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Triptan-induced enhancement of neuronal nitric
oxide synthase in trigeminal ganglion dural
afferents underlies increased responsiveness

to potential migraine triggers
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Migraine is a common neurological disorder often treated with triptans. Triptan overuse can lead to increased frequency of
headache in some patients, a phenomenon termed medication overuse headache. Previous preclinical studies have demonstrated
that repeated or sustained triptan administration for several days can elicit persistent neural adaptations in trigeminal ganglion
cells innervating the dura, prominently characterized by increased labelling of neuronal profiles for calcitonin gene related
peptide. Additionally, triptan administration elicited a behavioural syndrome of enhanced sensitivity to surrogate triggers of
migraine that was maintained for weeks following discontinuation of drug, a phenomenon termed ‘triptan-induced latent sen-
sitization’. Here, we demonstrate that triptan administration elicits a long-lasting increase in identified rat trigeminal dural
afferents labelled for neuronal nitric oxide synthase in the trigeminal ganglion. Cutaneous allodynia observed during the period
of triptan administration was reversed by NXN-323, a selective inhibitor of neuronal nitric oxide synthase. Additionally, neuronal
nitric oxide synthase inhibition prevented environmental stress-induced hypersensitivity in the post-triptan administration
period. Co-administration of NXN-323 with sumatriptan over several days prevented the expression of allodynia and enhanced
sensitivity to stress observed following latent sensitization, but not the triptan-induced increased labelling of neuronal nitric
oxide synthase in dural afferents. Triptan administration thus promotes increased expression of neuronal nitric oxide synthase
in dural afferents, which is critical for enhanced sensitivity to environmental stress. These data provide a biological basis for
increased frequency of headache following triptans and highlight the potential clinical utility of neuronal nitric oxide synthase
inhibition in preventing or treating medication overuse headache.
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Introduction

Migraine is a common and potentially debilitating neurological
disorder that is characterized by a paroxysmal unilateral throbbing
pain, which may be accompanied by nausea, vomiting, photopho-
bia or phonophobia (Olesen et al., 2004). The underlying patho-
physiology of this disorder remains unclear (Burstein, 2001;
Bartsch and Goadsby, 2003; Arulmani et al., 2004; Bolay and
Moskowitz, 2004; Boes et al., 2006; Dalkara et al., 2006).
Regardless of the site or mechanism that underlies initiation of
the headache attack, activation of primary afferent neurons are
believed to mediate the pain and to initiate processes leading to
the cephalic and extra-cephalic allodynia that is often observed
in patients (Burstein et al., 2004, 2005; Olesen et al., 2009).
Sensitization of primary afferents and especially of post-synaptic
cells in the pain pathway may explain the occurrence of
migraine-associated cutaneous allodynia that occurs at regions
well outside the craniofacial area (Burstein et al., 2004; Burstein
and Jakubowski, 2004; Landy et al., 2004). Recent evidence
emerging from more detailed studies of migraineurs, employing
quantitative sensory testing or detailed questionnaires indicates
that there may be different populations of migraineurs with ceph-
alic allodynia only or presenting also with extracephalic allodynia
(Guy et al., 2009). In a recent study, ~49% of individuals de-
veloping cutaneous allodynia indicated the presence of both ceph-
alic and extra-cephalic allodynia, 49% indicated cephalic allodynia
only and 2% indicated extra-cephalic allodynia only (Guy et al.,
2009). Accordingly, in the present investigation it was decided to
examine behavioural responses to stimuli applied to both cephalic
and extracephalic sites. Triptans are often the acute treatment
of choice and are recommended by the American Academy of
Neurology for moderate or severe migraine headache, although
reports of relief vary considerably from as low as 40% to as high
as 75% of patients (Silberstein, 2000; Dahlof et al., 2002; Ferrari
et al., 2002; Tfelt-Hansen, 2008). However, the frequent use of
triptans over an extended period of time can lead to medication
overuse headache, recently characterized as a global epidemic
(Diener et al.,, 2004; Silberstein et al., 2005; Olesen et al.,
2006; Ghiotto et al., 2009). The International Headache Society
defines medication overuse headache as more than 15 headaches
per month, during regular overuse (>15days per month) of acute
analgesics or symptomatic drugs for >3 months and specifies
triptan-induced medication overuse headache as occurring with
the intake of at least 10 doses of triptan per month for a period
of 3 months (Silberstein et al., 2005; Olesen et al., 2006; Ghiotto
et al.,, 2009). Migraine patients that overuse triptans generally
characterize medication overuse headache as being identical to
episodic migraine attacks, or simply report it as an increase in
the frequency of migraine (Limmroth et al.,, 2002; Katsarava and
Jensen, 2007). Patients with migraine also appear to be most
susceptible to the development of medication overuse headache.
A meta-analysis reviewing the treatment of 2612 patients in
29 studies revealed that 65% of patients with medication

overuse headache reported migraine as the primary headache,
27% reported tension-type headache and the remaining 8%
reported mixed headaches as the principal complaint (Diener and
Dahlof, 1999; Katsarava and Jensen, 2007). Patients with a diag-
nosis of medication overuse headache rarely respond to prophy-
lactic medications while overusing acute medications (Olesen
et al., 2004). Some studies have shown that patients treated for
cluster headaches do not develop an increase in their frequency,
in spite of taking large doses of triptans (Ekbom et al., 1995;
Dowson et al., 2005). However, others have demonstrated that
overuse of triptans can in fact cause increased frequency of cluster
headaches (Centonze et al., 2000; Paemeleire et al., 2006).

Although the mechanisms that underlie medication overuse
headache are not known, growing evidence indicates that it
may be associated with of the presence of central sensitization
(Katsarava and Jensen, 2007; Ghiotto et al., 2009). For example,
a recent study where pain-related cortical potentials were mea-
sured in patients with migraine revealed that medication overuse
headache caused facilitation of trigeminal and somatic parameters
(Ayzenberg et al., 2006). Cutaneous allodynia is thought to rep-
resent a clinical marker of central sensitization (Burstein et al.,
2000a, b; Dodick and Freitag, 2006). Migraineurs present a
much greater prevalence of cutaneous allodynia than do patients
with non-migraine headaches (Bigal et al., 2008; Lipton et al.,
2008). Moreoever, patients with medication overuse headache
and chronic migraine show a greater prevalence of allodynia com-
pared to those with episodic migraine (Bigal et al., 2008b; Bigal
and Lipton, 2008, 2009). These data suggest that the transform-
ation from episodic to chronic migraine involves the sensitization
of trigeminal sensory pathways, and that the overuse of acute
medications such as triptans is not only a risk factor for this trans-
formation, but the mechanisms that drive medication overuse
headache may be similar to those that drive the chronification
of migraine (Bigal and Lipton, 2008, 2009). Establishing the
nature of the mechanisms that underlie the pathobiology of medi-
cation overuse headache may assist in the development of new
therapeutic strategies for improving the treatment of migraine and
medication overuse headache.

Previous studies in our laboratory have demonstrated that
persistent exposure of rats to sumatriptan or naratriptan over a
period of 6-7 days leads to a state referred to as ‘triptan-induced
latent sensitization' (De Felice et al., 2010). This state is character-
ized by persistent increased labelling of neural profiles innervating
the dura mater for calcitonin gene related peptide (CGRP) and to
a lesser extent, substance P (De Felice et al., 2010). Additionally,
exposure to triptans results in a state of generalized cutaneous
allodynia during the period of triptan infusion, accompanied by
hyper-responsiveness in the post-infusion state to challenge with
a nitric oxide donor. Environmental stress is the most common
reported trigger for migraine (Kelman, 2007) and studies with
human volunteers showed that migraine can be reliably induced
by administration of the nitric oxide donor nitroglycerin, and this
condition is accompanied by an increase in blood levels of CGRP,
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which is directly linked to the severity of headache pain (Goadsby
et al., 1990; Sarchielli et al., 2000; Juhasz et al., 2003). Similarly,
our previous work also demonstrated that triptan-induced ‘latent
sensitization’ is characterized by increased plasma CGRP levels fol-
lowing challenge of rats previously exposed to triptans with a nitric
oxide donor (De Felice et al., 2010). In spite of these observed
triptan-induced neural adaptations in dural afferents and enhanced
sensitivity to presumed triggers of migraine, the mechanisms by
which enhanced responsiveness occurred in these animals remain
unknown.

Substantial evidence supports an important role of nitric oxide
as a pivotal mediator contributing to the pathogenesis of migraine
(Thomsen et al., 1997; Lassen et al., 1998; Christiansen et al.,
1999). This sensitizing agent is formed by three different isoforms
of nitric oxide synthase (NOS): neuronal NOS, endothelial NOS
and inducible NOS (Freire et al., 2009). The presence of nitric
oxide in peripheral and central nervous tissue is due primarily to
neuronal NOS (Zhou and Zhu, 2009). Increased synthesis of nitric
oxide by neuronal NOS in the spinal cord leads to spinal sensitiza-
tion and enhancement of the spinal cord pain pathway activity
(Meller and Gebhart, 1993; Gordh et al, 1995; Wu et al,
2000, 2001). Many studies also showed that inhibition of neuronal
NOS reduces central sensitization in animal models of neurophatic
and inflammatory pain (Coderre and Yashpal, 1994; Mao et al.,
1997; Khalil and Khodr, 2001; Tanabe et al., 2009). For these
reasons, the present study explored the possibility that triptan
exposure might modulate the expression of neuronal NOS in
dural afferents and that the activity of this enzyme might promote
enhanced excitability that is observed in rats with triptan-induced
latent sensitization. We used NXN-323, a potent and highly
selective inhibitor of neuronal NOS, to demonstrate a critical role
for this enzyme in promoting responses to stimuli hypothesized
to be relevant to migraine attack in humans and perhaps in pro-
moting the state of triptan-induced medication overuse headache.

Materials and methods

Animals

Adult male Sprague Dawley rats (175-250g) were maintained in a
climate-controlled room on a 12h light/dark cycle with food and
water ad libitum. All testing was performed in accordance with the
policies and recommendations of the International Association for
study of Pain and the National Institutes of Health guidelines for the
handling and use of laboratory animals, approval received from
the Institutional Animal Care and Use Committee of the University
of Arizona. Groups of 6-12 animals were used in all experiments.

Drug administration

Alzet osmotic mini-pumps (Alzet, Cupertino CA, USA; model 2001)
with a nominal flow rate of 1 pl/h for 7 days were used for subcuta-
neous drug infusion. The mini-pumps were implanted subcutaneously
in rats under anaesthesia with isoflurane. The day of the pump implant
was considered as Day 0. Drugs administered by infusion were suma-
triptan (0.6 mg/kg/day; gift of GSK, Philadelphia, PA, USA), NXN-323
(0.7 mg/kg, NeurAxon, Toronto, ON, USA). NXN-323 and sodium
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nitroprusside (3 mg/kg, i.p., Sigma-Aldrich, St Louis, MO, USA) were
also given as a bolus injection. Inducible NOS inhibitor 1400W dihy-
drochloride (1 or 5mg/kg/day; Tocris, Ellisville, MO); endothelial NOS
inhibitor (I-iminoethyl) ornithine dihydrochloride (10 mg/kg/day Tocris,
Ellisville, MO). NXN-323 was employed as a highly selective inhibitor
of neuronal NOS. The pIC50 values for NXN-323 against neuronal
NOS, endothelial NOS and inducible NOS were found to be
0.27 pM, 59 pM and >100pM, respectively (Dr Shawn Maddaford,
NeurAxon, personal communication). In contrast, the corresponding
values at neuronal NOS, endothelial NOS and inducible NOS for
(I-iminoethyl) ornithine are 0.95, 1.0 and 1.6puM, respectively; the
values for 1400 W at these enzymes are 3.2, 49 and 0.79 pM, respect-
ively (Boer et al., 2000).

Evaluation of tactile sensitivity

Baseline withdrawal thresholds to von Frey filaments applied to the
paraocular region of the face and the plantar surface of the hind paw
were determined prior to osmotic mini-pump implantation. To deter-
mine tactile sensitivity, the rats were placed in cages and allowed to
acclimatize in a quiet environment for 45 min. For the sensory thresh-
old of the face or of the hind paw, the von Frey filament was applied
perpendicularly to the paraocular region of the rat's face or to the
plantar surface of the hind paw until it buckled slightly, and was
held for 3-6s. A positive response was indicated by withdrawal of
the face or hind paw from the von Frey filament. The withdrawal
thresholds were determined by Dixon's up-down method (Dixon,
1980; Chaplan et al., 1994). Maximum filament strengths were 8g
and 15 g for the face and hind paw, respectively.

For the evaluation of tactile sensitivity in response to exposure to
a nitric oxide donor, rats were injected with sodium nitroprusside
(3mg/kg, i.p.) and sensory thresholds were measured at 1h intervals
for 6h. For studies where the effects of environmental stress were
measured, rats were placed in an open box (20 x 30cm) and exposed
to bright light for 1h. The light was positioned to avoid temperature
changes in the box. Periorbital and hind paw allodynia was measured
at 1h intervals for 6 h, starting 1 h after the end of the stress stimulus
exposure. Environmental stress by exposure to the bright light was
repeated a second time, 24 h after the first exposure.

Tracer injection

Four days prior to perfusion, animals were anaesthetized with a com-
bination of ketamine and xylazine (80mg/kg and 12mg/kg;
Sigma-Aldrich). In order to label the ophthalmic branch of the trigem-
inal ganglia, the skull of the rat was exposed and two holes were
made, ~—1mm Anterior-Posterior (AP) and 1 mm Medial-Lateral (ML)
from bregma and +1mm AP and 1 mm right from lambda, without
tearing the dura. A volume of 10ul of the retrograde nerve tracer
Fluorogold (4% in saline) was injected onto the dura through each
hole, bone wax was applied to seal each hole and any solution that
leaked out was wiped away with sterile cotton-tipped swabs. Control
experiments were performed in which holes were made in the skull
with the following exception; a thin layer of bone was left at the
bottom of the holes for these control experiments so that solution
added to the holes could not reach the dura. Fluorogold solution
was added to the holes, which were then sealed with bone wax and
any excess solution was wiped away. Using this procedure, no
Fluorogold-positive cells were observed in the trigeminal ganglion,
indicating that tracer spread was not a significant concern in these
labelling experiments i.e. Fluorogold-positive cells represent dural af-
ferents. At the time of tissue removal, only animals that showed no
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damage to the dura after Fluorogold was applied were used for immu-
nohistochemistry analysis.

Immunohistochemistry

Anaesthetized rats were transcardially perfused with 0.1 M phosphate
buffered saline followed by 4% formaldehyde/12.5% picric acid solu-
tion in 0.1M phosphate buffered saline. Trigeminal ganglia were
removed, cryoprotected (in 20% sucrose), frozen and sectioned
(10 um) on a cryostat. Sections were incubated with primary antibody
against nNOS (host, rabbit or guinea pig, Chemicon, Temecula, CA,
USA), CGRP (host, rabbit or guinea pig; Peninsula Laboratories, San
Carlos, CA, USA), substance P (host, rabbit or guinea pig; Peninsula)
or NF200 (host, mouse; Sigma) for 24 h. Secondary antibodies were
goat anti-rabbit/guinea pig 1gG conjugated with Alex fluor-488
(green) or 594 (red) (Molecular Probes, Portland, OR, USA) and
goat anti-mouse 1gG conjugated with Alex fluor-488 for 2h.
Analysis of co-localization of two neuromarkers in trigeminal ganglia
was performed using dual-labelling immunofluorescence. The primary
antibodies of both neuromakers were mixed, but raised from different
species of host animals and the secondary antibodies were conjugated
with either red or green fluorescent compound, as mentioned. For
counts of the percentage of cells expressing specific neurochemicals,
two sections from each trigeminal ganglion in each of three animals
were randomly selected for each marker. In each section, the number
of positively stained cells was counted directly from live images
acquired off the microscope. If double or triple labelling was involved
in the study, once one label was counted, the fluorescent filter was
switched to view another label until all labels were counted. The sec-
tions were then incubated in ethidium bromide (5 ug/ml) or DAPI for
305 to visualize all neuronal cells. Cells were counted by a technician
who was unaware of the experimental protocols and groups.

Data analysis

Statistical analyses were performed with JFlashCalc (www.u.arizona.
edu/~michaelo). Behavioural studies among groups and across time
were analysed by two-factor ANOVA. One-factor ANOVA followed
by Fisher's least significant difference post hoc test was used to
detect behavioural changes from baseline values (Milligan et al.,
2000). When allodynia was precipitated by nitric oxide donor or
stress, the data were converted to percent allodynia as 100 response
of treated/control group for purposes of illustration, and the means
were compared by Student's t-test. Counts of trigeminal profiles were
collected per section, and transformed to the percentage of that seen
in vehicle-treated control groups. Data among groups was analysed
by ANOVA followed by Fisher's least significant difference test.

Results

Sumatriptan treatment elicits
long-lasting increases in neuronal
NOS labelling in multiple classes of
retrogradely-labelled dural afferents

Trigeminal profiles

Approximately 5000 profiles overall were counted for each
treatment group. On Day 6, the total number of neuronal
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NOS-positive profiles was 325 and 1034 for the saline and
sumatriptan-treated groups, respectively. Thus, infusion of suma-
triptan over 6 days produced a significant (P<0.05), 3-fold in-
crease in the numbers of neuronal profiles in the trigeminal
ganglion immunolabelled for neuronal NOS (Fig. 1A and B).
Immunofluorescent labelling for neuronal NOS was 315+ 16%
relative to saline treatment on Day 6 of sumatriptan infusion,
remaining elevated at 297 +£14% 15 days after termination of
the infusion (i.e. Day 21).

Retrogradely labelled dural afferents

In order to explore possible sumatriptan-induced effects in identi-
fied dural afferents, Flurogold was applied to the dura 4 days prior
to perfusion. Tissue was taken for immunohistochemical analysis
and neuronal NOS labelling was evaluated in Flurogold-positive
trigeminal ganglion cells. Control studies were performed for
possible Fluorogold tracer spread by creating a hole in the skull
that left the last layer of bone intact therefore not allowing the
tracer to reach the dura. Following application of the Fluorogold
to this hole, virtually no labelling in trigeminal ganglia neurons was
observed. Sumatriptan treatment produced a significant (P <0.05)
increase in labelling for neuronal NOS in the dural afferent sub-
population of the trigeminal neurons that was greater than that
observed in the overall trigeminal ganglion population of cells
(Fig. 1C and D). This increase was 490+62% and 357 £50%
relative to saline-infused animals on Day 6 of sumatriptan treat-
ment as well as 15 days after termination of sumatriptan treat-
ment (i.e. Day 21) (Fig. 1C and D).

Changes in neuromarkers in myelinated and
unmyelinated profiles
This pattern of marked sumatriptan-induced up-regulation of
neuronal NOS was consistent when labelled dural afferents were
also co-labelled with immunofluorescent markers for 1B4 and
NF200 in order to differentiate unmyelinated peptide-poor or
myelinated fibres, respectively (Silverman and Kruger, 1988,
1990; Lawson and Waddell, 1991). Sumatriptan exposure led to
an increase in expression of neuronal NOS in retrogradely-labelled
trigeminal profiles also labelled with IB4 on Day 6 of sumatriptan
treatment that was sustained after termination of drug adminis-
tration (i.e. Day 21) (Fig. 2A). The proportion of retrogradely-
labelled profiles expressing neuronal NOS and labelled for IB4
were increased to 176 £17.7% and 192+21.6% on Days 6
and 21, respectively, relative to the saline-infused groups
(Fig. 2B). Similarly, sumatriptan exposure led to an increase in
expression of neuronal NOS in retrogradely-labelled NF200 posi-
tive myelinated (i.e. labelled with NF200) trigeminal profiles on
treatment Day 6 and post-treatment Day 21 (Fig. 2B). The pro-
portions of retrogradely-labelled, myelinated dural afferents
expressing neuronal NOS were increased to 171+32.4% and
126 +£13.5% on Days 6 and 21, respectively (Fig. 2C and D).
Consistent with previous observations (Edvinsson et al., 2001),
our data showed that the total numbers of trigeminal ganglia dural
profiles expressing neuronal NOS relative to the whole population
of counted profiles is rather low. In the vehicle-treated group, of
a total of 232 retrogradely labelled neuronal profiles counted in
five sections, only 13 expressed label for neuronal NOS. However,
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Figure 1 Sustained infusion of sumatriptan (0.6 mg/kg/day, s.c.) for 6 days promoted increased and persistent expression of neuronal
NOS (nNOS) in the trigeminal ganglia of rats. Immunofluorescence labelling neuronal NOS in the trigeminal ganglion is shown for sections
obtained 6 and 21 days after vehicle or sumatriptan pump was implanted (A). Sumatriptan exposure resulted in a significant (P<0.05)
increase in numbers of neuronal NOS-labelled profiles in the trigeminal ganglia, relative to vehicle-infused animals, at both Day 6 and
21 (B). Additionally, dural afferents were identified by application of Fluorogold to the dura and profiles expressing labelling for neuronal
NOS (C) were evaluated in the trigeminal ganglia 6 and 21 days after sumatriptan exposure. The relative proportion of profiles obtained
from sumatriptan-treated animals and expressing both the retrograde label and label for neuronal NOS in the trigeminal ganglia showed
a significant and persistent (Day 6 and Day 21) increase relative to vehicle-infused animals (D). Asterisk indicates P<0.05 relative to

vehicle.

such expression was significantly increased in this population by
sumatriptan treatment. On Day 6 following sumatriptan exposure,
out of a total of 312 labelled dural afferents that were examined,
101 expressed label for neuronal NOS. When examined by
co-labelling with CGRP, under basal conditions, eight neuronal
NOS profiles were observed with CGRP co-labelling and five
expressed label for neuronal NOS in the absence of label for
CGRP (of 232 labelled profiles). The same analysis on Day 6
after sumatriptan exposure showed 44 expressed label for neur-
onal NOS in the presence of label for CGRP and 61 expressed
label for neuronal NOS in the absence of CGRP (of 312 labelled
profiles). On Day 21 after sumatriptan exposure, 37 profiles
expressed CGRP and neuronal NOS whereas 32 profiles expressed
neuronal NOS in the absence of CGRP of a total of 272 retro-
gradely labelled profiles (Fig. 2E and F). The proportion of trigem-
inal profiles expressing both CGRP and neuronal NOS was

increased to 4224+51.8 and 234426.1%, relative to the

saline-infused rats, on Days 6 and 21 after initiation of sumatrip-
tan infusion (Fig. 2E and F). Thus, on a proportional basis,
CGRP-positive profiles show the greatest increase in numbers of
profiles also expressing neuronal NOS.

NXN-323, a highly selective neuronal
NOS inhibitor, reverses and prevents
sumatriptan-induced allodynia

On the sixth day of sumatriptan infusion, when tactile allodynia of
the periorbital region and of the hind paw was well established,
rats received a bolus injection of NXN-323 (0.7 mg/kg, i.p.).
Withdrawal thresholds to tactile stimuli applied to the periorbital
area and the hind paw were significantly (P<0.05) elevated to
pre-sumatriptan baseline values within 0.5h of administration of
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Figure 2 Sustained infusion of sumatriptan lead to an increased expression of neuronal NOS (nNOS) in normally ‘peptide-poor’
unmyelinated fibres and in myelinated fibres. Dural afferents were identified by administration of Fluorogold to the dura 4 days prior to
collecting trigeminal tissue for immunofluorescent imaging. Trigeminal ganglion sections were obtained from rats 6 and 21 days after
initiation of sumatriptan infusion (0.6 mg/kg/day, s.c.) and labelled for neuronal NOS. The sections were also labelled for reactivity to
IB4 (A, B) or NF200 (C, D). The proportion of retrogradely-labelled profiles also showing label for neuronal NOS and for either 1B4

or NF200 were determined relative to that shown by sections obtained from saline-treated rats. Sumatriptan infusion resulted in significant
(P<0.05) increase in retrogradely-labelled trigeminal profiles expressing label for neuronal NOS and either 1B4 (B) or NF200 (D)

6 and 21 days after initiation of infusion. In dural afferents of the trigeminal ganglia, exposure to sumatriptan increased the co-expression
of neuronal NOS with CGRP in retrogradely-labelled trigeminal profiles. After retrolabelling the dural afferent of the trigeminal ganglia,
sections were prepared for fluorescent staining to visualize CGRP and neuronal NOS at Day 6 and 21 after sumatriptan exposure (E).
The numbers of profiles expressing neuronal NOS and CGRP were counted (F). Sumatriptan exposure induced a marked significant
(P<0.05) increase in co-expression, relative to vehicle-infused animals, 6 and 21 days after sumatriptan pump implantation. Asterisk
indicates P<0.05 relative to vehicle.
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Figure 3 The effects of triptan exposure are mediated by neuronal NOS, and not inducible NOS or endothelial NOS. Rats infused with
sumatriptan for 6 days were challenged with a single bolus injection of NXN-323 (A, B), which significantly (P <0.05) elevated withdrawal
thresholds, indicating a reversal of triptan-induced allodynia. Asterisk indicates P <0.05 relative to vehicle. Additionally, co-infusion of
sumatriptan (0.6 mg/kg/day, s.c.) with selective inhibitors of neuronal NOS (NXN-323), inducible NOS (1400W) or endothelial NOS
[(I-iminoethyl) ornithine] resulted in significant (P<0.05) reduction in tactile allodynia of the periorbital area (C) or hindpaws (D) with
NXN-323. Neither 1400W nor (I-iminoethyl) ornithine prevented the development of tactile allodynia in rats infused with sumatriptan.

NXN-323 and remained elevated for 2h before returning to the
allodynic state after a further 60 min (Fig. 3A and B). NXN-323
had no effect on sensory thresholds in saline-treated rats.

In order to evaluate if inhibition of neuronal NOS activity
prevented development of cutaneous allodynia, rats received
infusions of sumatriptan (0.6mg/kg/day) and of NXN-323
(0.7 mg/kg/day) or vehicle delivered by separate subcutaneous
implanted mini-pumps. The sumatriptan-treated animals with
vehicle co-infusion demonstrated decreased periorbital and hind
paw withdrawal thresholds, indicative of cutaneous allodynia. In
contrast, co-infusion of NXN-323 along with sumatriptan pre-
vented the development of these behavioural signs of allodynia
in either the periorbital region or the hind paw. The withdrawal
thresholds over the entire observation period of the NXN-323/
sumatriptan treated rats were significantly greater (P<0.05) than
those receiving vehicle/sumatriptan. The mean periorbital response
threshold of sumatriptan-infused animals receiving vehicle on
Day 6 was significantly reduced (P<0.05) to 6.5 +0.42 g whereas
that of rats receiving NXN-323 along with sumatriptan was
7.37+0.28g, relative to the baseline value of 8g. The mean

hind paw response threshold of the sumatriptan-treated rats
also receiving vehicle infusion was 9.71 +£0.41 g whereas that of
the rats receiving NXN-323 infusion along with sumatriptan was
15+0g. The infusion of NXN-323 did not elicit any changes in
periorbital or hind paw withdrawal thresholds in the saline-infused
animals (Fig. 3C and D).

In order to evaluate the possible role of other NOS isoforms in
sumatriptan-induced allodynia separate groups of rats were
treated with sumatriptan and inducible NOS or sumatriptan and
endothelial NOS inhibitors. The co-infusion of the inducible
NOS inhibitor 1400W (1 and 5mg/kg/day) (Hesslinger et al.,
2009) or of the endothelial NOS inhibitor (l-iminoethyl) ornithine
(10mg/kg/day) (Rees et al., 1990) did not produce any signifi-
cant change in periorbital or hind paw withdrawal thresholds
induced by sumatriptan infusion (Fig. 3C and D). There were no
significant differences in periorbital or hind paw sensory thresholds
of rats receiving sumatriptan with either 1400W or (l-iminoethyl)
ornithine when compared to the vehicle-treated groups.
Furthermore, (I-iminoethyl) ornithine or 1400W did not alter sen-
sory thresholds when given alone.
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NXN-323, a selective neuronal

NOS inhibitor, reverses and prevents
stress-induced allodynia in
sumatriptan pre-exposed rats

Our previous work showed that following triptan treatment,
animals demonstrate enhanced behavioural responses to stimuli
proposed as migraine triggers. For example, the administration
of the nitric oxide donor sodium nitroprusside to rats pretreated
with sumatriptan evoked behavioural signs of periorbital and hind
paw allodynia (De Felice et al, 2010). Similarly, exposure to
environmental stress in the form of bright light for 1h, 14 days
after termination of sumatriptan exposure also produced behav-
joural signs of cutaneous allodynia (Fig. 4A and B). After light
exposure, the response thresholds of the sumatriptan-treated
rats to periorbital tactile stimuli were significantly reduced
(P<0.05) from the baseline value of 8g to 6.67+0.58g and
paw withdrawal thresholds were reduced from the mean baseline
value of 15g to 9.86+1.07 g (Fig. 4A and B). The rats received
a second exposure to bright light stress the following day (i.e. 15
days after termination of sumatriptan infusion), which again
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provoked behavioural signs of cutaneous allodynia (Fig. 4C
and D). The mean periorbital withdrawal threshold was signifi-
cantly reduced (P<0.05) to 4.22+0.80g and the mean paw
withdrawal threshold was significantly reduced (P<0.05) to
6.59+1.56g by the second exposure to the stressor (Fig. 4C
and D). Exposing saline-treated control animals to bright light
did not alter mean withdrawal threshold of either the periorbital
area or the hind paws on any of the days tested.

A single bolus injection of NXN-323 (0.7 mg/kg, i.p.) given
30min after the exposure to bright light blocked stress-induced
cutaneous allodynia of both the periorbital region and the hind
paws. Compared to the vehicle-challenged group, the response
thresholds to periorbital stimuli and to hind paw stimuli were
significantly (P<0.05) elevated by the injection of NXN-323
(Fig. 5A-D). The periorbital withdrawal thresholds 1 h after envir-
onmental stress were 8 +0 g with both the first and second stress
challenge (Fig. 5A and C). Likewise, the response thresholds to
hind paw stimulation were 15 +0 g with both the first and second
challenge with bright light (Fig. 5B and D).

Co-infusion of sumatriptan and neuronal NOS inhibitor together
not only resulted in prevention of sumatriptan-induced allodynia,
but additionally prevented stress-induced allodynia in animals with
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Figure 4 Sumatriptan-induced latent sensitization. Twenty days after pump implant, sumatriptan-exposed rats showed sensitivity to

environmental stress. On Day 20, rats were exposed to bright light for 1 h, which caused a significant (P <0.05) reduction in periorbital
(A) or hind paw (B) thresholds in sumatriptan-exposed rats. More over on Day 21 a second exposure to bright light produced an even
more robust facial (C) and hind paw (D) allodynia in sumatriptan pre-exposed animals. Two-factor ANOVA indicated significant (P <0.05)
differences in periorbital and hindpaw withdrawal thresholds between the vehicle-treated and sumatriptan-treated groups on both days.
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Figure 5 Stress-induced allodynia is blocked by selective neuronal NOS inhibitor. (A-D) Rats received sumatriptan infusion and were
challenged on Days 20 and 21 with a single injection of NXN-323 prior to exposure to the bright light environmental stressor. NXN-323
blocked the expression of periorbital (A: Day 20, C: Day 21) and hind paw (B: Day 20, D: Day 21) tactile allodynia in sumatriptan-exposed
rats. Two-factor ANOVA indicated significant (P50.05) differences in periorbital and hind paw withdrawal thresholds between the groups
receiving vehicle and that receiving NXN-323 on both days. (E-H) On Days 20 and 21 after pump implantation, rats were exposed to
bright light for 1 h, which caused a significant reduction in periorbital or hind paw thresholds in sumatriptan-exposed rats. However,
co-infusion of sumatriptan and NXN-323 prevented the expression of periorbital (E: Day 20, G: Day 21) or hind paw (F: Day 20, H:

Day 21) allodynia.
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latent sensitization. Animals that received co-infusion of both
sumatriptan (0.6 mg/kg/day) and NXN-323 (0.7 mg/kg/day) did
not develop periorbital or hind paw allodynia after exposure to
stress on Days 20 and 21. Response thresholds to periorbital
and hind paws tactile stimuli were not reduced from the baseline
value of 8 g or 15g (Fig. 5E-H).

In contrast, co-infusion of the neuronal NOS inhibitor did not
block nitric oxide donor-induced allodynia in sumatriptan-exposed
animals. Rats were implanted with two mini-pumps delivering
saline or sumatriptan and NXN-323 for 6 days. On Day 20 animals
were challenged with the nitric oxide donor sodium nitroprusside
(3mg/kg, i.p.). Response thresholds to tactile stimuli applied to
the hind paws of rats co-infused with saline and NXN-323 and
then challenged with either saline or sodium nitroprusside were
unchanged (Fig. 6). Rats that were infused with sumatriptan
over 6 days showed normalized response thresholds at Day 20
and a significant (P<0.05) reduction in mean paw withdrawal
threshold to 6.9+1.28g 2h after challenge with the nitric oxide
donor sodium nitropruside (3 mg/kg, i.p.) (Fig. 6). Likewise, rats
that were co-infused with NXN-323 along with sumatriptan for 6
days demonstrated normalized withdrawal responses at Day 20,
but a significant (P<0.05) reduction in mean paw withdrawal
threshold 8.9+ 1.89 g 2 h after challenge with sodium nitropruside
(Fig. 6). These results indicate that unlike stress, challenge with a
treatment that bypasses the neuronal NOS enzyme induces allo-
dynia in triptan pre-exposed rats regardless of prior co-infusion
with the neuronal NOS inhibitor.

Co-infusion of NXN-323 with sumatriptan did not prevent
sumatriptan-induced CGRP up-regulation in dural afferents.
Exposure to sumatriptan produced an increase in retrogradely-
labelled trigeminal dural afferent profiles expressing CGRP
298 +5% and 246 +7% of baseline values on Days 6 and 20,
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Figure 6 Sumatriptan-induced latent sensitization. Rats were
pre-exposed to sumatriptan infusion and co-infusion of vehicle
or NXN-323 for 6 days. The rats were challenged with sodium
nitroprusside, which produced significant (P <0.05) reductions
in paw withdrawal thresholds in both vehicle-exposed and
NXN-323-treated rats that also received sumatriptan infusion.
Two-factor ANOVA indicated no significant (P>0.05) differ-
ences withdrawal thresholds between the sumatriptan-infused
groups receiving vehicle and that receiving NXN-323.
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respectively (data not shown). These values were similar to those
obtained from animals exposed to sumatriptan and receiving a
co-infusion of NXN323, which were 280+20% and 243+6%
of baseline on Days 6 and 20, respectively.

Discussion

The present investigation explored the basis for increased sensitiv-
ity of rats with triptan-induced latent sensitization to hypothesized
triggers of migraine as a possible basis for development of medi-
cation overuse headache, and possibly to gain insight into mech-
anisms relevant to migraine pathophysiology (De Felice et al.,
2010). Exposure to sumatriptan markedly increased the numbers
of trigeminal neuronal profiles expressing neuronal NOS that was
particularly evident in retrogradely-labelled dural afferents, and
especially pronounced among those also co-expressing CGRP.
The up-regulation of neuronal NOS in trigeminal dural afferents
endured beyond the period of triptan-treatment, suggesting that
these persistent neuroplastic changes might promote increased
neural excitability. This concept was supported by the reversal
and prevention of hypersensitivity to stress by inhibition of neur-
onal NOS, but not of endothelial or inducible NOS. This observa-
tion is consistent with the nitric oxide hypothesis of migraine
headache proposed by Olesen et al. (1993) that suggests a causa-
tive role for nitric oxide in initiating and maintaining migraine
headache.

There is mounting evidence that sensitivity to nitric oxide could
trigger headache in migraineurs, perhaps as a consequence of
elevated nitric oxide levels or of neuronal NOS activity (Pardutz
et al., 2000; Olesen, 2008). Clinical studies have clearly shown
that administration of nitroglycerin and other nitric oxide donors
can precipitate a full-blown migraine attack in migraineurs, and
that non-selective NOS inhibitors can abolish migraine (Olesen,
2008). The infusion of nitroglycerin produces a remarkably repro-
ducible syndrome, beginning with an immediate headache of short
duration in all subjects, followed by a migraine headache only in
migraineurs after a delay of several hours (Olesen et al., 1993;
Christiansen et al., 1999; Afridi et al., 2004; Offenhauser et al.,
2005; Olesen, 2008). The migraine thus elicited is indistinguishable
from spontaneous migraine episodes by the patients (Thomsen
et al., 1994), and nitric oxide-induced migraine is an accepted
clinical model of migraine (lversen et al., 1989; Olesen et al.,
1993; Thomsen et al., 1994). Furthermore, patients that develop
medication overuse headache also show evidence of increased
nitric oxide and nitric oxide-dependent cyclic guanosine monopho-
sphate production (Sarchielli et al., 1999). Clinical trials strongly
suggested that inhibition of nitric oxide synthase abolished
migraine headache and also attenuated photophobia and phono-
phobia when compared to a placebo-treated group from a similar,
but separate study (Lassen et al., 1998).

Previous studies have shown that in the basal state, expression
of neuronal NOS in the trigeminal ganglion is very low. In one
study examining neurons retrogradely labelled from the middle
cerebral artery of the rat, there was virtually no expression of
NOS in the rat trigeminal ganglion (Edvinsson et al., 2001), a
finding that is consistent with our observations of low levels of



Trigeminal nNOS and triptan-induced sensitization

neuronal NOS expression in this region. Here, we showed that
sumatriptan exposure produced a substantial up-regulation of
trigeminal neuronal profiles that express reactivity for neuronal
NOS. Remarkably, the change in expression of neuronal NOS
within the whole trigeminal population was magnified by changes
observed in identified dural afferents. These observations suggest
that primary afferents innervating the dura may respond different-
ly than trigeminal afferents overall to triptan exposure, and
this difference may have implications regarding the manifestation
of medication overuse headache and of migraine headache,
since the headaches that occur in migraine patients who overuse
triptans are indistinguishable from their spontaneous attacks
(Limmroth et al., 2002). The up-regulation of neuronal NOS posi-
tive profiles was observed in multiple classes of dural afferents.
Increased neuronal NOS labelling was prominent in profiles
labelled with IB4, generally described as primary afferents that
do not normally substantially express peptidic excitatory transmit-
ters. Furthermore, myelinated trigeminal afferents labelled with
NF200 also demonstrated a strong increase in neuronal NOS label-
ling following triptan treatment. Previous work from our labora-
tory has shown that triptans increase CGRP labelling in dural
afferents and that both 1B4 and NF200 positive cells show
increased co-labelling for CGRP. Perhaps most importantly, the
triptan-induced increase in neuronal NOS was highly co-localized
with fibres expressing CGRP, suggesting a potential functional
link between CGRP and neuronal NOS activity in labelled dural
afferents.

It should be noted that triptan-induced neuroplastic changes
were present not only at the time of termination of triptan treat-
ment (i.e. Day 6) but additionally, persisted for at least 2 weeks
following termination of triptan administration, and at a time
when hypersensitivity to purported migraine triggers was
observed. For this reason, although small in numbers relative to
the overall proportion of cells innervating the dura, such changes
could be of physiological significance. This conclusion is supported
by the efficacy of a highly selective neuronal NOS inhibitor,
NXN-323. In our studies, we showed that blockade of neuronal
NOS activity with an acute administration of NXN-323 reversed
cutaneous allodynia induced by 6-day infusion with sumatriptan.
Additionally, co-administration of NXN-323 with sumatriptan pre-
vented the development of cutaneous allodynia. Co-administration
of the neuronal NOS inhibitor NXN-323 also prevented the cuta-
neous allodynia elicited by environmental stress in the latent stage
following termination of sumatriptan administration, i.e. at Day 20
or 21. However, co-administration of NXN-323 with sumatriptan
did not prevent rats from demonstrating cutaneous allodynia
following a nitric oxide-donor challenge. This result would be
expected as NXN-323 inhibits enzyme activity and the nitric
oxide donor would bypass the enzyme to result in nitric oxide
production. The co-infusion of rats with sumatriptan and
NXN-323 additionally did not alter the number of neuronal NOS
or CGRP expressing profiles in dural afferents.

These observations suggest that sumatriptan treatment may
elicit long-lasting changes that result in enhanced functional activ-
ity of neuronal NOS to promote nitric oxide-dependent behaviour-
al hypersensitivity. Such hypersensitivity is likely to be related to
CGRP release although this is not yet established. However,
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numerous reports support this idea. Studies performed in cultured
trigeminal neurons revealed that nitric oxide promotes the release
of CGRP from neurons (Bellamy et al., 2006) and these effects are
blocked by sumatriptan (Bellamy et al., 2006), which is consistent
with the known co-expression of 5-HT1B/D receptors with NOS
and CGRP (Hou et al., 2001). Animal studies revealed that nitric
oxide promotes the release of CGRP from capsaicin-sensitive pri-
mary afferent fibres (Brain et al., 1993; Hughes and Brain, 1994;
Edvinsson et al., 2001). Inhibitors of NOS have blocked meningeal
vasodilation elicitied by CGRP or electrical stimulation in rats
(Akerman et al, 2002). Systemic administration of the nitric
oxide donor nitroglycerin facilitated nociofensive face-grooming
behaviour caused by systemic CGRP in rats (Yao and Sessle,
2008). Elevated NOS levels may promote nocioception since
nitric oxide promotes central sensitization of second-order neurons
(Meller and Gebhart, 1993; Vetter et al., 2001; Neeb and Reuter,
2007), and increased levels of CGRP released from primary affer-
ent fibres interact with the sensitized second-order neurons to
yield a markedly enhanced response. We recently demonstrated
that systemic administration of a nitric oxide donor to rats pre-
viously exposed to triptans, increased blood levels of CGRP
(De Felice et al., 2010). Additionally, behavioural hypersensitivity
to challenge with a nitric oxide donor was prevented by treatment
with CGRPg.37, a CGRP receptor antagonist and the hypersensi-
tivity to environmental stress was prevented by NXN-323.
Treatment with triptans produced increased labelling for CGRP
in dural afferents as well as for neuronal NOS and the most prom-
inent increase in neuronal NOS labelling in multiple classes of dural
afferents associated with the most prominent increase observed in
profiles co-labelled for CGRP. Thus, possible increases in endogen-
ous nitric oxide signalling may likely be sufficient to promote
central sensitization as well as the release of CGRP in response
to stimuli such as environmental stress. However, direct measure-
ment of enhanced CGRP release may be difficult to test directly
because of the relatively small numbers of neuronal profiles
co-expressing neuronal NOS and this peptide. These observations
are consistent with clinical literature linking CGRP and nitric oxide
activity in the pathophysiology of migraine and medication
overuse headache. Migraineurs show elevated blood levels of
both CGRP and of nitric oxide production (Sarchielli et al.,
2000). Donors of nitric oxide administered to human volunteers
with migraine provoked a migraine attack along with elevated
blood levels of CGRP, suggesting a possible causal relationship
(Juhasz et al., 2003). Finally, CGRP infused in human volunteers
increased forearm blood flow, and this effect was attenuated by
N-methylarginine (de Hoon et al., 2003). Additionally, the select-
ive inducible NOS inhibitor GW274150 was found to be ineffect-
ive against acute migraine headache pain in clinical studies (Van
der Schueren et al., 2009). Such findings are consistent with the
possibility that enhanced nitric oxide production, possibly as a
consequence of increased neuronal NOS expression, facilitated
the development of allodynia induced by CGRP release in
response to endogenous or exogenous triggers of headache.
Persistent expression of neuronal NOS in trigeminal dural affer-
ents may therefore provide a mechanism that could contribute
to latent sensitization state preclinically as well as to increased
responsiveness to migraine triggers and medication overuse
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headache. This interpretation is also consistent with observations
suggesting the presence of adaptive processes in response to other
analgesic medications. Stress-induced allodynia was used to
unmask latent sensitization after prolonged exposure to opioids
(Rivat et al., 2007) and numerous changes in expression of
neural mediators in dural afferents have been observed following
opiate administration (De Felice and Porreca, 2009). It should
be pointed out that an environmental stress was employed in
this study. Although environmental stress in the form of exposure
to bright light has reliably induced enhanced responsiveness
to sensory stimulation of cutaneous tissues in sensitized animals
(Rivat et al., 2007), the possibility exists that this stimulus
may differ mechanistically from the psychosocial stressors
commonly associated with precipitation of migraine clinically
(Barton-Donovan and Blanchard, 2005; White and Farrell, 2006;
Hashizume et al., 2008).

Recent studies have also demonstrated that administration of
paracetamol for 30 days led to an increase in cortical spreading
depression frequency and cortical spreading depression-evoked
Fos expression in the cerebral cortex (Supornsilpchai et al.,
2009) suggesting an increase in neuronal excitability.
Paracetamol treatment also facilitated trigeminal nocioception as
shown by increases in cortical spreading depression-evoked Fos
expression in trigeminal nucleus caudalis. These observations
were suggested to result from up-regulation of the 5-HT2A recep-
tor in the cortex (Supornsilpchai et al., 2009) raising the possibility
of central changes that may additionally contribute to hyperexcit-
ability following analgesic treatment. This possibility is supported
for opioid-induced hyperalgesia as animals treated with opiates
demonstrate a loss of diffuse noxious inhibitory control
(Okada-Ogawa et al., 2009). Whether such central changes
may occur with triptan treatment remains to be established. An
important difference, however, between triptan-induced latent
sensitization and other states of hyperexcitability seen with opiates
and with paracetamol is the degree of brain penetration associated
with these classes of molecules. Unlike these other analgesics,
triptans do not readily penetrate the central nervous system and
our studies show that cutaneous allodynia elicited in rats with
triptan-induced latent sensitization is reversed by intravenous
CGRPg_3; (De Felice et al., 2010) a large peptide that is unlikely
to achieve significant central nervous system penetration. These
observations suggest that the peripheral adaptations seen in
the present study are likely to be of greatest significance to
triptan-induced medication overuse headache and suggest the
possibility that peripheral mechanisms may be significant in
enhanced sensitivity to migraine triggers.

In summary, the present investigation shows that prolonged
exposure to sumatriptan produces persistent neural adaptations
and enhanced excitability that is neuronal NOS and CGRP
dependent. CGRP receptor antagonists have been demonstrated
clinically to be effective in abortive treatment of migraine though
it is not yet known if these medications would lead to enhanced
excitability as might be relevant for medication overuse headache.
Additionally, non-specific inhibition of NOS, but not inducible
NOS, has been demonstrated to be clinically effective in abortive
treatment of migraine headache. For these reasons, adaptive
changes following administration of analgesic agents may
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ultimately reflect increased pronocioceptive adaptations in dural
afferents including neuronal NOS and subsequent activity of
CGRP. Highly selective neuronal NOS inhibitors are currently in
clinical development and may offer opportunities for both abortive
and prophylactic treatment of migraine without the likelihood of
development of medication overuse headache.
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