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INTRODUCTION

Migraine is the third most disabling illness in the world among people aged 15 to

49 and affects ~12% of the population worldwide [73; 74]. Chronic migraineurs suffer
from unilateral, throbbing headache, disruptions to sensory and motor systems, and up to
one third of migraine patients also experience aura [35; 57]. This neurological disorder
causes functional impairment during and between migraine attacks, and it is common for
comorbidities such as depression, anxiety, and sleep disturbances to manifest and further
decrease quality of life [9]. Despite the severe negative effects of migraine on patients,
their families, and the economy, this public health issue remains understudied and migraine
specific therapeutics remain limited.

We previously identified the delta opioid receptor (DOP) as a promising target for headache
disorders [15; 40; 42; 53]. In comparison to mu opioid receptor agonists, activation

of DOP produces fewer adverse effects related to gastrointestinal transit, sedation, and
respiration [25; 26]; additionally DOP agonists have low abuse liability [8; 17; 43]. We,
and others, have shown that DOP agonists are effective in models of migraine-associated
pain, negative affect, and aura [19; 53]. We have also observed that chronic treatment

with SNCB80, a highly selective DOP agonist, can prevent the development of acute and
chronic allodynia in a model of post-traumatic headache [40; 42]. Additionally, DOP
agonist treatment can alleviate established cephalic allodynia in models of chronic migraine,
post-traumatic headache, and medication overuse headache induced by opioids and triptans
[42]. Considering the behavioral evidence that DOP activation could be beneficial for the
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treatment of migraine, the aim of this study was to investigate the mechanisms by which
DOP agonists produce these effects.

Calcitonin gene-related peptide (CGRP) is a key regulator of migraine pathophysiology
and is considered to be an endogenous migraine trigger [18; 20; 64]. Pioneering clinical
studies showed increased CGRP in the jugular outflow during a migraine attack [29;

30]. Further, systemic injection of CGRP to migraine patients causes a delayed headache
which can present with a migraine-like phenotype [33; 37]. Small molecule CGRP receptor
(CGRPR) antagonists also effectively treat migraine [44; 64], and antibodies targeting
CGRP or CGRPR were recently approved as migraine therapies [64]. A possible way in
which DOP agonists produce anti-migraine effects is through decreased CGRP release or
CGRPR signaling. DOPs have primarily been investigated for the treatment of peripheral
pain conditions [28; 50], and its expression in dorsal root ganglia (DRG) and lumbar spinal
cord has been extensively studied [4; 32; 58; 71; 72]. Comparatively, there have been very
few studies to examine the expression of DOPs in trigeminal ganglia (TG) and trigeminal
nucleus caudalis (TNC), which are the peripheral and central nervous system regions that
transmit cephalic pain information respectively. The aim of this study was to investigate
how CGRP expression was affected by DOP agonist treatment in a model of chronic
migraine-associated pain. A further goal was to characterize the expression of DOP, CGRP,
and CGRPR within the trigeminovascular complex, and determine if this expression was
altered during a chronic migraine state.

MATERIALS AND METHODS

Animals

Experiments were performed on male and female C57BL6/J mice (Jackson Laboratories,
Bar Harbor, ME. USA) and DOPeGFP knockin mice weighing 20-30g, and no sex
differences were observed. Mice were group housed in a 12h-12h light-dark cycle, where the
lights were turned on at 07:00 and turned off at 19:00. Food and water were available

ad libitum. All responses were conducted in a blinded fashion by 1-3 experimenters.

Weight was recorded on each test day for all experiments. Neither treatments nor drugs
significantly affected weight gain or mortality. All experimental procedures were approved
by the University of Illinois at Chicago Office of Animal Care and Institutional Biosafety
Committee, in accordance with Association for Assessment and Accreditation of Laboratory
Animal Care International (AAALAC) guidelines and the Animal Care Policies of the
University of Illinois at Chicago. All results are reported according to Animal Research:
reporting of In Vivo Experiments (ARRIVE) guidelines.

Sensory sensitivity testing

Separate groups of animals were used for all experiments. For all behavioral experiments,
mice were counterbalanced into groups following the first basal test for mechanical
sensitivity. The experimenter was blinded to the drug condition being tested. No adverse
effects were observed in any of the experiments. All mice were tested in a separate behavior
room with low-light (~35-50 lux) and low-noise conditions, between 09:00 and 16:00. Mice
were tested on a raised wire mesh rack with a plexiglass enclosure with space to test 12
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mice, as described previously [41]. For all behavioral tests, mice were habituated to the
testing rack for 2 days prior to the first test day, and on each test day for 20 minutes prior
to the first measurement. For peripheral measurements, the plantar surface of the left hind
paw was tested. For cephalic testing, mice were tested in 4 0z paper cups, to which they
had been previously habituated for 1 hour over 2 days. The periorbital region caudal to the
eyes and near the midline was tested. To assess mechanical sensitivity, the threshold for
responses to punctate mechanical stimuli (mechanical allodynia) was tested according to the
up-and-down method [14]. The region of interest was stimulated with a series of eight von
Frey hair filaments (bending force ranging from 0.008g, 0.04, 0.07, 0.16, 0.4, 0.6, 1.0, 2.0).
A hind paw response was defined as a lifting, shaking, or licking of the stimulated paw.

A cephalic response was defined as a shaking, ducking, or vigorous grooming of the head
following stimulation. The first filament tested was 0.4g. In the absence of a response, a
heavier filament (up) was tried, and in the presence of a response, a lighter filament (down)
was tested. This pattern was followed for a maximum of four filaments following the first
response.

Nitroglycerin model of chronic migraine

Nitroglycerin (NTG) was purchased at a concentration of 5.0 mg/mL (American Reagent,
NY, USA), and was freshly diluted on each test day in 0.9% saline to a concentration

of Img/mL for a dose of 10 mg/kg. Mice were treated every other day for 9 days with
vehicle or NTG (10 mg/kg, IP, Figure 1A). For hind paw experiments, basal thresholds
were assessed on days 1, 3, 5, 7, and 9. For cephalic experiments, basal thresholds were
assessed on days 1, 5, and 9. On test days, mechanical thresholds were measured prior

to vehicle/NTG injection (basal responses) and again 2h post-NTG/VEH administration
(post-treatment responses)(Figure 1B).

Chronic treatment with SNC80

To determine whether chronic DOP activation prevented the development of NTG-induced
hypersensitivity, mice were treated with SNC80 (10 mg/kg, IP) 1h15 minutes after NTG
administration on days 1, 3, 5, 7 and 9. For hind paw experiments, mice were tested on days
1, 3,5, 7,and 9. For cephalic experiments, mice were tested on days 1, 5, and 9 only. On test
days, mice were tested 45 minutes after the SNC80/vehicle injection (2h post-NTG).

Immunohistochemistry

Trigeminal ganglia (TG) and brains containing the trigeminal nucleus caudalis (TNC)
region were collected on day 10 of mice tested in the NTG paradigm. Mice were
anesthetized with Somnasol (100 puL/mouse; 390 mg/mL pentobarbital sodium; Henry
Schein, SKU#024352), and perfused intracardially with 15 mL of ice-cold phosphate
buffer (0.1M PB, pH 7.2) and subsequently 50 mL of ice-cold 4% paraformaldehyde
(PFA)/0.1M PB (pH 7.4) over 5 minutes. TG and brains were harvested from the
mice and post-fixed for 2-4h in 4% PFA/0.1M PB at 4°C. Tissue was cryoprotected

in 30% sucrose/0.1M PB for 24-36 hours, or until it sank. Sections of the TG and
TNC were sliced at 14 pm. Upon slicing, sections were immediately mounted onto
slides. Slides were blocked with 5% normal donkey serum in 0.1M phosphate-buffered
saline with 0.3% Triton X-100 (NDST) for 1 hour at room temperature. Slides were
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incubated overnight at room temperature with primary sheep anti-CGRP antibody (RRID
AB_725809; ab22560; Abcam; 1:1000 dilution), primary chicken anti-eGFP antibody
(RRID AB_300798, ab13970; Abcam; 1:1000) primary rabbit anti-eGFP antibody (RRID
AB_221569; A11122; Invitrogen; 1:1000), and primary rabbit anti-RAMP1 antibodies
(RRID AB_2736495; PA5-77720, Invitrogen; 1:1000; RRID AB_2801502; CRB034D95,
Cambridge Research Biochemicals; 1:500), made in 1% NDST. Slides were washed with
19%NDST before incubating with a secondary antibody solution (Alexa Fluor 555 Donkey
anti-Sheep (RRID AB_2535857; A21436;Life Technologies; 1:1000), Alexa Fluor 350
Donkey anti-Sheep (RRID AB_2535751; ThermoFisher, A21097, 1:200); Alexa Fluor 488
Donkey anti-Chicken (RRID AB_2340375; Jackson; 703-545-155;1:1000); Alexa Fluor
488 Donkey anti-Rabbit (RRID AB_2535792; Life technologies; A21206; 1:1000) Alexa
Fluor 555 Donkey anti-Rabbit (RRID AB_162543; Life technologies; A31572; 1:1000)
made in 1% NDST for 2 hours at room temperature. Slides were washed with 0.1M
phosphate buffer, and cover slipped with Fluoromount G mounting solution. Images for
quantification were taken by 2 observers in a blinded manner using an EVOS FL Auto
Cell Imaging System, using a 20X objective. All images collected were used for analysis.
For TGs between 100-500 neurons were counted/animal across several slices. For TNCs,
~10 slices were analyzed/animal and both hemispheres were analyzed. For measurement of
fluorescent intensity, in the TG and for DOP+ and RAMP1+ cells in the TNC the intensity
of individual cells was measured. In the TNC fluorescent intensity of CGRP as well as DOP
without receptor internalization was quantified across the region of interest. Expression of
CGRP, DOPeGFP, and RAMP1 was quantified by observers blinded to treatment groups.
All CGRP-positive, DOPeGFP-positive, and RAMP1-positive cells from all sections were
analyzed. Confocal images were taken by a Zeiss Laser Scanning Microscope (LSM) 710
using a 25X objective.

RNAScope Fluorescent In Situ Hybridization

RNAscope kit was purchased from Advanced Cell Diagnostics RNAScope Technology
(ACD Bioscience). C57BI6/J mice were anesthetized, brain and TG were collected and
immediately frozen. Frozen tissue was cut on a cryostat at 14 um, collected on slides, and
processed per the manufacturer’s protocol. Every 41 section was quantified at 3 different
dorso-ventral regions along the TNC. The probes used were targeted against the mouse
genes for DOP and CRLR.

Experimental Design and Statistical Analyses

The specific statistical design and analyis for each experiment can be found in the figure
legends and Supplementary Table 1. Data are expressed as mean + SEM. All mice

tested were included in the analysis. All statistical analyses were performed by SigmaStat
software, and graphs were generated using GraphPad Prism. For all behavioral experiments,
a three-way repeated-measures analysis of variance (ANOVA) was performed, with
treatment (VEH/NTG), drug (VEH/SNC80) and time (days) as factors. For cephalic testing
a mixed measures analysis was performed as we lost one mouse on the final day of testing,
and 3-way RM ANOVA does not allow for missing values. For immunohistochemical

or in situ hybridization experiments comparing two groups, a two-tailed Student’s t-test
was performed. For immunohistochemical experiments comparing more than two groups,
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a two-way ANOVA was performed. When a significant interaction occurred, subsequent
Holm-Sidak post-hoc analysis was performed. A significance level of p<0.05 was used.

Chronic treatment with SNC80 blocks the development of acute and chronic NTG-induced

pain.

To determine the effect of DOP activation on NTG-induced pain, mice were tested with
repeated intermittent SNC80 in the chronic NTG model. On days 1, 3, 5, 7, and 9, mice
were treated with either vehicle or NTG (10 mg/kg IP), injected with vehicle or SNC80 (10
mg/kg IP) 1h15min later, and tested 45min after than (2h post-NTG) (Figure 1A). Cephalic/
periorbital allodynia was only determined on days 1, 5 and 9. On each test day (Figure 1B),
both basal (prior to injections that day) and post-treatment thresholds were determined. Mice
chronically treated with NTG-VEH developed a significant chronic allodynia during NTG
treatment; and this effect was not observed in mice treated with NTG and SNC80 (Figure
1C). In addition, NTG also evoked an acute allodynia 2h post-administration, which was
also blocked by SNC80 treatment (Figure 1D). Similar results were observed in peripheral
(hind paw) testing in a separate group of mice (Supplementary Figure 1). These results
demonstrate that DOP activation following NTG treatment can prevent the development of
acute and chronic NTG-induced allodynia.

NTG induces an increase in CGRP expression that is blocked by SNC80.

We next determined if chronic NTG treatment increased expression of the pro-migraine
peptide CGRP, and if SNC80 treatment affected this expression. Both the TG and the TNC
were examined. Outlined arrowheads show representative CGRP+ cells in the TG (Figure
2A). Mice chronically treated with NTG-VEH had significantly more CGRP+ cells in the
TG as compared to the VEH-VEH group (Figure 2B). In contrast, NTG-SNC80 mice had
CGRP+ cell counts comparable to VEH-VEH controls (Figure 2B). We used fluorescence
intensity as a proxy for how much CGRP was expressed within each CGRP+ cell. NTG-
VEH mice showed increased CGRP expression/cell relative to VEH-VEH controls, an

effect not observed in the NTG-SNC80 treatment group (Figure 2C). Immunohistochemical
staining showed CGRP afferent endings in the superficial laminae of the TNC (Figure 2D;
dashed lines outline the lateral edge of the superficial laminae of the TNC). Quantification of
fluorescence intensity of this region showed that NTG-VEH mice had significantly increased
CGRP expression as compared to VEH-VEH mice, an effect not observed in NTG-SNC80
mice (Figure 2E). Our findings indicated that chronic intermittent NTG increases CGRP
expression in the trigeminovascular system, and chronic DOP activation can prevent this
increase.

NTG increases CGRP and DOP expression in the trigeminal ganglia

In order to examine the expression of DOP within the trigeminal complex we used
DOPeGFP knockin mice [49; 59]. We first confirmed that DOPeGFP mice showed a
comparable response to chronic intermittent NTG administration. Similar to C57BL6
mice, DOPeGFP mice also developed acute and chronic cephalic allodynia to NTG
(Supplementary Figure 2). We next examined the effect of chronic NTG treatment on DOP
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and CGRP expression and distribution. Representative images of TG taken from vehicle
(VEH; Figure 3A) and NTG (Figure 3B) mice show DOP+ cells with filled arrowheads,
and CGRP+ cells with outlined arrowheads. As in C57BL6 mice, chronic NTG resulted in
an increase in the number and expression of CGRP in the TG of DOPeGFP mice (Figure
3C and D). Furthermore, chronic NTG also resulted in increased number and expression of
DOP within the TG (Figure 3E and F). An overall analysis of co-expression of CGRP+ and
DOP+ cells revealed ~40% of DOP+ cells were CGRP+DOP+ cells (Figure 3G) and ~13%
of CGRP+ were CGRP+DOP+ (Figure 3H)and this percentage did not change with chronic
NTG treatment. Analysis of the total cell population showed that 3.7% of the vehicle and
7.4% of the NTG groups were CGRP+DOP+ (Figure 3l), a difference that did not reach
significance. Further analysis of TGs by cell size revealed that CGRP was predominantly
expressed in smaller diameter cells, while DOP was mainly expressed in medium to larger
diameter cells (Figure 3J). A more detailed analysis of DOP and CGRP expression across
cell size revealed that larger diameter neurons showed greater co-expression, and ~40% of
cells 25-30 um in diameter co-expressed the two proteins (Figure 3K). We also examined
the expression of DOP with isolectin B4 (IB4) a marker of small diameter C fibers, and
neurofilament 200 (NF200), a marker of myelinated A fibers, and observed that DOP was
highly expressed in myelinated cells (Supplementary Figure 3). Our results indicate that
chronic migraine associated pain results in increased CGRP and DOP expression in the
TG, and that co-expression of these two proteins is primarily observed in larger diameter
neurons.

NTG increases CGRP and DOP expression, but not co-expression, in the trigeminal
nucleus caudalis

We next determined the expression of CGRP and DOP in the TNC following chronic
intermittent treatment with vehicle or NTG. Dashed lines in representative images indicate
the lateral edge of the superficial laminae of the TNC (Figure 4A). CGRP expression was
robustly expressed in the superficial laminae of the TNC (Figure 4A; top panel), however,
DOP expression appeared to be diffusely spread across the TNC (Figure 4A; middle panel).
A plot profile of the fluorescence across the TNC shows that CGRP expression is greatest

in the transition from the trigeminal spinal tract through lamina | of the TNC, and that DOP
expression begins to increase in the transition from lamina 1 through the deeper laminae

of the TNC (Figure 4B). We measured the fluorescence intensity of DOP and CGRP in

the superficial laminae of the TNC and found that NTG reproducibly increased CGRP
expression in this region (Figure 4C) but did not alter DOP fluorescent intensity (Figure 4D).
In order to better visualize the cellular resolution of DOP in the TNC, we administered an
acute dose of SNC80 (10 mg/kg IP) to mice 2h prior to tissue collection. SNC80 produces
robust internalization of DOP [49; 54; 70], therefore making it easier to identify DOP+ cells
within this region (Figure 4E). Filled arrowheads in representative images show DOP+ cells
in the TNC in both VEH and NTG groups. Chronic NTG caused a significant increase in the
percentage of DOP+ cells (Figure 4F), and DOP expression within these cells in the TNC
(Figure 4G). These results indicate that like the TG, chronic NTG results in the increased
expression of both CGRP and DOP within the TNC. CGRP and DOP were not expressed in
the same region therefore co-expression could not specifically be studied here.
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CGRP Receptor is co-expressed with DOP in the trigeminal ganglia and trigeminal nucleus

caudalis

The CGRP receptor (CGRPR) is composed of multiple components, including RAMP1,
which is a rate-limiting molecule for this receptor. We next examined the co-expression

of DOP with RAMP1 in the TG and TNC. Representative images from the TG of DOP,
CGRP, and RAMP1 staining are depicted in Figure 5A. Filled arrowheads show DOP+ cells
(top panel), outlined arrowheads show CGRP+ cells (middle panel), and filled in arrows are
RAMP1+ cells (bottom panel). The merged image suggests that there is high co-expression
between DOP and RAMP1. Quantification across multiple animals indicate that chronic
NTG does not significantly alter the percentage (Figure 5B) or intensity (Figure 5C) of
RAMPL1 expression in the TG. However, in both vehicle and NTG treated groups there is a
high co-expression (~60%) between RAMP1+ and DOP+ cells in this region (Figure 5D).
Analysis of the total cell population showed that 6.7% of the vehicle and 9.3% of the NTG
groups were RAMP1+DOP+ (Figure 5E), a difference that did not reach significance. To
examine this expression pattern in the TNC, we internalized DOP as described above, and
immunostained for DOP, CGRP, and RAMP1. Once again, we observed high expression of
DOP throughout the TNC (Figure 5F, top panel), and an enriched CGRP expression in the
superficial lamina (Figure 5F, middle panel). Like DOP, RAMP1 was expressed throughout
the TNC (Figure 5F, bottom panel), and was highly co-expressed with DOP (Figure 5F,
merged). Similar expression patterns were observed with 2 different RAMP1 antibodies. We
chose not to quantify total RAMP1+ neurons in the TNC as without DOPeGFP to mark the
cell body, it was difficult to separate RAMP1+ processes from cell body staining. Of DOP+
cells in the TNC, 56.4% * 4.5 also expressed RAMPL.

The CGRP receptor is composed of multiple components, which include RAMP1, calcitonin
receptor like receptor (CRLR) and receptor component protein (RCP)[21]. RAMP1 is

a rate-limiting component of CGRPR, however, this protein is also a component of

other receptors. In order to confirm the specificity of DOP co-expression with CGRP
receptor, we next examined the co-expression of DOP with CRLR. Although there are
commercially available antibodies targeting CRLR, in our hands we did not observe
convincing immunohistochemical staining in our tissue. We therefore used RNAScope
fluorescent in situ hybridization to examine the distribution of DOP and CRLR in the TNC
of C57BL6 mice, and representative images are shown in Figure 6A. We examined the effect
of chronic NTG treatment on gene expression of DOP (Figure 6B) and CRLR (Figure 6C)
but did not observe a significant upregulation. Regardless of treatment group, we observed a
high co-expression of DOP+/CRLR+ cells relative to total DOP+ (Figure 6D) and CRLR+
(Figure 6E) cell populations and ~40% of DOP+ cells co-expressed CRLR and ~60% of
CRLR+ cells expressed DOP. These results confirm that DOP is highly co-expressed with
specific components of the CGRPR. In addition, this finding validates the results observed in
DOPeGFP mice in C57BL6 mice.

DISCUSSION

The aim of this study was to investigate the mechanisms by which DOP activation reduces
migraine-associated pain. We found that repeated treatment with a DOP agonist prevented
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the development of acute and chronic pain in an NTG model of chronic migraine. We

also observed that chronic NTG increased expression of CGRP in the trigeminovascular
system, and that SNC80 blocked this upregulation. In addition, chronic migraine-associated
pain also increased DOP expression. Approximately 40% of DOP+ cells and ~4-7% of
total TG neurons co-expressed DOP and CGRP, and this co-expression was predominantly
in larger diameter neurons. We also observed high co-expression of DOP with RAMP1

in the TG. In contrast, in the TNC there was very little co-expression between DOP and
CGRP, whereas there was high co-expression between DOP and the major components

of the CGRP receptor, RAMP1 and CRLR. DOPs are Gi/o G protein coupled receptors,
and activation of DOP results in hyperpolarization and inhibition of cell firing as well as
decreased neurotransmitter release in axon terminals [16; 26]. Our findings suggest that
DOP agonists can inhibit migraine-associated pain in two ways: by inhibiting CGRP release
from a proportion of TG neurons, and by potentially inhibiting pro-nociceptive signaling by
the CGRPR. We propose that chronic NTG treatment results in elevated CGRP levels, and
that DOP agonists counteract this effect by inhibiting CGRP release and reducing cellular
excitability evoked by CRLR activation, thus inhibiting acute and chronic migraine pain
(Supplementary Figure 4).

There is a need for new and mechanistically diverse migraine treatments, and our behavioral
experiment indicates that DOP is such a target. We found that co-administration of the
DOP agonist, SNC80, with NTG inhibited both acute allodynia, determined 2h post-NTG,
as well as the development of chronic allodynia. We have previously shown similar results
in this model of chronic migraine with the known migraine preventives, topiramate [52]
and propranolol [65] thus strengthening the validity of this model as a screen for novel
migraine prophylactics. Our previous work also shows that SNC80 can inhibit cortical
spreading depression [53], which is a physiological correlate of migraine aura, and is also
used to screen preventive therapies [2]. One concern with the use of DOP agonists as
preventives is that chronic treatment could result in medication overuse headache/opioid
induced hyperalgesia. An estimated 15% of migraineurs go on to develop medication
overuse headache, which further exacerbates and increases the frequency of migraine [35;
60]. We recently showed that unlike sumatriptan or morphine, SNC80 produces limited
medication overuse headache/hyperalgesia [42], thus further supporting the development of
DOP agonists for chronic migraine treatment.

CGRP is a key regulator of migraine. CGRP is upregulated during a migraine attack [29;
30] and increased CGRP levels are also observed in chronic migraine patients interictally
[13]. Antibodies targeting CGRP and its receptor and CGRP receptor antagonists are
highly effective in treating both episodic and chronic migraine [64], and are now being
prescribed regularly. In line with the clinical data, we also found that CGRP expression
was upregulated in our NTG model of chronic migraine-associated pain. We observed
increases in both the amount of CGRP expressed/cell as well as in the number of CGRP+
cells in TG. The TNC is the terminating region for trigeminal ganglia, and here we also
observed a significant increase in CGRP expression following chronic NTG treatment.
Correspondingly, other groups have also observed increased CGRP gene expression in the
TG [24; 31], medulla pons, and cervical spinal cord [31] of rats treated with chronic
intermittent NTG. These results agree with the notion that upregulated CRGP is a significant
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feature of chronic migraine; and provides mechanistic validation for the use of chronic NTG
as a model for this disorder.

Along with an increase in CGRP, chronic NTG also increased DOP expression in both TG
and TNC. We did not see a corresponding increase in DOP mRNA. NTG may increase
DOP expression by augmenting trafficking of receptor from intracellular stores, increasing
stability of existing DOP mRNA, or increasing translation of DOP mRNA to protein. Delta
agonists are not highly effective in models of acute pain [25], but have demonstrated efficacy
in chronic pain conditions [11; 27; 36; 49; 51; 55; 69]. This discrepancy is thought to be due
to increased functionality and/or cell surface expression of DOP during chronic pain states
[10; 26]. Upregulation or increased DOP function has been observed in dorsal root ganglia
and lumbar spinal cord in peripheral models of inflammatory [27; 48] and neuropathic [36]
pain. In addition, in a rat model of acute pulpitis DOP protein and mRNA expression was
also found to be upregulated in TG [34]. Furthermore, chronic morphine [12; 39] or alcohol
[68] treatment are also found to increase DOP activity in peripheral regions. Upregulation
of DOP function has also been observed in response to inflammatory mediators such as
arachidonic acid [63], bradykinin [45; 47], and protease activated receptor 2 [46]; and
modulation of phosphatases, kinases, and cellular scaffolds [6; 7; 62] may serve as a
common mechanism to upregulate DOP function in these diverse pain and drug states. DOP
expression is thus dynamically regulated, and may act as a defense mechanism in response
to chronic pain, headache, and/or stress [5]. Considering that headache disorders are closely
linked to stress and chronic pain, increased DOP functionality could be a common thread
between all these conditions.

DOPs are Gi/o G protein coupled receptors, and a predominant characteristics of DOP
activation is to decrease neurotransmission, an effect that occurs predominantly through
altered ion channel conductance mediated by Gg,, subunits [26]. We initially hypothesized
that DOP and CGRP were co-expressed, and activation of DOP would therefore lead to
decreased CRGP release. We found that overall in TG ~40% of DOP+ cells were also
CGRP+, and that of the CGRP expressing cells ~12% were DOP+. We observed that CGRP
expression was primarily found in smaller unmyelinated cells, similar to reports across
multiple species including human [1; 3; 22; 23; 66]. In contrast, DOP was predominantly
expressed in medium to large myelinated cells. A more detailed analysis of these larger
diameter neurons revealed a higher co-expression of DOP and CGRP relative to the overall
population. DOP expression has been well characterized in DRG using DOPeGFP mice
[4]. These studies established the low co-expression between DOP and CGRP in small
NF200-negative DRG neurons, and the greater co-expression in NF200+ larger diameter
neurons. [4; 58]. These findings have since been confirmed by multiple RNA sequencing
studies [61; 67; 75]. A previous study examining the co-expression of DOP and CGRP in
rat dura and TG also found co-expression between the two molecules [56]. Cells that do
co-express DOP and CGRP may be particularly important in regulating cephalic responses,
and future studies will examine their projection profiles and potential role in head pain
processing.

We found that there was little co-expression between DOP and CGRP in the TNC. CGRP
expression was concentrated in fibers innervating superficial layers of the TNC, along with
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limited staining in cell bodies in deeper lamina. This pattern of expression is similar to that
observed in human and rat TNC [21]. In contrast, DOP was expressed throughout the TNC,
and DOP+ cells were found at the border of lamina 2 and in deeper lamina, consistent with
pervious observations in the spinal cord dorsal horn [71]. Furthermore, the expression of
DOP anatomically overlapped with expression of components of the CGRP receptor, CRLR
and RAMP1. The observation that CRLR and RAMP1 was in deeper lamina of the spinal
trigeminal tract is comparable to the expression pattern seen in rat and human TNC [21]. We
propose that in the TNC DOP activation inhibits CGRP receptor expressing cells, and thus
inhibits the pro-nociceptive signaling of CGRP.

This study provides further support for the development of DOP agonists for the treatment
of migraine; and suggests that DOP could relieve migraine by inhibiting CGRP release from
TG and inhibiting CGRP receptor signaling in both TG an TNC. Post-mortem studies also
demonstrate that DOP is expressed broadly in human TG and TNC [38], thus placing DOP
in an appropriate location to mediate human cephalic pain. DOP agonists may therefore help
to expand and diversify the migraine therapy toolbox.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:

Repeated SNC80 prevents the development of acute and chronic NTG-induced cephalic
allodynia. (A) Experimental paradigm. Male and female C57BL6/J mice were treated

with vehicle (VEH) or NTG (10 mg/kg IP), followed by VEH or SNC80 (10 mg/kg

IP), every other day for 9 days (shaded circles). Cephalic allodynia was only measured

on days 1, 5 and 9 (Test). (B) Test day schematic. Baselines were measured prior to
VEH/NTG administration. Post-drug thresholds were measured 45min after VEH/SNC80
administration (2h post-NTG). (C) Over 9 days, NTG-VEH mice developed a chronic
allodynia as measured before treatment on that day, an effect not observed in NTG-SNC80
treated mice. p<0.001 effect of treatment, time, and interaction, mixed effects model, Holm-
Sidak post hoc analysis, ***p<0.001 relative to VEH-VEH on that day. (D) On each test day,
NTG evoked acute allodynia, 2 hours post-injection, an effect that was not observed in the
NTG-SNCB8O treated groups. p<0.001 effect of treatment only. n=6/group. DOP activation
prevents the development of acute and chronic migraine-associated pain.
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Figure 2:
SNC80 blocks chronic NTG-induced increase in CGRP. Tissue is from mice treated and

tested chronically in Figure 1. (A) Representative images of CGRP expression in the
trigeminal ganglia of treatment groups. Outlined arrowheads point to CGRP+ cells in

the trigeminal ganglia. (B) Chronic NTG administration increases the number of CGRP+
cells in the trigeminal ganglia, an effect not observed in the NTG-SNC80 group. p<0.05
treatment, drug, and interaction, two-way ANOVA, Holm-Sidak post hoc analysis, **p<0.01
relative to VEH-VEH. ##p<0.01 relative to NTG-VEH. (C) Chronic NTG administration
increased the amount of CGRP expressed within each CGRP+ cell in the trigeminal

ganglia, as detected by fluorescence intensity. Mice treated with NTG-SNC80 did not

show this increased expression, p<0.01 treatment, drug, and interaction, two-way ANOVA,
Holm-Sidak post hoc analysis, ***p<0.001 relative to VEH-VEH, ###p<0.001 relative

to NTG-VEH (D) Representative images of CGRP expression in the trigeminal nucleus
caudalis of test groups. Dashed lines outline the lateral edge of the superficial laminae of the
trigeminal nucleus caudalis. (E) Chronic NTG administration increased CGRP expression

in the superficial layers of the trigeminal nucleus caudalis, an effect that was not observed

in NTG-SNC80 mice. Two-way ANOVA, p<0.05 effect of NTG, and p<0.001 effect of
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SNC80. Chronic, intermittent NTG increases CGRP expression in the trigeminal ganglia and
trigeminal nucleus caudalis, an effect that is prevented by DOP activation.

Pain. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Moye et al. Page 18

MERGED

+ é‘1 Ld
&
g £100
8 S 50 3
¢ VEH NTG
DOP DOP
401 ” 5150 *
+ 30 ‘@ °
i3 s 5100
Q 204 =
X o
= 10 2 50
0 0
MER NG VEH  NTG
G Co-expression/DOP H Co-expression/CGRP I Co-expression/TOTAL
e -
é 80 % 25 . §15 °
% 2 g g0 % 2 o $ 10 °
% =1 a 15 g 3
Q 40 o 10 (o) e a o O
5 000o| |e®e 2 o o 3 5
20 ] © é F oG q o0
8 0- 8 04 O o4
VEH NTG VEH NTG O VEH NTG
J Distribution of DOP & CGRP K Co-expression by size
604 =mDOP+ =sCGRP+ a 45
] (]
N a)
£ ¥
2 40 & 30
2 O]
8 ? 15
© 20 g H
B a
0 s ol L LI 1T
5 10 15 20 25 30 35 40 <20 20-25 25-30 30-35 >35
diameter (um) diameter (um)
Figure 3:

Chronic NTG increases CGRP and DOP expression in the trigeminal ganglia. DOPeGFP
mice were treated chronically with VEH/NTG as described above and tissue was collected
on day 10. Representative images of DOPeGFP+ and CGRP+ cells in the trigeminal ganglia
after chronic (A) VEH and (B) NTG. Outlined arrowheads point to CGRP+ cells and filled
in arrowheads point to DOP+ cells. Outlined chevrons point to cells co-expressing CGRP
and DOP. Between 200-500 cells were quantified across multiple sections for each mouse.
Chronic NTG increased (C) the percentage and (D) expression of CGRP+ cells in the
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TG of DOPeGFP knockin mice. Chronic NTG also increased (E) the percentage and (F)
expression of DOP+ cells in the TG. *p<0.05, **p<0.01, ***p<0.001 t-test. Of the DOP+
cells ~40% were also CGRP+ (G), of the CGRP+ cells ~12% were DOP+ (H), and of

the total cell population ~5% co-expressed CGRP and DOP (1). This co-expression was
not altered by chronic NTG treatment. (J) Distribution of DOP+ and CGRP+ afferents by
cell diameter (um) shows that these two proteins are largely expressed in different cell
populations. (K) DOP+CGRP+ co-expression analyzed by size shows that larger diameter
cells show increased co-expression relative to the total DOP+ cell population in each size
range. Chronic migraine-associated pain increases both CGRP and DOP and there is some
co-expression of this peptide and receptor.

Pain. Author manuscript; available in PMC 2022 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Moye et al.

Page 20

B 150, L1 —— L2-14 ——
® — DOP
b= § —

3 100{ . CERE
>
>
[0
>
0l
0 100 200 300 400 500
distance (um)

C CGRP

100
> 80 e
£ 60 <=
Z 40 °

oo

S 2

2 VEH NTG
D

70 DOP
>
2 60 o
[}
£ 50
S 40

30

NTG

F
400+
2 3001
=3
Q
© 200
E
1004
0_
G
250+ *
> 200
‘@
E 150 o
£ 100/ S
S o
2 501 °
g 0 .
DOP with DAPI VEH NTG

Figure 4:
Chronic NTG increases CGRP and DOP expression in the trigeminal nucleus caudalis. (A)

Representative images of DOP+ and CGRP+ expression in DOPeGFP knockin mice after
chronic VEH or NTG. Dashed lines outline the lateral edge of the superficial laminae of
the trigeminal nucleus caudalis. (B) Plot profile detailing fluorescence intensity from the
trigeminal tract through the deeper laminae of the trigeminal nucleus caudalis. CGRP and
DOP fluorescence peak in different laminae of the trigeminal nucleus caudalis. (C) NTG
increases fluorescence intensity associated with CGRP staining in superficial laminae of the
trigeminal nucleus caudalis but does not increase (D) DOP expression when measured this
way. *p<0.05, t-test. (E) Representative images of internalized DOP+ cells in DOPeGFP
knockin mice after chronic VEH or NTG. Internalization was induced by treatment with
SNCB80 (10 mg/kg IP) 2h prior to tissue collection. Filled arrowheads point to DOP+ cells
in the trigeminal nucleus caudalis. The bottom panel is a magnified image of the inset
panel. Between 100-500 cells were quantified across multiple sections for each mouse.
NTG increases the (F) percentage and (G) fluorescence intensity of DOP+ cells in the
superficial laminae of the trigeminal nucleus caudalis. *p<0.05, ***p<0.001, t-test. Chronic
migraine-associated pain increases CGRP and DOP in central pain processing regions.
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Figure5:
DOP is co-expressed with RAMP1, a major component of the CGRP receptor.

Representative images of DOP, CGRP, and RAMP1 in (A) trigeminal ganglia and (F)
trigeminal nucleus caudalis from DOPeGFP knockin mice. Filled in arrowheads point to
DOP+ cells, outlined arrowheads point to CGRP+ cells, filled arrows point to RAMP1+
cells, and outlined chevrons point to DOP+/RAMP1+ cells. Between 100-500 cells were
quantified across multiple sections for each mouse. Chronic NTG treatment does not
significantly affect (B) percentage of RAMP1+ cells or (C) RAMP1 fluorescent intensity.
(D) Within DOP+ cells there is a high co-expression between RAMP1 and DOP (60-70%) ;
and of the total cells counted (E) 6-9% co-express RAMP1 and DOP. (F) In the trigeminal
nucleus caudalis 56.4 £+ 4.5% of DOP+ cells are RAMP1+. There is high co-expression of
DOP+ and RAMP1+ cells in the trigeminal complex.
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Figure6:

DOP is co-expressed with the CGRP receptor component CRLR. (A) Representative images

of DOP and CRLR transcripts as measured by RNAScope in situ hybridization in the

trigeminal nucleus caudalis. Filled in arrowheads point to DOP+ cells, outlined arrowheads

to CRLR+ cells, and outlined chevrons to DOP+/CRLR+ cells. Between 400-600 cells
were quantified across multiple sections for each mouse. Chronic NTG treatment does
not significantly affect (B) percentage of DOP+ cells or (C) CRLR+ cells. There is co-

expression between DOP and CRLR transcripts relative to DOP+ cells (D) and CRLR+ cells

(E) that is maintained after chronic NTG treatment. DOP mRNA is co-expressed with the
CGRP-specific component of the CGRP receptor.
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