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Medication overuse headache is estimated to affect 2% of the population, and is ranked in the top 20 most disabling disorders due
to its high level of disability. Several therapies used in the treatment of acute migraine are thought to be associated with medication
overuse headache, including opioids and triptans. With limited treatment options, it is critical to determine the risk profile of novel
therapies prior to their widespread use. The current study explores the potential medication overuse risk of two novel therapeutic
drug classes, namely the ditans: 5-HT g receptor agonists, and the gepants: calcitonin gene-related peptide receptor antagonists, in
a preclinical model of medication overuse. Persistent exposure of mice to the 5-HTr agonist LY344864, but not olcegepant pro-
duced a significant reduction in hind paw and orofacial mechanical withdrawal thresholds as a surrogate readout of allodynia. In
agreement, only LY344864 induced neuroplastic changes in trigeminal sensory afferents, increasing calcitonin gene-related peptide
expression and basal trigeminal nociception. Our data highlight a differential medication overuse headache risk profile for the ditan
and gepant classes of drugs that has important implications for their clinical use and patient education to help reduce the burden
of medication overuse headache.
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suffering from MOH (Bigal et al., 2008). Migraine is the
most common disabling headache disorder, with over 1 bil-

Introduction

Headache disorders are common causes of disability, par-
ticularly chronic migraine, chronic cluster headache and
medication overuse headache (MOH). These complex condi-
tions represent a major challenge for healthcare services,
with 30-50% of all tertiary headache clinic patients

lion sufferers globally (GBD 2016 Headache Collaborators,
2018), 2.5% of whom transition to a chronic state annually
(Bigal et al., 2008). Patients with headache disorder biology
appear particularly susceptible to the development of MOH
(Bahra et al., 2003), whereby persistent overuse of their
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acute anti-migraine therapies for between 10 and 15 days
per month significantly increases the risk of developing
MOH (Headache Classification Committee of the
International Headache Society, 2018). MOH, despite only
affecting ~2% of the population (Bigal et al., 2008) is con-
sidered one of the most disabling disorders (Global Burden
of Disease Study 2013 Collaborators, 2015), resulting in a
total of 9.5 million years lived with disability (GBD 2017
Disease and Injury Incidence and Prevalence Collaborators,
2018) and a socioeconomic cost of €37 billion annually in
the EU (Linde et al., 2012).

Several headache medications increase the potential
risk for MOH when used to excess, including triptans
(5-HTg1p receptor agonists), some non-steroidal anti-in-
flammatory drugs (NSAIDs) and opioids (Bigal et al., 2008).
Thus, MOH appears to develop in genetically susceptible
individuals (Cargnin et al., 2018) in response to a diverse
array of agents. While there are no specific treatments, with-
drawal of the causative agent normally improves the symp-
toms (Engelstoft et al, 2019); however, ~40% relapse
within 12 months. Given the broad spectrum of agents that
can induce MOH it is critical to determine the relative
MOH risk of novel anti-migraine therapies.

In the past 6 months lasmiditan (5-HTg receptor agonist,
ditan), ubrogepant and rimegepant [calcitonin-gene-related
peptide (CGRP) receptor antagonists, gepants] received FDA
approval. Lasmiditan, shares partial receptor affinity with
selected triptans (Goadsby and Classey, 2003) that have an
established MOH risk profile. Whereas, data from CGRP
monoclonal antibodies (Tepper et al., 2019), and prelimin-
ary data on preventive action of gepants (Goadsby er al.,
2019) suggest lower MOH risk profiles. Interestingly, several
of the established and novel therapies share similar mecha-
nisms, via the modulation of CGRP signalling (Durham and
Russo, 2003; Labastida-Ramirez et al., 2020), a key neuro-
peptide in the pathophysiology of headache, making it diffi-
cult to predict potential MOH risk.

Therefore, the aim of the current study was to determine
the potential MOH risk of ditans and gepants in an estab-
lished preclinical model of MOH, whereby persistent expos-
ure of rodents to specific therapeutic agents induces a state
of mechanical hypersensitivity (De Felice et al., 2010) as a
surrogate readout of allodynia observed in MOH patients
(Lipton et al., 2019). This information is essential to inform
clinical practice and permit patient education as to the po-
tential risks of overuse of these novel compounds.

Materials and methods

Animals

Adult male C57Bl6/] mice (n = 78; Charles River) aged 8 weeks,
were maintained under standard animal husbandry conditions
with food and water available ad libitum. All studies were ethic-
ally approved and conducted in accordance with the UK Home
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Office Animals (Scientific Procedures) Act 1986 and are
reported in agreement with the ARRIVE guidelines.

Drugs

1LY344864-hydrochloride, a selective 5-HT r receptor agonist,
and olcegepant, a CGRP receptor antagonist were selected be-
cause of their commercial availability (Tocris) and prior iz vivo
use. Both compounds were dissolved in 2% dimethyl sulfoxide
in saline and sumatriptan in saline. Drug doses were based on
available literature demonstrating biological effects in rodents at
these doses. Olcegepant and 1 Y344864 were injected at a dose
of 1 mg/kg and sumatriptan at 0.6 mg/kg. Drugs were adminis-
tered intraperitoneally daily for 11 days for hind paw assess-
ment of olcegepant and 1L Y344864 (1 = 10 per group), or for 17
days for orofacial sensory testing in response to 1Y344864
(n = 8 per group). A second study, established to assess orofacial
sensory thresholds in response to olcegepant (z = 8 per group),
was terminated early at 7 days due to the immediate suspension
of all research during the COVID-19 pandemic.

Sensory testing

Mechanical withdrawal thresholds were assessed using von Frey
filaments, as previously described using the up-down method in
separate groups of mice (Moye et al., 2019). For the hind paw,
following habituation, mice were tested to establish reliable
baseline responses and then every second day following the
onset of drug administration. Because of potential sensitization
from excessive orofacial stimuli, this was conducted every 4-7
days following the establishment of stable baseline responses
and the onset of drug administration. All testing was conducted
at the same time of day under dim light (30-50 Ix) to minimize
variability. Graduated von Frey filaments (0.008-2 g) were then
applied to the hind paw or periorbital region using the up-down
method to calculate mechanical withdrawal thresholds
(Chaplan et al., 1994).

Tissue processing

At the conclusion of testing, mice were perfused with hepari-
nized phosphate-buffered saline, followed by 4% paraformalde-
hyde under terminal anaesthesia. The spinal cord was dissected,
post-fixed for 1 h and cryoprotected, prior to sectioning at 30
um on a cryostat. To determine the expression of CGRP or the
immediate-early gene c-Fos in the trigeminocervical complex
(TCC), the primary interface of peripheral trigeminal sensory
afferents and the CNS, sections were then processed using
standard immunohistochemical approaches and incubated with
either anti-CGRP (Abcam; 1:2000) or anti-c-Fos (Millipore;
1:10000) primary antibodies. Specific staining was confirmed
by the omission of primary antibodies and the specificity of
each antibody has been previously confirmed. The expression of
CGRP immunoreactive fibres in the TCC was visualized using
an appropriate secondary antibody, conjugated to Alexa Fluor®
568 and the number of c-Fos-positive nuclei in the TCC was
visualized via 3,3’-diaminobenzidine (DAB), following appropri-
ate amplification. Sections were then coverslipped prior to
undergoing fluorescent or light microscopic analysis (Zeiss Axio
Imager).
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Statistical analysis

Sample sizes, calculated in G.Power, are based on previous stud-
ies (Moye et al., 2019), combined with a medium to high effect
size (0.25-0.5), a probability of 0.05 and power of 0.8-0.9,
resulting in an # of 8-10 for behavioural analysis, depending on
the number of repeated measures. This additionally provided
sufficient tissue for immunohistochemical analysis. Mice were
initially counterbalanced into groups that were subsequently
randomly assigned to an experimental grouping. All analysis
was conducted blind to the experimental group, and all data are
presented as the mean + standard error of the mean (SEM) or
median and interquartile ranges (IQR). All mice tested were
included in the behavioural analysis and all analysis and graphs
were generated in GraphPad Prism v.7. To assess hind paw and
orofacial mechanical withdrawal thresholds the 50% withdraw-
al thresholds were compared across time via a two-way repeated
measures ANOVA, comparing to vehicle control treated mice,
followed by Sidak’s multiple comparison test exploring group
differences at different time points where appropriate.
Additionally, the integrated area under the curve (AUC) for
each intervention across time was calculated for graphical repre-
sentation. To assess CGRP and c-Fos expression #=8 and 7
mice per group, respectively were included in the final analysis,
based on those mice that had all appropriate tissue samples
available for analysis following processing. The percentage area
stained for CGRP (six sections across the TCC) in lamina I and
II or the total number of c-Fos positive nuclei (nine sections
across the TCC) in lamina I-V of the TCC were calculated. The
groups were then compared via the Kruskal-Wallis test, fol-
lowed by Dunn’s multiple comparison test where appropriate.

Data availability

All data are available upon reasonable request.

Results

Differential impact of persistent
exposure to two novel anti-migraine
therapies in the hind paw

Persistent exposure of mice to sumatriptan [F(6,108) = 9.79,
P <0.0001] and 1LY344864 [F(6,108) = 13.08,
P < 0.0001], but not olcegepant [F(6,108) = 0.84, P = 0.54]
for 11 days induced a time-dependent reduction in mechan-
ical withdrawal thresholds as compared to vehicle control
treated mice (Fig. 1A, 7 =10 per group). The AUC across
the 11 days was 4.80+0.33 and 5.17+0.32 for olcegepant

and vehicle control, respectively; however, this was reduced
to 3.0+£0.33 for LY344864 (Fig. 1B).

Differential impact of persistent
exposure to two novel anti-migraine
therapies in the orofacial
dermatome

Having determined a differential MOH risk for
LY344864 and olcegepant, we next sought to confirm
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these results in the orofacial dermatome (7 = 8 per group).
Given the longer interval between sensory testing in the
face, mice were exposed to sumatriptan (0.6 mg/kg),
LY344864 (1 mg/kg), or vehicle control for 17 days fol-
lowing the establishment of basal sensory thresholds;
however, for olcegepant the study was terminated early
after 7 days due to the COVID-19 pandemic. Persistent
exposure of mice to sumatriptan [F(5,70) = 17.86,
P <0.0001] and LY344864 [F(5,70) = 17.15,
P < 0.0001] for 17 days induced a time-dependent reduc-
tion in orofacial mechanical withdrawal thresholds as
compared to vehicle control treated mice (Fig. 2A). The
AUC across the 17 days was 4.3+0.3 for vehicle control
treated mice and 2.3+0.30 and 3.10+0.28 for the suma-
triptan and LY344864 groups, respectively (Fig 2B). In a
separate cohort, persistent exposure of mice to daily olce-
gepant for 7 days did not alter orofacial mechanical with-
drawal thresholds when compared to vehicle treated mice
[F(2,28) = 1.38, P =0.27; Fig. 3A and B], despite a clear
reduction in response to sumatriptan [F(2,28) = 21.94,
P < 0.0001; Fig. 3A and B]. Because of the reduced dur-
ation, no AUC calculations were conducted.

Calcitonin-gene-related peptide
expression in the trigeminocervical
complex

CGRP is a key neuropeptide involved in the pathophysi-
ology of headache and a potential biomarker for chronic mi-
graine and MOH. Preclinically, increased CGRP expression
in these trigeminal sensory afferents is a reliable marker of
neuroplastic changes following the induction of MOH (De
Felice et al., 2010). Following 11 days of drug exposure
there was a significant increase in the percentage area
stained with CGRP in the TCC [H(2) = 7.22, P <0.05,
n =38 per group|. Mice persistently exposed to 1Y344864
had significantly increased CGRP expression when com-
pared to vehicle control mice [median (IQR): 130 (110-170)
versus 99 (87-112), Z = 2.62, P < 0.05; Fig. 4A]. There was
no significant difference between vehicle control and olcege-
pant treated mice [median (IQR): 99 (87-112) versus 112
(81-127), Z=0.78, P = 0.99].

C-Fos neuronal activation in the
trigeminocervical complex

Trigeminal sensory afferents expressing CGRP synapse on
second order neurons in the TCC, giving rise to the trige-
minothalamic tract that conveys nociceptive information
from the head. Increased expression of the immediate
early gene c-Fos in the TCC is an established readout of
increased trigeminal nociception (Harriott et al., 2019).
Following 11 days of drug exposure there was a signifi-
cant increase in the number of c-Fos-positive cells in the
TCC [H(2) = 7.40, P < 0.05, n =7 per group]. Mice per-
sistently exposed to LY344864 had a significantly
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Figure | Persistent exposure to the 5-HT g receptor agonist LY344864, but not olcegepant reduces hind paw mechanical
withdrawal thresholds in mice. Repeated daily exposure of mice to LY344864 [| mg/kg; F(6,108) = 13.08, P < 0.0001], but not olcegepant
[I mgl/kg; F(6,108) = 0.84, P =0.54] induced a temporal reduction in hind paw mechanical withdrawal thresholds when compared to vehicle
treated mice (A) as a preclinical readout of medication overuse-induced cutaneous allodynia. LY344864 reduced mechanical withdrawal thresh-
olds from Day 3 [t(16.4) = 3.2, P < 0.05] that remained significantly reduced across the || days, maximally at Day Il [t(12.2) = 11.10,
P < 0.0001]. The integrated AUC was similar between vehicle (5.17 +0.32) and olcegepant (4.80 +0.33) groups, but reduced following persistent
LY344864 exposure 3.0+0.33 (B), highlighting a potential medication overuse headache risk profile for the 5-HT ¢ agonist ditan class of drugs.
*P < 0.05, n = 10 mice per group.
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Figure 2 Persistent exposure to the 5-HT | receptor agonist LY344864 reduces orofacial mechanical withdrawal thresholds in
mice. Repeated daily exposure of mice to LY344864 [F(5,70) = 17.15, P < 0.0001] and sumatriptan [F(5,70) = 17.86, P < 0.0001] induced a
temporal reduction in orofacial mechanical withdrawal thresholds (A) as a preclinical readout of medication overuse-induced cephalic allodynia,
when compared to vehicle treated mice. LY344864 reduced mechanical withdrawal thresholds from Day 14 [t(84) = 6.93, P < 0.0001] that
remained significantly reduced across the |7 days, maximally at Day 17 [t(84) = 9.02, P < 0.0001]. Sumatriptan reduced mechanical withdrawal
thresholds from Day 7 [t(84) = 4.09, P < 0.001] that remained significantly reduced across the 17 days, maximally at Day 17 [t(84) = 9.28,
P < 0.0001]. The integrated AUC for vehicle treated mice was 4.3+0.32, compared to 3.10+0.28 for LY344864 and 2.3 +0.30 for sumatriptan
(B), highlighting a potential medication overuse headache risk profile for the 5-HT ¢ agonist ditan class of drugs that is similar to the related trip-
tans that are known to increase the risk of medication overuse headache in migraineurs. *P < 0.05, n = 8 mice per group.

increased number of c-Fos-positive cells when compared significant difference between vehicle control and olcege-
to vehicle control [median (IQR): 33 (32-36) versus 23 pant treated mice [median (IQR): 23 (15-26) versus 22
(15-26), Z=2.59, P <0.05; Fig. 4B]. There was no (22-29), Z =0.78, P = 0.99; Fig. 4B].
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Figure 3 Persistent exposure to the CGRP receptor antagonist olcegepant has no effect on orofacial mechanical withdrawal
thresholds in mice. In an additional cohort of mice that had to be terminated early (Day 7) due to the COVID-19 pandemic, repeated daily ex-
posure of mice to sumatriptan [F(2,28) = 21.94, P < 0.0001] but not olcegepant [F(2,28) = 1.38, P = 0.27] reduced orofacial mechanical with-

drawal thresholds (A) out to Day 7 (B). *P < 0.05, n = 8 mice per group.

Discussion

The results demonstrate a differential potential MOH risk
profile for gepants: CGRP receptor antagonists, and ditans:
5-HTy receptor agonists. While the S-HT g receptor agonist
LY344864 induced a significant reduction in mechanical
withdrawal thresholds, olcegepant showed no reduction.
This selective MOH risk of a ditan is supported by increased
expression of CGRP in trigeminal sensory afferents and
neuronal activation (c-Fos) in the TCC.

Our data are in agreement with an established MOH
risk for the 5-HTp/1p receptor agonists: triptans. It is fur-
ther supported by a potential beneficial effect of blocking
CGRP signalling via monoclonal antibodies (Tepper et al.,
2019) and preliminary data for the gepants (Goadsby
et al., 2019), with no evidence of MOH. While the patho-
physiology of MOH remains to be fully characterized it is
interesting that several drugs, including NSAIDs (Vellani
et al., 2017) and triptans (Durham and Russo, 2003),
which are known to block CGRP release, increase MOH
risk. Herein our data suggest that the ditans (Labastida-
Ramirez et al., 2020) may have a similar impact, a com-
mon effect of which being increased CGRP expression in
trigeminal sensory afferents. While our results, and that
from patients (Goadsby et al., 2019; Tepper et al., 2019),
suggest that blockade of the CGRP receptor does not.
Interestingly, CGRP expressing trigeminal afferents con-
sistently express Na,1.9 (Bonnet et al., 2019), with known
roles in orofacial neuropathic pain (Luiz et al., 2015), and
recently linked to MOH (Bonnet et al., 2019). As such,
persistent exposure to drugs that can act presynaptically
to alter primary sensory afferent neuropeptide expression
and receptor function, may lead to a state of increased
evoked activity and neurotransmitter/neuropeptide re-
lease. Clinically, this is supported by the ability of

CGRP-targeted antibodies to reduce attack frequency and
acute medication use in MOH patients (Tepper et al.,
2019).

Given the need for clinical confirmation, our study is
strengthened by the use of sumatriptan. It is well established
that the triptans induce mechanical hypersensitivity in
rodents and increase the risk of progression to MOH in sub-
jects with an underlying headache condition, when used to
excess. As such, the behavioural effects and underlying
mechanistic actions of LY344864 parallel sumatriptan,
resulting in comparative sensitization and neuroplastic
changes. These neuroplastic changes, including increased
CGRP expression, can outlast sumatriptan withdrawal in
rodents and persist after normalization of sensory thresh-
olds, creating a state of ‘latent sensitization’. It is a limitation
of our current study that we did not explore potential latent
sensitization. Further, having identified that olcegepant did
not induce MOH-like phenotypes in mice it would have
been interesting to test the ability of gepants to block MOH
induction. A recent report demonstrated that ubrogepant
could prevent bright light-induced mechanical hypersensitiv-
ity is sumatriptan-induced latently sensitized mice
(Navratilova et al., 2020), suggesting that at the very least
gepants may be effective for established MOH.

As the 5-HTf receptor agonist lasmiditan, and the CGRP
antagonists ubrogepant and rimegepant have been approved
by the FDA in the past 6 months, these molecules will short-
ly join the anti-migraine therapeutic toolkit. While it is clear
that lasmiditan has specific advantages over the triptans
with respect to cardiovascular risk factors (Shapiro et al.,
2019), our data suggest that both classes of drugs confer a
comparable MOH risk. It further suggests that gepants may
demonstrate a more favourable MOH risk profile.

Understanding the MOH risk is critical, since MOH pla-
ces a severe burden on healthcare services (Westergaard
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trigeminal sensory afferents. (A) Repeated daily exposure of mice to LY344864, but not olcegepant induced an increased expression of
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et al., 2014), individuals (GBD 2017 Disease and Injury
Incidence and Prevalence Collaborators, 2018) and the
wider economy (Linde et al., 2012). Our data now provide
a rationale for understanding the potential risk of their over-
use and should inform patient education to avoid such ex-
cessive exposure and potential increased risk of developing
chronic headache and MOH.
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