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Abstract

Aim: Development and characterization of a novel injury-free preclinical model of migraine-like
pain allowing mechanistic assessment of both acute and preventive treatments.

Methods: A “two-hit” hyperalgesic priming strategy was used to induce vulnerability to a
normally subthreshold challenge with umbellulone (UMB), a TRPA1 activator, in uninjured
female and male C57BL/6 mice. Priming (i.e., the first hit) was induced by three consecutive daily
episodes of restraint stress (RS); repeated UMB was also evaluated for potential priming effects.
Sixteen days after the first RS, mice received inhalational UMB (i.e., the second hit) to elicit
migraine-like pain. Medications currently used for acute or preventive migraine therapy including
propranolol (a beta blocker) and sumatriptan (SHT1g,p agonist), as well as olcegepant, an
experimental CGRP receptor antagonist and nor-BNI, an experimental long-acting KOR
antagonist, were investigated for their efficacy to block priming and prevent or reverse UMB-
induced allodynia in primed animals. To assess migraine-like pain, cutaneous allodynia (CA) was
determined by responses to periorbital or hindpaw probing with von Frey filaments.
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Results: Repeated RS, but not UMB exposure, produced transient CA that resolved within 16
days. RS produced long-lasting priming that persisted beyond 16 days as demonstrated by
reinstatement of CA following inhalational UMB challenge. Pretreatment with propranolol or nor-
BNI prior to RS prevented both transient CA and priming demonstrated by a lack of UMB-
induced CA. Following establishment of RS priming, olcegepant, but not propranolol or nor-BNI,
prevented UMB-induced CA. When administered 1 hour after UMB, sumatriptan, but not
olcegepant, reversed UMB-induced CA in RS primed rats.

Conclusion: We have developed a novel injury-free model with translational relevance that can
be used to study mechanisms relevant to migraine-like pain and to evaluate novel acute or
preventive treatments. RS priming induced a state of vulnerability to a subthreshold stimulus that
has been referred to as “latent sensitization” (LS). The development of LS could be prevented by
blockade of stress-pathways with propranolol or with a KOR antagonist. Following establishment
of LS, subthreshold stimulation with UMB reinstated CA likely from activation of meningeal
TRPA1-expressing nociceptors. Accordingly, in RS-primed animals, sumatriptan reversed UMB-
induced CA supporting peripheral sites of action, while propranolol or nor-BNI were not effective.
Surprisingly, olcegepant was effective in mice with LS when given prior to, but not after, UMB
challenge suggesting time-dependent contributions of CGRP receptor signaling in promoting
migraine-like pain in this model. Activation of the CGRP receptor participates in initiating, but has
a more limited role in maintaining, pain responses supporting the efficacy of small molecule
CGRP antagonists as preventive medications. Additionally, the effectiveness of sumatriptan in
reversal of established pain thus suggests modulation of additional, non-CGRP receptor-mediated
nociceptive mechanisms. KOR antagonists may represent a novel preventive therapy for stress-
related migraine.

Keywords
Migraine; stress; priming; umbellulone; KOR antagonist; olcegepant

Introduction

Migraine is one of the most common and disabling neurological disorders worldwide (1-4).
Understanding underlying pathophysiology is difficult due to genetic underpinnings as well
as disease complexity that includes multiple phases with a broad spectrum of symptoms
reflecting the involvement of different neural networks (1-3, 5). In addition, migraine is a
functional pain disorder commonly characterized by intermittent attacks of pain that occur in
the absence of injury (6-9). These factors can limit the translatable potential of preclinical
models (2). Recently, migraine had been described as a sensory threshold disease in which
people with migraine generally exhibit lower sensory thresholds and increased vulnerability
to pain episodes when compared to healthy controls (5). The mechanisms that underlie the
alteration of pain thresholds and vulnerability to attacks is not completely understood.

One approach for studying mechanisms of migraine in humans is a provocation strategy
involving administration of substances that promote headache in healthy volunteers (10-12).
Similar approaches have been used in naive animals where headache-like behaviors have
been observed (13). However, provocation studies in healthy volunteers, rather than in
individuals with the disease, neglect the role of pre-existing vulnerability, preventing the
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deeper investigation of underlying migraine pathophysiology (2, 5). A more realistic
approach may be achieved by provocation studies in individuals susceptible to migraine. For
example, while challenge with glyceryl trinitrate (GTN) produces headache in all subjects, a
delayed migraine headache is produced only people with migraine (14). Similarly, other
provocative agents such as environmental irritants can promote migraine attacks only in
vulnerable individuals (15-17).

Environmental irritants include many substances that can activate the TRPA1 channel
expressed on meningeal nociceptors providing a basis for generating migraine pain. The
California bay leaf Umbellularia californicais commonly known as the “headache tree” and
inhalational exposure to volatile extracts of the plant containing the major monoterpene
ketone umbellulone (UMB) has been reported anecdotally to trigger cluster headache (18,
19). Preclinical mechanistic investigations have shown that the effect of UMB in inducing
headache likely occurs through activation of TRPA1 channels in the trigeminal system and
consequent increase of circulating CGRP peptide with presumably direct and indirect
activation of trigeminovascular pathways (19-21). Notably, UMB has not been reported to
elicit headache in humans who do not suffer from pre-existing headache disorders, again
suggesting the need to establish a state of vulnerability to subthreshold stimuli, including
TRPAL activation.

As animals do not have the complex polygenetic or physiological underpinnings of people
with migraine, medications that target these mechanisms cannot be investigated directly.
However, increased translational relevance of preclinical mechanistic studies might be
achieved by experimentally lowering sensory thresholds to provocative stimuli, mimicking
to some extent, the state of vulnerability observed in people with migraine (5). Stress is the
most frequently cited trigger associated with migraine attacks, and the frequency of migraine
attacks is a risk factor in promoting the transition from episodic to chronic migraine states
(22-24). These observations suggest that repeated stress may promote “sensitization” of
peripheral and central neural circuits increasing the probability (i.e., potentially decreasing
thresholds for nociceptor activation) of future attacks (22). Therefore, stress might represent
one of the main factors in inducing vulnerability in people with migraine. While precise
mechanisms remain to be determined, it is well established in preclinical studies that stress
increases the actions of dynorphin, an endogenous opioid peptide that acts at the kappa
opioid receptor (KOR). We have previously reported that blockade of KOR prevents stress-
induced allodynia in a rodent model of medication overuse headache (MOH)(25).

In the present study, we have developed and characterized a novel injury-free preclinical
model of migraine-like pain by using a “two-hit” priming strategy, whereby repeated
restraint stress (RS) is used to induce latent sensitization (LS), a state of vulnerability to a
normally subthreshold stimulus revealed by CA to inhalational UMB. We determined
whether in this model, propranolol, a commonly used preventive treatment, or blockade of
the stress response with the KOR antagonist nor-BNI could prevent the development of LS
and/or block UMB-induced allodynia in RS-primed mice. Additionally, we investigated if
acute migraine medications including a triptan (sumatriptan, serotonin 5HT1g,p receptor
agonist) and a gepant (olcegepant, small molecule calcitonin gene-related peptide receptor
antagonist) could block and/or reverse UMB-induced allodynia in RS-primed mice.
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Materials and methods

Animals

Drugs

Unless otherwise noted, all experiments were conducted using 6-weeks-old female
C57BL/6J mice from Jackson-Labs (Sacramento, CA, USA). Key experiments were
replicated in 6-weeks-old male C57BL/6J mice (see Supplementary figures). Housing
conditions consisted of 12hr light/dark cycle (lights on 7am-7pm) in a climate- and
humidity-controlled environment with food and water provided ad /ibitum in the University
of Arizona animal facility. A total of 265 animals were used in these studies with 6 — 12
animals per group size for evaluation of behavior. Estrous cycle was not monitored for these
studies. All experimental procedures were performed in accordance with the ARRIVE
guidelines, the ethical guidelines of the International Association for the Study of Pain
regulations on animal welfare and the National Institutes of Health guidelines for the care
and use of laboratory animals. The experimental procedures have been previously approved
by the Institutional Animal Care and Use Committee of the University of Arizona.
Experimenters were blinded for the conditions and/or treatments. Mice were randomly
divided into control and experimental groups. Every effort was made to minimize the
number of animals and their suffering.

Umbellulone (UMB; AdipoGen, San Diego, CA, USA) was prepared as a stock solution of
0.1M in 100% DMSO and freshly diluted to 0.01M with phosphate-Buffered Saline (PBS).
Olcegepant (Tocris, Minneapolis, MN, USA) was dissolved using 20% DMSO in saline.
Propranolol (Sigma, St. Louis, MO, USA) was diluted in DiH20. Nor-BNI (Tocris,
Minneapolis, MN, USA) was diluted in saline. UMB at 0.01M was delivered by inhalation
(see below). Propranolol, olcegepant and sumatriptan were administered intraperitoneally
(i.p.) at 20, 1 and 0.6 mg/kg, respectively, while nor-BNI was given subcutaneously (s.c.) at
10 mg/kg. Controls received the respective vehicles at 10 mL/kg.

Periorbital and hindpaw frequency of response evaluation

Periorbital and hindpaw frequency of response to tactile stimulation were performed prior
and after RS, UMB or BLS exposure with minor adaptation (26). Mice were placed in clear
Plexiglas chambers (4”’L x 4”W x 8°’H), on top of a wire mesh stand (0.635 cm?2 grid), for 2
hours. After habituation, 0.4 g and 1 g von Frey filaments (Stoelting, Wood Dale, IL, USA)
were applied 10 times to periorbital and hindpaw region, respectively. The filament was
gently applied until the filament slightly arched. Positive responses for the periorbital region
were scored after each filament application as characterized by facial grooming, head
shaking, and/or turning away after filament application. Positive responses for hindpaw
region were characterized by sharp withdrawal of the paw, shaking, and/or licking the paw.
Further, any such behaviors displayed before filament application were not considered
positive responses. Frequency response was calculated by [(number of positive responses x
100)/10]. Only animals with an average baseline of ~30% frequency of response were used
to complete the experiments.
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Umbellulone inhalational exposure

Inhalational exposure to UMB was completely performed inside a biological safety cabinet
and a N95 respirator mask worn by the experimenter to minimize vapor exposure. A multi-
station isoflurane anesthesia board (Parkland Scientific, Coral Springs, FL, USA) was used
with medical grade oxygen. A half square gauze (1”x1”) was placed in each nose cone of
the anesthesia board and 500 uL of UMB at 0.01M or vehicle was pipetted onto each gauze.
Animals were individually placed at each nose cone under a lightly anesthesia with 1.5 — 2%
isoflurane, i.e. 1.5 — 2 L/min rate. Mice received inhalational exposure to UMB or vehicle
under anesthesia for 30 minutes. During the exposure, heating pads were placed under the
animals to avoid changes in body temperature. Animals were observed continuously during
the 30 minutes of exposure with adjustments of air and isoflurane performed if needed. To
evaluate a possible priming effect produced by repetitive inhalational exposure to UMB,
animals were exposed to UMB for 30 minutes each day on days 0, 2, and 4. Periorbital and
hindpaw measurements were made on day 6 after the first UMB exposure and animals were
then exposed to a subsequent environmental stressor, i.e. bright light stress (BLS) followed
by measurements of frequency of response hourly for an additional 5 hours.

Restraint stress

Animals were placed in plastic restrainers (Plas-labs INC, 551-BSRR, Lansing, MI, USA) to
induce restraint stress (RS). The tail was pulled through the restrainers’ stoppers, which
were pushed tightly enough against the animals to limit their movements without inhibiting
respiration. Animals were observed continuously during the stress exposure. For repeated
RS priming, mice underwent RS for 2 hours each day consecutively for 3 days. Control
animals were kept in their home cages without food and water during the 2 hours. To
evaluate the possible effect of RS in eliciting allodynia before or after challenge with UMB,
periorbital and hindpaw response frequency was measured at baseline in both female and
male mice followed by 3 daily episodes of RS. Allodynic frequency was measured on days
3,5,7,9, 11, 14 and 16 after the first RS. On days 16, 18 and 20 or 16, 17 and 18 after the
first RS, baseline measurement to tactile stimulation was collected and animals were
challenged with inhalational exposure to UMB under isoflurane anesthesia or only
isoflurane. After the exposure, frequency of response to tactile stimulation was performed at
30 minutes and hourly up to 5 — 6 hours and again at 24 hours after the exposure. Hindpaw
data were collected for all treatments with the exception of studies with nor-BNI.

Environmental bright light stress challenge

Mice were kept in their home cages and received one episode of BLS on day 6 after the first
inhalational exposure to UMB with similar conditions as previously described (27). BLS
was induced by two LED lights placed on both sides of the cages to deliver approximately
1000 lux for 15 minutes.

General experimental design overview

We used a “two-hit” priming strategy to induce latent sensitization (LS) whereby normally
subthreshold stimuli such as UMB or stress can produce allodynia. LS was induced with 3
consecutive episodes of RS in uninjured mice and was demonstrated by periorbital and
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hindpaw cutaneous allodynia (CA) following inhalational exposure to UMB. To evaluate the
possibility that UMB might produce priming, we exposed mice to three days of inhalational
UMB and then used BLS in this experiment only as the second hit stimulus with CA as the
outcome measure. The potential translational relevance of the model was then addressed by
evaluation of drugs currently approved as migraine therapeutics for acute or preventive
treatment. The possible activity of an experimental KOR antagonist was also assessed.
Propranolol, a migraine preventive medication, was given 1 hour prior to each RS or 1 hour
prior to the UMB exposure. Nor-BNI, a long acting KOR antagonist, was given as a single
injection 2 hours prior to the first RS episode or 24 hours prior to UMB exposure on day 16,
in mice previously primed with RS. Sumatriptan, a 5SHT1g,p agonist currently used for acute
treatment of migraine and olcegepant, an experimental CGRP antagonist that has been
shown to be clinically effective in treatment of migraine (28), were administered on day 16
after the last RS, either 30 minutes before or 1 hour after the UMB exposure. Evaluation of
periorbital and hindpaw allodynia data showed that these endpoints developed in parallel.
For this reason, periorbital CA was chosen as the outcome for these experiments.

Statistical analysis

Results

Sample size was determined using the GPower 3.1 software, with an established significance
level of p < 0.05. Statistical analyses were calculated using GraphPad Prism 7 (GraphPad
Software, La Jolla, CA). Two-way analysis of variance (ANOVA) followed by Sidak or
Tukey test were used for analysis of the time course experiments for sensory thresholds for
two or more groups comparisons, respectively. The statistical analysis, numbers of animals
used (n), p values and interaction F ratios are reported in Table 1. All data are presented as
mean + SEM and statistical significance was set at p < 0.05.

Characterization of inhalational UMB in naive or RS primed mice

In naive female mice, inhalational exposures to UMB for 30 minutes did not produce
periorbital or hindpaw CA (Figure 1(a) and Supplementary Figure S1(a)). Mice did not
develop CA after subsequent UMB exposures on days 2 and 4. In these mice, repeated UMB
did not induce priming as CA was not observed on day 6 following a second hit challenge
with BLS. There was no significant difference when UMB-primed animals were compared
to the vehicle exposed control group (Figure 1(a) and Figure S1(a)).

In contrast, repeated episodes of RS on three consecutive days produced significant
periorbital and hindpaw CA in naive female mice (Figures 1(b) and S1(b)). Tactile
thresholds began to return to baseline levels between days 7 — 11 and there was no
significant CA by day 14 after RS. Similarly, repeated RS elicited periorbital and hindpaw
CA in naive male mice with similar time course observed in both sexes (Figure S2(a) and
S2(b)).

Following resolution of CA, RS-primed and control mice were exposed to inhalational UMB
on days 16, 18 and 20 to determine if RS sensitized the animals to UMB. Each UMB
exposure elicited periorbital and hindpaw CA only in RS primed female mice that lasted for
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4 -5 hours (Figures 1(b) and S1(b)). Similarly, inhalational UMB on days 16, 17 and 18
also reinstated CA in RS primed male mice (Figure S2) evidenced by significantly increased
withdrawal response frequencies compared to the control group. These findings reflect the
development of latent sensitization (LS) induced by repeated episodes of stress in both male
and female mice.

As isoflurane has also been reported to have TRPAL agonist properties (29), separate cohorts
of RS primed and control female mice received inhalational isoflurane without UMB on day
16 after RS. Inhalational isoflurane did not induce CA (Figure S3(a) and S3(b)) in either RS
primed or control animals. These data confirm that the CA observed after inhalational
exposure was due to the effects of UMB.

Propranolol prevents the development of RS-induced CA and LS, but does not block CA
elicited by UMB in previously primed animals

Propranolol or vehicle were given prior to each RS in female mice. While vehicle-treated
animals developed transient periorbital CA following RS priming, the propranolol-treated
group shows no increases in withdrawal thresholds over baselines (Figure 2(a)). UMB
exposure on day 16 elicited CA in vehicle-but not propranolol-treated mice. Withdrawal
responses were significantly lower in the propranolol group, suggesting that propranolol
administered prior to each RS abolished the development of CA as well as the induction of
LS in female mice by preventing the consequences of stress. In contrast, in previously RS-
primed female mice, a single treatment with propranolol given 1 hour before inhalational
exposure to UMB on day 16 after RS failed to block periorbital CA (Figure 2(b)). These
data confirmed the preventive effect of propranolol therapy in this model but indicate that
propranolol is not effective in preventing TRPA1-induced headache in already sensitized
state.

Sumatriptan reversed UMB-induced CA elicited in RS-primed animals

Sumatriptan, a 5SHT1pg,p agonist, or vehicle were administered systemically to female mice
on day 16 after priming, 1 hour after inhalational UMB exposure, when significant
periorbital allodynia compared to pre-UMB baseline is already observed. Sumatriptan fully
reversed UMB-induced periorbital CA to similar levels as in control animals (Figure 3(a)).
Control animals treated with sumatriptan did not show any changes in sensitivity to von Frey
stimulation throughout the experiment (p < 0.05). These data confirmed the efficacy of
triptans for acute migraine therapy in this model.

Olcegepant prevented UMB-induced CA elicited in RS-primed animals but was not
effective in reversing already enduring CA

We next tested the efficacy of olcegepant in reversing UMB-induced allodynia in RS-primed
mice, as in the sumatriptan experiment. In contrast to sumatriptan, however, olcegepant
failed to reduce UMB-induced periorbital CA as there was no significant difference from
tactile responses in RS-primed mice treated with vehicle (Figure 3(b)). We therefore tested if
olcegepant would be effective when administered 30 minutes before the UMB challenge.
Olcegepant fully blocked the development of UMB-induced CA in RS-primed mice (Figure
3(c)). Olcegepant had no effect in control animals (p < 0.05). These data suggest that small
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molecule CGRP antagonists may be effective when given before the onset of migraine, but
may be less effective, or ineffective when taken during the headache phase.

Evaluation of a kappa opioid receptor (KOR) antagonist as a potential migraine therapy

A single dose of the long-acting KOR antagonist, nor-BNI, was administered prior to the
first of three RS episodes. Pretreatment with nor-BNI prevented periorbital CA in female
(Figure 4(a)) as well as male (Figure S4) mice as shown by significant reduction in tactile
responses in comparison to the vehicle treated groups. In nor-BNI pretreated mice, UMB no
longer elicited CA, suggesting that nor-BNI prevented the development of LS. Pretreatment
with nor-BNI had no effect in control mice. In contrast, a single treatment with nor-BNI
given before inhalational exposure to UMB in RS-primed female mice failed to block UMB-
induced periorbital CA (Figure 4(b)). These data demonstrated the effect of the blockade of
KOR as a possible preventive anti-migraine therapy.

Discussion

Several findings of our study are notable. First, our approach was to use an injury-free
priming strategy to establish vulnerability to provocation-induced migraine-like pain, more
closely resembling the human experience and potentially increasing translational relevance.
Second, we found that the effects of the second hit with UMB promoted migraine-like pain
only following induction of LS, consistent with the observation that TRPA1 activators
induce migraine only in people with an underlying primary headache disorder (18). Third,
olcegepant, prevented but did not reverse, migraine-like pain in animals with LS. In contrast,
sumatriptan was effective in reversing migraine-like pain in animals with LS. These findings
suggest a time-dependent role for the CGRP receptor with participation in the initiation of
migraine-like pain, but with a more limited role in its maintenance. Additionally, the
effectiveness of sumatriptan in reversal of established pain suggests the modulation of
additional non-CGRP receptor-mediated nociceptive mechanisms (2, 30-32). Fourth,
propranolol inhibited the induction of LS from repeated episodes of RS so that UMB, the
second hit stimulus, no longer induced pain-like behaviors. A single administration of
propranolol prior to UMB in mice with LS, however, was not effective, consistent with its
activity as a preventive and not an acute medication (33). Finally, consistent with our
previous findings in a model of medication overuse headache (MOH) with stress-induced
allodynia, we demonstrated that a KOR antagonist given before RS priming could prevent
pain from an UMB challenge, supporting the possible use of KOR antagonists as preventive
therapies (25).

Migraine has been conceptualized as a threshold disorder where normally subthreshold
stimuli can provoke attacks of headache pain in vulnerable individuals (5). Changes in
thresholds could occur as a result of either peripheral and/or central sensitization (5).
Repeated migraine pain episodes are predictive of increased risk of transformation of
episodic to chronic migraine (2), suggesting a priming phenomenon that induces
vulnerability to subsequent stimuli through central and possibly peripheral sensitization.
Stress is one of the major self-identified factors associated with triggering migraine attacks
(22, 34, 35). Repeated stress may therefore be relevant in promoting central sensitization and
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increased vulnerability to subthreshold stimuli that can activate trigeminal nociceptive
afferents.

Exposure to UMB has been shown to induce pain-like behavior in animals (19, 20, 36).
Administration of UMB intranasally or directly onto the dura mater of rats induced
migraine-like pain behavior and mediated CGRP release from trigeminal neurons through
activation of TRPAL channels (19, 20). TRPAL receptors are expressed throughout the
trigeminal system including the sensory innervation of the nasal mucosa and on meningeal
nociceptors (19, 37). Many substances classified as environmental irritants activate the
TRPA1 channel on meningeal nociceptors and that are thought to promote the pain phase of
migraine (17, 38—-40). It should be noted, however, that previous studies with TRPA1
agonists including UMB, acrolein and mustard oil demonstrated pain-like behaviors in naive
animals without inducing vulnerability (19, 20, 41). These mechanistic observations differ
from human reports. UMB is a known headache trigger in humans based on an anecdotal
report of cluster headache in a susceptible patient who suffered from cluster headache during
his youth (18). The effects of UMB are consistent with clinical observation that
environmental irritants including cigarette smoke, acrolein, perfumes and other substances
are known to provoke migraine attacks in people with migraine, but not in those without
migraine (17, 42, 43). Collectively, these findings suggest that subthreshold activation with
TRPAZ1 agonists could trigger migraine in those with the disorder.

We therefore adapted the “two-hit” hyperalgesic priming model thought to promote central
sensitization, an amplification mechanism that is likely important in promoting
transformation of episodic to chronic migraine (44). In this approach, repeated RS acts as
the “first hit” to induce latent sensitization (LS), a primed state whereby a subthreshold
stimulus including for example an environmental irritant can act as the “second hit” to
promote pain. We found that repeated inhalation of UMB did not produce pain-like
behaviors in mice without LS and that isoflurane, a drug reported to have TRPAL properties,
(29) did not produce pain-like behaviors with our experimental conditions. Differences in
the outcomes of our studies and previous preclinical reports (19, 20, 30, 36) may relate to
the UMB dose that was used, timing of the exposure or other factors. In our protocol, the
migraine-like pain induced by inhalational exposure likely reflects the amplification of
effects of a subthreshold UMB exposure that stimulate TRPAL receptors on trigeminal
afferents (19, 42). Our results are consistent with a study by Durham and colleagues who
showed that inhalation of an oil extracted from California bay leaf, which contained UMB,
did not produce pain behaviors in animals that had not previously received an inflammatory
stimulus in the neck muscles, suggesting a requirement for sensitization of the trigeminal
system to lower response thresholds to induce pain (36). While our studies are conceptually
similar, differences are also notable. Inflammation is an injury that recruits generalized
immune responses occurring over several days, biological processes that likely differ from
the injury-free priming induced by RS in our model. Additionally, priming with RS also
allows for the determination of possible preventive and acute interventions, as the animals
were allowed to recover from the transient CA promoted by stress before exposure to UMB.
Nevertheless, our data, and these previous findings (36), are consistent with the view that
plasticity in the nervous system is required to increase vulnerability to migraine triggers (1,
22, 35). Notably, this vulnerable state may change in different phases of migraine, where
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reduced thresholds are associated with the headache phase, recovering during the postdrome
phase, and gradually reducing again until the next attack (5). Sensory thresholds in people
with migraine have been shown to be lower than in controls even in the interictal period (45,
46). The molecular and circuit mechanisms that underlie these oscillating rhythms remain to
be clarified (5).

Our studies showed that repeated stress induced maladaptive changes demonstrated by long-
lasting increased vulnerability to subthreshold TRPAL activation. Repeated stress likely
involves central sensitization mechanisms that may be modulated by the beta-adrenergic
blockade (22, 47). Administration of the beta-adrenergic blocker, propranolol, prior to each
RS episode was able to prevent both transient CA, as well as the development of LS.
Following LS, however, a single dose of propranolol was not effective in reducing the CA
promoted by UMB exposure. These observations are consistent with the use of this drug as a
preventive, rather than an acute, migraine treatment (33) and suggest a central site of action
rather than direct inhibition of TRPAL activation of peripheral trigeminal neurons. RS
priming may therefore model to some extent the sensitization that occurs with repeated
attacks of migraine. A recent report has shown that RS priming was CGRP-dependent (48).
Consistent with this, our pilot experiments have detected increased CGRP blood levels after
RS.

Additionally, stress mobilizes corticotropin releasing factor (CRF) to promote the release of
dynorphin and subsequent activation of kappa opioid receptors (KOR) (25, 49-51). We
found that like propranolol, a single administration of nor-BNI, a very long acting KOR
antagonist (52), blocked both the transient stress-induced CA as well as the induction of LS.
These findings support the role of central stress pathways in promoting increased
vulnerability through dynorphin-KOR signaling and are in agreement with our previous
reports that KOR antagonists can protect against stress-induced pain in a model of MOH
(25). In that study, animals were primed with sumatriptan and then challenged with BLS.
Blockade of the KOR was effective in preventing medication-induced priming and was also
able to prevent BLS-triggered CA when given after priming supporting a central site of
action in stress circuits. In the present study, however, a single treatment of nor-BNI
following RS priming was not effective in reducing the CA promoted by UMB exposure that
likely directly activates peripheral nociceptors. Recently, BTRX-335140, a selective KOR
antagonist (53) has been advanced to Phase Il clinical trials for the treatment of
neuropsychiatric disorders suggesting a potential opportunity for evaluation as a migraine
preventive medication.

Although female prevalence is a well-established feature of migraine (54), we did not
observe sex differences in the development of stress-induced LS. The preventive effect
induced by the blockade of KOR with nor-BNI treatment was also not noticeably different
between sexes consistent with our previous reports of blockade of sensitization in a model of
MOH in male rats (25). While experimental stress might act to elicit sensitization in our
model, it should be noted that stress may impact men and women differently and may be
only one factor that contributes to the female prevalence of this disorder.
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We also explored the translational relevance of our approach with assessment of therapies
for acute migraine intervention. Preclinical studies have demonstrated that UMB promotes
the release of CGRP (19). Surprisingly, however, we did not observe reversal of UMB-
induced CA with olcegepant (30-32) when administered 1 hour after UMB when CA is
already present, while sumatriptan was fully effective in reversal of UMB-induced CA under
the same conditions. Importantly, olcegepant given prior to UMB fully blocked the
development of CA suggesting that in this model, the CGRP receptor participates in the
initiation, but has a less prominent role in the maintenance, of migraine-like pain. A
potential explanation is a time-dependent progression of migraine pain from a CGRP
receptor dependent initiation phase where CGRP is one of multiple mediators that
collectively promote activation of nociceptors to reach the threshold for nociceptor
activation and pain perception and a subsequent maintenance phase where blockade of the
CGRP receptor prevents only one of many potential mechanisms driving dural nociceptors
and pain.

Whether such distinctions can be drawn clinically remains unclear. Clinical trials with
ubrogepant, another member of the gepant family of small molecule CGRP receptor
antagonists have demonstrated efficacy when used as an acute anti-migraine therapy (55,
56). These studies, however, report that ubrogepant is most effective when given early in the
migraine attack and when headache pain is mild, rather than when pain is severe (55, 56).
Similarly, rimegepant, another small molecule CGRP receptor antagonist, was reported to be
effective for the acute treatment of migraine. However, the pain-free efficacy two hours after
administration and magnitude of treatment effect of both ubrogepant and rimegepant is
modest and inferior to triptans (57, 58). Interestingly, recent data show that administration of
an optional second dose of ubrogepant significantly increases the two-hour pain-free
response rate raising the question of whether sufficient target engagement is achieved with
an initial dose of the antagonist (59). Early intervention, before mild pain becomes more
severe, is also more responsive to triptans, agonists at the 5SHT1g,p receptors (60).
Nevertheless, sumatriptan remained effective in reversal of established pain in this model.
Prevention of the actions of CGRP has been clinically validated by the efficacy of anti-
CGRP peptide monoclonal antibodies (mAb) including framanezumab, galcanezumab and
eptinezumab, as well as of erenumab, a mADb to the CGRP receptor (61-64). The activity of
olcegepant in our preclinical model would therefore be consistent with a preventive effect. In
spite of the remarkable efficacy of these antibodies in migraine prevention, a substantial
number of people with migraine continue to experience migraine attacks even after antibody
therapy supporting CGRP-independent mechanisms of migraine pain (61-63). Triptans have
been widely suggested to act primarily via modulation of CGRP release (2). Our data
suggest, however, that sumatriptan is likely to additionally modulate non-CGRP receptor-
mediated nociceptive mechanisms. This conclusion is also consistent with the efficacy of
triptans for breakthrough migraine attacks in patients treated with anti-CGRP mAbs (62,
65).

We note that a limitation of our studies was the evaluation of only single doses of therapeutic
compounds in a single strain of mouse. The timepoints chosen, and the routes of
administration of these compounds may also be additional limitations. It is also not clear if
the subthreshold inhalational dose of UMB used in our studies reflect the concentration of
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irritants that may be achieved in humans. Further, we used a single type of stress that is
effective in rodents but that may not reflect the types of stress that are experienced in
humans. Another limitation is the use of only one trigger, a TRPAL agonist. Finally, other
migraine triggers including different chemical substances and physiological triggers such as
stress, sleep deprivation, hormonal changes etc. may engage mechanisms that respond
differently to acute migraine medications. Future research is required to address these
limitations.

Nevertheless, there is a need to improve preclinical models that have translational relevance
to the human condition and our studies may provide insights relevant across species. While
the exact cause of migraine remains poorly understood, it seems likely that different patients
could experience attacks initiated either from peripheral activation of nociceptors by
subthreshold stimuli, as in the case of environmental irritants, or from dysfunction of central
circuits in response to stress or cyclical hypothalamic activity. In this regard, classification of
medicines currently in use as preventive agents include both mAbs that inhibit CGRP and its
receptors, which do not readily cross the blood brain barrier, as well as drugs that act within
the brain such as topiramate or propranolol. The present studies developed and characterized
a preclinical model of migraine that promotes vulnerability without injury that may increase
forward translation of both acute treatments or preventive medications with peripheral or
central mechanisms. Importantly, our studies are consistent with the conclusion that there is
a temporal role for the CGRP receptor in migraine-like pain. In these circumstances,
antagonism of the CGRP receptor may be most effective for prevention or when receptor
blockade can be achieved early in the attack.
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Avrticle highlights

A novel, injury free model of vulnerability for evaluation of migraine
mechanisms and therapies

Use of translatable provocative stimuli to induce pain

Temporal contributions of the CGRP receptor in initiation and maintenance of
migraine-like pain

Additional, non-CGRP receptor dependent modulation of nociception by
sumatriptan

Identification of kappa opioid receptor antagonists as a novel preventive
strategy for stress-related migraine
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Figure 1.

UIE\;/IB induced periorbital CA only in female mice primed with RS. (a) Tactile frequency of
response was assessed in naive female mice at baseline (BL) and hourly after each of the 3
UMB inhalational exposures (0.01N/500 pL, each, under ~2% isoflurane anesthesia) and
again after BLS exposure. (b) Tactile frequency of response at baseline (BL) was collected,
followed by 3 consecutive days of RS. CA was assessed on indicated days after the first RS
over a time course of 16 days. On days 16, 18 and 20, baseline (BL) response was collected,
followed by inhalational exposure of UMB with measurements collected hourly for 5 hours.
Data are presented as mean + S.E.M. and analyzed using two-way ANOVA followed by
Sidak’s multiple comparison test with * representing p < 0.05 in comparison to the Control
group (n =6 -12).
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Figure 2.

Ef%ects of propranolol in prevention of RS-induced and UMB-induced CA. (a) Propranolol
(20 mg/kg, i.p.) was given 1 hour prior each RS and CA was assessed over a time course of
16 days. On day 16, the mice were exposed to UMB and CA assessed over a 5-hour time
course. (b) Propranolol was administered 1 hour prior to UMB inhalational exposure and CA
assessed. Data are presented as mean + S.E.M. and analyzed using two-way ANOVA
followed by Sidak’s (a) or Tukey’s (b) multiple comparison test with # representing p < 0.05
in comparison to no Stress + Vehicle group, and * representing p < 0.05 in comparison to
Control + Vehicle group (n = 6 — 10).

Cephalalgia. Author manuscript; available in PMC 2021 March 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kopruszinski et al.

—
)
-~

Tactile frequency of response (%)

—
(=
~

Tactile frequency of response (%)

—~
O
-~

Tactile frequency of response (%)

Figure 3.

Page 19

Periorbital

1007 @ Control + Vehicle O Stress + Vehicle
1+ Control + Sumatriptan - Stress + Sumatriptan

80

. Injection

0+ "
BL 3 56 7 9 1 14 BL05 112515 2 3 4 5 24

Time (days) L Dbi6Time(h)
Periorbital
1007 - Control + Vehicle O Stress + Vehicle

& Control + Olcegepant {3 Stress + Olcegepant

b Injection

| e e e N S e S S e S e e e |
BL 3 5 7 9 11 14 BL05 112515 2 3 4 5 6 24

L Time (days) ————— D16 Time (h)y ———
Periorbital
1007 @ Control + Vehicle O Stress+ Vehicle

i Control + Olcegepant 1+ Stress + Olcegepant

Injection

BL 3 5 7 9 11 14 BL 05 1 2 3 4 5
Time (days)—, I D16 Time (h)—I

Effects of sumatriptan and olcegepant in reversal and prevention of UMB-induced CA.
Sumatriptan (0.6 mg/kg, i.p.) (a) and olcegepant (1 mg/kg, i.p.) (b) was given 1 hour after
UMB challenge in mice with RS for reversal of established CA. Olcegepant was also given

30 minutes prior to

UMB in order to block CA (c). Data are presented as mean + S.E.M. and

analyzed using two-way ANOVA followed by Tukey’s multiple comparison test with *
representing p < 0.05 in comparison to Control + Vehicle group, and # representing p < 0.05
in comparison to no Stress + Vehicle group (n =7 -9).
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Figure 4.

Ef%ects of nor-BNI in prevention of RS-induced and UMB-induced CA in female mice. Nor-
BNI (10 mg/kg, s.c.) was given either 2 hours before the first RS (a) or 24 hours prior to
UMB exposure (b) and CA was measured at indicated times. Data are presented as mean +
S.E.M. and analyzed using two-way ANOVA followed by Tukey’s multiple comparison test
with * representing p < 0.05 in comparison to Control + Vehicle group, and # representing p
< 0.05 in comparison to no Stress + \Vehicle group (n=5-7).
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Summary of statistical analyses.

Table 1.

Figure  Analysis Interaction p  Interaction F n

1(a) Two-way ANOVA Sidak  p =0.8088 F (26,404 = 0.7516  6-12
1(b) Two-way ANOVA Sidak  p < 0.0001 F 27,3199 =5290 8

2(a) Two-way ANOVA Sidak  p < 0.0001 Fuson=4549 9-10
2(b) Two-way ANOVA Tukey p>0.05 F(13130=2156 6

3(a) Two-way ANOVA Tukey p <0.0001 F (a8, 300) = 2.858 6

3(b) Two-way ANOVA Tukey p=0.1757 F (6,90 = 1.535 7-8
3(c) Two-way ANOVA Tukey p =0.0016 F (39,312 = 1.893 5-10
4(a) Two-way ANOVA Tukey  p < 0.0001 F 4z 280)=2.754  5-7
4(b) Two-way ANOVA Tukey p =0.9502 F (28,2100=0.5918 5-7
S1(a)  Two-way ANOVA Sidak  p = 0.4214 F (26 404= 1033  6-12
S1(b)  Two-way ANOVA Sidak  p < 0.0001 F27.3719=3.356 8
S2(a) Two-way ANOVA Sidak  p <0.0001 F (27,405y=4.318  8-9
S2(b)  Two-way ANOVA Sidak  p < 0.0001 Fra05=2791 8-9
S3(a)  Two-way ANOVA Sidak  p = 0.6421 F (6,126 = 0.71 9-14
S3(b)  Two-way ANOVA Sidak  p = 0.1061 Feiue=1791  9-14
sS4 Two-way ANOVA Sidak  p < 0.0001 Fasiy=1121 8

p values, interaction F ratios and n for statistical analyses used in Figures 1-4 and supplemental material, Figures S1 and S4.
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