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Abstract

In the peripheral nervous system, the vast majority of axons are accommodated within the fibre bundles
that constitute the peripheral nerves. Axons within the nerves are in close contact with myelinating glia,
the Schwann cells that are ideally placed to respond to, and possibly shape, axonal activity. The mechanisms
of intercellular communication in the peripheral nerves may involve direct contact between the cells, as
well as signalling via diffusible substances. Neurotransmitter glutamate has been proposed as a candidate
extracellular molecule mediating the cross-talk between cells in the peripheral nerves. Two types of experi-
mental findings support this idea: first, glutamate has been detected in the nerves and can be released upon
electrical or chemical stimulation of the nerves; second, axons and Schwann cells in the peripheral nerves
express glutamate receptors. Yet, the studies providing direct experimental evidence that intercellular glu-
tamatergic signalling takes place in the peripheral nerves during physiological or pathological conditions
are largely missing. Remarkably, in the central nervous system, axons and myelinating glia are involved
in glutamatergic signalling. This signalling occurs via different mechanisms, the most intriguing of which
is fast synaptic communication between axons and oligodendrocyte precursor cells. Glutamate receptors
and/or synaptic axon-glia signalling are involved in regulation of proliferation, migration, and differenti-
ation of oligodendrocyte precursor cells, survival of oligodendrocytes, and re-myelination of axons after
damage. Does synaptic signalling exist between axons and Schwann cells in the peripheral nerves? What
is the functional role of glutamate receptors in the peripheral nerves? Is activation of glutamate receptors
in the nerves beneficial or harmful during diseases? In this review, we summarise the limited information
regarding glutamate release and glutamate receptors in the peripheral nerves and speculate about possible
mechanisms of glutamatergic signalling in the nerves. We highlight the necessity of further research on this
topic because it should help to understand the mechanisms of peripheral nervous system development and
nerve regeneration during diseases.
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Introduction

The peripheral nervous system (PNS) is a part of the ner-
vous system that encompasses nerves and ganglia outside
the brain and spinal cord. The PNS connects the central
nervous system (CNS) to every other organ of the body. The
peripheral nerves accommodate the axons of many different
classes of motor, sensory, and autonomic neurons located in
the brain, the spinal cord, and the peripheral ganglia. Axons
within the peripheral nerves are in close contact with glial
cells, the Schwann cells (SCs). In the embryonic nerves of
rodents, all axons are unmyelinated, and the SC lineage is
represented by SC precursors and/or immature SCs (Jes-
sen and Mirsky, 2005). In the adult nerves, each thick axon
(diameter above ~1 um, usually motor and some sensory
axons) is tightly enwrapped with multiple layers of myelin,
while the bundles of small calibre axons (diameter below ~1
pm, usually C-fibres) are loosely engulfed with one or few
layers of myelin (Jessen and Mirsky, 2005). The compact
myelin sheaths are produced by the myelinating SCs, while
the engulfment is accomplished by the Remak SCs. The third
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type of SCs, the terminal SCs located at the neuromuscular
junction, is not involved in the generation of myelin but is
indispensable for the maintenance of synapses and mod-
ulation of synaptic activity at the neuromuscular junction
(Hyung et al., 2018). Terminal SCs are outside the scope of
this review.

Contiguous spatial arrangement between neuronal axons
and SCs suggests that the two cell types communicate ex-
tensively with each other, and that SCs may respond to, and
possibly shape axonal activity in the peripheral nerves. Of
great interest are the mechanisms by which axons may influ-
ence the development of SCs and trigger them to myelinate,
as well as the idea that SC function and myelination process
may be coupled to axonal activity (Stevens and Fields, 2000).
SCs, in turn, may modulate development and function of
axons in the peripheral nerves. A number of key molecules
and cellular mechanisms that mediate bidirectional commu-
nication between axons and SCs have been identified. For
instance, release of neuregulin-1 (NRG1) from axons and
binding to epidermal growth factor receptor 2 (ErbB2) in
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SCs is important for determining the thickness of the myelin
sheath in vivo (Quintes et al., 2010), release of adenosine
triphosphate (ATP)/adenosine and their binding to corre-
sponding purinergic receptors in SCs inhibits proliferation
of SCs in vitro (Lecca et al., 2012), transfer of vesicles from
SCs to axons is important for axonal maintenance and re-
generation after nerve damage (Lopez-Verrilli and Court,
2012), while serine/threonine kinase liver kinase B1 (LKB1)
plays a key role in metabolic regulation in SCs in vivo
(Beirowski et al., 2014). However, many other mechanisms
mediating axon-SC communication in the peripheral nerves
remain poorly characterised. In addition to axon-SC signal-
ling, communication between SCs or between neighbouring
axons may take place in the peripheral nerves. But very little,
if any, knowledge is currently available regarding this type of
communication.

Several earlier studies suggested that classical neurotrans-
mitters, particularly glutamate and acetylcholine, may me-
diate communication between axons and/or SCs in the pe-
ripheral nerve (Lissak, 1939; Dettbarn and Rosenberg, 1966;
Wheeler et al., 1966; DeFeudis, 1971; Weinreich and Ham-
merschlag, 1975; Vizi et al., 1983; Wieraszko and Ahmed,
2009). However, little research has been performed on this
topic up to date, and the information regarding neurotrans-
mitter-mediated signalling in the peripheral nerves and its
functional role during physiological or pathological condi-
tions remains very limited. Remarkably, in the fibre tracts
of the CNS, axons are involved in glutamatergic signalling
with myelinating glia. Glutamate can be released via several
mechanisms and can bind to different types of ionotropic
(iGluRs) and metabotropic (mGluRs) glutamate receptors
expressed by the oligodendrocyte lineage cells (Kula et al.,
2019). One of the most intriguing types of glutamatergic ax-
on-glia communication in the CNS fibre tracts is fast (on the
scale of few milliseconds) synaptic signalling between axons
and oligodendrocyte precursor cells (OPCs) that has been
first discovered in the corpus callosum and the optic nerve of
rodents (Kukley et al., 2007; Ziskin et al., 2007), and subse-
quently described in the human fimbria (Gallo et al., 2008).
Other types of glutamatergic signaling in the CNS fibre
tracts may involve non-synaptic vesicular or non-vesicular
release of glutamate from axons onto OPCs and oligoden-
drocytes (Kula et al., 2019). Glutamate-mediated communi-
cation plays an important role in regulation of proliferation,
migration and differentiation of OPCs in vitro and/or in vivo,
is crucial for survival of oligodendrocytes, may modulate dif-
ferent events during myelination process, and is important
for re-myelination of axons after damage (Kula et al., 2019).
On the other hand, if glutamate is released in excess it may
be damaging to myelinating glia, and antagonists of different
types of glutamate receptors have been reported to protect
CNS fibre tracts during pathological conditions (Karadottir
and Attwell, 2007; Matute, 2011).

The myelinating glia, the properties of neuronal axons,
and the myelination process in the CNS and in the PNS have
similarities and differences. Do SCs in the peripheral nerves
communicate with axons, or between themselves, via glu-

tamate release? Are the mechanisms of glutamate-mediated
signalling in the peripheral nerves similar to the mecha-
nisms in the CNS? What is the functional role of glutama-
tergic signalling in the peripheral nerves during health and
disease? The goal of the present article is to bring into the
light the limited knowledge regarding glutamate receptors
and glutamatergic signalling in the peripheral nerves, and to
inspire thinking about new research aiming at investigation
of the neurotransmitter-mediated signalling in the PNS.
This research is of great importance because it should foster
discoveries of new mechanisms of the PNS development and
open new avenues for treatment of diseases involving the pe-
ripheral nerves.

Search Strategy

The articles used in this review were retrieved using an
electronic search of the MEDLINE database for literature
describing glutamate receptors and glutamatergic signalling
in the peripheral nerves. The search was performed for all
years until 2019 using the following conditions: peripheral
nerves OR peripheral nervous (MeSH Terms) AND gluta-
mate (MeSH Terms); peripheral nerves OR peripheral ner-
vous (MeSH Terms) AND AMPA (MeSH Terms); peripheral
nerves OR peripheral nervous (MeSH Terms) AND NMDA
(MeSH Terms); peripheral nerves OR peripheral nervous
(MeSH Terms) AND metabotropic glutamate (MeSH
Terms). The results were pooled and further screened by
the text. The searches also retrieved articles describing glu-
tamatergic signalling only in the spinal cord but those were
excluded because they are out of scope of the present review.

Glutamate Release in the Peripheral Nerves
Axons as a possible source of glutamate in the nerves

In the PNS, glutamate is synthesized by pseudo-unipolar
sensory neurons located in the sensory ganglia (Malet and
Brumovsky, 2015), e.g., in the dorsal root ganglia (DRG) and
in the sensory cranial ganglia. In addition, immunohisto-
chemical data show that glutamate-like immunoreactivity
is present in the large cell bodies in the ventral horn of rat
spinal cord (Meister et al., 1993), suggesting that motor
neurons also contain glutamate. Neurons located in sensory
ganglia project one branch of their axon through the pe-
ripheral nerves to the peripheral organs, and another branch
through the dorsal roots, or the roots of the cranial nerves,
to the CNS (Figure 1). The motor neurons located in the
spinal cord project their axons to the muscles (Figure 1).
Remarkably, glutamate is present not only in the cell soma of
sensory and motor neurons, but also in their axons and ter-
minals (Figure 1). Particularly, glutamate has been detected
in the dorsal roots and/or the peripheral nerves of hen, cat,
frog, rat and monkey (Porcellati and Thompson, 1957; Gra-
ham et al., 1967; Wheeler and Boyarsky, 1968; Duggan and
Johnston, 1970; Johnson and Aprison, 1970; Roberts et al.,
1973; Osborne et al., 1974; Roberts and Keen, 1974; Battaglia
and Rustioni, 1988; Westlund et al., 1989), as well as in the
motor nerve terminals (Meister et al., 1993; Waerhaug and
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Ottersen, 1993). Furthermore, the activity of the enzyme
glutaminase which generated glutamate from glutamine has
been detected in the sensory ganglia, in the dorsal roots and
in the peripheral nerves (Graham and Aprison, 1969; Mc-
Dougal et al., 1981; Hassel et al., 2003; Miller et al., 2011).
Taken together, these findings indicate that glutamate is lo-
cated in the axons within the peripheral nerves and/or may
also be synthesized locally in these axons.

If glutamate is present in the axoplasm, can it be released
along the axons shafts? Earlier experiments suggested that
axon-SC signalling mediated by extracellular glutamate takes
place in the giant axon of the squid. When individual SCs in
the isolated giant axon were impaled with microelectrodes
and axons were stimulated electrically at high frequency (100
Hz), changes of the SC membrane potential were recorded,
and these changes were abolished by application of gluta-
mate receptor antagonists (Villegas et al., 1987; Lieberman et
al., 1989; Lieberman and Sanzenbacher, 1992). Subsequently
it has been demonstrated that if peripheral nerves or nerve
segments dissected from frog or mouse are pre-loaded with
labelled glutamate ('‘C-glutamate) or aspartate (d-2,3-(3)
H-aspartic acid) and stimulated electrically or magnetically,
the loaded substances can be detected in the bath solution
(Wheeler et al., 1966; DeFeudis, 1971; Weinreich and Ham-
merschlag, 1975; Wieraszko and Ahmed, 2009). Glutamate
release from the peripheral nerve segments has also been
demonstrated upon chemical stimulation, i.e., application of
high concentration (53.5 mM) of K" (Drescher et al., 1987).
Taken together, these experiments suggest that glutamate
can be secreted from axonal shafts in the peripheral nerves
(Figure 1), although they do not completely exclude that SCs
located along the axons may also release glutamate.

SCs as a possible source of glutamate in the nerves

Do SCs contain glutamate and can they be a source of gluta-
mate in the peripheral nerves, in addition to or instead of ax-
ons? The reports regarding presence of glutamate in SCs are
very limited and not fully consistent. Immunohistochemical
experiments in rat nodose ganglion and branches of vagus
nerve showed that only sensory axons, but not SCs, label
positively for glutamate (Schaffar et al., 1997) indicating that
source of glutamate in the PNS is only neuronal. However,
later studies using rat and mouse sciatic nerve demonstrated
that SCs in vitro and in the nerve slices contain enzymes re-
lated to the metabolism of glutamate: glutamate dehydroge-
nase, glutamic acid decarboxylase (GAD67), and glutamine
synthetase (Miller et al., 2002; Magnaghi et al., 2010; Saitoh
and Araki, 2010). Importantly, these enzymes are function-
al proteins in SCs because they have been detected using
not only immunohistochemistry and Western blotting, but
also functional assays which showed that cultured SCs use
GADG67 to synthesize y-aminobutyric acid (Magnaghi et al.,
2010) and that glutamine synthetase promotes myelination
by decreasing glutamate concentration in SCs (Saitoh and
Araki, 2010). Furthermore, in vitro studies showed that SCs
isolated from rat sciatic nerve express functional excitatory
amino acid transporter-1 (Perego et al., 2011), indicating
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that SCs take up glutamate from the extracellular space. Tak-
en together, these studies suggest that SCs contain glutamate
in the cytoplasm and are also able to metabolise glutamate.

If SCs contain glutamate, can they release it and what the
mechanisms of release are? SCs from rat DRG or sciatic
nerve are able to release glutamate in vitro (Parpura et al.,
1995; Jeftinija and Jeftinija, 1998; Wu et al., 2005). Glutamate
release from cultured SCs can be induced by ATP and bra-
dykinin and is mediated by mobilization of Ca®* from the
internal stores (Parpura et al., 1995; Jeftinija and Jeftinija,
1998). ATP-stimulated glutamate release involves activation
of P2-purinoceptors on SCs (Jeftinija and Jeftinija, 1998).
The mechanism of bradykinin-induced release remains un-
known but does not involve reversal of glutamate transport-
ers or cell swelling (Parpura et al., 1995).

A major mechanism of glutamate release from neurons
is vesicular exocytosis that requires a specialized complex
set of proteins, and glial cells in the CNS may be capable of
vesicular exocytosis as well (Savtchouk and Volterra, 2018).
Hence it is interesting to ask whether this mechanism plays
a role during glutamate release from SCs. Some studies in-
deed reported that cultured SCs express proteins required
for regulated secretion of vesicles, including synaptosome
associated protein 23, syntaxin I, synaptobrevin/vesicle-asso-
ciated membrane protein 2 and cellubrevin (Verderio et al.,
2006). Other studies demonstrate that synaptotagmin and
synaptophysin, that are also crucial for vesicle fusion in neu-
rons, are absent from SCs (Parpura et al., 1995; Jeftinija and
Jeftinija, 1998). Evidence regarding presence of synaptosome
associated protein 25 in SCs remains contradictory (Verderio
et al,, 2006; Marinelli et al., 2012). Hence, SCs in culture may
be capable of vesicular glutamate release (Figure 2) but this
release does not necessarily involve exactly the same set of
proteins which are used for exocytosis of glutamatergic vesi-
cles in neurons.

Taking together, several pieces of evidence suggest that
axonal shafts and SCs in the peripheral nerves contain glu-
tamate and can release it (Figure 2). However, the research
on this topic has been mainly performed in cell cultures or
using artificial conditions (e.g., loading the radioactively-la-
belled glutamate). And it currently remains unclear which
cells in the peripheral nerves release glutamate in vivo, and
which conditions foster this release.

Glutamate Receptors in the Peripheral Nerves

The amino acid glutamate acts on two types of receptors:
the iGluRs and the mGluRs. The iGluRs are ligand-gated
ionotropic receptors for glutamate that comprise a-ami-
no-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(AMPARSs), N-methyl-D-aspartate receptors (NMDARs),
and kainate receptors (KARs). A major function of iGluRs in
the CNS is to mediate fast synaptic signalling between neu-
rons, between neurons and OPCs, and between neurons and
Bergmann glia of the cerebellum. The mGluRs are G-coupled
metabotropic receptors for glutamate that encompass group
I (mGluR1 and mGluR5), group II (mGluR2 and mGluR3),
and group III (mGluR4, mGluR6, mGIluR7, mGluR8) re-
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ceptors (Niswender and Conn, 2010). The mGluRs induce
activation of intracellular signalling cascades upon glutamate
binding, may trigger Ca®' release from the internal stores,
and the opening of G-protein-coupled inwardly-rectifying
K" channels (Sherman, 2014). Which types of glutamate re-
ceptors are expressed in the peripheral nerves?

Glutamate receptors in SCs

Mammalian SCs express various types of iGluRs and
mGluRs that may detect released glutamate and mediate glu-
tamatergic signalling in the nerves (Figure 2). Particularly,
immunohistochemical and ultrastructural analysis showed
that SCs surrounding neurons and fibres in the vestibu-
lar ganglia of rat and guinea pig are positively labelled for
GluA2/A3 and GluA4 subunits of AMPARs (Dememes et al.,
1995), while processes of SCs in skin nerve biopsies obtained
from humans are positively labelled for either NMDARSs or
KARs (Kinkelin et al., 2000). Reverse transcription-poly-
merase chain reaction experiments demonstrated that SCs
isolated from rat sciatic nerve express mRNAs for NR1,
NR2B, NR2C, NR2D, and NR3B subunits of NMDARSs,
mRNAs for all AMPAR subunits (although GluA4 subunit
seems to be expressed at lower level than other subunits), as
well as mRNAs for GluK2, GluK3, GluK4, and GluK5 sub-
units of KARs (Campana et al., 2017). Importantly, the iG-
luRs and the mGluRs are functional proteins in SCs because
application of glutamate, NMDA, AMPA, or kainate triggers
transient increase in intracellular Ca*"-concentration and/
or release of ATP or brain-derived neurotrophic factor from
SCs, activation of ERK1/2 signalling pathways, or phosphor-
ylation of Akt in SC in vitro (Fink et al., 1999; Liu and Ben-
nett, 2003; Verderio et al., 2006; Campana et al., 2017). The
application of mGluR agonists or antagonists affects prolifer-
ation and differentiation of SCs, and myelination in vitro and
in vivo (Saitoh et al., 2016). Recent findings using single-cell
electrophysiology corroborated and extended the in vitro
studies of iGluRs in SCs by demonstrating that functional
Ca*-permeable AMPARSs are expressed by the developing
mammalian SCs ex vivo, and that the single-channel con-
ductance of AMPARSs in SCs (8-11 pS) is comparable to that
in neurons (Chen et al., 2017). However, functional expres-
sion of AMPARSs likely decreases when SCs become mature
and myelinate because only NMDARs, but not AMPARs,
trigger morphological changes in the adult PNS myelin ex
vivo (Christensen et al., 2016).

Glutamate receptors in the peripheral axons

Glutamate receptors have been detected on axonal cylinders
within various peripheral nerves using immunohistochemis-
try and electron microscopy (Figure 1) (Fernandez-Montoya
et al., 2017). Rat postganglionic sympathetic axons in grey
rami (grey rami are the branches from the paravertebral
ganglion of the sympathetic trunk which contact each spinal
nerve) express NR1 subunit of NMDARs and GluAl sub-
unit of AMPARs (Carlton et al., 1998). These subunits, as
well as GluK1, 2, 3 are also present in the subpopulations of
myelinated and unmyelinated axons in the sural and medial

plantar nerves and of unmyelinated cutaneous axons at the
dermal-epidermal junction in the glabrous rat skin (Carlton
et al., 1995; Coggeshall and Carlton, 1998; Carlton and Cog-
geshall, 1999; Kinkelin et al., 2000). Interestingly, the pro-
portion of axons labelled for these iGluRs increased during
experimentally-induced inflammation (Carlton and Cogge-
shall, 1999), indicating that iGluRs may play an important
role during inflammatory damage of peripheral organs.
Labelling for mGluR2/3 has been detected in axons within
the rat digital nerve (Carlton et al., 2001), while labelling
for mGIuR5 has been found on the axons of the peripheral
nerve trunks within the dermis of the rat skin (Walker et al.,
2001). The immunoreactivity for iGluRs and mGluR2/3 was
diffusely distributed within the axoplasm and/or localized
to membrane (Carlton et al., 1995, 2001) suggesting that
receptors can be transported along the axons or targeted to
the membrane. Axons of the mouse dorsal root also express
functional AMPARs and NMDARs because application of
glutamate or specific receptor agonists to these axons ex
vivo induce Ca”" elevations in the axons (Christensen et al.,
2016). Furthermore, activation of NMDARSs, but not AM-
PARs, induced morphological damage to axon cylinders in
the dorsal roots (Christensen et al., 2016).

Notably, nerve bundles within the rat heart also show la-
belling for GluA1 and GluA2/3 subunits of AMPARs, GluK5
subunit of KARs, NR1 subunit of NMDARs, as well as for
mGluR2/3 (Gill et al., 1998, 1999). However, it has not been
investigated whether axons or SCs express glutamate recep-
tors in the heart nerves.

Does Glutamatergic Signalling Occur in the

Peripheral Nerves?

If axons and SCs in the peripheral nerves are capable of
releasing glutamate, and also express functional glutamate
receptors, does glutamatergic signalling take place between
the cells in the peripheral nerves?

Glutamatergic signalling between axons and SCs in the
peripheral nerves

In the squid, SCs located along the giant axon detect axonal
glutamate release because they show changes in the mem-
brane potential in response to electrical stimulation of ax-
ons, and these changes are abolished by glutamate receptor
antagonists (Lieberman et al., 1989). More recent studies in
mammals showed that functional glutamate uptake system
exists in the SCs (Perego et al., 2011), and that application of
glutamate to the sciatic nerve in vivo triggers immature phe-
notype and proliferation of SCs (Saitoh et al., 2016). Based
on these findings and on the fact that SCs express glutamate
receptors, the authors suggested that glutamate is a signalling
molecule in the peripheral nerves (Figure 3) (Perego et al.,
2011; Saitoh et al., 2016), however a direct evidence for this
has not been yet provided.

The forms of axon-SC communication in the peripheral
nerves are unknown, but some studies suggest that gluta-
mate release in the nerve resembles synaptic release because
it depends on extracellular Ca”* and is stimulated by elevated
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Figure 1 Scheme showing Glu receptors and Glu release from the peripheral axons.

Note that information regarding Glu receptors is based on morphological findings that report presence of receptors on the peripheral axons but
do not verify whether these receptors are functional. Information regarding the mechanisms of axonal Glu release is based on the findings in the
central nervous system because the mechanisms of Glu release along the axonal shafts in the peripheral nervous system remain unknown. AMPAR:
a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; AP: action potential; DRG: dorsal root ganglion; Glu: glutamate; KAR: kainate
receptor; mGluR: metabotropic Glu receptor; NMDAR: N-methyl-D-aspartate receptor.

Figure 2 Scheme showing Glu receptors and glutamate release from Schwann cells located in the peripheral nerves.

Note that several studies report that AMPARs, NMDARs and mGluRs are functional proteins in SCs, but only morphological evidence is available
regarding KARs in SCs. Also note that mechanisms of Glu release from SCs are hypothetical as no functional studies are available on this topic.
AMPAR: a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; Glu: glutamate; KAR: kainate receptor; mGluR: metabotropic Glu re-

ceptor; NMDAR: N-methyl-D-aspartate receptor; SC: Schwann cell.

extracellular K* (DeFeudis, 1971; Wieraszko and Ahmed,
2009). As axons in the CNS fibre tracts establish synaptic
junctions with OPCs and fast vesicular glutamate release
occurs at these junctions (Kukley et al., 2007; Ziskin et al.,
2007; Gallo et al., 2008), it is possible that glutamatergic
signalling between axons and SCs in the peripheral nerves
takes place at specialized synaptic junctions as well. Recent-
ly, different approaches have been used to test for synaptic
axon-SC communication in a new preparation of periph-
eral nerve slices where the tissue architecture is preserved.
However, synaptic AMPARs-mediated currents in SCs were
detected neither upon electrical stimulation of axons nor
using pharmacological paradigms which induce massive
glutamate release at neuronal and neuron-OPCs synapses
in the CNS (Chen et al., 2017). Thus, electrophysiological
evidence in favour of synaptic junctions with functional pre-
synaptic release machinery along the peripheral axons and
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clustered postsynaptic AMPARSs in the developing SCs could
not be provided. However, synaptic axon-SC signalling may
be restricted to certain stages of animal development, e.g.,
takes place only before the embryonic day 16 which was the
earliest time-point investigated in the recent study (Chen et
al., 2017). With this regard, it is interesting to note that de-
veloping SCs located along the intramuscular motor axons in
the phrenic nerve respond to vesicular release of ATP from
axons with Ca’*-transients only during early development
but gradually lose the response as animal mature, although
SCs continue to express ATP receptors and respond to the
application of agonists (Heredia et al., 2018).

If functional synapses are not established between axons
and SCs, which alternative forms of glutamatergic axon-SC
signalling may exist in the peripheral nerves and how is
glutamate released? Hypothetically, axon-SC signalling may
involve non-synaptic vesicular exocytosis of glutamate and/
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Figure 3 Hypothetical scheme showing glutamatergic signalling

in the peripheral nerves (A) between axons and SCs, (B) between
axons, and (C) between SCs.

Information regarding the glutamate receptors in SCs is based on
various findings in cell culture and ex vivo. Information regarding the
mechanisms of axonal glutamate release is based on the findings in the
central nervous system because the mechanisms of glutamate release
along the axonal shafts in the peripheral nervous system remain un-
known. Note, that “Axon” represents both myelinated and non-myelin-
ated axons, while “Schwann cell” represents different developmental
stages of SC lineage. Akt: Serine/threonine-specific protein kinase; AM-
PAR: a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor;
AP: action potential; ErbB2-R: tyrosine kinase epidermal growth factor
receptor 2; ERK: extracellular signal-regulated kinase; KAR: kainate
receptor; LRP1: low density lipoprotein receptor-related protein 1;
mGluR: metabotropic glutamate receptor; NMDAR: N-methyl-D-as-
partate receptor; P: phosphorylation; PI3K: phosphoinositide 3-kinase;
pink dots: ions or molecules which are co-transported with gluta-
mate; red dots (Glu): glutamate; RSK: ribosomal S6 kinase; S6K: p70
S6 kinase; SCs: Schwann cells. Ion channel represents P2X; receptor,
TWIK1-related K" channel 1 (TREK-1), bestrophin 1 (BEST1), or any
other channel through which glutamate may be released. Transporter
represents reversed excitatory amino acid transporter, cystine-gluta-
mate exchanger, or any other transporter through which glutamate may
be released.

or non-vesicular glutamate release (Figures 1 and 3A). The
fact that vesicles are found in some types of peripheral axons
(Carlton et al,, 1995), and that glutamate as well as glutam-
inase activity is detected in axonal shafts of the peripheral
nerves (Miller et al., 2011) suggest that release of glutamate
in the nerves may occur from vesicles. Interestingly, the ax-
ons of DRG neurons, that are a source of glutamate in the
spinal nerves, are capable of vesicular glutamate release in
vitro although they do not build synaptic junctions with glial
cells (Wake et al.,, 2015). These findings may be in favour of
vesicular non-synaptic mechanism of glutamate release in the
peripheral nerves, although such conclusion should be made
with care as it is not known whether axons of cultured DRG
neurons represent the peripheral or the central branches.

In addition to vesicular exocytosis, several mechanisms
of non-vesicular glutamate release from different cells are
known in the CNS and may also occur in the PNS (Fig-
ures 1 and 3A). For instance, glutamate can be released
via cystine-glutamate exchangers, P2X; ion channels, glu-
tamate-permeable two-pore domain potassium channels
TWIK1-related K* channel 1 (TREK-1), glutamate-perme-
able Ca**-activated anion channel bestrophin 1, or reversed
electrogenic glutamate transporters (Szatkowski et al., 1990;
Duan et al., 2003; Woo et al., 2012; Massie et al., 2015). How-
ever, neither of these mechanisms has been investigated in
the peripheral nerves.

Remarkably, a recent study proposed an interesting mech-
anism of bi-directional signalling between axons and SCs
involving glutamate (Hu et al., 2019). The authors showed
that glutamate can induce Ca’*-elevations and secretion of
exosomes from SCs in vitro and that glutamate is released
from DRG cells during electrical stimulation. Based on these
findings, the authors put forward an idea that in vivo, gluta-
mate released from DRG neurons during neuronal activity
may foster SCs to secrete exosomes which contain substanc-
es modulating neuronal activity, for instance growth factors
and/or cyclic adenosine monophosphate. These substances
can influence behaviour and function of the DRG neurons/
axons (Hu et al., 2019).

Do SCs in the peripheral nerves use neurotransmitter
glutamate to signal back to axons? Several studies suggest
that SCs are able to transfer ribosomes and various mole-
cules (e.g., receptors, sodium channels) to axons, and that
this transfer is crucial during peripheral nerve regeneration
(Lopez-Verrilli and Court, 2012). Yet, it remains un-known
whether SCs release glutamate onto axons and/or wheth-
er glutamate, glutamate receptors, or molecules required
for metabolism of glutamate are packed into the exosomes
which SCs transfer to axons.

Glutamatergic signalling between axons in the peripheral
nerves

Supposedly, glutamate released from axonal shafts in the
peripheral nerves may activate not only glutamate receptors
on the neighbouring SCs, but also glutamate receptors on
the axons themselves (Figure 3B). In the CNS, NMDARs
and mGluRs are found on the presynaptic axonal boutons,
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and are involved in modulation of synaptic transmission and
plasticity (Upreti et al., 2013; Banerjee et al., 2016). Analo-
gous autocrine regulation of neurotransmitter release may
occur in the peripheral nerves. In line with this idea, ultra-
structural evidence demonstrates that clusters of small vesi-
cles in some types of peripheral axons are frequently associ-
ated with iGluRs (Carlton et al., 1995). These vesicles may be
glutamatergic and, upon exocytosis, may activate glutamate
auto-receptors or receptors on the neighbouring axons. Yet,
direct demonstration of axo-axonic glutamatergic signalling
in the peripheral nerves is currently missing.

Glutamatergic signalling between SCs in the peripheral
nerves

As SCs express glutamate receptors and may release gluta-
mate, it is possible that they are capable of autocrine gluta-
matergic signalling and/or release glutamate onto the neigh-
bouring SCs (Figure 3C). It has been suggested that SCs may
communicate between themselves, for instance during de-
velopment or during injury when they get denervated from
axons (Glenn and Talbot, 2013). This communication may
involve an autocrine signal from the SC extracellular matrix
with subsequent activation of G-protein-coupled receptor
126 (Gpr126) and signalling mediated by neuregulin. How-
ever it remains unknown whether glutamate and glutamate
receptors are involved in communication between SCs.

Functional Role of Glutamate Receptors and
Glutamatergic Signalling in the Peripheral

Nerves

How glutamatergic signalling may influence physiological
function of the peripheral nerves? Functional role of AM-
PARs in SCs in vivo is unknown. Two studies investigating
role of AMPARSs in SCs in vitro found that AMPARs are not
involved in glutamine-induced proliferation of SCs (Saitoh
and Araki, 2010), and do not mediated activation of ERK1/2
in response to application of 80 uM glutamate (Campana et
al., 2017).

Functional role of NMDARs in SCs in vivo is also un-
known. In vitro, NMDARs influence migration of SCs via
PI3K and ERK1/2 pathway (Campana et al., 2017), but are
not involved in regulation of glutamine-induced prolifera-
tion of SCs (Saitoh and Araki, 2010) (Figure 3A).

The mGluR2 control the balance between proliferation
of SCs, their differentiation, and myelination in vitro and in
vivo (Figure 3A): activation of mGluR2 promotes immature
phenotype of SCs via phosphorylation of ERK, while down-
regulation of mGluR2 stimulates expression of myelin genes
Krox-20 and MBP, and reduces expression of c-Jun, a nega-
tive regulator of myelination (Saitoh et al., 2016).

The newest evidence shows that glutamate triggers Ca* in-
crease and promotes secretion of exosomes from SCs in vitro
(Hu et al., 2019) suggesting that glutamate receptors may be
involved in this process, although the mechanisms have not
been investigated in further details.

Glutamate receptors may also regulate SC development
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and function in concert with other molecules. Although
little information is currently available regarding this issue,
it deserves attention. For instance, NRG1-ErbB signalling
is a well-defined factor influencing development of SCs and
myelination in the PNS. Activation of mGluR2 enhances
NRG1-induced ERK phosphorylation that induces prolifera-
tion of SCs in vitro (Saitoh et al., 2016). It remains unknown
whether iGluRs in SCs also interact with NRG1-ErbB but
it is plausible, in analogy to other cells. In neurons, some
types of ErbBs co-localize with postsynaptic AMPARs and
NMDARs (Garcia et al., 2000; Ma et al., 2003), presynaptic
NRGI regulates trafficking of postsynaptic AMPARs (Zhong
et al,, 2017), and NRGI1-ErbB signalling can regulate glu-
tamatergic synaptic plasticity (Fenster et al., 2012). In the
CNS, NRG-ErbB signalling also regulates the switch from
the activity-independent to the activity-dependent mode of
myelination involving NMDARs (Lundgaard et al., 2013).
Hence, NRG1-ErbB signalling may also regulate develop-
ment and/or function of SCs in the peripheral nerves in con-
cert with glutamate receptors.

Does Glutamatergic Signalling in the
Peripheral Nerves Play a Role during

Pathological Conditions?

In the fibre tracts of the CNS, glutamate is a key player during
pathological conditions including ischemia, inflammation,
traumatic injuries, and mental disorders (Spitzer et al., 2016).
The sources of glutamate may include axons, glial cells, or in-
flammatory cells; and, if released in excess, glutamate medi-
ates excitotoxic cell damage. However, glutamatergic signal-
ling may also be beneficial during pathological conditions: for
instance, NMDARSs in oligodendrocytes are essential during
re-myelination of axons in a toxin-induced demyelinated
lesion in the cerebellum (Lundgaard et al., 2013). Although
the role of glutamatergic signalling in pathophysiology of the
PNS received much less attention, evidence is emerging that
excessive glutamate level may trigger or potentiate damage of
axons and glia in the peripheral nerves. For instance, genetic
deletion of glutamate carboxypeptidase II, an enzyme which
generates glutamate from N-acetyl-aspartyl-glutamate, re-
sults in attenuation of injury after sciatic nerve crush (Bacich
et al., 2005). Activation of NMDARs triggers disordering of
the parallel profiles of the PNS myelin ex vivo (Christensen
et al., 2016), while NMDAR antagonist MK-801 is protective
during ischemia/reperfusion injury of the rat sciatic nerve (Ke
et al., 2016). However, glutamate is likely not merely a nega-
tive player during PNS pathologies. For example, NMDARs
are up-regulated after sciatic nerve injury in vivo, and this
may be beneficial for repair because activation of NMDARs
promotes migration and survival of SCs in vitro through
ERK1/2 and Akt pathway, and application of NMDA on the
injured sciatic nerve in vivo activates ERK1/2 (Campana et
al,, 2017). Interestingly, if applied on normal sciatic nerve in
vivo, glutamate induces de-differentiation of myelinating SCs,
i.e., a process of substantial phenotypic transformation of SCs
to the immature state, with subsequent increase in prolifer-
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ation of SCs. These effects are mediated by mGluR2 (Saitoh
et al,, 2016). Similar events may be triggered by glutamate in
the nerve during pathological conditions. Thus, it is possible
that glutamatergic signalling is transiently required at certain
stages of nerve regeneration to promote migration and prolif-
eration of de-differentiated SCs and generation of new imma-
ture SCs which can differentiate into re-myelinating cells.

Besides its role during PNS injury, glutamatergic signalling
may also be essential during tumorigenesis in the peripheral
nerves. For example, gria4 gene which encodes the GluA4
subunit of AMPARSs is among the ten top genes up-regulated
in human schwannomas (Sarver et al., 2015). Yet, the sourc-
es of glutamate, the mechanisms of glutamate release, and
the forms of glutamatergic signalling in schwannomas are
currently unknown.

Glutamatergic signalling also plays an important role in
generation and modulation of pain. Nociceptive A§-fibres
and C-fibres, that are the axons of the DRG neurons, are
glutamatergic. Various types of iGluRs and mGluRs are
localized in the pain pathway not only in the CNS but also
in the PNS, i.e., in the DRG neurons and on the peripheral
terminals of their axons located in the skin (Bleakman et al.,
2006). Multiple studies suggest that glutamate is a peripheral
mediator of pain because (a) subcutaneous injection of glu-
tamate or glutamate receptor agonists evokes hyperalgesic
responses, (b) concentration of glutamate in the skin rises
and expression of glutamate receptors is up-regulated in
animal models of pain and in the inflamed skin of human
patients, (c) peripherally applied antagonists of glutamate
receptors attenuate nociceptive behaviour (Westlund et al.,
1992; Carlton et al., 1995; Jackson et al., 1995; Zhou et al.,
1996; Davidson et al., 1997; Omote et al., 1998; Carlton and
Coggeshall, 1999; Dogrul et al., 2000; Bhave et al., 2001;
Carlton et al., 2001; Du et al., 2001; Walker et al., 2001; Du et
al., 2003; Jang et al., 2004; Jung et al., 2006; Lee et al., 2006;
Tan et al., 2008; Jin et al., 2012). Functional role of glutamate
and its receptors during pain has also been under extensive
investigation in the CNS (Bleakman et al., 2006). In contrast,
role of glutamatergic signalling in the peripheral nerve trunk
during pain remains largely unexplored. It is known that in
response to painful stimuli, trains of action potentials propa-
gate along the nociceptive axons, and the frequency of firing
correlates with pain intensity (Momin and McNaughton,
2009). Therefore, one can speculate that if nociceptive axons
are capable of releasing glutamate along their shafts in the
peripheral nerves, this release may increase during pain. Ex-
cessive level of glutamate may then trigger de-differentiation
of SCs and/or damage to myelin because these processes
have been observed upon application of glutamate to normal
nerves (Christensen et al., 2016; Saitoh et al., 2016). Demy-
elination in the peripheral nerves is known to elicit sponta-
neous action potential firing in the afferents and to induce
pain, even without direct damage to axons (Wallace et al.,
2003). Therefore, if release of glutamate occurs within the
nerves it may promote pain via feed-forward mechanism,
and altered crosstalk between axons and SCs in the nerves
may be an important pathophysiological mechanism of pain.

Conclusion

In contrast to the recent boost of interest regarding gluta-
matergic axon-glia signalling in the CNS, intercellular com-
munication mediated by glutamate in the peripheral nerves
remains in a shadow. Several studies demonstrated that
SCs and axons in the PNS express glutamate receptors, and
that glutamate may be released from the peripheral nerves.
However, the majority of available information on this topic
stems from cell culture studies and/or from the experiments
using artificial conditions. Some authors proposed that glu-
tamate is a signalling molecule in the peripheral nerves but
no study has so far directly demonstrated this in mammals
in vitro or in vivo. The newest findings also suggest that glu-
tamate may play a dual role during peripheral nerve injury
or other PNS pathologies, being harmful during some cir-
cumstances and beneficial during the others. In the future, it
would be important to address the open questions regarding
glutamatergic signalling in the PNS, putting particular focus
on studying this signalling in preparations with preserved
cellular architecture and in vivo because this would help un-
derstanding the mechanism of PNS development and repair.
Targeting glutamatergic signalling in the peripheral nerves
may appear to be an important approach for promoting re-
generation and repair, as well as for pain management.
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