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Cholinergic Nociceptive Mechanisms in Rat Meninges and Trigeminal Ganglia: Potential
Implications for Migraine Pain
by Shelukhina I, Mikhailov N, Abushik P, Nurullin L, Nikolsky EE, Giniatullin R. Front Neurol (2017)
8:163. doi:10.3389/fneur.2017.00163
The paper by Irina Shelukhina et al. from Rashid Giniatullin’s group at the Virtanen Institute for
Molecular Sciences of the University of Eastern Finland in Kuopio is about cholinergic mechanisms, which are thought to be relevant for the generation of headaches. Using preclinical models
of meningeal nociception, the authors studied the effect of cholinergic agonists, acetylcholine (Ach)
and carbachol, both activating nicotinic (nAch-R) and muscarinic Ach receptors (mAch-R), and of
the nAch-R agonist, nicotine. The main preparation used was the hemisected rat skull with intact
adhering dura mater in vitro, which has originally been invented in a similar form to study neuropeptide release from dural afferent fibers (1) and has later been modified to record from meningeal
nerve fibers studying their activation and conduction properties (2, 3). In this preparation, using
attached electrolyte-filled glass pipettes, single afferent C- and A-delta fibers can be recorded from
a meningeal nerve, the spinosus nerve, which is located close to the mandibular division of the
trigeminal ganglion. In addition, in the present paper histological staining, immunohistochemistry
and calcium imaging were used to collect additional evidence for a role of parasympathetic neurons
in meningeal nociception.
All cholinergic agonists increased spontaneous action potential firing. The activity induced by
carbachol (250 µM) was reduced by the muscarinic antagonist atropine and the activity induced
by nicotine (100 µM) was prevented by the nicotinic blocker d-tubocurarine, indicating that both
nicotinic and muscarinic receptors are involved in the activation of meningeal afferents (Figure 1).
Since it had earlier been shown that nicotine can also activate TRPA1 receptor channels (4), the
TRPA1 antagonist HC-300033 was pre-applied but did not prevent the firing induced by nicotine,
which excluded TRPA1 activation as mechanism underlying the nicotine effect. In addition to
the electrophysiological recordings, degranulation of meningeal mast cells (MCs) was studied by
histological means as a possible source of mediators that can activate meningeal afferents (2, 5). MC
degranulation was induced by carbachol (50 µM) but not nicotine (100 µM) indicating a muscarinic
mechanism (Figure 1). Finally, in cultured trigeminal ganglion neurons, representing their sensory
terminals, nicotine as well as carbachol was demonstrated to induce intracellular Ca2+ transients at
considerable proportions (34 and 71%, respectively). Detection of immunoreactivity for the Ach
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to be implicated in the peripheral mechanisms of trigeminoautonomic cephalalgias (TACs) such as cluster headache (12).
Experimentally, plasma extravasation in the dura mater was
elicited by stimulation of the parasympathetic sphenopalatine
ganglion (13) but a contribution of parasympathetic mechanisms to vasodilatation caused by direct stimulation of the dura
mater in a closed cranial window could not be confirmed (14).
However, there is clear clinical evidence for a contribution of
parasympathetic mechanisms in some forms of TACs. Increased
plasma concentrations of vasoactive intestinal polypeptide, a
typical neuropeptide of parasympathetic nerve fibers, has been
found during attacks of cluster headache but only occasionally
in other primary headaches such as migraine (15, 16). On the
other hand, facial flushing, lacrimation, and rhinorrhea, typical
symptoms of parasympathetic activation, can well accompany
migraine attacks (17). Thus, it is currently not entirely clear, to
which extent the trigemino-parasympathetic reflex contributes
to headaches other than TACs. Cortical spreading depression,
which is considered to underlie the phenomena of migraine
aura, has been shown to activate trigeminal afferents (18)
inducing long-lasting blood flow elevation and plasma extravasation in the dura mater upon release of neuropeptides (19)
(Figure 1). The blood flow increase seemed to be enhanced by
the trigemino-parasympathetic pathway, which may also include
vasoactive intestinal polypeptide released together with Ach
from parasympathetic nerve fibers (11), though there is some
discrepancy to the study mentioned above (14). The contribution of parasympathetic mediators to the direct activation of
meningeal afferents is unclear so far but may be supported by
the investigation reviewed here (Figure 1).
An interesting detail of the study, which has not been stressed
in the paper, is the ability of CGRP to sensitize meningeal afferents to neostigmine, an inhibitor of the Ach esterase. Since CGRP
receptors are present rather in peripheral Schwann cells than in
sensory axons (20, 21), peripheral CGRP sensitizing mechanisms
are likely indirect and may operate via glia–neuron signaling
(Figure 1). This is an interesting topic, particularly with regard
to the effects of CGRP receptor antagonists (22, 23) and CGRPbinding antibodies (24), which are believed to act peripherally
outside the blood–brain barrier (25). Thus, it may be worth to
look at these mechanisms using new approaches like glia–neuron
cocultures, which have already been applied to study the interaction between nitric oxide and CGRP signaling (26, 27).

Figure 1 | Scheme of proposed parasympathetic and trigeminal signaling in
the dura mater mediated by acetylcholine (Ach) and calcitonin gene-related
peptide (CGRP). Signaling by solid arrows is derived from the reviewed paper,
broken arrows denote additionally discussed effects. Ach is likely to cause
degranulation of mast cells (MCs) via muscarinic (possibly M3) Ach receptors
(mAch-R) and activation of trigeminal fibers via mAch-R and nicotinic Ach
receptors (nAch-R) but not via TRPA1 receptors. Activation of
parasympathetic nerve fibers has previously been shown to cause plasma
extravasation from venous blood vessels (VV) and to increase meningeal
blood flow, most likely by dilating arterial vessels (AV). The latter may be
mediated by endothelial mAch-R (possibly M3) via nitric oxide signaling or by
vasoactive intestinal polypeptide binding to VPAC receptors on smooth
arterial muscle cells, which also express CGRP receptors. Besides its
prominent vasodilatory effect, CGRP may be considered to act on Schwann
cells, some of which express CGRP receptors.

degradating enzymes, acetylcholinesterase and butyrylcholinesterase, in some dural nerve fibers supported their parasympathetic
nature.
In earlier experiments using a rat skin in vitro preparation,
Reeh and coworkers found that half of the identified polymodal
C-fibers responded to carbachol, some also to muscarine or
nicotine (6), although in a later examination muscarine turned
out not to activate but rather desensitize the afferents, most likely
mediated by M2 receptors (7). This was confirmed by neuropeptide release studies in isolated rat skin, where nicotine increased
heat-evoked calcitonin gene-related peptide (CGRP) release
but muscarine lowered basal CGRP release (8). The differing
response compared to meningeal afferents may be due to different cholinergic receptor expression and to the lack of MCs in
the skin responding to muscarinic agonists. It may be interesting
to explore this difference regarding neurogenic inflammation in
skin versus dura mater and its possible involvement in migraine
mechanisms.
Cholinergic nerve fibers innervating the cranial dura mater
have early been recognized (9, 10) and later functionally linked
to the trigemino-parasympathetic reflex (11), which is believed

AUTHOR CONTRIBUTIONS
The author confirms being the sole contributor of this work and
approved it for publication.

REFERENCES

Cephalalgia Int J Headache (2007) 27(6):481–91. doi:10.1111/j.1468-2982.
2007.01321.x
3. De Col R, Messlinger K, Carr RW. Repetitive activity slows axonal conduction
velocity and concomitantly increases mechanical activation threshold in single
axons of the rat cranial dura. J Physiol (2012) 590(Pt 4):725–36. doi:10.1113/
jphysiol.2011.220624
4. Talavera K, Gees M, Karashima Y, Meseguer VM, Vanoirbeek JAJ, Damann N,
et al. Nicotine activates the chemosensory cation channel TRPA1. Nat Neurosci
(2009) 12(10):1293–9. doi:10.1038/nn.2379

1. Ebersberger A, Averbeck B, Messlinger K, Reeh PW. Release of substance P,
calcitonin gene-related peptide and prostaglandin E2 from rat dura mater
encephali following electrical and chemical stimulation in vitro. Neuroscience
(1999) 89(3):901–7. doi:10.1016/S0306-4522(98)00366-2
2. Schwenger N, Dux M, de Col R, Carr R, Messlinger K. Interaction of
calcitonin gene-related peptide, nitric oxide and histamine release in
neurogenic blood flow and afferent activation in the rat cranial dura mater.

Frontiers in Neurology | www.frontiersin.org

2

November 2017 | Volume 8 | Article 623

Messlinger

Cholinergic Meningeal Mechanisms

5. Levy D, Burstein R, Kainz V, Jakubowski M, Strassman AM. Mast cell degranulation activates a pain pathway underlying migraine headache. Pain (2007)
130(1–2):166–76. doi:10.1016/j.pain.2007.03.012
6. Steen KH, Reeh PW. Actions of cholinergic agonists and antagonists on sensory nerve endings in rat skin, in vitro. J Neurophysiol (1993) 70(1):397–405.
7. Bernardini N, Sauer SK, Haberberger R, Fischer MJ, Reeh PW. Excitatory nicotinic and desensitizing muscarinic (M2) effects on C-nociceptors in isolated
rat skin. J Neurosci (2001) 21(9):3295–302.
8. Bernardini N, Reeh PW, Sauer SK. Muscarinic M2 receptors inhibit heatinduced CGRP release from isolated rat skin. Neuroreport (2001) 12(11):
2457–60. doi:10.1097/00001756-200108080-00034
9. Amenta F, Sancesario G, Ferrante F, Cavallotti C. Acetylcholinesterasecontaining nerve fibers in the dura mater of guinea pig, mouse, and rat.
J Neural Transm (1980) 47(3):237–42. doi:10.1007/BF01250604
10. Edvinsson L, Uddman R. Adrenergic, cholinergic and peptidergic nerve fibres
in dura mater – involvement in headache? Cephalalgia Int J Headache (1981)
1(4):175–9. doi:10.1046/j.1468-2982.1981.0104175.x
11. Gottselig R, Messlinger K. Noxious chemical stimulation of rat facial mucosa
increases intracranial blood flow through a trigemino-parasympathetic reflex –
an experimental model for vascular dysfunctions in cluster headache. Cephalalgia
Int J Headache (2004) 24(3):206–14. doi:10.1111/j.1468-2982.2004.00649.x
12. May A. Update on the diagnosis and management of trigemino-autonomic
headaches. J Neurol (2006) 253(12):1525–32. doi:10.1007/s00415-006-0303-2
13. Delépine L, Aubineau P. Plasma protein extravasation induced in the rat dura
mater by stimulation of the parasympathetic sphenopalatine ganglion. Exp
Neurol (1997) 147(2):389–400. doi:10.1006/exnr.1997.6614
14. Kowacs F, Williamson DJ, Goadsby PJ. Neurogenic vasodilation of dural blood
vessels is not mediated by cholinergic transmission in the anaesthetised rat.
Eur J Pharmacol (2004) 493(1–3):133–7. doi:10.1016/j.ejphar.2004.04.013
15. Edvinsson L, Goadsby PJ. Extracerebral manifestations in migraine. A peptidergic involvement? J Intern Med (1990) 228(4):299–304.
16. Goadsby PJ, Edvinsson L. Human in vivo evidence for trigeminovascular
activation in cluster headache. Neuropeptide changes and effects of acute
attacks therapies. Brain J Neurol (1994) 117(Pt 3):427–34. doi:10.1093/
brain/117.3.427
17. Avnon Y, Nitzan M, Sprecher E, Rogowski Z, Yarnitsky D. Different patterns
of parasympathetic activation in uni- and bilateral migraineurs. Brain J Neurol
(2003) 126(Pt 7):1660–70. doi:10.1093/brain/awg158
18. Zhang X, Levy D, Noseda R, Kainz V, Jakubowski M, Burstein R. Activation
of meningeal nociceptors by cortical spreading depression: implications
for migraine with aura. J Neurosci (2010) 30(26):8807–14. doi:10.1523/
JNEUROSCI.0511-10.2010

Frontiers in Neurology | www.frontiersin.org

19. Bolay H, Reuter U, Dunn AK, Huang Z, Boas DA, Moskowitz MA. Intrinsic
brain activity triggers trigeminal meningeal afferents in a migraine model. Nat
Med (2002) 8(2):136–42. doi:10.1038/nm0202-136
20. Lennerz JK, Rühle V, Ceppa EP, Neuhuber WL, Bunnett NW, Grady EF, et al.
Calcitonin receptor-like receptor (CLR), receptor activity-modifying protein
1 (RAMP1), and calcitonin gene-related peptide (CGRP) immunoreactivity
in the rat trigeminovascular system: differences between peripheral and
central CGRP receptor distribution. J Comp Neurol (2008) 507(3):1277–99.
doi:10.1002/cne.21607
21. Eftekhari S, Warfvinge K, Blixt FW, Edvinsson L. Differentiation of nerve
fibers storing CGRP and CGRP receptors in the peripheral trigeminovascular
system. J Pain (2013) 14(11):1289–303. doi:10.1016/j.jpain.2013.03.010
22. Storer RJ, Akerman S, Goadsby PJ. Calcitonin gene-related peptide
(CGRP) modulates nociceptive trigeminovascular transmission in the cat.
Br J Pharmacol (2004) 142(7):1171–81. doi:10.1038/sj.bjp.0705807
23. Fischer MJM, Koulchitsky S, Messlinger K. The nonpeptide calcitonin
gene-related peptide receptor antagonist BIBN4096BS lowers the activity of
neurons with meningeal input in the rat spinal trigeminal nucleus. J Neurosci
(2005) 25(25):5877–83. doi:10.1523/JNEUROSCI.0869-05.2005
24. Melo-Carrillo A, Noseda R, Nir R, Schain AJ, Stratton J, Strassman AM,
et al. Selective inhibition of trigeminovascular neurons by fremanezumab:
a humanized monoclonal anti-CGRP antibody. J Neurosci (2017) 37(30):
7149–63. doi:10.1523/JNEUROSCI.0576-17.2017
25. Edvinsson L. CGRP blockers in migraine therapy: where do they act? Br
J Pharmacol (2008) 155(7):967–9. doi:10.1038/bjp.2008.346
26. Li J, Vause CV, Durham PL. Calcitonin gene-related peptide stimulation of
nitric oxide synthesis and release from trigeminal ganglion glial cells. Brain
Res (2008) 1196:22–32. doi:10.1016/j.brainres.2007.12.028
27. Vause CV, Durham PL. Calcitonin gene-related peptide differentially regulates
gene and protein expression in trigeminal glia cells: findings from array
analysis. Neurosci Lett (2010) 473(3):163–7. doi:10.1016/j.neulet.2010.01.074
Conflict of Interest Statement: The author declares that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2017 Messlinger. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

3

November 2017 | Volume 8 | Article 623

