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ABSTRACT OF THE THESIS

Synthetic non-psychoactive cannabinoid

prevents hypersensitivity symptoms

in mouse migraine models

by

Qianyi Li

Master of Science in Oral Biology

University of California, Los Angeles, 2020

Professor Igor Spigelman, Chair

Migraine headache affects ~15% of the world’s population, greatly diminishing sufferers’

quality of life. Injection of glyceryl trinitrate (GTN), a known migraine trigger in humans,

produces hypersensitivity symptoms of allodynia and hyperalgesia in a previously developed

mouse model of migraine headache. We developed synthetic non-psychoactive

peripherally-restricted cannabinoids (PRCBs) and demonstrated their effectiveness in

relieving cancer and neuropathic pain symptoms. Here, we investigated the efficacy of one of

our novel PRCBs, PrNMI, in preventing the symptoms of GTN-induced hypersensitivity in

C57BL/6J female mice. Von Frey filaments were used to assess GTN (10 mg/kg,
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i.p.)-induced changes in head or hindpaw withdrawal thresholds. Selective cannabinoid 1

receptor (CB1R) and CB2R antagonists were used to examine receptor subtype contribution

to PrNMI’s effects. Following behavioral assessments, collected trigeminal ganglia (TG)

were analyzed for various protein biomarkers of TG neuron sensitization utilizing an

automated capillary electrophoresis system. Separately, whole-cell patch clamp recordings

from acutely isolated TG neurons assessed changes in the activation of low pH- and allyl

isothiocyanate-induced currents. Results showed that PrNMI (0.6 mg/kg, i.p.) prevented the

development of both acute and chronic hypersensitivity induced by GTN injections. Both

CB1R and CB2R activation contributed to PrNMI’s suppression of acute GTN-induced

hypersensitivity. Repeated GTN administration significantly increased ion channel, enzymes

and second messenger markers of trigeminal sensitization, which were prevented by PrNMI

pretreatment. Chronic GTN treatment (10 mg/kg) increased activation of low pH- and allyl

isothiocyanate-induced currents in TG neurons, while PrNMI reversibly (1 M) suppressed

both of these currents in TG neurons of naïve mice. These results demonstrate the efficacy of

PrNMI as a putative preventative therapeutic for chronic migraine.
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1. Introduction

Migraine headaches are prevalent, recurrent, inherited, and disabling disorders, affecting

~15% population globally and greatly diminishing sufferers’ quality of life (Burstein et al.,

2015). Migraine usually presents as episodic throbbing and often unilateral painful attacks of

mild to extreme severity lasting from 4 to 72 hours, often accompanied by nausea, vomiting,

phonophobia, and photophobia (Leeuw et al., 2018). These symptoms can be aggravated by

increased physical activity. In some cases, migraine attacks come after a prodromal phase,

denoted by symptoms such as fatigue, neck stiffness, depression, and euphoria. Migraine aura

can happen after prodromal phase and before a migraine attack, and often include abnormal

visual symptoms such as scintillating scotoma in the visual field and sensory symptoms such

as tingling feelings in limbs (Burstein et al., 2015). Migraines are three times more prevalent

in women than in men, possibly caused by genetic or gonadal difference, involving sex

hormones’ different effects on ion channels, though the mechanisms underlying sex

differences in migraines remain an active area of study (Artero-Morales et al., 2018). Some

of the most common triggers of migraines involve stress (80%), hormones in women (65%),

skipping meals (57%), weather (53%), sleep disruption (50%), certain smells or chemicals

(44%), and alcohol (38%) (Kelman, 2007). The exact mechanisms of how these triggers lead

to migraine attacks are not yet well understood and are debated (Goadsby et al., 2017).

Scientists have been trying to unravel the pathophysiology of migraines for centuries

and many theories have been proposed and negated. Migraines were considered vascular
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disorders in 19th and 20th centuries (Latham, 1872; Ray & Wolff, 1940; Wolff, 1955;

Weatherall, 2012) based on the observation of changes of blood vessels in migraineurs and

changes of cranial vasculature by simulation in lab. This concept lasted for a few decades

receiving both support and opposition, as the development of sumatriptan, a vasoconstrictor,

was found effective in treating migraine but later discovered its effectiveness may be

mediated through nerves instead of vessels (Humphrey & Goadsby, 1994; Hoskin et al.,

1996). Decades later, neurogenic inflammation theory emerged and proposed that migraine is

due to the neurogenic sterile inflammation of the dural meninges (Markowitz et al., 1987;

Peroutka, 2005). The vasoconstriction and vasodilation theory is no longer accepted, the

neurogenic inflammation theory is evolving, and to date no unified mechanism can fully

explain the mechanism of migraine. Now, the pathogenesis of migraine is largely focusing on

the activation and sensitization of the trigeminovascular pathway. It is now widely accepted

that a migraine aura is caused by cortical spreading depression (CSD), a spreading of an

abnormal depolarization wave across the cerebral cortex, and a migraine headache is

contributed by the sensitization of the trigeminovascular pathway, which can be activated by

CSD in migraines with aura (Burstein et al., 2015). Evidence has shown the activation and

sensitization of trigeminovascular pathway that innervates the dural vasculature play a critical

role in the headache phase of migraines (Burstein et al., 2011; Bernstein & Burstein, 2012;

Goadsby et al., 2017). The trigeminovascular pathway consists of sensory neurons that

originate from trigeminal ganglion and upper cervical dorsal nerve roots. These first-order

trigeminovascular neurons (primary afferent neurons) receive sensory inputs from cerebral
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blood vessels, pial vessels, dura mater and large venous sinuses, and their projections

converge at trigeminal nucleus caudalis (TNC). Second-order nerve fibers from TNC also

receive inputs from the scalp and facial skin and travel to ventroposterior medial nucleus

of the thalamus. Third-order nerve fibers, receiving inputs from meninges, facial and body

skin, relay from the thalamus to the sensory cortex. Activation of trigeminal neurons can lead

to the release of several vasoactive neuropeptides such as substance P, calcitonin gene-related

peptide (CGRP), and neurokinin A that are associated with neurogenic inflammation. These

further lead to neurogenic inflammation via vasodilation and protein extravasation, platelet

aggregation, activation of local immune response, and mast cell degranulation. The

neurogenic inflammation might facilitate the sensitization processes occurring sequentially in

both primary afferent neurons (peripheral sensitization) and in TNC and higher-order neurons

(central sensitization) (Burstein et al., 1998; Strassman et al., 1996). During sensitization,

trigeminovascular afferents have lower pain thresholds, become more sensitive to nociceptive

stimulations, and transmit stronger pain signals to the brain (Ruthirago et al., 2017). Thus, the

sensitization of first-, second-, and third-order trigeminovascular neurons that receives

sensory inputs from the meninges, scalp, facial skin, and body skin is likely to mediate the

development of cephalic and extracephalic allodynia and throbbing during migraine attacks

(Bernstein & Burstein, 2012). Many molecules and cellular pathways may be involved in the

process of sensitization as introduced below.

Most sensitization processes involve pronociceptive agents activating receptors that are

coupled to second-messenger cascades, such as cyclic adenosine monophosphate (cAMP)
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/protein kinase A (PKA) second messenger cascade, and thus modulate a series of ion

channels such as voltage-gated ion channels (Burstein et al., 2011). Calcitonin gene-related

peptide (CGRP) plays a critical role as a pronociceptive agent in the sensitization of

trigeminovascular pathway. CGRP is abundant in trigeminal ganglion (TG) neurons, and the

release of CGRP from TG, central and peripheral nerve terminals are thought to sensitize

nociceptors directly and indirectly. CGRP can promote vasodilatation and plasma

extravasation and induce the release of sensitizing inflammatory mediators such as histamine,

5-HT, nitric oxide (NO) mainly from immune cells, especially through mast cell

degranulation (Burstein et al., 2011; Edvinsson, 2017; Iyengar et al., 2019). In addition,

CGRP activates CGRP receptor which couples to Gs, activates adenylate cyclase, and

subsequently elevates cAMP and PKA (Walker et al., 2010). PKA has been implicated in

numerous biological effects of CGRP and regulates the activity of various downstream

signaling components, including ion channels and proteins, such as NO synthase (Walker et

al., 2010). The synthesis of NO by NO synthase (NOS) induced by CGRP can activate

signaling cascades and drive the sensitization of trigeminal neurons (Iyengar et al., 2019). NO

is highly membrane permeable, thus once synthesized, it can act on the cell in which it was

produced and nearby cells (Pradhan et al., 2018). Recent evidence indicated NO acts through

cGMP-PKG cascade to promote mechanical sensitization (Li et al., 2019). Nitrovasodilators

such as nitroglycerin, a NO donor, can also activate sensory fibers to release CGRP (Wei et

al., 1992), probably through the activation of an Akt/GSK-3β/NF-κB signaling cascade

(Yao et al., 2020). In conclusion, the increased level of CGRP can activate CGRP receptors
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and lead to sequentially increased downstream adenylyl cyclase, cAMP, and phosphorylation

of protein kinase A (p-PKA), which further induce increased expression of CGRP, neuronal

nitric oxide synthase (nNOS) and NO (Walker & Hay, 2013; Wang et al., 2013). Downstream

targets of p-PKA include ion channels such as ASIC and TRPA1 (Meents et al., 2017;

Leonard et al., 2003).

Recent evidence shows the importance of acid-sensing ion channel (ASIC) and transient

receptor potential ankyrin 1 (TRPA1) channel in migraine pathophysiology (Dussor, 2015;

Benemei et al., 2014; Yan & Dussor, 2014). TRPA1 is expressed in nociceptive

(pain-sensitive) somatosensory neurons as well as neurons in the airways and responds to a

series of environmental irritants including mustard-oil and garlic. Activation of TRPA1 in

nociceptive neurons mediates the transduction of inflammatory pain (Bautista et al., 2006).

ASICs are voltage-insensitive cationic channels activated by extracellular protons (low pH

value). Studies showed the pH values required for half-maximal activation (pH0.5) of ASIC

subunits were 6.8 (ASIC1a), 6.2 (ASIC1b), 4.9 (ASIC2a) and 6.6 (ASIC3) in mouse, and

pH0.5 = 6.7 (ASIC3) in rat, where ASIC3 might be the most sensitive subunit in rat (Wemmie

et al., 2006). Among these ASIC subunits, ASIC3 is of particular interest because it is highly

expressed in peripheral sensory neurons, is very sensitive to decreased pH values, can detect

prolonged and slow acidification, and is suggested to mediate the painful response to an

acidic stimulus (Wemmie et al., 2006; Yan & Dussor, 2014). It is thought that ASICs sense

the decreased pH in the inflammatory meninges and excite the pain-sensing neurons, possibly

contributing to migraine headaches (Yan et al., 2011). Activation of these ion channels on



6

dural afferents is likely to contribute to the pain of migraine as they sense the environmental

changes such as CSD and inflammation and contribute to firing of nociceptive inputs (Yan &

Dussor, 2014). The function of these ion channels are likely to be enhanced by the increased

expressions of adenylyl cyclase, cAMP, and phosphorylation of protein kinase A (p-PKA),

thereby sensitizing nociceptors (Meents et al., 2017; Leonard et al., 2003). Thus, we

hypothesized that the activation of cAMP/PKA pathway in sensitized trigeminal neurons and

subsequently increased activation of ASIC3 and TRPA1 ion channels may constitute one of

the mechanisms of migraines. Figuring out the exact molecular mechanisms involved in

trigeminal sensitization and targeting these cellular pathways or ion channels may be the

direction of new therapy development in the future.

The management of migraines involves avoiding identifiable migraine triggers as well as

medications. Migraine medications have been classically divided into abortive and

preventative treatments, although this classification might be dated by observing the

mechanisms of medications such as CGRP antagonists, which have both abortive and

preventative roles (Goadsby, 2016). Nonspecific medications such as non-steroidal

anti-inflammatory drugs (NSAIDs) and opioid analgesics are not designed to target the

pathogenesis of migraines and are used as one of the most common abortive treatment.

However, long-term usage of NSAIDs may lead to medication overuse headache (MOH),

which has a higher frequency of headache attacks (Gobel, n.d.; Aleksenko et al., 2020).

Opioid analgesics, although commonly used in the management of severe constant pain,

acute pain, and cancer pain, play a limited role in migraine management because of increased



7

risk of MOH and opioid-induced hyperalgesia. As the role of serotonin (5-HT) and CGRP

became clearer in the pathogenesis of migraines, migraine-specific drugs such as selective

serotonin receptor agonists (triptans) and CGRP antibodies were developed. Triptans

terminate migraine attack by activating the 5-HT1B/1D receptors in trigeminal nerve terminals

and trigeminocervical complex (TCC), which includes trigeminal nucleus caudalis (TNC), C1,

and C2 regions of the cervical spinal cord receiving stimulations from dural vasculature.

Activation of 5-HT1B/1D receptors thus modulates trigeminovascular nociceptive neurons to

inhibit the release of pronociceptive transmitters, including CGRP, and inhibit the pain signal

transmission (Goadsby et al., 2017; Classey et al., 2010). In addition, they may act on central

sites such as the midbrain periaqueductal grey (PAG) (Bartsch et al., 2004) and in the ventral

posteromedial nucleus of the thalamus (Shields and Goadsby, 2006) to inhibit nociception.

To reduce the cardiovascular side effect of 5-HT1B/1D receptor activation, ditans, selective

5-HT1F receptor agonists, were developed, because their effects are limited to TCC and

trigeminal ganglion instead of involving blood vessels (Vila-Pueyo, 2018; Puledda et al.,

2017). However, repeated use of serotonin receptor agonists can lead to MOH and transform

migraines from episodic to chronic (Charles, 2018), likely due to the neural adaptations

(latent sensitization, LS) within the trigeminal afferents, which present as long-lasting

increased expressions of CGRP and nNOS and chronically decreased pain thresholds (De

Felice et al., 2010; De Felice et al., 2010; Bernstein & Burstein, 2012). Due to triptans’ risk

of causing vascular side effects and MOH, CGRP receptor antagonists and CGRP peptide and

receptor monoclonal antibodies emerged as more promising acute migraine-specific drugs.
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Both CGRP receptor antagonists and CGRP peptide and receptor monoclonal antibodies

block the sensitization of trigeminal nociceptive neurons by inhibiting the action of CGRP

(Iyengar et al., 2019), with several clinical trials demonstrating their effectiveness (Tso &

Goadsby, 2017; Goadsby, 2016). However, their usage is still effective only in a subset of

patients. Topiramate, an anticonvulsant, was established as an effective form of preventative

treatment. However, it has considerable central nervous system (CNS) side effects

(Hoffmann et al., 2014). Therefore, alternative treatment with minimal CNS side effects and

without causing medication overuse headache is desirable for migraineurs.

Cannabinoid (CB) receptors have been suggested to be antinociceptive for centuries

(Russo, 1998; Fraguas-Sánchez & Torres-Suárez, 2018). Cannabinoid receptors are G

protein-coupled receptors (GPCRs), including cannabinoid receptor 1 (CB1R) and

cannabinoid receptor 2 (CB2R). CB1Rs locate mainly in central nervous system (CNS) and

peripheral nervous system (PNS) while CB2Rs mostly in PNS and immune cells (Starowicz

& Finn, 2017). They can be targeted by endogenous cannabinoids, which are naturally

produced in our body as needed to help maintain homeostasis and regulate physiological,

behavioral, immunological and metabolic functions (Joshi & Onaivi, 2019). Additionally,

they can be targeted by exogenous synthetic cannabinoids or cannabinoids found in cannabis.

Drugs targeting CB1Rs demonstrate efficacy in relieving acute, inflammatory, and

neuropathic pain in animal models, but their widespread use is limited by their side effects

(Starowicz & Finn, 2017; Spigelman, 2009). While the endocannabinoid system plays a

critical role in normal cell-signaling, researchers have proposed an endocannabinoid system
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deficiency theory to explain migraine pathogenesis, suggesting that both lower levels of

endocannabinoids in cerebrospinal fluid (CSF) and their receptors in brain, and dysfunction

of the synthesis and catabolism of endocannabinoids, contributes to a lowered pain threshold,

hence a stronger pain sensory input in migraine attack (Russo, 2016; Tassorelli et al., 2019).

Thus, activation of CB receptors may be beneficial in the treatment of migraine through its

analgesic effect (Akerman et al., 2007). Anecdotal and limited clinical evidence have

supported the efficacy of cannabis-based medicines on human migraineurs (Tassorelli et al.,

2019; Rhyne et al., 2016). Yet, the potential development of tolerance and psychosis remains

a concern regarding the wide use of cannabinoids (Tassorelli et al., 2019). Evidence has

accumulated that targeting peripherally restricted cannabinoid receptors may alleviate

neuropathic pain without CNS side effects (Hossain et al., 2020), yet their efficacy in

migraine treatment has not been explored. Our lab previously developed

peripherally-restricted cannabinoids (PRCBs) which do not cross the blood-brain barrier

(BBB) and demonstrated their effectiveness in relieving cancer and neuropathic pain

symptoms without psychotropic side effects or development of tolerance in animal models

(Seltzman et al., 2016; Zhang et al., 2018; Mulpuri et al., 2018). Here for the first time, we

explored the effect of PRCBs in the relief of migraine-like hypersensitivity in mouse models

of migraine.

In this study, we utilized a GTN-induced migraine mouse model adopted from Pradhan

et al. (2014) and Moye & Pradhan (2017). Glyceryl trinitrate (GTN, or nitroglycerin (NTG))

has been recognized as a reliable migraine trigger for many years (Goadsby et al., 2017),
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probably acting through soluble guanylyl cyclase (sGC) pathway or through dural mast cell

degranulation and plasma protein leakage (Pradhan et al., 2018). The sGC pathway mainly

activates the cGMP/PKG pathway to induce the activation and expression of many ion

channels, while the cAMP/PKA signaling pathway may also be involved (Francis et al.,

2010). In the acute migraine model, a single injection of GTN induces acute cutaneous

allodynia indicated by lowered pain threshold, and in the chronic migraine model, repeated

GTN injections induce chronic cutaneous allodynia. Utilizing this model, we were able to

study the effect of our leading PRCB, 4-{2-[-(1E)-1[(4-propylnaphthalen-1-yl)methylidene]-

1H-inden-3-yl]ethyl}morpholine (PrNMI) in preventing the development of acute and

chronic sensitization using behavioral, biochemical, and functional (electrophysiological)

measurements.

2. Materials and Methods

2.1 Animals

This study used 6-8 weeks of age female C57BL6/J mice (Jackson, Bar Harbor, ME)

weighing 15–25g for all procedures. Mice were housed under a 12-hour light/dark cycle

(lights on at 6AM) with food and water provided ad libitum in the vivarium at UCLA

throughout the experiment. All experimental procedures were approved by the Animal

Research Committee(ARC) of the University of California, Los Angeles and following the

National Institute of Health guidelines for the handling and use of laboratory animals. In
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addition, all experiments were carried out in accordance with the guidelines of the

International Association for the Study of Pain to ensure minimal animal use and discomfort.

2.2 Drugs

2.2.1 PrNMI, CB1R antagonist (18A) and CB2R antagonist (SR144528)

PrNMI was synthesized by Dr. Seltzman at Research Triangle Institute (RTI, Research

Triangle Park, NC) (Seltzman et al., 2016). CB2R antagonist SR144528 was also synthesized

by Dr. Seltzman at RTI as part of the National Institute of Drug Abuse (NIDA) drug supply

program. Peripherally-restricted CB1R antagonist 18A was synthesized by Dr. Fulp at RTI

(Fulp et al., 2012). PrNMI was diluted from stock solution in dimethyl sulfoxide (DMSO) :

Tween 80 : 0.9% saline (1:1:80) to 0.1 mg/ml and administered at 0.6 mg/kg by

intraperitoneal (i.p.) injection to mice one hour before GTN administration. CB1R and CB2R

antagonists were likewise dissolved in DMSO: Tween 80: saline (1:1:80) and administered at

6 mg/kg before PrNMI injection. Vehicle was composed of DMSO : Tween 80 : 0.9% saline

(1:1:80) using as experimental control.

2.2.2 GTN

Glyceryl trinitrate (GTN) was diluted from a stock solution of 16.6 mg/ml in propylene

glycol to 1 mg/ml in 95% ethyl alcohol and 0.9% saline at a ratio of 3:3:44. GTN was

administrated at 10 mg/kg by intraperitoneal (i.p.) injection to mice one hour after PrNMI

injection. Vehicle is composed of propylene glycol: 95% ethyl alcohol: 0.9% saline (3:3:44)

as experimental control.
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2.3 Behavioral testing

Mice were tested for head and hindpaw withdrawal thresholds to mechanical stimuli.

Mice were habituated for three consecutive days, two hours per day in the same behavioral

testing room before head and hindpaw withdrawal threshold measurements. All the tests for

the same group of mice were carried out by the same investigator in a soundproofed room.

On the testing days, after acclimating the mice in testing cages for 15 minutes, the

investigator applied von Frey filaments (Hand-held mechanical set of von Frey hairs, Gold

Medical Supplies, Los Angeles, CA, USA) on the periorbital or plantar region on mice

perpendicularly until it buckled slightly and held for 2–4 seconds per trial, 2–3 trials until

withdrawal behavior occurred in each mouse. Withdrawal behaviors included the immediate

withdrawal of head or hindpaw and obvious scratching or face-rubbing. The bending force of

von Frey filaments ranged from 0.008 to 2 grams. The first filament began with 0.008 grams

for head withdrawal threshold and 0.4 grams for hindpaw withdrawal threshold. If a

withdrawal behavior did not present, a denser filament was applied. If a response presented, a

lighter filament was applied to confirm the first response. The withdrawal thresholds were

determined by the “up-down methods.” (Dixon, 1980) Withdrawal thresholds were measured

three times for each mouse during one set of behavioral testing, and the average of the three

test results was defined as the withdrawal threshold for each mouse.

2.4 Induction of acute and chronic migraine model

All mice were tested two or three times, one time per day, for two to three consecutive
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days, to establish stable baseline before any treatment. To study the effect of drugs on acute

migraine model, after the measurement of baseline behavioral responses, mice were first

injected i.p. with either PrNMI, PrNMI+18A, PrNMI+SR144528 or vehicle, and one hour

later they were injected i.p. with GTN or vehicle at 10 mg/kg. The acute mechanical

sensitivity was measured by behavioral testing two hours after GTN injection. The next set of

injections was carried out upon withdrawal thresholds returning to baseline values to ensure

full recovery from the effects of the previously administered drug. To study the effect of

drugs on chronic migraine model, mice were injected i.p. with GTN (10 mg/kg) or vehicle

every two days, seven times in total. To test the effect of drugs, either PrNMI or vehicle were

injected one hour prior to each GTN injection. Behavioral tests were conducted before drug

injection and two hours after GTN or vehicle injections. Baseline withdrawal threshold

measurements continued after the last set of GTN injections until the mechanical sensitivity

returned to previous baseline values.

2.5 Quantitative protein analysis

At the completion of behavioral testing, all mice were euthanized and their trigeminal

ganglia were collected and processed utilizing Wes system (ProteinSimple, San Jose,

California), an automated size-based separation and nano-immunoassay platform. At first, all

samples were lysed in 100 μL of RIPA lysis buffer (Invitrogen, Long Island, NY), PMSF (0.5

M) and Halt’s protease and phosphatase inhibitors cocktail (1:100) and homogenized. Next,

the protein concentration in each sample was tested utilizing BCA protein essay. After
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protein assay, samples were processed through Wes system following the manufacture’s

protocol for target protein quantification. The Wes system automatically performed all the

manual steps associated with traditional Western analysis and provided true quantification of

results. Briefly, samples (0.5 g/l) were diluted in a Wes sample buffer, reduced, and

denatured, and run on a 12 – 230 KDa separation module. Primary antibodies for target

proteins: PKA, GAPDH, -actin (Cell Signaling Technology, Danvers, MA), p-PKA (Santa

Cruz Biotechnology, Dallas, TX), nNOS (MilliporeSigma, Burlington, MA), and TRPA1

(Novus Biologicals, Centennial, CO) were diluted in a Wes antibody diluent 2. Wes

anti-rabbit/anti-mouse detection modules was used for chemiluminescent detection. Spectral

peaks were quantified on Compass for Simple Western. All target proteins were normalized

to total protein for quantification. When available, we also used a blocking peptide to ensure

specificity of target peaks in the spectral graphs.

2.6 Electrophysiology

Acutely dissociated TG neurons from female C57BL6/J mice were prepared for

recordings as described previously (Yamamoto et al., 2013), with minor modifications.

Briefly, the excised TG was placed into cold (4ºC) modified Tyrode’s solution containing (in

mM): NaCl 130, NaHCO3 20, KCl 3, CaCl2 4, MgCl2 1, HEPES 10, and glucose 12 with

antibiotic/antimycotic solution (0.5%; Fisher Scientific). For ASIC current recording, those

tissues were incubated in collagenase I (1 mg/ml, Fisher Scientific) for 1 hour and then in

collagenase with trypsin/EDTA (0.2%, Fisher Scientific) for another 1 hour at 37°C. For
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TRPA1 current recording, tissues were incubated in collagenase II (Invitrogen) and dispase II

(1 mg/ml each, Sigma-Aldrich) for 1 hour at 37°C as the latter were shown to favor in

expression and function of TRPA1 channels with less damage during cell isolation (Akopian

et al., 2007; Salas et al., 2009). TG cells were washed twice with the modified Tyrode’s

solution and triturated gently using fire-polished Pasteur glass pipettes. The cell suspension

was mixed with bovine serum albumin (15%; Fisher Scientific), centrifuged at 900 rpm for

10 min, the pellet resuspended with Neurobasal A medium containing B27 (2%), L-glutamine

(0.2%), and antibiotic/antimycotic solution (0.1%), and cells were plated onto glass

coverslips pre-coated with poly-D-lysine/laminin (all from Fisher Scientific), incubated at

37°C in a humidified 5% CO2 chamber and used within 8 hours after plating. We did not

routinely add exogenous growth factors, such as nerve growth factor (NGF), because they

have been shown to increase the functional expression of TRP channels, including TRPA1

(Bevan & Winter, 1995; Diogenes et al., 2007).

At 1 hour after plating, coverslips containing the TG neurons were placed in a recording

chamber (Warner Instruments) on the stage of an upright microscope (Leica) equipped with

phase, interference contrast, and fluorescence optics. Whole-cell patch clamp recordings were

obtained with patch micropipettes filled with internal solution containing (in mM):

KGluconate 100, KCl 40, EGTA 1, HEPES 10, CaCl2 0.3, MgATP 2, and Na2GTP 0.2, pH

7.2 (adjusted with KOH, 290 mOsm). For ASIC current recordings, the external solution

contained in (mM): NaCl 140, KCl 4, HEPES 5, MES 5, CaCl2 2, MgCl2 2, glucose 10, pH

7.4 (adjusted with NaOH, 315mOsm). For TRPA1 current recordings, the external solution
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containing in (mM): NaCl 140, KCl 4, HEPES 10, CaCl2 0.5, MgCl2 3.5, glucose 10, pH 7.4

(adjusted with NaOH, 315mOsm). ASIC currents were evoked by fast switching to external

solutions with pH adjusted to 6.0 with 1 M HCl with a computer-controlled fast-switching

multi-barreled pipette (SF-77B, Warner Instruments). To activate TRPA1 currents, AITC (1

mM) was applied (after appropriate dilution in the external solution) by fast switching

perfusion. PrNMI (1 M) and 18A was bath applied after appropriate dilution to determine its

effect on ASIC, and TRPA1 currents in TG neurons. A neuron was considered a putative

nociceptor if it had a small cell body diameter < 30 m (Lawson, 2002). Neurons in a

recording chamber were continuously perfused with bath solution at a constant rate of 2

ml/min using an automate pressurized perfusion system. All recordings were conducted at

room temperature. Voltage-clamp data were acquired using an amplifier (Multiclamp, Model

700B), A/D converter (Digidata 1440A) controlled with a PC running pCLAMP Software

(Molecular Devices, San Jose, CA, USA). An equilibration period of 2–3 min was allowed

after whole-cell access was established and the recording reached a steady state. Current data

were sampled at 10 kHz and filtered at 2 kHz. Patch electrodes were pulled from borosilicate

glass (Warner Instruments, Hamden, CT, USA) on a horizontal puller (P-87, Sutter Inst.,

Novato, CA, USA), and were 2–5 M when filled with an electrode solution. The junction

potential associated with all test solutions was less than 5 mV and therefore not corrected.

Whole-cell capacitance was compensated with amplifier circuitry. Neurons were held at −60

mV. Current density was determined by dividing peak-evoked current by membrane

capacitance. Concentration–response data were fitted with a Hill equation to estimate 50%
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effective concentration (EC50). All chemicals were purchased from Sigma (St. Louis, MO,

USA). Allyl isothiocyanate (AITC),18A and PrNMI were dissolved in dimethyl-sulfoxide

(DMSO) to make a stock solution and were kept at −20 ℃ until the day of experiment. The

final concentration of DMSO was less than 0.1% (v/v), which did not affect membrane

currents. The drugs were diluted to their final concentration with the extracellular solution

and were prepared appropriately just before application.

2.7 Statistical analysis

The Shapiro–Wilk test was used to check data normality. For two group comparisons,

paired or unpaired Student’s t-test were used. For multiple comparisons, one-way and

two-way ANOVA or repeated measures (RM) ANOVA followed by the appropriate post-hoc

test was performed using Prism 8 (GraphPad, San Diego, CA, USA). All data were expressed

as mean  SEM and significance was set at P < 0.05 for all data analyses. Power analysis was

conducted to estimate sample size with 80% power to reach a significance level of 0.05.

3. Results

3.1 Pretreatment with PrNMI suppressed glyceryl trinitrate (GTN)-induced acute

hypersensitivity to mechanical stimuli in both head withdrawal thresholds and hindpaw

withdrawal thresholds.

To investigate the effect of PrNMI on migraine allodynia and hyperalgesia, we utilized
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an adopted GTN-induced acute hypersensitivity mouse model to simulate acute migraine.

GTN (10 mg/kg) injection induced acute hypersensitivity to mechanical stimuli, shown as

lowered head and hindpaw withdrawal thresholds two hours after GTN administration in

Figure 1 A and 1 B. However, pretreatment with PrNMI (0.6 mg/kg) 1 hour prior to GTN

injection fully suppressed the GTN-induced hypersensitivity to stimuli (Figure 1A and 1B),

showing the preventative effect of PrNMI on GTN-induced acute mechanical allodynia in

mice.

3.2 Suppression of GTN-induced hypersensitivity by PrNMI was mediated by both CB1Rs

and CB2Rs.

To probe the contribution of different cannabinoid receptor subtypes in the suppressive

effect of PrNMI on GTN-induced acute hypersensitivity in 3.1, we co-administered mice with

peripherally-restricted CB1R antagonist or selective CB2R antagonists with PrNMI in a

separate group utilizing the same acute hypersensitivity model. Peripherally-restricted CB1R

antagonist 18A (6 mg/kg) and CB2R antagonist SR144528 (6 mg/kg) abrogated the

suppressive effect of PrNMI to a large extent, in both head and hindpaw withdrawal

thresholds, indicating that both CB1Rs and CB2Rs receptor subtypes mediated the effect of

PrNMI (Figure 2A and 2B).

3.3 PrNMI Pretreatment protected against repeated GTN injection-induced decrements in
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both head withdrawal thresholds and hindpaw withdrawal thresholds.

Next, we continued to investigate the effect of PrNMI on migraine allodynia in a chronic

setting utilizing repeated GTN injection-induced hypersensitivity mouse model to simulate

chronic migraine. Repeated GTN injection (10 mg/kg) induced a long duration of

hypersensitivity to mechanical stimuli shown as decrements in baseline head and hindpaw

withdrawal thresholds in figure 3A and 3B. Pretreatment with PrNMI (0.6 mg/kg) 1 hour

prior to each GTN injections protected against the decrements in both thresholds, indicating

the preventative effect of PrNMI on GTN-induced chronic mechanical allodynia in mice.

3.4 PrNMI prevented GTN-induced changes in expression of TG neuron sensitization

biomarkers.

At the completion of behavioral testing for the chronic migraine model, all mice were

euthanized and their bilateral trigeminal ganglia (TG) neurons were collected and processed

for quantitative protein analysis. Repeated GTN injections increased the expressions of

neuronal nitric oxide synthase (nNOS), and transient receptor potential ankyrin 1 (TRPA1)

proteins (Figure 4C and 4D), suggesting the upregulation of expression of these molecules

were associated with the behavioral sensitization in the chronic migraine model. Moreover,

repeated GTN injections increased the phosphorylation of protein kinase A (p-PKA) (Figure

4A and 4B). In contrast, PrNMI pretreatment group prevented the increased expressions of

these TG neuron sensitization biomarkers. Smaller increases in PAR2, ASIC3, and CB1R
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(prevented by PrNMI) did not reach statistical significance (Figure 4E-4G).

3.5 Repeated GTN injection increased activation of ASIC and TRPA1 currents in TG

neurons

To further investigate functional alterations in TG neurons after chronic GTN

administrations and the mechanisms of the effect of PrNMI, we compared the current

amplitudes of acid-sensing ion channels (ASIC) and transient receptor potential cation

channel, subfamily A, member 1 (TRPA1) in TG neurons of naïve mice and chronic migraine

mice. Repeated GTN injections (10 mg/kg) increased the activation of low pH-evoked ASIC

currents and AITC-evoked TRPA1 currents (Figure 5A-5D).

3.6 PrNMI suppressed ASIC and TRPA1 currents via CB1R activation in TG neurons

We examined the effect of PrNMI on acid sensing ion channel (ASIC) and transient

receptor potential ankyrin 1 (TRPA1) channel in TG neurons acutely isolated from naïve

mice as surrogates of their activation at peripheral terminals. Upon a 2-second administration

of low pH (pH=6.0) solution, an inward current (IpH6.0) (ASIC current) was evoked and

recorded by whole cell patch-clamp. Medium- (25-45 μm) and large-size (> 45 μm) neurons

were more responsive to pH 6.0 stimulation than small-size neurons (< 25 μm) (Figure 6A).

Low pH-evoked ASIC currents were suppressed upon a 5-mins perfusion of PrNMI (1 μM),
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shown as lowered current amplitudes, and recovered after PrNMI wash (Figure 6E). This

suppressive effect did not occur upon the perfusion of vehicle (0.1% DMSO) (Figure 6D).

TRPA1 channels can be activated by a 5-second switch to allyl isothiocyanate (AITC)

stimulus (1 mM). Small-size (< 25 μm) neurons were more responsive to AITC stimulation

than medium- (25-45 μm) and large-size (> 45 μm) neurons (Figure 7A). Similarly, allyl

isothiocyanate (AITC)-evoked TRPA1 currents were suppressed after a 5-mins perfusion of

PrNMI (1 μM), shown as lowered current amplitudes, and the suppressive effect was

eliminated after PrNMI wash (Figure 7E), while the application of vehicle (0.1% DMSO) did

not show a suppressive effect (Figure 7D). Notably, 5-mins perfusion of selective CB1R

antagonist 18A (10 μM) with PrNMI eliminated the suppressive effect of PrNMI on both

ASIC and TRPA1 currents, suggesting that the effect of PrNMI was largely mediated by

CB1R (Figure 6F and 7F).

4. Discussion

The results show the preventative effect of PrNMI on acute and chronic mouse migraine

models in behavioral, biochemical, and cell functional aspects. Behaviorally, PrNMI

decreased the acute and chronic cutaneous allodynia generated by a single injection of GTN

and repeated injections of GTN on mice. Biochemically, PrNMI prevented the increased

expression of trigeminal sensitization biomarkers induced by repeated GTN injections.

Functionally, repeated GTN injections increased activation of ASIC3 and TRPA1, while
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PrNMI reversibly inhibited both of the currents in TG neurons of naïve mice. Therefore, our

synthetic non-psychoactive cannabinoid, PrNMI, has the potential of relieving migraine

symptoms of allodynia likely via inhibiting one of the cellular pathways of trigeminal

sensitization in migraines, preventing the activation of critical ion channels in migraines, and

thus decreasing the activation and sensitization of trigeminal neurons.

Both CB1R and CB2R mediated the preventative effect of PrNMI in the GTN-induced

migraine. CB1R and CB2R are two main cannabinoid receptors. CB1Rs regulate the

cannabinoid neurotransmitter effects mainly in the central and peripheral nervous systems

and CB2Rs in immune cells. They are both G-protein-coupled receptors (GPCRs), couple to

Gi/o proteins, and their activation leads to inhibition of adenylyl cyclase. CB1R activation

blocks the activation of several voltage-gated Ca2+-channels and activates several

K+-channels as the consequence of decreased adenylyl cyclase activity, leading to the

hyperpolarization of neurons (Spigelman, 2009; Joshi & Onaivi, 2019). Analgesic effects of

activating CB2R in periphery are considered to reduce excitability of neurons by 1) reducing

the release of pro-nociceptive neurotransmitters such as calcitonin gene-related peptide

(CGRP) and substance P; 2) releasing of antinociceptive endogenous opioid from

keratinocytes, and 3) preventing mast cell degranulation to inhibit the release of serotonin

(5-HT) and prostaglandin E2 that sensitize primary afferents (Jhaveri et al., 2007). Moreover,

targeting CB1R and CB2R have analgesic effects on acute pain, inflammatory pain, and

neuropathic pain (Starowicz & Finn, 2017; Leimuranta et al., 2018; Spigelman, 2009;

Hossain et al., 2020). The result that activating both CB1R and CB2R alleviated
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migraine-like hypersensitivity implies the role of both neural sensitization and peripheral

inflammation in migraine pathophysiology considering the respective functions of CB1R and

CB2R. What’s more, since the inhibition of adenylyl cyclase in CB1R and CB2R activation

can lead to the inhibition of cAMP/PKA pathway (Spigelman, 2009; Jhaveri et al., 2007),

activation of CB1R and CB2R can potentially downregulate the expression of

pro-nociceptive agents that are thought to be downstream of this pathway and decrease

activation of ion channels like ASIC1 and TRPA1 (Meents et al., 2017; Leonard et al., 2003),

which may underlie the mechanism of the analgesic effect of activating peripheral CB1Rs

and CB2Rs by PrNMI on trigeminal sensitization.

The results of protein analysis showed significant increases in the expression of p-PKA,

nNOS, and TRPA1 after repeated GTN administration, which were prevented by PrNMI

pretreatment. Smaller increases in PAR2, ASIC3, and CB1R (prevented by PrNMI) did not

reach statistical significance. Chronic GTN causes prolonged mechanical allodynia in rodents,

but the exact mechanism remains unclear (Marone et al., 2018). Recent evidence suggested

NO-mediated trigeminal pain was partially mediated by ASIC3 (Holton et al., 2020) and

GTN-induced migraine-related pain was mediated by TRPA1 (Marone et al., 2018). Protease

activated receptor 2 (PAR2) is a GPCR that can be activated by serine proteases released

during mast cell degranulation and has been suggested to cause migraine-like pain upon

activation (Hassler et al., 2019) and sensitize TRPA1 to mediate inflammatory pain (Dai et al.,

2007). The phosphorylated PKA (p-PKA) is an activated functional form of PKA

(cAMP-dependent protein kinase), whose activation is catalyzed by cyclic adenosine
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monophosphate (cAMP) in the cAMP-dependent pathway (also known as adenylyl cyclase

pathway) (Cheng et al., 1998; Sassone-Corsi, 2012). Upon activation, p-PKA is thought to

increase the activation of many downstream targets such as nNOS, voltage-gated Na+ and

Ca2+ channels, TRPA1, TRPV1, and ASIC channels (Hurt et al., 2012; Gold et al., 1998;

Dittmer et al., 2014; Meents et al., 2017; Jeske et al., 2008; Leonard et al., 2003). The cAMP

pathway can be activated by an activated Gs protein and inhibited by a Gi protein coupled to

GPCRs or a cAMP phosphodiesterase (Kamenetsky et al., 2006). nNOS, whose expression

could be upregulated by PKA in a rat model of complete Freund's adjuvant (CFA)-induced

hyperalgesia (Wang et al., 2013), plays an important role in migraine pathophysiology

(Pradhan et al., 2018). NO, which is produced by NOS or by a NO donor, such as GTN, is

thought to mainly signal through cGMP/PKG pathway which regulates a number of proteins

through phosphorylation, and results in altered gene expression, decreased intracellular

calcium, and modified G protein-coupled receptor activation (Pradhan et al., 2018). However,

none of the previous studies demonstrated whether the expressions of these ion channels,

enzymes, protease receptor, and second messenger markers are altered or not upon GTN

administration. Our Wes results showed the upregulation of the expression of TRPA1 and

nNOS in GTN-induced chronic migraine mouse model, which implies the involvement of

modulation of their gene expression. Moreover, the increased expression of nNOS and

TRPA1 may underlie the mechanism of the long duration of hypersensitivity in the chronic

migraine mouse model. ASIC, whose activation was shown to be upregulated by

cAMP-dependent protein kinase (Leonard et al., 2003) and whose function was increased in
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our electrophysiology results after repeated GTN injections, did not show significant increase

of expression in Wes. This result implies that ASIC3 contributes to migraine-related pain in

GTN mouse model mainly through the increase of its function instead of expression.

Although our result did not show the significant increase in expression of PAR2 upon chronic

GTN administration, we acknowledge that PAR2 is very important in mediating migraine

pain. The expression of CB1R was not significantly altered after injections of GTN or

GTN+PrNMI in our Wes results, suggesting that repeated injections of GTN or GTN+PrNMI

will not lead to development of tolerance of PrNMI. The cyclic nucleotide signaling,

including cAMP/PKA and cGMP/PKG pathways was implicated in pathogenesis of chronic

pain after nerve injury and bone cancer pain (Li et al., 2019), but its role in migraine mouse

models was not clear. Together, our Wes results confirmed that the increased expression of

nNOS and TRPA1 are related to the behavioral hypersensitivity in the chronic migraine

model, and demonstrate the activation of cAMP/PKA pathway in the chronic GTN

injections-induced migraine mouse model. Importantly, PrNMI, which activates both

peripheral CB1R and CB2R, prevented the GTN-induced changes, which indicates PrNMI

might prevent the mechanical hypersensitivity in the chronic migraine mouse model by

down-regulation of TG neuron sensitization biomarkers. This preventative effect is likely

mediated by the inhibition of adenylyl cyclase by activating CB1R in trigeminal ganglion and

peripheral terminals. Although CB2Rs are absent in naïve TG neurons, CB2Rs may play a

role in preventing GTN-induced changes by inhibiting immune cells to produce

pro-nociceptive mediators (Atwood & Mackie, 2010; Malan et al., 2001). Further
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investigation of the role of CB1R and CB2R in TG neurons sensitization is needed to

understand the mechanism of PrNMI in preventing GTN-induced hypersensitivity and

increased expression of trigeminal sensitization biomarkers.

Both TRPA1 and ASIC3 currents were increasingly activated in the GTN-induced

migraine model in this study. These findings are consistent with previous evidence that

ASIC3 and TRPA1 play a critical role in trigeminovascular sensitization in migraine. (Dussor,

2015; Benemei et al., 2014; Yan & Dussor, 2014). Moreover, our study is the first to

demonstrate the increased expression of TRPA1 and increased activity of ASIC and TRPA1

in the GTN-induced chronic migraine mouse model. Hence, our protein analysis and

electrophysiology results confirmed our hypothesis that the activation of cAMP/PKA

pathway, increased expression of TG neuron sensitization biomarkers, and subsequently

increased activation of ASIC and TRPA1 ion channels may underlie one of the mechanisms

of migraine pathogenesis.

The ability of PrNMI to decrease the activation of ASIC3 and TRPA1 currents during

PrNMI perfusion in vitro in a CB1R-dependent manner suggested one plausible mechanism

by which this compound could produce its analgesic effects in vivo. PrNMI’s ability to

prevent the acute and chronic GTN-induced behavioral hypersensitivity in a CB1R and

CB2R-dependent manner, as well as its ability to prevent chronic GTN-induced increases in

the expression of TG neuron sensitization biomarkers, also provided some insights into the

mechanisms through which PrNMI exerted its effects.
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Together, these findings show the therapeutic potential of synthetic non-psychoactive

cannabinoids in migraine prevention. In the future, more studies need to be done to look at

PrNMI’s effect on other migraine symptoms, such as nausea, photophobia, and phonophobia,

and on migraine triggers such as stress. Moreover, the potential side effects of PrNMI, such

as its effects on autonomic nerves should be further studied (Mackie, 2005). Besides, our

study so far only demonstrated the effect of PrNMI as a pretreatment. Our future research

will continue to investigate if PrNMI can reverse the hypersensitivity symptoms of acute and

chronic migraine mouse models as a posttreatment. Last but not least, since neurogenic

inflammation plays a key role in migraine pathophysiology, further studies can be done to

examine if PRCBs have effects on regulating neuropeptides and inflammatory mediators

which may contribute to migraine.



28

5. Figures and legends

Figure 1: Pretreatment with PrNMI suppressed glyceryl trinitrate (GTN)-induced acute

hypersensitivity to mechanical stimuli in both head withdrawal thresholds and hindpaw

withdrawal thresholds.

A: Head withdrawal thresholds dropped after Vehicle + GTN (10 mg/kg, i.p.) injection and

are prevented in PrNMI (0.6 mg/kg, i.p.) + GTN (10 mg/kg, i.p.) group B: Hindpaw

withdrawal thresholds dropped after Vehicle + GTN (10 mg/kg, i.p.) injection and are

prevented in PrNMI (0.6 mg/kg, i.p.) + GTN (10 mg/kg, i.p.) group * p<0.05, ** p<0.01

(two-way ANOVA, n=10/group).
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Figure 2: Suppression of GTN-induced hypersensitivity by PrNMI was mediated by

both CB1Rs and CB2Rs.

Head withdrawal thresholds (A) and hindpaw withdrawal thresholds (B) weremeasured

before treatments and 2 hrs after injection of GTN (10 mg/kg, i.p.) and 3 hrs after

pretreatment with either vehicle, PrNMI (0.6 mg/kg, i.p), peripherally-restricted CB1R

antagonist 18A (6 mg/kg, i.p.) + PrNMI, or CB2R antagonist SR144528 (6 mg/kg, i.p.) +

PrNMI. ** p<0.01, *** p<0.001 (two-way ANOVA, n=10/group).

A B
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Figure 3: PrNMI pretreatment protected against repeated GTN injection-induced

decrements in both head withdrawal thresholds and hindpaw withdrawal thresholds.

A: Head withdrawal threshold of 3 groups of C57/BL6J female mice (n=10/group): Baseline

thresholds (mean±SEM) were measured in two-day intervals. After 3 baseline data

collections, mice were injected every two days with GTN or vehicle as well as either PrNMI

or Vehicle prior to GTN administration (arrow). * p<0.05, ** p<0.01, ***, p<0.001,

Vehicle+GTN vs Vehicle+Vehicle; †† p<0.01, ††† p < 0.001, Vehicle+GTN vs

PrNMI+GTN; ‡ p<0.001, PrNMI+GTN vs Vehicle+Vehicle (two-way RM ANOVA, Tukey

multiple comparisons test). B: Hindpaw withdrawal threshold of 2 groups of C57/BL6J

female mice (10/group): Baseline thresholds (mean±SEM) were measured in two-day

intervals. Mice were injected every two days with GTN as well as either PrNMI or Vehicle

prior to GTN administration (arrow). *** p<0.001 (two-way RM ANOVA, Sidak multiple

comparisons test)
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Figure 4: PrNMI prevented GTN-induced alterations in expression of trigeminal

ganglion neuron sensitization biomarkers.

Spectral graphs on left show group averages (n=10/group) of target peaks: GAPDH, PKA (A),

GAPDH, phospho-PKA (B), -actin, nNOS (C), -actin, TRPA1 (D), -actin, ASIC3 (E),

-actin, PAR2 (F), GAPDH, CB1 (G). Bar graphs on the right are group averages of target

proteins normalized to total protein and to the mean of the Vehicle+Vehicle group. * p<0.05,
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** p<0.01, *** p<0.001 (one-way ANOVA).
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Figure 5: Repeated GTN injection increased activation of ASIC and TRPA1 currents in

TG neurons.

A: Representative trace of ASIC currents from TG neurons in vehicle and GTN group mice.

B: ASIC current amplitude (normalized to cell capacitance) from vehicle and GTN group

mice. C: Representative trace of TRPA1 currents from TG neurons in vehicle and GTN

group mice. D: TRPA1 current amplitude (normalized to cell capacitance) from vehicle and

GTN group mice. (* p < 0.05, ** p < 0.01, unpaired t-test) Note the increase in current

amplitude of ASIC and TRPA1 in GTN injection group compared to vehicle group (control).
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Figure 6. PrNMI suppressed ASIC currents via CB1R activation in TG neurons.

A: Responder and non-responder separated by size of neurons upon low-pH (6.0) stimulation.

B: Representative traces of currents evoked at 5-min intervals by a 2-sec switch from pH 7.4

to pH 6.0 solution (bar) before, during, and a 5-min perfusion of PrNMI (1M). C:

Representative traces of currents evoked at 5-min intervals by a 2-sec switch from pH 7.4 to a

pH 6.0 solution before, during, and after a 5-min perfusion of PrNMI (1M) and selective

CB1R antagonist 18A (10M). D, E, F: Average of currents activated by low-pH (6.0)

(normalized to cell capacitance) before, during, and after the perfusions of vehicle (0.1%

DMSO), PrNMI, and PrNMI+18A administrations. * p < 0.05 (one-way RM ANOVA).

Note that the current amplitude significantly decreased during the perfusion of PrNMI, But

not during the perfusion of PrNMI+18A.
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Figure 7. PrNMI suppressed TRPA1 currents via CB1R activation in TG neurons.

A: Responder and non-responder separated by size of TG neurons upon AITC stimulation.

B: Representative traces of currents evoked at 5-min intervals by a 5-sec switch to AITC (1

mM) before, during, and after a 5-min perfusion of PrNMI (1 M). C: Representative traces

of currents evoked at 5-min intervals by a 5-sec switch to AITC (1 mM) before, during, and

after a 5-min perfusion of PrNMI (1 M) and the selective CB1R antagonist18A (10 M). D, E,

F: Average of currents (normalized to cell capacitance) activated by AITC before, during,

and after the perfusions of vehicle (0.1% DMSO), PrNMI, or PrNMI+18A respectively. * p <

0.05 (one-way RM ANOVA). Note that the current amplitude significantly decreased during

the perfusion of PrNMI, But not during the perfusion of PrNMI+18A.
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