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Abstract

The selective 5-HT receptor agonist sumatriptan is an effective therapeutic for migraine pain yet
the antimigraine mechanisms of action remain controversial. Pain-responsive fibres containing
calcitonin gene-related peptide (CGRP) densely innervating the cranial dura mater are widely
believed to be an essential anatomical substrate for the development of migraine pain. 5HT;
receptors in the dura colocalize with CGRP fibres in high density and thus provide a possible
peripheral site of action for sumatriptan. In the present study, we used high-resolution optical
imaging selectively within individual mouse dural CGRP nociceptive fibre terminations and found
that application of sumatriptan caused a rapid, reversible dose-dependent inhibition in the
amplitude of single action potential evoked Ca?* transients. Pre-application of the 5-HT;
antagonist GR127935 or the selective 5-HTp antagonist BRL 15572 prevented inhibition while
the selective 5-HT1g antagonist SB 224289 did not, suggesting this effect was mediated
selectively through the 5-HT1p receptor subtype. Sumatriptan inhibition of the action potential
evoked Ca?* signaling was mediated selectively through N-type Ca2* channels. Although the T-
type Ca2* channel accounted for a greater proportion of the Ca2* signal it did not mediate any of
the sumatriptan inhibition. Our findings support a peripheral site of action for sumatriptan in
inhibiting the activity of dural pain fibres selectively through a single Ca* channel subtype. This
finding adds to our understanding of the mechanisms that underlie the clinical effectiveness of
5HT receptor agonists such as sumatriptan and may provide insight for the development of novel
peripherally targeted therapeutics for mitigating the pain of migraine.
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1.INTRODUCTION

The serotonin 5-HT4 receptor agonist sumatriptan and the other so-called triptans are
selective and effective therapies for the acute treatment of migraine pain (Bigal et al., 2009;
Moskowitz and Cutrer, 1993; Sprenger and Goadsby, 2009; Tfelt-Hansen et al., 2000; Tfelt-
Hansen and Koehler, 2011). However, despite the success of the triptans in the clinical
setting, the anatomical locus of their antimigraine activity remains unresolved, and both
peripheral and central nervous system sites of action are likely (Ahn and Basbaum, 2005;
Akerman et al., 2011; Bartsch et al., 2004; Durham and Russo, 2002; Humphrey and Feniuk,
1991; Lambert, 2010; Levy et al., 2004; Mehrotra et al., 2008; Tfelt-Hansen, 2010). Beyond
providing insight into migraine neuropathology, understanding the anatomical locus of their
action may lead to the development of novel therapeutics to better manage the disorder, and
so continues to be an area of intense investigation.

The neuropeptide calcitonin gene-related peptide (CGRP) is hypothesized to play an
important role in migraine pathology (Durham, 2008; Ho et al., 2010). Serum levels of
CGRP are increased during migraine attack (Goadsby et al., 1990) (however, see (Tvedskov
et al., 2005); migraine patients infused with CGRP develop a delayed headache, fulfilling
the criteria of a migraine (Lassen et al., 2002); and infusion of CGRP receptor antagonists
have been shown to effectively treat migraine pain (Durham and Vause, 2010; Fischer,
2010; Hoffmann and Goadsby, 2011). Importantly, treatment of migraine headache pain
with sumatriptan has been shown to correlate with normalization of CGRP levels —an effect
that paralleled migraine resolution (Edvinsson and Ho, 2010; Goadsby and Edvinsson, 1993;
Sarchielli et al., 2006; Stepien et al., 2003).

CGREP fibres that originate from the trigeminal ganglion densely innervate the intracranial
meninges, in particular the cranial dura mater (Messlinger et al., 1993; Strassman et al.,
2004) and this innervation is hypothesized to be the essential anatomical substrate for the
development of migraine pain (Messlinger, 2009; Olesen et al., 2009; Pietrobon and
Striessnig, 2003). 5-HT receptors colocalize with CGRP immunoreactive fibres in high
density in the cranial dura and the antimigraine actions of sumatriptan may involve the
inhibition of CGRP release from these terminals (Hargreaves, 2007; Harriott and Gold,
2008; Ho et al., 2010; Longmore et al., 1997). Consistent with this proposal, both in animal
models and in humans, elevated CGRP levels after stimulation of the trigeminal ganglion
are normalized with sumatriptan treatment (Buzzi et al., 1991; Goadsby and Edvinsson,
1993; Limmroth et al., 2001) and in primary cultures from rat trigeminal ganglia, CGRP
secretion under conditions simulating migraine pathology is inhibited by sumatriptan
(Durham and Russo, 1999).

We have recently introduced a new experimental approach that, for the first time, allows
examination of the peripheral signaling processes selectively within individual CGRP
terminal pain fibres in the dura (Baillie et al., 2011). In the present study, we use high-
resolution optical imaging to directly test the hypothesis that 5-HT; receptor activation by
sumatriptan has a peripheral site of action by inhibiting action potential mediated Ca2*
signaling in terminals of CGRP pain fibres.

2. MATERIALS AND METHODS

2.1 Dissection

This work was approved by the University of Saskatchewan’s Animal Research Ethics

Board, and adhered to the Canadian Council on Animal Care guidelines for humane animal
use. 41 Transgenic mice 7g (CalcaEGFP) (GENSAT Project at Rockefeller University) (1
month-adult) were dissected as previously described (Baillie et al., 2011). Briefly, the head
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from an anaesthetized animal was removed from the body at the atlanto—occipital joint. The
skin was cut along the skull sagittally and gently moved laterally on both sides. Dissection
scissors were then inserted into the foramen magnum and the skull with brain was cut
laterally below the occipital and parietal bones on both sides. The two lateral cuts were
joined sagitally at the ventral section of the frontal bone. The remaining skull and brain was
placed in a bath of physiological solution and the brain carefully removed from the skull
leaving intact dura mater and arachnoid mater layers attached to the skull. The interparietal
bone was removed by cutting along the lambdoidal suture and the frontal bone removed by
cutting along the coronal suture. Two separate and complete parietal bone-dural layer
preparations were obtained with a remaining cut along the sagittal suture. Individual dural-
skull preparations were placed dural layer up in a microscope chamber and continuously
perfused with physiological saline consisting of (in mM): 125 NaCl, 2.5 KCI, 25 NaHCOs3,
10 Glucose, 2 MgCls,, 1.25 NaH,PO4, and 2 CaCl,.

2.2 Calcium indicator application

All functional imaging experiments were performed on unmyelinated nociceptive fibres
(Baillie et al., 2011). Afferent nociceptive fibres were selectively loaded with the membrane
permeant high affinity Ca2* indicator Rhod-2 AM (Biotium) by applying a small piece of
indicator solution soaked Surgifoam® to the rostral area of the preparation for 10 - 20 s. The
220 uM indicator solution was made up fresh each day in physiological solution containing
5% Pluronic F-127/DMSO.

2.3 Immunocytochemistry

Dural skull preparations were dissected as above and placed in 10% formalin for 15 minutes.
Preparations were then rinsed in 0.01M phosphate buffered saline (PBS) 3 times for 10
minutes each before being placed in a blocking solution consisting of 10% goat serum, 1%
bovine serum albumin (BSA) and 0.01M PBS containing 0.3% triton for 60 minutes. A
custom primary antibody for the 5-HT1p receptor (Potrebic et al., 2003) was diluted to
1:60000 with 5% goat serum, 1% BSA, and 0.01M PBS containing 0.3% triton and
preparations incubated at room temperature for 48 hours. Preparations were then rinsed in
0.01M PBS containing 1% goat serum 3 times for 10 minutes each. The secondary antibody,
Alexa Fluor 594 goat anti-rabbit 1gG (/nvitrogen) was diluted to 1:500 with 0.01M PBS
containing 1% goat serum and the preparations incubated at room temperature for 1 h. The
preparations were then rinsed 3 times for 10 minutes each before imaging.

2.4 Widefield epifluorescence microscopy

We used the X-Cite 120PC system (EXFO Electro-Optical Engineering Inc.) light source
(12% intensity) directly coupled to an Olympus BX51WIF upright research microscope by a
3 m liquid light guide. The light intensity was attenuated with two neutral density filters in
series (Olympus N.D.25 and N.D.6) and shutter controlled with a ProScan Il Controller
(Prior Scientific). The illumination and fluorescence light was filtered using a TRITC filter
set, a FITC filter set, or a Texas Red filter set. Epifluorescence was detected with two high
sensitivity cooled CCD cameras. The 16-bit, 512 x 512 ImagEM EM CCD Camera
(C9100-13, Hamamatsu) cooled to —65 °C and the 16-bit, 1344 x 1024 ORCA-R2 CCD
camera (C10600-10B, Hamamatsu) cooled to —35 °C.

2.5 Analysis of calcium signals

Images were acquired at 20 frames/s using 2 x 2 binning and a minimum number of total
images taken to reduce photodynamic damage. Increasing fluorescence baseline, steadily
diminishing transients, and/or changes in fibre morphology were considered indicative of
photodynamic damage, and fibres showing these changes were discarded. Fluorescence

Neuropharmacology. Author manuscript; available in PMC 2013 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Baillie et al.

Page 4

signals were converted to relative fluorescence changes over time and expressed in
percentages, defined as AF/F = ((F1 — B1) = (Fg — Bg))/(Fp — Bg), where F1 and Fq are
fluorescence in the terminal fibre at any given time point and at the beginning of the
experiment, respectively, and B, and By are the background fluorescence at any given time
point and at the beginning of the experiment, respectively. Background values were taken
from an adjacent area located at least 10 um from imaged areas. To quantify the magnitude
of fluorescence change, the peak amplitude of the transient was measured. During drug
application, responses were considered stable if < 5% variability was observed over ~ 10
min control period and baseline fluorescence did not change. The average magnitude of the
Ca?* transients before drug application was set as 100%, and the average of four Ca*
transients in stable drug and wash conditions normalized to predrug conditions was taken as
the magnitude of drug effect and drug recovery, respectively. Results are shown as means +
s.e.m. Statistical analysis was done using an independent group ¢- test (two-tailed);
significance was achieved when P < 0.01.

2.6 Electrical stimulation

A Master 8 - CP, software controlled 8-channel pulse stimulator and ISO-Flex stimulus
isolator unit (A.M.P.1.) were used to deliver electrical stimulations via 1 pum bipolar
tungsten electrodes (W/P/). Stimulation intensity was kept just above threshold to elicit
action potentials (140 — 180 pA for a duration of 100 ps) and was not adjusted throughout
the course of an experiment.

2.7 Drugs
Sumatriptan (500 nM - 40 wM) (Sigma), GR 127935 (300 nM) ( Tocris), BRL 15572 (10
nM) (7ocris), SB 224289 (10 nM) ( Tocris), Nifedipine (10 wM) (Sigma), w-Conotoxin
GVIA (1 uM) (Alomone labs), w-Agatoxin IVA (200 nM) (Alomone labs), and NNC
55-0396 Dihydrochloride (20 M) ( 7ocris) were all bath applied.

3. RESULTS

3.1 Sumatriptan inhibition of action potential evoked Ca2* transient amplitude

To study Ca2* signaling in the terminals of CGRP containing nociceptive fibres we
selectively identified individual fibres using a fluorescent transgenic CGRP-EGFP mouse
(Baillie et al., 2011). Single action potential mediated Ca?* transients were evoked by
electrical stimulation (single pulse, 140 — 180 pA; 100 ws) at distances greater than 500 pm
proximal to the distal fibre terminations (Fig. 1A). We find that bath application of
sumatriptan caused a dose-dependent inhibition in the amplitude of the evoked Ca2*
transient (500 nM - 40LM; n=5 for each concentration) (Fig. 1B). The lowest concentration
of sumatriptan to achieve maximal inhibition (20 xM) was used in all subsequent
experiments. We used a custom primary antibody for the 5-HTp receptor (Potrebic et al.,
2003) because the serotonin 5-HTqp receptor subtype has been shown to be selectively
expressed in primary afferent neurons and not in peripheral tissues (as the 5-HTg receptor)
(Longmore et al., 1997), and we found punctate 5SHTp immunoreactive co-localized
labeling in the CGRP terminating nociceptive fibres (Fig. 1C). We performed Ca?* transient
amplitude timecourse experiments and found that bath application of sumatriptan caused a
rapid reversible inhibition in the amplitude of the Ca2* transient (40.8 + 1.4%; n=7) (Fig. 1D
+E). Below the time course traces are examples of action potential evoked Ca2* transients
before, during and after washout of sumatriptan. Sumatriptan mediated inhibition in the
amplitude of the Ca2* transient was prevented by pre-application of the 5-HT; antagonist
GR127935 (300 nM) or the selective 5-HT;p antagonist BRL 15572 (10 nM); Ca?*
transients remained at 102.7 + 3.3%; n=5 and 99.7 + 1.4%; n=5 of control conditions
respectively (Fig. 1D+E). Pre-application of the selective 5-HTg antagonist SB 224289 (10
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nM) did not block the sumatriptan mediated inhibition in the amplitude of the Ca%*
transient; Ca2* transients decreased to 63.7 + 1.0%; n=>5 of control conditions (Fig. 1D+E).
It should be noted that sumatriptan does not affect the baseline (un-evoked) Ca2* signal in
terminal CGRP fibres (98.9 + 0.5% of control; n=6) in contrast to studies performed in
primary cultures of trigeminal neurons, where a large sustained Ca2* influx was noted
(Durham and Russo, 1999, 2003).

3.2 Sumatriptan inhibition of N-type Ca2* channel mediated signaling

We have previously shown that action potential evoked Ca2* signaling in the terminals of
CGRP containing nociceptive fibres was dependent on extracellular Ca2* suggesting influx
through Ca2*channels (Baillie et al., 2011). To examine the inhibitory Ca2* signaling action
of 5HT; receptor activation by sumatriptan we first performed a series of selective Ca*
channel block experiments to determine which Ca2* channels mediate the action potential
evoked Ca2* signaling. We found that block of P/Q-type Ca2* channels by w-agatoxin IVA
(200 nM) and block of L-type Ca2* channels by nifedipine (10 M) had no effect on action
potential evoked Ca?* transients (101.1 + 1.5%; n=7 and 100.5 * 1.4%; n=7 respectively;
Fig 2A, B+E). The low voltage activated T-type Ca2* channel is known to exist in high
density in nociceptors and is likely involved in central and peripheral nociceptive processing
(Todorovic and Jevtovic-Todorovic, 2006, 2011). We find that application of the selective
T-type Ca2* channel antagonist NNC 55-0396 (20 LM) caused a large irreversible decrease
in the amplitude of the Ca2* transient (48.8 + 1.2%; n=6, Fig. 2C+E). Application of
sumatriptan in the presence of the T-type CaZ* channel antagonist caused a further decrease
in amplitude (40.1 £ 0.9%; n=6, Fig. 2C+E), similar to the reduction with sumatriptan in
control conditions (40.8 + 1.4; n=7; Fig. 1D+E), suggesting that the T-type Ca2* channel
does not mediate sumatriptan inhibition (Fig. 2C+E). A large body of work suggests that the
N-type CaZ* channel controls neurotransmitter release from peripheral sensory neurons
(Altier et al., 2007; Snutch, 2005). We found that brief application of the selective N-type
Ca?* channel antagonist w-conotoxin GVIA (1 M) caused a large irreversible reduction in
Ca?* transient amplitude (40.7 = 1.0%; n=6; Fig 2D+E). Application of sumatriptan in the
presence of the N-type Ca2* channel antagonist did not cause a further decrease in the
amplitude of the Ca2* transient. This suggests that N-type Ca2* channels mediate
sumatriptan inhibition of Ca2* signaling in the terminals of CGRP containing nociceptive
fibres.

4. DISCUSSION

In the present study we performed high-resolution functional imaging selectively within
individual dural CGRP nociceptive fibre terminations and found that sumatriptan has a
peripheral site of action mediated through N-type Ca2* channels to inhibit action potential
evoked Ca2* signaling. CGRP is hypothesized to play an important role in migraine
pathology (Ho et al., 2010). Our finding here that sumatriptan causes selective inhibition of
N-type Ca%* channel mediated Ca%* signaling in dural CGRP fibres is consistent with this
hypothesis. Though we do not have a measure of CGRP release from the terminals, we can
infer that given the significant contribution of the N-type Ca2* channel to the Ca%* signal
(~40%), selective inhibition through 5-HT; receptor activation should dramatically inhibit
neurotransmitter release, since release shows a highly non-linear dependence on Ca2* influx
through voltage dependent Ca2* channels (Bollmann and Sakmann, 2005; Dodge and
Rahamimoff, 1967; Katz and Miledi, 1965; Schneggenburger and Neher, 2005). As well, N-
type Ca2* channels are heavily clustered at synaptic sites associated with exocytotic proteins
and a large body of work suggests that this channel controls functional coupling between
action potentials and evoked neurotransmitter release from nociceptive terminals (Altier et
al., 2007; Altier and Zamponi, 2004; Snutch, 2005; Zamponi et al., 2009). It is also well
established that N-type Ca?* channels are strongly regulated by G protein coupled receptors
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that allow precise control of neurotransmitter release through inhibition of the N-type
channel (Currie, 2010; Weiss, 2009).

To the best of our knowledge, this is the first study to show that the activation of 5-HT;
receptors in trigeminal neurons causes inhibition of Ca2* signaling selectively through a
single CaZ* channel subtype; the N-type. The N-type CaZ* channel subtype in particular
over other subtypes has been shown to be an attractive target for therapeutic intervention
concerning chronic and neuropathic pain conditions (Snutch, 2005; Zamponi et al., 2009).
Indeed, the highly selective N-type Ca2* channel peptide antagonist ziconotide (Prialt®) is a
non-opioid analgesic that has recently been used clinically for the amelioration of severe and
chronic pain even in morphine-unresponsive situations and without the serious opioid-
related side effects such as respiratory depression, addiction, and tolerance (Snutch, 2005).
The results presented in the current study suggest that the development of novel N-type Ca2*
channel selective therapeutics may have implications for the treatment of migraine pain. A
major advantage for developing compounds that selectively target the dural N-type Ca%*
channel and regulate neurotransmitter release is that the medication would not have to cross
the blood brain barrier for therapeutic action, thus eliminating serious central nervous
system side effects.

We found in dural CGRP fibre terminations that the T-type Ca2* channel accounted for a
greater proportion of the Ca2* signal (~50%) than the N-type channel but did not mediate
any of the sumatriptan inhibition. Application of sumatriptan in the presence of the T-type
Ca?* channel antagonist caused a decrease in the amplitude of the Ca2* signal to the same
extent as the reduction seen with sumatriptan in control conditions (~40%). Although T-type
Ca?* channels are thought to play a central role in peripheral pain processing, where they are
believed to regulate subthreshold excitability in the peripheral nociceptive fibres, they are
not thought to control neurotransmitter release (Iftinca and Zamponi, 2009; Jevtovic-
Todorovic and Todorovic, 2006; Todorovic and Jevtovic-Todorovic, 2006, 2007, 2011).
Consistent with this, it was recently shown that T-type Ca2* channels did not contribute to
high potassium-induced CGRP release measured by an enzyme-linked immunoassay in an
ex vivorat dural-skull preparation similar to the mouse preparation used in our study
(Amrutkar et al., 2011). It is again interesting to speculate on the development of novel
antimigraine therapeutics. Compounds that selectively target the T-type Ca2* channel could
be specific enough to ameliorate the pathophysiological activation and/or sensitization
mechanisms of the dural nociceptive fibres that are thought to occur during migraine,
without modifying neurotransmitter release mechanisms that may have remained unimpaired
during the migraine event.

We found that block of P/Q- and L-type Ca2* channels had no effect on action potential
evoked Ca2* transients in dural CGRP nociceptive fibre terminations. If we assume that
Ca?" influx through P/Q- and L-type Ca2* channels controls the release of CGRP, then our
findings here contrast those of Amrutkar ef a/. (2011), who found that block of P/Q- and L-
type Ca2* channel subtypes each decreased 60mM potassium-induced CGRP release
(Amrutkar et al., 2011). The differences between the two studies may be due to the different
stimulation protocols and/or the different concentrations of the Ca2* channel antagonists
used (Sidach and Mintz, 2000).

5. CONCLUSION

The antimigraine activity of the 5-HT4 receptor agonist sumatriptan is well established yet
the anatomical locus and mechanisms of action remain unresolved. In the present study we
have shown that sumatriptan acts peripherally at individual dural CGRP nociceptive fibre
terminations to inhibit action potential evoked Ca?* signaling selectively through N-type
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Ca?* channels. This finding provides insight for the development of novel peripherally
targeted therapeutics for mitigating the pain of migraine.
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Figure 1. Sumatriptan causes a dose dependent decreasein action potential evoked Ca2*
transient amplitude

(A) A CGRP-EGFP terminating nociceptive fibre showing a typical region from which
fluorescent transients were acquired and quantified, along with a pseudocolour inset of
baseline Rhod-2 fluorescence (Fg), and a single action potential evoked signal (F1) with the
corresponding transient above displayed. (B) The sumatriptan dose-response curve shows
that the amplitude of the Ca2* transient is inhibited with increasing concentrations of
sumatriptan. (C) 5-HTqp receptors are co-localized with terminating CGRP nociceptors.
(Lefl) CGRP-EGFP terminating nociceptive fibre shows punctate immunoreactive labeling
with a 5-HT;p antibody (middle and merge). (D) Graph of Ca2* transient amplitude
timecourse experiments showing the effect of sumatriptan application in control conditions
(solid circles), in the presence of the selective 5-HT, receptor antagonist GR127935 (Aollow
circles), the selective 5-HTqp antagonist BRL 15572 (solid squares), and the selective 5-
HT1p antagonist SB 224289 (#ollow squares). Individual example transients during control,
sumatriptan, and wash conditions taken at the relative timepoints on the graph are shown
below. (E) Bar graph summary showing that the sumatriptan reduction in the amplitude of
the Ca?* transient was completely reversible with wash, blocked by GR 127935 and BRL
15572, but not by SB 224289. Scale bars = 20 pm.
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Figure 2. N-type Ca?" channels mediate Sumatriptan inhibition of Ca2* signaling

(A-D) Graphs of timecourse experiments showing the effects of Ca2* channel blockers on
the single action potential evoked Ca2* transient amplitudes. Individual example transients
taken at the relative timepoints on the graphs are shown below. (A + B) Neither the P/Q
Ca?*channel blocker Agatoxin-1VA (200 nm) nor the L-type Ca2* channel blocker
Nifedipine (10 wM) decreased the amplitude of the Ca%* transient. (C + D) The T-type Ca2*
channel blocker NNC 55-0936 (20 M) as well as the N-type Ca2* channel blocker
Conotoxin-GVIA (1M) significantly inhibited the Ca2* transient amplitude. C) The
amplitude of the T-type Ca2* channel mediated inhibition was further reduced by the
application of sumatriptan, while the amplitude of the N-type Ca2* channel mediated
inhibition remained unaffected with sumatriptan application (D). (E) Bar graph summaries
under the experimental conditions seen in (A — D) showing the inhibition of Ca2* transient
amplitudes ( F/F; % reduction) at the timepoints shown on the graphs (a; — dq). The
magnitude of the sumatriptan mediated inhibition alone was found to be equal to the
magnitude of the sumatriptan mediated inhibition in the presence of the T-type Ca?* channel
blocker (c,), while in the presence of the N-type Ca2* channel blocker, the sumatriptan
mediated inhibition was completely occluded (d5).
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