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Migraine represents one of the major causes of disability worldwide and is more prevalent in women; it is also related to anxiety symptoms. Stress, such as sound stress, is a frequently reported trigger in migraine patients, but the underlying mechanisms are not fully understood. However, it is known that patients with migraine have higher levels of plasma inflammatory cytokines and calcitonin gene-related peptide (CGRP). Stress mediated by unpredictable sound is already used as a model of painful sensitization, but migraine-like behaviors and sexual dimorphism have not yet been evaluated. This study characterized nociception and anxiety-related symptoms after the induction of sound stress in mice. C57BL/6 mice (20–30 g) were exposed to unpredictable sound stress for 3 days, nonconsecutive days. We observed enhanced plasma corticosterone levels on day 1 after stress induction. First, 7 days after the last stress session, mice developed hind paw and periorbital mechanical allodynia, grimacing pain behavior, anxiety-like symptoms, and reduced exploratory behavior. The nociceptive and behavioral alterations detected in this model were mostly shown in female stressed mice at day 7 post-stress. In addition, on day 7 post-stress nociception, these behaviors were consistently abolished by the CGRP receptor antagonist olcegepant (BIBN4096BS, 100 mg/kg by intraperitoneal route) in female and male stressed mice. We also demonstrated an increase in interleukine-6 (IL-6), tumor necrosis factor (TNF-α), and CGRP levels in stressed mice plasma, with female mice showing higher levels compared to male mice. This stress paradigm allows further preclinical investigation of mechanisms contributing to migraine-inducing pain.
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HIGHLIGHTS

• female mice presented increased nociception and anxiety-like symptoms after stress induction than male mice.
• plasma levels of inflammatory cytokines (IL-6 and TNF-α) and CGRP were increased in ST mice, particularly in the females.
• CGRP receptor antagonist olcegepant (BIBN4096BS) reduced nociception and anxiety-like symptoms in stressed mice.
1 INTRODUCTION
Migraine has a major prevalence in females under 50 years of age and has a challenging treatment (Gazerani and Cairns, 2020). It has also been shown that migraine may be related to psychiatric disorders, including anxiety (Karimi et al., 2021). Migraine attacks are elicited by a variety of agents, including stress induction (Kelman, 2007). Stress is the most common trigger reported in migraine patients; it can also increase the duration of the crisis and contributes to chronic migraine development (Kelman, 2007; Viero et al., 2022a).
Thus, different stress models have been used to induce migraine-like behaviors (periorbital/hind paw mechanical allodynia, grimacing pain behavior, and anxiety-related symptoms) in mice to better study the mechanisms involved in this painful disease. Previous studies have used acute or chronic stress caused by repetitive restrain stress paradigm, social defeat, chronic variable, and early life stress (Kaufmann and Brennan, 2018; Avona et al., 2020a; Eller et al., 2021). In addition, sound stress seems to be a relevant mediator of headache induction in patients (Ishikawa et al., 2019). Previous studies using an unpredictable sound stress model have observed the development of plantar nociception (hind paw allodynia and chemical hyperalgesia) in male rats (Khasar et al., 2009). Nevertheless, the development of migraine-like behaviors using this stress model has not yet been evaluated.
The relationship between calcitonin gene-related peptide (CGRP) signaling and stress-mediated migraine-like behaviors has been investigated in only one preclinical study (Avona et al., 2020a). CGRP has been implicated in the pathology of migraine for several decades (Khan et al., 2019), and recent clinical studies have further confirmed CGRP as a protagonist in migraine, using CGRP signaling inhibitors (Halker Singh et al., 2019). A CGRP antagonist (olcegepant, BIBN4096BS) was effective in reducing periorbital allodynia in different models of migraine-like pain (Dalenogare et al., 2021). Moreover, a CGRP injection to the trigeminovascular system caused periorbital mechanical allodynia (PMA) and anxiety-like behavior, which was prolonged in female rats (Araya et al., 2020).
CGRP may lead to the release of pro-inflammatory cytokines (Ray et al., 2021), and the levels of interleukine-6 (IL-6) and tumor necrosis factor alpha (TNF-α) were increased in the plasm of migraine patients (Ray et al., 2021). In fact, the application of IL-6 in the dura mater and cisterna magna causes both periorbital and hind paw cutaneous hypersensitivity (Avona et al., 2021). An injection of TNF-α also sensitized the dural meningeal nociceptors (Zhang et al., 2011). Previously, skeletal muscle hyperalgesia caused by an unpredictable sound stress model was reduced by antisense treatment targeting the IL-6 or TNF-α receptors (Dina et al., 2011).
Thus, the mechanisms involved in the stress induction of migraine-related pain need to be studied to establish a better treatment for this painful disease. Here, we initially characterized the periorbital/hind paw mechanical allodynia, grimacing pain behavior, and anxiety-related symptoms. Secondly, we detected the plasma levels of pro-inflammatory cytokines and CGRP, as well as the antinociceptive effect of a CGRP antagonist, in male and female mice after the induction of unpredictable sound stress.
2 METHODS
2.1 Animals
Male and female adult C57BL/6 mice (20–30 g) were maintained in a humidity-controlled (55–65%) and temperature-controlled room (20–22°C) on a 12-h light/dark cycle, with food (pelleted form) and water ad libitum. Animals were housed eight per cage, with nesting material. All experiments were carried out in the light phase (between 7:00 a.m. and 7:00 p.m.), and the animals were acclimatized to the laboratory room for at least 1 h before the experiments. The protocols employed in our study were approved by the Institutional Committee for Animal Care and Use of the Federal University of Santa Maria (UFSM; #9818180820).
The experimental protocols followed the guidelines for Animal Research Reporting In Vivo Experiments (ARRIVE) (McGrath and Lilley, 2015). The experiments were also performed using the current ethical guidelines for the investigation of experimental pain in conscious animals, and the number of animals and the intensity of the noxious stimuli were the minimum necessary to demonstrate the consistent effects of the treatments. A group size of eight animals was determined for the behavioral experiments, using G∗Power (v3.1).
All measurements of animal behavior were performed by the same researcher, who was blinded to the drug administration and to the group to be tested. The ST (stressed) and NST (non-stressed) groups (both female and male) were divided and studied on the same day, and experiments were replicated on different days, to generate results from the required number of mice (Figure 1, schematic representation of experimental design).
[image: Figure 1]FIGURE 1 | Schematic representation of experimental design. Exposure to unpredictable sound stress occurred over 3 days lasting for five or 10 s. Animals were exposed to the stressor for 3 nonconsecutive days (1, 3, and 4 days), for 30 min in each day. Day 1 post-stress induction described in our study, corresponds to day 5 (considering the beginning of the test). Animals were placed 4–5 per cage and the cage was placed 25 cm from a speaker that emitted four pure tones (5, 11, 15, and 19 kHz), whose amplitudes varied through time independently from 20–110 dB sound pressure level at random times each minute, lasting 5 or 10 s, and this unpredictable sound stress induction occurs for 30 min. Non-stressed (NST) animals were placed in the sound chamber for 30 min but without exposure to the sound stimulus. Following sound or non-stress, mice were returned to their home cages in the animal care facility. First, baseline grimace scale, periorbital and hind paw thresholds to von Frey filaments were recorded for each animal (7 days after animal habituation). After the last stress section induction (on day 4), the behavioral experiments were evaluated on days 1, 3, 7, 10, and 14 days. Subsequently, on the nociceptive peak after stress induction (7 days), the treatment protocol with CGRP antagonist and the different plasma analyses were performed (in a different group of animals).
2.2 Reagents
All experimental reagents, if not specified in the text, were acquired from Sigma-Aldrich Chemical Co. (St. Louis, MO, United States), including BIBN4096BS (Catalogue No. SML2426).
2.3 Stress Induction
Animals were handled and acclimatized to the researcher and to all apparatus for 3 days before testing to reduce anxiety-like symptoms or stress. The exposure to unpredictable sound stress occurred over 3 days, as described previously (Khasar et al., 2008; Khasar et al., 2009). NST animals were placed in the sound chamber for 30 min, but without exposure to the sound stimulus on the same days as the stressed group. Animals were placed 4–5 per cage, and the cage was placed 25 cm from a speaker that emitted four pure tones (5, 11, 15, and 19 kHz), whose amplitudes vary independently through time, from 20–110 dB sound pressure level at random times each minute, lasting for five or 10 s. Animals were exposed to the stressor for three nonconsecutive days (Kelman, 2007; Kelman, 2007; Gazerani and Cairns, 2020; Viero et al., 2022a), for 30 min each day. Day 1 post-stress induction described in our study, corresponds to day 5 (considering the beginning of the test). Following sound or non-stress, the mice were returned to their home cages in the animal care facility. We did not exclude any animal from the study, and all animals were sensitized to this stress protocol, as described before (Khasar et al., 2008; Khasar et al., 2009).
2.4 Treatment Protocol
C57BL/6 J mice were injected intraperitoneally (i.p.) unilaterally on the right side. The injection was performed as quickly as possible by a single operator, with only minimal animal restraint. Eight female and male mice were treated with BIBN4096BS (i.p. 100 mg/kg) or its vehicle (4% dimethyl sulphoxide, DMSO, and 4% Tween 80 in 0.9% NaCl) (Burgos-Vega et al., 2019). Then, a total of 96 animals were used in the following animal grouping: 16 animals for the ST group (8 female and 8 male) and 16 animals for the NST group (8 female and 8 male). Second, the animals were divided into 8 groups (containing 8 animals for each sex): 1) ST + BIBN4096BS (male or female); 2) NST + BIBN4096BS (male or female); 3) ST + Veh male (male or female); and 4) NST + Veh (male or female).
2.5 Behavioral Experiments
Firstly, the baseline grimace scale and the periorbital and hind paw thresholds to von Frey filaments were recorded for each animal. Once the periorbital thresholds had been tested, animals were placed back in the hind paw testing chambers to habituate for approximately 5 min before beginning the hind paw testing (Tonello et al., 2014). After stress induction, the behavioral experiments were evaluated on days 1, 3, 7, 10, and 14. Subsequently, on the nociceptive peak after stress induction (7 days), the treatment protocol with CGRP antagonist, or the different plasma analyses, were performed.
2.6 Nociceptive Tests
The tests were carried out in a sequence, from the less stressful to the most stress-inducing test, as follows: grimace, hind paw mechanical allodynia, PMA, and then the open field test. All nociceptive measurements were performed on the same animal to reduce the number of animals used in the study.
2.6.1 Evaluation of Grimacing Pain Behavior
The grimace scale quantifies changes in a few “action units” for mice, including orbital tightening, nose-cheek bulge, whisker tightening, and ear position Langford et al., 2010. Animals were placed in a Plexiglas chamber (5 × 5) of the von Frey test for 60 min. During this time, one image was captured every 2 min. The face images were then screened, labeled, randomly scrambled, and scored, with the researcher blinded to the treatment groups and the identity of each image. Overall, 30 images were blindly selected for each animal (per treatment condition or time-point), and each action unit on each image was given a score of 0, 1, or 2, as previously described (Dixon, 1980). The mean grimace scores were calculated as the average score across all the action units. This behavior scale was evaluated on days 1, 7, and 14 post-stress induction or in the NST animals. Grimace was also measured before ST or NST induction (basal), after ST or NST induction (7 days after), and 1 and 3 h after BIBN4096BS/vehicle treatment.
2.6.2 Hind Paw Mechanical Allodynia
To evaluate the development of mechanical allodynia, the mice were individually placed in transparent boxes on a wire mesh platform that allowed easy access to the right hind paw plantar surface. Filaments of different stiffness were applied to the plantar surface of the hind paw, ranging from 0.07 to 2.0 g (0.07, 0.16, 0.40, 0.60, 1.0, 1.4, and 2.0 g). The mechanical threshold was obtained according to the up-and-down paradigm (Tonello et al., 2014).
This paradigm continued for a total of six measurements, or until four consecutive positive or four consecutive negative responses occurred. The mechanical paw-withdrawal threshold response (in g) was then calculated from the resulting scores (Dixon, 1980). To determine the baseline thresholds, the animals were acclimatized for 60 min before the test, and all animals were assessed before stress induction (baseline values). The mechanical threshold was evaluated on days 1, 3, 7, 10, and 14, and the hind paw mechanical allodynia was also measured before ST or NST induction (basal), after ST or NST induction (7 days after), and 1 and 4 h after BIBN4096BS/vehicle treatment.
2.6.3 Periorbital Mechanical Allodynia
The measurement of PMA was performed using the up-and-down paradigm, as described previously (Dixon, 1980). Animals were allocated in a restraint apparatus designed for the evaluation of periorbital mechanical thresholds. The apparatus consisted of an individual clear three-walled plexiglass box (5 × 5) with an opening for the tail and one for the head and front paws, located on a platform to allow the operator to access the periorbital area. The box size allowed for head and forepaw movements but prevented the animal from turning around inside it. One day before the first behavioral observations, mice were habituated to the apparatus. On the day of the experiment, after 20 min of adaptation inside the chamber, a series of seven von Frey filaments in logarithmic increments of force (0.08, 0.02, 0.04, 0.07, 0.16, 0.4, and 0.6 g) were applied to the periorbital area, perpendicular to the skin, with sufficient force to cause a slight buckling, and held for approximately 5 s to elicit a positive response. The response was considered positive by the following criteria: mouse vigorously stroked its face with the forepaw, head withdrawal from the stimulus, or head shaking. The stimulation was initiated with the 0.16 g filament. The absence of a response after 5 s led to the use of a filament with increased weight, whereas a positive response led to the use of a weaker (i.e., lighter) filament. A total of six measurements were collected for each mouse unless four consecutive positive or negative responses occurred. The 50% mechanical withdrawal threshold (expressed in g) was then calculated from these scores.
The mechanical threshold was evaluated in the periorbital region over the rostral portion of the eye (i.e., the area of the periorbital region facing the sphenoidal rostrum), initially as the basal threshold (before stress) and then on days 1, 3, 7, 10, and 14 post-stress induction. The PMA was also measured before ST or NST induction (basal), after ST or NST induction (7 days after), and 1 and 4 h after BIBN4096BS/vehicle treatment.
2.7 Open Field Test
The open-field test was used to analyze the locomotor activity, pain, and anxiety-like behaviors, such as grooming (s), rearing (s), sniffing (s), time into the peripheral zone, and crossings (number of times the line of a square is crossed with all four legs) (Antoniazzi et al., 2019). The apparatus was made of light-grey polyvinyl chloride (PVC) (50 × 50 × 25 cm). The test was performed over 30 min for 3 days (on days 1, 7, and 14) following stress induction and in the first hour after the treatment on day 7 post-stress. Illumination (about 40 lux) was provided by a light bulb hanging 60 cm above the apparatus. The temperature of the room was maintained at 22°C. The test was a recorded test using AnyMaze® 7.0 software. Between each trial, the apparatus was cleaned with a 30% ethanol solution to avoid odor cues.
2.8 Sample Collection and Analysis
On day 7 post-stress induction or in the NST group, mice were anesthetized with ketamine-xylazine (100:20 i. p.) plus a maintenance dose of isoflurane (2.5%) and euthanized by cardiac puncture. The plasma was collected to determine the levels of corticosterone, cytokines, and CGRP.
2.9 Corticosterone Plasma Levels
The plasma was obtained on days 1 and 7 post-stress induction, after whole blood centrifugation at 3000 g at room temperature for 10 min and stored at -80°C until analysis. The corticosterone circulating level was measured using an ELISA Kit (Enzo Life Sciences, Farmingdale, New York, United States, Catalogue No. ADI-900-097), according to the product manual. Briefly, the samples were diluted according to protocol, and 100 µl of the sample or standard solutions were then incubated with the antibody using the plate provided, on a plate shaker at room temperature for 2 h. Afterward, the wells were emptied and washed, and then 200 µl pNpp substrate solution was added before incubating for 1 h without shaking. Finally, the plate was read at 405 nm using a microplate reader (SpectraMax I3; Molecular Devices, San Jose, California, United States).
2.10 CGRP Assay
Affinity sorbent (A19482, SPI Bio, Bertin Pharma) was used with a pool of different sources of plasma to prepare CGRP-free plasma. The samples were then analyzed using a commercially available CGRP kit (Catalogue No. A05482, SPI Bio, Bertin Pharma), following the manufacturer’s procedures. The concentration of CGRP was measured using Ellman’s Reagent to detect the enzymatic activity of the acetylcholinesterase, where the intensity of the yellow color formed was proportional to the amount of CGRP present in the sample (Castillo-Silva et al., 2019). The absorbance was read at 405 nm on SpectraMax I3 (Molecular Devices, San Jose, California, United States). The absorbance was read at 405 nm on a SpectraMax I3 (Molecular Devices, San Jose, California, United States). The absorbance values of the standards were used to plot a standard curve, from which the absorbance values of experimental samples were interpolated to determine their concentrations. This test was performed in mice plasma taken on the seventh-day post-stress induction.
2.11 Cytokine Level Determination in Plasma Samples
Cytokines in the plasma samples were measured on the seventh-day post-stress induction using a BD CBA Mouse Th1/Th2/Th17 Cytokine Kit (BD Bioscience, San Jose, CA, United States, Catalogue No. 560485). The kit was used for the simultaneous detection of mouse interferon-γ (IFN-γ), IL-2, IL-4, IL-6, IL-10, IL-17, and TNF-α in a single sample, according to the manufacturer’s instructions. Briefly, beads coated with seven specific capture antibodies were mixed. Subsequently, 50 μl mixed captured beads, 50 μl unknown serum sample or standard dilutions, and 50 μl phycoerythrin (PE) detection reagent were added consecutively to each assay tube and incubated for 2 h at room temperature in the dark. The samples were washed with 1 ml wash buffer for 5 min and centrifuged (200 g). The bead pellet was resuspended in a 300 μl buffer after discarding the supernatant. Samples were measured on the BD Accuri C6 flow cytometer, and data analysis was performed with FlowJo software. Individual cytokine concentrations were indicated by their fluorescent intensities. Cytokine standards were serially diluted to facilitate the construction of calibration curves, which were necessary to determine the protein concentrations (pg/ml) of the test samples.
2.12 Statistical Analysis
Data were presented as mean ± standard error of mean (S.E.M.). Data were statistically analyzed using parametric Student’s t-test, one-way ANOVA, repeated measures, and two-way mixed model analysis of Variance (ANOVA), according to the experimental protocol. The post hoc comparisons employed the Bonferroni criterion and p values less than 0.05 were considered significant. The maximal inhibition (Imax) was calculated using the following formula: 100 × (h post-treatment–mean of basal post-induction)/(basal post-induction mean–basal post-induction mean). Statistical analyses were performed using Graph Pad Prism 9.0 software.
3 RESULTS
3.1 Unpredictable Sound Stress Evokes PMA, Hind Paw Mechanical Allodynia, and Grimacing Pain Behavior
We first determined the development of nociception post-stress on days 1, 3, 7, 10, and 14 and address whether there would be a sexually dimorphic effect. In this stress model, we observed an enhanced plasma corticosterone level on day 1 after stress induction, but not after 7 days of stress exposure (Supplementary Figure S1), as described before for this model using rats (Khasar et al., 2008; Khasar et al., 2009).
Male and female mice showed hind paw mechanical allodynia on days 3, 7, and 10 post-stress induction. Mice returned to baseline withdrawal thresholds 14 days post-stress induction (Figures 2A,B). Similarly, when verifying PMA, the allodynic effect of stress started on the first-day post-stress and was maintained until the 10th day in both sexes (Figures 2D,E). To measure spontaneous non evoked pain in these animals, we assessed grimace, observing that both males and females in the ST group had grimacing pain behavior on days 1 and 7 post-stress compared to NST mice (Figures 2G,H).
[image: Figure 2]FIGURE 2 | Unpredictable sound stress evokes periorbital mechanical allodynia (PMA), hind paw mechanical allodynia, and grimacing pain behavior in mice. Hind paw mechanical allodynia was measured in (A) male and (B) female mice at different time points after stress (ST group) or control (non-stressed group, NST). (C) Comparison of hind paw mechanical allodynia between male and female mice at day 7 after stress or in NST group. PMA was measured in (D) male and (E) female mice. (F) Comparison of PMA between male and female mice at day 7 after stress or in the NST group. Grimacing pain behavior was evaluated in (G) male and (H) female at different time points after stress (ST group) or control (non-stressed group, NST). (I) Comparison of grimacing pain behavior male and female mice at day 7 after stress or in NST group. Baseline measurements (described as B in the graph) were taken before induction. Spontaneous nociception was analyzed by the mouse grimace scale (MGS). Data are expressed as mean ± S.E.M. (n = 8). #p < 0.05 when compared to the NST group, and between days (1, 7, and 14 post-stress) comparing the ST group and NST group. *p < 0.05, when compared between the sexes within the ST group [repeated measures two-way ANOVA followed by Bonferroni’s post hoc test].
Thus, we verified that the nociceptive peak was on the seventh-day post-stress for PMA, hind paw mechanical allodynia, and grimacing pain behavior. Interestingly, at the nociceptive peak, sexual dimorphism was observed for hind paw mechanical allodynia, PMA, and grimacing pain behavior. These data showed that females had higher nociception compared to males in the ST group on the seventh-day post-stress induction (Figures 2C,F,I); however, male and female mice had a similar development of nociception on days 1, 3, 10, and 14 post-stress induction (Supplementary Figure S2).
3.2 Induction of Anxiety-Like Symptoms and Decrease in Exploratory Activity After Unpredictable Sound Stress
The open-field test was evaluated on days 1, 7, and 14 post-stress induction or in the NST group, measuring grooming (s), rearing (s), sniffing (s), time into the peripheral zone, and the number of crossings. The ST group spent more time grooming on both days 1 and 7 post-stress compared to the NST group, but not on day 14 (Figure 3A); on day 7, the ST females spent more time in grooming behavior compared to male ST mice (Figure 3A). The ST group spent significantly less time sniffing, both on days 1 and 7 (Figure 3B), with female mice showing a higher reduction in sniffing time compared to male ST mice on day 7 post-stress induction (Figure 3B). Male and female ST mice also spent less time rearing on day 7 post-stress induction compared to the NST group, and female ST mice showed a lower rearing time on day 7 compared to male ST mice (Figure 3C). We only perceived a reduction in the number of crossings on day 7 in ST female mice compared to NST female and ST male mice (Figure 3D,E). Then, we demonstrated that ST mice had more anxiety-like behavior than the NST group on the seventh-day post-stress induction, but no difference was detected on days 1 and 14 (Figures 3F,G). Also, when comparing the sex effect in the ST group, we evidenced that ST females presented anxiety-like behavior compared to ST males on day seventh after stress (Figures 3F,G). No significant difference was seen between groups in locomotor activity assessed by distance traveled (Supplementary Figure S3A). Thus, the induction of anxiety-like symptoms and decrease in exploratory activity were mainly detected on day 7 post-stress induction, and this day was therefore chosen to measure the antinociceptive effect of CGRP antagonist treatment and the analysis of plasma levels of pro-inflammatory cytokines and CGRP.
[image: Figure 3]FIGURE 3 | Anxiety-like symptoms induction and decrease exploratory activity after unpredictable sound stress induction. Time spent (A) grooming (B) sniffing (C) rearing (D) the number of crossings (E) representative image of crossings represented by track plot (F) time in the peripheral zone were observed in the open field test on days 1, 7, and 14 post-stress (ST group) or in non-stressedgroup (NST). (G) Representative image of time in the peripheral zone represented by heat map. Data are expressed as mean ± S.E.M. (n = 8). *p < 0.05, when compared between the sexes within the ST group. #p < 0.05 when compared to the NST group. [Repeated measures two-way ANOVA followed by Bonferroni’s p’ost hoc test].
3.3 Unpredictable Sound Stress Induces an Increase in IL-6, TNF-α, and CGRP Levels in Plasma
Unpredictable sound stress induced high levels of circulating pro-inflammatory cytokine, such as IL-6 and TNF-α, in plasma compared to NST animals on day 7 post-stress (Figures 4A,C). Moreover, in the same way, the levels of CGRP in plasma were higher in the ST group than in the NST group (Figure 4E). When comparing the effect of sexual dimorphism in the ST group, the females presented higher levels of TNF-α, IL-6, and CGRP than their male counterparts (Figures 4B,D,F). Nevertheless, there was no difference in the plasma levels of IFN-γ, IL-2, IL-4, IL-10, and IL-17 between the groups (Supplementary Figure S4).
[image: Figure 4]FIGURE 4 | Unpredictable sound stress induces an increase in IL-6 (Interleukin-6), TNF-α TNF-α (tumor necrosis factor-alpha), and CGRP calcitonin gene-related peptide levels in plasma. Plasmatic levels of (A,B) TNF-α (C,D) IL-6 (Interleukin-6), and (E,F) CGRP detected at 7 days after stress (ST group) or in non-stressed group (NST). Data are expressed as mean ± S.E.M. (n = 12) in the graphs (A,C,D) and n = 6 in the graphs (B,D,F) #p < 0.05, when compared to NST group in (A,C,E) [parametric Student’s t-test], and (B,D,F) [Two-way ANOVA followed by Bonferroni’s post hoc test]. *p < 0.05 when compared between the sexes within the ST group.
3.4 The CGRP Antagonist Reduced the Migraine-Like Behaviors Induced by the Unpredictable Stress Model in Mice
To evaluate the CGRP role in migraine-like behaviors induced by sound stress, we administered a CGRP antagonist (BIBN4096BS) by the i. p. route (100 mg/kg) on the seventh-day post-stress induction. We observed that this compound had a robust effect on reducing hind paw mechanical allodynia induced by stress, 1–3 h post-dose in male and female mice in the ST group (Figures 5A,B). The Imax was 87 ± 6% and 88 ± 5% for male and female mice in the ST group, respectively, 1 h after BIBN4096BS injection for hind paw mechanical allodynia (Figure 5C). This compound also showed a periorbital antiallodynic effect 1–3 h after treatment (Figures 5D,E), with an Imax of 92 ± 5% and 93 ± 5% for male and female mice in the ST group, respectively, 1 h after BIBN4096BS treatment for PMA (Figure 5F). In an analogous way, we demonstrated that BIBN4096BS significantly reduced the grimacing pain behavior in male and female mice in the ST group, 1 h after treatment, compared to the vehicle-treated group (Figures 5G,H). Thus, 1 h after treatment, BIBN4096BS showed similar antinociceptive effects in female and male ST mice (Figures 5C,F,I). Also, after 2 and 3 h, BIBN4096BS showed similar antinociceptive effects for hind paw mechanical allodynia and PMA in female and male ST mice (Supplementary Figure S5).
[image: Figure 5]FIGURE 5 | CGRP antagonist reduced migraine-like behaviors induced by unpredictable stress model in mice. BIBN4096BS (olcegepant, 100 mg/kg) intraperitoneal (i.p.) administration reduced the (A,B) hind paw mechanical allodynia (D,E) periorbital mechanical allodynia (PMA), and (G,H) grimacing pain behavior in male and female stressed (ST) mice when compared to vehicle (Veh) treated group. Antinociceptive effect of BIBN4096BS at 1 h after treatment for (C) hind paw mechanical allodynia (F) PMA, and (I) grimacing pain behavior. Baseline measurements (described as B in the graph) were observed before induction. Time 0 represents the measures taken 7 days after ST or in the NST group. The arrow represents the treatment or veh injection. Spontaneous nociception was analyzed by the mouse grimace scale (MGS). Data are expressed as mean ± S.E.M. (n = 8). *p < 0.05, when compared vehicle/stressed group (ST) or between the sexes within the ST group. #p < 0.05 when compared to the NST group §p < 0.05 when compared to the vehicle (Veh) treated group [repeated measures two-way ANOVA followed by Bonferroni’s post hoc test].
3.5 The CGRP Antagonist Reverted the Anxiety-Like Symptoms and Increased Exploratory Activity Induced by the Unpredictable Sound Stress
The effect of BIBN4096BS treatment was evaluated 1 h after drug administration using the open field test. We perceived that the drug was able to reverse the alterations observed post-stress induction, reverting the grooming parameter in male and female ST mice compared to the vehicle-treated group (Figure 6A) and reverting the reduced exploratory behavior, expressed as the sniffing time, in ST mice compared to the vehicle-treated group (Figure 6B). BIBN4096BS was also able to increase the rearing behavior (Figure 6C) in ST mice compared to the vehicle group (Figure 6D). Regarding the number of crossings, the treatment reverted the stress effect in female mice (Figures 6D,E) compared to females of the vehicle group. Finally, the treatment reduced the time spent in the peripheral zone in the ST group when compared to the vehicle group (Figures 6F,G), but the treatment did not affect the distance traveled (Supplementary Figure S3B). The treatment showed no significant difference in the effects (anxiety-like symptoms and exploratory activity) of BIBN4096BS for male and female ST mice (Figure 6).
[image: Figure 6]FIGURE 6 | CGRP antagonist reverts the anxiety-like symptoms and increased exploratory activity after unpredictable sound stress. BIBN4096BS (olcegepant, 100 mg/kg) intraperitoneal (i.p.) administration reverted the alterations of different behavioral parameters: Time spent (A) grooming (B) sniffing (C) rearing (D) the number of crossings (E) representative image of crossings represented by track plot (F) time in the peripheral zone were observed in the open field test at day 7 post-stress (ST group) or in non-stressed group (NST) 1 hour-post BIBN4096BS administration. (G) Representative image of time in the peripheral zone represented by heat map. Data are expressed as mean ± S.E.M. (n = 8). *p < 0.05, when compared between the sexes within the ST group. #p < 0.05 when compared to the NST group. §p < 0.05 when compared to the vehicle (Veh) treated group [repeated measures two-way ANOVA followed by Bonferroni’s post hoc test].
4 DISCUSSION
Migraine has a higher prevalence in females and negatively affects the quality of life of patients (Feigin et al., 2020). Stress is a common trigger reported in migraine patients, but the underlying mechanisms are poorly understood (Kelman, 2007; Viero et al., 2022a). Indeed, different types of stress, such as repetitive restrain stress paradigm, social defeat stress, chronic variable stress, and early life stress have been used as models of migraine-like behavior in animals (Kaufmann and Brennan, 2018; Avona et al., 2020a; Eller et al., 2021). In this sense, the unpredictable sound stress was used as a model to induce painful hypersensitivity in rats (Khasar et al., 2009; Dina et al., 2011). Sound stress also represents a type of stress that normally occurs in humans (Ishikawa et al., 2019; Yamashita et al., 2021). However, nociceptive behaviors have not been evaluated in this stress model in mice, and this model has not yet been characterized as a model of migraine. Thus, we have characterized migraine-like behaviors in a stress model mediated by unpredictable sound in male and female mice.
In this sense, previous studies have shown that a significant proportion of individuals with migraine have experienced cutaneous allodynia and spontaneous pain during episodes of headache (Karsan and Goadsby, 2018). Different models of migraine evaluate the development of periorbital and hind paw allodynia, and grimacing pain behavior (Kaufmann and Brennan, 2018; Avona et al., 2020a). Here, we detected these nociceptive parameters after the induction of unpredictable sound stress, with a nociceptive peak at day 7 post-stress induction. Recently, using a model of repeated restrain stress in mice, Avona and others (Avona et al., 2020a) showed PMA and grimacing pain behavior in mice. Similarly, we also observed that nociception was not detected 14 days after stress induction, either in terms of mechanical allodynia or grimacing pain behavior. Thus, we have characterized a new model of migraine-like pain induced by unpredictable sound stress. We demonstrated an enhanced plasma corticosterone level on day 1 after stress induction, which corroborates the previous studies utilizing the same model in rats (Strausbaugh et al., 2003; Khasar et al., 2008). This is an interesting model because migraine patients are more conscious of sound, and studies have described that sound could be a stress factor to induce migraine pain attacks (Ishikawa et al., 2019; Yamashita et al., 2021).
Avona and others also demonstrated that stress induction in mice elicits migraine-like behaviors, causing a sensitization in all the studied animals (Avona et al., 2020a). On the other hand, it is known in the literature that stress does not induce a migraine attack in all patients, and, in non-migraineurs, stress does not produce migraine (Stubberud et al., 2021). However, other animal models of headache and migraine developed in mice and rats also induced nociception in all the animals, as demonstrated by prior surveys (Dina et al., 2011; Avona et al., 2020b; Eller et al., 2021).
While head pain is a typical feature of migraine attacks, it also often presents with cutaneous hypersensitivity in the rest of the body (Goadsby et al., 2017). Stress also has a relationship with the development of allodynia in other primary headache disorders such as tension-type headache (Cathcart et al., 2008). Also, cutaneous allodynia reflects central sensitization that might be occurring clinically. However, the mechanisms by which extracranial allodynia occurs remain largely unknown. Additionally, it is already described that an animal model of migraine headache that produced reproducible and quantifiable cutaneous allodynia could be utilized to mechanistically study the development and maintenance of migraine-related pain (Edelmayer et al., 2012).
Migraine is also associated with psychiatric disorders, such as anxiety (Karimi et al., 2021). Some previous studies indicate that nociception in migraine-like models could be accompanied by exploratory behavior alteration and anxiety-like symptoms (Araya et al., 2020; Taheri et al., 2020). In this respect, we also detected that stress induction decreased the time of different exploratory behaviors, such as rearing and sniffing, and the number of crossings. In addition, stress was correlated with an increased grooming time and permanence in the peripheral zone. In previous studies using models of migraine, a reduction in rearing behavior was accepted as being indicative of spontaneous pain and a decrease in feeding and exploratory behavior (Edelmayer et al., 2012), an increase in facial grooming (Filiz et al., 2019) was also correlated to migraine-like pain. After exposure to repeated stress, mice stayed longer in the peripheral zone than the control mice (Kaufmann and Brennan, 2018; Hwang et al., 2020), which is a behavior parameter widely used for assessing anxiety (Seibenhener and Wooten, 2015). Additionally, in the migraine-like model induced by nitroglycerin, authors verified increased anxiety-like symptoms in the open field test in rats (Taheri et al., 2020). Our study also presented other aspects related to migraine-like pain, such as anxiety-like symptoms and a decrease in exploratory behavior, which are relevant aspects of a model of migraine (Kaufmann and Brennan, 2018; Avona et al., 2020a; Hwang et al., 2020).
Migraine affects three times more women than men, but the mechanisms underlying this dimorphism are not known (Vetvik and MacGregor, 2017; Avona et al., 2020a). Some studies have shown a sexual dimorphism in migraine-like models, with female rodents showing higher nociceptive and anxiety-like responses (Araya et al., 2020). Recently, using a migraine model induced by nitroglycerin i. p. injection, a sexual dimorphic effect was detected, in which females had higher nociception than males (Alarcón-Alarc ón et al., 2021). However, most of the studies using models of migraine have not evaluated sexual differences, and male mice or rats are normally tested (Khasar et al., 2009; Taheri et al., 2020). Previous studies utilizing sound stress have demonstrated hind paw nociception but have only performed the nociceptive tests in male rats (Crettaz et al., 2013). Only one study evaluated sexual differences in mice after stress induction (repeated restrain stress) but did not find any difference in PMA and grimacing pain behavior (Avona et al., 2020a). Nevertheless, we have demonstrated that unpredictable sound stress induces higher nociceptive and anxiety-like parameters in females than in ST males, and it is likely that the differences detected could be induced by the stress model used.
Besides, TNF-α and IL-6 showed that increased plasma levels have already been demonstrated in migraine patients compared to healthy controls (Oliveira et al., 2017; Kursun et al., 2021). Similarly, in rodents, pro-inflammatory cytokines were described as inductors of primary afferent nociceptors sensitization (Khasar et al., 2008; Kursun et al., 2021) and high CGRP plasma levels have already been demonstrated in external jugular venous blood, saliva, and cerebrospinal fluid of migraine patients during an attack (Alpuente et al., 2020). The migraine animal model also induces an increase in circulating CGRP levels in plasma (Cohen et al., 2021; Sun et al., 2021) and cerebrospinal fluid of the nestin/hRAMP1 transgenic mice (Recober et al., 2009). Additionally, CGRP may trigger the release of pro-inflammatory cytokines (Ray et al., 2021), particularly IL-6 and TNF-α, which are also increased in the plasm of migraine patients (Yücel et al., 2016; Conti et al., 2019).
In accordance with these findings, we have demonstrated that unpredictable sound stress induced elevated levels of circulating of IL-6, TNF-α, and CGRP in male and female mice. Acute stress models, including restrain and social isolation, caused high plasma levels of IL-6 (Qing et al., 2020; Shi et al., 2022). However, no model of stress-inducing migraine-like behavior had done this measure before (Kaufmann and Brennan, 2018; Avona et al., 2020a; Eller et al., 2021). The injection of IL-6 (dura mater and cisterna magna) and CGRP (dura mater and intraganglionar injection) induced nociception (Avona et al., 2019a; Araya et al., 2020), and dural meningeal nociceptors were also sensitized by TNF-α application (Zhang et al., 2011). Additionally, unpredictable sound stress model-induced muscle nociception could be reduced by antisense injection to IL-6 or TNF-α receptors (Dina et al., 2011). Seeking to elucidate the sexual dimorphism presented in nociceptive parameters, the ST females presented higher levels of TNF-α, IL-6, and CGRP levels than male ST mice. Our results corroborate the study of Avona and others, in which the sexually dimorphic effect of CGRP female-specific hypersensitivity responses was seen in mice, where increased grimace responses were also observed (Avona et al., 2019b). In fact, estrogen has been shown to regulate the release of CGRP (Stucky et al., 2011; Pota et al., 2017). The data presented are innovative and, to our knowledge, have not previously been assessed in migraine models. Thus, this model can be explored in future preclinical studies and research with migraine patients.
Recent reports indicate that mechanisms of pain may differ between the sexes, and a potential role for spinal prolactin has been implicated in the production of IL-6 induced hind paw allodynia (Mapplebeck et al., 2017; Al-Hassany et al., 2020) and a co-injection of prolactin with IL-6 similarly increases hind paw hypersensitivity in female mice (Patil et al., 2019). Furthermore, several studies have indicated that fluctuations of ovarian steroid hormone (mainly estrogen) levels modulate CGRP in the trigeminovascular system during different reproductive milestone migraine and suggest that female-specific mechanisms downstream of CGRP receptor activation contribute to the higher prevalence of migraine in women (Labastida-Ramírez et al., 2019).
Recent clinical studies have further confirmed a protagonist of CGRP in migraine due to the use of CGRP signaling inhibitors, such as antagonists and monoclonal antibodies to CGRP receptor (Halker Singh et al., 2019). Here, we have demonstrated that a CGRP receptor antagonist had an antinociceptive and anxiolytic-like effect and reverted the reduced exploratory behavior alterations, showing similar efficacy in male and female ST mice. Olcegepant (BIBN4096BS) was also used to reduce the nociception observed in other models of migraine (Dalenogare et al., 2021). Using a model of repetitive retrain stress, the authors also showed that CGRP signaling may be involved in the migraine-like behaviors detected in this model of stress. In this study, the CGRP monoclonal antibody ALD405 reduced nociception, mainly in female mice, but the authors used the priming effect of a nitric oxide donor (Avona et al., 2020a). In migraine patients, olcegepant can reduce migraine pain in both male and female patients (Xu and Sun, 2019). Besides, intracerebroventricular CGRP infusions are reported to be involved in various behaviors suggestive of anxiety (Clemow et al., 2020). In this sense, the CGRP antagonist showed antidepressant-like effects in stressed mice, and CGRP antagonism has been shown to suppress anxiety-like behaviors in rats (Filiz et al., 2019).
In fact, more experiments are needed for a solid conclusion regarding the difference between males and females and the effect of the antagonist BIBN4096BS on cytokines and CGRP levels. Nonetheless, this is an exploratory study in which we preferred to perform the acute treatment to verify if the drug would have an antinociceptive effect or alter the anxiety-like and locomotor parameters. To elucidate the mechanism of migraine triggered by the unpredictable sound, later it is intended to do the BIBN4096BS treatment for more days, as a chronic treatment. Also, in a future study, it will be interesting to verify if IL-6, TNF-α, and CGRP levels are affected by BIBN4096BS treatment. Besides, interestingly, Avona and others (Avona et al., 2020a) showed that after repeated restraint stress, mice have PMA and grimacing pain behavior, but after 14 days of stress, induction nociception was not detected. Then, they injected IL-6, inflammatory soup, and nitroglycerin, and a hyperalgesic priming (or latent sensitization) was observed. Thus, in future studies, it will be interesting to verify if the same type of effect occurs with the unpredictable sound stress model.
Our data show that the unpredictable sound stress model in mice causes periorbital/hind paw mechanical allodynia and grimacing pain behavior. In this model, we also detected anxiety-like symptoms and decreased exploratory activity. The nociception, anxiety-like behavior, and exploratory activity alterations detected in this model showed sexual dimorphism; thus, female mice presented higher levels of hind paw mechanical allodynia, PMA, grimacing pain behavior, and anxiety-like symptoms after stress induction. In addition, we demonstrated that ST female mice presented lower levels of exploratory behavior than males of the same group, and the plasma levels of inflammatory cytokines (IL-6 and TNF-α) and CGRP were increased in ST mice, particularly in the females. The CGRP antagonist also caused an antinociceptive effect in male and female ST mice, reducing the anxiety-like behavior and associated exploratory alterations related to this model. Therefore, these data support the use of this stress priming model in the study of the mechanisms, by which stress contributes to migraine-related pain and anxiety-like symptoms.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The animal study was reviewed and approved by the Ethics Committee on the Use of Animals (CEUA) of the Federal University of Santa Maria, number: 9818180820.
AUTHOR CONTRIBUTIONS
FV and GT: designed the research (research plan formulation and study oversight); FV, PG, JF, ND, MF, AD, GP, MP, GB, RN, PG, and JF performed experiments, analyzed, and interpreted data. FV and GT interpreted data and contributed to the writing of the manuscript. All authors read and approved the final manuscript.
FUNDING
Fellowships from the Conselho Nacional de Desenvolvimento Científico (CNPq) and Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES) are also acknowledged. Fellowship to FV from CAPES (process #88887.501615/2020-00) and PR from CAPES (process #88887.501568/2020-00). GT is recipient of a fellowship from CNPq (process #303531/2020-7).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The authors thank Jon D. Levine for helping with unpredictable sound protocol. Also, the International Society for Advancement of Cytometry Marylou Ingram Scholar (ISAC). This paper was posted on a preprint server Authorea https://doi.org/10.22541/au.164873348.84448275/v1 (Viero et al., 2022b).
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2022.911105/full#supplementary-material
REFERENCES
 Al-Hassany, L., Haas, J., Piccininni, M., Kurth, T., Maassen Van Den Brink, A., and Rohmann, J. L. (2020). Giving Researchers a Headache - Sex and Gender Differences in Migraine. Front. Neurol. 11, 549038. doi:10.3389/fneur.2020.549038
 Alarcón-Alarcón, D., Cabañero, D., de Andrés-López, J., Fernández-Ballester, G., Fernández-Carvajal, A., and Ferrer-Montiel, A.Androgenic TRPM8 Activity Drives Sexual Dimorphism in a Murine Model of Chronic Migraine. doi:10.21203/rs.3.rs-960579/v12021
 Alpuente, A., Gallardo, V, Asskour, L, Caronna, E, Torres-Ferrus, M, and Pozo-Rosich, P. (2020). Salivary CGRP as Diagnostic and Migraine Attack Phase Monitor Biomarker: CGRP (In)dependent Attacks. medRxiv 42 (3), 186–196. doi:10.1177/03331024211040467
 Antoniazzi, C. T. D., Nassini, R., Rigo, F. K., Milioli, A. M., Bellinaso, F., Camponogara, C., et al. (2019). Transient Receptor Potential Ankyrin 1 (TRPA1) Plays a Critical Role in a Mouse Model of Cancer Pain. Int. J. cancer 144 (2), 355–365. doi:10.1002/ijc.31911
 Araya, E. I., Turnes, J. M., Barroso, A. R., and Chichorro, J. G. (2020). Contribution of Intraganglionic CGRP to Migraine-like Responses in Male and Female Rats. Cephalalgia 40 (7), 689–700. doi:10.1177/0333102419896539
 Avona, A., Burgos-Vega, C., Burton, M. D., Akopian, A. N., Price, T. J., and Dussor, G. (2019). Dural Calcitonin Gene-Related Peptide Produces Female-specific Responses in Rodent Migraine Models. J. Neurosci. 39 (22), 4323–4331. doi:10.1523/JNEUROSCI.0364-19.2019
 Avona, A., Mason, B. N., Lackovic, J., Wajahat, N., Motina, M., Quigley, L., et al. (2020). Repetitive Stress in Mice Causes Migraine-like Behaviors and Calcitonin Gene-Related Peptide-dependent Hyperalgesic Priming to a Migraine Trigger. Pain 161 (11), 2539–2550. doi:10.1097/j.pain.0000000000001953
 Avona, A., Mason, B. N., Lackovic, J., Wajahat, N., Motina, M., Quigley, L., et al. (2020). Repetitive Stress in Mice Causes Migraine-like Behaviors and Calcitonin Gene-Related Peptide-dependent Hyperalgesic Priming to a Migraine Trigger. Pain 161 (11). doi:10.1097/j.pain.0000000000001953
 Avona, A., Burgos-Vega, C., Burton, M. D., Akopian, A. N., Price, T. J., and Dussor, G. (2019). Dural Calcitonin Gene-Related Peptide Produces Female-specific Responses in Rodent Migraine Models. J. Neurosci. 39 (22), 4323–4331. doi:10.1523/jneurosci.0364-19.2019
 Avona, A., Price, T. J., and Dussor, G. (2021). Interleukin-6 Induces Spatially Dependent Whole-Body Hypersensitivity in Rats: Implications for Extracephalic Hypersensitivity in Migraine. J. Headache Pain 22 (1), 1–12. doi:10.1186/s10194-021-01286-8
 Burgos-Vega, C. C., Quigley, L. D., Trevisan Dos Santos, G., Yan, F., Asiedu, M., Jacobs, B., et al. (2019). Non-invasive Dural Stimulation in Mice: A Novel Preclinical Model of Migraine. Cephalalgia 39 (1), 123–134. doi:10.1177/0333102418779557
 Castillo-Silva, B. E., Martínez-Jiménez, V., Martínez-Castañón, G. A., Medina-Solís, C. E., Aguirre-López, E. C., Castillo-Hernández, J. R., et al. (2019). Expression of Calcitonin Gene-Related Peptide and Pulp Sensitivity Tests in Irreversible Pulpitis. Braz Oral Res. 33, e077. doi:10.1590/1807-3107bor-2019.vol33.0077
 Cathcart, S., Petkov, J., and Pritchard, D. (2008). Effects of Induced Stress on Experimental Pain Sensitivity in Chronic Tension-type Headache Sufferers. Eur. J. Neurol. 15 (6), 552–558. doi:10.1111/j.1468-1331.2008.02124.x
 Clemow, D. B., Johnson, K. W., Hochstetler, H. M., Ossipov, M. H., Hake, A. M., Blumenfeld, A. M., et al. (2020). Lasmiditan Mechanism of Action - Review of a Selective 5-HT1F Agonist. J. Headache Pain 21 (1), 71. doi:10.1186/s10194-020-01132-3
 Cohen, C. F., Prudente, A. S., Berta, T., and Lee, S. H. (2021). Transient Receptor Potential Channel 4 Small-Molecule Inhibition Alleviates Migraine-like Behavior in Mice. Front. Mol. Neurosci. 14, 260. doi:10.3389/fnmol.2021.765181
 Conti, P., D'Ovidio, C., Conti, C., Gallenga, C. E., Lauritano, D., Caraffa, A., et al. (2019). Progression in Migraine: Role of Mast Cells and Pro-inflammatory and Anti-inflammatory Cytokines. Eur. J. Pharmacol. 844, 87–94. doi:10.1016/j.ejphar.2018.12.004
 Crettaz, B., Marziniak, M., Willeke, P., Young, P., Hellhammer, D., Stumpf, A., et al. (2013). Stress-induced Allodynia-Eevidence of Increased Pain Sensitivity in Healthy Humans and Patients with Chronic Pain after Experimentally Induced Psychosocial Stress. PLoS One 8 (8), e69460–7. doi:10.1371/journal.pone.0069460
 Dalenogare, D. P., Ritter, C., Bellinaso, F. R. A., Kudsi, S. Q., Pereira, G. C., Fialho, M. F. P., et al. (2021). Periorbital Nociception in a Progressive Multiple Sclerosis Mouse Model Is Dependent on Trpa1 Channel Activation. Pharm. (Basel) 14 (8). doi:10.3390/ph14080831
 Dina, O. A., Levine, J. D., and Green, P. G. (2011). Enhanced Cytokine-Induced Mechanical Hyperalgesia in Skeletal Muscle Produced by a Novel Mechanism in Rats Exposed to Unpredictable Sound Stress. Eur. J. Pain 15 (8), 796–800. doi:10.1016/j.ejpain.2011.02.005
 Dixon, W. J. (1980). Efficient Analysis of Experimental Observations. Annu. Rev. Pharmacol. Toxicol. 20, 441–462. doi:10.1146/annurev.pa.20.040180.002301
 Edelmayer, R. M., Le, L. N., Yan, J., Wei, X., Nassini, R., Materazzi, S., et al. (2012). Activation of TRPA1 on Dural Afferents: a Potential Mechanism of Headache Pain. Pain 153 (9), 1949–1958. doi:10.1016/j.pain.2012.06.012
 Eller, O. C., Yang, X., Fuentes, I. M., Pierce, A. N., Jones, B. M., Brake, A. D., et al. (2021). Voluntary Wheel Running Partially Attenuates Early Life Stress-Induced Neuroimmune Measures in the Dura and Evoked Migraine-like Behaviors in Female Mice. Front. Physiol. 12, 665732. doi:10.3389/fphys.2021.665732
 Feigin, V. L., Vos, T., Nichols, E., Owolabi, M. O., Carroll, W. M., Dichgans, M., et al. (2020). The Global Burden of Neurological Disorders: Translating Evidence into Policy. Lancet Neurol. 19 (3), 255–265. doi:10.1016/S1474-4422(19)30411-9
 Filiz, A., Tepe, N., Eftekhari, S., Boran, H. E., Dilekoz, E., Edvinsson, L., et al. (2019). CGRP Receptor Antagonist MK-8825 Attenuates Cortical Spreading Depression Induced Pain Behavior. Cephalalgia 39 (3), 354–365. doi:10.1177/0333102417735845
 Gazerani, P., and Cairns, B. E. (2020). Sex-Specific Pharmacotherapy for Migraine: A Narrative Review. Front. Neurosci. 14, 222. doi:10.3389/fnins.2020.00222
 Goadsby, P. J., Holland, P. R., Martins-Oliveira, M., Hoffmann, J., Schankin, C., and Akerman, S. (2017). Pathophysiology of Migraine: A Disorder of Sensory Processing. Physiol. Rev. 97 (2), 553–622. doi:10.1152/physrev.00034.2015
 Halker Singh, R. B., Aycardi, E., Bigal, M. E., Loupe, P. S., McDonald, M., and Dodick, D. W. (2019). Sustained Reductions in Migraine Days, Moderate-To-Severe Headache Days and Days with Acute Medication Use for HFEM and CM Patients Taking Fremanezumab: Post-hoc Analyses from Phase 2 Trials. Cephalalgia 39 (1), 52–60. doi:10.1177/0333102418772585
 Hwang, D. J., Kwon, K. C., Hwang, D. Y., Seo, M. S., Kim, K. S., Jung, Y. S., et al. (2020). Comparative Analysis of Restraint Stress-Induced Depressive-like Phenotypes in C57BL/6N Mice Derived from Three Different Sources. Lab. Anim. Res. 36 (1), 29. doi:10.1186/s42826-020-00062-0
 Ishikawa, T., Tatsumoto, M., Maki, K., Mitsui, M., Hasegawa, H., and Hirata, K. (2019). Identification of Everyday Sounds Perceived as Noise by Migraine Patients. Intern Med. 58 (11), 1565–1572. doi:10.2169/internalmedicine.2206-18
 Karimi, L., Wijeratne, T., Crewther, S. G., Evans, A. E., Ebaid, D., and Khalil, H. (2021). The Migraine-Anxiety Comorbidity Among Migraineurs: A Systematic Review. Front. Neurol. 11, 1782. doi:10.3389/fneur.2020.613372
 Karsan, N., and Goadsby, P. J. (2018). Biological Insights from the Premonitory Symptoms of Migraine. Nat. Rev. Neurol. 14 (12), 699–710. doi:10.1038/s41582-018-0098-4
 Kaufmann, D., and Brennan, K. C. (2018). The Effects of Chronic Stress on Migraine Relevant Phenotypes in Male Mice. Front. Cell Neurosci. 12, 294. doi:10.3389/fncel.2018.00294
 Kelman, L. (2007). The Triggers or Precipitants of the Acute Migraine Attack. Cephalalgia 27 (5), 394–402. doi:10.1111/j.1468-2982.2007.01303.x
 Khan, S., Amin, F. M., Christensen, C. E., Ghanizada, H., Younis, S., Olinger, A. C. R., et al. (2019). Meningeal Contribution to Migraine Pain: a Magnetic Resonance Angiography Study. Brain 142 (1), 93–102. doi:10.1093/brain/awy300
 Khasar, S. G., Burkham, J., Dina, O. A., Brown, A. S., Bogen, O., Alessandri-Haber, N., et al. (2008). Stress Induces a Switch of Intracellular Signaling in Sensory Neurons in a Model of Generalized Pain. J. Neurosci. 28 (22), 5721–5730. doi:10.1523/JNEUROSCI.0256-08.2008
 Khasar, S. G., Dina, O. A., Green, P. G., and Levine, J. D. (2009). Sound Stress-Induced Long-Term Enhancement of Mechanical Hyperalgesia in Rats Is Maintained by Sympathoadrenal Catecholamines. J. Pain 10 (10), 1073–1077. doi:10.1016/j.jpain.2009.04.005
 Kursun, O., Yemisci, M., van den Maagdenberg, A. M. J. M., and Karatas, H. (2021). Migraine and Neuroinflammation: the Inflammasome Perspective. J. Headache Pain 22 (1), 55. doi:10.1186/s10194-021-01271-1
 Labastida-Ramírez, A., Rubio-Beltrán, E., Villalón, C. M., Maassenvandenbrink, A., Villaló, C. M., and Maassenvandenbrink, A. (2019). Gender Aspects of CGRP in Migraine. Cephalalgia , 435–444. 
 Langford, D. J., Bailey, A. L., Chanda, M. L., Clarke, S. E., Drummond, T. E., Echols, S., et al. (2010). Coding of Facial Expressions of Pain in the Laboratory Mouse. Nat. Methods 7 (6), 447–449. doi:10.1038/nmeth.1455
 Mapplebeck, J. C., Beggs, S., and Salter, M. W. (2017). Molecules in Pain and Sex: A Developing Story. Mol. Brain 10 (1), 9–8. doi:10.1186/s13041-017-0289-8
 McGrath, J. C., and Lilley, E. (2015). Implementing Guidelines on Reporting Research Using Animals (ARRIVE etc.): New Requirements for Publication in BJP. Br. J. Pharmacol. 172 (13), 3189–3193. doi:10.1111/bph.12955
 Oliveira, A. B., Bachi, A. L. L., Ribeiro, R. T., Mello, M. T., Tufik, S., and Peres, M. F. P. (2017). Unbalanced Plasma TNF-α and IL-12/IL-10 Profile in Women with Migraine Is Associated with Psychological and Physiological Outcomes. J. Neuroimmunol. 313, 138–144. doi:10.1016/j.jneuroim.2017.09.008
 Patil, M., Belugin, S., Mecklenburg, J., Wangzhou, A., Paige, C., Barba-Escobedo, P. A., et al. (2019). Prolactin Regulates Pain Responses via a Female-Selective Nociceptor-specific Mechanism. iScience 20, 449–465. doi:10.1016/j.isci.2019.09.039
 Pota, V., Quagliariello, V., Armenia, E., Aurilio, C., Passavanti, M. B., Sansone, P., et al. (2017). CGRP and Visceral Pain: The Role of Sex Hormones in In Vitro Experiment. J. Cell Biochem. 118 (3), 510–517. doi:10.1002/jcb.25680
 Qing, H., Desrouleaux, R., Israni-Winger, K., Mineur, Y. S., Fogelman, N., Zhang, C., et al. (2020). Origin and Function of Stress-Induced IL-6 in Murine Models. Cell 182 (2), 1660–2387. e14. doi:10.1016/j.cell.2020.08.044
 Ray, J. C., Allen, P., Bacsi, A., Bosco, J. J., Chen, L., Eller, M., et al. (2021). Inflammatory Complications of CGRP Monoclonal Antibodies: a Case Series. J. Headache Pain 22 (1), 121–128. doi:10.1186/s10194-021-01330-7
 Recober, A., Kuburas, A., Zhang, Z., Wemmie, J. A., Anderson, M. G., and Russo, A. F. (2009). Role of Calcitonin Gene-Related Peptide in Light-Aversive Behavior: Implications for Migraine. J. Neurosci. 29 (27), 8798–8804. doi:10.1523/JNEUROSCI.1727-09.2009
 Seibenhener, M. L., and Wooten, M. C. (2015). Use of the Open Field Maze to Measure Locomotor and Anxiety-like Behavior in Mice. J. Vis. Exp. 96, e52434. doi:10.3791/52434
 Shi, W., Zhang, S., Lu, Y., Wang, Y., Zhao, J., and Li, L. (2022). T Cell Responses in Depressed Mice Induced by Chronic Unpredictable Mild Stress. J. Affect Disord. 296, 150–156. doi:10.1016/j.jad.2021.09.064
 Strausbaugh, H. J., Green, P. G., Dallman, M. F., and Levine, J. D. (2003). Repeated, Non-habituating Stress Suppresses Inflammatory Plasma Extravasation by a Novel, Sympathoadrenal Dependent Mechanism. Eur. J. Neurosci. 17 (4), 805–812. doi:10.1046/j.1460-9568.2003.02493.x
 Stubberud, A., Buse, D. C., Kristoffersen, E. S., Linde, M., and Tronvik, E. (2021). Is There a Causal Relationship between Stress and Migraine? Current Evidence and Implications for Management. J. Headache Pain 22 (1), 155–211. doi:10.1186/s10194-021-01369-6
 Stucky, N. L., Gregory, E., Winter, M. K., He, Y. Y., Hamilton, E. S., McCarson, K. E., et al. (2011). Sex Differences in Behavior and Expression of CGRP-Related Genes in a Rodent Model of Chronic Migraine. Headache 51 (5), 674–692. doi:10.1111/j.1526-4610.2011.01882.x
 Sun, S., Zheng, G., Zhou, D., Zhu, L., He, X., Zhang, C., et al. (2021). Emodin Interferes with Nitroglycerin-Induced Migraine in Rats through CGMP-PKG Pathway. Front. Pharmacol. 12, 2899. doi:10.3389/fphar.2021.758026
 Taheri, P., Mohammadi, F., Nazeri, M., Zarei, M. R., Chamani, G., Esfahlani, M. A., et al. (2020). Nitric Oxide Role in Anxiety-like Behavior, Memory and Cognitive Impairments in Animal Model of Chronic Migraine. Heliyon 6 (12), e05654. doi:10.1016/j.heliyon.2020.e05654
 Tonello, L., Rodrigues, F. B., Souza, J. W., Campbell, C. S., Leicht, A. S., and Boullosa, D. A. (2014). The Role of Physical Activity and Heart Rate Variability for the Control of Work Related Stress. Front. Physiol. 5, 67. doi:10.3389/fphys.2014.00067
 Vetvik, K. G., and MacGregor, E. A. (2017). Sex Differences in the Epidemiology, Clinical Features, and Pathophysiology of Migraine. Lancet Neurol. 16 (1), 76–87. doi:10.1016/S1474-4422(16)30293-9
 Viero, F., Rodrigues, P., Frare, J., da Silva, N., Ferreira, M., da Silva, A., et al. (2022). Unpredictable Sound Stress Model Causes Migraine-like Behaviors in Mice with Sexual Dimorphism. Authorea Prepr.
 Viero, F. T., Rodrigues, P., and Trevisan, G. (2022). Cognitive or Daily Stress Association with Headache and Pain Induction in Migraine and Tension-type Headache Patients: a Systematic Review. Expert Rev. Neurother. 22 (3), 257–268. doi:10.1080/14737175.2022.2041414
 Xu, F., and Sun, W. (2019). Network Meta-Analysis of Calcitonin Gene-Related Peptide Receptor Antagonists for the Acute Treatment of Migraine. Front. Pharmacol. 10, 795. doi:10.3389/fphar.2019.00795
 Yamashita, A., Moriya, S., Nishi, R., Kaminosono, J., Yamanaka, A., and Kuwaki, T. (2021). Aversive Emotion Rapidly Activates Orexin Neurons and Increases Heart Rate in Freely Moving Mice. Mol. Brain 14 (1), 104–116. doi:10.1186/s13041-021-00818-2
 Yücel, M., Kotan, D., Çiftçi, G. G., Ciftci, I., and Çikriklar, H. I. (2016). Serum Levels of Endocan, Claudin-5 and Cytokines in Migraine. Eur. Rev. Med. Pharmacol. Sci. 20 (5), 930.
 Zhang, X. C., Kainz, V., Burstein, R., and Levy, D. (2011). Tumor Necrosis Factor-α Induces Sensitization of Meningeal Nociceptors Mediated via Local COX and P38 MAP Kinase Actions. Pain 152 (1), 140–149. doi:10.1016/j.pain.2010.10.002
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Viero, Rodrigues, Frare, Da Silva, Ferreira, Da Silva, Pereira, Ferreira, Pillat, Bocchi, Nassini, Geppetti and Trevisan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-13-911105-g005.gif





OPS/images/fphar-13-911105-g006.gif





OPS/images/fphar-13-911105-g003.gif





OPS/images/fphar-13-911105-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Unpredictable Sound Stress Model Causes Migraine-Like Behaviors in Mice With Sexual Dimorphism		Highlights

		1 Introduction

		2 Methods		2.1 Animals

		2.2 Reagents

		2.3 Stress Induction

		2.4 Treatment Protocol

		2.5 Behavioral Experiments

		2.6 Nociceptive Tests

		2.7 Open Field Test

		2.8 Sample Collection and Analysis

		2.9 Corticosterone Plasma Levels

		2.10 CGRP Assay

		2.11 Cytokine Level Determination in Plasma Samples

		2.12 Statistical Analysis





		3 Results		3.1 Unpredictable Sound Stress Evokes PMA, Hind Paw Mechanical Allodynia, and Grimacing Pain Behavior

		3.2 Induction of Anxiety-Like Symptoms and Decrease in Exploratory Activity After Unpredictable Sound Stress

		3.3 Unpredictable Sound Stress Induces an Increase in IL-6, TNF-α, and CGRP Levels in Plasma

		3.4 The CGRP Antagonist Reduced the Migraine-Like Behaviors Induced by the Unpredictable Stress Model in Mice

		3.5 The CGRP Antagonist Reverted the Anxiety-Like Symptoms and Increased Exploratory Activity Induced by the Unpredictable Sound Stress





		4 Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Pharmacology






OPS/images/fphar-13-911105-g001.gif





OPS/images/fphar-13-911105-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





