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Abstract

The role of the major estrogen estradiol (E2) on orofacial pain conditions remains controversial
with studies reporting both a pronociceptive and antinociceptive role of E2. E2 modulation of
peripheral serotonergic activity may be one mechanism underlying the female prevalence of
orofacial pain disorders. We recently reported that female rats in proestrus and estrus exhibit
greater serotonin (5HT)-evoked orofacial nocifensive behaviors compared to diestrus and males.
Further coexpression of 5HT receptor mRNA in nociceptive trigeminal sensory neurons

that express transient receptor potential vanilloid 1 ion channels (TRPV1) contribute to pain
sensitization. E2 may exacerbate orofacial pain via 5SHT-sensitive trigeminal nociceptors, but
whether low or high E2 contributes to orofacial pain and by what mechanism remains unclear.
We hypothesized that steady-state exposure to a proestrus level of E2 exacerbates 5SHT-evoked
orofacial nocifensive behaviors in female rats, we explored the transcriptome of E2-treated
females, and we determined which E2 receptor contributes to sensitization of female trigeminal
sensory neurons. We report that a diestrus level of E2 is protective against 5SHT-evoked orofacial
pain behaviors, which increase with increasing E2 concentrations, and E2 differentially alters
several pain genes in the trigeminal ganglia. Further, E2 receptors co-expressed with 5HT, and
TRPV1 and enhanced capsaicin-evoked signaling in the trigeminal ganglia via ERa.. Overall our
data indicate that low, but not high, physiological levels of E2 protect against orofacial pain, and
we provide evidence that ERa receptor activation, but not others, contribute to sensitization of
nociceptive signaling in trigeminal sensory neurons.
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INTRODUCTION

Numerous pain conditions with similar prevalence in males and females during childhood
are reported to be <2x higher in females after menarche [12; 25]. Pain conditions with
higher prevalence in women largely include disorders that occur in the trigeminal sensory
system. Given the variability in trigeminal pain conditions over childhood, during menarche
and the child-bearing years, and at the onset of menopause, gonadal hormones estrogen,
progesterone, and testosterone clearly contribute to sexually dimorphic pain mechanisms.
Progesterone, testosterone, and their metabolites play a neuroprotective role and have anti-
inflammatory and antinociceptive properties [4; 18; 28; 44; 113]. Estrogen (E2) exerts both
pro- and antinociceptive effects on trigeminal pain. The effects of E2 are multifactorial

and may depend on gonadal hormone levels (steady-state vs fluctuating), dosage or
concentration used, the type of pain or pain model being examined, and which estrogen
receptor (ER) is bound (classical nuclear receptors ERa and ERp vs the membrane-bound G
protein-coupled estrogen receptor GPER) [23; 40; 79].

One trigeminal pain mechanism that may be exacerbated by E2 is peripheral serotonergic
modulation of trigeminal sensory neurons. Serotonin (5HT) is implicated in several pain
disorders more prevalent in women [34; 37; 42]. While 5HT in the central nervous system
is often antinociceptive, 5HT is a robust pronociceptive mediator in the periphery activating
rat [64; 67; 85; 106; 109] and human nociceptors [33; 65; 108]. 5HT triggers pain by acting
on excitatory SHT receptors, such as 5SHT,p, expressed on the transient receptor potential
vanilloid 1 (TRPV1) population of nociceptors [53; 67; 85; 106; 121]. Recently, we reported
5HT evokes greater and longer-lasting pain behaviors in the female rat hindpaw [52] and
vibrissal pad [54] during proestrus (peaking E2) and estrus (declining E2), and involving
the SHT,a receptor [52; 54] rather than the 5HT3 receptor [53]. Further, we reported

that E2 enhances the nociceptive effects of 5SHT on the TRPV1 population of trigeminal
sensory neurons [54]. This is supported by our previous report that SHT enhances release of
calcitonin gene-related peptide (CGRP) from human dental pulp during the late luteal phase
of the menstrual cycle, when E2 levels peak and rapidly decline [65].

While it is established that E2 modulates the serotonergic system and 5HT is pronociceptive
at trigeminal nociceptors in a sexually dimorphic manner, whether low or high E2
contributes to orofacial pain and by what mechanism remains unclear. We hypothesized

that steady-state exposure to a proestrus level of E2 exacerbates 5SHT-evoked orofacial
nocifensive behaviors in female rats, we explored the transcriptome of E2-treated females,
and we determined which E2 receptor contributes to sensitization of female trigeminal
sensory neurons. Here, we (1) manipulated E2 levels in adult female rats and measured 5HT-
evoked nocifensive behavior, (2) examined the trigeminal ganglia transcriptome of hormone-
manipulated female rats, (3) probed the TRPV1 population of female rat trigeminal sensory
neurons for ERa, ERB, GPER, and 5HT;a receptor mRNA, and (4) pharmacologically
targeted the estrogen receptors in primary cultures of trigeminal sensory neurons to
determine which estrogen receptor(s) are involved in serotonergic potentiation of nociceptive
signaling.
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A total of 3 adult male and 151 adult female Sprague—Dawley rats (200-300 g; Charles
River Laboratories, Wilmington, MA) were used in the experiments. Rats were separated by
sex and pair-housed in a 12:12-h light: dark cycle with ad libitum food and water access. All
studies were approved by the Texas Woman’s University Institutional Animal Care and Use
Committee and conform to federal guidelines and guidelines of the Committee for Research
and Ethical Issues of the International Association for the Study of Pain. This study was
conducted in strict compliance with the Animal Welfare Act, implementing Animal Welfare
Regulations, and the principles of the Guide for the Care and Use of Laboratory Animals.

Vaginal cytology

Vaginal lavages were performed between 0900AM to 1100AM at 24-h intervals beginning

2 weeks (at least two consecutive cycles; 10 days) before testing to confirm that all female
rats were cycling normally. Daily records were maintained on the stages of their cycle
throughout experimental testing. Proestrus was identified as a predominance of nucleated
epithelial cells and estrus was identified as a predominance of cornified epithelial cells.
Diestrus 1 (or metestrus) was differentiated from diestrus 2 (or diestrus) by the presence of
leukocytes [10; 66; 75]. When no significant differences were noted in behavior of diestrus 1
and diestrus 2 animals, these data were pooled and reported as such.

Ovariectomy

Drugs

Female rats (n=135) were deeply gas anesthetized (3% induction; 2.5% maintenance) by
inhalation of Isothesia (isoflurane, USP, Henry Schein Animal Health, Dublin, OH) and

a single incision was made across the abdomen. The abdominal muscle was opened and

the ovary bundles were ligated with 4-O silk sutures, excised, and removed, as previously
described [117]. The fascia was closed with 5-O silk suture and the skin was closed with
Vicryl sutures to prevent wicking. Rats were allowed 2 weeks for recovery and ovarian
hormone dissipation as previously described (peak cycling E2 levels are at ~63 pg/mL vs. 2
weeks post-OV X levels at ~4 pg/mL) [105].

B-estradiol 3-benzoate (E2; Sigma—Aldrich, St. Louis, MO) was dissolved in corn oil, stored
as a 2 mg/mL solution at room temperature, and serial diluted to 2 pg/mL, 20 pg/mL,

or 200 pg/mL on the day of use. Serotonin hydrochloride (5HT; Sigma—Aldrich) was
dissolved in double-distilled water and diluted in 0.9% sterile saline or Hank’s balanced

salt solution (HBSS) buffer immediately prior to each use. Capsaicin (CAP; Sigma—Aldrich)
was dissolved in 100% ethanol in a fume hood and aliquots were stored at —20°C as 100
mM stocks. Capsaicin was freshly diluted in HBSS buffer prior to each use. p-Estradiol

(E2; Sigma—Aldrich) was dissolved in 100% ethanol to create a 10 mM stock solution

that was further diluted in HBSS buffer for a working solution of 50 nM. B-Estradiol
6-(O-carboxy-methyl) oxime: BSA (E2-BSA) was dissolved in HBSS to create a stock
solution of 10 uM and was used at a final concentration of 50 nM. The estrogen receptor
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agonists/ antagonists, IC1 182,780, rel-1-[4-(6-bromo-1,3-benzodioxol-5-yl)-3aR,4S,5,9bS-
tetrahydro-3H-cyclopenta[c]quinolin-8-yl]-ethanone (G1), 1,3,5-Tris(4-hydroxyphenyl)-4-
propyl-1H-pyrazole (PPT), 2,3-Bis(4-hydroxyphenyl)propionitrile (DPN), Methyl-
piperidino-pyrazole hydrate (MPP), and 4-[2-Phenyl-5,7-bis(trifluoromethyl)pyrazolo[1,5-
a]-pyrimidin-3-yl]phenol (PHTPP) were dissolved in DMSO to prepare the stock solutions
and further diluted in HBSS to final concentrations as listed in Table 1.

Silastic hormone capsule preparation and implantation

Capsules were prepared as previously described [73]. Briefly, Silastic ® tubing (0.058 in. ID
x 0.077 in. OD (Dow Corning, Midland, Michigan) was cut into 1 cm capsules, sealed on
one end with medical adhesive (Factor 11, Inc., Lakeside, AZ), and allowed to dry overnight.
E2 was weighed as 5%, 10%, or 20% of cholesterol and was mixed thoroughly to create

a uniform powder. The hormone: cholesterol mixture was then packed into the capsule by
tapping it gently. Once filled, the other end of the tubing was sealed and allowed to dry
overnight. The capsules were then washed twice in 100% ethyl alcohol and immersed in
0.1M PBS for 48 hours. The capsules that sunk in 0.1M PBS were discarded and the floating
capsules (indicating properly sealed ends) were used for implantation. The capsules were
implanted at a final dose of 5% (physiological level comparable to diestrus; 15-20 pg/ml;
one capsule), 20% (physiological level comparable to proestrus; 40-60 pg/ml; 2 capsules

of 10%), 40% (supraphysiological level; 2 capsules of 20%) E2, or control (2 capsules

of 100% cholesterol) [73]. The capsules were implanted subcutaneously into the back of
ovariectomized female rats under anesthesia (2.5 - 3% isoflurane) using aseptic technique.

Orofacial Nocifensive Behavior Testing

Orofacial nocifensive behaviors were quantified as previously described [55]. Briefly, rats
were placed in individual mirrored boxes and nocifensive behavior was recorded with a
video camera for a 30-min period. The videos were manually quantified using iMovie
software (Apple Inc., Mac OS) by counting the number of forelimb swipes directed at the
injection site in 6 min bouts over a 30 min period and reported as a measure of spontaneous
nocifensive behavior. Rat forelimb swipes have been characterized in the literature as
spontaneous nocifensive behavior distinct from grooming and itch behaviors [48; 101; 104].
Data was collected by two independent observers blind to the experimental condition and
their values were averaged. If there were substantial differences between the two observer’s
counts (> 5 swipes), they were re-evaluated together to concur for final reporting.

Orofacial nocifensive behavior was tested in ovariectomized rats with E2 manipulation by
either steady-state E2 treatment using silastic capsules (noted in above methodology section)
or acute E2 injections (n = 8-9 per experimental treatment group). For the acute E2 group,
ovariectomized females were gas anesthetized (2.5 - 3% isoflurane) and received a single
subcutaneous injection (at the flank) of either 2 pg/mL E2 (physiological level comparable
to diestrus; 15-20 pg/ml), 20 pg/mL E2 (physiological level comparable to proestrus; 40-60
pg/ml), 200 pg/mL E2 (supraphysiological level), or vehicle control (corn oil; 1 ml/kg

per animal) [30; 86]. Though both experimental groups (injection vs capsule implantation)
use different units, the resulting E2 released in the respective groups are physiologically
comparable (2 pg/mL E2 and 5% E2 capsule will both release diestrus-level of hormone).
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One hour following acute E2 injections or 1 week following E2 capsule implantation, all
rats received a single intradermal injection of 3 ug/50 uL 5HT into the right vibrissal pad
(30-gauge needle). The number of forelimb swipes over the injected area were counted as
described above as 5HT-evoked nocifensive behaviors (Timeline 1). Following completion
of behavior testing, rats were rapidly decapitated and bilateral trigeminal ganglia were
collected and stored at —80°C until further use.

RNA Isolation and RNA sequencing (RNA-seq)

RNA was extracted from the trigeminal ganglia collected from the hormone treated rats
following collection of 5HT-evoked pain behaviors using the Qiagen RN-easy kit protocol.
Briefly, right trigeminal ganglia (n=3 per hormone treatment group as described above)

was lysed using a Bead Mill Homogenizer (VWR, Radnor, PA). The lysate was passed
through a gDNA spin column (Qiagen, Germantown, MD) to eliminate genomic DNA and
flow-through was used for RNA isolation. A 1:1 70% molecular-grade ethanol was added to
the flow-through and passed through a RNeasy spin column (Qiagen). The RNA collected
on the membrane of the spin column was washed three times with provided buffer and

the column was transferred to a sterile, RNase-free tube. RNA was eluted by adding 30-50
uL RNase-free water to the column and centrifuging for 1.5 min at 10,000 rpm. RNA was
quantified using a Nanodrop™ spectrophotometer (ThermoFisher Scientific, Waltham, MA).
RNA quality was confirmed by A260/280 ratio and only the samples that had a ratio of >2
and a concentration > 20 ng/uL were sent for sequencing to Novogene (sequencing lab at
The University of California at Davis campus).

Novogene confirmed the RNA purity and integrity of the samples using a NanoPhotometer®
spectrophotometer and the RNA Nano 6000 Assay Kit (Bioanalyzer 2100 system),
respectively. Samples with RNA integrity number (RIN) > 8 were used for library
preparation and sequencing on an lllumina platform. After sequencing, raw reads were
cleaned to remove adapter reads and low-quality reads. The paired-end clean reads were
then mapped to the rat reference genome using HISAT?2 software and RPKM (Reads Per
Kilobase of exon model per Million) was calculated to estimate the gene expression levels.
Differential gene expression analysis of biological replicates was then performed using

the DESeq2 R package and p values were adjusted using the Benjamini and Hochberg’s
approach for controlling the false discovery rate. Genes with p value <0.05, FPKM > 1,

and log2FoldChange = 0.0 were considered as differentially expressed genes (DEGS) as per
Novogene default thresholds and were compared against three databases specific to pain
genes [Human Pain Genetics Database, Pain Research Forum - Pain Genes Database, and
Database curated by Pokhilko et al.,2020 [92]]. Functional annotation of the differentially
expressed genes and Gene Ontology (GO) graphs were performed using Blast2GO (v. 5.2.5)
[38]. Morpheus (https://software.broadinstitute.org/morpheus) was used to generate the heat
maps of differentially expressed genes. RNA-Seq data, including raw gene counts per

gene, has been deposited to NCBI’s Gene Expression Omnibus [9; 32] and are accessible
through GEA Series accession number GSE193773 (https://www.nchi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE193773).
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In situ hybridization

Trigeminal ganglia were bilaterally extracted from intact males and cycling female rats
(n= 3 per sex and stage of estrous cycle) and immediately frozen on dry ice. The tissues
were stored at —80°C until processing. Bilateral ganglia were embedded in Tissue-Tek
Optimal Cutting Temperature (O.C.T) compound (Sakura Finetek, Torrence, CA) and
sectioned at 30 um on a Leica Cryostat CM3050 (Leica Biosystems, Buffalo Grove, IL)
set at —20°C. The slides were then stored at —80°C until further processing. For in situ
hybridization, the RNAscope® Fluorescent Multiplex Assay was performed according to
the manufacturer’s specifications (Advanced Cell Diagnostics bio-techne, Newark, CA)
with optimizations performed for trigeminal ganglia tissue. Briefly, slides were fixed in
4% paraformaldehyde, sequentially dehydrated in 50% ethanol, 70% ethanol, and 100%
ethanol, and stored at —20°C overnight. The next day, slides were air-dried and incubated
at 60°C and a hydrophobic barrier was drawn using an ImmEdge Hydrophobic Barrier Pen
(Vector Laboratories, Burlingame, CA). Following a hydrogen peroxide and protease 1V
treatment, the slides were treated with experimental probes against 5HT, and TRPV1,
positive control probes against ubiquitin C (UBC) or peptidyl-prolyl cis-trans isomerase
B (PPIB), or negative control probes against targeting bacterial gene dihydrodipicolinate
reductase (DapB) and incubated at 40°C for 2 hours. Slides were washed in buffer and
amplification steps were performed with kit-provided AMP-1, AMP-2, and AMP-3, then
slides were sequentially treated with OPAL fluorophores (OPAL 690 and OPAL 520;
Akoya Biosciences, Marlborough, MA). Excess liquid was carefully drained from the slides
and 1 - 2 drops of Prolong Gold antifade mounting medium (Fisher Scientific) with 4’,6-
diamidino-2-phenylindole (DAPI) were added and slides were cover slipped and air-dried
overnight at room temperature.

The slides were imaged using a Zeiss LSM 900 confocal microscope. Zeiss ZEN software
was used to view and capture the images at 20X and 40X. Every 1:4 sections were imaged
under the same gain as the control slides and 3—4 images were captured across the V1/\V2
and V3 area of the left and right trigeminal ganglia section per animal. For quantification,
cells expressing both 5SHT,4 and TRPV1 were manually counted and percent coexpression
was calculated using the following formula:

SHT2A+TRPV1

Total mamber of cells = 100. Image manipulation was restricted to

Percent coexpression =

adjustments of brightness/contrast for the representative images presented.

Primary culture of rat trigeminal ganglia neurons

Trigeminal ganglia (n=4 rats per 24-well plate run in triplicate) were extracted from

adult OV X female rats (~200 g) immediately following decapitation. Primary neuron
cultures were prepared using previously described methods [67; 89]. Briefly, trigeminal
ganglia were suspended in HBSS on ice and gently washed three times. After dissociation
with collagenase (5%, Worthington Biochemical Corp, Lakewood, NJ) and trypsin (1%,
Sigma—Aldrich) at 37 °C, the cells were suspended in Dulbecco’s modified Eagle’s

medium (DMEM; Invitrogen, Waltham, MA) containing 10% fetal bovine serum, glutamine,
penicillin-streptomycin, nerve growth factor (NGF, 100ng/ml; Harlan, Indianapolis, IN), and
mitotic inhibitors (5-fluoro-2’-deoxyuridine and uridine). Cells were then lightly dissociated
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using a 20-gauge followed by a 23-gauge needle and then applied to 24-well poly-D-lysine-
coated plates (Corning Inc., Corning, NY) and maintained in an incubator at 37 °C and 5%
CO,.

Calcium Imaging

Trigeminal ganglia (n=4 rats per 96-well plate) were extracted from adult female rats (<200
g) immediately following decapitation and cultured as described above, except trypsin was
replaced by dispase (2 mg/ml) as per calcium imaging recommendations [67]. Trigeminal
ganglia primary cultures were maintained in an incubator for 9 days at 37 °C and 5% CO,.
The assay was performed as per the Fluo-4 calcium imaging kit protocol (ThermoFisher
Scientific, Waltham, MA). Briefly, culture media was aspirated from one column at a time
(8 wells; A-H), each well was washed 1X with HBSS buffer, and was incubated with 100
uL Fluo-4 AM loading dye. The cells were then incubated at 37 °C and 5% CO» for 30
minutes followed by 15 minutes at room temperature. The Fluo-4 was aspirated, cells were
washed 1X with HBSS, and 100 pL of Neuro Background Suppressor (proprietary solution)
was slowly pipetted into each well. Calcium imaging was recorded using BioTek Cytation 5
plate reader at the GFP optical filter. Baseline fluorescence reading was recorded for 30 sec
followed by 50 pL dispense of either HBSS, 50 uM 5HT, 50 nM E2, or SHT+E2. Responses
were recorded for an additional 3 min. Once responses to each treatment were established,
we then repeated the treatments and 50 pL of 30 nM CAP was dispensed and responses
recorded over 2.5 min. The change in fluorescent intensity was calculated by subtracting
average baseline read from the peak CAP response.

CGRP release assay

Trigeminal ganglia primary cultures were maintained for 5 days prior to running the CGRP
release assay. The assay was performed using a protocol previously described [67]. Table 1
provides details on the drugs used in this experiment. Briefly, cultures were twice incubated
for 15 minutes each with 300 pL HBSS. Superfusate was collected from the second
incubation for measurement of the basal level of CGRP release prior to drug treatments.
Cells were then treated for 15 minutes in either estrogen receptor agonists, antagonists,

or vehicle followed by superfusate collection. Each superfusate collected was quantitated
for CGRP levels by rat specific CGRP ELISA (Cayman Chemical, Ann Arbor, MI). All
experiments were conducted in duplicate with n = 6 wells per treatment group for a total of
approximately 12 wells per group.

For estrogen receptor agonist treatments, cells were pretreated row-wise with either E2-BSA
(50 nM), G-1 (10 nM), ICI 182,780 (1 uM), PPT (100 nM), DPN (15 or 100 nM), or vehicle
(HBSS or HBSS/DMSO). Superfusate was collected and cells were then stimulation for 15
minutes with 5SHT (100 uM) in the continued presence of each drug, superfusate collected,
and finally cells were stimulated with capsaicin (50 nM) in the continued presence of 5SHT
for 15 minutes and superfusate collected. For estrogen receptor antagonist treatments, cells
were pretreated row-wise for 15 minutes with either MPP (300 nM), PHTPP (1 puM), or
vehicle (HBSS or HBSS/DMSO). Superfusate was collected and cells were treated with E2
(50nM) for 15 minutes followed by superfusate collection. Cells were then stimulated with
5HT (100 pM) in the continued presence of E2 and each drug, superfusate collected, then
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stimulated with capsaicin (50 nM) followed by supernatant collection. The concentration of
each drug was chosen based on previous reports on specificity (Table 1).

Data analysis

All data were analyzed and graphed with GraphPad Prism software version 9.2.0 (GraphPad,
San Diego, CA). Orofacial nocifensive behavior data were expressed as mean + standard
error of the mean (SEM) number of forelimb swipes over a 30 min period (6 min bouts)
and was analyzed by repeated measures two-way analysis of variance (ANOVA). For the /in
situhybridization quantification, the mean percent coexpression were analyzed by unpaired
t test comparing males with each stage of the estrous cycle with the a priori assumption that
diestrus would not be significantly different than males. Calcium imaging data was reported
as the change in Fluo-4 fluorescence intensity and groups were analyzed by unpaired

t-test. CGRP release was reported as mean £ SEM percent of basal CGRP release and

were analyzed by unpaired t-test or two-way ANOVA. The Grubb’s test (GraphPad Quick
Calcs Online, the extreme studentized deviate method; [(mean-value) / standard deviation])
was used to exclude a single outlier within an experimental group if present. Further, 3
animals were removed from the study when environmental factors (significant noise in the
animal facility) disrupted behavior testing. Dunnett’s test was used for behavior data and
Bonferroni's correction was used for CGRP release assays to calculate a priori pairwise
comparisons when significance was detected by ANOVA.

RESULTS

Steady-state, but not acute, diestrus level E2 treatment significantly reduced peripheral
5HT-evoked orofacial nocifensive behaviors in ovariectomized female rats

Our previous studies reported that 5SHT evoked greater pain behaviors in female rats during
proestrus and estrus [52; 55]. As E2 levels peak during proestrus but drop during estrus,

it remained unclear whether E2 was acting in a pronociceptive or antinociceptive fashion.
Here we performed steady-state and acute hormone manipulations in ovariectomized female
rats to control the timing and concentration of E2 levels. We define acute exposure as

a single subcutaneous injection of E2 given one hour before behavior testing and steady
state exposure as continual exposure to the same level of E2 for one week. In the acute

E2 exposure experiment, 5SHT-evoked nocifensive behaviors were observed at the 7-12
minute time bout (Figure 1A; open bars). Acute exposure to physiological (gray bars)

or supraphysiological (closed bars) E2 did not significantly alter 5SHT-evoked nocifensive
behaviors (Figure 1A) [p > 0.05]. In the steady-state E2 exposure experiment, 5SHT-evoked
nocifensive behaviors were observed at the 0-18 minute time bouts (Figure 1B; open bars).
Steady-state exposure to physiological levels of E2 comparable to diestrus or proestrus
significantly attenuated 5SHT-evoked nocifensive behaviors [F (4, 112) = 8.459; p<0.0001]
at the 0-6 minute time bout (Figure 1B; gray bars) [p < 0.05]. 5HT-evoked nocifensive
behaviors were unaltered by E2 at the 7-12 minute time bout [p > 0.05], but were again
attenuated at the 13-18 minute time bout only in the females receiving diestrus-level E2 [p
< 0.01]. The highest 5SHT-evoked nocifensive behaviors were observed in the animals that
received the supraphysiological level E2 [p > 0.05] (Figure 1B; closed bars). These data
concur with our previous studies that SHT-evoked behavior peaks (20-30 swipes) within the
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first 18 minutes post-injection and can either be observed within the first 6-minute bout or
can be split across multiple bouts during the first 18 minutes post-injection. Thus, and as
orofacial nocifensive behavior is a spontaneous pain behavior test that is highly variable as
compared to stimulus-evoked behavior testing, we have observed that peak in Figure 1B to
be earlier as compared to Figure 1A. Overall, we report that steady-state diestrus level E2
significantly attenuates 5HT-evoked orofacial nocifensive pain behaviors.

Several pain pathway related genes are altered in the trigeminal ganglia of E2-treated

female rats

Since estrogen is a major hormone involved in multiple gene expression pathways in the
cell, and we observed significant differences in the 5SHT-evoked pain behaviors in the
steady-state E2 experiment, we next determined the corresponding changes in trigeminal
ganglia transcriptome of the E2-treated rats from the behavior experiments. Although the
RNA preparation consists of 90-95% non-neuronal cells [77], several genes that directly

or indirectly play a role in pain signaling were differentially expressed after E2 exposure.
Expression of major genes involved in nociception and analgesia was significantly changed
in steady-state diestrus (Figure 2A; 2B; Supplementary Figure 1A) and proestrus E2 group
compared to vehicle (Figure 2C; 2D; Supplementary Figure 1B). Similarly, expression of
major nociceptive genes was upregulated in the steady-state supraphysiological E2 group as
compared to vehicle (Figure 3A; 3B; Supplementary Fig 2A) and steady-state diestrus E2
group (Figure 3C; 3D; Supplementary Fig 2B). The function of the DEGs in trigeminal pain
signaling and modulation by E2 is listed in Table 2. Overall, gene expression related to pain
signaling is altered in a manner dependent on estrogen dosage and exposure duration.

Estrogen receptor mRNA and 5HT,p receptor mRNA are observed in the TRPV1 population
of trigeminal sensory neurons in female rats

As our behavior data indicate that estrogen can modulate the effects of 5SHT on orofacial
pain behaviors, we next extracted the TGs of cycling female and male rats to determine
whether estrogen receptors are localized to the 5SHT-sensitive nociceptive (TRPV1+)
population of sensory neurons. We report that ERa mRNA (Figure 4A), 5HToa receptor
mRNA (Figure 4B), and TRPV1 mRNA (Figure 4C) were expressed in the female rat
trigeminal ganglia and were observed localized to the same small and medium diameter cells
(Figure 4D). We also found ERB mRNA (Figure 4E), 5SHT,a receptor mRNA (Figure 4F),
and TRPV1 mRNA (Figure 4G) co-expressed by small and medium diameter cells (Figure
4H). GPER mRNA (Figure 41), 5HTa receptor mRNA (Figure 4J), and TRPV1 mRNA
(Figure 4K) co-expressed by small and medium diameter cells (Figure 4L). Overall, in both
males and females there was a subset of TRPV1 mRNA expressing cells that contained both
5HT, A receptor mMRNA and estrogen receptors, notably ERa. In cells that express estrogen
receptor, 5SHT,a, and TRPV1 mRNA the approximate cell diameter was 19.3+2.2 um in
females. While males had less estrogen receptor mRNA expression in general, cells with
co-expression were approximately 21.85+3.97 um. Taken together, this data indicates that
estrogen receptor mRNA is expressed in TRPV1 positive trigeminal ganglia neurons.
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5HT, receptor mMRNA and TRPV1 mRNA coexpression is significantly higher in trigeminal
sensory neurons of female rats during proestrus and estrus

Since our RNAseq data indicate that estrogen can alter trigeminal gene expression, we

next quantified how many TRPV1 mRNA expressing trigeminal ganglia neurons also
expressed 5SHT,4 MRNA and whether the amount of 5HT,, MRNA localized to the TRPV1
population displayed plasticity across the estrous cycle. TRPV1 mRNA (Figure 5A-D;
green) and 5HT,a receptor mMRNA (Figure 5A-D; red) were co-expressed in trigeminal
ganglia cells (Figure 5A-D; arrowheads). Also shown are the positive controls for the probes
in each channel (Figure 5E-F) and the negative controls (Figure 5G-H) in each channel.
When quantified, we found that TGs that were extracted from females during estrus [p <
0.05] or proestrus [p < 0.05] contained significantly higher percent co-expression compared
to males, while diestrus was comparable to males [p > 0.05]. In cells that express 5SHT,4 and
TRPV1 mRNA the approximate cell diameter was 24.5+3.81 um in females and 22.81+3.44
pum in males. Overall, during phases of hormonal fluctuation, co-expression of 5SHT,a
receptor mMRNA and TRPV1 mRNA in trigeminal ganglia is significantly higher.

E2 and 5HT treatment does not enhance capsaicin-evoked calcium influx in female
trigeminal ganglia neurons

As we have previously reported that E2 enhances serotonergic potentiation of capsaicin-
evoked CGRP release [46] and 5HT enhances capsaicin-evoked calcium influx in male
trigeminal ganglia neurons [56], we next tested whether 5HT can enhance capsaicin-evoked
calcium influx in female trigeminal ganglia neurons and whether E2 further exacerbates
calcium activity. Primary cultures of female trigeminal ganglia neurons were incubated in
Fluo-4 and we observed that capsaicin evoked a significant and transient peak in calcium
influx 0-120 seconds following stimulation as compared to HBSS only (Figure 6A; B;
dotted lines) [p < 0.05]. Neither SHT (light grey bar) nor E2 (dark grey bar) alone or
administered in combination (closed bar) altered calcium influx (Figure 6A) [p > 0.05].

A 3-minute 5HT, E2, or SHT+E2 pretreatment prior to capsaicin stimulation did not alter
the observed capsaicin-evoked calcium influx (Figure 6B) [p > 0.05]. Representative traces
of calcium current per treatment are displayed in Figure 6C-H. Overall, we did not report
any enhancement of calcium influx in female trigeminal ganglia following E2 and 5HT
treatment.

Membrane-bound estrogen receptors do not alter serotonergic potentiation of capsaicin-
evoked CGRP release from trigeminal sensory neurons

As estrogen receptors are expressed on the 5HT-sensitive TRPV1 population of trigeminal
sensory neurons and our previous study reported that E2 enhances serotonergic potentiation
of capsaicin-evoked CGRP release from female trigeminal sensory neurons [55], our next
series of experiments were designed to determine which E2 receptors are involved in the
effects of E2 on 5HT-evoked pain. Pretreatment with 5HT (Figure 7A) or E2-BSA (Fig.
7B) alone did not significantly alter CGRP release comparable to vehicle [p > 0.05], while
capsaicin did evoke significant CGRP release in these cells (Figure 7C) [p < 0.05]. There
was no effect of the membrane impermeable E2-BSA on 5HT and capsaicin-evoked CGRP
release (Figure 7D) [p > 0.05]. Further, there was no effect of pretreatment with the GPER
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agonist G1 (Figure 8A) or the GPER agonist and classical estrogen receptor antagonist ICI
182,780 (Figure 8B) on 5HT- and capsaicin-evoked CGRP release [p > 0.05]. Thus, the
drugs employed to target membrane estrogen receptors did not alter CGRP release.

Activation of ERa, but not ER, significantly enhances serotonergic potentiation of CGRP
release from trigeminal sensory neurons

Since E2 can act on either membrane ERs (GPER) or the classic nuclear ERs (ERa

and ER), we next tested if selectively targeting either ERa or ERP would enhance

CGRP release. Treatment with the ERa agonist PPT in the presence of SHT significantly
potentiated capsaicin-evoked CGRP release (closed bars) as compared to the 5SHT and
vehicle treatment (open bars) and compared to pretreatment prior to capsaicin stimulation
(Figure 9A) [p < 0.05]. While 5HT alone in an ovariectomized female rat does not
significantly increase capsaicin-evoked CGRP release [54], selectively targeting the ERa
receptor here resulted in significant potentiation of capsaicin-evoked CGRP release, which
mirrored the effect of 17p-estradiol on serotonergic potentiation of capsaicin-evoked CGRP
release [54]. Pretreatment with 15 nM ERp agonist DPN did not potentiate capsaicin-evoked
CGRP release (Figure 9B) [p > 0.05]. Of note, we initially applied 200 nM DPN which
significantly enhanced capsaicin-evoked CGRP release similar to activating ERa (data not
shown), however this dosage was reported to be nonspecific and have activity at ERa

[78], so we switched to the 15 nM DPN concentration reported here. Pretreatment with the
selective ERa antagonist MPP significantly attenuated SHT potentiated CGRP release as
compared to vehicle (Figure 9C) [p < 0.05], while pretreatment with ERp antagonist PHTPP
did not attenuate SHT potentiated CGRP release (Figure 9D) [p > 0.05]. In conclusion,

the ERa receptor plays a key role in modulating the pronociceptive effects of 5SHT on
capsaicin-evoked CGRP release from female trigeminal neurons.

DISCUSSION

Pain conditions with higher prevalence in women largely include pain conditions that

occur in the trigeminal sensory system, such as migraine, temporomandibular joint disorder
(TMD) pain, orofacial varicella zoster-associated pain, and burning mouth syndrome.
Women report increased severity and duration of trigeminal pain and often require higher
doses of analgesics [28; 45; 84]. Underlying mechanisms have been postulated, including
sex differences in pain modulation, contributions of sex chromosomes and genetics,
modulation by gonadal and peptide hormones, and psychosocial factors [80; 84]. We
elected to study the effects of E2 on peripheral 5SHT neuromodulation of female trigeminal
nociceptors, given that 5SHT is implicated in several female-prevalent pain disorders within
the trigeminal system [34; 37; 42]. We report that (1) a steady-state, but not acute, diestrus
or proestrus level of E2 significantly attenuated 5HT-evoked orofacial nocifensive behaviors,
(2) E2 modulated known pain genes in a time- and concentration-dependent manner, (3)
nociceptive neurons expressing 5HT,4 MRNA increased in numbers over the estrous cycle
and co-expressed nuclear and membrane-bound ER mRNA, and (4) activation of ERa., but
not ERB or GPER, enhanced serotonergic potentiation of CGRP release which was reversed
by ERa antagonism.
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E2 can modulate the serotonergic system in several ways via estrogen response elements,
protein-protein interactions, and via membrane estrogen-receptor mediated signaling
cascades. E2 modulation of 5HT has been observed as (1) increased 5HT levels in the
brain [41] and periphery with increasing E2 levels [1; 24], (2) increased expression of 5SHT
synthesizing enzymes [3; 13], (3) decreased expression of serotonin reuptake transporter
(SERT) [14], (4) increased 5HT,a density and binding with hormone replacement therapy
[97], and (5) higher capsaicin-evoked proinflammatory peptide and nocifensive behavior
when E2 levels peak [68; 122]. ERa and ERp are members of the nuclear receptor
superfamily that bind estrogen response elements (ERES) in promoter regions [72]. ERa can
synergistically act with transcription factor NF-xB to activate the 5HT; o promoter [120].
Membrane-bound GPERs activate downstream kinases, such as mitogen activated protein
kinase (MAPK) and tyrosine kinases [2]. Studies have reported varying roles of ERs based
on the pain model employed, agonist/antagonist used, and central vs. peripheral effects
[20]. In a neuropathic pain model, ERp selective agonists, but not ERa agonists, produced
antiallodynic effects and alleviated hyperalgesia [71; 91]. Whereas in an inflammatory pain
model, ERa increased the activation of NMDA receptors in the spinal cord [110] and
activated the MAPK pathway [50], thus facilitating pronociceptive processing.

Evidently, the ER subtype activation, the resulting signaling cascade, and concentration

of E2 play a vital role in determining the antinociceptive or pronociceptive effects of E2.
Bradshaw et al., reported greater thermal hyperalgesia during proestrus following CFA
hindpaw injection [17], whereas Clemente et al. reported that nociceptive responses to
formalin injection were higher during diestrus [22]. We previously reported SHT evoked
pain behaviors in the hindpaw [52] and vibrissal pad [55] to be highest levels during
proestrus and estrus. As we could not discern between the effects of high or low E2, in

the present study we utilized ovariectomized female rats to control the E2 exposure time
and concentration. When animals were injected with E2 for an acute period (1 hour),

we observed 5HT-evoked nocifensive behaviors in agreement with our previous studies
[55], however E2 did not significantly enhance serotonergic pain behaviors. When animals
were exposed to steady-state levels of E2, diestrus-level E2 significantly attenuated SHT-
evoked nocifensive behavior. Proestrus-level E2 also attenuated 5HT-evoked nocifensive
behaviors, to a lesser degree, but 5SHT-evoked nocifensive behaviors were not attenuated by
supraphysiological levels of E2. Together with our previous reports, these data indicate that
(1) naturally fluctuating E2 levels enhance pain while steady low estradiol levels (such as
during 2 days of diestrus) are protective against pain, (2) an acute injection of E2 is not
sufficient to affect pain, and (3) supraphysiological levels contribute to or enhance pain.

The differential effects of E2 may be due to neural plasticity or differential gene expression.
We found 5HT,5 MRNA within the TRPV1 population of female trigeminal ganglia neurons
increased as E2 levels increased over the estrous cycle. Though /n situ hybridization data
does not reflect the nerve innervation pattern in the vibrissal pad, it provides an anatomical
substrate for the effects of E2 and 5HT within the trigeminal ganglia. Here, we focused

our efforts on 5SHT,4 MRNA (although other SHTRs may also be involved) as 5HTp is a
major excitatory G protein-coupled receptor previously reported in the TRPV1 population

of trigeminal sensory neurons [67] that is capable of sensitizing TRPV1. In agreement,
physiological levels of E2 are protective against 5SHT-evoked pain, while increasing doses
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of E2 exacerbate 5HT-evoked pain. This is interesting as the literature has historically used
supraphysiological E2 levels to test the effects of E2 on pain, while lower physiological
levels may be antinociceptive.

With a steady-state supraphysiological dose of E2, we observed significantly higher
bradykinin 2 receptor (Bdkrb2) and prolactin (Pr/) expression; both are pronociceptive

and proinflammatory. ERa activation enhances bradykinin signaling in female trigeminal
sensory neurons [95] and prolactin is reported to play a role in female-specific hyperalgesia
[87]. In support, various proteins involved in G protein signaling were upregulated

in mice that received E2 replacement for 7 days [118]. Additionally, a prolein rich
transmembrane protein (Prrt2) and a sodium potassium ATPase subunit AfpZaZ, both linked
to familial migraine [59], were significantly upregulated in response to supraphysiological
E2 treatment. 5HT3 was upregulated with supraphysiological E2, which supports E2-5HT
interaction in trigeminal pain disorders [13; 31]. It is important to note here that, while

we observe 5HT3 receptor mRNA expression in female rodent trigeminal ganglia neurons
[53; 67] , co-expression in the TRPV1 population is minimal and functional 5HT3 receptors
have only been reported in medium-sized neurons [63; 88; 126] . This is supported by

our recent study indicating that blocking the 5SHT3 receptor in the vibrissal pad was not
sufficient to reduce pain behaviors in female rats [53]. Several anti-inflammatory and
analgesic genes [70; 81; 90] were upregulated in the steady-state diestrus-level E2 group,
such as GABA receptor delta (Gabrd), NMDA receptor subunit 3a (Grin3a), and Annexin
Al (Anxal), consistent with attenuation of 5HT-evoked pain behaviors. Of note, we also
performed a more stringent analysis [46] using padj<0.05 and four major DEGs remained:
vasoactive intestinal peptide (V//P) and fatty acid binding protein 9 (Fabp7) were higher

in the supraphysiological E2 treatment group compared to the diestrus-like group and a
sodium/potassium ATPase pump subunit (A7P1A2) and a period circadian regulator (PerI)
were higher in the supraphysiological E2 treatment group compared to the vehicle group.
VIP is a major vasodilator and FABP7 disruption relays inflammation-associated analgesia
[51]. Both ATP1A and Perhave a reported role in migraine (Table 2). Overall, while both
pro- and anti-inflammatory genes were differentially altered, we interpret these data as E2’s
effects on inflammation depend on exposure and concentration which warrants our current
research on the effects of E2 on inflammatory mediators involved in pain. Furthermore,
these data provide the basis for future gene manipulation studies in mice to understand the
role of specific pain genes on sex differences in trigeminal pain.

5HT enhances calcium influx in sensory neurons and we observed significant calcium
influx in female trigeminal ganglia neurons treated with capsaicin. However, 5HT alone
or in combination with E2 did not alter capsaicin-evoked calcium influx. Treatment was
acute, however the modulatory effects of E2 and 5SHT may require longer cell exposure, as
supported by our behavior data, and may implicate differential membrane vs intracellular
dynamics. We next measured peptidergic activity and looked for membrane-bound vs
classical ER involvement, as our previous study observed that while 5HT alone did not
significantly enhance capsaicin-evoked CGRP release in ovariectomized female rats, SHT
in the presence of E2 significantly potentiated capsaicin-evoked CGRP release [54]. The
major difference between these techniques is that calcium influx is transient to a 3-minute
E2+5HT exposure and the sensory cells are very sensitive to injector application, while the
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peptidergic assay is stable and has a 30-45-minute E2+5HT exposure. Indeed, we found
that ERa agonism enhanced CGRP release, concurring with our previous study [46], and
was reduced by ERa antagonism. Neither ER agonism or antagonism altered CGRP
release. Pretreatment with membrane-impermeable E2 and GPER agonism did not mimic
E2 enhancement of serotonergic potentiation of CGRP release, indicating potentiation is
independent of membrane-bound ERs. Together these data indicate that ERa activation
underlies the pronociceptive effects of E2 on trigeminal sensory neurons.

Overall, we present evidence that the E2 exposure and concentration determines whether

E2 contributes to or attenuates 5SHT-evoked orofacial pain and that activation of ERa,

but not ER, is responsible for exacerbation of serotonergic potentiation of trigeminal

pain signaling. Further mechanisms by which E2 modulates trigeminal sensory neurons
include altering gene expression in the female trigeminal ganglia transcriptome and inducing
neuroplasticity in 5SHT,a receptors present on a subpopulation of nociceptive trigeminal
ganglia neurons. These data contribute to the understanding of the complex and paradoxical
role of E2 on orofacial pain and should be considered when treating trigeminal pain
disorders in women following menarche, prior to menopause, and when electing estrogen
replacement therapy.
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Figure 1. Steady-state physiological levels of E2, but not acute E2 treatment, attenuates SHT-
evoked orofacial pain behaviors.

5HT-evoked orofacial pain behaviors were not significantly different in OV X females that
received 2 ug E2 (light gray bars), 20 ug E2 (dark gray bars), or 200 ug E2 (closed bars) one
hour prior to receiving 5HT injection as compared to vehicle control (open bars) (A). 5HT-
evoked pain behaviors were significantly reduced in OV X females that were administered
with steady-state physiological levels of 5% E2 (light gray bars) and 20% E2 capsules

(dark grey bars) compared to vehicle control (open bars) at 0-6 min (B). Attenuation was
also reported in the 5% E2 group at 13-18 min time bout. Attenuation was not observed

in animals that received 40% E2 capsules (closed bars). *Denotes significant number of
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forelimb swipes compared to vehicle with significance in pairwise comparisons tested at p <
0.05.
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Figure 2. Several genesrelated to trigeminal pain processing are altered in the steady-state

diestrus and proestrus E2 groups.

Differentially expressed genes (DEGS) in steady-state diestrus E2 group compared to vehicle
(Veh; A) and molecular function analysis of the DEGs (B). Differentially expressed genes
(DEGS) in steady-state proestrus E2 group compared to vehicle (MVeh; C) and molecular
function analysis of the DEGs (D). Blue = downregulation; red = upregulation. Only the
genes that significantly changed (p<0.05) are shown.
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Figure 3. Several genesrelated to trigeminal pain processing are altered in the steady-state

supraphysiological E2 group.

Differentially expressed genes (DEGS) in steady-state supraphysiological (Supraphy) E2

group compared to vehicle (Veh; A) and molecular function analysis of the DEGs

(B). Differentially expressed genes (DEGS) in steady-state supraphysiological E2 group

compared to steady-state diestrus E2 (C) and molecular function analysis of the DEGs

(D). Blue = downregulation; red = upregulation. Only the genes that significantly changed

(p<0.05) are shown.
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Figure4. ERa, ERB, and GPER mRNA along with 5HT 25 mRNA coexpresswith TRPV1
MRNA in thefemalerat trigeminal ganglia.

Panels A-D display representative images of the expression of ERa. mRNA (violet; A) and
5HT,a MRNA (red; B) with TRPV1 ion channel mMRNA (green; C) in the trigeminal ganglia
(merge; D). Panels E-F display representative images of the expression of ERp mRNA
(blue; E) and 5HT, mMRNA (red; F) with TRPV1 ion channel mRNA (green; G) in the
trigeminal ganglia (merge; H). Panels I-L depict representative images of the expression

of GPER mRNA (purple; 1) and 5HT25 mMRNA (red; J) with TRPV1 ion channel mMRNA
(green; K) in the trigeminal ganglia (merge; L). Arrows indicate trigeminal ganglia cells
co-expressing estrogen receptors and 5HT,a receptor mMRNA with TRPV1 ion channel
mMRNA.
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Estrus .

Figure 5. 5SHT>A MRNA co-expression in the TRPV 1 population of female trigeminal ganglia
variesover the estrous cycle.

Representative images of the expression of TRPV1 ion channel mMRNA (green) and 5HT2p
receptor mRNA (red) with DAPI (blue) in the trigeminal ganglia of male (A) and cycling
female rats across the stages of the estrous cycle [diestrus (B), proestrus (C), and estrus (D)].
Positive probe controls (E,F) and negative probe controls (G,H) for each channel are also
presented. The percent co-expression of 5SHToa receptor mRNA and TRPV1 ion channel
MRNA significantly varies across the stages of the estrous cycle and is higher than that
observed in males (I). Arrowheads indicate trigeminal ganglia cells co-expressing TRPV1
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ion channel MRNA and 5HT,a receptor mRNA. *Denotes a significant increase compared
to males with significance in pairwise comparisons tested at p < 0.05.
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Figure 6. Acute E2 does not alter serotonergic potentiation of capsaicin-evoked calcium influx.
Acute SHT (light grey bars), E2 (dark grey bars), and the combination of 5SHT+E2 (closed

bars) induced similar calcium influx to HBSS (dotted line) (A). 30 nM capsaicin triggered
significantly higher calcium influx as compared to HBSS (B), whereas acute pretreatment
with 5HT (light grey bars), E2 (dark grey bars), and the combination of 5SHT+E2 (closed
bars) did not alter capsaicin-evoked calcium influx (B). Representative tracers are presented

per treatment (D-H).
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Figure 7. E2-BSA does not increase serotonergic potentiation of capsaicin-evoked CGRP release.
CGRP release was comparable to vehicle (open bar) with 5HT only (right diagonals)

pretreatment (A) and E2-BSA only (left diagonals) pretreatment (B) as observed by percent
change in baseline. Capsaicin (grey bar) treatment significantly increased CGRP release
compared to vehicle as observed by percent change in baseline (C). E2-BSA+5HT (hatched
bar) pretreatment did not significantly enhance capsaicin-evoked CGRP release as compared
to the vehicle and 5HT only treatment (D). *Denotes a significant increase in CGRP release
compared to vehicle with significance in pairwise comparisons tested at p < 0.05.
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Figure 8. Activating the membrane bound ER (GPER) does not increase serotonergic
potentiation of capsaicin-evoked CGRP release.

G1 (GPER agonist; hatched bar) pretreatment (A) and 1CI 182,780 (GPER agonist / ER
antagonist; closed bar) pretreatment (B) does not enhance capsaicin-evoked CGRP release
compared to 5HT + Vehicle only (open bar) treatment. *Denotes a significant increase in
CGRP release compared to vehicle with significance in pairwise comparisons tested at p <
0.05.
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Figure 9. ERa playsa significant role in modulating serotoner gic potentiation of capsaicin-

evoked CGRP release.

PPT (ERa agonist; closed bar) pretreatment (A), but not DPN (ERp agonist; closed

bar) pretreatment (B) significantly enhanced the serotonergic potentiation of capsaicin-
evoked CGRP release as compared to 5HT+Vehicle control group (open bars). MPP+E2
(ERa antagonist; right diagonals) pretreatment (C), but not PHTPP+E2 (ERp antagonist;
left diagonals) pretreatment (D) significantly attenuated capsaicin-evoked CGRP release
compared to 5HT + E2 (grey bar) treatment. *Denotes a significant increase in CGRP
release compared to vehicle with significance in pairwise comparisons tested at p < 0.05.
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Timeline 1.
Timeline illustrating the course of ovariectomy, hormone capsule implantation, and

serotonin (5HT) injections for orofacial pain behavior testing experiments.
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Table 1.
Specifications and concentrations of the estrogen receptor (ER) agonists and antagonists
applied to trigeminal ganglia neuron primary cultures.

E2-BSA: pB-Estradiol 6-(O-carboxymethyl)oxime conjugated to bovine serum albumin (BSA); G-1:
rel-1-[4-(6-bromo-1,3-benzodioxol-5-yl)-3aR,4S,5,9bS-tetrahydro-3H-cyclopenta[c]quinolin-8-yl]-ethanone;
ICl 182,780: 7a.,17B-[9-[(4,4,5,5,5 Pentafluoropentyl)sulfinyl]nonyl]estra-1,3,5(10)-triene-3,17-diol; PPT:
1,3,5-Tris(4-hydroxyphenyl)-4-propyl-1H-pyrazole; DPN: 2,3-Bis(4-hydroxyphenyl)propionitrile; M PP: MPP
Dihydrochloride; PHTPP: 4-[2-Phenyl-5,7-bis(trifluoromethyl)pyrazolo[1,5-a]-pyrimidin-3-yl]phenol.

Pharmacologic | Target Company Cat. # Concentration | Ref.

E2-BSA Membrane-impermeable E2 Sigma-Aldrich E5630 50 nM [95]

G-1 GPER agonist Cayman Chemical | 10008933 10 nM [15; 93]

ICl 182,780 ER antagonist; GPER agonist | Sigma—-Aldrich 5310420001 | 1uM [96]

PPT ERa agonist Sigma-Aldrich H6036 100 nM [21; 62; 96]
DPN ERP agonist Sigma-Aldrich H5915 15nM [21; 78; 96; 116]
MPP ERa antagonist Sigma-Aldrich M7068 300 nM [96; 107]
PHTPP ERp antagonist Sigma-Aldrich SML1355 1uM [21; 60]

Pain. Author manuscript; available in PMC 2023 August 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Kaur et al.

Table 2.

Differentially expressed genesfollowing E2 treatment.

Page 35

List of known pain genes that were differentially expressed following steady-state treatment with diestrus-level
E2 (Di), proestrus level E2 (Pro), supraphysiological-level E2 (Sp) E2, or vehicle (\eh) in ovariectomized

female rats.
Gene Gene Name Function Comparison | Ref
symbol
Dao Diamine oxidase Scavenging extracellular histamine after mediator release Pro > Veh [99]
Di > Veh
Bdkrb2 Bradykinin 2 receptor Proinflammatory; pronociceptive Pro > Veh [95]
Sp > \eh
Cacnalg Calcium channel subunit alpha 1G \oltage-gated T-type calcium channel (Cav3.1) Sp > Veh [16]
Pro > Veh
Cacnalh Calcium channel subunit alpha 1H | Voltage-gated T-type calcium channel (Cav3.2) Sp > Veh [16]
Sp > Di
Prrt2 Prolein rich transmembrane Negative regulator of Nav1.2/1.6 Sp > Veh [35; 59]
protein Complex disorders with migraine; type 4 familial Sp >Di
hemiplegic migraine; in PRF pain genes
Grin3a NMDA receptor subunit 3a lonotropic glutamate receptor; involved in pain inhibition Di > \eh [81]
Pro > Veh
Gabrd GABA receptor delta Target for analgesia Di > Sp [70]
Adcyaplrl | Pituitary adenylate cyclase- Involved in migraine Pro > Veh [56; 128]
activating polypeptide (PACAP) Regulated by stress and E2 Di > Veh
type 1 receptor (PAC1) Di > Sp
Adcyapl Pituitary adenylate cyclase- Involved in migraine Pro < Veh [29; 128]
activating polypeptide 1 (PACAP) Neuropathic pain onset Sp <Veh
Vip Vasoactive intestinal polypeptide Same superfamily as PACAP (glucagon/secretin); Pro < Veh [29]
neuropathic pain maintenance Sp < \eh
Sp < Di
Prl prolactin Female-specific hyperalgesia Sp > \eh [87; 115]
Modulated by E2
Calca Calcitonin gene-related peptide Involved in migraine; female-specific responses in dura Di < Veh [5; 6; 128]
alpha mater; prolactin increases release in female dura Sp < \eh
Calcb Calcitonin gene-related peptide Involved in migraine Di < Veh [128]
beta Sp <\eh
Fkbp5 FK506 binding proteins Co-chaperone of Hsp90 of steroid receptor complex Pro > Veh [112; 125]
(stabilizing and shuttling) Di > Veh
Linked to stress disorders
Atpla2 Na+/K+ pump subunit alpha 2 Involved in familial migraine; E2 rescues age-related drop | Pro > \eh [57; 59]
in ATPase; in PRF pain genes Di > Veh
Sp > Veh
Timp3 Metalloproteinase inhibitor 3 Protects against cartilage degradation Pro > Veh [61]
Di > Veh
Cnrl Cannabinoid receptor 1 Peripheral cannabinoid receptor; peripheral analgesia Pro > \eh [123]
Di > Veh
Faah Fatty acid amide hydrolase Inhibition reduces pain, linked to migraine; reduced Di < Veh [39; 82]
FAAH leads to increased cannabinoid and 5HT activity; Di>Sp
mutation leads to pain insensitivity; in PRF pain genes
Rgs4 Regulator of G protein signaling Regulatory molecule that acts as a GTPase activating Pro <Veh [8]
(RGS) 4 protein (GAP). Can deactivate Gi and Gg. Maintain Di>Sp
chronic pain.
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Gene Gene Name Function Comparison | Ref
symbol
Slpr3 Sphingosine-1-phosphate receptor Acute mechanonociception via KCNQ2/3 (Pro > \eh) Pro < Veh [43]

3 Sp < Veh
Cttn Cortactin Actin rearrangement, regulates vascular permeability, Pro < Veh [36]
works with S1P Sp <\Veh
Ptgds Prostaglandin D2 synthase (PGD2) | Proinflammatory, produced by neuron, glia, immune cells | Di > Veh [47; 111]
Sex-dependent nociceptive signaling Sp > Veh
Insr Insulin receptor Insulin deficiency contributes to diabetic neuropathy Pro > Veh [127]
Sp > \eh
Lama4 Laminin subunit alpha-4 Heat pain sensitivity Pro < \eh [119]
Sp <\eh
Tmem165 | Transmembrane protein 165 Intracellular calcium transporter Pro < Veh [16]
Di <Veh
Camk2a Calcium/calmodulin dependent Serine/threonine protein kinase; loss contributes to switch | Di > Veh [124]
protein kinase 11 alpha from mechanoreception to pain Sp > Veh
Cd4 CD4 molecule Membrane glycoprotein of immune cells (T cells, B cells, Di < Veh [74]
macrophages) Sp <\Veh
Bahccl BAH domain and coiled-coil Unknown relevance to nociception, but was reported as a Sp > \eh [98]
containing 1 SNP in only females with TMD Sp > Di
Fabp7 Fatty acid binding protein 7 Increased in DRG with nerve injury; related to Sp <\Veh [7; 27]
regeneration and PPAR signaling Sp <Di
Col9al Collagen type IX alpha chain Mutation leads to painful stiff joints Sp <\eh [19]
Sp < Di
Discl Disrupted in Schizophrenia Deletion reduces thermal pain sensitivity Di > Sp [114]
(DISC1) scaffold protein
Anxal Annexin Al Anti-inflammatory; antinociceptive Di > Sp [90]
Clock Circadian regulator Dimerizes with bmal; target to reduce OA pain Di>Sp [26]
Nav2 Neuron navigator, unc-53 homolog | Mutants have impaired sensory function; diminished TG Di > Sp [76]
and DRG sensory neurons
P2rx3 Purinergic receptor P2X3 Orofacial pain (TMD) and burning mouth syndrome Sp > Di [11; 69;
E2 reduces spinal P2X3 94, 102]
E2 attenuates P2X3 in DRG
Cckbr Cholecystokinin B receptor Anti-opioid activity by heterodimerizing with MOR; E2 Sp > Di [103]
increases in MCF-7 cells
Htr3A 5HT3A receptor lonotropic, pain Sp > Di [31]
Perl Period circadian clock 1 Altered in chronic migraine in male mice; alters Sp > Veh [49; 83;
chemokine release and mechanical hypersensitivity 100]
Ptprzl protein tyrosine phosphatase Alters responses to thermal and tactile stimuli Di > Sp [58]

receptor type Z1
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