?f and Calcrl®£¢ mice treated with
vehicle or NTG, as described in Figure 1. All cell-cell junctions
within 500 pum of lymphatic capillary end-points were assessed.
The relative proportion of continuous VE-cadherin junctions
(Figure 7A, white arrows) to discontinuous junctions (Figure 7A,
gray arrows) in LYVE1-positive MLV endpoints was significantly
increased to 80% in Calcrl’f mice treated with NTG compared
with vehicle-treated Calcrl"? mice and vehicle-treated Calcrlt©
mice (Figure 7B). Importantly, Calcrl*¢ mice treated with NTG had
approximately 55% continuous VE-cadherin LEC junctions that
were indistinguishable from the proportions observed in vehicle-
treated Calcrl and Calcrl*© animals (Figure 7, A and B).

Cell-cell junctions within 500 um of lymphatic capillary end-
points were also in systemically deficient Rampl”~ mice. Vehi-
cle-treated WT control animals exhibited similar phenotypes to
Calcrlf mice (approximately 55% continuous junctions) as well
as NTG-treated WT controls (approximately 75% continuous
junctions) (Figure 7C). The proportion of continuous junctions in
Rampl”/~ mice treated with vehicle was found to be approximate-
ly 45%, not significantly different from WT controls (Figure 7C).
As expected, Rampl”~ mice treated with NTG had approximately
50% continuous junctions, significantly less than WT NTG-treat-
ed animals and not significantly different from Rampl”’~ mice
treated with vehicle (Figure 7C). Taken together, these data indi-
cate that chronic migraine-associated rearrangement of MLV
VE-cadherin cell junctions requires CGRP signaling.

CGRP reduces MLV permeability and CSF drainage to DCLN in
vivo. To directly test the effect of CGRP on meningeal lymphatic
vascular permeability in vivo, 5 pL of 1% Evans blue (EB) in nor-
mal saline with or without 5 pg CGRP ([CGRP] = 1 pg/uL) was
injected into the cisterna magna of Calcrl’# and Calcrl ¢ mice.
EB is a traceable dye that can be detected colormetrically by light
microscopy or fluorescently after bound to albumin by fluorescent
emission in the red and far-red wavelengths. Thus, ICM injections
of EB can be utilized to quantify CSF uptake by MLVs and relative
efflux of CSF to the DCLNSs (8).
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Figure 6. CGRP induces formation of continuous, nonpermeable VE-cadherin LEC junctions in cultured hLECs. (A) LECs treated with media, 100 nM
adrenomedullin (AM) (low-permeability control), or 100 nM CGRP and treated with or without CGRP receptor antagonist olcegepant and incubated with
antibodies targeting VE-cadherin. White arrows indicate continuous VE-cadherin arrangement, gray arrows indicate discontinuous VE-cadherin arrange-
ment. Scale bar: 10 um (B) Quantification of proportion of LEC continuous junctions treated with media, CGRP, or adrenomedullin. Significance calculated
using 1-way ANOVA with Tukey’s multiple comparison’s test. n = 4-11 biological replicates with 2-3 randomly selected fields quantified per coverslip from 5
independent assays. All visible adherens junctions were counted and scored as either continuous or discontinuous by a blinded scorer. Percent continuous
junctions is calculated as number of continuous VE-cadherin junctions divided by total number of observed junctions multiplied by 100. (C) Fluorescence
microscopy of LECs grown on biotinylated-fibronectin coated coverslip and treated with 10 uM histamine (high permeability control), 100 nM adreno-
medullin, or 100 nM CGRP or media alone then treated with Alexa Fluor-488-labeled streptavidin. Dark signal indicates increased Alexa Fluor-488 strepta-
vidin permeability between LECs. White arrows indicate low permeability cell borders, gray arrows indicate highly permeable cell borders. Scale bar: 20 um.
(D) Permeability between LECs quantified as MFI of bound, labeled streptavidin. n = 5-6 biological replicates with 3-4 randomly selected fields quantified
from 3 independent assays. MFI of each field assessed is averaged together to represent 1 biological replicate. Significance for B and D calculated using
1-way ANOVA with Tukey’s multiple comparisons test. Graphs = mean + SD. (E) Representative Western blot assessing LEC intracellular signaling response
to CGRP over 60 minutes. Quantification of phosphor-ERK (p-ERK) to total ERK (t-ERK) (F) p-AKT to t-AKT (G), and p-CREB to t-CREB (H) response to
CGRP over 60 minutes. (F-H) significance was determined using an ordinary 1-way ANOVA with Dunnett’s multiple comparisons. 3 independent experi-
ments were conducted.
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did not differ significantly from
vehicle-treated  Calcrl??  and
Calcrl™® animals.

As a secondary measure of
CSF efflux, EB transit from the
MLVs to the draining DCLNs
located below the sternocleido-
mastoid muscle was quantified.
DCLNs were visualized and dis-
sected bilaterally (Figure 9A)
and MFT of bilateral DCLNs was
recorded using epifluorescence
microscopy (Figure 9A) and
averaged to represent net MLV
drainage by animal (Figure 9B).
Robust amounts of EB dye were
visually present and quantified by
epifluorescence in the DCLNs of
both Calerl”# and Calcrl™¢ mice
injected with vehicle diluted in
EB 5 minutes after ICM injection
(Figure 9, A and B). Remarkably,
inclusion of CGRP in the EB dye
robustly reduced EB MFI in the
DCLNs of Calcrlf mice, with
no visible EB dye present in the
DCLNs and with dramatically
reduced DCLN fluorescence in
the red channel 5 minutes after
ICM injection (Figure 9, A and
B). This attenuation of MLV
drainage to the DCLN was spe-
cific to CGRP peptide and EB
fluorescence in Calcrl*®¢ mice
injected ICM with CGRP/EB
did not differ significantly from
vehicle-treated Calcrl’? and Cal-
crl™EC¢ animals.

CGRP-mediated reduction

EB solution diluted in normal saline was readily observed
within the LYVE1* LVs of the superior sagittal sinus of both Calcri?!
and Calcrl ¢ mice, visualized by confocal and epifluorescence
microscopy of decalcified meninges (Figure 8, A and B). Using flu-
orescence intensity plot profiles across the vessel, the area under
the EB curve between the borders of the LYVEI* MLVs was cal-
culated and adjusted to vessel width for an overall quantitation
of MLV permeability (Figure 8, C and D). With this quantitation
method, there was no significant difference in MLV permeability
or dye uptake between vehicle-injected Calcrl’? and CalcrlE ani-
mals (Figure 8, B-D). However, inclusion of CGRP in the EB injec-
tion caused a marked and significant decline in MLV dye uptake in
Calcrl” mice (Figure 8, B-D), consistent with the robust nonper-
meabilizing effects of CGRP observed in vitro and in vivo (Figures
5and 6). As expected, Calcrl*£¢ mice with loss of the CGRP recep-
tor in lymphatics were unresponsive to CGRP/EB injection and
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of EB dye was also assessed in

systemically deficient Rampl”
mice. Consistent with Calcrl’/ mice, WT control mice demonstrat-
ed robust EB fluorescence in DCLNs bilaterally and reduction in
EB fluorescence with CGRP coinjection (Figure 9, C and D). As
expected, Rampl”- mice exhibited EB fluorescence consistent with
WT baseline (Figure 9D). Inclusion of CGRP in the EB dye injected
in Rampl”~ mice did not affect EB fluorescence in the DCLNS, again
suggesting that CGRP signaling through CLR/Rampl is sufficient
to change CSF efflux through the meningeal lymphatic vascula-
ture. Collectively, these data demonstrate that lymphatic-CGRP
signaling through CLR/Rampl markedly reduced CSF outflow
to the DCLNs by rearranging lymphatic VE-cadherin endothelial
junctions and thereby reducing MLV permeability (Figure 9E).

Discussion
Despite its notoriety as the third most prevalent illness globally,
affecting more than 10% of the worldwide population (10, 65), the
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Figure 8. CGRP reduces CSF uptake into MLVs. (A) Schematic of MLV anatomy. Blue dashed square indicates location assessed, while the white dashed
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intensity for each field was measured and subtracted from raw EB fluorescence intensity values. Green line, LYVE1 MFI, Blue line, EB MFI, Blue box, margins
of MLV. (D) Quantification of background adjusted integral of EB intensity across MLV. n = 3 animals 1 drainage site assessed per animal from 3 independent
cohorts. Graph shows mean + SD. Significance calculated using 2-way ANOVA with Tukey’s multiple comparisons test. P value shown if less than 0.05.

etiology and pathophysiology of migraine remains poorly under-
stood. Here, we used a well-established murine model of chronic
migraine coupled with 2 genetic models of CGRP signaling insuf-
ficiency, Ramp]l systemic deficiency and lymphatic-specific Calcrl
insufficiency, to discover a previously unrecognized role of men-
ingeal lymphatics in chronic migraine pain and pathophysiology.
Loss of CGRP signaling in lymphatics significantly ameliorated
chronic migraine pain in mice, whereas direct injection of CGRP
into the cisterna magna reduced MLV permeability and abrogated
CSF drainage. These findings were consistent with our findings in
Ramp1 systemically deficient animals that have no tissues capable
of robustly responding to CGRP. Overall, these data support that
elevated levels of CGRP during chronic migraine can act on MLVs
to reduce their permeability and CSF drainage functions. This
reduced permeability may culminate in an increase in CSF pres-

] -

sure (66, 67) or in the retention of vascular and immune promi-
graine factors within the dura (68), exacerbating the propagation
of chronic migraine pain.

Monoclonal antibodies targeting either the CGRP receptor
(erenumab) or plasma CGRP (fremanezumab, galcanezumab,
epitinizumab), and small molecule antagonists of the CGRP het-
eroreceptor, CLR/RAMPI, are effective antimigraine therapeutics
(25, 26). However, the cellular targets of these medications remain
unknown (21). I-125-labeled galcanezumab has been measured in
meningeal tissue at approximately 10% of its plasma concentra-
tion (69), and fluorescently labeled fremanezumab was detected
in the dura, dural blood vessels, and trigeminal ganglion, but not
in the central nervous system (70). These data support the plau-
sibility that MLVs represent a previously unappreciated CGRP
effector target within the trigeminovascular system. Although
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Figure 9. ICM injection of CGRP reduces CSF efflux to the DCLNs by EB dye transport. (A) Photograph and whole mount fluorescence microscopy of DCLN
from Calcr/™¢ mice injected intra cisterna magna (ICM) with 1 ug/uL CGRP or vehicle diluted in 1% EB. Scale bar: 200 um. CLV, cervical LV, DCLN, deep cer-
vical lymph node. (B) Quantification of MFI of DCLN of Calcr/*¢ mice injected ICM with 1 pg/uL CGRP or vehicle diluted in 1% EB. n = 5-7 animals, average
MFI of left and right DCLNs graphed from 4 independent cohorts. Graph shows mean + SD. Significance calculated using 2-way ANOVA with Tukey’s multi-
ple comparisons test. P value shown if less than 0.05. (C) Whole mount fluorescence microscopy of DCLN from Ramp7~- or WT mice injected intra cisterna
magna (ICM) with 1 pg/uL CGRP or vehicle diluted in 1% EB. Scale bar: 200 um. (D) Quantification of MFI of DCLN of Ramp1~- or WT mice injected ICM with
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SD. Significance for calculated using 2-way ANOVA with Tukey’s multiple comparisons test. P value shown if less than 0.05. (E) Representative schematic
of CGRP impact on MLVs demonstrating reduced MLV permeability and CSF efflux to the DCLN.

considered revolutionary, only 50% of patients on the highest dose
of erenumab experience a greater-than 50% reduction in month-
ly migraine days (71). This partial reduction of chronic migraine
symptoms correlates with our observations of approximately 50%
attenuation of migraine symptoms in mice with impaired lym-
phatic response to CGRP compared with the total prevention, as
observed in Rampl7~ mice. Because our data demonstrates a full
protection in systemic Rampl-deficient animals and partial pro-
tection in lymphatic Calcri-deficient animals, our findings indi-
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cate that migraine pathophysiology is multifactorial and that the
MLVs are one of many CGRP target cells.

Reduced meningeal lymphatic and glymphatic CSF efflux
has so far been observed in patients with spontaneous chron-
ic migraine by MRI, and reduced flow correlated negatively with
worsened migraine symptoms (72). These changes were observed
both during and between migraine episodes. Altered CSF efflux
through the MLVs has been implicated in a variety of additional
neurodegenerative and neuroinflammatory diseases, including
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Alzheimer’s disease (AD), Parkinson’s disease, multiple sclerosis,
traumatic brain injury, brain tumors, and also in aging. Disruption
of CSF efflux through MLVs caused increased amyloid-f deposi-
tion in the meninges and increased perivascular plaque formation
in an AD mouse model (3). Interestingly, the incidence of AD in
patients with migraine is nearly twice the rate of AD in people who
were healthy controls (73). Additionally, a-synuclein pathology cor-
relates with delayed MLV drainage, and blocked MLV flow exacer-
bates motor and memory deficits in a mouse model of Parkinson’s
disease (6). Moreover, increased CSF pressures are causally associ-
ated with another chronic headache disorder, idiopathic intercrani-
al hypertension, and reduction of elevated CSF pressure alleviates
pain (74). If, as suggested by our data, chronic migraine-induced
CGRP triggers transient changes in CSF efflux, then these acute
changes may propagate migraine pain, while chronic alterations
to CSF efflux over decades of migraine episodes may permanently
damage the MLVs, potentially contributing to the pathogenesis or
pathophysiology of Alzheimer’s dementia other neurodegenerative
or neuroinflammatory conditions. Promisingly, our data strongly
suggests that CGRP inhibitor therapeutics may act to restore MLV
drainage during a migraine attack, which is important for the pre-
vention of long-term CSF efflux-related diseases.

We leveraged lymphatic-specific RiboTag mice to develop a
deeper mechanistic understanding of how the cellular transcrip-
tion of meningeal LECs changes in response to migraine. We iden-
tified 3 promising translationally altered immunovascular pro-
teins associated with chronic migraine and CGRP signaling: GJC2,
PTX3,and MADCAMI.

GJC2 encodes for connexin-47 (Cx47) and is a causally mutat-
ed in some forms of human primary lymphedema (60). Cx47
forms homotypic gap junctions as well as heterotypic gap junc-
tions with Cx43, which is also causally associated with lymphede-
ma in humans (75). Using cultured hLECs, we noticed that CGRP
promoted the localization of Cx47 along continuous, low permea-
bility VE-cadherin adherens junctions. Interestingly, tonabersat,
a Cx43 gap junction signaling inhibitor is an effective prophylaxis
for migraine attacks with aura, though it was found to be ineffec-
tive for migraine attacks without aura (76). These data suggest
that under migraine conditions of elevated CGRP, lymphatics may
exhibit increased intercellular gap junction communication that
may be therapeutically targeted.

PTX3 is a member of the pentraxin family and, alongside
C-reactive peptide, is an acute phase reactant in the humoral
immune response. PTX3, which is expressed by LECs, is a newly
characterized serum biomarker of migraine attacks (56-58). Addi-
tionally, Ptx3 defines a novel subset of immune-interacting, capil-
lary LECs that promote pathologic LV remodeling (62). Our current
results suggest that PTX3 upregulation in MLV endpoints during
migraine may indicate a state of endothelial damage and/or func-
tion as a chemoattractant for egressing immune cells.

MADCAMI typically interacts with a4p7 integrins to recruit
immune cells to mucosal tissues such as the gut, but it is also
expressed by some LECs (77-79). Likely correlated with the upreg-
ulation of Madcam expression by CGRP, we also discovered a signif-
icant increase in the relative abundance of CD4" T cells expressing
LPAMI1 (04f7 integrin) in the DCLNs of mice with NTG-induced
migraine. These LPAM1* (047 integrin) CD4" T cells are critical for

The Journal of Clinical Investigation

the initiation and development of inflammatory bowel disease (IBD)
(80, 81) and are being targeted by monoclonal antibodies etrolizum-
ab (B7) and natalizumab (a4). While the current study is the first to
implicate these T cells with migraine, it may be worth noting that
patients with IBD have an increased prevalence of migraine head-
ache compared with the general population (82, 83), hinting at a
potential link between CGRP-mediated gut immunity and migraine.

Taken together, this work provides the first demonstration
of the importance of the lymphatic vascular system in the patho-
physiology of migraine along with several plausible mechanistic
frameworks for understanding the complex CGRP-mediated neu-
rological, vascular, and immune interactions in chronic migraine
pathophysiology. The impact of migraine-related reductions of
CSF efflux and of potential chronic MLV dysfunction on the devel-
opment of neurodegenerative diseases remains to be fully charac-
terized. Future studies to evaluate the contributions of MLV CSF
drainage in humans during migraine, with and without CGRP-
targeted therapies, is warranted.

Methods
Additional Experimental Details are provided in Supplemental Methods.

Sex as a biological variable. Female and male C57BL/6], and Cal-
crl*®¢ mice aged 3-6 months were used to characterize the role of lym-
phatic CGRP signaling in chronic migraine. Female mice were used
for all facial expression of pain and light avoidance behavioral assays.
This study primarily used female mice because the human disease
condition is predominant in females, with 3-5 times higher incidence
in women than men.

Animals. C57BL/6] mice were obtained from Jackson Laboratories
or bred in house. Calcrl’/ mice were generated as previously described
(38). Vegfir3-Cre™ ™ mice were also generated and described previous-
ly (47), as were Rampl7- mice (84). To establish deletion of Calcrl,
CalcrlV;Vegfir3° PR (Calerl™€) and control Calcrl™f, mice were inject-
ed intraperitoneally with 100 pg/g body weight tamoxifen (T56438,
Sigma-Aldrich) diluted in corn oil for 5 consecutive days. Experimen-
tal protocols were initiated 1 week after the termination of tamox-
ifen administration. Deletion of Calcrl was determined by qPCR
of mRNA isolated from immunoprecipitated LECs from meninges
and nonmeningeal tissue. For translatomic analysis, C57BL/6] mice
were obtained from Jackson Labs. For translational analysis, B6J.129
(Cg)-Rpl22mmtirsam /T (RiboTag) mice were obtained from Jackson Labs.
All mice were bred and maintained in a specific pathogen-free facility
at the University of North Carolina at Chapel Hill School of Medicine,
Chapel Hill, North Carolina.

Lymphatic endothelial cell immunoprecipitation from tissue. Single-
cell suspension of meningeal tissue was negatively selected with CD68
immunoprecipitation and positively selected with Lyvel* immunopre-
cipitation to generate enriched LECs.

NTG chronic migraine model. Mice were injected intraperitone-
ally (IP) with 10 mg/Kg body weight of sterile NTG (T-021, Sigma-
Aldrich) diluted in 0.9% saline (PAA128035, Hospira) with vehicle
consisting of 0.9% normal saline containing 10% propylene glycol or
with 0.9% normal saline every other day for up to 5 injections. Vehicle
injections consisting of 0.9% normal saline with 10% propylene gly-
col (the solvent for commercially available NTG) did not provoke sig-
nificantly different pain behavior compared with 0.9% normal saline
alone injections (data not shown).
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Pain assessment was performed using the murine grimace scale,
as previously described (48, 85), and using light aversion and move-
ment behavior, as described in Supplemental Methods.

ICM injections and CSF drainage quantification. Animals were
anesthetized using 20 pL/10 g body weight of 1.25% avertin (T48402,
Sigma-Aldrich). After a sagittal skin incision, muscle layers were
retracted and 5 pL of 0.9% saline containing 1 pg/pL CGRP (015-02,
Phoenix Pharmaceuticals) and 1% Evans Blue (E2129, Sigma-Aldrich)
or 1% Evans Blue vehicle control solution was injected ICM over 60
seconds. The needle was removed after 5 minutes. Deep cervical
lymph nodes, inguinal lymph nodes, and cranial meninges were dis-
sected 2 minutes following retraction of needle. Collected tissues were
fixed in 4% paraformaldehyde for up to 24 hours. Lymph nodes were
imaged using an 183 Olympus inverted fluorescence microscope with
10 x objective lens, connected to a Hamamatsu camera. Mean fluores-
cence index was quantified using Image] (86).

Whole mount immunofluorescence. Dorsal skull bones with adher-
ent meninges were fixed in 4% paraformaldehyde for 24 hours and
decalcified using 0.5 M EDTA (02793, Thermo Fisher Scientific)
in PBS for 5-7 days at 4°C on a rocking platform in the dark. Tissues
were blocked and permeabilized in PBS containing 5% normal don-
key serum (017-000-121, Jackson ImmunoResearch), and 0.5%
Tween-20 (BP337 Thermo Fisher Scientific) for 24 hours at 4°C and
then incubated with antibodies detailed in the immunofluorescence
antibody table at the indicated dilution for 24-48 hours at 4°C and
then washed 3 times in PBS containing 5% normal donkey serum and
0.5% Tween-20. Secondary antibodies were diluted in PBS containing
5% normal donkey serum for 4 hours at room temperature or 24 hours
at 4°C. Decalcified dorsal skull and meninges were mounted in 50%
glycerol (BP2291, Thermo Fisher Scientific), and imaging was per-
formed using a Zeiss 800 upright confocal microscope.

Flow cytometry. Multispectral flow cytometry was performed on
single-cell suspensions of bilateral DCLNs or inguinal lymph nodes,
as further described in the Supplemental Methods.

LEC culture and analyses. LECs (c-12217, PromoCell Inc.) were cul-
tured in endothelial supplemental media MV2 (C-22121, PromoCell
Inc.) to 3-5 passages from primary sample collection and were grown
at 37°C with 5% CO,. Confluent monolayers of LECs were used for
immunocytochemistry, permeability assays, and Western blot analy-
sis, as described in Supplemental Methods.

RiboTag gene expression analysis. Rpl2274/*;Lyvel®* (52) animals
were induced with chronic migraine following the protocol listed
above. Sixty minutes after the last injection, animals were eutha-
nized using CO, asphyxiation. After preparation of the dorsal skull
bone, as described above, cranial meninges were dissected using
fine-tipped forceps and the whole meningeal tissue was lysed using
Lysing Matrix D beads (116913100, MP Biomedicals) in 50 mM Tris,
10 mM KClI (51343180, Mettler-Toledo), 12 mM MgCl, (AM9530G,
Thermo Fisher Scientific), and 1% nonidet-p40 (198596, MP Biomed-
ical) “Homogenization Buffer”. Hemagglutinin-tagged ribosomes
were immunoprecipitated using Pierce anti-HA-conjugated magnet-
ic beads (88837, Thermo Fisher Scientific) in supplemented homog-
enization buffer containing the above reagents with 0.5 mM DTT
(7016L, Cell Signaling), 100 pg/mL cycloheximide (01810, Sigma-
Aldrich), 1 mg/mL Heparin (BP2524100, Thermo Scientific), 200
units/mL RNase out (10-777-019, Thermo Fisher Scientific), and 1.5
x Protease inhibitor cocktail (11697498001, Sigma-Aldrich). Anti-HA
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beads were incubated with lysed meninges samples for 24 hours on a
rotator at 4°C. HA-Tagged ribosomes were eluted from beads using a
modified homogenization buffer with 300 mM KCI. RNA was isolated
using RNeasy Kits (13997, Qiagen). Clariom S Pico microarray target-
ing mouse (902932, Thermo Fisher Scientific) was used in collabora-
tion with the UNC Functional Genomics Core to measure expression
changes. Data analysis was completed using Partek Genomics Suite
(Partek) and Ingenuity Pathway Analysis (Qiagen) software programs.

Statistics. Data were analyzed using either 2-tailed Student’s ¢ test
with or without Welch’s correction, 1-way ANOVA with multiple com-
parisons and Tukey’s post hoc test, or 2-way ANOVA with multiple
comparisons and Tukey’s post hoc test. The statistical test performed
is noted in corresponding figure legends. P values under 0.05 were
considered significant, and precise Pvalue is depicted on figures where
appropriate. The persons performing the analyses were blinded to the
genotype of treatment of the animals or cells until the end of analysis.

Study approval. All protocols involving animals were approved by
the UNC-CH’s IACUC.

Data availability. Microarray data is provided in the GEO data-
base under accession number GSE266558. All data in the manuscript
isincluded in the Supporting Data Values file.

Online supplemental material. Expanded methods are available in the
supplemental material. Supplemental Table 1 provides raw data for all
genes queried using the Clariom S microarray. Supplemental Table 2 pro-
vides a list of antibodies used for immunostaining and for flow cytometry.

Author contributions

NPNM designed research studies, acquired and analyzed data,
prepared figures, wrote and edited the manuscript, and acquired
funding. LB conducted experiments, acquired and analyzed
data, and edited the manuscript. ALSB conducted experiments
and acquired and analyzed data. BMK acquired data, analyzed
blinded behavioral data and analyzed data. SDS performed west-
ern blot and acquired data. ESD analyzed data. AHS conducted
experiments and acquired data. AMT conducted experiments and
acquired data. KMC designed research studies, supervised the
research, acquired funding, and wrote, and edited the manuscript.

Acknowledgments

The authors wish to acknowledge the UNC-CH Hooker Imaging
Core where microscopy was performed and the UNC-CH Flow
Cytometry Core Facility where flow cytometry was performed.
Both cores are supported in part by P30 CA016086 Cancer Cen-
ter Core Support Grant to the UNC Lineberger Comprehensive
Cancer Center. We also thank Michael Vernon and the UNC
Functional Genomics Core, where gene expression data was col-
lected. We are grateful to the Histology Research Core Facility in
the Department of Cell Biology and Physiology at UNC-CH for all
paraffin embedding and sectioning performed for this research.
We thank the North Carolina Intellectual and Developmental
Disabilities Research Center (NICHD; P50 HD103573; PI: Gabri-
el Dichter) and Sheryl Moy and the UNC Behavioral Phenotyping
Core Facility for assistance with designing and conducting light
aversion assays. We are grateful to the laboratory of Benjamin
Philpot, UNC-CH and Siddhi Ozarkar for their advice and for
the generous use of their stereotactic device for the ICM injec-
tions. We thank Mark Zylka, UNC-CH and members of his labo-

= [



RESEARCH ARTICLE

ratory for their guidance and technical support in measurements
of mouse facial expression of pain. Finally, we appreciate the

thoughtful contributions and helpful feedback from all members

of the Caron laboratory at UNC-CH. This research was support-
ed in part by NIH grants RO1 HL129086 and RO1 DK119145 (to
KMCQC), T32GM133364-01A1 and T32HL69768-20 (to NPNM).
This work was also supported in part by American Heart Associ-

The Journal of Clinical Investigation

ation predoctoral fellowship 909016 to NPNM and postdoctoral
fellowship 23Post1022945 to LB.

Address correspondence to: Kathleen M. Caron, 111 Mason
Farm Road, MBRB, CB 7545, The University of North Carolina
at Chapel Hill, Chapel Hill, North Carolina 27599, USA. Phone:
919.966.5215; Email: kathleen_caron@med.unc.edu.

1. Louveau A, et al. Structural and functional fea-
tures of central nervous system lymphatic ves-
sels. Nature. 2015;523(7560):337-341.

2. Aspelund A, et al. A dural lymphatic vascular sys-
tem that drains brain interstitial fluid and macro-
molecules. ] Exp Med. 2015;212(7):991-999.

3. Da Mesquita S, et al. Functional aspects of men-
ingeal lymphatics in ageing and Alzheimer’s
disease. Nature. 2018;560(7717):185-191.

4. Louveau A, et al. Understanding the functions
and relationships of the glymphatic system
and meningeal lymphatics. J Clin Invest.
2017;127(9):3210-3219.

5. Louveau A, et al. CNS lymphatic drainage and
neuroinflammation are regulated by men-
ingeal lymphatic vasculature. Nat Neurosci.
2018;21(10):1380-1391.

6. Ding XB, et al. Impaired meningeal lymphatic
drainage in patients with idiopathic Parkinson’s
disease. Nat Med. 2021;27(3):411-418.

7. Ahn JH, et al. Meningeal lymphatic vessels at
the skull base drain cerebrospinal fluid. Nature.
2019;572(7767):62-66.

8. Maloveska M, et al. Dynamics of Evans blue
clearance from cerebrospinal fluid into menin-
geal lymphatic vessels and deep cervical lymph
nodes. Neurol Res. 2018;40(5):372-380.

9. Jackson DG. Leucocyte trafficking via the
lymphatic vasculature- mechanisms and conse-
quences. Front Immunol. 2019;10:471.

10. Burch RC, et al. Migraine: epidemiology, burden,
and comorbidity. Neurol Clin. 2019;37(4):631-649.

11. Ashina M. Migraine. N Engl ] Med.
2020;383(19):1866-1876.

12. Goadsby PJ, et al. Release of vasoactive peptides
in the extracerebral circulation of humans and
the cat during activation of the trigeminovascular
system. Ann Neurol. 1988;23(2):193-196.

13. Gallai V, et al. Vasoactive peptide levels in the
plasma of young migraine patients with and with-
out aura assessed both interictally and ictally.
Cephalalgia. 1995;15(5):384-390.

14. Friberg L, et al. Absence of vasoactive pep-
tide release from brain to cerebral circulation
during onset of migraine with aura. Cephalalgia.
1994;14(1):47-54.

15. Sarchielli P, et al. Levels of nerve growth factor
in cerebrospinal fluid of chronic daily headache
patients. Neurology. 2001;57(1):132-134.

16. Gallai V, et al. Glutamate and nitric oxide pathway
in chronic daily headache: evidence from cere-
brospinal fluid. Cephalalgia. 2003;23(3):166-174.

17. Sarchielli P, et al. Endocannabinoids in chronic
migraine: CSF findings suggest a system failure.
Neuropsychopharmacology. 2007;32(6):1384-1390.

18. Brain SD, et al. Calcitonin gene-related peptide is a
potent vasodilator. Nature. 1985;313(5997):54-56.

19. Pawlak JB, et al. Cardiovascular effects of exog-

B

20.

21.

22.

2

w

24.

25.

26.

2

28.

29.

30.

3

—_

32.

34.

N

enous adrenomedullin and CGRP in Ramp and
Calcrl deficient mice. Peptides. 2017;88:1-7.
Russell FA, et al. Calcitonin gene-related peptide:
physiology and pathophysiology. Physiol Rev.
2014;94(4):1099-1142.

Levy D, Moskowitz MA. Meningeal mechanisms
and the migraine connection. Annu Rev Neurosci.
2023;46:39-58.

Biscetti L, et al. The putative role of neuroin-
flammation in the complex pathophysiology of
migraine: from bench to bedside. Neurobiol Dis.
2023;180:106072.

. Biscetti L, et al. Immunological findings in

patients with migraine and other primary head-
aches: a narrative review. Clin Exp Immunol.
2022;207(1):11-26.

DosSantos MF, et al. The role of the blood-brain
barrier in the development and treatment of
migraine and other pain disorders. Front Cell
Neurosci. 2014;8:302.

Edvinsson L, et al. CGRP as the target of

new migraine therapies - successful trans-
lation from bench to clinic. Nat Rev Neurol.
2018;14(6):338-350.

Haghdoost F, et al. Evaluating the efficacy

of CGRP mAbs and gepants for the preven-

tive treatment of migraine: A systematic

review and network meta-analysis of phase

3 randomised controlled trials. Cephalalgia.
2023;43(4):3331024231159366.

Petrova TV, et al. Lymphatic endothelial repro-
gramming of vascular endothelial cells by the
Prox-1homeobox transcription factor. EMBO J.
2002;21(17):4593-4599.

Hirakawa S, et al. Identification of vascular lin-
eage-specific genes by transcriptional profiling of
isolated blood vascular and lymphatic endotheli-
al cells. Am J Pathol. 2003;162(2):575-586.
Mackie DI, et al. h(CALCRL mutation causes
autosomal recessive nonimmune hydrops
fetalis with lymphatic dysplasia. ] Exp Med.
2018;215(9):2339-2353.

Dackor RT, et al. Hydrops fetalis, cardiovascular
defects, and embryonic lethality in mice lacking
the calcitonin receptor-like receptor gene. Mol
Cell Biol. 2006;26(7):2511-2518.

. Davis RB, et al. Lymphatic deletion of calcitonin

receptor-like receptor exacerbates intestinal
inflammation. JCI Insight. 2017;2(6):€92465.
Davis RB, et al. Calcitonin-receptor-like receptor
signaling governs intestinal lymphatic innerva-
tion and lipid uptake. ACS Pharmacol Transl Sci.
2019;2(2):114-121.

. McLatchie LM, et al. RAMPs regulate the trans-

port and ligand specificity of the calcitonin-
receptor-like receptor. Nature.
1998;393(6683):333-339.

Kamitani S, et al. The RAMP2/CRLR complex is

a functional adrenomedullin receptor in human
endothelial and vascular smooth muscle cells.
FEBS Lett. 1999;448(1):111-114.

35. Hay DL, et al. GPCR modulation by RAMPs.

Pharmacol Ther.2006;109(1-2):173-197.

36. Woolley MJ, Conner AC. Comparing the molecu-

lar pharmacology of CGRP and adrenomedullin.
Curr Protein Pept Sci. 2013;14(5):358-374.

37. Mishima T, et al. RAMP1 signaling improves

lymphedema and promotes lymphangiogenesis
inmice. ] Surg Res. 2017;219:50-60.

38. Fritz-Six KL, et al. Adrenomedullin signaling is

necessary for murine lymphatic vascular devel-
opment. ] Clin Invest. 2008;118(1):40-50.

39. Harris NR, et al. VE-cadherin is required for car-

diac lymphatic maintenance and signaling. Circ
Res. 2022;130(1):5-23.

40. Karpinich NO, Caron KM. Gap junction coupling

is required for tumor cell migration through
lymphatic endothelium. Arterioscler Thromb Vasc
Biol. 2015;35(5):1147-1155.

41. XuW, et al. Small GTPase RaplA/B is required

for lymphatic development and adrenomedul-
lin-induced stabilization of lymphatic endo-
thelial junctions. Arterioscler Thromb Vasc Biol.
2018;38(10):2410-2422.

42. Harriott AM, et al. Animal models of migraine

and experimental techniques used to examine
trigeminal sensory processing. ] Headache Pain.
2019;20(1):91.

43. Wattiez A-S, et al. CGRP in animal models of

migraine. Handb Exp Pharmacol. 2019;255:85-107.

44. Juhasz G, et al. NO-induced migraine attack:

strong increase in plasma calcitonin gene-related
peptide (CGRP) concentration and negative
correlation with platelet serotonin release. Pain.
2003;106(3):461-470.

45. Demartini C, et al. Nitroglycerin as a compar-

ative experimental model of migraine pain:
from animal to human and back. Prog Neurobiol.
2019;177:15-32.

46. Sureda-Gibert P, et al. Nitroglycerin as a model of

migraine: Clinical and preclinical review. Neuro-
biol Pain. 2022;12:100105.

47. Martinez-Corral I, et al. Vegfr3-CreER (T2)

mouse, a new genetic tool for targeting the lym-
phatic system. Angiogenesis. 2016;19(3):433-445.

48. Langford DJ, et al. Coding of facial expressions

of pain in the laboratory mouse. Nat Methods.
2010;7(6):447-449.

49. Wang M, et al. Investigating migraine-like

behavior using light aversion in mice. J Vis Exp.
2021;(174):10.3791/62839.

50. Kaiser EA, et al. Modulation of CGRP-induced

light aversion in wild-type mice by a 5-HT(1B/D)
agonist. ] Neurosci. 2012;32(44):15439-15449.

51. Mason BN, et al. Induction of migraine-like

photophobic behavior in mice by both periph-

J Clin Invest. 2024;134(15):e175616 https://doi.org/10.1172/)CI175616



The Journal of Clinical Investigation

eral and central CGRP mechanisms. ] Neurosci.
2017;37(1):204-216.

52.Sanz E, et al. Cell-type-specific isolation of ribo-
some-associated mRNA from complex tissues. Proc
Natl Acad Sci U S A.2009;106(33):13939-13944.

53. Steele MM, et al. T cell egress via lymphatic vessels
is tuned by antigen encounter and limits tumor
control. Nat Immunol. 2023;24(4):664-675.

54. Mackie DI, et al. RAMP3 determines rapid
recycling of atypical chemokine receptor-3 for
guided angiogenesis. Proc Natl Acad Sci U S A.
2019;116(48):24093-24099.

. Guzel ], et al. Evaluation of serum transforming
growth factor B1 and C-reactive protein levels

5

1l

in migraine patients. Neurol Neurochir Pol.
2013;47(4):357-362.

56. Ceylan M, et al. Serum levels of pentraxin-3 and
other inflammatory biomarkers in migraine:
Association with migraine characteristics. Cepha-
lalgia. 2016;36(6):518-525.

57. Dominguez-Vivero C, et al. Pentraxin 3 (PTX3):
amolecular marker of endothelial dysfunction in
chronic migraine. J Clin Med. 2020;9(3):849.

58. Gokdemir MT, et al. Pentraxin 3 level in acute
migraine attack with aura: Patient management
in the emergency department. Am J Emerg Med.
2020;38(1):38-42.

59. Bruno PP, et al. An overview on immune sys-
tem and migraine. Eur Rev Med Pharmacol Sci.
2007;11(4):245-248.

60. Ferrell RE, et al. GJC2 missense mutations
cause human lymphedema. Am ] Hum Genet.
2010;86(6):943-948.

. Ostergaard P, et al. Rapid identification of muta-
tions in GJC2 in primary lymphoedema using

6

—

whole exome sequencing combined with linkage
analysis with delineation of the phenotype. ] Med
Genet.2011;48(4):251-255.

62. Petkova M, et al. Immune-interacting lymphatic
endothelial subtype at capillary terminals
drives lymphatic malformation. J Exp Med.
2023;220(4):20220741.

63. Arroz-Madeira S, et al. Lessons of vascular

J Clin Invest. 2024;134(15):e175616 https://doi.org/10.1172/)CI175616

specialization from secondary lymphoid
organ lymphatic endothelial cells. Circ Res.
2023;132(9):1203-1225.

64. Hamann A, et al. Role of alpha 4-integrins in lym-
phocyte homing to mucosal tissues in vivo.
JImmunol.1994;152(7):3282-3293.

65. Stovner L], et al. Global, regional, and national
burden of migraine and tension-type headache,
1990-2016: a systematic analysis for the Global
Burden of Disease Study 2016. Lancet Neurol.
2018;17(11):954-976.

66. De Simone R, et al. Intracranial pressure in
unresponsive chronic migraine. ] Neurol.
2014;261(7):1365-1373.

67. Goldstein JM, et al. Migraine associated with
focal cerebral edema, cerebrospinal fluid pleocy-
tosis, and progressive cerebellar ataxia: MRI doc-
umentation. Neurology. 1990;40(8):1284-1287.

68. Mikhailov N, et al. The role of the meningeal
lymphatic system in local meningeal inflam-
mation and trigeminal nociception. Sci Rep.
2022;12(1):8804.

69. Johnson KW, et al. Peripheral and central nervous
system distribution of the CGRP neutralizing
antibody ['**I] galcanezumab in male rats. Cepha-
lalgia. 2019;39(10):1241-1248.

70. Noseda R, et al. Fluorescently-labeled fremane-
zumab is distributed to sensory and autonomic
ganglia and the dura but not to the brain of rats
with uncompromised blood brain barrier. Cepha-
lalgia. 2020;40(3):229-240.

71. Ashina M, et al. Assessment of erenumab safety
and efficacy in patients with migraine with and
without aura: a secondary analysis of randomized
clinical trials. JAMA Neurol. 2022;79(2):159-168.

72. Wu CH, et al. Impaired glymphatic and menin-
geal lymphatic functions in patients with chronic
migraine. Ann Neurol. 2024;95(3):583-595.

73.Kim J, et al. Association between migraine and
Alzheimer’s disease: a nationwide cohort study.
Front Aging Neurosci. 2023;15:1196185.

74. Wall M. Idiopathic intracranial hypertension.
Neurol Clin. 2010;28(3):593-617.

RESEARCH ARTICLE

75. Kanady JD, Simon AM. Lymphatic communica-
tion: connexin junction, what’s your function?
Lymphology. 2011;44(3):95-102.

76. Hauge AW, et al. Effects of tonabersat on
migraine with aura: a randomised, double-blind,
placebo-controlled crossover study. Lancet Neu-
rol.2009;8(8):718-723.

77. Bovay E, et al. Multiple roles of lymphatic vessels
in peripheral lymph node development. J Exp
Med. 2018;215(11):2760-2777.

78. Oshima T, et al. TNF-o induced endothelial
MAdCAM-1 expression is regulated by exoge-
nous, not endogenous nitric oxide. BMC Gastro-
enterol. 2001;1:5.

79.Jalkanen S, Salmi M. Lymphatic endothelial
cells of the lymph node. Nat Rev Immunol.
2020;20(9):566-578.

80. Dai B, et al. Dual targeting of lymphocyte homing
and retention through 047 and «EB7 inhibition
in inflammatory bowel disease. Cell Rep Med.
2021;2(8):100381.

. Kurmaeva E, et al. T cell-associated a4B7 but not
a4p1integrin is required for the induction and
perpetuation of chronic colitis. Mucosal Immunol.
2014;7(6):1354-1365.

. Liu, et al. The association between inflam-

8

—

8

N

matory bowel disease and migraine or severe
headache among US adults: Findings from the
National Health Interview Survey, 2015-2016.
Headache.2021;61(4):612-619.

83. Moisset X, et al. Migraine prevalence in inflam-
matory bowel disease patients: A tertiary-care
centre cross-sectional study. Eur J Pain.
2017;21(9):1550-1560.

84. Li M, et al. Deficiency of RAMP1 attenuates
antigen-induced airway hyperresponsiveness in
mice. PLoS One. 2014;9(7):€102356.

85. McCoy ES, et al. Development of PainFace soft-
ware to simplify, standardize, and scale up mouse
grimace analyses. Pain. 2024;165(8):1793-1805.

. Schindelin J, et al. Fiji: an open-source platform
for biological-image analysis. Nat Methods.
2012;9(7):676-682.

8

[oN

- [



