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Migraine is a common neurological disorder with few available treatment options. Recently, we have demonstrated the role of transient receptor potential cation channel subfamily C member 4 (TRPC4) in itch and the modulation of the calcitonin gene-related peptide (CGRP), a biomarker and emerging therapeutic target for migraine. In this study, we characterized the role of TRPC4 in pain and evaluated its inhibition as anti-migraine pain therapy in preclinical mouse models. First, we found that TRPC4 is highly expressed in trigeminal ganglia and its activation not only mediates itch but also pain. Second, we demonstrated that the small-molecule inhibitor ML204, a specific TRPC4 antagonist, significantly reduced episodic and chronic migraine-like behaviors in male and female mice after injection of nitroglycerin (NTG), a well-known migraine inducer in rodents and humans. Third, we found a significant decrease in CGRP protein levels in the plasma of both male and female mice treated with ML-204, which largely prevented the development of chronic migraine-like behavior. Using sensory neuron cultures, we confirmed that activation of TRPC4 elicited release of CGRP, which was significantly diminished by ML-204. Collectively, our findings identify TRPC4 in peripheral sensory neurons as a mediator of CGRP release and NTG-evoked migraine. Since a TRPC4 antagonist is already in clinical trials, we expect that this study will rapidly lead to novel and effective clinical treatments for migraineurs.
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INTRODUCTION

Migraine is a recurrent headache disorder affecting about 15% of the worldwide population with severe impact on patients’ lives, substantive healthcare costs, and loss of productivity (Vos et al., 2016). Migraine is characterized by various symptoms such as throbbing head pain, nausea, as well as hypersensitivity to light, sounds, and touch (Bigal et al., 2008; Goadsby, 2009). Hypersensitivity to touch (i.e., cutaneous mechanical allodynia) is often reported by migraineurs and is a common feature in animal models of migraine (Mathew et al., 2004; Pradhan et al., 2014; Lipton et al., 2017). While mechanisms leading to various symptoms are still incompletely known, transient receptor potential (TRP) channels are emerging as promising therapeutic targets for migraine (Dussor et al., 2014; Benemei and Dussor, 2019).

More than 30 TRP channels have been identified to date with a broad range of functions spanning from detection of various endogenous and exogenous ligands to sensing of temperature, pH, osmolarity, and mechanical stimuli (Clapham et al., 2001; Patapoutian et al., 2009). A number of these channels, including transient receptor potential cation channel subfamily A, member 1 (TRPA1); subfamily V, member 1 (TRPV1), subfamily V, member 4 (TRPV4), and subfamily M, member 8 (TRPM8) are highly expressed in primary sensory neurons and play a role in migraine (Dussor et al., 2014; Benemei and Dussor, 2019). Mutations in TRPA1, TRPV1, and TRPM8 have been linked to migraine (Chasman et al., 2011; Carreño et al., 2012; Ghosh et al., 2013; Dussor et al., 2014; Fan et al., 2014; Benemei and Dussor, 2019; Kowalska et al., 2020). Several studies have focused on a prominent role of TRPA1 in migraine, as a variety of environmental TRPA1 activators are well-known migraine triggers (S Benemei et al., 2014). Additionally, preclinical data support the activation of TRPA1 in migraine mechanisms such as increased dural blood flow and neurogenic vasodilatation via the release of calcitonin gene-related peptide (CGRP), a neuropeptide for which monoclonal antibodies have been recently FDA-approved for the treatment of migraine (Tso and Goadsby, 2017).

Transient receptor potential cation channel subfamily C members (TRPC1–TRPC7) are non-selective cation channels, which can mediate transmission of different forms of sensory information when activated by G protein-coupled receptors in various tissues (Sun et al., 2020). Among them, transient receptor potential cation channel subfamily C member 4 (TRPC4) and member 5 (TRPC5) are expressed in primary sensory neurons and have been implicated in itch and pain (Westlund et al., 2014; Wei et al., 2015; Lee et al., 2020; Sun et al., 2020; Sadler et al., 2021). We have recently characterized the expression of TRPC4 in primary sensory neurons expressing CGRP and demonstrated a functional and therapeutic role of TRPC4 in primary sensory neurons in an animal model of psoriasis (Lee et al., 2020). Importantly, we found that pharmacological inhibition of TRPC4 resulted in the reduction of psoriasiform skin inflammation and itch via a decrease of cutaneous pro-inflammatory cytokine and CGRP levels (Lee et al., 2020).

TRPC4 via its expression in primary sensory neurons and regulation of CGRP may represent a novel therapeutic target for migraine. However, the role of this channel in migraine has not yet been investigated. Here, we used a combination of behavioral, cellular, and biochemical approaches to reveal the function and therapeutic value of targeting TRPC4 in the NTG-induced animal model of migraine. Briefly, we demonstrated that TRPC4 is highly expressed in trigeminal sensory neurons mediating both itch and pain, and pharmacological inhibition of TRPC4 significantly reduced NTG-evoked cutaneous mechanical hypersensitivity in male and female mice, as well as high CGRP plasma levels associated with migraine.



MATERIALS AND METHODS


Animals

Mouse experiments were initiated at 8–10 weeks of age in both male and female CD1 mice (strain code: 022, Charles River Laboratories, Wilmington, MA, United States). Mice were housed four per cage at 22 ± 0.5°C under a controlled 14/10 h light/dark cycle, with food and water available ad libitum. All experimental procedures were approved by the Institutional Animal Care and Use Committee at the University of Cincinnati, in accordance with the National Institute of Health and the International Association for the study of Pain. All results are reported according to Animal Research: reporting of in vivo Experiments (ARRIVE) guidelines (Kilkenny et al., 2010). Investigators were blind to animal treatments, no adverse effects were observed during these studies, and all animals were included in statistical analyses.



Cheek Injection Mouse Model

The cheek injection model was utilized to measure pain and itch-related behaviors to different algogens and pruritogens, as previously reported (Shimada and LaMotte, 2008; Lee et al., 2018). Briefly, mouse cheeks were shaved under anesthesia, and mice were habituated to the testing plastic chambers (15 cm × 25 cm × 10 cm) daily for at least 2 days before testing. On the day of testing, mice were placed into the plastic chambers for 30 min and then removed for intradermal injection of 20 μL of the TRPC4 agonist Englerin A (100 μg, Cat# PHL82530, Millipore Sigma, St. Louis, MO, United States) with or without TRPC4 antagonist ML204 (40 μg, Cat# SML0400, Millipore Sigma). Injections of 20 μL of PBS were used as vehicle controls. After injections, mice were returned to the plastic chambers and video recorded for the quantification of itch- and pain-like behaviors. Specifically, we counted the time spent for pain-indicative wipes by a forearm and the number of bouts for itch-indicative scratches by a hind paw over 30 min.



Immunofluorescence

Mice were anesthetized terminally with isoflurane and trigeminal ganglia (TG) tissues were removed and fixed in 4% paraformaldehyde overnight, and subsequently placed in a 30% sucrose solution for 24 h at 4°C. TG tissues were sectioned at 12 μm thickness using a cryostat and processed for immunofluorescence. Tissue sections were initially washed with PBS followed by incubation with BlockAidTM blocking solution (Cat# B10710, Thermo Fisher Scientific) for 30 min. After blocking, tissue sections were incubated overnight with primary goat antibodies against CGRP (1:500; Cat#. ab36001, Abcam, Waltham, MA, United States), primary rabbit antibodies against GS (1:1,000; Cat#. Ab49873, Abcam), primary goat antibodies against IBA1 (1:500; Cat#. NB100-1028, Novus Biologicals, Centennial, CO, United States), and primary sheep antibodies against TRPC4 (1:1,000, Cat# OST00025W, Thermo Fisher Scientific). The following day, sections were washed with PBS then incubated for 1 h at room temperature with secondary anti-goat antibodies conjugated to Alexa Fluor 555 (1:500; Cat# A21432, Thermo Fisher Scientific), anti-sheep antibodies conjugated to Alex Fluor 488 (1:500; Cat# A11015, Thermo Fisher Scientific), and anti-rabbit antibodies conjugated to Alex Fluor 546 (1:500; Cat# A10040, Thermo Fisher Scientific). After incubation with secondary antibodies, some slides were incubated in 300 nM DAPI (Cat# D1306, Thermo Fisher Scientific) or fluorescent Nissl staining solution (1:100; Cat# N21483, Thermo Fisher Scientific) before being washed, air-dried, and coverslipped with Prolong Gold Antifade mounting medium (Thermo Fisher Scientific). Images were acquired and analyzed using a Keyence BZ-X800 microscope.



DiI Labeling of Cutaneous Nerves

To determine whether TG neurons expressing TRPC4 innervate the cheek, we intradermally administered the well-known retrograde nerve tracer 1,10-dioctadecyl-3,3,30,30-tetramethylindocarbocyanine perchlorate (DiI, 100 μl of 1 mg/ml, Cat# D282, Thermo Fisher Scientific) into the cheek and collected TG tissues after 3 days. As expected, we observed intense red fluorescent signal in the neuronal cell bodies corresponding to the Ophthalmic (V1) and Maxillary (V2) TG branches, which mostly innervate the cheek.



Nitroglycerin Mouse Model of Migraine

To produce an acute and chronic migraine animal model, mice were treated with nitroglycerin (NTG, Cat# 0517-4810-25, American Reagent, Shirley, NY, United States). Briefly, NTG was diluted on each test day in 0.9% saline solution to a concentration of 1 mg/ml for a dose of 10 mg/kg. Mice were intraperitoneally administered NTG once to mimic an acute migraine attack, or repeatedly every other day (day 0, 2, 4, 6, 8) to induce chronic migraine. A 0.9% saline solution was used as a vehicle control. The NTG model of migraine is now widely used and produces robust migraine-like pain behavior in mice (Pradhan et al., 2014). Migraine-like pain behavior was measured 2 h after NTG injection in the acute model, and on alternate days to NTG injections (days 1, 3, 5, 7, and 9) in the chronic model. On the final day of testing (Day 9), mice were anesthetized with isoflurane and blood was collected via intracardiac puncture, and lumbar DRG were harvested and placed in dry ice. Blood and tissue were stored in −20°C until further processing.



Sensory Sensitivity Testing

Paw withdrawal thresholds to mechanical stimuli were evaluated using a series of calibrated von Frey monofilaments (Stoelting Co., Wood Dale, IL, United States). Briefly, mice were first acclimatized (60 min) in individual clear Plexiglas boxes on an elevated wire mesh platform to facilitate access to the plantar surface of the hind paws. Subsequently, a series of von Frey monofilaments (0.02, 0.07, 0.16, 0.4, 0.6, 1.0, and 1.4 g) were applied perpendicular to the plantar surface of the hindpaw. The test began with an application of a 0.6 g filament. A positive response was defined as a clear paw withdrawal or shaking. Whenever a positive response occurred, the next lower filament was applied, and whenever a negative response occurred, the next higher filament was applied. The testing consisted of six up-and-down stimuli, and the pattern of response was converted to a 50% von Frey withdrawal threshold as previously reported (Chaplan et al., 1994).



Cell Cultures

Trigeminal ganglia and DRG cell cultures were prepared as previously described (Lee et al., 2018; Tonello et al., 2019). Briefly, mice were terminally anesthetized with isoflurane, and TGs or lumbar, thoracic, and cervical DRGs were bilaterally removed aseptically from 8-week-old mice. Removed TG or DRG tissues were incubated in papain (60 U, Cat# P3125, Millipore Sigma) for 20 min at 37°C followed by collagenase (1 mg/ml, Cat# C6885, Millipore Sigma) for another 20 min at 37°C. Tissues were mechanically dissociated, and cells were then cultured in Dulbecco’s Minimal Essential Medium (Cat# 15017CV, Corning Inc., Corning, NY, United States) completed with 10% fetal bovine serum and 1% pen/strep in eight-well chambered cell culture slides (Cat# 354118, Corning) precoated with a cell and tissue adhesive (Geltrex, Cat# A1569601, Thermo Fisher Scientific). Cultures were incubated at least 24 h at 37°C with 5% carbon dioxide before each experiment. These cultures were treated with PBS vehicle control or TRPC4 agonist Englerin A (100 nM to 10 mM) with or without ML204 (100 μM) for 24 h and then culture media were collected and stored at −80°C for further ELISA analyses.



ELISA

An ELISA kit for CGRP was purchased from Cayman Chemical (Cat# 589001, Ann Arbor, MI, United States). ELISA was performed using culture media or protein extracts from DRG tissues. For protein extracts, mice were terminally anesthetized with isoflurane 9 days after repeated NTG or vehicle injections and lumbar DRGs were rapidly removed. DRGs were homogenized in RIPA lysis and extraction buffer (Cat# 89900, Thermo Fisher Scientific, Waltham, MA, United States), and protein concentrations were measured by the Qubit protein assay (Cat# Q33211, Thermo Fisher Scientific). A standard curve was included in each experiment, and CGRP protein levels measured according to the manufacturer’s instruction using a PerkinElmer EnVision plate reader.



Quantitative Real-Time RT-PCR

Mice were terminally anesthetized with isoflurane and TGs from naïve mice or lumbar DRGs from mice repeatedly injected with NTG or vehicle over 9 days were rapidly removed and stored in −20°C until further processing. TGs or DRGs were mechanically dissociated with a grinder, and total RNA was extracted using TRIzol RNA isolation reagent (Cat# 15596026, Thermo Fisher Scientific) and Direct-zol RNA MiniPrep kit (Zymo Research, Irvine, CA, United States). The amount and quality of RNA were assessed by SimpliNano UV-Vis Spectrophotometer (General Electric, Boston, MA, United States) and then converted into cDNA using a high-capacity cDNA reverse transcription kit (Cat# 4368814, Thermo Fisher Scientific). Specific primers for TRPCs, neuropeptides, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were obtained from PrimerBank (Wang et al., 2012). Primer sequences are shown in Supplementary Table 1. Quantitative real-time RT-PCR (qPCR) was performed on a QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific) using PowerUp SYBR Green Master Mix (Cat# A25741, Thermo Fisher Scientific). All samples were analyzed at least in duplicate and normalized by GAPDH expression. The relative expression ratio per condition was calculated based on the method described by Pfaffl (2001).



Statistical Analysis

Prism 9.0 (GraphPad, San Diego, CA, United States) was used for statistical analysis. Statistical tests used are specified at the end of each figure legend. Generally, unpaired, two-tailed Student’s t-test was used for analyses between two groups, whereas one-way or two-way ANOVA coupled with a specific multiple-comparisons test was used for multiple groups and/or conditions. Sample sizes were designed to generate 80% power at two-sided P < 0.05. Data are presented as mean ± SEM, with value derived from independent biological replicates. Adobe Illustrator 25.0 (Adobe, San Jose, CA, United States) was used for illustrations and figure organization.




RESULTS


TRPC4 Mediates Itch and Pain

We have recently reported the involvement of TRPC4 in acute and chronic itch (Lee et al., 2018, 2020). However, there is evidence of an involvement of TRPC4 in visceral and neuropathic pain (Westlund et al., 2014; Wei et al., 2015). To test whether TRPC4 is involved in both itch and pain, we used the cheek mouse model (Shimada and LaMotte, 2008) and examined whether intradermal injection of the TRPC4 agonist Englerin A (20 μl, 100 μg) evokes itch-indicative scratches and pain-indicative wipes (Figure 1A). As expected, injection of Englerin A elicited acute itch-like behaviors demonstrated by the number of scratching bouts directed to the site of injection (Figure 1B). However, Englerin A also induced pain-like behaviors as quantified by an increase in time spent wiping the injected site (Figure 1B). Because Englerin A has been reported to potentially activate TRPC5 (Akbulut et al., 2015), too, we administered ML204 (40 μg), a specific TRPC4 antagonist, and observed that it significantly reduced the duration of wipes (Figure 1C), suggesting that activation of TRPC4 is involved in pain.
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FIGURE 1. TRPC4 activation induces both pain and itch. (A) Illustration of cheek injection model by which pruritogens elicit hind paw scratching responses and algogens evoke unilateral front paw wiping responses. (B) Treatment with Englerin A (100 μg), a TRPC4 agonist, evokes significant increases in both scratching and wiping bouts in male mice. (C) ML204 (40 μg), a TRPC4 antagonist, significantly attenuates Englerin A-evoked wipes. ∗p < 0.05, ∗∗∗p < 0.001, vs. vehicle (PBS). Two-tailed, unpaired Student’s t-test, n = 6 mice/group.




Characterization of TRPC4 Expression in Trigeminal Ganglia

The cheek is innervated by the sensory neurons residing in the trigeminal ganglia (TG). Previously, we found that TRPC4 protein is colocalized with CGRP-positive neurons in dorsal root ganglia (DRG) (Lee et al., 2020). Immunofluorescence revealed robust expression of TRPC4 protein in all three branches of the TG, with the maxillary branch exhibiting 30.9% ± 3.5 S.D. of TRPC4 positive neurons (Figure 2A). Similar to our previous studies in DRG tissues, TRPC4 was found uniquely in neurons and in particular CGRP-positive TG neurons innervating the skin (Supplementary Figures 1A,B). Transcriptional analysis revealed that all TRPC channels were expressed in the TG except for Trpc6, which was undetectable (Figure 2B). Notably, we found similar expression in male and female mice with high expression of Trpc4, moderate expression of Trpc1, Trpc2, and Trpc3, and minimal expression of Trpc5 and Trpc7. This is in contrast with what we found in DRG, where Trpc3 was the highest expressed gene, whereas Trpc4 was only moderately expressed. These data suggest a major role for TRPC4 expression in TG and a potential function in TG-driven pain.
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FIGURE 2. Characterization of TRPC4 expression in trigeminal ganglia (TG) tissue. (A) Illustration of the TG and its three branches (V1–V3) innervating the head and face, and TRPC4 immunofluorescence (green) in the V1, V2, and V3 areas. DAPI (blue) was used as tissue counterstaining. (B) Transcriptional analysis of the TRPCs in TG tissues from male and female mice. GAPDH was used as the housekeeping gene. n = 4–6 mice/sex/group.




TRPC4 Antagonist ML204 Attenuates NTG-Induced Mechanical Hypersensitivity

Because TG and CGRP are critical in migraine pathophysiology and considering our finding that TRPC4 is highly expressed in TG tissues and its inhibition reduced CGRP in a model of psoriasis (Lee et al., 2020), we asked if TRPC4 inhibition may offer a therapeutic option for the treatment of migraine. We used two mouse models of migraine (Figure 3A) consisting of: (1) a single intraperitoneal injection of NTG (i.p., 10 mg/kg) mimicking an acute episodic migraine attack and (2) repeated i.p. injection of NTG (10 mg/kg, one injection every other day) mimicking chronic migraine (Pradhan et al., 2014). Both models evoke the development of a systemic migraine-like mechanical hypersensitivity that can be tested using von Frey monofilaments applied to the hindpaw (Pradhan et al., 2014). We found that a single i.p. injection of the TRPC4 small-molecule inhibitor ML204 (40 μg) significantly reversed the acute mechanical hypersensitivity, as well as daily i.p. injections of ML204 (40 μg, every day) significantly prevented the development of chronic mechanical hypersensitivity in male mice (Figure 3B). It is well documented that women are more susceptible to migraine and the underlying mechanisms in humans and rodents may differ between the two sexes (James et al., 2018; Avona et al., 2019). Remarkably, male and female mice display similar responses to treatments with ML204 significantly reversing acute-induced mechanical hypersensitivity as well as preventing chronic-evoked mechanical hypersensitivity in female mice (Figure 3C). This suggests that TRPC4 inhibition can potentially be used as anti-migraine pain therapy in both men and women.
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FIGURE 3. TRPC4 inhibitor ML204 alleviates NTG-induced episodic and chronic pain in male and female mice. (A) Illustration of the mouse models used for acute (episodic) and chronic migraine, including timelines for treatment and behavioral tests. TRPC4 inhibitor ML204 prevents both acute and chronic mechanical hypersensitivity in male (B) and female (C) mice, which was assessed using a series of von Frey filaments applied to the plantar surface of the hind paw. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, vs. vehicle. Two-way ANOVA followed by Bonferroni’s post hoc test, n = 5–6 mice/sex/group.




ML204 Reduced CGRP Transcripts in DRG Tissues and Protein Levels in Blood Plasma

To explore the mechanisms by which daily TRPC4 inhibition attenuates pain hypersensitivity, we examined transcriptional changes in several neuropeptides enriched in primary sensory neurons and/or previously associated with migraine (Tajti et al., 2015). We found that male mice treated with ML204 vs. vehicle exhibited a significant decrease in transcripts for CGRP (Calca) and no other neuropeptides such as the pituitary adenylate cyclase-activating polypeptide (Pacap) or precursor of substance P (Tac1) in DRG tissues (Figure 4A and Supplementary Figure 2A). Similarly, female mice showed a significant decrease in transcripts for CGRP but also substance P (Figure 4B), whereas other neuropeptides were unchanged (Supplementary Figure 2B). We confirmed a systemic regulation of CGRP at the protein level and found a significant reduction of CGRP protein in blood plasma in both male and female mice after daily treatment with ML204 compared to vehicle (Figure 4C). Of note, CGRP plasma levels were also found significantly elevated in migraineurs and may represent a biomarker of migraine (Cernuda-Morollón et al., 2013).
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FIGURE 4. TRPC4 inhibitor ML204 decreases CGRP transcriptional and protein levels in the chronic migraine mouse model (A,B) Transcriptional analyses of various neuropeptides in DRG tissues from male (A) and female (B) mice treated with ML204 or vehicle control (PBS) after 9 days in the NTG-evoked chronic pain model. ∗p < 0.05 vs. vehicle, two-tailed, unpaired Student’s t-test, n = 4–6 mice/sex/group. (C) Plasma levels of CGRP protein in male and female mice treated with ML204 or vehicle control (PBS) after 9 days in the NTG-evoked chronic pain model. ∗∗p < 0.01, vs. vehicle, two-tailed, unpaired Student’s t-test, n = 5–6 mice/sex/group.




TRPC4 Mediates CGRP Release in Cultured Primary Sensory Neurons

Having demonstrated that systemic delivery of a TRPC4 antagonist, ML204, results in reduced pain and CGRP levels, we next sought to examine the direct effects of a TRPC4 agonist (Englerin A) and antagonist (ML204) on cultured primary sensory neurons. DRG cultured neurons treated with Englerin A exhibited a dose-dependent increase in CGRP release, with 10 μM evoking a robust increase in CGRP protein levels in the culture medium (Figure 5A). In line with a specific action on TRPC4, ML204 treatment resulted in a significant reduction of CGRP release evoked by Englerin A (Figure 5B). Because we needed larger amounts of cultured neurons for our in vivo pharmacological approaches, we have run our experiments collecting neurons from 30 to 40 DRG tissues vs. two TG tissues per animal. However, we confirmed a significant release of CGRP in TG cultured neurons after incubation with Englerin A (Supplementary Figure 3). These results indicate a direct effect of TRPC4 activation on CGRP release in primary sensory neurons.


[image: image]

FIGURE 5. TRPC4 activity controls CGRP release in cultured peripheral sensory neurons. (A) Englerin A (10 μM) elicited CGRP release in the culture media of DRG neurons. ****p < 0.0001, two-tailed, unpaired Student’s t-test, n = 8–14 wells/group. (B) ML204 (100 μM) significantly reduced Englerin A-evoked CGRP release in the culture media. **p < 0.01, two-tailed, unpaired Student’s t-test, n = 4 wells/group.





DISCUSSION

Several members of the TRP channel family play a pivotal role in the generation of various pain conditions, including migraine (Benemei and Dussor, 2019). Here, we have shown that TRPC4 is highly expressed in cutaneous peptidergic sensory neurons in the trigeminal ganglia, a key structure implicated in the generation of migraine (Goadsby, 2009). Indeed, we further demonstrated that pharmacological inhibition of TRPC4 significantly prevented NTG-evoked cutaneous mechanical hypersensitivity and increased plasma levels of migraine-linked neuropeptide CGRP.

A growing number of studies have linked TRP channels with migraine, specifically TRPA1 and TRPV1 channels which are expressed in trigeminal sensory neurons (Patapoutian et al., 2009; Dussor et al., 2014). We have previously identified TRPC4 expression in sensory neurons from dorsal root ganglia as a major driver of serotonergic and psoriasiform itch (Lee et al., 2018, 2020). However, other studies have shown an additional role of TRPC4 in visceral and neuropathic pain (Westlund et al., 2014; Wei et al., 2015). To test whether TRPC4 is associated with itch and pain, we used intradermal cheek injections of the TRPC4 agonist Englerin A and then characterized pruriceptive function by quantifying ensuing itch behavioral responses (hindlimb scratching of cheek) or pain (forelimb wiping of cheek) (Shimada and LaMotte, 2008; Lee et al., 2018). Although activation of TRPC4 in association with serotonin receptor 2B led to intense itch but no pain behavior (Lee et al., 2018), we found that direct stimulation of TRPC4 induced both itch and pain behaviors.

Activation of TRPC4 in primary sensory neurons is likely responsible for these behaviors since we have reported that about 35% of all cultured primary sensory neurons displayed calcium influx after direct stimulation with Englerin A (Lee et al., 2020). To note, calcium influx was almost or totally abolished in neurons from mice lacking TRPC4 expression, suggesting TRPC4 as a major driver of Englerin A in primary sensory neurons. However, we can’t exclude residual actions of Englerin A through TRPC5 (Akbulut et al., 2015). In line with our calcium analysis, we found that about 31% of trigeminal sensory neurons expressed TRPC4 protein with most of them also expressing CGRP and innervating the skin. In contrast, we found no expression of TRPC4 in non-neuronal cells in TG tissue such as satellite glial cells and macrophages. Similar to what we reported for dorsal root ganglia, transcriptional analyses revealed the presence of most TRPC channels in trigeminal ganglia of male and female mice. However, TRPC4 expression was the highest in trigeminal ganglia, whereas TRPC3 expression was the highest in dorsal root ganglia. This is not surprising as differences in transcriptome and translatome have already been documented between these two tissues (Megat et al., 2019). Because of the high expression of TRPC4 in trigeminal ganglia and colocalization with CGRP, we hypothesized that TRPC4 may play a role in migraine.

Drugs targeting TRP channels have been explored for the relief of various pain conditions, but their inhibition has been associated with undesirable adverse effects such as hyperthermia evoked by TRPV1 antagonists (Patapoutian et al., 2009). TRPC4 is not associated with thermoregulation and may represent a better therapeutic target. To test whether TRPC4 inhibition can achieve analgesic effect in migraine, we used systemic injections of NTG in mice. NTG is commonly used to evoke migraine in humans, and in rodents, NTG elicits mechanical hypersensitivity that mimics the sensory hypersensitivity associated with migraine (Mathew et al., 2004; Pradhan et al., 2014; Lipton et al., 2017). Furthermore, migraine often begins as an episodic disorder but can progress to a chronic disorder. Therefore, we tested the effect of TRPC4 inhibition in models of episodic migraine by a single injection of NTG and chronic migraine by repeated injections of NTG (Pradhan et al., 2014). We found that the TRPC4 specific inhibitor ML204 reduced cutaneous mechanical hypersensitivity after a single injection and prevented the development of this hypersensitivity after repeated injections. In addition, women are more susceptible to migraine (James et al., 2018) and different underlying mechanisms have been identified between sexes in mice (Avona et al., 2019), but our results show similar reduction and prevention of mechanical hypersensitivity between male and female mice.

Several neuropeptides can be released from sensory neurons and have been reported to play a critical role in migraine (Tajti et al., 2015). In this study, we have assessed the transcriptional regulation of various neuropeptides in DRG tissues from male and female mice after daily treatment with ML204 and observed a transcriptional decrease only for CGRP transcripts in male mice and CGRP and substance P in female mice. CGRP plasma levels were also reduced in both male and female mice after daily treatment with ML204 suggesting a systemic regulation of this protein. Increases in CGRP levels were observed not only in plasma but also in saliva and CSF of migraineurs during an attack (Edvinsson and Goadsby, 1994; Jang et al., 2011). Previously, we have reported that the therapeutic effect of TRPC4 may be mediated by inhibition of CGRP release from peripheral sensory neurons that innervate various tissues (Lee et al., 2020). Consistent with this report, we demonstrated that TRPC4 activation by Englerin A in cultured peripheral sensory neurons resulted in the release of CGRP, which was inhibited by ML204. Although Englerin A may also activate TRPC5 (Akbulut et al., 2015; Carson et al., 2015), we did not observe an inhibition of CGRP release by a TRPC5 antagonist (preliminary data not shown). CGRP has been implicated in migraine for decades and monoclonal antibodies that target peripheral CGRP signaling are emerging as novel therapeutics (Russell et al., 2014; Tso and Goadsby, 2017). While it has been shown that estrogen can regulate the release of CGRP (Stucky et al., 2011; Pota et al., 2017), we did not find any sex differences in the analgesic effect of TRPC4 and its regulation of CGRP plasma levels. Recently, it has been reported that CGRP may have female-specific actions at nerve endings in peripheral tissues, such as the dura (Avona et al., 2019). However, the small-molecule inhibitor ML204 may penetrate different nervous system tissues and act at nerve endings in peripheral tissues as well as in central nervous system tissues. Furthermore, ML204 may target the release of CGRP in the central nervous system, such as in the brainstem, which may not present sexual dimorphism. It should be noted that even though CGRP is highly expressed in rodent and human fibers projecting to the brainstem (Eftekhari and Edvinsson, 2011), which is active and plays a role in migraine pathophysiology, no study has evaluated the role of male vs. female brainstem in migraine (Maleki and Androulakis, 2019). It is also important to consider that ML204 may regulate not only CGRP but also other neuropeptides. For instance, we found that ML204 treatment slightly but significantly decreased transcripts for substance P in female mice, suggesting that future studies should expand our investigation to additional neuropeptides and molecules associated with migraine.

This investigation presents other limitations that warrant further studies. While hypersensitivity to touch is present in many migraineurs and cutaneous mechanical allodynia is well characterized in the NTG animal model of migraine (Mathew et al., 2004; Pradhan et al., 2014; Lipton et al., 2017), additional animal models and symptoms associated with migraine should be explored to validate the inhibition of TRPC4 as a novel therapeutic approach. TRPC4 inhibition can occur in the peripheral and central nervous systems. Although we showed data suggesting that TRPC4 regulated CGRP release in peripheral sensory neurons, it has been reported that amygdaloid TRPC4/C5 contributes to the maintenance of pain hypersensitivity and pain affect in an animal model of neuropathic pain (Wei et al., 2015). The activation and role of amygdaloid TRPC4/TRPC5 in migraine should be further explored in future studies. Activation of TRPC5 by endogenous lysophosphatidylcholine in peripheral sensory neurons has recently emerged as a mediator of inflammatory and neuropathic pain (Sadler et al., 2021). Interestingly, lysophosphatidylcholine is increased in various animal pain models and its application to meningeal tissue elicited migraine-like behavior. In this study, we did not identify the endogenous agonists of TRPC4 that may be associated with migraine. However, we have previously shown that TRPC4 is associated with serotonergic signaling (Lee et al., 2018, 2020) in peptidergic neurons and various studies have implicated serotonin in the pathogenesis of migraine (Aggarwal et al., 2012). Further investigations should be carried out to define the endogenous agonists of TRPC4, as well as its expression with serotonergic receptors in rodent and human tissues. Of note, a discrepancy between mouse and human TRPC5 expression in peripheral sensory neurons has been reported (Sadler et al., 2021), and thus a precise characterization of TRPC4 expression in human tissues will be crucial for the evaluation of the translational potential of TRPC4 as a therapeutic target.

In summary, here we identify a high expression of TRPC4 in trigeminal ganglia and its implication in itch and pain. In particular, we have demonstrated that TRPC4 inhibition can alleviate episodic and chronic migraine-like behavior in male and female mice treated with NTG. Mechanistically, we also showed that this inhibition resulted in reductions in plasma levels of CGRP and release of CGRP in cultured peripheral sensory neurons. Targeting TRP channels holds great promise for pain treatment, and we anticipate that strategies targeting TRPC4 in peripheral sensory neurons will be beneficial in treating migraine.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional Animal Care and Use Committee at the University of Cincinnati.



AUTHOR CONTRIBUTIONS

CC, TB, and SL designed the study and wrote the manuscript. CC, AP, and SL conducted the experiments and acquired and analyzed the data. TB and SL supervised the study. All authors revised the manuscript and approved the submitted version.



FUNDING

This study was supported by NIH/NINDS grants: R01NS113243 and R21NS121946 (to TB). We would like to thank Helen Jones for CF’s salary support funded by Eunice Kennedy Shriver NICHD grant: R01HD091527.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnmol.2021.765181/full#supplementary-material



REFERENCES

Aggarwal, M., Puri, V., and Puri, S. (2012). Serotonin and CGRP in migraine. Ann. Neurosci. 19, 88–94. doi: 10.5214/ans.0972.7531.12190210

Akbulut, Y., Gaunt, H. J., Muraki, K., Ludlow, M. J., Amer, M. S., Bruns, A., et al. (2015). Englerin a is a potent and selective activator of TRPC4 and TRPC5 calcium channels. Angew. Chem. Int. Ed. 54, 3787–3791. doi: 10.1002/anie.201411511

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, 4323–4331. doi: 10.1523/JNEUROSCI.0364-19.2019

Benemei, S., and Dussor, G. (2019). TRP channels and migraine: recent developments and new therapeutic opportunities. Pharmaceuticals 12:54. doi: 10.3390/ph12020054

Benemei, S., Fusi, C., Trevisan, G., and Geppetti, P. (2014). The TRPA1 channel in migraine mechanism and treatment. Br. J. Pharmacol. 171, 2552–2567. doi: 10.1111/BPH.12512

Bigal, M. E., Ashina, S., Burstein, R., Reed, M. L., Buse, D., Serrano, D., et al. (2008). Prevalence and characteristics of allodynia in headache sufferers: a population study. Neurology 70, 1525–1533. doi: 10.1212/01.WNL.0000310645.31020.B1

Carreño, O., Corominas, R., Fernández-Morales, J., Camiña, M., Sobrido, M. J., Fernández-Fernández, J. M., et al. (2012). SNP variants within the vanilloid TRPV1 and TRPV3 receptor genes are associated with migraine in the Spanish population. Am. J. Med. Genet. Part B Neuropsychiatric Genet. 159, 94–103.

Carson, C., Raman, P., Tullai, J., Xu, L., Henault, M., Thomas, E., et al. (2015). Englerin a agonizes the TRPC4/C5 cation channels to inhibit tumor cell line proliferation. PLoS One 10:e0127498. doi: 10.1371/journal.pone.0127498

Cernuda-Morollón, E., Larrosa, D., Ramón, C., Vega, J., Martínez-Camblor, P., and Pascual, J. (2013). Interictal increase of CGRP levels in peripheral blood as a biomarker for chronic migraine. Neurology 81, 1191–1196. doi: 10.1212/WNL.0B013E3182A6CB72

Chaplan, S. R., Bach, F. W., Pogrel, J. W., Chung, J. M., and Yaksh, T. L. (1994). Quantitative assessment of tactile allodynia in the rat paw. J. Neurosci. Methods 53, 55–63. doi: 10.1016/0165-0270(94)90144-9

Chasman, D. I., Schürks, M., Anttila, V., de Vries, B., Schminke, U., Launer, L. J., et al. (2011). Genome-wide association study reveals three susceptibility loci for common migraine in the general population. Nat. Genet. 43:695. doi: 10.1038/NG.856

Clapham, D. E., Runnels, L. W., and Strübing, C. (2001). The TRP ion channel family. Nat. Rev. Neurosci. 2, 387–396. doi: 10.1038/35077544

Dussor, G., Yan, J., Xie, J. Y., Ossipov, M. H., Dodick, D. W., and Porreca, F. (2014). Targeting TRP channelsfor novel migraine therapeutics. ACS Chem. Neurosci. 5:1085. doi: 10.1021/CN500083E

Edvinsson, L., and Goadsby, P. J. (1994). Neuropeptides in migraine and cluster headache. Cephalalgia 14, 320–327. doi: 10.1046/j.1468-2982.1994.1405320.x

Eftekhari, S., and Edvinsson, L. (2011). Calcitonin gene-related peptide (CGRP) and its receptor components in human and rat spinal trigeminal nucleus and spinal cord at C1-level. BMC Neurosci. 12:112. doi: 10.1186/1471-2202-12-112

Fan, X., Wang, J., Fan, W., Chen, L., Gui, B., Tan, G., et al. (2014). Replication of migraine GWAS susceptibility loci in Chinese Han population. Headache 54, 709–715. doi: 10.1111/head.12329

Ghosh, J., Pradhan, S., and Mittal, B. (2013). Genome-wide-associated variants in migraine susceptibility: a replication study from north India. Headache 53, 1583–1594. doi: 10.1111/head.12240

Goadsby, P. J. (2009). Pathophysiology of migraine. Neurol. Clin. 27, 335–360. doi: 10.1016/j.ncl.2008.11.012

James, S. L., Abate, D., Abate, K. H., Abay, S. M., Abbafati, C., Abbasi, N., et al. (2018). Global, regional, and national incidence, prevalence, and years lived with disability for 354 Diseases and Injuries for 195 countries and territories, 1990-2017: a systematic analysis for the Global Burden of Disease Study 2017. Lancet 392, 1789–1858. doi: 10.1016/S0140-6736(18)32279-7

Jang, M. U., Park, J. W., Kho, H. S., Chung, S. C., and Chung, J. W. (2011). Plasma and saliva levels of nerve growth factor and neuropeptides in chronic migraine patients. Oral Dis. 17, 187–193. doi: 10.1111/j.1601-0825.2010.01717.x

Kilkenny, C., Browne, W. J., Cuthill, I. C., Emerson, M., and Altman, D. G. (2010). Improving bioscience research reporting: the arrive guidelines for reporting animal research. PLoS Biol. 8:e1000412. doi: 10.1371/journal.pbio.1000412

Kowalska, M., Prendecki, M., Kapelusiak-Pielok, M., Grzelak, T., Łagan-Jędrzejczyk, U., Wiszniewska, M., et al. (2020). Analysis of genetic variants in SCN1A, SCN2A, KCNK18, TRPA1 and STX1A as a possible marker of migraine. Curr. Genomics 21, 224–236. doi: 10.2174/1389202921666200415181222

Lee, S. H., Cho, P. S., Tonello, R., Lee, H. K., Jang, J. H., Park, G. Y., et al. (2018). Peripheral serotonin receptor 2B and transient receptor potential channel 4 mediate pruritus to serotonergic antidepressants in mice. J. Allergy Clin. Immunol. 142, 1349–1352.e16. doi: 10.1016/j.jaci.2018.05.031

Lee, S. H., Tonello, R., Choi, Y., Jung, S. J., and Berta, T. (2020). Sensory neuron–expressed TRPC4 is a target for the relief of psoriasiform itch and skin inflammation in mice. J. Invest. Dermatol. 140, 2221–2229.e6. doi: 10.1016/j.jid.2020.03.959

Lipton, R. B., Munjal, S., Buse, D. C., Bennett, A., Fanning, K. M., Burstein, R., et al. (2017). Allodynia is associated with initial and sustained response to acute migraine treatment: results from the American migraine prevalence and prevention study. Headache 57, 1026–1040. doi: 10.1111/head.13115

Maleki, N., and Androulakis, X. M. (2019). Is there any MRI pattern that discriminates female from male migraine patients? Front. Neurol. 10:961. doi: 10.3389/fneur.2019.00961

Mathew, N. T., Kailasam, J., and Seifert, T. (2004). Clinical recognition of allodynia in migraine. Neurology 63, 848–852. doi: 10.1212/01.WNL.0000137107.27585.F7

Megat, S., Ray, P. R., Tavares-Ferreira, D., Moy, J. K., Sankaranarayanan, I., Wanghzou, A., et al. (2019). Differences between dorsal root and trigeminal ganglion nociceptors in mice revealed by translational profiling. J. Neurosci. 39, 6829–6847. doi: 10.1523/jneurosci.2663-18.2019

Patapoutian, A., Tate, S., and Woolf, C. J. (2009). Transient receptor potential channels: targeting pain at the source. Nat. Rev. Drug Discov. 8, 55–68. doi: 10.1038/nrd2757

Pfaffl, M. W. (2001). A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 29:e45. doi: 10.1093/nar/29.9.e45

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, 510–517. doi: 10.1002/jcb.25680

Pradhan, A. A., Smith, M. L., McGuire, B., Tarash, I., Evans, C. J., and Charles, A. (2014). Characterization of a novel model of chronic migraine. Pain 155, 269–274. doi: 10.1016/j.pain.2013.10.004

Russell, F. A., King, R., Smillie, S. J., Kodji, X., and Brain, S. D. (2014). Calcitonin gene-related peptide: physiology and pathophysiology. Physiol. Rev. 94, 1099–1142. doi: 10.1152/physrev.00034.2013

Sadler, K. E., Moehring, F., Shiers, S. I., Laskowski, L. J., Mikesell, A. R., Plautz, Z. R., et al. (2021). Transient receptor potential canonical 5 mediates inflammatory mechanical and spontaneous pain in mice. Sci. Transl. Med. 13:7702. doi: 10.1126/SCITRANSLMED.ABD7702

Shimada, S. G., and LaMotte, R. H. (2008). Behavioral differentiation between itch and pain in mouse. Pain 139, 681–687. doi: 10.1016/j.pain.2008.08.002

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, 674–692. doi: 10.1111/j.1526-4610.2011.01882.x

Sun, Z.-C., Ma, S.-B., Chu, W.-G., Jia, D., and Luo, C. (2020). Canonical transient receptor potential (TRPC) channels in nociception and pathological pain. Neural Plast. 2020:3764193. doi: 10.1155/2020/3764193

Tajti, J., Szok, D., Majláth, Z., Tuka, B., Csáti, A., and Vécsei, L. (2015). Migraine and neuropeptides. Neuropeptides 52, 19–30. doi: 10.1016/j.npep.2015.03.006

Tonello, R., Lee, S. H. S. H., and Berta, T. (2019). Monoclonal antibody targeting the matrix metalloproteinase 9 prevents and reverses paclitaxel-induced peripheral neuropathy in mice. J. Pain 20, 515–527. doi: 10.1016/j.jpain.2018.11.003

Tso, A. R., and Goadsby, P. J. (2017). Anti-CGRP monoclonal antibodies: the next era of migraine prevention? Curr. Treat. Options Neurol. 19:27. doi: 10.1007/s11940-017-0463-4

Vos, T., Allen, C., Arora, M., Barber, R. M., Brown, A., Carter, A., et al. (2016). Global, regional, and national incidence, prevalence, and years lived with disability for 310 diseases and injuries, 1990–2015: a systematic analysis for the Global Burden of Disease Study 2015. Lancet 388, 1545–1602. doi: 10.1016/S0140-6736(16)31678-6

Wang, X., Spandidos, A., Wang, H., and Seed, B. (2012). PrimerBank: a PCR primer database for quantitative gene expression analysis, 2012 update. Nucleic Acids Res. 40, D1144–D1149. doi: 10.1093/nar/gkr1013

Wei, H., Sagalajev, B., Yüzer, M. A., Koivisto, A., and Pertovaara, A. (2015). Regulation of neuropathic pain behavior by amygdaloid TRPC4/C5 channels. Neurosci. Lett. 608, 12–17. doi: 10.1016/J.NEULET.2015.09.033

Westlund, K. N. N., Zhang, L. P. P., Ma, F., Nesemeier, R., Ruiz, J. C. C., Ostertag, E. M. M., et al. (2014). A rat knockout model implicates TRPC4 in visceral pain sensation. Neuroscience 262, 165–175. doi: 10.1016/j.neuroscience.2013.12.043


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.

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.

Copyright © 2021 Cohen, Prudente, Berta and Lee. 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/fnmol-14-765181-g002.jpg
@

0.05 ® Male

0.04 4 Female
0.03
0.02

0.01
0.004

0.003 | @
0.002 - A
0.001
0.000

mRNA expression levels
(Trpc/Gapdh)
[)
. ] g






OPS/images/fnmol-14-765181-g001.jpg
B

A Scratching (itch behavior)

e

* %k %k

T T T
o o o o
© < N

ulwog / sedipn

o bledes |

80

T T T
o o o o
© < N

uiwQg / sinoq Buiyojesos

Wiping (pain behavior)






OPS/images/fnmol-14-765181-g004.jpg
>

mRNA expression levels

mRNA expression levels

Calca Pacap Gal —
0.00008 02 + Vehicle
* 020 0.010 B0 B + ML204 (male)
B u + ML204 (female
0.00006 . 015 . 0.008 00154 * ( )
L4 .
0.006
0.00004 0.10 B . 0.010
0.004 - s
L]
0.00002 : ’_#I 0.05 0.002 0.005
0.00000 0.00 L 0.000- 0.000 -
Calca Tac1 c
*
0.000025 0105 200~ ** 150 **
L]
0.000020 0.08 - . =5 ®
E %7 € 100
0.000015 0.06 > >
" [ 2
& = = 1004 Y -
0.000010 - o
. 0.04 o % -
0.000005 — 0.02 8 507 o
L]
0.000000 0.00 0- 0-






OPS/images/fnmol-14-765181-g003.jpg
Acute (male) Chronic (male)
Acute migraine model 5 1.5+ 3 2.0+ -~ Vehicle
e}
3 : © - +ML204
7] » 1.5+
NTG (10 mg/kg) 8 104 8 . v
4':—4 : *¥
Vehicle or ML204 g g 1.0
(40 pg) ® ©
5 0.5 S
K=
= = 0.59
s 2
to1 1 1 - <
BL NTG ML204 (1.5 h) von Frey (2 h) Soot—r—+— 300l : : : : .
BL 2h BL 1d 3d 5d 7d 9d
Chronic migraine model c Acute (female) Chronic (female)
@1.5— 5 2.0-
C P
NTG (10 mg/kg, z = viehicie:
every other day) 5 * < 1.5 -# +ML204
& 1.0+ 8 "
Vehicle or ML204 = £ P
(40 ug, every day) z $1.09
5 0.5 g
1 1 1 1 1 1 g £ 0.5
BL 1d 3d 5d 7d o9d 2 N
ES X
von Frey & 0.0- g 0.0 T T T

—T .
BL 2h BL 1d 3d 5d 7d 9d





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Transient Receptor Potential Channel 4 Small-Molecule Inhibition Alleviates Migraine-Like Behavior in Mice



		INTRODUCTION



		MATERIALS AND METHODS



		Animals



		Cheek Injection Mouse Model



		Immunofluorescence



		DiI Labeling of Cutaneous Nerves



		Nitroglycerin Mouse Model of Migraine



		Sensory Sensitivity Testing



		Cell Cultures



		ELISA



		Quantitative Real-Time RT-PCR



		Statistical Analysis







		RESULTS



		TRPC4 Mediates Itch and Pain



		Characterization of TRPC4 Expression in Trigeminal Ganglia



		TRPC4 Antagonist ML204 Attenuates NTG-Induced Mechanical Hypersensitivity



		ML204 Reduced CGRP Transcripts in DRG Tissues and Protein Levels in Blood Plasma



		TRPC4 Mediates CGRP Release in Cultured Primary Sensory Neurons







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fnmol-14-765181-g005.jpg
m

<

@,
x 2
>
> @@v
@AX
T T T 1
o S o o
2 2 e
(Tw/Bd) 4490
4
M &
* m "y
I\nN\
“m \omu
T T T T
o == ] o = o
S & 2 b
(qwy6d) 4490

Englerin A





OPS/images/cover.jpg
, frontiers
In Molecular Neuroscience










OPS/images/logo.jpg
’ frontiers
in Molecular Neuroscience





