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Springfield, MO, United States

Migraine is associated with peripheral and central sensitization of the trigeminal system
and dysfunction of descending pain modulation pathways. Recently, dietary inclusion of
grape seed extract (GSE) was shown to inhibit mechanical nociception in a preclinical
model of chronic temporomandibular joint disorder, a condition often comorbid with
migraine, with the antinociceptive effect mediated, in part, by activation of 5-HT3/7
and GABAB receptors. This study further investigated the mechanisms by which GSE
inhibits mechanical nociception in a preclinical model of episodic migraine. Hyperalgesic
priming of female and male Sprague Dawley rats was induced by three consecutive daily
two-hour episodes of restraint stress. Seven days after the final restraint stress, rats were
exposed to pungent odors from an oil extract that contains the compound umbellulone,
which stimulates CGRP release and induces migraine-like pain. Some animals received
dietary supplementation of GSE in their drinking water beginning one week prior to
restraint stress. Changes in mechanical sensitivity in the orofacial region and hindpaw
were determined using von Frey filaments. To investigate the role of the endocannabinoid
receptors in the effect of GSE, some animals were injected intracisternally with the
CB1 antagonist AM 251 or the CB2 antagonist AM 630 prior to odor inhalation.
Changes in CGRP expression in the spinal trigeminal nucleus (STN) in response to stress,
odor and GSE supplementation were studied using immunohistochemistry. Exposure of
stress-primed animals to the odor caused a significant increase in the average number of
withdrawal responses to mechanical stimulation in both the orofacial region and hindpaw,
and the effect was significantly suppressed by daily supplementation with GSE. The
anti-nociceptive effect of GSE was inhibited by intracisternal administration of antagonists
of CB1 and CB2 receptors. GSE supplementation inhibited odor-mediated stimulation
of CGRP expression in the STN in sensitized animals. These results demonstrate
that GSE supplementation inhibits trigeminal pain signaling in an injury-free model of
migraine-like pain via activation of endocannabinoid receptors and repression of CGRP
expression centrally. Hence, we propose that GSE may be beneficial as a complementary
migraine therapeutic.
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INTRODUCTION

Migraine is a prevalent painful neurological disease that is a
leading cause of disability worldwide (1, 2). The commonly
reported headache pain associated with migraine involves
sensitization and activation of trigeminal ganglion nerves
that provide sensory innervation of the head and face and
transmit pain signals to the spinal trigeminal nucleus (STN) (3).
Migraineurs are genetically predisposed to the development of a
hyperresponsive nervous system, which is susceptible to multiple
risk factors that promote peripheral and central sensitization or
can initiate a migraine attack (4, 5). The most often reported
migraine risk factor is stress, which increases allostatic load
and if unmanaged can cause dysregulation of the ascending
and descending pain modulation pathways and greatly influence
disease onset, progression, and transition from an episodic to
chronic state (6-8). Other reported migraine risk factors that also
increase allostatic load and can initiate an attack in sensitized
migraineurs include physical stimuli such as flickering lights,
loud or irregular sounds, or strong, pungent odors (9-11).
The descending inhibitory pain modulation pathway involves
activation of serotonergic, GABAergic, and endocannabinoid
receptors to modulate the excitability state of neurons and
glial cells within the STN (12). In a recent study, dietary
inclusion of GSE was shown to inhibit trigeminal pain signaling
via involvement of 5-HT3, 5-HT7, and GABAB receptors in
animals with a sensitized trigeminal system mediated by neck
muscle inflammation (13). The goal of this study was to test
the hypothesis that activation of endocannabinoid receptors
and cellular changes in the STN are also involved to mediate
the inhibitory effects of GSE in a preclinical episodic migraine
model involving restraint stress and exposure to a pungent
compound (14).

Episodic and chronic migraine pathology are associated with
anxiety and stress, and the development of central sensitization,
which lowers the threshold for activation of second order
neurons in response to stimulatory molecules released from
trigeminal ganglion neurons in the STN (15-17). The excitatory
neurotransmitter glutamate and the neuropeptide calcitonin
gene-related peptide (CGRP) are constitutively secreted from
primary trigeminal ganglion neurons, and hence modulate the
excitability state of STN neurons and glial cells (18). Elevated
levels of CGRP in the STN are implicated in migraine pathology
and the development of central sensitization (19) and blocking
the neuromodulatory effects of CGRP is the basis of several
anti-migraine therapies including triptans, onabotulinumtoxinA,
gepants, and monoclonal antibodies (20).

Central sensitization can involve enhanced ascending pain
signaling and/or a decrease in descending pain modulation
(21). The descending inhibitory pathway involves activation of
5-HT3 and 5-HT7 receptors on inhibitory interneurons that
stimulates release of the inhibitory neurotransmitters glycine
and GABA (12, 22). The GABA receptors GABAA and GABAB
are expressed on neurons and glial cells in the STN and their
activation couples to a chloride channel or an inhibitory G-
protein, respectively. In addition, the endocannabinoid system is
involved in descending pain modulation and is known to play

an important role in modulating stress and anxiety in humans
(23-26) via activation of cannabinoid receptors (27, 28). The
diverse physiological and cellular effects of the endocannabinoid
system are mediated by the G-protein-coupled receptors CB1
and CB2, which are expressed on axon terminals and glial cells
in both the central and peripheral nervous systems (29). Under
normal physiological conditions, CB receptors are activated by
endogenous ligands including 2-arachidonoylglycerol (2-AG)
and anandamide (AEA), but also by A9-tetrahydrocannabinol
(THC), cannabidiol (CBD), and phytocannabinoids (pCB)
present in medical marijuana and different medical cannabis
formulations (30). Dysfunction of this pathway is associated
with migraine pathology while activation of endocannabinoid
receptors is reported to be beneficial in migraineurs (31). In
this study, the role of CB receptors in mediating the anti-
nociceptive effect of GSE was investigated in an injury-free
migraine model.

METHODS

Animals

Adolescent Sprague Dawley male and female rats (d45; 150-
225g) were purchased from Missouri State University’s Central
Management Breeding Colony (Springfield, MO). Animals
were housed individually in plastic rat cages with unrestricted
access to both food and water in a room with 12 h/light
dark cycles. All protocols were approved by Missouri State
University’s Institutional Animal Care and Use Committee
and conducted in compliance with the Animal Welfare Act
and National Institutes of Health guidelines. Concerted efforts
were made to minimize suffering, as well as the number
of animals.

Preclinical Episodic Migraine Model

Our experimental design was based on the procedure used
by Kopruszinski et al. (14) to promote latent sensitization of
trigeminal ganglion neurons via restraint stress prior to exposure
to the pungent compound umbellulone. Prior to the start of the
experiment, animals were randomly sorted into three groups:
naive control animals; animals subjected to restraint stress and
pungent odor; and animals that received dietary supplementation
with GSE prior to restraint stress and pungent odor (Figure 1).
Briefly, to induce latent sensitization of trigeminal nociceptive
neurons, some animals were placed into an opaque plastic
restraint tube to greatly restrict their movement for 2h on three
consecutive days (days 7-9). The length and width of the tube
was chosen based on the size of the animal, to restrict movement
without causing difficulty breathing, and the tube had caps on
both ends that had holes to allow air to enter but prevented
the animal from exiting. Animals were observed throughout
the stress exposure and following stress exposure animals were
returned to their home cages. After seven days, stressed animals
were exposed for 10 min to the pungent volatile compounds from
an oil extract of leaves from the California bay laurel tree (CBL,
World Spice, Seattle, WA) that was prepared and utilized as
described previously (32-34).
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FIGURE 1 | Timeline and experimental design. Dietary supplementation of GSE was initiated one week prior to restraint stress and was continued for the duration of
the study. Restraint stress was performed on 3 consecutive days (D7-9) prior to injection of cannabinoid receptor inhibitors and exposure to pungent odor on day 17.
Behavioral von Frey assessments were conducted on day O (Basal), on day 9 two hours (D9 + 2Hr) and 24 h (D10) after restraint stress, on day 17 prior to injection of
inhibitors and/or odor exposure (D17), and at 2 h post exposure to the pungent odor. Tissues used for immunohistochemistry were collected after the final behavioral
assessment. The location of von Frey testing in the cutaneous region over the masseter muscle is shown in the images of a rat outside the holding device (left panel;

X marking) and a rat within the device (right panel; flament shown).

Nocifensive Behavior Testing

Changes in nocifensive response to mechanical stimulation of
trigeminal neurons were determined essentially as described
(32-34). Prior to nociception testing, animals were allowed to
acclimate to the Durham Animal Holder (UGO Basile, Gemonio,
Italy) for 5 min on three consecutive days. To minimize reflexive
or startle responses, animals were conditioned to a mechanical
stimulus by gently rubbing the hair in the facial region above the
masseter with a von Frey filament (Figure 1). Nocifensive testing
over the masseter was chosen since migraine pain can present as
facial pain (35, 36). The method used in our laboratory measures
deep musculoskeletal pain responses rather than cutaneous,
superficial, reflexive defensive responses and hence higher weight
filaments are required to test for changes in nociception. Once the
animals had completed 3 acclimation sessions, they were allowed
to rest for 48 h prior to baseline assessments.

Mechanical nocifensive thresholds in the orofacial region over
the masseter muscle were determined in male and female animals
in response to a series of calibrated von Frey filaments (Stoelting,
Wood Dale, IL). Two scientists blinded to the experimental
conditions verified nocifensive withdrawal reactions, which were
defined as a head withdrawal observed prior to the bending of
the filament. Each filament was applied five times over both
the right and left orofacial region of each animal and reported

as an average number of reactions. Testing was done with the
100 g filament, which was chosen because it provokes a low
rate of response in naive animals but a high rate of response
in sensitized animals, and the 180g filament was used as a
positive control since it consistently provokes a response even in
naive animals. Baseline measurements were established prior to
experimental manipulations and additional measurements were
taken 2 h, 1 day, and 7 days post restraint stress and 2 h post odor
exposure. The nocifensive response to mechanical stimulation
with von Frey filaments was also tested in the intraplantar
region of the hindpaw of a subset of both male and female
animals, with animals restrained in a plastic Durham holder
set on a wire mesh platform, to allow access to their hind feet.
Nocifensive withdrawal reactions were defined as foot-lifting
observed prior to the bending of the filament. Lifting of the
foot prior to application of the filament was not considered a
positive response. Results are presented as the average number of
hindpaw withdrawal responses out of 5 applications to each foot.

Dietary Supplementation of GSE

Following basal nociceptive testing, animals designated to receive
daily supplementation with GSE had their normal drinking water
replaced with a 0.5% solid solution of MegaNatural ®-BP GSE
(Healthy Origins, Pittsburgh, PA) dissolved in water (13, 37).
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The animals consumed on average 800 mL of 0.5% GSE/kg/week
which is equivalent to 114.3 mL/kg/day. This corresponds to
571.4 mg GSE/kg/day which is 317 ng GAE/kg/day (polyphenolic
content). Animals received GSE starting one week prior to
restraint stress. Dietary supplementation was continued for the
duration of the study, which concluded 2 h post exposure to the
pungent odor of the bay leaves. All other groups were provided
with normal tap water throughout the study.

Inhibitor Injections

Initially, some animals were lightly anesthetized using 3-5%
isoflurane prior to intracisternal injection of antagonists to the
CBI and the CB2 receptors. AM251 and AM630 (Ki nM range;
Tocris Bioscience, Minneapolis, MN) were dissolved in DMSO,
then diluted to 500nM in sterile 0.9% saline. Inhibitors were
administered via injection of 20 1 between the occipital bone
and C1 vertebrae. Animals were allowed to regain consciousness
and then were exposed to the pungent odor. Following injections
and odor exposure, animals were allowed to recover in their cages
while being monitored for normal behaviors prior to nociception
testing. As a control, some naive and migraine model animals
received an intracisternal injection of 0.9% sterile saline, 500 nM
AM251, or 500 nM AM630.

Immunohistochemistry

Upper spinal cord tissue containing the STN were removed from
male and female naive animals and from migraine model animals
2h post exposure to the pungent odor. Briefly, animals were
euthanized via CO; asphyxiation and decapitation, and tissues
obtained through cranial dissection. Once extracted, tissues were
placed in 4% paraformaldehyde overnight at 4°C. Samples were
cryoprotected by placing tissues in a 15% sucrose solution
for 1h at 4°C, and a 30% sucrose solution overnight at 4°C.
Samples were then mounted in Tissue-Tek ® Optimal Cutting
Temperature mounting media (Sakura®) Finetek, Torrance CA),
and 14 pum cross sections of the upper spinal cord were obtained
using a Microm HM 525 Cryostat (Richard-Allen Scientific,
Kalamazoo, MI). Sections were placed on Fisherbrand Superfrost
® Plus Microscope slides (Thermo Fischer Scientific, Waltham,
MA) and stored at —20°C.

Immunostaining procedures and analysis were performed
essentially as described in prior studies (38, 39). Slides containing
one tissue section from each experimental condition were
covered with 1X Phosphate-Buffered Saline (PBS) for 5min
prior to incubation for 20 min in PBS containing 5% normal
donkey serum (Jackson ImmunoResearch Laboratories, West
Grove, PA) and 0.1% Triton. A goat polyclonal antibody
against CGRP (ab36001, Abcam, Cambridge, UK) was diluted
1:1000 in 5% donkey serum in PBS and incubated for
3h at room temperature. Alexa Fluor 647 donkey anti-goat
secondary antibody (Jackson Laboratories; 1:200 dilution in
5% donkey serum diluted in PBS) was then incubated with
tissues for 1 h at room temperature. Tissues were mounted in
Vectashield medium containing 4’6-diamidino-2-phenylindole
(DAPI; Vector Laboratories, Burlingame, CA). A Zeiss Axiocam
mRm camera (Carl Zeiss, Thornwood, NY) mounted on a Zeiss
Imager Z1 fluorescent microscope was used to collect a single

3 x 3 tiled 200X image of the dorsal medullary horn region.
Zen 2 software (Carl Zeiss) was utilized to evenly balance the
background of each image. Another scientist who was blinded
to the experimental conditions then conducted densitometric
analysis of gray scale jpeg images using Image] software.
For spinal cord tissues, integrated densities were acquired by
measuring pixel densities in 10 non-overlapping, rectangular
regions of interest (ROI) encompassing laminas I-IIT for each
spinal cord image. Additionally, background measurements,
which were acquired from acellular areas as determined by DAPI
staining, were averaged and subtracted from the ROI values.
Relative average means of fluorescent intensities were determined
for each condition and data reported as average fold change +
SEM relative to the average mean for naive animals, which was
set equal to one.

Statistical Analysis

All data were initially evaluated for normality using a
Shapiro-Wilk test. Behavioral data were found to be non-
normal (P < 0.05), so non-parametric statistical tests were
applied. To determine if nociception was different across
all groups, a Kruskal Wallis test was performed. Upon
reaching a significant result, a Mann-Whitney U test with a
Wilcoxon’s W post-hoc test was performed to determine if
there were pairwise differences in nociception between groups
at each evaluated time point. Immunohistochemical data were
normally distributed, and differences between naive tissues and
tissues from animals receiving GSE were compared using an
Independent Samples T-Test. Statistical analysis was performed
using SPSS Statistical Software 25 (IBM), and changes were
considered significant if P < 0.05.

RESULTS

Effects of Restraint Stress, Pungent Odor,
and GSE Administration on Nocifensive

Responses

Initially, the level of trigeminal nociception in response to
mechanical stimulation was determined in the orofacial region
with von Frey filaments in male and female animals (Figure 2).
The average number of nocifensive head withdrawals in response
to mechanical stimulation was <1 out of 5 applications at the
basal time point for all experimental conditions in both males
and females. On day 9, the nociceptive response for naive animals
remained near basal levels. However, in latent sensitized animals
mediated by restraint stress, the average number of nocifensive
responses was significantly (both sexes P = 0.001) elevated over
naive levels at 2h and remained significantly elevated at 24h
post exposure in both male and female animals (males P =
0.003; females P = 0.001, respectively). In male and female
animals receiving daily supplementation of GSE one week prior
to restraint stress, the average number of nocifensive responses
was significantly inhibited in sensitized animals to near basal
or naive levels (males P = 0.006; females P = 0.002). Seven
days later, the average number of nocifensive withdrawals had
returned to basal levels for all conditions. In latent sensitized
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FIGURE 2 | GSE supplementation inhibits trigeminal nociception in the orofacial region mediated by pungent odor in latent-sensitized animals. The average number of
nocifensive head withdrawal responses + SEM to mechanical stimuli are reported for male (top panel) and female animals (bottom panel). Some animals were left
untreated (Naive) while other animals were subjected to restraint stress for 3 consecutive days prior to exposure to pungent odor on day 9 (stress model, SM). Some
animals received daily GSE in lieu of water for 1 week prior to restraint stress and supplementation was continued for remainder of study (GSE + SM). *P < 0.05 when
compared to Naive mechanical sensitivity levels at that time point. #P < 0.05 compared to SM levels.
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animals mediated by restraint stress, the average number of
nocifensive responses was significantly elevated over naive levels
2h after exposure to the pungent odor from a California bay leaf
extract in both male and female animals (both sexes P = 0.001).
However, in male and female animals receiving GSE, the average
number of nocifensive responses was significantly inhibited in
sensitized animals 2h post odor exposure (males P = 0.015;
females P = 0.002).

Effects of CB1 and CB2 Antagonists on

Orofacial Mechanical Sensitivity

To investigate if the anti-nociceptive effect of GSE involved
activation of CB1 and CB2 receptors at the level of the STN,
the CB1 antagonist AM251 or the CB2 antagonist AM630 was
injected into the intracisternal space prior to stimulation with
the pungent odor. As seen in Figure 3, all male and female
animals exhibited similar levels of mechanical sensitivity prior
to odor exposure, with average values close to naive levels.
While exposure of restraint stress sensitized animals to the
odor resulted in a significant increase in the average number of
nocifensive withdrawals 2h post odor (both sexes P = 0.001),
those animals receiving dietary GSE exhibited significantly lower
response levels (males P = 0.006; females P = 0.002). However,
individual administration of antagonists to CB1 and CB2 prior to
odor exposure suppressed the inhibitory, anti-nociceptive effect
of GSE supplementation in both male and female animals (CB1
antagonist, males P = 0.006, females P = 0.001; CB2 antagonist,
males P=0.014, females P = 0.003). Naive and sensitized animals
that received saline or individual administration of CB1 or CB2
antagonists as a control did not show a significant change in
mechanical sensitivity (n = 6).

Mechanical Sensitivity in the Hindpaw

To determine if exposure of restraint-stressed animals to the
pungent odor would cause enhanced mechanical sensitivity in
the hindpaw, a subset of male and female animals was tested
for changes in withdrawal responses to mechanical stimulation
of the hindpaw (Figure 4). Similar to the results in the orofacial
region (Figure 2), a significant increase in the average number of
nocifensive withdrawals was observed in the sensitized animals
2h post odor exposure when compared to naive levels (P
= 0.032). Animals receiving daily GSE exhibited a significant
decrease in mechanical sensitivity when compared to the stressed
animals that were exposed to the odor stimulus (P = 0.015).
Intracisternal administration of CB1 and CB2 antagonists prior
to the odor stimulus was sufficient to significantly suppress the
inhibitory effect of GSE and resulted in an enhanced nocifensive
response to mechanical stimulation (CB1 antagonist P = 0.021;
CB2 antagonist P = 0.031).

To investigate changes in CGRP expression in the STN,
immunohistochemical analysis was performed on tissues
obtained from female naive animals and animals subjected to
restraint stress and odor exposure and animals that received
daily supplementation of GSE (Figure 5). Animals experiencing
both restraint stress and inhalation of the pungent odor had
significantly increased expression of CGRP (1.70 &+ 0.31; P =
0.003) as compared to relative intensity levels in naive control

animals (1.00 £ 0.35). Animals that had restraint stress and
odor exposure but had daily supplementation of GSE in their
drinking water exhibited levels of CGRP expression significantly
lower than non-supplemented animals (1.09 &= 0.029; P = 0.005),
similar to basal levels observed in naive tissues (P = 0.609).

DISCUSSION

A major finding of our study was that daily inclusion of GSE
in the drinking water was sufficient to inhibit development of
latent sensitization and the nocifensive response to exposure
of a normally innocuous pungent odor in a preclinical model
of episodic migraine. The experimental design was based on
a prior study in which three consecutive days of restraint
stress promoted latent sensitization of the trigeminal system in
female mice such that inhalation of the compound umbellulone
triggered a cutaneous allodynia response in the periorbital region
and hindpaw (14). Umbellulone is a volatile organic compound
present in the leaves of the California bay laurel tree, which
is also referred to as the headache tree (40). This pungent
compound binds and activates the transient receptor potential
ankyrin 1 (TRPA1) receptor on trigeminal ganglion nociceptive
neurons to stimulate CGRP release and induce nociceptive pain
signaling and is implicated in migraine pathology (41-43). In the
original study model, restraint stress promoted sensitization of
the trigeminal system such that exposure of primed female mice
to a normally subthreshold level of umbellulone facilitated pain
signaling (14). In agreement, we observed a similar nocifensive
response to restraint stress and exposure to the pungent odors
of the bay laurel leaf in both female and male rats. Similarly, we
had previously shown in a different preclinical episodic migraine
model that while exposure of primed animals to the extract’s
volatile compounds caused enhanced nociception, inhalation
in naive, non-sensitized animals did not cause a nocifensive
withdrawal response (32). In this study, we did not observe a
sex difference in the rats level of nociception in this migraine
model although migraine is reported to be more prevalent
in adult women than men (2). However, it should be noted
that the animals used in our study were adolescent rats with
an age that more closely mimics pubescent to adolescent age
in humans since puberty begins 50 days after birth in rats
(44). Hence, our finding may not be too surprising since in
humans the prevalence of migraine is more similar in male
and females during this development period (45). Significantly,
dietary supplementation of GSE in the drinking water of animals
for one week prior to restraint stress was sufficient to prevent
latent sensitization or priming of trigeminal neurons in both
female and male animals and suppress odor-induced nociception.
The finding that inclusion of GSE prior to restraint stress
inhibited the development of trigeminal sensitization supports
the daily consumption of dietary supplements to prevent or
minimize changes in the trigeminal system associated with
migraine pathology.

The GSE used in this study and our prior studies
(MegaNatural ®-BP GSE) is a highly purified extract from Vitis
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FIGURE 3 | The anti-nociceptive effect of GSE involves CB1 and CB2 receptors. The average number of nocifensive head withdrawal responses to mechanical
stimulation is reported for male (top panel) and female (bottom panel) animals. Some animals were left untreated (Naive) while other animals were subjected to
restraint stress (SM). Some animals received daily GSE in lieu of water for 1 week prior to restraint stress and supplementation was continued for remainder of study
(GSE + SM). The GSE + SM + AM251 animals received intracisternal injection of the CB1 antagonist AM251 while the GSE + SM + AMB30 animals were injected
with the CB2 antagonist immediately before exposure to the pungent odor. *P < 0.05 when compared to Naive levels for that condition, #P < 0.05 compared to SM
levels.
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restraint stress (SM). Some animals received daily GSE in lieu of water for 1 week prior to restraint stress and supplementation was continued for remainder of study
(GSE + SM). The GSE + SM + AM251 animals received intracisternal injection of the CB1 antagonist AM251 while the GSE + SM + AM630 animals were injected
with the CB2 antagonist immediately before exposure to the pungent odor. *P < 0.05 when compared to Naive levels for that condition, #P < 0.05 compared to SM

levels.

vinifera seeds containing >90% polyphenols that exhibit anti-
inflammatory properties and function as antioxidants (13, 37,
46). The inhibitory effects observed in this migraine model agree
with our prior findings that dietary inclusion of GSE can suppress
trigeminal sensitization and nociception in preclinical models
of temporomandibular joint disorder (13), a prevalent orofacial
pain condition comorbid with migraine (47, 48). In addition
to GSE’s ability to prevent development of a primed state, we
previously reported that its inclusion as a daily supplement
after establishment of prolonged trigeminal sensitization could
suppress ongoing allodynia and prevent trigeminal neuron
activation in a chronic orofacial pain model (13). Thus, dietary
inclusion of GSE can prevent and suppress the development
of trigeminal sensitization and hence functions differently than
several commonly used anti-migraine therapeutics. For example,
in the study by Kopruszinski et al. (14), they found that
pretreatment with the centrally acting drug propranolol or the
kappa opioid receptor antagonist nor-BNI prior to restraint
stress could prevent both priming and transient cutaneous
allodynia but not if given one hour prior to umbellulone. In
that same study, the anti-migraine drug olcegepant was shown

to prevent umbellulone-induced cutaneous allodynia but was
not effective if given after umbellulone. In contrast, the anti-
migraine drug sumatriptan inhibited the allodynic response
when administered one hour post umbellulone inhalation. In
a prior study, non-invasive vagus nerve stimulation (nVNS),
which is recommended for the treatment of migraine, was shown
to inhibit trigeminal nociception via activation of serotonergic
and GABAergic receptors in the STN in a model of chronic
migraine (34). Taken together, findings from our studies on
GSE in preclinical orofacial pain models support the notion
that bioactive molecules in the extract function to prevent
or abort sensitization and activation of the trigeminal system
similarly to commonly used anti-migraine drugs and nVNS.
The exact mechanisms and cell types modulated by GSE are
not fully elucidated but involve activation of serotonin, GABA,
and endocannabinoid receptors implicated in descending pain
modulation and function in a neuroprotective manner like
commonly utilized anti-migraine drugs.

Migraine pathology is associated with activation of trigeminal
neurons that mediate cephalic hyperalgesia and allodynia to
mechanical stimuli but is also associated whole-body allodynia
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DAPI CGRP Merged

SM Naive

GSE+SM

Naive (n=6) SM (n=6) GSE+SM (n=6)

1.00+0.35 1.70+0.31* 1.09 + 0.29*

FIGURE 5 | Dietary supplementation with GSE inhibits the elevated level of CGRP expression in the medullary horn mediated by exposure of restraint stressed female
animals to a pungent odor. Tissues from the upper spinal cord were obtained from Naive animals, 2 h post odor exposure in stressed animals (SM), and 2 h post odor
exposure in stressed animals that received GSE continuously in their drinking water (GSE + SM). Representative images of tissues costained with the fluorescent
nuclear dye DAPI (left panels), CGRP (middle panels), and merged images (right panels) are shown. The average relative CGRP immunostaining intensity + SEM
as compared to levels detected in Naive samples (mean value set equal to 1) is reported in the table. *P < 0.05 when compared to Naive levels, #P < 0.05 compared
to SM levels.

in other regions including extremities such as hands and feet  dysregulation that plays a role in the development of allodynia
(49-52). There is emerging evidence that migraine is a disease ~ in migraineurs (53). Similar to the findings of Kopruszinski
involving central sensitization and stress-related physiological et al. (14), we found exposure of restraint stressed animals to a
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non-noxious stimulation, pungent odor, mediated nociception
in the cephalic region innervated by the trigeminal nerve but
also caused an increase in mechanical sensitivity in the hindpaw.
Sensory innervation of the hindpaw is provided by the dorsal
root ganglion (54). Thus, the inhibitory effects of GSE are not
localized to modulation of the trigeminal system but function
to suppress mechanical allodynia involving DRG nociceptive
neurons. This physiological response to GSE is similar to that
reported for a fixed-dose combination of sumatriptan/naproxen
sodium (Treximet®)), which is used for the acute treatment of
migraine in adults (55).

A major finding of this study was that the inhibitory effect of
GSE on cephalic and hindpaw nociception in latently sensitized
male and female animals could be prevented by intracisternal
administration of selective antagonists of the endocannabinoid
receptors CB1 and CB2. The therapeutic benefit of activation
of the CB receptors in the symptomatic and prophylactic
treatment of migraine is reported to involve multiple signaling
pathways in the central and peripheral nervous systems to
suppress inflammation and nociception (31, 56). Results from
our study provide evidence that GSE contains biologically active
molecules that can inhibit trigeminal nociception via activation
of CB1 and CB2 receptors within the upper spinal cord.
GSE’s effects involving CB1 and CB2 receptors provide further
support that this nutraceutical can act centrally to modulate pain
signaling since we had previously shown that the inhibitory effect
on trigeminal pain signaling involves activation of 5-HT3/5-
HT7 and GABAB receptors in the STN (13). Furthermore,
supplementation with GSE may protect against the development
of a persistent pain state characteristic of chronic migraine
since GSE was shown to inhibit sustained nociception in a
chronic TMD model (13). Our findings provide further evidence
to support an important role of CB receptors in modulating
activity of the trigeminal system, which has been shown to
involve suppressing nociception, repressing the stimulatory
effects of CGRP, and inhibiting stimulated expression of proteins
implicated in central sensitization in preclinical models of
migraine (57-62). Although not a focus of this study, it is
plausible that bioactive natural polyphenolic compounds present
in GSE could bind to or modulate the endocannabinoid system
to inhibit stress-induced sensitization of trigeminal neurons.
In support of this notion, an extract from the perennial herb
Moricandia sinaica was recently shown to exhibit analgesic
and anti-inflammatory effects in rats and molecular docking
studies demonstrated that polyphenols in the extract could
bind CB1 and CB2 receptors (63). Further, other molecules
in the GSE extract may function as full or partial agonists
of CB1 and CB2 receptors as has been reported for several
non-cannabinoid plant-derived natural compounds that act as
cannabinoid receptor ligands (64, 65). We cannot rule out the
possibility that GSE is modulating neural function in higher
brain structures and possibly the periaqueductal gray and rostral
ventral medulla since they play such a key role in the facilitation
or inhibition of nociceptive signals and function as the final relay
in the control of descending pain pathways (12). Additionally,
dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis
and central sensitization are two physiological mechanisms that

are associated with stress-induced pain disorders. The HPA axis
is the primary regulator of the stress response and repeated stress
can cause dysfunction of this regulatory mechanism (66). Thus,
it is possible that the inhibitory effects of GSE may also involve
modulation of the HPA axis.

Elevated levels of the neuropeptide CGRP are implicated
in migraine pathology and modulation of CGRP release
from trigeminal neurons is a primary therapeutic target of
many effective anti-migraine therapies including triptans,
onabotulinumtoxinA, CGRP monoclonal antibodies, and
gepants (20, 67, 68). In this study, we observed a significant
increase in the immunostaining intensity of CGRP in the outer
lamina of the medullary dorsal horn two hours after exposure of
restraint stressed animals to the pungent odor of the bay laurel
leaf. The stimulatory effect of the odor is likely mediated at least
in part by the compound umbellulone, which has previously been
shown to cause release of CGRP and enhance nociception (40).
Daily dietary supplementation of GSE significantly repressed
elevated CGRP levels in the STN to basal naive levels. This
finding extends our understanding about GSE regulation of
CGRP since we had previously found that supplementation
with GSE could inhibit basal CGRP levels in the STN (46). Our
finding is in agreement with prior studies in mice in which
hyperalgesic priming of the trigeminal system in response to
repetitive restraint stress was shown to be mediated by CGRP and
the notion that CGRP is involved in the initiation of trigeminal
neuron activation (14, 69). In addition, inclusion of GSE as a
dietary supplement was shown to inhibit expression of proteins
implicated in central sensitization and upregulated by CGRP in
an inflammatory model of TMD (46).

In summary, the mechanisms by which GSE modulates
pain pathways are likely to involve cellular events that
suppress initiation and maintenance of peripheral and central
sensitization, which are implicated in the pathology of migraine
and other orofacial pain conditions. Our findings have provided
evidence that the neuroprotective effects of GSE involve changes
in the endocannabinoid system, which is activated by medical
marijuana and cannabinoids. The mechanisms by which GSE
functions to stimulate or inhibit cellular processes are likely
mediated by the anti-inflammatory and anti-oxidant properties
of the polyphenolic compounds and also modulation of receptor
activity. The ability of the enriched polyphenolic GSE to prevent
latent sensitization induced by repetitive stress and repress
trigeminal pain signaling is in agreement with the significant
cognitive benefits and neuroprotective potential of polyphenols
(70). Importantly, physiologically relevant concentrations of
biologically active metabolites from a water-soluble fraction of
mixed berries were reported to be transported across blood
brain barrier endothelial cells, and were shown to reduce
neuro-inflammation and inhibit activity of pro-inflammatory
biomarkers (71). Based on our findings and their results,
dietary supplementation of GSE could lead to the production of
bioavailable metabolites that cross the blood brain barrier and
mediate changes in the STN and possibly higher brain regions
involved in the stress response and trigeminal pain signaling.
There are several limitations associated with our study. For
example, in our study the sole source of polyphenols is from

Frontiers in Pain Research | www.frontiersin.org

10

January 2022 | Volume 3 | Article 809352


https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/pain-research#articles

Woodman et al.

Inhibition of Trigeminal Nociception

the GSE but this would not be the case in humans since coffee,
tea, fruits, and other food and beverages contribute to the daily
intake. Further, it is not known if humans and rats process
GSE polyphenols differently and hence generate different active
metabolites. However, in a recent review of the health benefits
in humans, dietary inclusion of grape seed and skin extracts was
reported to be neuroprotective and beneficial in other diseases
(72). In conclusion, data from our studies support the notion
that inclusion of GSE as dietary supplement may offer a safe
and beneficial complementary therapeutic option for migraine
and other orofacial pain conditions whose pathology involves
persistent central sensitization and dysfunction of the descending
inhibitory pain modulation pathway.
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