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Abstract

Migraine is commonly reported in patients with temporomandibular disorders (TMDs), but little 

is known about the mechanisms underlying the comorbid condition. Here we prepared a mouse 

model to investigate this comorbidity, in which masseter muscle tendon ligation (MMTL) was 

performed to induce a myogenic TMD and the pre-existing TMD enabled a subthreshold dose 

of nitroglycerin (NTG) to produce migraine-like pain in mice. RNA sequencing followed by 

real-time quantitative PCR confirmation showed that MMTL plus NTG treatment increased 

prodynorphin (Pdyn) mRNA expression in the spinal trigeminal nucleus caudalis (Sp5C) of 

female mice, but not in male mice. Chemogenetic inhibition of Pdyn-expressing neurons or 

microinjection of anti-dynorphin antiserum in the Sp5C alleviated MMTL-induced masseter 

hypersensitivity and diminished the MMTL-enabled migraine-like pain in female mice, but not 

in male mice. Moreover, chemogenetic activation of Pdyn-expressing neurons or microinjection of 

dynA(1–17) peptide in the Sp5C enabled a subthreshold dose of NTG to induce migraine-like pain 

in female mice, but not in male mice. Taken together, our results suggest that trigeminal dynorphin 

has a female-specific role in the modulation of comorbid TMDs and migraine.
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1. Introduction

Temporomandibular disorders (TMDs) and migraine are highly debilitating orofacial pain 

conditions that are often comorbid and occur more in women than men. Patients with 

TMDs frequently experience headaches in addition to the pain in the temporomandibular 

joint (TMJ) [5,6,15]. Migraine is prevalent among TMD patients with a prevalence of up to 
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58%, especially in women with myogenic TMD [14,20–23,32]. However, the mechanisms 

underlying such comorbidity as well as its sex dimorphism remain poorly understood. In our 

previous study [51], we combine masseter muscle tendon ligation (MMTL) with systemic 

injection of nitroglycerin (NTG) to develop a comorbid TMDs and migraine-like pain 

mouse model. We use this model to further investigate the underlying mechanism for this 

comorbidity in the present study.

The prodynorphin (Pdyn) gene encodes a precursor protein that is biologically inactive 

and can be post-translationally cleaved to form following opioid neuropeptides: dynorphin 

A (dynA), dynorphin B (dynB), neoendorphins, and bio-active/inactive fragments [17,25]. 

Although dynB and neoendorphin have been shown to involve in antinociception after 

sensory stimulation [49], dynA plays an important role in the development and maintenance 

of chronic pain. For instance, a single intrathecal administration of dynA induces chronic 

allodynia [38,57] and intrathecal injection of anti-dynA antiserum inhibits chronic pain [26]. 

Previous studies have shown that the dynorphin level in the spinal cord is increased in 

both chronic neuropathic and inflammatory pain models [27,61,62], which indicates the 

involvement of spinal dynorphin in chronic pain. Interestingly, knockout of Pdyn gene 

blocks chronic pain without effect on acute nociception [61], and spinal dynorphin level 

can fluctuate during the menstrual cycle of females [7]. However, it is unknown whether 

Pdyn gene and trigeminal dynorphin contribute to the comorbid TMDs and migraine-like 

pain. Here we use multidisciplinary approaches to address this knowledge gap and identify 

therapeutic targets for such comorbidity condition.

In the present study, we conducted RNA sequencing (RNA-Seq) followed by real-time 

quantitative PCR (RT-qPCR) confirmation to reveal that dynorphin in the spinal trigeminal 

nucleus caudalis (Sp5C) could be a potential therapeutic target for the comorbid TMDs 

and migraine-like pain. Using Pdyn-Cre mice and chemogenetic manipulation approach, we 

further investigated the sex-selective role of trigeminal dynorphin in the pathogenesis of this 

comorbidity. Intra-Sp5C injection of anti-dynorphin antiserum and dynA peptide were also 

used to verify our findings in this study.

2. Materials and Methods

2.1. Animals

Male and female adult (8–10 weeks old) C57BL/6J mice (Jackson Lab, Strain #000664), 

Pdyn-Cre mice (Jackson Lab, Strain #027958), and Ai14 mice (Jackson Lab, Strain 

#007914) were used in this study. Homozygous Pdyn-Cre mice were crossed with 

homozygous Ai14 mice to produce Pdyn-Cre;Ai14 mice. Animals were housed under 

standard conditions on a 12-hour light/dark cycle with ad libitum access to food and 

water. All behavioral tests were performed during the light phase and carried out by an 

investigator who was blinded to the treatment groups. The estrous cycle of female mice 

were determined by cytological evaluation of vaginal smears [8,63] when needed. All 

experimental procedures were carried out in accordance with the ethical guidelines of 

the National Institutes of Health and the International Association for the Study of Pain. 

All experimental protocols were approved by Texas A&M University School of Dentistry 

Institutional Animal Care and Use Committee.
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2.2. Comorbid TMDs and migraine-like pain mouse model

Mice were randomly assigned to the unilateral MMTL or sham surgery. The MMTL 

was performed as described in our previous study [51]. In brief, mice were anesthetized 

with sodium pentobarbital (50 mg/kg, i.p., Cat. #P3761, Sigma-Aldrich). The left anterior 

superficial part of masseter muscle tendon was exposed through an intraoral incision, 

gently freed from the surrounding connective tissue, then tied with two 6.0 chromic gut 

ligatures. Tissue adhesive (Cat. #1469SB, 3M) was used to close the incision. The mice 

with sham surgery received only tendon exposure without ligation. Our previous study 

[51] has shown that MMTL produces long-lasting mechanical allodynia in trigeminal nerve 

V3 branch-innervated masseter region and causes oral dysfunction, which indicates that 

it can be used to study myogenic TMD and TMJ pain in such TMD patients. On day 8 

post-MMTL, the mice received a single subthreshold dose of NTG (1 mg/kg, i.p.) or vehicle 

at a volume of 1 ml/kg. NTG solution was freshly prepared by diluting a stock solution (5 

mg/ml, NDC #0517-4810-25, American Regent) with saline to 1 mg/ml. Because the stock 

solution contains 30% alcohol and 30% propylene glycol as dissolvent, the vehicle control 

was prepared by diluting the dissolvent with saline. A systemic injection of NTG has been 

used extensively to induce migraine pain, since NTG causes immediate headache in both 

healthy people and patients with migraine [1,12,45].

2.3. RNA sequencing (RNA-Seq)

On day 8 post-MMTL/sham, female mice at the diestrus phase were selected to receive NTG 

(1 mg/kg, i.p.) or vehicle. One day after NTG/vehicle administration, mice were deeply 

anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and Sp5C tissues were rapidly 

removed and stabilized in RNAlater tissue storage reagent (Cat. #R0901, Sigma-Aldrich). 

Total RNA was extracted from the Sp5Cs (ipsilateral to surgery side) using RNeasy Micro 

Kit (Cat. #74004, Qiagen). Sequencing libraries were generated from 1 μg of RNA per 

sample using NEBNext UltraTM RNA Library Prep Kit for Illumina (Cat. #E7530L, NEB) 

following manufacturer’s protocol and index codes were added to attribute sequences to 

each sample. Paired-end reads (150 bp, 30 million reads) per sample were generated on 

an Illumina Hiseq platform. Index of the reference genome was built using Bowtie v2.2.3 

[36,37] and paired-end clean reads were aligned to the reference genome using TopHat 

v2.0.12 [54]. HTSeq v0.6.1 [2] was used to count the reads numbers mapped to each gene. 

Fragments per kilobase of transcript per million fragments mapped (FPKM) was calculated 

for each transcript [55].

2.4. Real-time quantitative PCR (RT-qPCR)

On day 8 post-MMTL/sham, mice received NTG or vehicle. Sp5C samples were obtained 

on day one after NTG/vehicle administration. Next, cDNA was prepared by using the 

QuantiTect Reverse Transcription Kit (Cat. #205311, Qiagen) and RT-qPCR was performed 

using the CFX96 real-time PCR detection system (Bio-Rad) with the dye-based qPCR 

mix (Cat. #A6001, Promega). All samples were analyzed in triplicate. The primer pair 

for Pdyn was designed using Primer3 [56]: forward, 5’-ATGATGAGACGCCATCCTTC-3’; 

reverse, 5’-TTAATGAGGGCTGTGGGAAC-3’. Gapdh was used as an internal control [3]. 

The primer pair for Gapdh is: forward, 5’-TGAAGGTCGGTGTGAACGGA-3’; reverse, 5’-
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ACAAGCTTCCCATTCTCGGC-3’ [39]. Relative expression of Pdyn was calculated using 

the ΔΔCt method (2−ΔΔCt) [43]. After the PCR run, we performed melting-curve analysis 

and agarose gel electrophoresis to verify the PCR product specificity.

2.5. Immunofluorescence staining

Deeply anesthetized Pdyn-Cre;Ai14 mice were perfused with 4% paraformaldehyde. 

The brainstem tissues (containing Sp5C) were harvested, post-fixed at 4°C overnight, 

and then cryoprotected in 30% sucrose for two days. The tissues were sectioned at a 

thickness of 20 μm. After being blocked with PBS containing 5% normal goat serum 

(Cat. #5425, Cell Signaling Technology) and 0.3% Triton X-100 (Cat. #1610407, Bio-

Rad) at room temperature for 1 h, the free-floating sections were incubated with each 

primary antibody at 4°C overnight, and then washed and incubated with respective 

secondary antibody for 1 h at room temperature. Primary antibodies we used: mouse 

anti-NeuN (1:500, Cat. #ab104224, Abcam), rabbit anti-ionized calcium binding adapter 

molecule 1 (anti-Iba1, 1:400, Cat. #019-19741, FUJIFILM Wako Chemicals), chicken anti-

glial fibrillary acidic protein (anti-GFAP, 1:800, Cat. #AB5541, EMD Millipore), rabbit 

anti-glutaminase (1:500, Cat. #Ab131554, Abcam), rabbit anti-paired box 2 (anti-PAX2, 

1:500, Cat. #71-6000, Invitrogen). Secondary antibodies we used: donkey anti-mouse 488 

(1:500, Cat. #715-545-150, Jackson ImmunoResearch), donkey anti-rabbit 488 (1:500, 

Cat. #715-545-152, Jackson ImmunoResearch), donkey anti-chicken 488 (1:500, Cat. 

#715-545-155, Jackson ImmunoResearch). All images were acquired using a Leica DMi8 

fluorescence microscope.

2.6. Orofacial mechanical hypersensitivity test

Orofacial mechanical hypersensitivity was measured with von Frey filaments as described 

in our previous study [51]. Each mouse was allocated in a plexiglass cylinder (10 cm long, 

3 cm internal diameter) with the head and forepaws leaving outside and allowed to move 

freely. Mice were habituated to the apparatus for 3 days (30 min per day) before the first 

test and 10 min before each test. A series of calibrated von Frey filaments (0.07, 0.16, 0.4, 

0.6, 1.0, 1.4, and 2.0 g) were applied to the trigeminal nerve V3-innervated masseter region 

for measuring MMTL-produced TMJ pain and applied to the trigeminal nerve V1-innervated 

periorbital region (skin over the rostral portion of the eye) for measuring NTG-induced 

migraine pain [16,19,48]. A positive response was defined as a sharp head withdrawal. The 

head withdrawal threshold was recorded as the force at which the positive response occurred 

three times out of five stimuli.

2.7. Chemogenetic manipulation of Pdyn-expressing neurons in the Sp5C

DREADDs-based chemogenetic activation or inhibition of Pdyn-expressing neurons was 

conducted to reveal the role of trigeminal dynorphin in the comorbid TMDs and migraine-

like pain condition. To infuse the DREADD or control virus, Pdyn-Cre mice were 

anesthetized with 2–3% inhaled isoflurane, and then 0.5 μl of the virus was injected into 

unilateral Sp5C (ipsilateral to MMTL) (−8.0 mm AP; 1.5 mm ML; 4.5 mm DV) [41,42] 

using a 33-gauge needle at a rate of 0.1 μl/min, after which the injection needle was left in 

place for 10 min prior to being withdrawn. Viruses we used: (1) Cre-inducible DREADD 

virus expressing hM3D for neuronal activation (AAV5-hSyn-DIO-hM3D (Gq)-mCherry, 
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Cat. #44361, Addgene); (2) Cre-inducible DREADD virus expressing hM4D for neuronal 

inhibition (AAV5-hSyn-DIO-hM4D (Gi)-mCherry, Cat. #44362, Addgene); (3) control virus 

(AAV5-hSyn-DIO-mCherry, Cat. #50459, Addgene). Compound 21 (C21, Cat. #HB4888, 

Hello Bio) dissolved in saline was given at 1 mg/kg (i.p.) to activate DREADDs [31,53].The 

virus infusion site was confirmed histologically after experiments.

2.8. Microinjection of drugs into the Sp5C

Under anesthesia with 2–3% inhaled isoflurane, mice received a single injection of 

drugs into Sp5C. The microinjection method is the same as the virus infusion method 

described above. For anti-dynorphin antiserum injection, rabbit anti-dynA antiserum (Cat. 

#T-4279.0400, Peninsula Laboratories) dissolved in saline was given at 0.25 μg or 0.5 μg 

at a volume of 0.5 μl [24]. The control group of mice received 0.5 μg of rabbit IgG (Cat. 

#BE0095, Bio X Cell) dissoved in saline at a volume of 0.5 μl. For dynA(1–17) peptide 

injection, 1 nmol of dynA(1–17) peptide (Cat. #AS-24297, AnaSpec Inc.) [38] dissolved in 

saline was given at a volume of 0.5 μl. The control group of mice received saline.

2.9. Statistical analysis

All data are expressed as mean ± standard error of the mean (SEM). All statistical analyses 

were performed using GraphPad PRISM 8 software. The results from RNA-Seq and RT-

qPCR were analyzed with one-way ANOVA, and the results from behavioral tests were 

analyzed with two-way repeated-measures ANOVA. The Sidak or Tukey’s post hoc test was 

conducted following ANOVA. Statistical significance was accepted for a P value less than 

0.05.

3. Results

3.1. Comorbid TMDs and migraine-like pain increases Pdyn expression in the Sp5C of 
female but not male mice

We have previously developed a comorbid TMDs and migraine-like pain mouse model 

and demonstrated that in the comorbid model, MMTL enhances NTG-induced migraine-

like hypersensitivity [51].To investigate the underlying mechanism of this comorbidity, 

we conducted RNA-Seq to analyze the mRNA profile in the Sp5C following MMTL 

and/or NTG treatment, and we found that “MMTL+NTG” treatment caused significant 

upregulation of Pdyn expression compared with the control groups in the Sp5C (ipsilateral 

to MMTL side) of female mice at the diestrus phase (Fig. 1A). We confirmed the 

upregulation of ipsilateral Pdyn expression using RT-qPCR (Fig. 1B) and further found 

that the expression of Pdyn in the contralateral Sp5C had no significant difference among all 

the treatment groups (Fig. 1C).

To find out whether there is sex difference in the upregulation of Pdyn expression after 

the “MMTL+NTG” treatment, we performed the RT-qPCR with Sp5C tissues from male 

mice and found that the “MMTL+NTG” treatment had no effect on Pdyn expression in the 

ipsilateral Sp5C of male mice compared with the “Sham+vehicle” control group (Fig. 1D). 

We further revealed that the upregulation of Pdyn expression following “MMTL+NTG” 
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treatment occurred in both estrus and diestrus phases of the estrous cycle in female mice 

(Fig. 1D).

3.2. Pdyn is primarily expressed in excitatory glutamatergic neurons in the Sp5C

To determine the cellular distribution of Pdyn in the Sp5C, we crossed Pdyn-Cre mice 

with Ai14 mice to generate Pdyn-Cre;Ai14 mice, in which Pdyn-expressing cells show 

tdTomato-positive red color. We cut brainstem sections containing Sp5C to perform 

immunofluorescence staining. We observed that Pdyn-expressing cells in the Sp5C were 

co-labeled with NeuN (a specific neuronal marker), but not co-labeled with Iba1 (a 

specific microglial marker) and GFAP (a specific astrocytic marker) in both control and 

“MMTL+NTG” treatment groups (Fig. 2). Our results indicate that Pdyn is predominantly 

expressed in Sp5C neurons and that “MMTL+NTG” treatment did not alter the cellular 

distribution of Pdyn in the Sp5C. We further performed immunofluorescence staining with 

antibodies against glutaminase (a marker for excitatory neurons) and PAX2 (a marker for 

inhibitory neurons) and we observed that Pdyn-expressing neurons in the Sp5C are primarily 

positive with glutaminase and only a few of them were positive with PAX2 (Fig. 3). Thus, 

the majority of Pdyn-expressing neurons in the Sp5C are excitatory glutamatergic neurons.

3.3. Specific inhibition of Pdyn-expressing neurons in the Sp5C attenuates MMTL-
induced masseter hypersensitivity and diminishes MMTL-enabled migraine-like pain in 
female but not male mice

To reveal the role of trigeminal dynorphin in the comorbid TMDs and migraine-like pain, 

we performed chemogenetic inhibition of Pdyn-expressing neurons in the Sp5C of Pdyn-Cre 

mice and carried out orofacial pain testing (see timeline in Fig. 4A). We observed that in 

female mice, specific inhibition of Pdyn-expressing neurons in the Sp5C not only markedly 

attenuated the MMTL-induced masseter hypersensitivity (Fig. 4B), but also significantly 

diminished the MMTL-enabled migraine-like pain in the periorbital area (Fig. 4C) compared 

with the mCherry control group. However, the specific inhibition of Pdyn-expressing 

neurons had no effects in male mice (Fig. 4D and E).

To verify whether the chemogenetic inhibition-produced effect is directly related to 

trigeminal dynorphin, we performed intra-Sp5C injection of anti-dynorphin antiserum on 

day one post-NTG in the comorbid TMDs and migraine-like pain mouse model and carried 

out orofacial pain testing (see timeline in Fig. 5A). We observed that a single injection 

of 0.25 μg of anti-dynA antiserum significantly attenuated the MMTL-induced masseter 

hypersensitivity and diminished the MMTL-enabled migraine-like pain in the periorbital 

area at 45 min post-injection compared with the IgG control group (Fig. 5B and C), whereas 

treatment with 0.5 μg of the antiserum produced its effect at 30 min post-injection and 

the inhibitory effect lasted for at least 30 min (Fig. 5B and C). However, the injection of 

anti-dynorphin antiserum had no effects in male mice (Fig. 5D and E).

3.4. Specific activation of Pdyn-expressing neurons in the Sp5C without MMTL enables a 
subthreshold dose of NTG to induce migraine-like pain in female but not male mice

To further determine the role of trigeminal dynorphin in the comorbid TMDs and migraine-

like pain, we performed chemogenetic activation of Pdyn-expressing neurons in the Sp5C 
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of Pdyn-Cre mice and carried out orofacial pain testing (see timeline in Fig. 6A). We 

observed that in female mice, specifical activation of Pdyn-expressing neurons in the Sp5C 

alone did not affect mechanical hypersensitivity in the masseter and periorbital areas (Fig. 

6B and C), but combining the chemogenetic activation of Pdyn-expressing neurons in the 

Sp5C with single injection of NTG (1 mg/kg, i.p.) not only produced TMD-like masseter 

hypersensitivity (Fig. 6B), but also enabled a subthreshold dose of NTG to induce migraine-

like pain in the periorbital area (Fig. 6C) compared with the mCherry control group. 

However, the specific activation of Pdyn-expressing neurons had no effects in male mice 

(Fig. 6D and E).

To verify whether the chemogenetic activation-produced effect is directly related to 

dynorphin in the Sp5C, we performed intra-Sp5C injection of dynA(1–17) peptide in wild-

type mice and carried out orofacial pain testing (see timeline in Fig. 7A). We observed 

that in female mice, a single injection of dynA(1–17) peptide (1 nmol) alone did not affect 

mechanical hypersensitivity in the masseter and periorbital areas (Fig. 7B and C), but 

combining the peptide treatment with a single injection of NTG (1 mg/kg, i.p.) at 45 min 

post-peptide not only produced TMD-like masseter hypersensitivity (Fig. 7B), but also 

enabled a subthreshold dose of NTG to induce migraine-like pain in the periorbital area 

(Fig. 7C) compared with the control group. The TMD-like masseter hypersensitivity and 

migraine-like pain lasted for at least 10 days. However, the peptide treatment had no effects 

in male mice (Fig. 7D and E).

4. Discussion

In the present study, our RNA-Seq followed by RT-qPCR confirmation shows that in 

the comorbid TMDs and migraine-like pain mouse model, MMTL plus NTG treatment 

increases Pdyn expression in the Sp5C of female mice, but not in male mice. Chemogenetic 

inhibition of Pdyn-expressing neurons or microinjection of anti-dynorphin antiserum in 

the Sp5C alleviates MMTL-induced masseter hypersensitivity and diminishes the MMTL-

enabled migraine-like pain in female but not male mice. Moreover, chemogenetic activation 

of Pdyn-expressing neurons or microinjection of dynA(1–17) peptide in the Sp5C can enable 

a subthreshold dose of NTG to induce migraine-like pain in female but not male mice.

In the RNA-Seq experiment, we selected female mice at diestrus phase to harvest Sp5C 

tissues, so that all the mice have similar hormone levels. The estrous cycle in rodents, 

as an analogous to the menstrual cycle in humans, is regulated by hormones including 

estrogens. Estrogen levels in high-receptive phases (estrus and proestrus) are typically higher 

than those in low-receptive phases (diestrus and metestrus) [44,63,64]. A rapid decline 

of serum estrogen level during the diestrus phase has been linked to triggering migraine 

[10]. A previous study reported that female mice in the diestrus phase are more prone to 

cortical spreading depression [18], which is the underlying pathophysiology of migraine 

aura [11]. Our RNA-Seq data show that Pdyn expression increases significantly in the 

“MMTL+NTG” group compared with other groups, which has been confirmed by the results 

from RT-qPCR. We further investigate whether the increase of Pdyn expression also occurs 

in male mice and whether Pdyn expression is regulated differentially at different estrous 

phases of female mice in the comorbid TMDs and migraine-like pain mouse model, and 
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our results demonstrate that Pdyn upregulation is specifically produced in female mice (both 

estrus and diestrus phases) but not in male mice.

Previous studies have reported that preprodynorphin gene transcription and dynorphin 

expression significantly increase in the spinal trigeminal nucleus of male rats after 

inflammation or injury [28,29,34]. In our comorbid orofacial pain model, the increased 

expression of trigeminal dynorphin is female-specific. This discrepancy may be due to the 

following factors: 1) We used mice in this study and those previous studies used rats; 2) The 

effect produced by the combination of MMTL with NTG injection in our comorbidity model 

could be different compared with those caused by inflammation or injury.

Dynorphin has been suggested as a mediator of central sensitization [57]. Whole-cell patch 

clamp recordings have shown that dynorphin has contrasting influences on γ-aminobutyric 

acid (GABA) input to excitatory and inhibitory neurons in the ventral pallidum by binding 

to κ-opioid receptors [30]. Another study using ex vivo electrophysiological recording 

shows that bath application of dynorphin decreases the excitability of GABAergic neurons 

of insular cortex in both male and female mice, but dynorphin increases the Excitation/

Inhibition ratio only in male mice [46]. In addition, positron emission tomography scanning 

in a human study has revealed that males has a significantly higher availability of κ-opioid 

receptors than women in many brain regions including pain-related anterior cingulate cortex 

and insular cortex [58]. In an animal study, sex differences in the expression of κ-opioid 

receptors and the receptor-mediated G protein activation in brain regions are observed [60].

Pdyn can give rise to several different endogenous opioid peptides, including dynA, 

dynB, α- and β-neoendorphin, and bio-active/inactive fragments [17,25]. These peptides 

have been found to be present in neurons, microglia, and astrocytes in the spinal cord 

[26,33,59], but their expression in the Sp5C remains unknown. In the present study, we 

crossed homozygous Pdyn-Cre mice with homozygous Ai14 reporter mice to generate Pdyn-

Cre;Ai14 mice. Because Ai14 reporter mice express robust tdTomato fluorescence signals 

when Cre recombinase exists, Pdyn-Cre;Ai14 mice express tdTomato in Pdyn-expressing 

cells. By staining with markers for different cell types, we reveal that Pdyn is primarily 

expressed in excitatory glutamatergic neurons of Sp5C and the cellular distribution has no 

change after “MMTL+NTG” treatment.

The endogenous opioid peptides derived from Pdyn have been demonstrated to show 

analgesic effects through activating inhibitory opioid receptors [47]. Previous studies have 

shown that there are sex differences in opioid-produced analgesia [4,9,13,35,40,52]. For 

instance, it is observed that the μ opioid-mediated analgesic effect is stronger in male 

rats than female rats [13], while in another study, morphine exhibits greater analgesic 

potency in female mice than male mice [35]. However, dynA has also been reported to 

facilitate chronic pain development in pathological conditions [50]. In the present study, we 

provide more evidence to demonstrate the role of trigeminal dynorphin (especially dynA) 

in the comorbid TMDs and migraine-like pain. Using Designer Receptors Exclusively 

Activated by Designer Drugs (DREADDs)-based chemogenetic manipulation, we reveal 

that specific inhibition of Pdyn-expressing neurons in the Sp5C can attenuate the MMTL-

induced masseter hypersensitivity and diminish the MMTL-enabled migraine-like pain in 
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our comorbid mouse model. Importantly, the chemogenetic inhibition-produced effects are 

only observed in female mice, but not in male mice. To confirm the effects are directly 

related to trigeminal dynorphin, we performed intra-Sp5C injection of anti-dynorphin 

antiserum and we observed a similar effect on the comorbidity in female but not male mice. 

These results suggest that trigeminal dynorphin could be targeted to treat such comorbid 

pain condition and the therapeutic target is female-specific.

To further determine the role of trigeminal dynorphin in the comorbid TMDs and migraine-

like pain, we performed DREADDs-based chemogenetic activation of Pdyn-expressing 

neurons in the Sp5C. Although the specific activation of Pdyn-expressing neurons alone 

does not alter mechanical hypersensitivity in masseter and periorbital areas, combining it 

with single injection of a subthreshold dose of NTG (1 mg/kg, i.p.) not only produces 

TMD-like masseter hypersensitivity, but also enables a subthreshold dose of NTG to induce 

migraine-like pain in the periorbital area. All these effects are only observed in female 

but not male mice. To confirm the effects are directly related to trigeminal dynorphin, 

we performed intra-Sp5C injection of dynA(1–17) peptide, and our results demonstrate that 

the dynA treatment produced a similar effect on the comorbidity in female but not male 

mice, which suggests that the effects of chemogenetic activation of Sp5C Pdyn-expressing 

neurons in female mice could be mediated by increasing dynorphin release in the Sp5C. 

These results support our hypothesis that trigeminal dynorphin is critical for the comorbid 

TMDs and migraine-like pain in females and blocking trigeminal dynorphin signaling can 

be developed into a novel female-specific therapy for this comorbid pain condition.

In summary, our work reveals a female-specific role for trigeminal dynorphin in the 

comorbidity of TMDs and migraine-like pain. We provide evidence to show that trigeminal 

dynorphin can modulate TMD-like masseter hypersensitivity and enable the development 

of migraine-like pain in a sex-dependent manner. Therefore, trigeminal dynorphin may 

represent a therapeutic target for the comorbid TMDs and migraine-like pain condition.
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Figure 1. Expression of Pdyn increases in the Sp5C of female but not male mice in 
“MMTL+NTG”-induced comorbid TMDs and migraine-like pain.
(A) RNA-Seq analysis showed that FPKM of Pdyn in the ipsilateral (ipsi) Sp5C (ipsilateral 

to MMTL) was significantly upregulated in the “MMTL+NTG” group of female mice at the 

diestrus phase (n = 3 for each group). (B and C) RT-qPCR confirmed the increase of Pdyn 
expression in the ipsilateral (ipsi) Sp5C in the “MMTL+NTG” group of female mice (B) and 

showed that the increase of Pdyn expression also occurred in the “MMTL+vehicle” group 

(B); however, the expression of Pdyn in the contralateral (cont) Sp5C had no significant 

difference among all the treatment groups (C) (n = 3 for each group). (D) RT-qPCR further 

showed that “MMTL+NTG” treatment had no effect on the expression of Pdyn in the 

ipsilateral (ipsi) Sp5C of male mice compared with the “Sham+vehicle” control group and 

that the increase of Pdyn expression following “MMTL+NTG” treatment occurred in both 

estrus and diestrus phases of the estrous cycle in female mice (n = 5−6 for each group). All 

data are expressed as mean ± SEM. *P < 0.05, #P < 0.05 as indicated in the figure. FPKM: 

fragments per kilobase of transcript per million fragments mapped.

Shu et al. Page 14

Pain. Author manuscript; available in PMC 2024 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Pdyn is predominantly expressed in the Sp5C neurons but not glia and its cellular 
distribution is not altered in comorbid TMDs and migraine-like pain condition.
The brainstem sections containing Sp5C from Pdyn-Cre;Ai14 mice were used for 

immunofluorescence staining. In the transgenic mice, Pdyn-expressing cells in the Sp5C 

are labeled with tdTomato (red fluorescence). The staining data showed that Sp5C Pdyn-

expressing cells were co-labeled with NeuN (a specific neuronal marker) but not with Iba1 

(a specific microglia marker) or GFAP (a specific astrocytic marker) in both control and 

“MMTL+NTG” groups. The immunofluorescence staining experiments were repeated three 

times.
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Figure 3. Pdyn is primarily expressed in Sp5C excitatory glutamatergic neurons.
The brainstem sections containing Sp5C from Pdyn-Cre;Ai14 mice were used for 

immunofluorescence staining. The staining data showed that Pdyn-expressing cells in the 

Sp5C were co-labeled with glutaminase (a marker for excitatory neurons) and only a few 

co-labeled with PAX2 (a marker for inhibitory neurons). The immunofluorescence staining 

experiments were repeated three times.

Shu et al. Page 16

Pain. Author manuscript; available in PMC 2024 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Specific inhibition of Pdyn-expressing neurons in the Sp5C attenuates MMTL-induced 
masseter hypersensitivity and diminishes MMTL-enabled migraine-like pain in female but not 
male mice.
(A) Timeline of the experiment. Cre-inducible inhibitory DREADD (AAV5-hSyn-DIO-

hM4D (Gi)-mCherry) or its control (AAV5-hSyn-DIO-mCherry) was injected into Sp5C 

(ipsilateral to MMTL) three weeks before MMTL, and C21 was administered (1 mg/kg, 

i.p.) to activate the DREADD. (B and C) In Pdyn-Cre female mice, inhibitory DREADD 

(hM4D)-produced chemogenetic inhibition of Pdyn-expressing neurons in the Sp5C 

significantly increased head withdrawal thresholds in trigeminal nerve V3 branch-innervated 

masseter area (B) and in trigeminal nerve V1 branch-innervated periorbital area (C), but 

the control (mCherry) treatment had no effects on MMTL-induced masseter hypersensitivity 

(B) and MMTL-enabled migraine-like pain (C) (n = 6 mice for each group). (D and E) 

In Pdyn-Cre male mice, the chemogenetic inhibition of Pdyn-expressing neurons in the 

Sp5C had no effects on MMTL-induced masseter hypersensitivity (D) and MMTL-enabled 
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migraine-like pain (E) (n = 6 mice for each group). All data are expressed as mean ± SEM. 

*P < 0.05, #P < 0.05, &P < 0.05 as indicated in the figure.
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Figure 5. Intra-Sp5C injection of anti-dynorphin antiserum alleviates MMTL-induced masseter 
hypersensitivity and diminishes MMTL-enabled migraine-like pain in female but not male mice.
(A) Timeline of the experiment. (B and C) In wild-type female mice, intra-Sp5C injection 

of anti-dynA antiserum (0.25 μg) significantly increased head withdrawal thresholds in 

trigeminal nerve V3 branch-innervated masseter area (B) and in trigeminal nerve V1 branch-

innervated periorbital area (C) at 45 min post-injection compared with the IgG control 

group, whereas treatment with 0.5 μg of the antiserum produced its effect at 30 min post-

injection and the inhibitory effect lasted for at least 30 min (B and C) (n = 6 mice for each 

group). (D and E) In wild-type male mice, the intra-Sp5C injection of anti-dynA antiserum 

had no effects on head withdrawal thresholds in the masseter (D) and periorbital (E) areas (n 
= 6 mice for each group). All data are expressed as mean ± SEM. *P < 0.05; #P < 0.05 vs the 

respective IgG control group.
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Figure 6. Specific activation of Pdyn-expressing neurons in the Sp5C without MMTL enables a 
subthreshold dose of NTG to induce migraine-like pain in female but not male mice.
(A) Timeline of the experiment. Cre-inducible excitatory DREADD (AAV5-hSyn-DIO-

hM3D (Gq)-mCherry) or its control (AAV5-hSyn-DIO-mCherry) was injected into 

unilateral Sp5C four weeks before behavioral testing, and C21 was administered (1 mg/kg, 

i.p.) to activate the DREADD. (B and C) In Pdyn-Cre female mice, excitatory DREADD 

(hM3D)-produced chemogenetic activation of Pdyn-expressing neurons in the Sp5C alone 

did not affect head mechanical thresholds in trigeminal nerve V3 branch-innervated masseter 

area (B) and in trigeminal nerve V1 branch-innervated periorbital area (C), but combining 

the chemogenetic activation of Pdyn-expressing neurons in the Sp5C with a single injection 

of NTG (1 mg/kg, i.p.) significantly decreased head withdrawal thresholds in both masseter 

(B) and periorbital (C) areas (n = 6 mice for each group). (D and E) In Pdyn-Cre male mice, 
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the chemogenetic activation of Pdyn-expressing neurons in the Sp5C had no effects on head 

withdrawal thresholds in the masseter (D) and periorbital (E) areas (n = 6 mice for each 

group). All data are expressed as mean ± SEM. *P < 0.05, #P < 0.05 as indicated in the 

figure.
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Figure 7. Intra-Sp5C injection of dynA(1–17) peptide without MMTL enables a subthreshold 
dose of NTG to induce migraine-like pain in female but not male mice.
(A) Timeline of the experiment. (B and C) In wild-type female mice, intra-Sp5C injection 

of dynA(1–17) peptide (1 nmol) alone did not affect head withdrawal thresholds in trigeminal 

nerve V3 branch-innervated masseter area (B) and in trigeminal nerve V1 branch-innervated 

periorbital area (C), but combining the intra-Sp5C injection of dynA(1–17) peptide with a 

single injection of NTG (1 mg/kg, i.p.) significantly decreased head withdrawal thresholds 

in both masseter (B) and periorbital (C) areas (n = 6 mice for each group). The TMD-like 

mechanical hypersensitivity in the masseter area and migraine-like pain in the periorbital 

area lasted for at least 10 days. (D and E) In wild-type male mice, the intra-Sp5C injection 

of dynA(1–17) peptide had no effects on head withdrawal thresholds in the masseter (D) and 

periorbital (E) areas (n = 5 mice for each group). All data are expressed as mean ± SEM. *P 
< 0.05; #P < 0.05 vs the respective control group.
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