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1. Introduction

Calcitonin gene-related peptide (CGRP) is abundantly expressed in unmyelinated C-fiber 

primary afferent neurons in trigeminal ganglia (TG, [46; 49]) and plays an important role in 

the pathophysiology of migraine [51]. CGRP is released from TG neurons during migraine 

attacks [27]. Infusion of CGRP to migraine patients induces delayed migraine-like 

headaches [36]. In rodents, dural application of CGRP produces female-specific behavioral 

hyper-sensitivity [5], and peripheral administration of CGRP induces spontaneous pain-like 

behaviors [50]. Antibodies against CGRP or its canonical receptor significantly reduces 

migraine frequency in some patients [19], likely through blocking CGRP signaling pathways 

at peripheral sites [34; 45]. Physiological studies suggest that the antibodies’ mechanism of 

action is unlikely through prevention of arterial dilatation [52], but rather through inhibition 

of the thinly myelinated Aδ- but not unmyelinated C-fiber meningeal nociceptors [42]. In rat 

and human TG and dura tissues, both calcitonin receptor-like receptor and receptor activity 

modifying protein 1 (RAMP1), the obligatory subunits of the canonical CGRP receptor, are 

expressed in the Aδ- but not C-fiber sensory neurons [20; 21], suggesting that endogenous 

CGRP activates/sensitizes Aδ nociceptors via paracrine signaling.

On the other hand, CGRP binds to the amylin-1 (AMY1) receptor with the same affinity as 

to the canonical CGRP receptor [31], and AMY1 receptor subunits RAMP1 and calcitonin 

receptor are expressed in some small- and medium-sized TG neurons [61]. In cultured TG 

neurons, gold-labeled CGRP binds to neurons that express CGRP [54], and CGRP 

upregulates CGRP mRNA levels [65], suggesting the presence of CGRP autocrine signaling 

in TG neurons. These studies are conducted either in naïve animals or in models of episodic 

migraine. Whether the paracrine and autocrine CGRP signaling in TG neurons undergo 

dynamic changes under chronic migraine state is not clear. We investigated this question in 

the current study.
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To identify CGRP-expressing TG neurons with fluorescent signal, we modeled chronic 

migraine with repeated administration of nitroglycerin (NTG, a reliable migraine trigger in 

migraineurs) in heterozygous CGRPαEGFPf/+ mice which express farnesylated enhanced 

green fluorescent protein (EGFPf) at one Calca/Cgrpa locus [40]. Since the activation of 

both the canonical CGRP receptor and AMY1 receptor increase the intracellular free Ca2+ 

([Ca2+]in) in addition to stimulating the synthesis of cyclic adenosine monophosphate in 

many cells [17; 33], we used CGRP-evoked [Ca2+]in increase to define neurons that exhibit 

functional CGRP receptors under normal and chronic migraine-like states. We investigated 

whether chronic migraine state alters the number of TG neurons that respond to CGRP, and 

if yes, whether the change occurs in EGFP+, CGRP-expressing neurons. We also examined 

the overlap between neurons that respond to CGRP and to pituitary adenylate cyclase-

activating polypeptide (PACAP), another neuropeptide that is implicated in migraine 

pathophysiology [1; 38; 53; 59; 63]. Since peripheral CGRP signaling also contributes to the 

development of behaviors related to post-traumatic headache (PTH) in animal models [9; 

44], we examined whether similar changes occur in a mouse model of mild traumatic brain 

injury (mTBI)-induced PTH; and whether they can be blocked by low-dose interleukin-2 

(ld-IL2) treatment that reverses chronic migraine- and PTH-related behaviors.

2. Materials and Methods

2.1. Mice

All procedures were carried out in strict accordance with the recommendations in the Guide 

for the Care and Use of Laboratory Animals of the National Institutes of Health and were 

approved by the Institutional Animal Care and Use Committee at Washington University in 

St. Louis. To avoid social isolation stress, all mice were group housed (2-5 per cage, same 

sex) in the animal facility of Washington University in St. Louis on a 12-hour light–dark 

cycle with constant temperature (23-24°C), humidity (45-50%), and food and water ad 
libitum. All experiments were performed during the light phase (9 am to 4 pm). Adult mice 

(6-12 weeks old, both male and female) were used in the experiments. Adult Swiss Webster 

mice were purchased from Charles River. Adult C57BL/6J mice were purchased from the 

Jackson Laboratory. Breeders of CGRPαEGFPf/+ mice on C57BL/6J background, which 

express EGFPf at one Calca/Cgrpa locus and CGRP at the other allele, were purchased from 

the Mutant Mouse Resource & Research Center (MMRRC_036773_UNC). The genotype 

was determined by polymerase chain reaction of tail DNA as described [40].

2.2. Mouse models of chronic migraine, mTBI-induced PTH and drug treatment

To model chronic migraine, mice received repetitive intraperitoneal (i.p.) injections of NTG 

(10 mg/kg in saline with 1% propylene glycol) every 2 days for 5 or more times as described 

previously [64]. The control mice received vehicle (saline with 1% propylene glycol, 10 

ml/kg) injections. To reveal hyperalgesic priming, mice received daily low-dose NTG (0.1 

mg/kg in saline with 0.01% propylene glycol) after the facial mechanical threshold returned 

to baseline level. NTG (SDM27, Copperhead Chemical, Tamaqua, PA) was freshly diluted 

from the stock (10% in propylene glycol, aliquoted in airtight glass vials and stored at room 

temperature and kept in darkness) with saline for every injection.
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To reverse NTG-induced sensitization, mice received daily i.p. injections of 1 μg IL2 in 100 

μl saline, starting 1 day after the 2nd NTG injection [64]. The control mice received daily i.p. 

injections of 100 μl saline. Recombinant mouse IL2 (carrier-free; Biolegend, San Diego, 

CA) was freshly diluted from the stock (0.5-1 mg/ml aliquots at −80°C) every day.

To induce mTBI, male Swiss Webster mice (8-10 weeks old) were anesthetized with 3% 

isoflurane for 90 seconds and were placed chest down on a foam sponge (4 cm thickness, 

0.062 g/cm3 density) directly underneath a hollow cylindrical tube (1.5 cm inner diameter) 

placed approximately 1 cm vertically over the mouse’s head. A 30 g weight (1.3 cm 

diameter, 3.4 cm height) was dropped through the tube from a height of 80 cm, striking the 

center point between the ears once [64]. All mice regained righting reflex within 2 minutes 

(min). No mortality, skull fracture or motor deficit was observed in any mice. The reduction 

of facial mechanical threshold between 3 and 28 days post-mTBI is mechanistically related 

to acute PTH, as it can be alleviated by anti-migraine drugs sumatriptan and anti-CGRP 

antibodies [9; 44]. Sham mice were anesthetized with 3% isoflurane for 90 seconds but not 

subjected to the weight drop. One day after the mTBI procedure, some mice received daily 

ld-IL2 treatment for 6 days. TG tissues were collected for primary culture the next day.

2.3. Behavioral tests – withdrawal responses to facial mechanical stimuli

Wild-type and CGRPα knockout (KO) mice were generated by crossing heterozygous 

CGRPαEGFPf/+ breeders. Mice were extensively handled by the experimenters for 2 weeks 

and were well-habituated to the test room and the test apparatus before each experiment. The 

experimenters were blinded to the genotype and the treatments mice received during data 

collection and analysis.

The hair on mouse forehead (above and between two eyes) was shaved the day before 

testing. On the test day, the experimenter gently held the mouse on the palm with minimal 

restraint and applied the calibrated von Frey filament perpendicularly to the shaved skin, 

causing the filament to bend for 5 seconds. A positive response was determined by the 

following criteria as previously described: mouse vigorously stroked its face with the 

forepaw, head withdrawal from the stimulus, or head shaking [64]. The up-down paradigm 

was used to determine the 50% withdrawal threshold [12]. The withdrawal thresholds to 

facial von Frey stimuli were measured at baseline and two days after each vehicle or NTG 

injection.

2.4. Primary culture of mouse TG and dorsal root ganglion (DRG) neurons

TG and lumbar DRG (L3-L5) tissues were collected and were treated with 2.5 mg/ml 

collagenase IV for 10 min followed by 2.5 mg/ml trypsin at 37°C for 15 min, respectively. 

Cells were dissociated by triturating with fire-polished glass pipettes, resuspended in MEM-

based culture medium containing 5% fetal bovine serum, 25 ng/ml nerve growth factor 

(NGF, R&D) and 10 ng/ml glial cell-derived neurotrophic factor (GDNF, R&D), and seeded 

on Matrigel-coated coverslips. Ca2+ imaging were performed in neurons 2 days in vitro. In 

some experiments, neurons were cultured in the absence of NGF and GDNF and were used 

within 24 h after plating. Each set of experiment contained neurons from at least 3 batches 

of culture.
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2.5. Ratiometric Ca2+ imaging

Coverslips containing cultured TG or DRG neurons were incubated with HBSS/HEPES 

solution containing 2.5 μM fura-2 AM and 10% Pluronic F-68 (all from Molecular Probe) at 

37°C for 45 min to load the ratiometric Ca2+ indicator. De-esterification of the dye was 

carried out by washing the coverslips 3 times with HBSS/HEPES solution and incubating 

the coverslips in HBSS/HEPES solution in the dark for an additional 15 min at 37°C. 

Neurons were used for Ca2+ imaging experiments within 1 hour after Fura-2 loading.

Coverslips with fura-2 loaded neurons were placed in a flow chamber mounted on a Nikon 

TE2000S inverted epifluorescent microscope and were perfused with room temperature 

Tyrode’s solution (1 ml/min) containing (in mM): 130 NaCl, 2 KCl, 2 CaCl2, 2 MgCl2, 25 

Hepes, 30 glucose, pH 7.3-7.4 with NaOH, and 310 mosmol/kgH2O. Differential 

interference contrast (DIC) images of neurons were captured to calculate soma diameters 

from cross-sectional areas off-line. Healthy neurons were chosen based on their morphology 

under DIC. In a pilot test, all selected neurons (> 100) exhibited robust Ca2+ influx in 

response to a depolarization stimulus (extracellular solution containing 50 mM KCl). Fura-2 

was alternately excited by 340 and 380 nm light (Sutter Lambda LS) and the emission was 

detected at 510 ± 20 nm by a UV-transmitting 20x objective (N.A. 0.75) and a 

CoolSnapHQ2 camera (Photometrics). The frame capture period was 50 milliseconds at 1.5 

seconds interval. SimplePCI software (Hamamatsu) was used for controlling and 

synchronizing the devices as well as image acquisition and analysis. Regions of interest 

(ROIs) encompassing individual neurons were defined a priori. The ratio of fluorescence 

excited by 340 nm divided by fluorescence excited by 380 nm (R340/380) was determined on 

a pixel-by-pixel basis and was averaged for each ROI. An additional background area was 

recorded in each field for off-line subtraction of background fluorescence. Peak responses 

were determined by calculating the relative increase in R340/380 above baseline (F0, the 

average R340/380 during the 2-3 min baseline measurement). A ΔF/F0 > 20% was set as the 

threshold for a response.

After a 2-3 min baseline measurement in Tyrode’s solution, neurons were perfused with 50 

nM PACAP1-38 (Tocris, 1136) for 1 min followed by washing with Tyrode’s for 4 min. 

Subsequently, the coverslip was incubated with 3 μM human αCGRP (Tocris, 3012) for 1 

min followed by washing with Tyrode’s for 4 min, 1 min perfusion of 1 μM capsaicin 

(Sigma 21750), and 5 min Tyrode’s wash. At the end of each experiment, neurons were 

stained with 3 μg/ml Fluorescein isothiocyanate-conjugated isolectin B4 (FITC-IB4, Sigma) 

for 5 min. The FITC fluorescence on soma membrane was detected after 5 min perfusion 

with Tyrode’s solution to wash off unbound FITC-IB4. CGRP, CGRP8-37 (Tocris, 1181), 

PACAP, vasoactive intestinal peptide (VIP, Tocris 1911) and capsaicin were freshly diluted 

from the stock (aliquots at −80°C) in Tyrode’s solution every day.

2.6. Immunohistochemistry

TG cultures from naïve CGRPαEGFPf/+ mice were fixed by 4% formaldehyde in phosphate-

buffered saline (pH 7.2) at 4°C for 10 min. Coverslips were incubated with primary 

antibodies (chicken anti-EGFP, AVES lab, GFP-1020, 1:1000 and rabbit anti-CGRP, 

Peninsula laboratories, T-4032, 1:1000) at 4°C overnight. After washing off the primary 
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antibodies, neurons were stained with AlexaFluor 488-conjugated goat anti-chicken and 

AlexaFluor 568-conjugated goat anti-rabbit secondary antibodies (Invitrogen, 1:1000) at 

room temperature for 2 hours. Immunofluorescence was observed through a 20x objective 

on a Nikon TE2000S inverted epifluorescence microscope and random, non-overlapping 

images were captured with a CoolSnapHQ2 camera and analyzed with the SimplePCI 

software. A total of 2589 TG neurons from 3 mice were analyzed. Representative images 

were adjusted for contrast and brightness using the same parameter within individual 

experiments. No other manipulations were made to the images. Image analysis was done 

with experimenters blinded to the experimental groups.

To test the effects of lower concentration of CGRP, we incubated TG cultures from vehicle- 

and NTG-treated female Swiss Webster mice with 100 nM CGRP for 30 min as in a 

previous study [62]. Coverslips were then fixed and incubated with rabbit anti-pCREB 

(phosphorylated cAMP response element-binding protein, Cell Signaling Technology, 

#9198, 1:500) and rabbit anti-pp38 (phosphorylated p38 MAP kinase, Cell Signaling 

Technology, #4511, 1:500) at 4°C overnight. The percentages of neurons that contained 

pCREB and pp38 immunoreactivities were quantified.

2.7. Statistical analysis

For behavioral experiments, power analysis was conducted to estimate sample size with > 

80% power to show an effect size of 0.8, alpha (two-sided) of 0.05, and a simple covariance 

structure for repeated measures. The experimenters were blinded to the genotypes and the 

treatments mice received. For Ca2+ imaging, all groups were tested in parallel in individual 

experiments. Each experiment contained neurons from at least 3 batches of culture. For 

immunohistochemistry, sample size was estimated based on our previous experience.

All data were reported as mean ± standard error of the mean. Shapiro–Wilk test showed that 

all data were normally distributed. Statistical significance between or within experimental 

groups was assessed by two-tailed t-test, one-way repeated-measures analysis of variance 

(RM ANOVA) with post hoc Dunnett’s test, and two-way RM ANOVA with post hoc 

Student–Newman–Keuls test where appropriate, using Origin and Statistica softwares (from 

OriginLab and StatSoft, respectively). Fisher’s exact test and χ2 test with post hoc Fisher’s 

exact test with Bonferroni correction were used to compare the distribution of TG 

subpopulations between various treatments and/or genotypes. Differences with p < 0.05 

were considered statistically significant. The statistical analysis for individual experiments 

was described in figure legends.

Results

CGRPα KO mice do not develop NTG-induced acute or persistent sensitization.

Migraine headache can be triggered by multiple mechanisms, one of which is the activation 

of the nitric oxide (NO) signaling pathway. Infusion of NTG, a NO donor, to migraine 

patients triggers a delayed, migraine-like headache [47]. In rodents, administration of NO 

donors induces acute cutaneous hyper-sensitivity that can be inhibited by migraine abortive 

drugs such as sumatriptan and CGRP signaling blockers [2; 6; 15]. Repeated administration 
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of NTG have been used to mimic the triggering of recurring migraine episodes in chronic 

migraine patients [14; 48; 56; 58; 64]. This results in a progressive and sustained cutaneous 

mechanical hyper-sensitivity in mice that can be blocked by the migraine preventive drugs 

topiramate and propranolol [8; 14; 48], validating that these behavioral changes are 

mechanistically related to the episodic and chronic migraine state in humans, respectively. 

We conducted pilot studies to determine the dose of NTG that reliably induces long-lasting 

behavioral sensitization in mice. After measuring the baseline mechanical thresholds at the 

periorbital region, naïve female Swiss Webster mice were injected with 1, 3 and 10 mg/kg 

NTG (i.p.) every two days for 5 times. Facial mechanical thresholds were assessed two days 

after each NTG injection. The lowest dose (1 mg/kg) of NTG did not significantly alter 

facial mechanical thresholds (Fig. S1A-B). The intermediate dose (3 mg/kg) of NTG 

resulted in persistent facial mechanical hyper-sensitivity that fully recovered 4 days after the 

cessation of NTG (Fig. S1C). However, subsequent injections of low-dose NTG (0.1 mg/kg, 

i.p.) did not alter mechanical thresholds (Fig. S1D), indicating that this dose of NTG is not 

sufficient to induce hyperalgesic priming. Repeated administration of 10 mg/kg NTG 

resulted in robust and sustained reduction of facial mechanical thresholds that returned to 

baseline level 11 days after the cessation of NTG (Fig. S1E). Subsequent injections of low-

dose NTG re-established facial mechanical hyper-sensitivity (Fig. S1F), revealing the 

hyperalgesic priming resulting from the previous high-dose NTG administration. Notably, 

the hyperalgesic priming persisted for a week after the facial mechanical thresholds returned 

to baseline level (Fig. S1F). We therefore used repeated injection of 10 mg/kg NTG in 

subsequent experiments, as it induces long-lasting behavioral sensitization and hyperalgesic 

priming.

To confirm that the endogenous CGRP signaling contributes to the establishment of chronic 

migraine-like state in the mouse model used in the current study, we compared the behaviors 

of wild-type and CGRPα KO mice in response to repeated administration of 10 mg/kg NTG 

(Fig. 1A). In female wild-type mice, the mechanical threshold at the periorbital region was 

significantly reduced 3 hours after a single injection of NTG (Fig. 1B). The facial 

mechanical hyper-sensitivity persisted for at least 2 days (Fig. 1C, day 3), and was sustained 

by the subsequent NTG injections (Fig. 1C, day 5-11). In contrast, CGRPα KO mice did not 

exhibit facial mechanical hyper-sensitivity in response to either single or repeated NTG 

injections (Fig. 1B-C), indicating that the endogenous CGRP signaling is required for the 

development of NTG-induced episodic and chronic migraine-related behaviors.

The numbers of CGRP-responsive (CGRP-R) and PACAP-responsive (PACAP-R) TG 
neurons are significantly increased by the repeated NTG administration.

First, we conducted pilot studies to determine the concentrations of CGRP and PACAP that 

allows us to identify CGRP-R and PACAP-R neurons in TG culture. Very few TG neurons 

from naïve female Swiss Webster mice responded to the bath application of 1 μM αCGRP 

with > 20% increase in [Ca2+]in from baseline (Fig. S2A). Bath application of 3 μM αCGRP 

evoked significant [Ca2+]in increase in about 15% of neurons (Fig. S2A). This was 

consistent with the previously reported CGRP-evoked Ca2+ transients in mouse and rat TG 

cultures [11; 22; 54]. Co-application of 3 μM αCGRP with 15 μM CGRP8-37 substantially 

reduced the percentage of CGRP-R neurons to 3% (2 of 65 neurons, Fig. S2A), validating 
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that CGRP-induced Ca2+ transients results from the activation of CGRP-family receptors 

[31]. We therefore used bath application of 3 μM αCGRP to define CGRP-R neurons in 

subsequent experiments.

We used perfusion of PACAP1-38 to identify PACAP-R neurons in TG cultures from naïve 

mice, as it is more abundantly expressed in tissues than the truncated PACAP1-27 [60]. Since 

both 50 nM and 100 nM PACAP1-38 evoked Ca2+ transients in about 25% of TG neurons 

(Fig. S2B), we used 50 nM PACAP1-38 to define PACAP-R neurons in subsequent 

experiments. At this concentration, PACAP1-38 activates the PACAP-preferring type 1 

(PAC1) receptor as well as VIP receptor type 1 and type 2 (VPAC1 and VPAC2), but a 

similar concentration of VIP preferentially activates VPAC1 and VPAC2 receptors [30; 60]. 

Only 3.6% of TG neurons responded to the perfusion of 100 nM VIP (Fig. S2C, Veh group), 

suggesting that PACAP1-38 induces Ca2+ transients in TG neurons mainly through the 

activation of PAC1 receptors, despite the fact that the mRNAs and proteins of all three 

receptors are shown to be expressed in TG neurons [13; 29; 35].

The CGRPαEGFPf/+ mice we planned to use to identify autocrine and paracrine CGRP 

signaling is on inbred C57BL/6J background. Here, we used the outbred female Swiss 

Webster mice to test the effects of repeated NTG administration. This allows us to examine 

whether the effects of repeated NTG is mouse strain dependent. We injected female Swiss 

Webster mice with vehicle or 10 mg/kg NTG every two days for 5 times. Two days after the 

last injection, we cultured TG neurons and measured CGRP- and PACAP-induced [Ca2+]in 

increase in individual neurons (Fig. 2A). In TG cultures from NTG-treated mice, about 40% 

of neurons were CGRP-R, significantly higher than that from vehicle-treated mice (Fig. 2B). 

Repeated NTG administration also doubled the numbers of PACAP-R neurons in TG 

cultures (Fig. 2B) without altering the percentage of VIP-responsive (VIP-R) neurons (Fig. 

S2C, p = 0.31 between the Veh and NTG groups, two-tailed t-test), suggesting that repeated 

NTG preferentially increases the number of TG neurons that express functional PAC1 

receptors. To exclude the possibility that pre-exposure to PACAP may affect neurons’ 

responses to CGRP, we measured CGRP-induced Ca2+ transients alone in another 

experiment and observed a similar NTG-induced increase in CGRP-R TG neurons (Fig. 2C). 

The percentages of CGRP-R and PACAP-R TG neurons were comparable between TG 

cultures from mice that received repeated saline and vehicle (1% propylene glycol in saline) 

injections (Fig. S2D), indicating that vehicle does not contribute to the increase in CGRP-R 

and PACAP-R TG neurons in NTG-treated mice.

Consistent with the dose-dependent effects of NTG on behavioral sensitization, repeated 

injections of 1 mg/kg NTG did not alter the percentages of CGRP-R and PACAP-R TG 

neurons (Fig. S2E), whereas repeated administration of 3 mg/kg NTG increased in the 

numbers of CGRP-R and PACAP-R TG neurons, although not as robust as 10 mg/kg NTG 

(Fig. S2F).

We also tested whether the abundance of CGRP-R and PACAP-R TG neurons depends on 

culture conditions. Instead of incubating neurons in media containing NGF and GDNF for 2 

days, we measured CGRP- and PACAP-induced [Ca2+]in increase in acutely dissociated TG 

neurons plated in media without NGF and GDNF. Once again, the percentages of CGRP-R 
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and PACAP-R neurons were significantly higher in TG cultures from NTG-treated mice than 

those from vehicle controls (Fig. 2D), indicating that the difference between vehicle- and 

NTG-treated groups is independent of the culture conditions. Although repeated NTG 

administration results in hindpaw mechanical hyper-sensitivity [48; 64], the percentages of 

CGRP-R or PACAP-R neurons in DRG culture were not altered by the repeated NTG 

administration (Fig. 2E). A recent study reported differences between the translatomes from 

TG and DRG nociceptors [41]. Translational efficiency in mechanistic target of rapamycin-

related genes is higher in TG, whereas AMP-activated protein kinase-associated genes have 

higher translational efficiency in DRG [41]. It is possible that repeated migraine episodes 

differentially sensitizes TG and DRG neurons, preferentially increasing the numbers of 

CGRP-R and PACAP-R neurons in TG but not DRG.

Interestingly, we found no change in the abundance of CGRP-R or PACAP-R neurons in TG 

cultures from mice that received a single NTG injection (Fig. 2F). To explore how increase 

in CGRP-R and PACAP-R TG neurons may contribute to NTG-induced behavioral 

sensitization, we compared the responses to single and repeated NTG in greater detail. In 

mice that received a single 10 mg/kg NTG injection, the facial mechanical hyper-sensitivity 

lasted till 2 days post-NTG and fully recovered 4 to 6 days post-NTG (Fig. S2G, day 1-7). 

Subsequent daily injections of low-dose NTG (0.1 mg/kg, i.p.) did not alter facial 

mechanical thresholds, indicating that a single injection of 10 mg/kg NTG is not sufficient to 

establish hyperalgesic priming (Fig. S2G, day 7-11). In mice that received repeated NTG 

injections (10 mg/kg, i.p.), the facial mechanical threshold did not return to baseline level 

until 11 days after the cessation of NTG (Fig. S2H, day 1-20). Subsequent low-dose NTG 

administration revealed the presence of hyperalgesic priming (Fig. S2H, day 20-27). We 

speculate that the increase in CGRP-R and PACAP-R TG neurons after repeated NTG may 

contribute to the delayed recovery of facial mechanical threshold and the development of 

hyperalgesic priming.

The concentration of CGRP used here was comparable to what had previously been used to 

evoke Ca2+ transients in TG cultures [11; 22; 54], but was much higher than what had been 

used in biochemical assays [31; 61; 62; 65] . This may largely result from the inherent 

differences between the biochemical assays and Ca2+-imaging analysis. In biochemical 

assays, CGRP was applied for 5-30 min, and the readouts were a summation of the 

activation of functional receptors in all cells during this period of time. Ca2+-imaging 

analysis, on the other hand, detected signals from individual neurons that peaked within 

10-30 seconds of ligand application (Fig. 2A). A higher concentration of CGRP would be 

required to activate sufficient numbers of functional receptors in individual neurons within a 

short period of time.

To confirm the physiological relevance of our results, we incubated TG cultures from 

vehicle- and NTG-treated mice with 100 nM CGRP for 30 min to induce the 

phosphorylation of CREB and p38 proteins in TG neurons as reported in a previous study 

[62]. In TG cultures from vehicle-treated mice, 10-15% of neurons exhibited pCREB and 

pp38 immunoreactivities (Fig. 2G), similar to the percentage of CGRP-R neurons in vehicle 

control (Fig. 2B-C). In TG cultures from NTG-treated mice, 30-40% of neurons exhibited 

pCREB and pp38 immunoreactivities (Fig. 2G), similar to the percentage of CGRP-R 
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neurons in NTG group (Fig. 2B-C). These results indicate that the number of TG neurons 

with functional CGRP receptors identified in Ca2+-imaging experiments with 3 μM CGRP 

was comparable to the number identified in the pCREB and pp38 assays using 100 nM 

CGRP, validating the physiological relevance of the results from Ca2+-imaging experiments.

Repeated NTG administration enhances both autocrine and paracrine CGRP signaling in 
TG neurons.

We proceeded to use TG cultures from heterozygous CGRPαEGFPf/+ mice expressing 

EGFPf at one Calca/Cgrpa locus to study the relationship between CGRP-expressing, 

CGRP-R and PACAP-R TG neurons under normal and chronic migraine-like conditions. 

First, we confirmed that there was a substantial overlap between the EGFP-

immunoreactivity (EGFP-ir) and CGRP-immunoreactivity (CGRP-ir) in TG cultures from 

naïve CGRPαEGFPf/+ mice (Fig. S3A). More than 80% EGFP-ir neurons contained CGRP-

ir, regardless of soma size (Fig. S3B). Likewise, 80% of small-diameter (< 25 μm) CGRP-ir 

neurons also contained EGFP-ir; whereas the percentage was lower in medium-sized CGRP-

ir neurons (64%, Fig. S3C). We conclude that the EGFP signal corresponds well with the 

endogenous αCGRP expression in TG neurons from CGRPαEGFPf/+ mice.

Next, we treated both male and female CGRPαEGFPf/+ mice with vehicle or NTG every two 

days for 5 times and cultured TG neurons two days after the last injection. This allowed us 

to test whether repeated NTG exerts sex dimorphic effects on TG neurons. The percentage 

of EGFP+ neurons was not altered by the repetitive NTG injections in either male or female 

mice (Table 1), suggesting that the number of TG neurons expressing CGRP is not changed 

during migraine chronification.

Repeated NTG administration has been shown to increase αCGRP mRNA level in TG 

tissues [23; 28], and NO donor enhances αCGRP promotor activity in TG neurons [7]. This 

may result from more TG neurons expressing αCGRP mRNA and/or the upregulation of 

αCGRP mRNA in individual neurons. Our results support the latter possibility, as the 

percentage of EGFP+, αCGRP-expressing TG neurons was not altered by the repeated NTG 

administration in either male or female mice. That said, increase in the number of TG 

neurons exhibiting CGRP-ir has been reported in rats several hours after NTG infusion [7; 

16; 55]. This may result from the upregulation of βCGRP, which can be detected by the anti-

CGRP antibodies but not by the EGFP+ signal in CGRPαEGFPf/+ mice.

The percentages of CGRP-R neurons in TG cultures from both male and female, vehicle- 

and NTG-treated CGRPαEGFPf/+ mice were similar to those of wild-type Swiss Webster 

females (Fig. 3A-B), indicating that loss of one functional Calca allele does not affect the 

abundance of CGRP-R TG neurons, and repeated NTG-induced increase in CGRP-R TG 

neurons is independent of mouse sex and strain. In TG cultures from vehicle-treated 

CGRPαEGFPf/+ mice, only 4% of neurons (36 of 885 total TG neurons) were both EGFP+ 

and CGRP-R (EGFP+CGRP-R, Fig. 3C, D, E), suggesting that they can respond to 

endogenous CGRP through autocrine mechanism. Conversely, more than 10% of neurons 

were EGFP− and CGRP-R (EGFP−CGRP-R, Fig. 3C-E), therefore could only engage in 

paracrine CGRP signaling. These data indicate that TG neurons respond to CGRP mainly 
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through paracrine mechanism under normal condition, in line with previous reports [20; 21; 

42].

After repeated NTG administration, the percentage of EGFP+CGRP-R TG neurons 

increased more than 3-fold, from 4 ± 1% to 13 ± 2% in cultures from CGRPαEGFPf/+ mice, 

and the percentage of EGFP−CGRP-R TG neurons increased 2-fold, from 14 ± 2% to 26 ± 

3% (Fig. 3C-E, red bars). Thus, under chronic migraine-like condition, the number of TG 

neurons that can mediate autocrine and paracrine CGRP signaling both increases 

significantly, and the paracrine signaling still predominates. Upon further analysis, we found 

that repeated NTG increased the proportion of EGFP+CGRP-R neurons in both IB4+ and 

IB4− small-diameter neurons but not in medium-sized TG subpopulation (Fig. 3F). The 

percentages of EGFP−CGRP-R neurons were higher in both small and medium TG neurons 

after repeated NTG injections, with the small IB4+ subpopulation exhibiting the biggest (5-

fold) increase (Fig. 3G).

More CGRP-expressing TG neurons respond to both CGRP and PACAP after repeated NTG 
administration.

The percentages of PACAP-R neurons in TG cultures from both female and male, vehicle- 

and NTG-treated CGRPαEGFPf/+ mice (Fig. 4A-B) were similar to those of wild-type Swiss 

Webster females (Fig. 2B), indicating that loss of one functional Calca allele does not affect 

the abundance of PACAP-R TG neurons, and repeated NTG-induced increase in PACAP-R 

TG neurons is independent of mouse sex and strain. When comparing the overlap between 

CGRP-R and PACAP-R neurons in TG culture, we found that repeated NTG administration 

significantly increased the abundance of TG neurons that respond to both CGRP and 

PACAP, from less than 4% to more than 15% in both male and female mice (Fig. 4C, p < 

0.001, Fisher’s exact test between individual vehicle and NTG groups). The percentage of 

TG neurons that responded to CGRP but not to PACAP was also significantly increased by 

repeated NTG (Fig. 4C, p < 0.01, Fisher’s exact test between individual vehicle and NTG 

groups). On the contrary, the percentage of TG neurons that responded to PACAP but not to 

CGRP remained steady after repeated NTG administration (Fig. 4C).

To examine whether PACAP-R TG neurons express endogenous αCGRP, we pooled data 

from male and female CGRPαEGFPf/+ mice (Fig. 5A). In both vehicle- and NTG-treated 

mice, about half of PACAP-R neurons (56% and 52%, respectively) were EGFP+, 

suggesting that they express αCGRP (Fig. 5A). Within the EGFP+ TG subpopulation, the 

abundance of neurons that respond to both CGRP and PACAP (CGRP-R&PACAP-R) 

increased more than 7 fold after repeated NTG administration (Fig. 5B). This was 

accompanied by a concomitant reduction of neurons that did not respond to either CGRP or 

PACAP (CGRP-NR&PACAP-NR, Fig. 5B). Overall, less than 50% of CGRP-expressing TG 

neurons respond to either CGRP or PACAP under normal condition. This number increased 

to 70% in chronic migraine-like state, and 28% of CGRP-expressing neurons can be 

activated by both CGRP and PACAP. In EGFP− neurons that do not express αCGRP, 

repeated NTG administration not only increased the number of neurons that respond to both 

CGRP and PACAP, but also those that respond to CGRP but not PACAP (CGRP-

R&PACAP-NR, Fig. 5C).
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To further characterize TG neurons that respond to both CGRP and PACAP, we exposed TG 

cultures to 1 μM capsaicin, the selective agonist of the transient receptor potential cation 

channel subfamily V member 1 (TRPV1) channel, and measured capsaicin-induced Ca2+ 

transient after washing out CGRP. Interestingly, more than 80% of CGRP-R&PACAP-R 

neurons in both vehicle and NTG groups were capsaicin-responsive (Cap-R, Fig. 6A-B). The 

few capsaicin non-responsive (cap-NR) CGRP-R&PACAP-R neurons from NTG-treated 

mice all had medium-sized diameter somata (Fig. 6A). The majority (> 70%) of neurons that 

respond to PACAP but not CGRP (CGRP-NR&PACAP-R) were also cap-R (Fig. 6A-B). On 

the contrary, the majority of neurons that respond to CGRP but not PACAP were cap-NR in 

both vehicle- and NTG-treated mice (Fig. 6A-B). Thus, most PACAP-R neurons, regardless 

of whether they respond to CGRP, belong to unmyelinated C-fiber nociceptors that express 

functional TRPV1 channels.

We also observed a small but significant increase in the percentage of cap-R neurons in TG 

cultures from NTG-treated male CGRPαEGFPf/+ mice (Table 1), and the increase 

preferentially occurred in the small IB4− subpopulation (Fig. S4A). Repeated NTG did not 

alter the percentage of cap-R neurons in female CGRPαEGFPf/+ mice (Table 1, Fig. S4B) or 

female Swiss Webster mice (50% [68/137] and 55% [77/140] in vehicle and NTG groups, 

respectively, p = 0.4, Fisher’s exact test).

Endogenous CGRP signaling is required for NTG-induced increase in CGRP-R but not 
PACAP-R TG neurons.

We used the CGRPα KO mice to test whether the endogenous CGRP signaling plays a role 

in NTG-induced increase in CGRP-R and PACAP-R TG neurons. The percentages of 

CGRP-R, PACAP-R as well as CGRP-R&PACAP-R neurons in TG cultures from vehicle-

treated CGRPα KO mice were similar to those of vehicle-treated wild-type mice (Fig. 7A-

C). However, repeated NTG administration did not alter the number of CGRP-R TG neurons 

in CGRPα KO mice (Fig. 7A), whereas the magnitude of PACAP-R neuron increase was 

comparable between NTG-treated wild-type and CGRPα KO mice (Fig. 7B). The 

percentage of neurons that respond to both CGRP and PACAP was not significantly changed 

in NTG-treated KO mice either (Fig. 7C). We also compared the overlap between CGRP-R, 

PACAP-R and EGFP+ TG neurons in KO mice (Fig. 7D). Unlike what we observed in 

heterozygous CGRPαEGFPf/+ mice, in EGFP+ neurons from KO mice, the percentage of 

neurons that respond to both CGRP and PACAP was not altered by the repeated NTG 

administration (Fig. 7E). Neither was there a reduction of CGRP-NR&PACAP-NR neurons 

(Fig. 7F). We conclude that activation of the endogenous CGRP signaling pathway is 

required for NTG-induced increase in CGRP-R neurons in TG, whereas the increase in 

PACAP-R TG neurons was independent of the release of endogenous αCGRP.

Ld-IL2 treatment blocks NTG-induced increase in CGRP-R and PACAP-R TG neurons.

In a previous study, we reported that daily ld-IL2 treatment completely reversed NTG-

induced persistent behavioral sensitization in mice [64]. In male C57BL/6J mice that 

received 5 NTG injections (10 mg/kg, i.p.), facial mechanical hyper-sensitivity returned to 

baseline level 11 days after the cessation of NTG (Fig. 8A, NTG+saline group, day 1-20). 

Subsequent daily injections of low-dose NTG (0.1 mg/kg, i.p.) re-established facial 
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mechanical hyper-sensitivity (Fig. 8A, NTG+saline group, day 20-28), revealing the 

hyperalgesic priming resulting from the previous high-dose NTG administration. Ld-IL2 

treatment not only accelerated the reversal of high-dose NTG-induced facial mechanical 

hyper-sensitivity (Fig. 8A, NTG+IL2 group, day 1-20), but also completely blocked the 

effect of low-dose NTG (Fig. 8A, NTG+IL2 group, day 20-28), indicating that ld-IL2 

prevents the development of hyperalgesic priming. Since the therapeutic effect of ld-IL2 is 

likely mediated by the regulatory T cells at peripheral sites [64], we investigated whether ld-

IL2 treatment reduces NTG-induced increase in CGRP-R and PACAP-R TG neurons in 

female Swiss Webster mice (Fig. 8B). Ld-IL2 treatment alone had no effect on the 

percentages of CGRP-R, PACAP-R or CGRP-R&PACAP-R neurons in TG cultures (Fig. 

8C, D, E, Veh+saline versus Veh+IL2 groups). However, it completely blocked NTG-

induced increase in CGRP-R and PACAP-R TG neurons (Fig. 8C-E), suggesting that one of 

ld-IL2’s mechanisms of action may be through normalizing the strength of CGRP and 

PACAP signaling pathways in primary afferent neurons.

The number of TG neurons that respond to both CGRP and PACAP is significantly 
increased in a mouse model of PTH.

PTH is the most common medical consequence of mTBI and often resembles migraine 

headache [3]. Peripheral CGRP signaling contributes to the expression of mTBI-induced 

acute PTH-related behaviors as well as the establishment of chronic PTH-related 

hyperalgesic priming in animal models [9; 10; 44]. To test whether mTBI enhances CGRP 

and/or PACAP signaling in TG neurons, we subjected male Swiss Webster mice to a mTBI 

paradigm which resulted in a prolonged facial mechanical hyper-sensitivity as well as the 

development of hyperalgesic priming in our previous study [64]. Seven days after mTBI, 

when facial mechanical hyper-sensitivity reached its peak, we cultured TG neurons and 

measured their responses to CGRP and PACAP (Fig. 9A). The percentages of CGRP-R and 

PACAP-R TG neurons were significantly increased by mTBI (Fig. 9B-C). This largely 

resulted from the increase in the number of neurons that respond to both CGRP and PACAP 

(Fig. 9D); whereas the number of neurons that respond to CGRP only or to PACAP only was 

not significantly altered by mTBI (Fig. 9E).

We have shown previously that starting daily ld-IL2 treatment 1 day after mTBI completely 

prevents the development of acute PTH-related behaviors as well as the hyperalgesic 

priming related to chronic PTH [64]. Here, we treated mice with ld-IL2 between day 1 and 

day 6 post-mTBI, and then cultured TG neurons to measure how they respond to CGRP and 

PACAP (Fig. 9A). Similar to what we observed in the chronic migraine model, ld-IL2 

treatment completely blocked mTBI-induced increase in CGRP-R&PACAP-R TG neurons 

(Fig. 9B-E), suggesting that blocking CGRP and PACAP signaling simultaneously in TG 

neurons may prevent the development of chronic migraine and PTH. Lastly, mTBI also 

resulted in a small but significant increase in the percentage of cap-R TG neurons (Fig. 

S4C), which was also blocked by ld-IL2 treatment (Fig. S4C).
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Discussion

In this study, we used EGFP signal in CGRPαEGFPf/+ mice to identify neurons expressing 

endogenous αCGRP and ligand-induced [Ca2+]in increase to define CGRP-R and PACAP-R 

neurons in TG culture. This allowed us to reveal a previously undescribed relationship 

between CGRP-R, PACAP-R and αCGRP-expressing neurons in mouse TG under normal 

and chronic migraine-like states. Under normal condition, most CGRP-R TG neurons did 

not express αCGRP, indicating that paracrine CGRP signaling predominates. This is 

consistent with previous studies showing that there is little overlap between neurons that 

express CGRP and those that express the canonical CGRP receptor subunits [20; 21], and 

anti-CGRP antibody selectively inhibits the activity of Aδ but not C-fiber meningeal 

nociceptors [42].

After repeated NTG administration, there was a significant increase in CGRP-R neurons in 

mouse TG but not DRG, supporting its relevance to chronic migraine. Both NTG-induced 

behavioral sensitization and the increase in CGRP-R TG neurons were absent in CGRPα 
KO mice, indicating that both behavioral and cellular changes require the release of 

endogenous CGRP. NTG-induced increase in CGRP-R neurons was more prominent in 

EGFP+, αCGRP-expressing neurons than EGFP− neurons (3-fold versus 2-fold). 

Consequently, the percentage of CGRP-R neurons that could engage in autocrine signaling 

increased from 24% to 32%, suggesting that a larger fraction of CGRP signaling in TG 

neurons may be mediated through the autocrine mechanism in some chronic migraine 

patients, especially those with migraine episodes resulting from the activation of NO 

signaling pathway.

NTG infusion in rats increases the number of TG neurons that express RAMP1 [55], the 

obligatory subunit for both canonical CGRP receptor and AMY1 receptor, supporting a 

possible upregulation of both receptor subtypes under pathological conditions. The 

concentration of CGRP (3 μM) used in this study could potentially activate the high-affinity 

canonical CGRP receptor, AMY1 receptor as well as some other CGRP-family receptors 

with lower-affinity to CGRP [31; 62]. This served the purpose of identifying all the αCGRP-

expressing neurons that could possibly respond to CGRP, as autocrine CGRP signaling 

likely occurs through both high- and low-affinity receptors due to the high effective 

concentration of locally released CGRP in the immediate vicinity of cell-surface receptors. 

Conversely, paracrine CGRP signaling is likely mediated by the high-affinity receptors, as 

the concentration of CGRP diffuses to those neurons would be much lower. Thus, our 

experimental condition would allow us to accurately identify the number of TG neurons with 

autocrine CGRP signaling, but might lead to over-estimation of the number of neurons with 

paracrine CGRP signaling. If this is indeed the case, the contribution of autocrine CGRP 

signaling during chronic migraine may be even greater than we reported here. It is tempting 

to propose a working model that the release of endogenous CGRP during migraine episodes 

increases the number of functional CGRP receptors in TG neurons. This, in turn, sensitizes 

TG neurons, leading to more CGRP release and prolonged headache. Future study is 

warranted to determine which types of CGRP-family receptors mediate the autocrine and 

paracrine responses under normal and chronic migraine conditions, which receptor subunits 

are upregulated by the repeated NTG administration, whether any receptor subunits undergo 
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post-translational modification and/or translocation, and lastly, what is the relative 

contributions of autocrine versus paracrine CGRP signaling in TG neurons to migraine 

chronification.

A large body of work, including the current study, indicate that blocking CGRP signaling 

prevents NTG-induced acute and persistent behavioral sensitization ([15; 43] and references 

within), supporting the importance of CGRP signaling in migraine pathophysiology. 

Antibodies against CGRP or its canonical receptor successfully reduce migraine frequency 

in many patients, but 30-40% of patients remain unresponsive to antibody therapy [4; 19]. In 

light of our findings, it is possible that the anti-CGRP antibodies are less effective in patients 

with enhanced autocrine CGRP signaling in TG neurons. Mathematical modeling has 

predicted that, to effectively inhibit autocrine signaling, the concentration of anti-ligand 

antibody needs to be 4-8 orders of magnitude greater than the equilibrium dissociation 

constant for ligand binding to surface receptors [25]. The model also predicts that the anti-

receptor antibody is far more effective than the anti-ligand antibody in inhibiting autocrine 

signaling [26]. However, the efficacy of erenumab, the antibody against the canonical CGRP 

receptor, is not significantly higher than those of anti-CGRP antibodies [4; 19], suggesting 

that the autocrine CGRP signaling may be mediated through other receptors. Indeed, 

anatomical studies show little overlap between the expression of CGRP and the canonical 

CGRP receptor subunits in TG neurons [20; 21; 37]. It is likely that the autocrine CGRP 

signaling in TG is mediated by AMY1 receptor and other CGRP-family receptors that are 

not blocked by erenumab [61; 65].

In addition to CGRP signaling, the role of neuropeptide PACAP in migraine 

pathophysiology has also been rigorously pursued. CGRP and PACAP are co-expressed in 

some TG neurons [18], and PACAP is also released during migraine attacks [59; 63]. 

Infusion of PACAP induces migraine-like headache in humans [53] as well as the activation 

and sensitization of central trigeminovascular neurons in rats [1]. Antibody against PAC1 

receptor effectively inhibits stimulus-evoked activity in central trigeminovascular neurons 

[32], suggesting that migraine episodes may be prevented by blocking the peripheral PACAP 

signaling pathway. We found that 40% of EGFP+ TG neurons were PACAP-R but not VIP-R 

in control mice, suggesting that PACAP signaling through PAC1 receptor may facilitate the 

release of endogenous CGRP. In EGFP+ TG neurons, repeated NTG administration 

preferentially increased the number of neurons that were not only CGRP-R but also PACAP-

R (Fig. 5B). The majority (> 70%) of these neurons belonged to unmyelinated C-fiber 

nociceptors that express functional TRPV1 channels (Fig. 6). Although more experiments 

are needed to elucidate the contribution of this TG subpopulation to migraine chronification, 

it is reasonable to speculate that CGRP can be released from these neurons by the activation 

of autocrine CGRP signaling [54; 65], PAC1 receptors as well as TRPV1 channels. Thus, 

even if the autocrine CGRP signaling can be effectively inhibited, PACAP- and/or TRPV1-

mediated sensitization and CGRP release would remain intact in some chronic migraine 

patients. This provides another explanation for the lack of efficacy of antibodies targeting 

CGRP signaling in migraine prevention.

Interestingly, repeated NTG still increased the number of PACAP-R neurons in TG of 

CGRPα KO mice, despite the absence of behavioral sensitization or the change of CGRP-R 
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neurons (Fig. 7). This by no means negates the physiological relevance of PACAP signaling, 

but rather implicates that PACAP signaling contributes to migraine chronification through 

the release of endogenous CGRP. It also raises the possibility of two parallel feedforward 

loops under chronic migraine conditions – the release of endogenous CGRP and PACAP 

may lead to the increase in CGRP-R and PACAP-R TG neurons, respectively. Future in-

depth studies are needed to test these possibilities.

Although NTG administration has been widely used to establish migraine-like state in 

rodents [2; 6; 15; 24; 39; 48; 56-58; 64], it only models one of the many mechanisms 

underlying migraine pathophysiology. Systemic injection of NTG increases the number of 

CD3+ T cells, CGRP-R neurons and PACAP-R neurons in mouse TG but not DRG (Fig. 2, 

[64]), suggesting that the effects of NTG in mice are likely headache-relevant. That said, the 

dose of NTG required to establish persistent behavioral sensitization and hyperalgesic 

priming in naïve mice is much higher than that used to trigger migraine-like headache in 

migraine patients [47]. More work is warranted to investigate whether the increase in CGRP-

R and PACAP-R TG neurons occurs in chronic migraine states generarted through other 

mechanisms. In a mouse model of mTBI-induced PTH, we observed a similar increase in 

TG neurons that respond to both CGRP and PACAP, suggesting that both signaling 

pathways may contribute to the sensitization of these neurons and the chronification of 

migraine and PTH. This is consistent with recent work revealing that both peripheral CGRP-

dependent and peripheral CGRP-independent mechanisms underlie the development of 

PTH- and chronic migraine-related behaviors. Early and prolonged treatment of anti-CGRP 

antibodies ameliorates acute PTH-related behaviors in male but not female rats [9; 10]. Once 

mTBI-induced central sensitization is established, anti-CGRP antibodies become less 

effective in attenuating chronic PTH-related behaviors [10; 44]. The canonical CGRP 

receptor antagonist olcegepant also fails to block chronic migraine-related behaviors induced 

by repeated exposure to NO donor isosorbide dinitrate [14].

Taken together, our study suggests that the expansion of unmyelinated C-fiber nociceptors in 

TG that express CGRP as well as the functional receptors for both CGRP and PACAP may 

play an important role in chronic migraine and mTBI-induced PTH. This not only supports 

the notion that both peripheral CGRP and PACAP signaling pathways are targets for chronic 

migraine and PTH therapy, but also predicts that inhibiting both peripheral CGRP and 

PACAP signaling may be necessary for patients that are not responsive to drugs targeting 

individual pathways. In this regard, the robust efficacy of ld-IL2 in reversing established 

chronic migraine- and PTH-related behavioral sensitization in male and female, inbred and 

outbred strains of mice [64] may result from its ability to block the increase in CGRP-R, 

PACAP-R as well as cap-R neurons, thereby breaking the vicious circle of CGRP/PACAP/

TRPV1-induced CGRP release from TG neurons.
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Figure 1. CGRPα KO mice do not develop NTG-induced acute or persistent sensitization.
(A) Time line of experiments in (B) and (C). Note that vehicle (Veh) or NTG was always 

injected after the completion of behavioral tests on the same day. In some mice, the facial 

mechanical thresholds were also measured 2 hours after the 1st NTG injection as indicated 

by the grey arrow.

(B) The 50% withdrawal thresholds to von Frey filaments at the periorbital region of female 

wild-type (WT) and CGRPα KO mice on C57BL/6J background before and 2 hours after 

the first NTG injection (n = 7 mice/group, respectively). Two-way ANOVA: p < 0.001 for 

genotype (F[1, 27] = 52.16), treatment (F[1, 27] = 30.79), and genotype x treatment 

interaction (F[1, 27] = 54.21); post hoc Bonferroni test: ***p < 0.001.

(C) The effect of repeated NTG administration on facial mechanical thresholds in female 

WT and CGRPα KO mice (n = 5-7 mice/group). Two-way RM ANOVA: p < 0.001 for 

group (F[3, 572] = 38.31) and group x time interaction (F[15, 572] = 4.17; post hoc Student–

Newman–Keuls test: ***p < 0.001, between the corresponding WT+NTG and KO+NTG 

groups; ^^^p < 0.001, between the corresponding WT+Veh and WT+NTG groups; ###p < 

0.001, compared with the baseline (day 1) threshold in the WT+NTG group.
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Figure 2. The numbers of CGRP-R and PACAP-R TG neurons were significantly increased by 
the repeated NTG administration.
(A) The protocol to measure PACAP- and CGRP-evoked [Ca2+]in increase and the 

representative traces of PACAP- and CGRP-induced Ca2+ transients in TG neurons.

(B) The percentages of PACAP-R and CGRP-R neurons in TG cultures from female Swiss 

Webster mice after 5 repetitive i.p. injections of Veh or NTG (n = 4 mice/group; a total of 

137 and 140 neurons were measured in vehicle and NTG groups, respectively). **p < 0.01, 

***p < 0.001, Fisher’s exact test between Veh and NTG groups.
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(C) The percentages of CGRP-R neurons in TG cultures from Veh- and NTG-treated female 

Swiss Webster mice (n = 3 mice/group; a total of 95 and 131 neurons were measured in Veh 

and NTG groups, respectively). **p < 0.001, Fisher’s exact test.

(D) The percentages of PACAP-R and CGRP-R neurons in acutely dissociated TG neurons 

from female Swiss Webster mice without NGF and GDNF exposure (n = 5-6 mice/group; a 

total of 146 and 192 neurons were measured in Veh and NTG groups, respectively). **p < 

0.01, ***p < 0.001, Fisher’s exact test between vehicle and NTG groups.

(E) The percentages of PACAP-R and CGRP-R neurons in DRG cultures from female Swiss 

Webster mice after 5 repetitive i.p. injections of Veh or NTG (n = 3-4 mice/group; a total of 

306 and 430 neurons were measured in Veh and NTG groups, respectively).

(F) The percentages of PACAP-R and CGRP-R neurons in TG cultures from female Swiss 

Webster mice that received 1 Veh or NTG injection (n = 6 mice/group; a total of 190 and 

199 neurons were measured in Veh and NTG groups, respectively).

(G) The percentages of neurons that exhibit CGRP-induced phosphorylation of CREB and 

p38 proteins in TG cultures from female Swiss Webster mice after 5 repetitive i.p. injections 

of Veh or NTG. Neurons were incubated with 100 nM CGRP for 30 min (n = 4 mice/group; 

a total of 1418 and 1372 neurons were quantified in Veh and NTG groups for pCREB 

staining; a total of 1216 and 1065 neurons were quantified in Veh and NTG groups for pp38 

staining, respectively). ***p < 0.001, Fisher’s exact test between Veh and NTG groups.
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Figure 3. Repeated NTG administration increases the number of CGRP-R neurons in both 
EGFP+ and EGFP− TG subpopulations in CGRPαEGFPf/+ mice.
(A) The percentages of CGRP-R neurons in TG cultures from CGRPαEGFPf/+ mice on 

C57BL/6J background after 5 repeated injections of Veh or NTG (n = 12 and 14 mice/group 

in male mice; a total of 490 and 481 neurons were measured in Veh and NTG groups; n = 11 

and 13 mice/group in female mice; a total of 395 and 490 neurons were measured in Veh and 

NTG groups, respectively). ***p < 0.001, Fisher’s exact test between vehicle and NTG 

groups.

(B) The percentages of CGRP-R neurons in TG culture. Data from male and female mice in 

A are pooled and are grouped by the number of experiments (n = 14). Each experiment 
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included 1-2 Veh- and NTG-treated littermates of the same sex. ***p < 0.001, two-tailed t-

test.

(C-E) The percentages of EGFP+CGRP-R and EGFP−CGRP-R neurons in TG cultures from 

(C) male and (D) female CGRPαEGFPf/+ mice after 5 repeated injections of Veh or NTG 

(same neurons as in A). C-D: ***p< 0.001, Fisher’s exact test between Veh and NTG 

groups. E: Data from male and female mice in C and D are pooled and are grouped by the 

number of experiments (n = 14). ***p < 0.001, two-tailed t-test.

(F) The percentages of small IB4−, small IB4+ and medium-sized EGFP+CGRP-R neurons 

in TG cultures (same neurons as in A). ***p < 0.001, Fisher’s exact test between Veh and 

NTG groups.

(G) The percentages of small IB4−, small IB4+ and medium-sized EGFP−CGRP-R neurons 

in TG cultures (same neurons as in A). *p < 0.05, ***p < 0.001, Fisher’s exact test between 

Veh and NTG groups.
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Figure 4. The number of TG neurons that respond to both CGRP and PACAP is increased by 
repeated NTG administration.
(A) The percentages of PACAP-R neurons in TG culture from CGRPαEGFPf/+ mice after 5 

repeated injections of vehicle or NTG (n = 5 and 6 mice/group in male mice; a total of 226 

and 237 neurons were measured in vehicle and NTG groups; n = 5 and 6 mice/group in 

female mice; a total of 171 and 232 neurons were measured in vehicle and NTG groups, 

respectively). *p < 0.05, **p < 0.01, Fisher’s exact test between vehicle and NTG groups.

(B) The percentages of PACAP-R neurons in TG culture. Data from male and female mice 

in A are pooled and grouped by the number of experiments (n = 7). Each experiment 
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included 1-2 vehicle- and NTG-treated littermates of the same sex. ***p < 0.001, two-tailed 

t-test.

(C) Venn diagrams of the percentages of CGRP-R and PACAP-R neurons in TG culture 

from female Swiss Webster (same neurons as in Figure 1A) as well as female and male 

CGRPαEGFPf/+ mice (same neurons as in A).
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Figure 5. Repeated NTG administration preferentially increases the number of neurons that 
respond to both CGRP and PACAP in the TG subpopulation that express αCGRP.
(A) Venn diagrams of the percentages of CGRP-R, PACAP-R and EGFP+ neurons in TG 

culture from CGRPαEGFPf/+ mice after 5 repeated injections of vehicle or NTG (same 

neurons as in Figure 4A. Data from male and female mice are combined).

(B-C) The percentages of EGFP+ (B) and EGFP− (C) neurons that are CGRP-R&PACAP-R, 

CGRP-R&PACAP-NR, CGRP-NR&PACAP-R or CGRP-NR&PACAP-NR in TG culture 

(same neurons as in A). **p < 0.01, ***p < 0.001, Fisher’s exact test between the 

corresponding vehicle and NTG groups.

Guo et al. Page 27

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. The majority of PACAP-R TG neurons express functional TRPV1 channels.
(A) Venn diagrams of the percentages of CGRP-R, PACAP-R and Cap-R neurons in TG 

culture from vehicle- and NTG-treated CGRPαEGFPf/+ mice (same neurons as in Figure 4A. 

Data from male and female mice are combined).

(B) The percentages of cap-R neurons in CGRP-R&PACAP-R, CGRP-NR&PACAP-R and 

CGRP-R&PACAP-NR neurons (same neurons as in A).
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Figure 7. Repeated NTG administration increases the number of PACAP-R TG neurons but not 
the number of CGRP-R neurons in CGRPα KO mice.
(A-C) The percentages of CGRP-R (A), PACAP-R (B) and CGRP-R&PACAP-R (C) 
neurons in TG cultures from female WT or CGRPα KO mice on C57BL/6J background 

after 5 repeated injections of Veh or NTG (n = 3-6 mice/group, a total of 116, 130,194 and 

176 neurons were measured in WT+Veh, WT+NTG, KO+Veh and KO+NTG groups, 

respectively). *p < 0.05, **p < 0.01, ***p < 0.001, χ2 test followed by post hoc Fisher’s 

exact test with Bonferroni correction.
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(D) Venn diagrams of the percentages of CGRP-R, PACAP-R and EGFP+ neurons in TG 

cultures from Veh- or NTG-treated CGRPα KO mice (same neurons as in A-C).

(E-F) The percentages of EGFP+ neurons that are CGRP-R&PACAP-R (E) or CGRP-

NR&PACAP-NR (F) in TG culture from heterozygous (HZ) CGRPαEGFPf/+ mice (same 

neurons as in Figure 5B) and CGRPα KO mice (same neurons as in A-C). *p < 0.05, **p < 

0.01, ***p < 0.001, χ2 test followed by post hoc Fisher’s exact test with Bonferroni 

correction.
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Figure 8. Ld-IL2 treatment blocks NTG-induced increase in CGRP-R and PACAP-R TG 
neurons.
(A) The effects of repeated NTG and/or ld-IL2 on the 50% withdrawal thresholds to von 

Frey filaments at the periorbital region of male C57BL/6J mice (n = 6/group). Note that IL2 

and NTG were always injected after the completion of behavioral tests on the same day. 

Two-way RM ANOVA: p < 0.001 for group (F[1, 238] = 381.1), time (F[9, 238] = 61.4) and 

group x time interaction (F[9, 238] = 36.8); post hoc Student–Newman–Keuls test: ***p < 

0.001, between the corresponding NTG+saline and NTG+IL2 groups; ###p < 0.001, 

compared with the baseline (day 1) threshold in the NTG+saline group; ^^^p < 0.001, 

compared with the baseline (day 1) threshold in the NTG+IL2 group.

(B) Time line of the experiment in C-E.

(C-E) The percentages of CGRP-R (C), PACAP-R (D) and CGRP-R&PACAP-R (E) 
neurons in TG cultures from Veh-, NTG- and/or ld-IL2-treated female Swiss Webster mice 

(n = 6-15 mice/group, a total of 366, 463,197 and 533 neurons were measured in Veh

+saline, NTG+saline, Veh+IL2 and NTG+IL2 groups, respectively). **p < 0.01, ***p < 

0.001, χ2 test followed by post hoc Fisher’s exact test with Bonferroni correction.
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Figure 9. The number of TG neurons that respond to both CGRP and PACAP is significantly 
increased after mTBI.
(A) Time line of the experiment in B-E.
(B-D) The percentages of CGRP-R (B), PACAP-R (C) and CGRP-R&PACAP-R (D) 
neurons in TG cultures from male Swiss Webster mice that received sham procedure, mTBI, 

and mTBI with ld-IL2 treatment (n = 6-10 mice/group, a total of 336, 378 and 224 neurons 

were measured in sham, mTBI and mTBI+IL2 groups, respectively). ***p < 0.001, χ2 test 

followed by post hoc Fisher’s exact test with Bonferroni correction.

(E) Venn diagrams of the percentages of CGRP-R and PACAP-R neurons in TG cultures 

from mice in the sham, mTBI and mTBI+IL2 groups (same neurons as in B-D).
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