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Abstract

Background: Ubrogepant, a small-molecule calcitonin gene-related peptide receptor antagonist, was recently approved
as an oral medication for the acute treatment of migraine. This study aimed to determine whether ubrogepant shows
efficacy in a preclinical model of migraine-like pain and whether repeated oral administration of ubrogepant induces
latent sensitization relevant to medication overuse headache in rats.

Methods: A “two-hit” priming model of medication overuse headache was used. Female Sprague-Dawley rats
received six oral doses of sumatriptan |0 mg/kg over 2 weeks to induce latent sensitization (i.e. “priming”).
Cutaneous allodynia was measured periodically over 20 days in the periorbital and hindpaw regions using von Frey
filaments. The rats were then subjected to a |-hour bright light stress challenge on two consecutive days. At the start
of the second bright light stress exposure, oral sumatriptan 10 mg/kg, oral ubrogepant 25, 50, or 100 mg/kg, or vehicle
was administered; thereafter, cephalic and hindpaw sensory thresholds were monitored hourly over 5 hours to deter-
mine the efficacy of ubrogepant in reversing bright light stress-induced cutaneous allodynia. A dose of ubrogepant
effective in the medication overuse headache model (100 mg/kg) was then selected to determine if repeated
administration would produce latent sensitization. Rats were administered six oral doses of ubrogepant 100 mg/kg,
sumatriptan 10 mg/kg (positive control), or vehicle over 2 weeks, and cutaneous allodynia was evaluated regularly.
Testing continued until mechanosensitivity returned to baseline levels. Rats were then challenged with bright light stress
on days 20 and 21, and periorbital and hindpaw cutaneous allodynia was measured. On days 28 to 32, the same
groups received a nitric oxide donor (sodium nitroprusside 3 mg/kg, i.p.), and cutaneous allodynia was assessed
hourly over 5 hours.

Results: Sumatriptan elicited cutaneous allodynia in both cephalic and hindpaw regions; cutaneous allodynia
resolved to baseline levels after cessation of drug administration (14 days). Sumatriptan priming resulted in
generalized and delayed cutaneous allodynia, evoked by either bright light stress (day 21) or nitric oxide donor (day
28). Ubrogepant dose-dependently blocked both stress- and nitric oxide donor-induced cephalic and hindpaw allodynia
in the sumatriptan-induced medication overuse headache model with a 50% effective dose of ~50 mg/kg. Unlike
sumatriptan, ubrogepant 100 mg/kg in repeated effective doses did not produce cutaneous allodynia or latent
sensitization.

Conclusions: Both ubrogepant and sumatriptan demonstrated efficacy as acute medications for stress- and nitric oxide
donor-evoked cephalic allodynia in a preclinical model of medication overuse headache, consistent with their clinical
efficacy in the acute treatment of migraine. However, in contrast to sumatriptan, repeated treatment with ubrogepant
did not induce cutaneous allodynia or latent sensitization. These studies suggest ubrogepant may offer an effective acute
treatment of migraine without risk of medication overuse headache.
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Introduction

Effective management of patients’ migraine is often
inadequate, and treatments are associated with unin-
tended consequences. Frequent use of acute medica-
tions, including opiates, cannabinoids, barbiturates,
and nonsteroidal anti-inflammatory drugs (NSAIDs),
as well as migraine-specific medications (e.g. triptans),
can lead to medication overuse headache (MOH), char-
acterized by increased frequency of headache attacks,
increased pain intensity, and increased disability (1-3).
Novel drugs with new mechanisms of action have
recently been approved, but it is unknown whether
these will also carry the risk of inducing MOH in vul-
nerable patients. MOH is defined in the International
Classification of Headache Disorders (ICHD-3) as a
headache that (a) develops as a consequence of regular
overuse of symptomatic headache medication in a
person with a preexisting headache disorder and (b)
occurs on >14 days/month for >3 months and
cannot be better accounted for by another ICHD-3
diagnosis (4,5). The prevalence of MOH has been esti-
mated at 1% to 2% in the general population and is
among the top 20 causes of years lived with disability
(6-11). Multiple drug classes are used for the acute
treatment of headaches and, to date, almost all are
implicated in the development of MOH (1,2,12,13).
Medication overuse is a risk factor in the transforma-
tion of episodic migraine to chronic migraine, which is
associated with decreased quality of life (7,14-16). The
need for novel drugs that are effective in the acute
treatment of migraine but that do not provoke devel-
opment of MOH is desired by both patients and
clinicians.

We have used a preclinical model of MOH and
reported that a period of treatment with acute medica-
tions, including sumatriptan, naratriptan, cannabi-
noids, and morphine, given by subcutaneous osmotic
minipump or by repeated systemic injections, can result
in a long-lasting increase in sensitivity to provocative
stimuli that are thought to be associated with induction
of migraine in humans; these stimuli include stress and
nitric oxide (NO) donors. Such “two-hit” priming
models reveal a “latent sensitization” state that may
be relevant to MOH (17-19). The outcomes of chal-
lenges with provocative stimuli in previously primed
animals include delayed and generalized cutaneous

allodynia (CA) measured in cephalic and extracephalic
regions (20). This CA emerges gradually after exposure
to a stimulus, peaking generally at 2-3 hours post-
stimulus and subsiding within 5 hours, and is accom-
panied by increased levels of calcitonin gene-related
peptide (CGRP) measured in jugular vein blood (21).
Because thermal and mechanical cutaneous hypersen-
sitivity are often seen in patients with migraine (22-24)
and MOH (295), the occurrence of CA, particularly
facial or periorbital CA, is often used as a surrogate
for headache in animal models (24,26-28). In patients,
CA usually occurs ictally but often persists interictally
(24) and has higher prevalence in patients with chronic
migraine, compared with episodic  migraine.
Interestingly, medications that induce MOH are never-
theless effective in acute treatment of migraine attacks
in humans (2,12). Stress- or NO donor-induced allody-
nia in animals with latent sensitization can be blocked
by acute medications, including sumatriptan, mor-
phine, and NSAIDs, or by pretreatment with a
CGRP antibody (28-30). Collectively, these observa-
tions suggest that, in the absence of injury, repeated
exposure to acute medications may produce a state of
increased vulnerability to migraine triggers through a
CGRP-dependent mechanism.

The primary aims in this preclinical study were to
determine whether ubrogepant, a small-molecule
CGRP receptor antagonist (31), is effective in reversing
allodynia in rats primed with sumatriptan and whether
repeated administration of doses effective in the pre-
clinical model of MOH produces latent sensitization
similar to that of sumatriptan, a 5-hydroxytryptamine
I1B/1D receptor agonist (18).

Methods

Animals

Adult female Sprague-Dawley (SD) rats (Harlan
Laboratories Inc., Indianapolis, IN, USA) initially
weighing 135 to 150 grams were maintained three per
cage in a climate-controlled room at 22+2°C on a
14-hour light/10-hour dark cycle (lights on at 5 am,
off at 7 pm) with free access to food and water.
Studies were conducted during the animals’ light
cycle following approval by the Institutional Animal
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Care and Use Committee of Mayo Clinic Arizona.
Sixty rats were used in these studies. Animals were ran-
domly divided into treatment groups; blinding was not
possible in these experiments because of staff unavail-
ability. Group size requirements n=4-7 rats/group
were determined from previous experiments and pre-
dicted effect sizes of 3 for hindpaw and 2.5 for perior-
bital allodynia using G*Power 3.1 with significance
o =0.05 and statistical power (1-f)=0.9.

Drugs

Ubrogepant provided by Allergan (Madison, NIJ,
USA) was dissolved in polyethylene glycol (PEG);
sumatriptan  succinate obtained from Abmole
Bioscience (Houston, TX, USA) was dissolved in sterile
water.

Dosing

Six doses of sumatriptan were administered orally by
gavage at 10 mg/kg over 2 weeks to establish the MOH
model. Ubrogepant 25, 50, or 100 mg/kg or sumatrip-
tan 10 mg/kg was given orally by gavage as an acute
treatment to sumatriptan-primed rats at the time of
stress or NO donor induction. In the repeated ubroge-
pant dosing experiment, six doses of ubrogepant
100 mg/kg were administered by gavage.

Pain measurement: Behavioral assessment of
cutaneous allodynia

Each rat was placed in a plexiglass chamber with mesh
flooring in an isolated and quiet room with no foot
traffic and acclimated for 2 hours/day for 3 days.
Mechanical periorbital and hindpaw allodynia was
measured using calibrated von Frey monofilaments
prior to the priming drug treatments (baseline) and
during a 20-day period after priming. Prior to testing,
each rat was allowed 2 hours to acclimate. In the von
Frey tests, the mechanical stimulation was incremental-
ly increased until a positive response was obtained, and
then was decreased until a negative result was
observed. This was repeated until three changes in
behavior were determined (“up and down” method)
(18). The 50% paw withdrawal threshold was deter-
mined as (10[Xf+k&])/10,000, where Xf=value of last
von Frey filament used, k = Dixon value for positive/
negative pattern, and & =Ilogarithmic difference
between stimuli. Cutoff values were 8 g (4.93 filament)
for the periorbital region and 15 g (5.18 filament) for
the hindpaw. The filaments were applied with an even
pressure that ensured the filament arched slightly at the
periorbital area or in the hindpaw region. Swiping of
the face, shaking of the head, and/or turning away
from the filament were registered as positives for

periorbital assessment. Moving away from the stimulus
or rearing up was disregarded. For hindpaw assess-
ment, swift withdrawal, shaking, or licking of the
paw was deemed a positive response; moving away
was not. All behavioral testing was performed by the
same person (JO).

Migraine triggers

Bright light stress challenge: Unrestrained rats were
placed individually in plexiglass cages and exposed to
bright light (1000 lumens) from two LED lights placed
on opposite sides of the cage for 1 hour each on two
consecutive days (usually days 20 and 21) when
mechanical thresholds were back at basal levels (17).
On the second day of bright light stress (BLS), mechan-
ical periorbital and hindpaw allodynia was measured
hourly over a 5-hour period after BLS.

Nitric oxide donor: After resolution of MOH-
induced allodynia, rats were administered an NO
donor (sodium nitroprusside 3 mg/kg, i.p.); mechanical
facial and hindpaw allodynia was measured over a
5-hour period after NO donor administration.

Experimental design overview

Experiment 1: Establishment of the sumatriptan MOH
model and evaluation of the anti-allodynic efficacy of
sumatriptan in stress-induced allodynia.

Twelve female SD rats were administered six oral
doses of sumatriptan 10 mg/kg in water on days 0, 2,
6, 8,9, and 11 to establish the MOH model. Tactile
(periorbital and hindpaw) withdrawal responses before
(baseline) and periodically over 20 days after sumatrip-
tan treatment were assessed to measure allodynia. The
rats were exposed to BLS for 1 hour on day 20. On day
21, the rats were divided into two groups (n = 6/group):
Group 1 received water orally, and group 2 received
sumatriptan 10 mg/kg orally. Immediately after treat-
ment, the rats were exposed to BLS for 1 hour; peri-
orbital and hindpaw allodynia was assessed at 1-hour
time points over 5 hours. On day 31, the same rats were
again exposed to BLS for 1 hour. The next day (day
32), they were treated with either water or sumatriptan
as before; they were immediately exposed to BLS for
1 hour, and CA was assessed.

Experiment 2: Determination of ubrogepant efficacy
in reversal of BLS- and NO donor-related allodynia in
sumatriptan-primed rats.

Twenty-four female SD rats were administered six
oral doses of sumatriptan 10 mg/kg in water on days 0,
3,5,7, 10, and 12 to establish the MOH model. Tactile
withdrawal responses were measured before (baseline)
and periodically over 20 days to assess CA. On day 20,
the rats were exposed to stress (bright lights for 1 hour).
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On day 21, prior to BLS exposure, they were divided
into four groups (n=6/group) based on ubrogepant
treatment doses: Group 1 received PEG (vehicle for
ubrogepant); group 2, ubrogepant 25 mg/kg; group 3,
ubrogepant 50 mg/kg; and group 4, ubrogepant 100
mg/kg. Immediately, all rats were exposed to BLS for
1 hour; periorbital and hindpaw allodynia was assessed
at 1-hour time points over 5 hours. On day 28, rats
received PEG, or ubrogepant 25, 50, or 100 mg/kg,
followed immediately by NO donor (sodium nitroprus-
side 3 mg/kg, i.p.); CA was assessed over a 5-hour time
course after NO donor administration.

Experiment 3: Determination of the consequences of
ubrogepant priming.

Twenty-four female SD rats were divided into three
groups based on drug treatment on days 0, 2, 4, 8, 9,
and 12: Group 1, PEG (vehicle for ubrogepant), n = 6;
Group 2, sumatriptan 10 mg/kg, n = 6; Group 3, ubro-
gepant 100 mg/kg, n=12. CA was assessed at baseline
and periodically over 20 days from the first day of drug
treatment. Rats were then exposed to BLS for 1 hour
on 2 consecutive days (days 20 and 21), and periorbital
and hindpaw allodynia was assessed hourly over 5
hours. Acute treatment was not given prior to the
two BLS exposures. The same animals were exposed
to an NO donor (sodium nitroprusside 3 mg/kg, i.p.)
on day 30, and CA was measured.

Data analysis

GraphPad Prism 8 (GraphPad Software, La Jolla, CA)
was used for statistical data analysis. For one experi-
mental group, one-way repeated-measures analysis of
variance (ANOVA) with Dunnett post hoc test was
used to determine significant differences from the base-
line. Two-way repeated-measures ANOVA with time
as a within-subject factor and treatment as a
between-subjects factor was used to compare multiple
treatment groups. The effect of time following priming
with BLS or NO donor was compared to the baseline
with Dunnett post hoc multiple-comparisons test. The
Tukey post hoc test was used to analyze significant
differences between treatment groups. Effectiveness of
drug treatment was estimated from the area under the
curve (AUC) of the withdrawal threshold time course.
AUC was calculated for each rat as an area of negative
peaks below the 8 g (periorbital) or 15 g (hindpaw)
cutoff thresholds between the 1- and S5-hour time
points. Percent effect was calculated using the formula
100*[AUC(0)-AUC(X)]/AUC(0), where AUC(0)=
average AUC in vehicle-treated group and AUC
(X)=AUC of animals that received treatment X.
Dose-response curves for ubrogepant were generated
by plotting the percentage of effects as a function of
logip(dose), and a linear regression analysis was

performed to calculate the 50% effective dose values.
Statistical significance was set at p < 0.05. All data are
presented as mean + standard error of the mean.

Results

Repeated administration of sumatriptan elicits
generalized cutaneous allodynia and promotes latent
sensitization (MOH model)

Cephalic and hindpaw allodynia was observed during
the period of sumatriptan dosing but resolved by day
20 (Experiment 1, Figures 1(a) and (b)). One-way
repeated-measures ANOVA confirmed significantly
reduced withdrawal thresholds in both periorbital and
hindpaw regions (see Table 1). Exposure to BLS on
two consecutive days (days 20 and 21) produced signif-
icant CA in the sumatriptan-primed rats that received
water on day 21; this CA was generalized and delayed,
peaking at ~1 hour and persisting for ~5 hours
(Figures 1(c) and (d); see Table 1 for statistical results).
This state of latent sensitization was long-lasting
because exposing the same rats to BLS on days 31
and 32 again produced significant periorbital and hind-
paw CA (Figures 1(e) and (f), Table 1).

Acute administration of sumatriptan is effective in
blocking stress-induced allodynia in MOH rats

Compared with MOH rats that received vehicle treat-
ment, those that received an oral dose of sumatriptan
10 mg/kg just prior to the second BLS exposure exhib-
ited significantly reduced CA (Figures 1(c) and (d),
Table 1). Furthermore, when the same rats were
exposed to BLS on days 31 and 32, sumatriptan pre-
treatment on day 32 was still effective in inhibiting CA
(Figures 1(e) and (f), Table 1). The efficacy of suma-
triptan in reversing CA was estimated to be 44% and
42%, respectively, from the periorbital and hindpaw
CA measurements on day 21 and 64% and 63%,
respectively, from the periorbital and hindpaw CA
measurements on day 32.

Ubrogepant dose-dependently reverses bright light
stress- and nitric oxide donor-induced allodynia in
sumatriptan-primed rats

A separate group of rats was treated repeatedly with six
oral doses of sumatriptan to induce the MOH model
(Experiment 2, Figures 2(a) and (b), Table 1).
Following resolution of CA, the efficacy of 25, 50,
and 100 mg/kg doses of ubrogepant in reversing BLS-
induced allodynia was assessed and compared with the
efficacy of vehicle. Ubrogepant administered on day 21
prior to the second day of BLS reversed allodynia in a
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Figure 1. Female Sprague-Dawley rats received six oral doses of sumatriptan 10 mg/kg in water on days 0, 2, 6, 8, 9, and 11
(administration days indicated by dotted lines) to establish the model of medication overuse headache. Periorbital (a) and hindpaw (b)
allodynia was measured over 20 days. After termination of sumatriptan dosing and resolution of sumatriptan-induced allodynia, rats
were exposed to bright light stress (BLS) on two consecutive days (days 20 and 21); periorbital (c) and hindpaw (d) allodynia was
assessed hourly over 5 hours on the second day of BLS. Compared with water, sumatriptan administered immediately prior to BLS on
day 21 significantly blocked stress-induced allodynia. The same rats were again exposed to BLS on days 3| and 32; periorbital (e) and
hindpaw (f) allodynia was assessed on day 32. Sumatriptan administered immediately prior to BLS on day 32 significantly blocked
stress-induced allodynia. Data are mean =+ standard error of the mean; n=6 rats/group.

*Significantly reduced withdrawal thresholds from the baseline.

#Significant difference between sumatriptan and water-treated rats.

dose-dependent manner (Figures 2(c) and (d), Table 1).
On day 28, administration of the NO donor sodium
nitroprusside to the same groups of MOH rats elicited
allodynia in the PEG-pretreated animals, but ubroge-
pant dose-dependently blocked NO donor-induced
allodynia (Figures 2(e) and (f), Table 1). Ubrogepant
dose-response curves for the reversal of stress- and NO
donor-induced periorbital and hindpaw CA demon-
strate an approximately linear relationship within the
selected dose range (Figures 2(g) and (h)). In linear
regression analysis, 50% effective dose values were esti-
mated to be 50 and 52 mg/kg, respectively, for BLS-
induced periorbital and hindpaw allodynia and 65 and
70 mg/kg, respectively, for NO donor-induced perior-
bital and hindpaw allodynia. The efficacy of ubroge-
pant 100 mg/kg in reversing CA was estimated to be
76% and 77%, respectively, from the periorbital and
hindpaw CA measurements on day 21 (BLS-induced
CA) and 67% and 70%, respectively, from the perior-
bital and hindpaw CA measurements on day 28 (NO
donor-induced CA).

Repeated treatment with a dose of ubrogepant that
is effective in the MOH model does not produce
cutaneous allodynia and does not promote latent
sensitization

The 100 mg/kg dose of ubrogepant was selected from
the ubrogepant dose-response curves and was adminis-
tered six times over 14 days to investigate whether
repeated ubrogepant exposure induces MOH and
latent sensitization in a way similar to sumatriptan
exposure. The 100 mg/kg dose of ubrogepant is
approximately twice the estimated acute anti-
allodynic 50% effective dose and is equivalent to, or
more effective than, the 10 mg/kg dose of sumatriptan.
Unlike repeated administration of sumatriptan, repeat-
ed administration of ubrogepant 100 mg/kg had no
effect on CA during the 14-day dosing regimen; PEG,
the wvehicle for ubrogepant, also had no effect
(Experiment 3, Figures 3(a) and (b), Table 1).
Exposure of sumatriptan-primed animals to BLS on 2
days (days 20 and 21) elicited significant periorbital and
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Figure 2. Female Sprague-Dawley rats received six oral doses of sumatriptan |10 mg/kg in water on days 0, 3, 5, 7, 10, and 12
(administration at dotted lines), and periorbital (a) and hindpaw (b) allodynia was measured for |9 days. Then, rats were exposed to
bright light stress (BLS) on two consecutive days (days 20 and 21). On day 21, graded doses of ubrogepant were administered prior to
BLS exposure, and periorbital (c) and hindpaw (d) allodynia was assessed hourly over 5 hours. On day 28, rats received graded doses
of ubrogepant and were immediately exposed to a nitric oxide (NO) donor (sodium nitroprusside 3 mg/kg, i.p.); periorbital (e) and
hindpaw (f) allodynia was assessed over 5 hours. Data are mean + standard error of the mean; n =6 rats/group. Ubrogepant dose-
response curves were constructed from data in graphs (c) and (e) for the periorbital effects (g) and from graphs (d) and (f) for the
hindpaw effects (h). LOG-DRC-AUC, log—dose-response curve—area under the curve.

*Significantly reduced withdrawal thresholds from the baseline.

#Significant difference between the PEG-treated group and the ubrogepant 100 mg/kg group.
¥Significant difference between the PEG-treated group and the ubrogepant 50 mg/kg group.

hindpaw CA, as previously observed. In contrast, BLS-
induced changes in sensory thresholds in the ubroge-
pant- and PEG- primed animals were minimal, and
significantly less than those in the sumatriptan-primed
animals (Figures 3(c) and (d), Table 1); there was no
difference between the PEG- and ubrogepant-primed
groups. Similarly, exposure of sumatriptan-primed
rats to an NO donor on day 30 elicited significant
CA, but NO donor-induced allodynia was significantly
smaller in the PEG- and ubrogepant-primed rats, and
there was no difference between the latter groups
(Figures 3(e) and (f), Table 1).

Discussion

Frequent use or overuse of medications for acute treat-
ment of headache can cause MOH - a significant
burden for patients, a challenge for clinicians, and an
impediment to successful treatment of some patients
with migraine. Frequent or excessive use of acute
medications may also be associated with gastrointesti-
nal, hepatic, renal, and cardiovascular toxicity.
Acute treatments for migraine that do not lead to
MOH would fulfill a crucial unmet treatment need,
reduce the development of MOH, and significantly

contribute to improved patient care. At present,
almost all of the therapies for acute treatment of
migraine have been linked to increased frequency
of headache and risk of development of MOH. Drugs
of the “gepant” class, including ubrogepant, have
demonstrated efficacy in the acute treatment of
migraine (31-33). To date, however, it remains
unknown whether these drugs promote MOH in vul-
nerable patients.

The MOH model used in these studies was based on
a variation of the two-hit model of hyperalgesic prim-
ing in which vulnerability to a second stimulus is
induced by treatment with a drug such as a triptan,
an opiate, or a cannabinoid (17-19). In this model,
the drugs initially produce a cephalic and extracephalic
CA that suggests a state of central sensitization and is
consistent with cephalic and extracephalic allodynia
observed in patients during migraine attacks. After
the drug-induced allodynia resolves, the “second hit”
of provocative stimuli, including environmental stress
induced by exposure to bright lights or challenge with
an NO donor, promotes allodynia only in previously
primed animals. This is indicative of latent sensitization
of trigeminal and central pain modulatory pathways
likely relevant to MOH.
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Figure 3. Female Sprague-Dawley rats received six oral doses of sumatriptan 10 mg/kg in water, polyethylene glycol (PEG; vehicle for
ubrogepant), or ubrogepant 100 mg/kg (oral in PEG) on days 0, 2, 4, 8, 9, and 12 (administration at dotted lines), and periorbital (a)
and hindpaw (b) allodynia was measured for 20 days. Rats were then exposed to bright light stress (BLS) on two consecutive days
(days 20 and 21); periorbital (c) and hindpaw (d) allodynia was assessed hourly over 5 hours on the second day of BLS. On day 30, rats
were exposed to a nitric oxide (NO) donor (sodium nitroprusside 3 mg/kg, i.p.), and periorbital (e) and hindpaw (f) allodynia was
assessed over 5 hours. Repeated sumatriptan, but not ubrogepant, produced acute allodynia and BLS- and NO donor-induced
allodynia, suggesting ubrogepant does not elicit latent sensitization on repeated dosing. Data are mean = standard error of the mean;
n =6 rats in PEG group, n =6 rats in sumatriptan group, n= |2 rats in ubrogepant group.

*Significantly reduced withdrawal thresholds from the baseline in the PEG-treated rats.

#Significant difference between the sumatriptan-treated group and both ubrogepant and PEG groups.

In this study, both ubrogepant and sumatriptan
effectively reversed stress-induced allodynia in a rat
model of MOH induced by sumatriptan priming.
This finding is consistent with the clinical efficacy of
these drugs in acute treatment of migraine, including
migraine attacks in patients with MOH (34). However,
the present studies show that, unlike sumatriptan,
repeated administration of ubrogepant at a dose that
effectively reverses stress- and NO donor-induced allo-
dynia in MOH rats does not promote CA or elicit
latent sensitization. If established clinically, the absence
of MOH may become a defining hallmark of this class
of medications, allowing their potential use at a fre-
quency higher than that of currently available
medications.

The absence of central sensitization following prim-
ing with repeated administration of ubrogepant is likely
attributable to the antagonist effects of ubrogepant on
CGRP receptors. Most MOH-producing drugs, includ-
ing triptans, opiates, and cannabinoids, are receptor
agonists; others, such as acetaminophen and barbitu-
rates, have unclear mechanisms. Agonist drugs directly

activate their respective receptors and mimic, to some
degree, the effects of endogenous neurotransmitters. In
this regard, it is relevant to note that agonist drugs
bypass the physiologic regulation of endogenous neu-
rotransmitters that occur in specific circuits in response
to physiologic demands (35). Additionally, with
extended use, agonist drugs can promote neural adap-
tations that may underlie central sensitization and
increased vulnerability to migraine triggers (18). It
has been demonstrated that, following chronic treat-
ment in cell cultures, opioid agonists promote neuronal
hyperexcitability, which suggests that some neural
adaptations observed in vivo can be caused by direct
cellular effects (36). Additionally, it may be hypothe-
sized that MOH from agonist drugs may result, in part,
from well-known desensitization and/or down-
regulation of receptors involved in drug responses
(18,37) resulting in net increased excitability of circuits
relevant to a form of “withdrawal” (38,39). In contrast,
antagonists are known to produce upregulation of
receptors (37). Furthermore, unlike agonists, antago-
nists by definition are only effective in activated
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Table I. Summary of statistical analyses, p-values, and F ratios for Figures |-3.

Figure Analysis Time Treatment Interaction

1) l-way ANOVA p < 0.0001 - -
Fe77=25.49 - -

1(b) I-way ANOVA p <0.001 - -
F5,77 = | 287 - -

1(c) 2-way RM ANOVA p < 0.0001 p=00115 p=0.024
F5‘50: |62 F|,|o:9.53 F5,50:2.86

I(d) 2-way RM ANOVA p < 0.0001 p < 0.0001 p=0.0078
Fss0=32.9 Flio=418 Fss0=3.57

(e) 2-way RM ANOVA p < 0.0001 p < 0.0001 p < 0.0001
F4,4o = 389 F|,|o = 795 F4,40 = | | 5

1(f) 2-way RM ANOVA p < 0.0001 p < 0.0001 p < 0.0001
F4‘40:79.2 F|,|o:|4| F4,40:|9.4

2(a) I-way ANOVA p < 0.0001 - -
F6,|6| - 558 - -

2 (b) I-way ANOVA p < 0.0001 - -
Foi1 =161 - -

2 (c) 2-way RM ANOVA p < 0.0001 p < 0.0001 p=0.0061
F5‘|00:22.5 F3'2():39.5 F|5,|oo:2.36

2 (d) 2-way RM ANOVA p < 0.0001 p < 0.0001 p < 0.0001
F5‘|00 = 629 F3'20 = 509 F|5'|00 = 487

2 (e) 2-way RM ANOVA p < 0.0001 p < 0.0001 p < 0.0001
F5,|00 = 697 F3,20 = 748 F|5,|00 = 566

2 (f) 2-way RM ANOVA p < 0.0001 p < 0.0001 p < 0.0001
F5,|00: |40 F3,2():74.8 F|5,|oo:6.34

3 (a) 2-way RM ANOVA p < 0.0001 p < 0.0001 p < 0.0001
Fy147=26.8 Fyz1 =820 Fiaiar=163

3 (b) 2-way RM ANOVA p < 0.0001 p < 0.0001 p < 0.0001
F7,|47:29.9 F2,2| :668 F|4,|47: |85

3 (c) 2-way RM ANOVA p < 0.0001 p < 0.0001 p=0.0003
F5,|05: |69 F2,2|:26.7 F|o,|05:3.67

3 (d) 2-way RM ANOVA p < 0.0001 p < 0.0001 p < 0.0001
F5'|05:|7.6 F2,2|:4|.2 F|0V|05:4.63

3 (e) 2-way RM ANOVA p < 0.0001 p < 0.0001 p < 0.0001
F4,84 = 398 F2,2| = | 24 F8,84 = 7 | 3

3 () 2-way RM ANOVA p < 0.0001 p < 0.0001 p < 0.0001
F4,84:4|-| F2,2|:74.| Fg,84:5.35

ANOVA: analysis of variance; RM: repeated measures.

physiological synapses to block endogenous neuro-
transmission. These observations of lack of central sen-
sitization in the preclinical model are consistent with
clinical data showing that CGRP antagonists are effec-
tive in reducing the frequency of migraine (40) and that
erenumab, a monoclonal antibody targeting the CGRP
receptor, does not lead to worsening of headaches (41),
a feature that is a key characteristic of MOH. However,
it remains to be determined if very long-term use of
ubrogepant would increase the risk of MOH.
Preclinical rodent models of migraine, and MOH in
particular, have found that CGRP is increased in jug-
ular blood (18,42) and that stress- or NO donor-
induced allodynia in primed rats is effectively blocked
by NSAIDs, triptans, cannabinoids, and pretreatment

with a CGRP monoclonal antibody (17,18,21,43).
Ubrogepant is a clinically effective small-molecule
CGRP receptor antagonist (31,33), but its precise site
of action remains unclear. CGRP receptors are
expressed peripherally on cranial blood vessels, glial
cells, and neurons, including Ad fibers in the trigeminal
ganglion (44). Centrally, these receptors can be found
on terminals of trigeminal afferents, in the brain stem,
cerebellum, and cerebral hemispheres (45). Although
CGRP receptors at all these sites may be relevant to
migraine, ubrogepant poorly penetrates the blood-
brain barrier, suggesting that the major site of action
is likely on the periphery (46). This conclusion is con-
sistent with studies that have demonstrated that periph-
eral CGRP can trigger migraine pain (47) and that
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monoclonal antibodies that do not significantly pene-
trate the blood-brain barrier can effectively reduce the
frequency of migraine attacks (48).

Preclinical evidence suggests that CGRP may be cru-
cial in the pathogenesis of MOH (18). Therefore, ubro-
gepant may be used to block CGRP signaling and
thereby prevent the development of central sensitization
associated with MOH and possibly reverse established
central sensitization in patients with chronic migraine
and/or MOH. Indeed, some emerging evidence indicates
that CGRP-receptor antibodies are effective in reducing
migraine frequency and acute medication use in patients
with chronic migraine who also overuse acute medica-
tions, including those patients who have not responded
to previous preventive treatments (49,50). Atogepant,
another small-molecule oral CGRP receptor antagonist,
is being developed for the preventive treatment of
migraine based on a phase 2b/3a randomized placebo-
controlled study demonstrating efficacy in reducing
headache frequency when used daily (51). Rimegepant
given at least every other day plus as needed for a period
of 3 months led to decreases from baseline in migraine
days per month (52). Therefore, drugs in the gepant
family may also act preventively.

These findings may be interpreted as supporting a
conclusion of no risk of MOH but, as with all animal
models, extrapolating these findings to humans
requires caution. Mechanisms promoting migraine
pain in rodents and humans may be different, and the
timelines and doses of the drugs used are significantly
different and are linked in part to differences in metab-
olism between species. Additionally, the timelines and
doses required to elicit vulnerability from presumed
sensitized states in rodents are undoubtedly different
from those that may be required in humans. We note
that a major limitation of this study was that it was
conducted for unavoidable reasons without blinding of
the experimenter. However, outcomes of the data with

sumatriptan were consistent with our previously pub-
lished studies, which were conducted under blinded
conditions (18,21,35). Additionally, we note that this
study was conducted with female rats because MOH
is more common among women (1); experiments are
needed to establish effects in male rodents.
Notwithstanding these noted limitations, however, the
data suggest ubrogepant may be uniquely different
from other acute treatments in its lack of potential
for inducing MOH.

Conclusions

The outcomes of these experiments are twofold. First,
the study demonstrates that, similar to sumatriptan,
ubrogepant significantly blocks stress-induced allody-
nia in a rat model of cephalic pain relevant to MOH.
This finding is consistent with a CGRP-dependent
mechanism previously established in this model and
demonstrates that CGRP receptors can be appropriate-
ly engaged by ubrogepant in rodents. Second, the study
shows that, unlike sumatriptan, a dose of ubrogepant
that is repeatedly administered and that engages the
CGRP receptor does not elicit cephalic and hindpaw
allodynia and does not elicit latent sensitization in rats.
Collectively, the data suggest that repeated treatment
with ubrogepant is unlikely to produce the neural
adaptations that underlie MOH. These findings con-
trast with findings that triptans, opiates, cannabinoids,
and other drugs used for the acute treatment of
migraine lead to latent sensitization, as revealed by
provocative challenge with environmental stress.
Ubrogepant may therefore be a highly promising new
medication for the acute treatment of migraine, espe-
cially in patients who have a history of MOH or at risk
of developing MOH, including those with frequent
migraine attacks or chronic migraine.

Key findings

sumatriptan.

e Ubrogepant administration resulted in a dose-related reversal of allodynia in rats previously primed with

e Repeated administration of ubrogepant resulted in neither allodynia nor latent sensitization in rats.
e Drugs of the gepant class are unlikely to lead to medication overuse headache and are potentially viable
medications for acute treatment of migraine regardless of headache frequency.
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