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The trigeminovascular system (TGV) comprise of the trigeminal ganglion with neurons
and satellite glial cells, with sensory unmyelinated C-fibers and myelinated Aδ-fibers
picking up information from different parts of the head and sending signals to the
brainstem and the central nervous system. In this review we discuss aspects of
signaling at the distal parts of the sensory fibers, the extrasynaptic signaling between
C-fibers and Aδ-fibers, and the contact between the trigeminal fibers at the nerve
root entry zone where they transit into the CNS. We also address the possible role
of the neuropeptides calcitonin gene-related peptide (CGRP), the neurokinin family
and pituitary adenylyl cyclase-activating polypeptide 38 (PACAP-38), all found in the
TGV system together with their respective receptors. Elucidation of the expression and
localization of neuropeptides and their receptors in the TGV system may provide novel
ways to understand their roles in migraine pathophysiology and suggest novel ways for
treatment of migraine patients.

Keywords: trigeminal ganglion, nodes of Ranvier, Remak bundles, vascular neuroeffector site, nerve entry zone,
Redlich-Obersteiner zone

INTRODUCTION

There is strong evidence for a role of calcitonin gene-related peptide (CGRP) and the calcitonin
receptor-like receptor/receptor activity-modifying protein 1 (CLR/RAMP1, the CGRP receptor
elements) in migraine pathophysiology (Edvinsson et al., 2018). CGRP is expressed in small
to medium sized neurons in the trigeminal ganglion (TG) that project sensory, afferent non-
myelinated C-fibers to both intra- and extracranial structures and centrally to the trigeminal
nucleus caudalis (TNC; Edvinsson and Uddman, 2005; Eftekhari et al., 2010, 2013). The TG also
harbors larger neurons and satellite glial cells (SGCs) which express the CGRP receptor. These
neurons project thinly myelinated afferent sensory Aδ-fibers often in close relation to the C-fibers
to the same regions as the C-fibers (Eftekhari et al., 2010, 2013). Early work demonstrated that
CGRP is released from the trigeminovascular (TGV) system while more recent work has revealed
CGRP release in attacks of primary headaches from sites such as the TG with neuronal bodies
(soma), the trigeminal fibers (soma-free parts) and the dura mater and cranial vasculature which
represent the most distal parts of the sensory nerve fibers (Edvinsson et al., 2018). Since neither
CGRP nor CGRP receptor blocking drugs can pass the blood-brain barrier (BBB) freely, the likely
site of anti-migraine action of the novel gepants and monoclonal antibodies (mAbs) is within the
TGV system which lacks a BBB (Lundblad et al., 2015).
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The aim of this review is to discuss in some detail the
close relation between the C- and Aδ-fibers, occurring when the
boutons align with or come close to proximal nodes of Ranvier,
proposing the hypothesis that this might be a site of action of
headache medications. Current data point toward the intimate
location here between CGRP containing C-fiber boutons in
proximity to the nodes of Ranvier (Figure 1 and Supplementary
Video) where recent work has identified location of CGRP
receptors on the Aδ-fibers (Edvinsson et al., 2019). Substance P
(neurokinin family) (Edvinsson et al., 2021) and the pituitary
adenylyl cyclase-activating polypeptide - 38 (PACAP-38) and
their receptors in relation to the CGRP system (Edvinsson J. C. A.
et al., 2020), has also been investigated in light of the node of
Ranvier, and discussed below.

EXPRESSION AND RELEASE OF
CALCITONIN GENE-RELATED PEPTIDE,
SUBSTANCE P, AND PITUITARY
ADENYLYL CYCLASE-ACTIVATING
POLYPEPTIDE FROM THE
TRIGEMINOVASCULAR SYSTEM

Studies have examined the release of CGRP, substance P,
and PACAP from neuron rich regions the TG, neuron
soma poor regions of the TG and the dura mater with
its vasculature (Edvinsson J. C. A. et al., 2020; Edvinsson
et al., 2021). Along the unmyelinated C-fibers from the TG in
both central and peripheral direction the thin C-fibers often
appear as a pearl necklace with the “pearls” being the so-
called “boutons,” sometimes described also as a pattern “en-
passant” in the fibers with accumulations of neurotransmitters.
Immunohistochemistry revealed that the C-fibers and TG
neurons contain a rich supply of CGRP, while about 15% of
these contain substance P (Edvinsson et al., 2021) and PACAP
(Edvinsson J. C. A. et al., 2020); even fewer contain neurokinins A
and B. Our analysis revealed a minor content of substance P in the
CGRP containing C-fiber boutons while there was no observable
presence of PACAP. Detailed analysis of other peptides of the
CGRP family such as amylin and adrenomedullin revealed a
minor contribution, mainly localized in neuronal somas which
co-store CGRP (Edvinsson L. et al., 2020). PACAP-38 is expressed
in the TG of rat and man, and shown to co-localized with CGRP
specifically in the neurons in TG (Frederiksen et al., 2018). In
the walls of cerebral arteries there was a rich distribution of
CGRP, but some perivascular fibers also contain substance P and
PACAP-38 (Edvinsson and Uddman, 2005; Frederiksen et al.,
2019). The dura mater with the middle meningeal artery (MMA)
and its branches showed CGRP positive fibers but few containing
substance P and essentially none with PACAP-38 (Edvinsson
J. C. A. et al., 2020). In studies of the C-fiber distribution within
the trigeminal nerve, there were C-fiber boutons being enriched
with CGRP (Edvinsson et al., 2019); these also expressed some
vesicular substance P but no PACAP-38 (Edvinsson J. C. A.
et al., 2020). Based on these findings, co-release experiments were
performed in different parts of the TGV system.

When stimulating the tissue preparations, it was observed
that 60 mM K+ (depolarization) resulted in minor release of
substance P from the dura mater but no release from the soma-
poor or soma-rich samples (Edvinsson et al., 2021). However,
there was abundant release from all three preparations of CGRP
as measured in parallel. When adding the TRPV1 agonist
capsaicin there was no observed release of substance P from
the dura mater samples or soma-rich parts of the TG but a low
release was detected from the soma-poor TG. In contrast, all three
samples showed high and consistent release of CGRP following
capsaicin treatment (Edvinsson et al., 2021). This pattern of
release agrees well with the immunohistochemical expression of
substance P and CGRP.

The PACAP-38 release data demonstrated that CGRP was
released from all three parts of the TGV system; however,
PACAP-38 was only released from the soma-rich part of the TG
(with the neurons) and showed no differences if it was stimulated
with 60 mM K+ or capsaicin (Edvinsson J. C. A. et al., 2020). This
finding agrees well with the immunohistochemistry revealing
that PACAP is only expressed in a subpopulation of CGRP
positive neurons in the TG (Eftekhari et al., 2013; Frederiksen
et al., 2018; Edvinsson J. C. A. et al., 2020). Taken together the
data strongly suggest that the C-fiber boutons may function as
local release sites.

Immunohistochemistry of the major blood vessels, cerebral
and MMA, revealed some structural differences. Previous studies
revealed a rich distribution of CGRP and substance P in cerebral
vessel walls while the perivascular network of these fibers was
comparatively sparse in MMA and in dura mater (Edvinsson
et al., 1981, 1987). Only few PACAP-38 immunoreactive fibers
were observed. All these fibers were observed in the adventitia,
sometimes near the outermost part of the medial layer with
vascular smooth muscle (VSM) cells. This would represent the
far end of the TGV system.

RECEPTORS FOR CALCITONIN
GENE-RELATED PEPTIDE, SUBSTANCE
P, AND PITUITARY ADENYLYL
CYCLASE-ACTIVATING POLYPEPTIDE IN
THE TRIGEMINOVASCULAR SYSTEM
AND IN INTRACRANIAL VESSEL WALLS

Numerous experiments on various types of vascular preparations,
in vivo as well as in vitro, have been performed (Edvinsson
and Uddman, 2005). Since migraine is a human disorder
this section will focus mainly on human material when
possible. CGRP, amylin, and adrenomedullin relax human
MMA/branches with CGRP being strongest and the most
potent of these agonists. Human cerebral arteries respond even
more potently to CGRP than the MMA (Sams et al., 2000;
Edvinsson et al., 2007). In perfused middle cerebral artery
(MCA) from rat neither CGRP, amylin nor adrenomedullin
pass cerebral artery endothelium when given luminally
due to the presence of the BBB. However, when given
abluminal these peptides elicited concentration-dependent
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FIGURE 1 | Confocal visualization of the node of Ranvier. Confocal microscopy displaying calcitonin gene-related peptide (CGRP) (red) immunreactive C-fiber
boutons flanked by two Aδ-fibers with their paranodal regions marked with contactin associated protein 1 (CASPR, green). This close relationship between the two
fiber types display a point of interaction for CGRP signaling within the trigeminovascular (TGV) system (see Supplementary Video). For experimental details on
antibodies etc., see Edvinsson et al. (2019).

dilatation that could be blocked by gepants or mAbs
(Edvinsson et al., 2007).

The parasympathetic peptides: vasoactive intestinal peptide
(VIP), peptide histidine isoleucine (PHI), peptide histidine
methionine (PHM), and PACAP-38, are members of the
secretin/glucagon superfamily of peptides, and have been shown
to relax in a concentration-dependent manner, human temporal,
meningeal, and cerebral arteries (Jansen et al., 1992; Grande et al.,
2014). In a study on the MMA (Chan et al., 2011) it was reported
that VIP (pEC50 = 7.4) was more potent than PACAP (<6.9); in
addition, neither VPAC1 nor PAC1 receptor blockers antagonized
the vasodilator responses to PACAP-38 in the MMA. This is
probably due to low blocking capacity in the concentrations used,
because both cerebral and MMAs contain mRNA for all three

receptors (Knutsson and Edvinsson, 2002; Chan et al., 2011). In
this work 30 mM K+ was used for pre-contraction and substance
P to evaluate vasodilator capacity and endothelial function (Chan
et al., 2011). Substance P is a strong vasodilator that acts via
endothelial receptors to induce formation of nitric oxide (NO)
which in turn activates guanylyl cyclase in the vascular smooth
muscle cells (VSMCs). While several studies with the “infusion
model” used NO or an NO donor (Lassen et al., 2003) to
elicit migraine-like headache, there is no study on the effects of
substance P in this paradigm (Ashina et al., 2017).

The pharmacological approach, has shown that VIP is a more
potent vasodilator compared to PACAP-38 in man, both in vivo
(Rahmann et al., 2008; Schytz et al., 2009) and in vitro on human
MMA (Chan et al., 2011). Subsequent work on the dichotomy
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of VIP/PACAP infusions with magnetic resonance angiography
showed dilatation of the extracranial superficial temporal artery
but no effect on the diameter of the intracranial arteries, MMA,
or cerebral arteries (Amin et al., 2014). Based on these findings,
Tfelt-Hansen suggested that PACAP-38 might have an effect on
sites within the CNS. We would as an alternative propose an
effect on the sensory afferent nerves since there are receptors for
both peptides available (Knutsson and Edvinsson, 2002; Chan
et al., 2011). More precisely, the PAC1 receptor is present in
the TG satellite cells but not on the Aδ-fibers which explains
why the clinical studies with a specific mAb toward the PAC1
receptor was negative in prevention of migraine (Ashina et al.,
2021a). The role of PACAP-38 in the TGV is still under scrutiny
and the recently developed mAbs toward PACAP-38 will give
more final answers on the involvement of PACAP in migraine
pathophysiology (Moldovan Loomis et al., 2019).

THE NODES OF RANVIER – A PLACE
FOR INTERACTION BETWEEN C- AND
Aδ-FIBERS

Nodes of Ranvier are essential for the regeneration of diminishing
action potentials in the nervous system (saltatory conduction).
Although they have traditionally been regarded as passive
contribution to action potential propagation, more recent
work has suggest that they may have an active role in
regulating neuronal excitability (Edvinsson et al., 2019). The

nodal propagation has been suggested to be plastic and hence
could excitingly be explaining the sensitization process which
is a key element in migraine symptomatology. With the use
of different antibodies toward elements of the nodal region
we have shown with clarity their dense expression in the
trigeminal nerve (Figure 2), both within the ganglion and
in the nerve fibers going in central and peripheral directions
(Edvinsson et al., 2019).

Neurons of the TG project with either thin, unmyelinated
C-fibers or larger, myelinated A-fibers. While C-fibers are
classically categorized, based on conduction velocity, as a single
type, the A-fibers are of three subtypes: Aα, Aβ, and Aδ. Aα-fibers
have the largest diameter (13–20 µm) with a conduction
velocity of 80–120 m/s, followed by Aβ-fibers (6–12 µm; 30–
70 m/s) and last the Aδ-fibers (1–5 µm; 3–30 m/s), while the
C-fibers are slow conductors (0.2–1.5 µm; 0.5–2 m/s). This
categorization may vary slightly between different species which
makes it difficult to morphologically determine or differentiate
a small Aβ or a larger Aδ-fiber. C-fibers and Aδ-fibers make
up most axons within the trigeminal system and are related
to nociceptive signaling. C-fibers are responsible for slow, dull
burning pain while Aδ-fibers signal a quicker, sharper pain.
This makes them important biological structures to consider
when studying headache, pain, or allodynia related to the
trigeminal system. Electrophysiology at different parts of the
TGV system, mainly the neurons, shows two types of signaling
velocities, one is the C-fibers and the other often categorized as
Aδ-fiber neurons.

FIGURE 2 | Schematic illustration of the differential distribution of the CGRP, pituitary adenylyl cyclase-activating polypeptide (PACAP), and Neurokinin signaling
compounds in the trigeminal system. The illustration suggests possible site of origin if the various peptides and their associated release. Further, the receptor
expression highlights possible receptor targets, following the peptide release. The expression is based on immunology findings from the following studies (Edvinsson
et al., 2019, 2021; Edvinsson J. C. A. et al., 2020; Edvinsson L. et al., 2020).
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Stimulation of these nerve fibers at TG regions lacking
neuronal somas results in the release of CGRP, which supports
release from the C-fibers. In relation to the nodes of Ranvier in
the trigeminal system we have shown that the C-fiber boutons
contain large amounts of CGRP (Edvinsson et al., 2019) and
smaller amounts of substance P (Edvinsson et al., 2021) but no
PACAP (Edvinsson J. C. A. et al., 2020). This would favor the view
that the first two neuropeptides may have a role albeit perhaps at
different degrees.

The release from extra synaptic regions such as the varicosities,
also referred to as “en-passant boutons,” are characteristic of
presynaptic release sites in peripheral nerves (Smolen, 1988).
We have postulated that CGRP and substance P could be
released from these varicosities, although these areas are not
classically understood to be synaptic. There are increasing
evidence that neuropeptide release does not typically occur at
defined synapses (Torrealba and Carrasco, 2004). Neuropeptides,
such as CGRP, are typically stored in large dense-core vesicles,
which are typically stored away from the presynaptic membrane,
which for example has been shown for orexin (Torrealba et al.,
2003). Other exocytosis sites have been suggested also due
to the location of receptors for signaling molecules outside
of typical synaptic regions (Trueta and De-Miguel, 2012).
Although many of the mechanisms are common mechanisms,
there are other aspects that are more similar to those of
exocytosis from excitable endocrine cells. One such example is
related to substance P, where exocytosis from the somata of
dorsal root ganglion neurons has been demonstrated (Huang
and Neher, 1996). This highlights the possible extra synaptic
release of neuropeptides, and we suggest that the varicosities
at the nodes of Ranvier provides such a possible release site
(Edvinsson et al., 2019).

On the adjacent nodes of Ranvier where the myelin sheath
is absent, and the Aδ-fiber is exposed we have demonstrated
the presence of the CGRP receptor (Edvinsson et al., 2019) and
recently also the neurokinin 1 receptor (NK1R; Edvinsson et al.,
2021). This opens for diffusion of the two peptides to reach
targets on the Aδ-fiber. The presence of adenylyl cyclase and
protein kinase A further add to the activity of this pathway in
the Aδ-fiber presumably modifying the activity of potassium K+

and sodium Na+ channels and the saltatory activity within the
Aδ-fiber and the pain signaling. The Nav channels have received
recent attention in light of their strong link to pain transmission
(Hameed, 2019). In the nodes of Ranvier both Nav1.6, Nav1.7,
and Nav1.8 have been shown to be expressed specifically in
the nodal structure (Caldwell et al., 2000; Devaux and Scherer,
2005; Black et al., 2012), although Nav1.8 typically only do
so in disease model (Devaux and Scherer, 2005). For Nav1.6
the dependency of PKA is present but does not have a major
influence (Chen et al., 2008). However, Nav1.7 and Nav1.8, when
expressed in Xenopus oocytes, are differentially regulated by
PKA and PKC. Focusing on the cAMP pathway, PKA activation
resulted in a dose-dependent potentiation of Nav1.8 currents
and an attenuation of Nav1.7 currents (Vijayaragavan et al.,
2004). This work is in its infancy but could potentially add novel
understanding to processes of sensitization and as a drug target
for headache disorders.

HUMAN DATA IN LIGHT OF THE NODE
OF RANVIER

Although the infusion model (Ashina et al., 2017) as a basis of
triggering migraine-pain appears to be based primarily on the
vascular theory of migraine more specifically on vasodilatation
of cranial arteries, we suggest that some of the data can be
extrapolated to the nodes of Ranvier. We have previously
proposed that some of these data, e.g., when applying a K+

channel opener, could lead to long lasting hyperpolarization
that activates Hyperpolarization-activated Cyclic Nucleotide-
gated (HCN) Channels (Haanes and Edvinsson, 2020). The
fact that both cAMP and cGMP can activate these channels
(Momin et al., 2008) and lead to increases in the open-probability
and augmented neuronal excitability and firing of the neurons
(Momin et al., 2008) supports this notion. Furthermore, injection
of CGRP or other migraine triggering molecules, also share the
common cAMP pathway (Ashina et al., 2021b). We hypothesize
that the key regulators of the node of Ranvier are the cyclic
nucleotides, and indeed we have localized the downstream PKA
to the nodes (Edvinsson et al., 2019). It cannot be ruled out
that local potassium or other secondary messengers following
dilation also activate the C-fibers (Al-Karagholi et al., 2021)
but we propose nodal or neuronal activation could be the
key to understanding the infusion model. It is further worth
pointing out that only passive vasodilation of cranial arteries is
not the likely inducer of CGRP release, as it was shown that
the TGV reflex demonstrated that vasoconstriction of cortex
pial arterioles results in activation of the TGV system and
release of the stored vasoactive peptides (McCulloch et al., 1986;
Edvinsson et al., 1990).

THE REMAK BUNDLES ON C-FIBERS

Schwann cells can either be “myelinating” or “non-myelinating”
meaning that they are either specialized in insulating a portion
of an A-fiber with myelin, or mainly providing structural
stability for a bundle of C-fibers (called Remak bundles) (Aguayo
et al., 1976). The myelin sheath provides isolation making the
transmission of an electrical signal move faster through the
myelinated segments of the axon. Without the nodes of Ranvier,
a signal traveling too far would lose energy and fade out or
be diminished before reaching its intended terminal, making
the signal unable to proliferate. This process is an important
prerequisite for adequate function of nerves both in the CNS
and in the PNS. As an alternative to the myelin coverings of the
Aδ-fibers in the TGV system the C-fibers have been suggested to
be partly covered by so-called non-myelinating Schwann cells.
The main population of axons surrounded by non-myelinating
Schwann cells are the small nociceptive C-type of axons. This also
applies for postganglionic sympathetic axons, and some of the
preganglionic sympathetic and parasympathetic fibers (Griffin
and Thompson, 2008). Remak non-myelinating Schwann cells
envelop sections of the axons within troughs on their surface.
To our knowledge, no specific antibody exists for differentiating
between myelinating and non-myelinating Schwann cells. During
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our immunohistochemical studies we have therefore, so far,
not been able to identify these structures. If Remak bundles
are abundant in the TGV system it could limit some of the
C-fibers from signaling to adjacent fibers (Edvinsson et al., 2019).
However, in our experimental studies on soma-poor trigeminal
nerves we observed strong release of CGRP which indicates
that peptides located in C-fibers can diffuse outside the Remak
bundles and act on the CGRP receptors located on the Aδ-fibers
at the nodes of Ranvier. The released CGRP can also be measured
in cranial vein plasma as shown in several species including man.
With existing information from literature, the Remak bundles
usually refer to groups of C-fibers and not, as we often see
them, as single C-fibers in the TGV system (Faroni et al., 2014;
Miyamoto et al., 2017).

Calcitonin gene-related peptide has been shown to lead to
increases in iNOS expression (Vause and Durham, 2009). And
although not in the scope of the current review, there is
also extensive research showing that nitric oxide can modulate
action potentials. Relating to the node of Ranvier, iNOS
immunoreactivity has been shown to be expressed in Schwann
cells of peripheral nerves and was particularly enriched at the
paranodal regions of the nodes of Ranvier (Chen et al., 2010). In
addition, activation of cGMP might link to membrane channel
activities such as the HCN channel (Momin et al., 2008), which
deserves further research.

THE NERVE ROOT ENTRY ZONE – THE
REDLICH-OBERSTEINER ZONE

Ever since its discovery 150 years ago much attention has
been directed to the Redlich-Obersteiner zone (Savvaidou and
Triarhou, 2016). This region exists for all cranial nerves and
hence is postulated to be involved in many cranial nerve disorders
such as trigeminal neuralgia (Nomura et al., 2019) and other
clinical applications (Xenellis and Linthicum, 2003). It represents
the” junction zone” of glia and Schwann sheath of the cranial
nerves. In this zone, the Schwann cells are abruptly replaced by
the more numerous oligodendrocytes and a clearly visible zone
between the PNS and the CNS appear. This area is believed to be
linked to trigeminal neuralgia caused by compression of the nerve
root (Jannetta, 1967). However, many of the functional details
remains to be understood; how the PNS and CNS communicates,
how the functionality of the BBB is upheld in this region and
what role the change of glial cells may have on axonal signaling.

Possible cross-talk among fibers in this region may be crucial in
understanding parts of the migraine pathology.

CONCLUSION

Here we have discussed the possibility that the nodes of Ranvier,
expressed in most parts of the CNS and the PNS may be involved
as an important mechanism to modify signaling in the trigeminal
system and perhaps even have a role in the sensitization process.
CGRP and its receptor represent the most expressed system while
substance P is less densely supplied but still may be involved in
the headache processes. PACAP has been suggested as a putative
novel molecule in headache disorders but future work remains
to unravel its role in migraine. While there was no PACAP in
the trigeminal nerves we observed some expression in trigeminal
ganglion cells and the PAC1 receptor in satellite glial cells in the
ganglion. There remain numerous questions to address also for
the other members of the CGRP family of peptides and their
receptors (Edvinsson L. et al., 2020).

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual
contribution to the work, and approved it for publication.

FUNDING

KH was supported by a Lundbeck Foundation Fellowship (R345-
2020-1977).

ACKNOWLEDGMENTS

The authors thank Sebastian Wasserstrom from Lund University
Bioimaging Centrum (LBIC) for technical assistance with the
confocal microscopy.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2021.820037/full#supplementary-material

REFERENCES
Aguayo, A. J., Charron, L., and Bray, G. M. (1976). Potential of Schwann cells

from unmyelinated nerves to produce myelin: a quantitative ultrastructural and
radiographic study. J. Neurocytol. 5, 565–573. doi: 10.1007/BF01175570

Al-Karagholi, M. A., Ghanizada, H., Nielsen, C. A. W., Hougaard, A., and Ashina,
M. (2021). Opening of ATP sensitive potassium channels causes migraine
attacks with aura. Brain 144, 2322–2332. doi: 10.1093/brain/awab136

Amin, F. M., Hougaard, A., Schytz, H. W., Asghar, M. S., Lundholm, E., Parvaiz,
A. I., et al. (2014). Investigation of the pathophysiological mechanisms of
migraine attacks induced by pituitary adenylate cyclase-activating polypeptide-
38. Brain 137, 779–794. doi: 10.1093/brain/awt369

Ashina, M., Dolezil, D., Bonner, J. H., Zhou, L., Klatt, J., Picard, H., et al.
(2021a). A phase 2, randomized, double-blind, placebo-controlled trial of
AMG 301, a pituitary adenylate cyclase-activating polypeptide PAC1 receptor
monoclonal antibody for migraine prevention. Cephalalgia 41, 33–44. doi: 10.
1177/0333102420970889

Ashina, M., Terwindt, G. M., Al-Karagholi, M. A., De Boer, I., Lee, M. J.,
Hay, D. L., et al. (2021b). Migraine: disease characterisation, biomarkers, and
precision medicine. Lancet 397, 1496–1504. doi: 10.1016/S0140-6736(20)32
162-0

Ashina, M., Hansen, J. M., Bo, A. D., and Olesen, J. (2017). Human models of
migraine - short-term pain for long-term gain. Nat. Rev. Neurol. 13, 713–724.
doi: 10.1038/nrneurol.2017.137

Frontiers in Physiology | www.frontiersin.org 6 January 2022 | Volume 12 | Article 820037

https://www.frontiersin.org/articles/10.3389/fphys.2021.820037/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2021.820037/full#supplementary-material
https://doi.org/10.1007/BF01175570
https://doi.org/10.1093/brain/awab136
https://doi.org/10.1093/brain/awt369
https://doi.org/10.1177/0333102420970889
https://doi.org/10.1177/0333102420970889
https://doi.org/10.1016/S0140-6736(20)32162-0
https://doi.org/10.1016/S0140-6736(20)32162-0
https://doi.org/10.1038/nrneurol.2017.137
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-820037 January 6, 2022 Time: 17:17 # 7

Edvinsson et al. Nodes of Ranvier in Headaches

Black, J. A., Frezel, N., Dib-Hajj, S. D., and Waxman, S. G. (2012). Expression
of Nav1.7 in DRG neurons extends from peripheral terminals in the skin to
central preterminal branches and terminals in the dorsal horn. Mol. Pain 8:82.
doi: 10.1186/1744-8069-8-82

Caldwell, J. H., Schaller, K. L., Lasher, R. S., Peles, E., and Levinson, S. R.
(2000). Sodium channel Na(v)1.6 is localized at nodes of ranvier, dendrites,
and synapses. Proc. Natl. Acad. Sci. U. S. A. 97, 5616–5620. doi: 10.1073/pnas.
090034797

Chan, K. Y., Baun, M., De Vries, R., Van Den Bogaerdt, A. J., Dirven, C. M.,
Danser, A. H., et al. (2011). Pharmacological characterization of VIP and
PACAP receptors in the human meningeal and coronary artery. Cephalalgia 31,
181–189. doi: 10.1177/0333102410375624

Chen, K., Northington, F. J., and Martin, L. J. (2010). Inducible nitric oxide
synthase is present in motor neuron mitochondria and Schwann cells and
contributes to disease mechanisms in ALS mice. Brain Struct. Funct. 214,
219–234. doi: 10.1007/s00429-009-0226-4

Chen, Y., Yu, F. H., Sharp, E. M., Beacham, D., Scheuer, T., and Catterall, W. A.
(2008). Functional properties and differential neuromodulation of Na(v)1.6
channels. Mol. Cell Neurosci. 38, 607–615. doi: 10.1016/j.mcn.2008.05.009

Devaux, J. J., and Scherer, S. S. (2005). Altered ion channels in an animal model of
Charcot-Marie-Tooth disease type IA. J. Neurosci. 25, 1470–1480. doi: 10.1523/
JNEUROSCI.3328-04.2005

Edvinsson, J. C., Reducha, P., Sheykhzade, M., Warfvinge, K., Haanes, K. A., and
Edvinsson, L. (2021). Neurokinins and their receptors in the rat trigeminal
system: differential localization and release with implications for migraine pain.
Mol. Pain 17:17448069211059400. doi: 10.1177/17448069211059400

Edvinsson, J. C. A., Grell, A. S., Warfvinge, K., Sheykhzade, M., Edvinsson, L.,
and Haanes, K. A. (2020). Differences in pituitary adenylate cyclase-activating
peptide and calcitonin gene-related peptide release in the trigeminovascular
system. Cephalalgia 40, 1296–1309. doi: 10.1177/0333102420929026

Edvinsson, L., Grell, A. S., and Warfvinge, K. (2020). Expression of the CGRP
family of neuropeptides and their receptors in the trigeminal ganglion. J. Mol.
Neurosci. 70, 930–944. doi: 10.1007/s12031-020-01493-z

Edvinsson, J. C. A., Warfvinge, K., Krause, D. N., Blixt, F. W., Sheykhzade, M.,
Edvinsson, L., et al. (2019). C-fibers may modulate adjacent Aδ-fibers through
axon-axon CGRP signaling at nodes of Ranvier in the trigeminal system.
J. Headache Pain 20:105. doi: 10.1186/s10194-019-1055-3

Edvinsson, L., Ekman, R., Jansen, I., Mcculloch, J., and Uddman, R. (1987).
Calcitonin gene-related peptide and cerebral blood vessels: distribution and
vasomotor effects. J. Cereb. Blood Flow Metab. 7, 720–728. doi: 10.1038/jcbfm.
1987.126

Edvinsson, L., Haanes, K. A., Warfvinge, K., and Krause, D. N. (2018). CGRP as the
target of new migraine therapies - successful translation from bench to clinic.
Nat. Rev. Neurol. 14, 338–350. doi: 10.1038/s41582-018-0003-1

Edvinsson, L., Jansen, I., Kingman, T. A., and Mcculloch, J. (1990). Cerebrovascular
responses to capsaicin in vitro and in situ. Br. J. Pharmacol. 100, 312–318.
doi: 10.1111/j.1476-5381.1990.tb15801.x

Edvinsson, L., Mcculloch, J., and Uddman, R. (1981). Substance P:
immunohistochemical localization and effect upon cat pial arteries in vitro and
in situ. J. Physiol. 318, 251–258. doi: 10.1113/jphysiol.1981.sp013862

Edvinsson, L., Nilsson, E., and Jansen-Olesen, I. (2007). Inhibitory effect of
BIBN4096BS, CGRP(8-37), a CGRP antibody and an RNA-Spiegelmer on
CGRP induced vasodilatation in the perfused and non-perfused rat middle
cerebral artery. Br. J. Pharmacol. 150, 633–640. doi: 10.1038/sj.bjp.0707134

Edvinsson, L., and Uddman, R. (2005). Neurobiology in primary headaches. Brain
Res. Brain Res. Rev. 48, 438–456. doi: 10.1016/j.brainresrev.2004.09.007

Eftekhari, S., Salvatore, C. A., Calamari, A., Kane, S. A., Tajti, J., and Edvinsson,
L. (2010). Differential distribution of calcitonin gene-related peptide and its
receptor components in the human trigeminal ganglion. Neuroscience 169,
683–696. doi: 10.1016/j.neuroscience.2010.05.016

Eftekhari, S., Warfvinge, K., Blixt, F. W., and Edvinsson, L. (2013). Differentiation
of nerve fibers storing CGRP and CGRP receptors in the peripheral
trigeminovascular system. J. Pain 14, 1289–1303. doi: 10.1016/j.jpain.2013.
03.010

Faroni, A., Castelnovo, L. F., Procacci, P., Caffino, L., Fumagalli, F., Melfi, S., et al.
(2014). Deletion of GABA-B receptor in Schwann cells regulates remak bundles
and small nociceptive C-fibers. Glia 62, 548–565. doi: 10.1002/glia.22625

Frederiksen, S. D., Haanes, K. A., Warfvinge, K., and Edvinsson, L. (2019).
Perivascular neurotransmitters: regulation of cerebral blood flow and role in

primary headaches. J. Cereb. Blood Flow Metab. 39, 610–632. doi: 10.1177/
0271678X17747188

Frederiksen, S. D., Warfvinge, K., Ohlsson, L., and Edvinsson, L. (2018).
Expression of pituitary adenylate cyclase-activating peptide, calcitonin gene-
related peptide and headache targets in the trigeminal ganglia of rats
and humans. Neuroscience 393, 319–332. doi: 10.1016/j.neuroscience.2018.
10.004

Grande, G., Labruijere, S., Haanes, K. A., Maassenvandenbrink, A., and Edvinsson,
L. (2014). Comparison of the vasodilator responses of isolated human and rat
middle meningeal arteries to migraine related compounds. J. Headache Pain
15:22. doi: 10.1186/1129-2377-15-22

Griffin, J. W., and Thompson, W. J. (2008). Biology and pathology of
nonmyelinating Schwann cells. Glia 56, 1518–1531. doi: 10.1002/glia.2
0778

Haanes, K. A., and Edvinsson, L. (2020). Hyperpolarization through ATP-sensitive
potassium channels; relevance to migraine pathology. Brain 143:e13.

Hameed, S. (2019). Nav1.7 and Nav1.8: role in the pathophysiology of pain. Mol.
Pain 15:1744806919858801.

Huang, L. Y., and Neher, E. (1996). Ca(2+)-dependent exocytosis in the somata
of dorsal root ganglion neurons. Neuron 17, 135–145. doi: 10.1016/s0896-
6273(00)80287-1

Jannetta, P. J. (1967). Arterial compression of the trigeminal nerve at the pons in
patients with trigeminal neuralgia. J. Neurosurg. 26, 159–162. doi: 10.3171/jns.
1967.26.1part2.0159

Jansen, I., Uddman, R., Ekman, R., Olesen, J., Ottosson, A., and Edvinsson, L.
(1992). Distribution and effects of neuropeptide Y, vasoactive intestinal peptide,
substance P, and calcitonin gene-related peptide in human middle meningeal
arteries: comparison with cerebral and temporal arteries. Peptides 13, 527–536.
doi: 10.1016/0196-9781(92)90084-g

Knutsson, M., and Edvinsson, L. (2002). Distribution of mRNA for VIP and
PACAP receptors in human cerebral arteries and cranial ganglia. Neuroreport
13, 507–509. doi: 10.1097/00001756-200203250-00030

Lassen, L. H., Christiansen, I., Iversen, H. K., Jansen-Olesen, I., and Olesen, J.
(2003). The effect of nitric oxide synthase inhibition on histamine induced
headache and arterial dilatation in migraineurs. Cephalalgia 23, 877–886. doi:
10.1046/j.1468-2982.2003.00586.x

Lundblad, C., Haanes, K. A., Grande, G., and Edvinsson, L. (2015). Experimental
inflammation following dural application of complete Freund’s adjuvant or
inflammatory soup does not alter brain and trigeminal microvascular passage.
J. Headache Pain 16:91. doi: 10.1186/s10194-015-0575-8

McCulloch, J., Uddman, R., Kingman, T. A., and Edvinsson, L. (1986). Calcitonin
gene-related peptide: functional role in cerebrovascular regulation. Proc. Natl.
Acad. Sci. U. S. A. 83, 5731–5735. doi: 10.1073/pnas.83.15.5731

Miyamoto, Y., Torii, T., Kawahara, K., Inoue, M., Morimoto, T., Yamamoto, M.,
et al. (2017). Data on the effect of in vivo knockdown using artificial ErbB3
miRNA on Remak bundle structure. Data Brief 12, 313–319. doi: 10.1016/j.dib.
2017.04.014

Moldovan Loomis, C., Dutzar, B., Ojala, E. W., Hendrix, L., Karasek, C., Scalley-
Kim, M., et al. (2019). Pharmacologic characterization of ALD1910, a potent
humanized monoclonal antibody against the pituitary adenylate cyclase-
activating peptide. J. Pharmacol. Exp. Ther. 369, 26–36. doi: 10.1124/jpet.118.
253443

Momin, A., Cadiou, H., Mason, A., and Mcnaughton, P. A. (2008). Role of the
hyperpolarization-activated current Ih in somatosensory neurons. J. Physiol.
586, 5911–5929. doi: 10.1113/jphysiol.2008.163154

Nomura, K., Ryu, H., Ohno, K., and Sato, K. (2019). Varying length of central
myelin along the trigeminal nerve might contribute to trigeminal neuralgia.
Clin. Anat. 32, 541–545. doi: 10.1002/ca.23348

Rahmann, A., Wienecke, T., Hansen, J. M., Fahrenkrug, J., Olesen, J., and Ashina,
M. (2008). Vasoactive intestinal peptide causes marked cephalic vasodilation,
but does not induce migraine. Cephalalgia 28, 226–236. doi: 10.1111/j.1468-
2982.2007.01497.x

Sams, A., Knyihar-Csillik, E., Engberg, J., Szok, D., Tajti, J., Bodi, I., et al. (2000).
CGRP and adrenomedullin receptor populations in human cerebral arteries:
in vitro pharmacological and molecular investigations in different artery sizes.
Eur. J. Pharmacol. 408, 183–193. doi: 10.1016/s0014-2999(00)00781-0

Savvaidou, N. E., and Triarhou, L. C. (2016). Sesquicentennial tribute to Emil
Redlich (1866-1930), The ’embodied conscience of neurology’. Eur. Neurol. 76,
267–277. doi: 10.1159/000452244

Frontiers in Physiology | www.frontiersin.org 7 January 2022 | Volume 12 | Article 820037

https://doi.org/10.1186/1744-8069-8-82
https://doi.org/10.1073/pnas.090034797
https://doi.org/10.1073/pnas.090034797
https://doi.org/10.1177/0333102410375624
https://doi.org/10.1007/s00429-009-0226-4
https://doi.org/10.1016/j.mcn.2008.05.009
https://doi.org/10.1523/JNEUROSCI.3328-04.2005
https://doi.org/10.1523/JNEUROSCI.3328-04.2005
https://doi.org/10.1177/17448069211059400
https://doi.org/10.1177/0333102420929026
https://doi.org/10.1007/s12031-020-01493-z
https://doi.org/10.1186/s10194-019-1055-3
https://doi.org/10.1038/jcbfm.1987.126
https://doi.org/10.1038/jcbfm.1987.126
https://doi.org/10.1038/s41582-018-0003-1
https://doi.org/10.1111/j.1476-5381.1990.tb15801.x
https://doi.org/10.1113/jphysiol.1981.sp013862
https://doi.org/10.1038/sj.bjp.0707134
https://doi.org/10.1016/j.brainresrev.2004.09.007
https://doi.org/10.1016/j.neuroscience.2010.05.016
https://doi.org/10.1016/j.jpain.2013.03.010
https://doi.org/10.1016/j.jpain.2013.03.010
https://doi.org/10.1002/glia.22625
https://doi.org/10.1177/0271678X17747188
https://doi.org/10.1177/0271678X17747188
https://doi.org/10.1016/j.neuroscience.2018.10.004
https://doi.org/10.1016/j.neuroscience.2018.10.004
https://doi.org/10.1186/1129-2377-15-22
https://doi.org/10.1002/glia.20778
https://doi.org/10.1002/glia.20778
https://doi.org/10.1016/s0896-6273(00)80287-1
https://doi.org/10.1016/s0896-6273(00)80287-1
https://doi.org/10.3171/jns.1967.26.1part2.0159
https://doi.org/10.3171/jns.1967.26.1part2.0159
https://doi.org/10.1016/0196-9781(92)90084-g
https://doi.org/10.1097/00001756-200203250-00030
https://doi.org/10.1046/j.1468-2982.2003.00586.x
https://doi.org/10.1046/j.1468-2982.2003.00586.x
https://doi.org/10.1186/s10194-015-0575-8
https://doi.org/10.1073/pnas.83.15.5731
https://doi.org/10.1016/j.dib.2017.04.014
https://doi.org/10.1016/j.dib.2017.04.014
https://doi.org/10.1124/jpet.118.253443
https://doi.org/10.1124/jpet.118.253443
https://doi.org/10.1113/jphysiol.2008.163154
https://doi.org/10.1002/ca.23348
https://doi.org/10.1111/j.1468-2982.2007.01497.x
https://doi.org/10.1111/j.1468-2982.2007.01497.x
https://doi.org/10.1016/s0014-2999(00)00781-0
https://doi.org/10.1159/000452244
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-820037 January 6, 2022 Time: 17:17 # 8

Edvinsson et al. Nodes of Ranvier in Headaches

Schytz, H. W., Birk, S., Wienecke, T., Kruuse, C., Olesen, J., and Ashina, M. (2009).
PACAP38 induces migraine-like attacks in patients with migraine without aura.
Brain 132, 16–25. doi: 10.1093/brain/awn307

Smolen, A. J. (1988). Morphology of synapses in the autonomic nervous system.
J. Electron Microsc. Tech. 10, 187–204. doi: 10.1002/jemt.1060100205

Torrealba, F., and Carrasco, M. A. (2004). A review on electron microscopy and
neurotransmitter systems. Brain Res. Brain Res. Rev. 47, 5–17. doi: 10.1016/j.
brainresrev.2004.06.004

Torrealba, F., Yanagisawa, M., and Saper, C. B. (2003). Colocalization of orexin a
and glutamate immunoreactivity in axon terminals in the tuberomammillary
nucleus in rats. Neuroscience 119, 1033–1044. doi: 10.1016/s0306-4522(03)
00238-0

Trueta, C., and De-Miguel, F. F. (2012). Extrasynaptic exocytosis and its
mechanisms: a source of molecules mediating volume transmission in the
nervous system. Front. Physiol. 3:319. doi: 10.3389/fphys.2012.00319

Vause, C. V., and Durham, P. L. (2009). CGRP stimulation of iNOS and NO release
from trigeminal ganglion glial cells involves mitogen-activated protein kinase
pathways. J Neurochem. 110, 811–821. doi: 10.1111/j.1471-4159.2009.06154.x

Vijayaragavan, K., Boutjdir, M., and Chahine, M. (2004). Modulation of Nav1.7
and Nav1.8 peripheral nerve sodium channels by protein kinase A and protein
kinase C. J. Neurophysiol. 91, 1556–1569. doi: 10.1152/jn.00676.2003

Xenellis, J. E., and Linthicum, F. H. Jr. (2003). On the myth of the
glial/schwann junction (Obersteiner-Redlich zone): origin of vestibular nerve
schwannomas. Otol. Neurotol. 24:1. doi: 10.1097/00129492-200301000-0
0001

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Edvinsson, Haanes and Edvinsson. 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) and the copyright owner(s) 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.

Frontiers in Physiology | www.frontiersin.org 8 January 2022 | Volume 12 | Article 820037

https://doi.org/10.1093/brain/awn307
https://doi.org/10.1002/jemt.1060100205
https://doi.org/10.1016/j.brainresrev.2004.06.004
https://doi.org/10.1016/j.brainresrev.2004.06.004
https://doi.org/10.1016/s0306-4522(03)00238-0
https://doi.org/10.1016/s0306-4522(03)00238-0
https://doi.org/10.3389/fphys.2012.00319
https://doi.org/10.1111/j.1471-4159.2009.06154.x
https://doi.org/10.1152/jn.00676.2003
https://doi.org/10.1097/00129492-200301000-00001
https://doi.org/10.1097/00129492-200301000-00001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Neuropeptides and the Nodes of Ranvier in Cranial Headaches
	Introduction
	Expression and Release of Calcitonin Gene-Related Peptide, Substance P, and Pituitary Adenylyl Cyclase-Activating Polypeptide From the Trigeminovascular System
	Receptors for Calcitonin Gene-Related Peptide, Substance P, and Pituitary Adenylyl Cyclase-Activating Polypeptide in the Trigeminovascular System and in Intracranial Vessel Walls
	The Nodes of Ranvier – a Place for Interaction Between C- and A-Fibers
	Human Data in Light of the Node of Ranvier
	The Remak Bundles on C-Fibers
	The Nerve Root Entry Zone – the Redlich-Obersteiner Zone
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References




