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Abstract: The pro-nociceptive role of glutamate in the CNS in migraine pathophysiology is well es-
tablished. Glutamate, released from trigeminal afferents, activates second order nociceptive neurons
in the brainstem. However, the function of peripheral glutamate receptors in the trigeminovascular
system suggested as the origin site for migraine pain, is less known. In the current project, we used cal-
cium imaging and patch clamp recordings from trigeminal ganglion (TG) neurons, immunolabelling,
CGRP assay and direct electrophysiological recordings from rat meningeal afferents to investigate
the role of glutamate in trigeminal nociception. Glutamate, aspartate, and, to a lesser extent, NMDA
under free-magnesium conditions, evoked calcium transients in a fraction of isolated TG neurons,
indicating functional expression of NMDA receptors. The fraction of NMDA sensitive neurons was
increased by the migraine mediator CGRP. NMDA also activated slowly desensitizing currents in
37% of TG neurons. However, neither glutamate nor NMDA changed the level of extracellular CGRP.
TG neurons expressed both GluN2A and GluN2B subunits of NMDA receptors. In addition, after
removal of magnesium, NMDA activated persistent spiking activity in a fraction of trigeminal nerve
fibers in meninges. Thus, glutamate activates NMDA receptors in somas of TG neurons and their
meningeal nerve terminals in magnesium-dependent manner. These findings suggest that periph-
erally released glutamate can promote excitation of meningeal afferents implicated in generation
of migraine pain in conditions of inherited or acquired reduced magnesium blockage of NMDA
channels and support the usage of magnesium supplements in migraine.
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1. Introduction

Migraine is a common and complex neurological disorder, which neurochemical
mechanisms leading to a severe headache are largely unknown [1,2]. Glutamate, a ma-
jor excitatory neurotransmitter in the central nervous system [3], mediates the synaptic
transmission from the primary afferents to the second order nociceptive neurons in the
brainstem [4]. Glutamate also plays a key role in cortical hyperexcitability in familial
type migraine [5]. Peripheral nerves release glutamate in response to thermal or electrical
stimulation [6,7]. However, the role of glutamate in peripheral mechanisms of migraine, in
particular, in the generation of nociceptive pain signals in meninges, which are supposed
to be origin site for migraine pian, remains poorly understood. In general, glutamate
mediates its physiological functions acting via ionotropic α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA), N-methyl-D-aspartate (NMDA) or kainate receptors
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to depolarize neurons, whereas metabotropic (mGluR) glutamate receptors can modulate
neuronal activity, thus contributing to neuropathic or inflammatory pain processes [8–12].

In migraine models, the antagonists of NMDA and AMPA but not kainate receptors
prevented the dilatory action of the migraine-related neuropeptide CGRP on rat dural
artery [13]. Kynurenate, which is a nonspecific endogenous antagonist of NMDA, AMPA
and kainate receptors, can block the release of CGRP [14] suggesting the role of these
receptors in meningeal pro-inflammatory and pro-nociceptive processes. Moreover, the
expression of GluN1, GluN2A, and GluN2B subunits of NMDA receptor has been demon-
strated in rat trigeminal ganglia (TG) [15–18]. GluN2B subunits of NMDA receptors were
found to be expressed in nerve fibers innervating dural blood vessels [19]. TG neurons were
excited by the direct NMDA injection to the ganglion [20] or by stimulation of the periph-
eral receptive field in the face [16,20–23]. However, the functional responses of trigeminal
afferent fibers in the meninges to the specific NMDA agonists were not described.

Notably, NMDA receptors, which are of special interest in migraine [15,17,18,24], are
normally blocked by magnesium ions and this block can be relieved by local depolarizing
agents [25]. Interestingly, magnesium-deficient rats develop a mechanical hyperalgesia [26].
Several studies have revealed that the level of serum magnesium was lower in migraine
patients than in non-migraineurs and related to the frequency of migraine attacks [27,28].
On other hand, glutamate concentrations and expression levels of GluN2B subunits of
NMDA receptors were higher in migraine patients, but declined during migraine treat-
ment [24]. Expression of NMDA receptors is sensitive to inflammatory processes [29]
which can be triggered by the neuropeptide CGRP which plays a key role in migraine
promoting neurogenic inflammation in the trigeminovascular nociceptive system [30–33].
However, the action of CGRP on NMDA receptors and action of NMDA on CGRP release
from trigeminal neurons were not yet studied.

Clinical observations on the promotion of headache by large ingestion of monosodium
glutamate [34] also suggest the peripheral site of action as this compound does not cross
the blood brain barrier [35]. Consistent with this, systemic administration of monosodium
glutamate in rats induced sensitization to mechanical stimuli and increased the firing of
neurons in the spinal trigeminal subnucleus caudalis (SpVc) [19]. However, a direct testing
of glutamate action on meningeal trigeminal afferents which are different in functional
properties from somas of TG neurons [36] was not performed to date.

In the present study, we explored the presence and functional expression of glutamate
NMDA receptors in somas of TG neurons and in meningeal trigeminal nerve terminals. We
also tested whether the activity of these receptors could be modulated by the neuropeptide
CGRP, and if glutamate and NMDA promote the release of CGRP from the trigeminal
ganglion cells.

2. Results
2.1. Effect of Glutamate, Aspartate, and NMDA on Intracellular Calcium Level in Trigeminal
Ganglion Neurons

First, we tested at the level of single cells, whether TG neurons express functional
glutamate receptors. To this end, we used calcium imaging technique which allows to char-
acterize glutamate receptors in a large population of neurons. Neurons were distinguished
from other cells in culture, based on responses to KCl [37].

Application of 1 mM glutamate with the co-agonist glycine (10 µM) for 2 s, in magne-
sium free solution, induced calcium transients in a fraction of TG neurons. Figure 1A–C
shows representative traces of calcium responses in neurons. Totally, 44% of neurons
(68/156) responded to glutamate (n = 7, Figure 1A,D). Likewise, the other broad-spectrum
agonist aspartate (100 µM) with co-agonist glycine (10 µM, 20 s) activated similar number
of neurons (51%, 40/78, Figure 1B,D) with larger amplitude of responses to aspartate
(53.9 ± 5.3%, 68 cells for glutamate vs. 81.3 ± 11.1%, 40 cells for aspartate, p < 0.01,
Figure 1E).
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As high affinity glutamate-NMDA receptors are implicated in peripheral glutama-
tergic nociception [18,21,23,38,39], next we tested the action of NMDA (100 µM with co-
agonist glycine, 10 µM). In contrast to glutamate and aspartate, only a small fraction of 
neurons generated calcium transients to NMDA (12/124, n = 7, Figure 1C,D). This value 
(9.6%) was clearly lower than glutamate and aspartate responsiveness of TG neurons. 

 
Figure 1. Intracellular Ca2+ transients activated by glutamate receptors agonists in rat TG neurons: 
Representative Ca2+ traces recorded after (A) glutamate (1 mM), (B) aspartate (100 µM), and (C) 
NMDA (100 µM) applications to TG neurons. All agonists were mixed with the co-agonist glycine 
(10 µM) in magnesium free solution. Average of 5 traces in each. Notice that NMDA sensitive neu-
ron also responded to the TRPV1 agonist capsaicin; (D) Histograms showing the percentage of neu-
rons responding to three glutamate agonists. Notice that the number of neurons responding to 
NMDA was significantly less than to glutamate and aspartate; (E) Histograms showing amplitudes 
of Ca2+ transients (normalized to ionomycin response) activated by glutamate, aspartate, NMDA. 
All agonists were applied with the co-agonist glycine. Mean ± SEM. ** p < 0.01; *** p < 0.001. 

The increase of glycine concentration up to 30 µM elevated the fraction of neurons 
responded to NMDA to 36.9 ± 4.5% (41/112 cells, n = 3, Figure 2A,B). At the same time 
only 6.6 ± 2.4% of cells were activated by solely glycine application (8/112 cells, n = 3, p < 

0.05). The presence of magnesium in extracellular solution decreased the fraction of re-
sponding cells to 20.6 ± 5.2% (32/160 cells, n = 3, p < 0.05). The amplitude of NMDA evoked 
Ca2+ transients were decreased to 60.1 ± 6.8% by the specific antagonist of NMDA receptor 
DL-APV (80 µM) (n = 3, Figure 2C,D). 

Figure 1. Intracellular Ca2+ transients activated by glutamate receptors agonists in rat TG neurons:
Representative Ca2+ traces recorded after (A) glutamate (1 mM), (B) aspartate (100 µM), and (C)
NMDA (100 µM) applications to TG neurons. All agonists were mixed with the co-agonist glycine
(10 µM) in magnesium free solution. Average of 5 traces in each. Notice that NMDA sensitive
neuron also responded to the TRPV1 agonist capsaicin; (D) Histograms showing the percentage of
neurons responding to three glutamate agonists. Notice that the number of neurons responding to
NMDA was significantly less than to glutamate and aspartate; (E) Histograms showing amplitudes
of Ca2+ transients (normalized to ionomycin response) activated by glutamate, aspartate, NMDA. All
agonists were applied with the co-agonist glycine. Mean ± SEM. ** p < 0.01; *** p < 0.001.

As high affinity glutamate-NMDA receptors are implicated in peripheral glutamatergic
nociception [18,21,23,38,39], next we tested the action of NMDA (100 µM with co-agonist
glycine, 10 µM). In contrast to glutamate and aspartate, only a small fraction of neurons
generated calcium transients to NMDA (12/124, n = 7, Figure 1C,D). This value (9.6%) was
clearly lower than glutamate and aspartate responsiveness of TG neurons.

The increase of glycine concentration up to 30 µM elevated the fraction of neurons
responded to NMDA to 36.9 ± 4.5% (41/112 cells, n = 3, Figure 2A,B). At the same time
only 6.6 ± 2.4% of cells were activated by solely glycine application (8/112 cells, n = 3,
p < 0.05). The presence of magnesium in extracellular solution decreased the fraction of
responding cells to 20.6 ± 5.2% (32/160 cells, n = 3, p < 0.05). The amplitude of NMDA
evoked Ca2+ transients were decreased to 60.1 ± 6.8% by the specific antagonist of NMDA
receptor DL-APV (80 µM) (n = 3, Figure 2C,D).
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Figure 2. Intracellular Ca2+ transients activated by NMDA in rat TG neurons: (A) Representative 
Ca2+ traces recorded after glycine (30 µM) and NMDA (100 µM) applications to TG neurons. All 
agonists were in magnesium free solution. NMDA sensitive neuron also responded to the TRPV1 
agonist capsaicin; (B) Histograms showing the percentage of neurons responding to glycine and 
NMDA in magnesium free solution vs. NMDA in basic solution (Mg 1 mM); (C) Representative Ca2+ 
traces recorded after NMDA (100 µM) and combination of DL-APV (80 µM) + NMDA applications 
to TG neurons. All drugs were in magnesium free solution. (D) Histograms showing the mean am-
plitude of Ca2+ -response activated by NMDA and against the background of DL-APV. Mean ± SEM. 
* p < 0.05. 

2.2. Immunolabeling NMDA Receptors in Trigeminal Ganglion Neurons 

To identify a general pool of NMDA receptors in TG neurons we used an immuno-
cytochemical detection of two major subtypes (synaptic GluN2A and extrasynaptic 
GluN2B) of NMDA receptors in isolated TG culture. Interestingly, this staining showed 
significant differences between GluN2A and GluN2B subunits profiles. GluN2A subunits 
were highly expressed in a dotty manner in significant number of neuronal cell bodies 
marked by the neuronal β-tubulin III staining (Figure 3A, red). In general, 80 ± 3.7% of 
trigeminal cells expressed GluN2A subunits (458 cells, n = 4). Unlike GluN2A, GluN2B 
subunits were expressed in more limited fraction of TG neurons (26.7 ± 4.5% of β-tubulin 
III positive cells, 311 cells, n = 4, Figure 3B). 

Thus, immunolabelling revealed even a large presence of two major subtypes of 
NMDA receptors in TG neurons. 

Figure 2. Intracellular Ca2+ transients activated by NMDA in rat TG neurons: (A) Representative Ca2+

traces recorded after glycine (30 µM) and NMDA (100 µM) applications to TG neurons. All agonists
were in magnesium free solution. NMDA sensitive neuron also responded to the TRPV1 agonist
capsaicin; (B) Histograms showing the percentage of neurons responding to glycine and NMDA in
magnesium free solution vs. NMDA in basic solution (Mg 1 mM); (C) Representative Ca2+ traces
recorded after NMDA (100 µM) and combination of DL-APV (80 µM) + NMDA applications to TG
neurons. All drugs were in magnesium free solution. (D) Histograms showing the mean amplitude of
Ca2+ -response activated by NMDA and against the background of DL-APV. Mean ± SEM. * p < 0.05.

2.2. Immunolabeling NMDA Receptors in Trigeminal Ganglion Neurons

To identify a general pool of NMDA receptors in TG neurons we used an immunocy-
tochemical detection of two major subtypes (synaptic GluN2A and extrasynaptic GluN2B)
of NMDA receptors in isolated TG culture. Interestingly, this staining showed significant
differences between GluN2A and GluN2B subunits profiles. GluN2A subunits were highly
expressed in a dotty manner in significant number of neuronal cell bodies marked by the
neuronal β-tubulin III staining (Figure 3A, red). In general, 80 ± 3.7% of trigeminal cells
expressed GluN2A subunits (458 cells, n = 4). Unlike GluN2A, GluN2B subunits were
expressed in more limited fraction of TG neurons (26.7 ± 4.5% of β-tubulin III positive
cells, 311 cells, n = 4, Figure 3B).

Thus, immunolabelling revealed even a large presence of two major subtypes of
NMDA receptors in TG neurons.
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Figure 3. Immunolabeling NMDA receptors in trigeminal ganglion neurons: (A) Immunostaining 
of GluN2A and GluN2B subunits of NMDA receptor in TG cells; Left column—labelling of β-tubu-
lin III; central column—labelling with GluN2A (top) or GluN2B (bottom) antibodies; right column—
overlay. Representative images of the staining are made at original magnification 63 × 1/4. Scale bar: 
50 µM (B) Histogram presented the percentage of neurons expressed GluN2A and GluN2B subu-
nits, *** p < 0.001. 

2.3. CGRP Increases NMDA Responding TG Cells 

As the neuropeptide CGRP plays a key role in the pathophysiology of migraine 
[32,40], we next tested the action of CGRP on NMDA-induced responses. To determine 
whether the migraine mediator CGRP can increase responses to NMDA, we pre-incu-
bated TG cultures obtained from P12 rats with 1 µM CGRP for 2 h. In control, in these 
experiments, 11/247 cells responded to NMDA (n = 7). However, after CGRP exposure, 
the number of responding neurons was almost doubled (28/318 cells, n = 7, p < 0.05, Figure 
4A), with a non-significant decrease in amplitude (69.4 ± 14.6% in control vs. 47.6 ± 4.7% 
after CGRP, p > 0.05, Figure 4B). 

Taken together, these data indicated that TG neurons express various subtypes of 
glutamate receptors including NMDA receptor subtype and that the fraction of NMDA 
positive neurons could be enhanced in the presence of CGRP for 2 h. 
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GluN2A and GluN2B subunits of NMDA receptor in TG cells; Left column—labelling of β-tubulin
III; central column—labelling with GluN2A (top) or GluN2B (bottom) antibodies; right column—
overlay. Representative images of the staining are made at original magnification 63 × 1/4. Scale bar:
50 µM (B) Histogram presented the percentage of neurons expressed GluN2A and GluN2B subunits,
*** p < 0.001.

2.3. CGRP Increases NMDA Responding TG Cells

As the neuropeptide CGRP plays a key role in the pathophysiology of migraine [32,40],
we next tested the action of CGRP on NMDA-induced responses. To determine whether
the migraine mediator CGRP can increase responses to NMDA, we pre-incubated TG
cultures obtained from P12 rats with 1 µM CGRP for 2 h. In control, in these experiments,
11/247 cells responded to NMDA (n = 7). However, after CGRP exposure, the number of
responding neurons was almost doubled (28/318 cells, n = 7, p < 0.05, Figure 4A), with a
non-significant decrease in amplitude (69.4 ± 14.6% in control vs. 47.6 ± 4.7% after CGRP,
p > 0.05, Figure 4B).
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Figure 4. Facilitating effect of CGRP on NMDA evoked Ca2+ responses: (A) Histograms showing
that CGRP (1 µM, 2 h) increased the fraction of TG neurons responding to NMDA (100 µM) with
the co-agonist glycine (10 µM) in P12-14 rats (247 neurons in control; 318 neurons after CGRP); (B)
Histograms showing amplitudes of calcium responses in TG neurons responding to NMDA. Notice
that the amplitudes were not significantly changed (p > 0.05). Mean ± SEM. * p < 0.05.

Taken together, these data indicated that TG neurons express various subtypes of
glutamate receptors including NMDA receptor subtype and that the fraction of NMDA
positive neurons could be enhanced in the presence of CGRP for 2 h.
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2.4. NMDA Currents in Trigeminal Ganglion Neurons

As the independent and direct approach to characterize glutamate responses in TG
neurons, we used patch clamp recordings of membrane currents from these cells activated
by the local application of NMDA. Application of NMDA (100 µM with glycine 30 µM in
magnesium free solution) on TG neurons induced membrane currents in 37% of tested cells
(from 110 cells, n = 12, Figure 5A,B). Notably, the amplitude of NMDA currents was very
variable ranging from 20 pA to 4 nA (Figure 5C). Thus, in 14 cells of NMDA responsive
neurons, membrane currents had the amplitude lower than 100 pA and only in 4 of all
tested neurons) of cells they exceeded 1000 pA. These data confirmed functional expression
of NMDA receptors in significant number of TG neurons.
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2.5. Action of Glutamate and NMDA on CGRP Release

Given the key role of CGRP in migraine, we next tested whether activation of glutamate
receptors can trigger the release of this migraine mediator from the fraction of peptidergic
TG neurons. To this end, we used an enzymatic immune assay (EIA) to detect CGRP
released into medium of TG cultures prepared from P12 rats. Samples were sequentially
collected in duplicates from well plates in control and after exposure to glutamate agonists.
Exposure to 1 mM glutamate did not change the release of CGRP (21.7 ± 3.5 pg/mL,
n = 10, Figure 6A) comparing to control (25 ± 4.3 pg/mL, p > 0.05). Similar results were
obtained with 100 µM NMDA combined with 10 µM glycine (37.8 ± 12.2 pg/mL in control
vs. 38.1 ± 5.8 pg/mL after NMDA with glycine, n = 9, p > 0.05, Figure 6B). In contrast, the
potent TRPV1 agonist capsaicin (1 µM), used as a positive control, induced a large CGRP
release (89.9 ± 11.7 pg/mL, n = 4, vs. 29 ± 7.4 pg/mL in control, p < 0.05, Figure 6C). Thus,
despite the presence of glutamate receptors in neurons, the respective agonist of these
receptors did not promote CGRP release.
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for 15 min to TG cells obtained from P10-P12 rats. Notice that CGRP level was not changed by
glutamate application; (B) CGRP concentration in control and after exposure to NMDA (30 µM with
10 µM glycine) for 15 min. Like with glutamate, after application of NMDA, the level of CGRP
remained at a basal level; (C) CGRP concentration after exposure to capsaicin (1 µM), positive control.
Notice large increase in CGRP release. Mean ± SEM. * p < 0.05.

2.6. NMDA Induced Nociceptive Activity in Trigeminal Nerves in the Absence and Presence of
Magnesium Ions

Finally, to test the role of peripheral NMDA receptors in more physiologically relevant
conditions we used the whole-mount hemiskull preparation with preserved meningeal
innervation with intact peripheral branches of the trigeminal nerve [36]. Figure 7A shows an
example of nociceptive activity in meningeal afferents before (in magnesium-free solution
supplemented by 30 µM glycine) and after application of 100 µM NMDA with glycine
(30 µM). The global spiking activity of the whole nerve was significantly increased from
179 ± 61 spikes in 2 min before NMDA application (n = 5) to 265 ± 51 and 260 ± 59 spikes
by the fourth and eighth minutes of NMDA application, respectively (n = 5, p < 0.05,
Figure 7B). Using our novel clustering approach [36,41,42] we performed the neurochemical
profiling of nociceptive spiking in different fibers of meningeal afferents. This approach
revealed sensitive to NMDA application fibers (so-called ‘responder clusters’) and ‘non-
responders’ [36] (Figure 7C). Interestingly, there were clusters entirely inactive in control
which became very active in the presence of NMDA (Figure 7D). We found 13 such ‘sleeping’
clusters which were activated only after application NMDA characterized by relatively
large amplitude of spikes (Figure 7C, right). In general, in five experiments, 32 ± 3% of
clusters showed sensitivity (>2-fold increase in mean frequency) to NMDA application.
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spontaneous multiple unit activity (MUA) in control (top) and in the presence of NMDA (100 µM with
30 µM glycine) in magnesium free solution (bottom); (B) The time-course of frequency of nociceptive
spikes (2 min binning) during 4 min recording in control (before agonist) and during application of
NMDA (100 µM, 10 min); (C) Cluster analysis of nociceptive spikes in control and in the presence
of NMDA. Spike’s positive phase amplitudes (abscissa) are plotted vs. negative phase amplitudes
in arbitrary units (a.u.) (ordinate) to confirm clusters compactness. Color contours outline spike
clusters separated by KlustaKwik method. Notice that green MUA increased in numbers whereas
black dots (initially the silent cluster) appeared during NMDA application. Insets show average
shapes; (D) Example of the time-course of spike frequency for the responder and non-responder
clusters before and after NMDA application; (E) Sample traces of spontaneous MUA in control (top)
and in the presence of NMDA (100 µM with 30 µM glycine) in basic ACSF solution (bottom); (F) The
time-course of frequency of nociceptive spikes (2 min binning) during 4 min recording in control
(before agonist) and during application of NMDA (100 µM, 10 min) in basic ACSF solution. * p < 0.05.

Next, to explore the functional role of NMDA receptors in non-sensitized conditions
with preserved stable block of these receptors by magnesium ions, we performed testing
of the action of NMDA on meningeal nerve spikes in the presence of 1 mM magnesium
(Figure 7E). As expected from the blocking role of magnesium ions on NMDA receptor, we
did not find significant change of nociceptive activity in response to NMDA application
(n = 4; Figure 7F).

In summary, we found that the very peripheral nerve branches of the trigeminal nerve
in meninges are equipped by the functional magnesium-sensitive NMDA receptors, and
they are differentially presented in individual nerve fibers.

3. Discussion

The main finding of the current study is the demonstration, by using various ap-
proaches, the presence of functional glutamate NMDA receptors in somas of TG neurons
and in meningeal peripheral terminals of trigeminal nerve implicated in generation of
migraine pain. The excitatory action of NMDA was evident in conditions of reduced
magnesium blockage of this receptor type which mimics conditions of magnesium defi-
ciency observed in fraction of migraine patients. Our data also show for the first time
that TG neurons are sensitive to the endogenous aminoacid aspartate. In addition, we
found that the pro-nociceptive signaling by NMDA in neurons can be enhanced in the
presence of CGRP. Thus, apart from the well-established role of glutamate in transmission
of nociceptive signals from primary afferents to brainstem neurons and cortical excitability
in migraine, we show that the activation of NMDA receptors in tissues located outside of
the brain-blood barrier can potentially contribute to peripheral pain-triggering mechanisms
of migraine.

Using the broad-spectrum glutamate receptor agonists, glutamate and aspartate, we
showed here with a calcium imaging approach that the essential fraction of TG neurons
responds to these endogenous agonists. Interestingly, in neurons, we observed responses
to glutamate agonists even without using an inhibitor of glutamate uptake [20], which
blocks glutamate transporter in glial cells and decreases extracellular glutamate level [43]
through the glutamate-glutamine cycle [20,44]. Our main focus, in the current study, was
on the role of calcium-permeable NMDA receptors. With calcium imaging we found that
the number of responded to NMDA cells was lower than fraction of neurons responding to
glutamate and aspartate. This is not surprising as glutamate can act on ionotropic AMPA,
NMDA, kainate and various subtypes of metabotropic receptors. The nature of other
than NMDA glutamate receptors in these cells requires future experiments. Nevertheless,
our patch clamp approach revealed that one third of neurons express functional NMDA
receptors mainly giving rise for low amplitude membrane currents. A higher total fraction
of responding neurons was detected by immunolabeling detecting the presence of a large
fraction of GluN2A receptor subunits in TG neurons.
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Previous studies demonstrated RNA and protein expression of GluN1, GluN2A and
GluN2B subunits of NMDA receptor in TG tissues [15,17,18,20]. While the GluN1 subunits
were expressed in 99% of ganglionic neurons [18], GluN2A and GluN2B immunoreactivity
was present in a limited fraction of cells [17,18]. Thus, about 30% of TG neurons innervating
the TMJ or masseter muscle contained GluN2B subunits [17,18], which is close to values
obtained in our study. However, expression of the GluN2A subunit in our study was much
higher (~80%) compared to Dong et al., (16%) [17], probably due to the different age of ani-
mals used in our study. It should be noted also that the ratio between GluN2A and GluN2B
subunits depends on the gender and may be changed in inflammatory conditions [17,18].

In general, our results are consistent with studies by Lee et al., [38], who also found
NMDA evoked functional responses in sensory TG neurons. Although these authors did
not characterize the response of trigeminal afferent fibers to the specific NMDA agonists,
they showed the pro-nociceptive role of NMDA receptors in the development of mechanical
hyperalgesia in the masseter muscle [16,38]. Likewise, in our model, the main migraine
mediator CGRP, increased the number of TG neurons responding to NMDA. This could
be due to the fact that some of NMDA receptors are located in the intracellular pool, since
we found that the fraction of functional membrane receptors was lower compared to their
total number detected with immunolabelling of GluNA/B subunits.

CGRP is considered as the main endogenous compound that can trigger a migraine
attack [32,40]. CGRP peptide and its receptors are expressed in the fraction of TG neurons
and their nerve terminals [45–48]. We previously demonstrated that CGRP had the sensitiz-
ing effect on ATP-gated P2X3 [37,48] and 5-HT3 [49,50] receptors involved in activation of
trigeminal nociception. Likewise, we show here the increased fraction of NMDA responsive
cells after treatment with CGRP. One potential mechanism for this sensitization is that
CGRP activates the protein kinase A (PKA) and the protein kinase C (PKC) pathways
which promote phosphorylation of NMDA receptors [51]. Consistent with this view, the
same PKA/PKC signaling pathways were implicated in CGRP induced sensitization of
P2X receptors [48,52]. Peptidergic sensory neurons contain large dense vesicles that act as a
reservoir of endogenous CGRP [53]. Potentially, activation of calcium permeable receptors
can trigger calcium dependent CGRP release from TG neurons. Indeed, in our experimental
model, the classical algogen capsaicin operating via calcium-permeable TRPV1 receptors,
promoted the large release of CGRP. Likewise, inflammatory conditions in the meninges
can induce significant CGRP release, which was blocked by kynurenic acid, suggesting in-
volvement NMDA receptors in this effect [54]. However, we did not find here the elevation
of CGRP release after glutamate or NMDA treatments. This result could be explained by
the preferential expression of NMDA receptors in non-peptidergic Aδ fibers characterized
by large amplitude of spikes or that the location of NMDA receptors in nerve fibers does
not match the location of vesicles with CGRP.

The role of glutamate as a peripheral pro-nociceptive agent in trigeminal system was
proposed in several studies [17,21,23,55]. Thus, the peripheral application of glutamate
sensitized trigeminal nociceptive afferents innervating deep craniofacial tissues and facial
mechanoreceptors [23,55] and activates of masseter muscle afferents [17,21]. However, the
involvement of NMDA receptors in the firing of trigeminal afferents innervating meninges
was not previously investigated and for first time detected in the current study. This
novel finding is consistent with previous observations that monosodium glutamate acting
at periphery, increased the ongoing spiking activity in neurons of the spinal trigeminal
subnucleus caudalis (SpVc) [19]. Moreover, the expression of GluN2B subunits of NMDA
receptors was shown in nerve fibers innervating dural blood vessels [19]. Interestingly,
recent study demonstrated the involvement of NMDA receptors in the neurogenic in-
flammation of the dura mater also suggesting the role of this glutamatergic signalling in
initiation of the migraine attack [54].

Currently, peripheral trigeminal nociceptive signalling from meninges is considered
as the main mechanism of migraine pain [30,36,56]. We show here that after removal of
magnesium, NMDA increases the nociceptive firing of meningeal nerve terminals. This
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peripheral firing if it happens in vivo conditions, can be transmitted to the higher pain
centers to be perceived as a migraine pain. Interestingly, some of these trigeminal terminals
were silent in control conditions showing no spontaneous nociceptive activity but they
‘waked up’ after application of NMDA. Interestingly, glutamate and aspartate levels are
increased in plasma, cerebrospinal fluid, or platelets during a migraine attack [24,57–59]
consistent with our finding that both these endogenous aminoacids activated TG neurons.
Thus, one hypothesize that these aminoacids can contribute to peripheral nociception
acting at trigeminal nerve endings in meninges which re not protected by the blood-brain
barrier [60]. In line with this, the high level of glutamate in the diet, was proposed as trigger
of headache [34]. In opposite, magnesium supplements in the diet, showed a beneficial
protecting effect in fraction of migraine patients [61,62] consistent with its well-known
blocking action on NMDA receptors. Notably, magnesium block of NMDA receptors can
be reduced not only due to this ion deficiency resulting from inadequate intake or increased
gastrointestinal or renal loss [63] but also due to mutations affecting the sites determining
action of magnesium and associated with neurological disorders including epilepsy [64].
Such inherited or acquired conditions can promote the excitation of nerve terminal by
endogenous glutamate through peripheral NMDA receptors at nerve terminals. While
in migraine patients such conditions require compensation of deficiency by magnesium
supplements, it is still a matter of debate whether all or only selected patients should get
magnesium treatments [65,66]. In view of growing interest to magnesium for migraine
treatments, more large-scale clinical trials are needed to clarify this issue.

It is generally accepted that glutamate mediates the fast-synaptic transmission from
primary afferents to the second order nociceptive neurons. Thus, in the trigeminal noci-
ceptive system, glutamate which is contained in neurons in small synaptic vesicles can
be released by the presynaptic spike to activate AMPA and NMDA receptors located at
the postsynaptic nociceptive neurons in trigeminal nucleus caudalis [67] or in dorsal horn
neurons [68,69] of the upper cervical segments. NMDA receptors are also implicated as key
players in cortical spreading depression (CSD) [70–72] underlying migraine aura [73–75].
Notably, high extracellular potassium levels, associated with CSD, could be sufficient to
remove, via local depolarization, magnesium block of NMDA receptors, thus promote
their excitation in primary afferents by endogenous glutamate. Furthermore, the transient
relief of the magnesium block of NMDA receptors could be achieved by the other local
depolarizing agents such as ATP and 5-HT [33]. The release of endogenous glutamate could
be induced by these excitatory compounds or due to antidromic spike propagation from
the brainstem [76–78]. Together, this novel view is consistent with the concept of the ‘coin-
cidence detector’ function of NMDA receptors, a fundamental phenomenon underlying
memory formation [79,80].

4. Materials and Methods

Male Wistar P10-12 or P35-40 rats were used. Experimental protocols were performed
in accordance with the European Community Council Directive of 22 September 2010
(2010/63/EEC). The protocols were approved by the Animal Care and Use Committee
of the University of Eastern Finland (license EKS-008-2019) and the Ethics Committee of
Kazan Federal University (protocol No. 8, 5 May 2015).

4.1. Cell Culture

Cell cultures were prepared as previously described [81], with modifications. Trigem-
inal ganglia were isolated from P10-12 Wistar rats and dissociated with the enzymatic
cocktail composed of trypsin (0.25 mg/mL, Sigma–Aldrich GmbH, Schnelldorf, Germany)
and collagenase type I (760 U/mL, Sigma–Aldrich GmbH) under continuous mixing
(850 rpm) at 37 ◦C for 15 min. Then, the cells were centrifuged (1000 rpm) for 5 min,
re-suspended, and plated on pre-coated poly-L-lysine (0.2 mg/mL, Sigma–Aldrich GmbH)
coverslips. The cultures were maintained with F12 Nutmix + GlutaMAX medium (Gibco
by Life Technologies, Carlsbad, CA, USA) supplemented with heat inactivated fetal bovine
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serum (FBS, 10%, Gibco Invitrogen) at 37 ◦C in an atmosphere saturated with 5% CO2 for
48 h prior to experiment. Generally, 73 rats were used in cell culture experiments.

4.2. Calcium Imaging

Intracellular Ca2+ responses were measured by using the fluorescent Ca2+ indicator
Fluo-3 AM (Life Technologies, Carlsbad, CA, USA). Cells were loaded with 5 µM Fluo-3
AM for 45 min at 37 ◦C in F12 medium supplemented with FBS 10% and washed once
for 10 min with basic salt solution (BSS, Sigma-Aldrich GmbH) containing (in millimolar):
152 NaCl, 3.5 KCl, 10 glucose, 2 CaCl2, 10 HEPES at pH 7.40 at room temperature. In
each experimental set, magnesium was omitted from the BSS, because magnesium ions
block the ion channel of NMDA receptors [25,82]. Fluorescent images were acquired by
using an Olympus microscope IX-70, imaging setup (TILL Photonics GmbH, Kaufbeuren,
Germany) with a monochromatic light source (excitation wavelength: 488 nm) and a 12-bit
CCD camera (SensiCam, Kelheim, Germany). All changes in fluorescence exceeding the
flat baseline at the time of agonist application with the characteristic asymmetrical shape
(fast rise and slow decay) were considered as Ca2+ responses.

NMDA (100 µM, 20 s, Tocris, Bristol, UK), L-aspartate (100 µM, 20 s Sigma–Aldrich
GmbH) or L-glutamate (1 mM, 2 s Sigma-Aldrich St. Louis, MO, USA) agonists were
applied with co-agonist L-glycine (10 or 30 µM, MP Biomedicals, Solon, OH, USA) in
BSS by using a fast perfusion system (Rapid Solution Changer RSC-200, BioLogic Science
Instruments, Seyssinet-Pariset, France) followed by the application of KCl (50 mM) to
differentiate neurons from satellite glial cells [37] and ionomycin (Abcam, Cambridge,
UK), a Ca2+ ionophore, to determine maximum calcium response for normalization. DL-2-
Amino-5-phosphonopentanoic acid (DL-AP, Tocris Bristol, UK) was used in concentration
80 µM as a specific inhibitor of NMDA receptors.

Cultures exposed to migraine mediator calcitonin gene-related peptide (CGRP, PolyPep-
tide Laboratories, Strasbourg, France) were pre-incubated for 2 h at 37 ◦C in F12 medium
prior to experiments. Data presented as percentage ∆F/F0 were normalized to responses
induced by ionomycin (10 µM).

4.3. Patch Clamp Recordings

TG neurons were continuously perfused (at ∼2 mL/min) with an external solution
containing (in mM): 148 NaCl, 5 KCl, 2 CaCl2, 10 HEPES, 10 D-glucose, pH was adjusted to
7.2–7.4 with NaOH. The pipette solution contained (in mM): 135 mM potassium gluconate,
0.1 CaCl2, 1 EGTA, 10 HEPES, 2 NaATP, 0.4 NaGTP, osmolarity 290 mOsm, pH was adjusted
to 7.2 with KOH. Patch pipettes were prepared from borosilicate glass capillaries (Sutter
Instrument, Novato, CA, USA) and had a resistance of 4–5 MΩ. The access resistance (Ra)
did not exceed 10 MΩ. NMDA currents were recorded at the holding potential −40 mV
in the whole-cell configuration of the patch clamp technique [83]. NMDA currents were
evoked by local application of NMDA (100 µM, 2 s) combined with glycine (30 µM) by
using a pneumatic picopump (PC-820, WPI, Worcester, MA, USA). Responses to NMDA
were measured using Axopatch 200B amplifier (Axon Instruments, Molecular Devices,
San Jose, CA, USA). Signals were digitized using an AD-converter (Digidata 1440A, Axon
Instruments, Molecular Devices, San Jose, CA, USA) at a frequency of 10 kHz. PClamp 10.3,
Clampfit 10.3 (Axon Instruments, Molecular Devices, San Jose, CA, USA) and Origin Pro
2015 (OriginLab Corp., Northampton, MA, USA) programs were used for data acquisition
and analysis.

4.4. Immunolabeling Staining of NMDA Receptor Subtypes

Cells were fixed with (all reagents from Sigma–Aldrich GmbH): 4% paraformaldehyde,
treated with ammonium chloride (0.535 mg/mL), Triton X-100 (0.2%), glycine (15 mg/mL),
and bovine serum albumin (BSA, 2%) in phosphate buffer. Cells on coverslips were exposed
to primary antibodies anti-β-tubulin III (1:1000, Abcam) combined with primary antibodies
either anti-GluN2A (1:1000, Merck, Darmstadt, Germany, or anti-GluN2B (1:1000, Merck)
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NMDA receptors subunits. After washing to remove primary antibodies, fluorochrome-
conjugated secondary antibodies—anti-rabbit Alexa 488 (1:150, Invitrogen, Waltham, MA,
USA) and anti-mouse Alexa 633 (1:150, Invitrogen) were added. Before microscopy, cover-
slips with antibody-bound preparations were pasted on slides with Mowiol glue (Sigma-
Aldrich GmbH) to prevent fluorochromes fading. Images were obtained by using Leica
SP5 MP (Leica Microsystems Inc., Wetzlar, Germany) confocal microscope with 63× (HCX
APO CS 63×/1.4) objective. The fluorescence of Alexa 488 and Alexa 633 was excited
using 488 nm and 633 or 568 nm lasers correspondingly. Image capture and processing was
made with the Leica LAS AF Software and ImageJ (Leica Microsystems, Wetzlar, Germany)
Deconvolution images were obtained using Hyugens Essential Software considering the
parameters of confocal imaging at Leica TCS SP5 microscope.

4.5. CGRP Level Determination

For measuring CGRP level, an enzyme immunoassay kit (CGRP EIA kit, SPIbio, Mon-
tigny Le Bretonneux, France) was used. The samples were collected from trigeminal ganglia
primary cultures high density plated on 24 well plates pre-coated with poly-L-lysine, cul-
tured for 48 prior to experiments. Each well plate was gently washed with Dulbecco’s PBS
(1×, 500 µL). Then, each well was washed 3 times with 350 µL of magnesium free Hank’s
buffered salt solution (HBSS) containing (in millimolar): 5 KCl, 137 NaCl, 19 glucose,
1.3 CaCl2, 0.44 KH2PO4, and 42 NaHCO3 at pH 7.4 and continuously bubbled (5% CO2:
95% O2) for 10 min for stabilization. The wells were filled with 350 µL of vehicle (HBSS, for
glutamate or capsaicin test) or glycine (10 µM, for NMDA test) solution for stabilization.
Samples were collected (200 µL) after 15 min exposure to the solutions and refilled with
fresh solution (200 µL/well) in each well for 15 min for second sample collection. Test
compounds (200 µL/well) were added in the final concentrations: glutamate (1 mM),
capsaicin (1 µM, Sigma–Aldrich GmbH) or NMDA (30 µ) with glycine (10 µM) for 15 min.
Each sample collection was put into Eppendorf tubes with EIA buffer containing pepti-
dase inhibitor and immediately placed in liquid nitrogen. The protocol was carried out
in duplicates and following manufacture’s recommendations. Each well provided in the
CGRP EIA kit 96-well plate was rinsed 5 times with wash buffer (300 µL/well), CGRP
standard and samples (100 µL/well) were allocated as indicated followed by anti-CGRP
Ache tracer (100 µL/well) and incubated at 4 ◦C for 16–20 h. The wells rinsed 3 times
with wash buffer (300 µL/well) and incubated with Ellman´s reagent in dark for 45 min at
room temperature. The plate was read at 405 nm with a microplate photometer (Wallac
VICTOR2™, PerkinElmer, Waltham, MA, USA). The calibration curve was determined by
defined standard CGRP concentrations solutions.

4.6. Electrophysiology

Hemiskulls for electrophysiological recordings in meningeal preparation were pre-
pared as described by Zakharov et al. [36]. Adult male Wistar rats P35-40 (n = 13) were
sacrificed by decapitation after CO2 inhalation. Skull was cut at sagittal suture level into
two halves and brain was gently removed to preserve the structure and expose the dura
mater and trigeminal innervation. Isolated hemiskulls were placed on the experimental
chamber with BSS containing (in millimolar, Sigma-Aldrich GmbH): 2.5 KCl, 119 NaCl,
18 D-Glucose, 2.7 CaCl2, 1 MgCl2, 1.1 NaH2PO4, and 30 NaHCO3 at pH 7.4 and contin-
uously bubbled (5% CO2: 95% O2). As presented by us previously [55,74], for electrical
recording, a peripheral branch of meningeal trigeminal nerve was isolated and introduced
into a glass electrode. Registration of spontaneous and drug-induced nociceptive signals
generated in the trigeminal nerve was performed by using the amplifier DAM 80 (World
Precision Instruments, Sarasota, FL, USA). Glutamatergic ligands were applied via fast
perfusion (7 mL/min) directed inside of the hemiskull. Recordings of spikes prior to
NMDA application and in the presence of this agent were performed in magnesium free
solution supplemented with glycine (30 µM). Electrical activity was digitized on a PC using
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NI PCI6221 board (National Instruments, Austin, TX, USA). Signals were visualized using
WinEDR v.3.2.7 software (University of Strathclyde, Glasgow, UK).

4.7. Cluster Spike Analysis

Prior spike identification and cluster analysis experimental records were filtered using
100–9000 Hz band-pass Chebyshev type II filter (IIR). Spike detection threshold amplitude
normalized to SD of each record was set to five standard deviations (5SD) of base line
noise. To obtain standard deviation of baseline recording of 20 s was used. After detection
following spike parameters were chosen and documented: (1) positive and (2) negative
phase amplitudes; the duration of the (3) positive and (4) negative phase measured at
10% level of positive and negative amplitude respectively; the area of the (5) positive
and (6) negative phase. IIR filter, spike detection and analyses were accomplished by
custom written program in MATLAB (The MathWorks, Inc., Natick, MA, USA). The choice
of parameters for KlustaKwik relied on the ability of 2D parametric plots reveal clear
differences in spikes distributions (current amplitude vs. responses). Finally, cluster
analysis was done using the KlustaKwik program [34] with the spikes properties such
as positive and negative phase amplitudes, the duration of the positive and negative
phase and the area of positive and negative phase used as the input parameters for cluster
detection. As a result, we could identify 2-18 clusters in each experiment. The number of
spikes in each cluster ranged from 5 to 1282.

4.8. Data Analysis

Statistical analyses were performed by using Origin 9 (OriginLab Corporation,
Northampton, MA, USA), Matlab (The MathWorks, Inc., Natick, MA, USA) and GraphPad
Prism 4.0 (GraphPad Software, Inc., San Diego, CA, USA). The Kolmogorov-Smirnov test
was used to determine the normality of the data. The two-side Wilcoxon rank sum test
or t-test for paired samples were used to evaluate the effect of compounds in the same
preparation. Nonparametric Mann-Whitney U test was employed for comparisons between
two different groups of samples. Data are expressed as mean ± SEM (standard error
of mean). Differences were considered statistically significant at p < 0.05, n denotes the
number of animals as indicated below.

5. Conclusions

In summary, our data suggest the presence of functional NMDA receptors on periph-
eral sensory trigeminal ganglion neurons, both in somas and in meningeal nerve terminals
operating in magnesium dependent manner. These data extend our knowledge on the role
of glutamate in the pathophysiology of migraine highlighting potential role of peripheral
NMDA mediated mechanisms of this common neurological disorder.

Author Contributions: C.G.-T.: Investigation, Formal analysis, Writing—Original Draft; K.K.: Inves-
tigation, Formal analysis; E.E.: Investigation, Formal analysis; O.G.: Investigation, Formal analysis.
P.A.: Investigation, Formal analysis, P.T.: Supervision, Validation, Writing—Original Draft; G.S.:
Conceptualization, Methodology, Writing—Review & Editing. R.G.: Conceptualization, Writing—
Original Draft, Writing—Review & Editing. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the Russian Science Foundation (grant number 20-15-00100).

Institutional Review Board Statement: Experimental protocols were performed in accordance with
the European Community Council Directive of 22 September 2010 (2010/63/EEC). The protocols
were approved by the Animal Care and Use Committee of the University of Eastern Finland (license
EKS-008-2019) and the Ethics Committee of Kazan Federal University (protocol No. 8, 5 May 2015).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are available from
the corresponding author upon request.



Int. J. Mol. Sci. 2022, 23, 1529 14 of 17

Acknowledgments: This paper has been supported by the Kazan Federal University Strategic
Academic Leadership Program.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AMPA: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; CGRP, Calcitonin gene-related pep-
tide; NMDA, N-methyl-D-aspartate; DL-APV, DL-2-Amino-5-phosphonopentanoic acid.

References
1. Goadsby, P.; Charbit, A.; Andreou, A.; Akerman, S.; Holland, P. Neurobiology of migraine. Neuroscience 2009, 161, 327–341.

[CrossRef] [PubMed]
2. Kalra, A.A.; Elliott, D. Acute migraine: Current treatment and emerging therapies. Ther. Clin. Risk Manag. 2007, 3, 449–459.
3. Christensen, P.C.; Samadi-Bahrami, Z.; Pavlov, V.; Stys, P.K.; Moore, G.W. Ionotropic glutamate receptor expression in human

white matter. Neurosci. Lett. 2016, 630, 1–8. [CrossRef] [PubMed]
4. Zhang, Y.; Zhao, S.; Rodriguez, E.; Takatoh, J.; Han, B.-X.; Zhou, X.; Wang, F. Identifying local and descending inputs for primary

sensory neurons. J. Clin. Investig. 2015, 125, 3782–3794. [CrossRef] [PubMed]
5. Pietrobon, D.; Moskowitz, M.A. Pathophysiology of migraine. Annu. Rev. Physiol. 2013, 75, 365–391. [CrossRef] [PubMed]
6. DeGroot, J.; Zhou, S.; Carlton, S.M. Peripheral glutamate release in the hindpaw following low and high intensity sciatic

stimulation. NeuroReport 2000, 11, 497–502. [CrossRef] [PubMed]
7. Jin, Y.; Nishioka, H.; Wakabayashi, K.; Fujita, T.; Yonehara, N. Effect of morphine on the release of excitatory amino acids in the

rat hind instep: Pain is modulated by the interaction between the peripheral opioid and glutamate systems. Neuroscience 2006,
138, 1329–1339. [CrossRef]

8. Carlton, S.; Coggeshall, R. Inflammation-induced changes in peripheral glutamate receptor populations. Brain Res. 1999, 820,
63–70. [CrossRef]

9. Gasparini, F.; Kuhn, R.; Pin, J.-P. Allosteric modulators of group I metabotropic glutamate receptors: Novel subtype-selective
ligands and therapeutic perspectives. Curr. Opin. Pharmacol. 2002, 2, 43–49. [CrossRef]

10. Pan, H.-L.; Wu, Z.-Z.; Zhou, H.-Y.; Chen, S.-R.; Zhang, H.-M.; Li, D.-P. Modulation of pain transmission by G-protein-coupled
receptors. Pharmacol. Ther. 2008, 117, 141–161. [CrossRef]

11. Taylor, B.K. Spinal inhibitory neurotransmission in neuropathic pain. Curr. Pain Headache Rep. 2009, 13, 208–214. [CrossRef]
[PubMed]

12. Waeber, C.; Moskowitz, M.A. Migraine as an inflammatory disorder. Neurology 2005, 64, S9–S15. [CrossRef] [PubMed]
13. Chan, K.; Gupta, S.; de Vries, R.; Danser, A.; Villalón, C.; Muñoz-Islas, E.; MaassenVanDenBrink, A. Effects of ionotropic glutamate

receptor antagonists on rat dural artery diameter in an intravital microscopy model. Br. J. Pharmacol. 2010, 160, 1316–1325.
[CrossRef] [PubMed]

14. Kageneck, C.; E Nixdorf-Bergweiler, B.; Messlinger, K.; Fischer, M.J. Release of CGRP from mouse brainstem slices indicates
central inhibitory effect of triptans and kynurenate. J. Headache Pain 2014, 15, 7. [CrossRef] [PubMed]

15. Fernández-Montoya, J.; Buendia, I.; Martin, Y.; Egea, J.; Negredo, P.; Avendaño, C. Sensory Input-Dependent Changes in
Glutamatergic Neurotransmission- Related Genes and Proteins in the Adult Rat Trigeminal Ganglion. Front. Mol. Neurosci. 2016,
9, 132. [CrossRef]

16. Lee, J.; Ro, J.Y. Differential regulation of glutamate receptors in trigeminal ganglia following masseter inflammation. Neurosci.
Lett. 2007, 421, 91–95. [CrossRef]

17. Dong, X.-D.; Mann, M.K.; Kumar, U.; Svensson, P.; Arendt-Nielsen, L.; Hu, J.W.; Sessle, B.J.; Cairns, B.E. Sex-related differences in
NMDA-evoked rat masseter muscle afferent discharge result from estrogen-mediated modulation of peripheral NMDA receptor
activity. Neuroscience 2007, 146, 822–832. [CrossRef]

18. Ivanusicl, J.; Beainil, D.; Hatchl, R.; Staikopoulosl, V.; Sesslel, B.; Jenningsl, E.; Ivanusic, J.J.; Beaini, D.; Hatch, R.J.; Staikopoulos,
V.; et al. Peripheral N-methyl-d-aspartate receptors contribute to mechanical hypersensitivity in a rat model of inflammatory
temporomandibular joint pain. Eur. J. Pain 2011, 15, 179–185. [CrossRef]

19. O’Brien, M.; Cairns, B.E. Monosodium glutamate alters the response properties of rat trigeminovascular neurons through
activation of peripheral NMDA receptors. Neuroscience 2016, 334, 236–244. [CrossRef]

20. Laursen, J.; Cairns, B.; Dong, X.; Kumar, U.; Somvanshi, R.; Arendt-Nielsen, L.; Gazerani, P. Glutamate dysregulation in the
trigeminal ganglion: A novel mechanism for peripheral sensitization of the craniofacial region. Neuroscience 2013, 256, 23–35.
[CrossRef]

21. Cairns, B.E.; Svensson, P.; Wang, K.; Hupfeld, S.; Graven-Nielsen, T.; Sessle, B.J.; Berde, C.B.; Arendt-Nielsen, L. Activation of
Peripheral NMDA Receptors Contributes to Human Pain and Rat Afferent Discharges Evoked by Injection of Glutamate into the
Masseter Muscle. J. Neurophysiol. 2003, 90, 2098–2105. [CrossRef] [PubMed]

22. Lam, D.K.; Sessle, B.J.; Hu, J.W. Glutamate and capsaicin effects on trigeminal nociception II: Activation and central sensitization
in brainstem neurons with deep craniofacial afferent input. Brain Res. 2009, 1253, 48–59. [CrossRef] [PubMed]

http://doi.org/10.1016/j.neuroscience.2009.03.019
http://www.ncbi.nlm.nih.gov/pubmed/19303917
http://doi.org/10.1016/j.neulet.2016.07.030
http://www.ncbi.nlm.nih.gov/pubmed/27443784
http://doi.org/10.1172/JCI81156
http://www.ncbi.nlm.nih.gov/pubmed/26426077
http://doi.org/10.1146/annurev-physiol-030212-183717
http://www.ncbi.nlm.nih.gov/pubmed/23190076
http://doi.org/10.1097/00001756-200002280-00014
http://www.ncbi.nlm.nih.gov/pubmed/10718302
http://doi.org/10.1016/j.neuroscience.2005.12.049
http://doi.org/10.1016/S0006-8993(98)01328-6
http://doi.org/10.1016/S1471-4892(01)00119-9
http://doi.org/10.1016/j.pharmthera.2007.09.003
http://doi.org/10.1007/s11916-009-0035-8
http://www.ncbi.nlm.nih.gov/pubmed/19457281
http://doi.org/10.1212/WNL.64.10_suppl_2.S9
http://www.ncbi.nlm.nih.gov/pubmed/15911785
http://doi.org/10.1111/j.1476-5381.2010.00733.x
http://www.ncbi.nlm.nih.gov/pubmed/20590623
http://doi.org/10.1186/1129-2377-15-7
http://www.ncbi.nlm.nih.gov/pubmed/24506953
http://doi.org/10.3389/fnmol.2016.00132
http://doi.org/10.1016/j.neulet.2007.05.031
http://doi.org/10.1016/j.neuroscience.2007.01.051
http://doi.org/10.1016/j.ejpain.2010.07.001
http://doi.org/10.1016/j.neuroscience.2016.08.007
http://doi.org/10.1016/j.neuroscience.2013.10.009
http://doi.org/10.1152/jn.00353.2003
http://www.ncbi.nlm.nih.gov/pubmed/12815021
http://doi.org/10.1016/j.brainres.2008.11.056
http://www.ncbi.nlm.nih.gov/pubmed/19084510


Int. J. Mol. Sci. 2022, 23, 1529 15 of 17

23. Gazerani, P.; Dong, X.; Wang, M.; Kumar, U.; Cairns, B.E. Sensitization of rat facial cutaneous mechanoreceptors by activation of
peripheral N-methyl-d-aspartate receptors. Brain Res. 2010, 1319, 70–82. [CrossRef] [PubMed]

24. Tripathi, G.M.; Kalita, J.; Misra, U.K. Role of glutamate and its receptors in migraine with reference to amitriptyline and
transcranial magnetic stimulation therapy. Brain Res. 2018, 1696, 31–37. [CrossRef] [PubMed]

25. Nowak, L.; Bregestovski, P.; Ascher, P.; Herbet, A.; Prochiantz, A. Magnesium gates glutamate-activated channels in mouse
central neurones. Nature 1984, 307, 462–465. [CrossRef]

26. Begon, S.; Pickering, G.; Eschalier, A.; Mazur, A.; Rayssiguier, Y.; DuBray, C. Role of spinal NMDA receptors, protein kinase C
and nitric oxide synthase in the hyperalgesia induced by magnesium deficiency in rats. Br. J. Pharmacol. 2001, 134, 1227–1236.
[CrossRef]

27. Talebi, M.; Oskouei, D.S.; Farhoudi, M.; Mohammadzade, S.; Ghaemmaghamihezaveh, S.; Hasani, A.; Hamdi, A. Relation
between serum magnesium level and migraine attacks. Neurosciences 2011, 16, 320–323.

28. Samaie, A.; Asghari, N.; Ghorbani, R.; Arda, J. Blood Magnesium levels in migraineurs within and between the headache attacks:
A case control study. Pan. Afr. Med. J. 2012, 11, 46.

29. Francija, E.; Petrovic, Z.; Brkic, Z.; Mitic, M.; Radulovic, J.; Adzic, M. Disruption of the NMDA receptor GluN2A subunit abolishes
inflammation-induced depression. Behav. Brain Res. 2018, 359, 550–559. [CrossRef]

30. Messlinger, K. Migraine: Where and how does the pain originate? Exp. Brain Res. 2009, 196, 179–193. [CrossRef]
31. Moskowitz, M.A. Defining a Pathway to Discovery from Bench to Bedside: The Trigeminovascular System and Sensitization.

Headache J. Head Face Pain 2008, 48, 688–690. [CrossRef] [PubMed]
32. Olesen, J.; Burstein, R.; Ashina, M.; Tfelt-Hansen, P. Origin of pain in migraine: Evidence for peripheral sensitisation. Lancet

Neurol. 2009, 8, 679–690. [CrossRef]
33. Giniatullin, R. 5-hydroxytryptamine in migraine: The puzzling role of ionotropic 5-HT 3 receptor in the context of established

therapeutic effect of metabotropic 5-HT 1 subtypes. Br. J. Pharmacol. 2021, e15710. [CrossRef] [PubMed]
34. Shimada, A.; E Cairns, B.; Vad, N.; Ulriksen, K.; Pedersen, A.M.L.; Svensson, P.; Baad-Hansen, L. Headache and mechanical

sensitization of human pericranial muscles after repeated intake of monosodium glutamate (MSG). J. Headache Pain 2013, 14, 3.
[CrossRef]

35. Gasparini, C.F.; Griffiths, L.R. The Biology of the Glutamatergic System and Potential Role in Migraine. Int. J. Biomed. Sci. 2013, 9,
1–8.

36. Zakharov, A.; Vitale, C.; Kilinc, E.; Koroleva, K.; Fayuk, D.; Shelukhina, I.; Naumenko, N.; Skorinkin, A.; Khazipov, R.; Giniatullin,
R. Hunting for origins of migraine pain: Cluster analysis of spontaneous and capsaicin-induced firing in meningeal trigeminal
nerve fibers. Front. Cell. Neurosci. 2015, 9, 287. [CrossRef]

37. Simonetti, M.; Fabbro, A.; D’Arco, M.; Zweyer, M.; Nistri, A.; Giniatullin, R.; Fabbretti, E. Comparison of P2X and TRPVI receptors
in ganglia or primary culture of trigeminal neurons and their modulation by NGF or serotonin. Mol. Pain 2006, 2, 1744–8069.
[CrossRef]

38. Lee, J.; Saloman, J.L.; Weiland, G.; Auh, Q.-S.; Chung, M.-K.; Ro, J.Y. Functional interactions between NMDA receptors and TRPV1
in trigeminal sensory neurons mediate mechanical hyperalgesia in the rat masseter muscle. Pain 2012, 153, 1514–1524. [CrossRef]

39. Wong, H.; Kang, I.; Dong, X.-D.; Christidis, N.; Ernberg, M.; Svensson, P.; Cairns, B. NGF-induced mechanical sensitization of the
masseter muscle is mediated through peripheral NMDA receptors. Neuroscience 2014, 269, 232–244. [CrossRef]

40. Edvinsson, L. CGRP receptor antagonists and antibodies against CGRP and its receptor in migraine treatment. Br. J. Clin.
Pharmacol. 2015, 80, 193–199. [CrossRef]

41. Zakharov, A.; Koroleva, K.; Giniatullin, R. Clustering Analysis for Sorting ATP-Induced Nociceptive Firing in rat Meninges.
BioNanoScience 2016, 6, 508–512. [CrossRef]

42. Gafurov, O.; Zakharov, A.; Koroleva, K.; Giniatullin, R. Improvement of Nociceptive Spike Clusterization with Shape Approxima-
tion. BioNanoScience 2017, 7, 565–569. [CrossRef]

43. Kung, L.-H.; Gong, K.; Adedoyin, M.; Ng, J.; Bhargava, A.; Ohara, P.T.; Jasmin, L. Evidence for Glutamate as a Neuroglial
Transmitter within Sensory Ganglia. PLoS ONE 2013, 8, e68312. [CrossRef] [PubMed]

44. Anderson, C.M.; Swanson, R.A. Astrocyte glutamate transport: Review of properties, regulation, and physiological functions.
Glia 2000, 32, 1–14. [CrossRef]

45. Ceruti, S.; Villa, G.; Fumagalli, M.; Colombo, L.; Magni, G.; Zanardelli, M.; Fabbretti, E.; Verderio, C.; van den Maagdenberg,
A.M.; Nistri, A.; et al. Calcitonin Gene-Related Peptide-Mediated Enhancement of Purinergic Neuron/Glia Communication by
the Algogenic Factor Bradykinin in Mouse Trigeminal Ganglia from Wild-Type and R192Q Ca(v)2.1 Knock-In Mice: Implications
for Basic Mechanisms of Migraine Pain. J. Neurosci. 2011, 31, 3638–3649. [CrossRef]

46. Eftekhari, S.; Salvatore, C.; Calamari, A.; Kane, S.; Tajti, J.; Edvinsson, L. Differential distribution of calcitonin gene-related peptide
and its receptor components in the human trigeminal ganglion. Neuroscience 2010, 169, 683–696. [CrossRef] [PubMed]

47. Eftekhari, S.; Salvatore, C.A.; Johansson, S.; Chen, T.-B.; Zeng, Z.; Edvinsson, L. Localization of CGRP, CGRP receptor, PACAP
and glutamate in trigeminal ganglion. Relation to the blood–brain barrier. Brain Res. 2015, 1600, 93–109. [CrossRef]

48. Fabbretti, E.; D’Arco, M.; Fabbro, A.; Simonetti, M.; Nistri, A.; Giniatullin, R. Delayed Upregulation of ATP P2X3 Receptors of
Trigeminal Sensory Neurons by Calcitonin Gene-Related Peptide. J. Neurosci. 2006, 26, 6163–6171. [CrossRef]

49. Guerrero-Toro, C.; Timonina, A.; Gubert-Olive, M.; Giniatullin, R. Facilitation of Serotonin-Induced Signaling by the Migraine
Mediator CGRP in Rat Trigeminal Neurons. BioNanoScience 2016, 6, 357–360. [CrossRef]

http://doi.org/10.1016/j.brainres.2010.01.018
http://www.ncbi.nlm.nih.gov/pubmed/20080077
http://doi.org/10.1016/j.brainres.2018.05.046
http://www.ncbi.nlm.nih.gov/pubmed/29859974
http://doi.org/10.1038/307462a0
http://doi.org/10.1038/sj.bjp.0704354
http://doi.org/10.1016/j.bbr.2018.10.011
http://doi.org/10.1007/s00221-009-1756-y
http://doi.org/10.1111/j.1526-4610.2008.01110.x
http://www.ncbi.nlm.nih.gov/pubmed/18471111
http://doi.org/10.1016/S1474-4422(09)70090-0
http://doi.org/10.1111/bph.15710
http://www.ncbi.nlm.nih.gov/pubmed/34643938
http://doi.org/10.1186/1129-2377-14-2
http://doi.org/10.3389/fncel.2015.00287
http://doi.org/10.1186/1744-8069-2-11
http://doi.org/10.1016/j.pain.2012.04.015
http://doi.org/10.1016/j.neuroscience.2014.03.054
http://doi.org/10.1111/bcp.12618
http://doi.org/10.1007/s12668-016-0276-z
http://doi.org/10.1007/s12668-017-0428-9
http://doi.org/10.1371/journal.pone.0068312
http://www.ncbi.nlm.nih.gov/pubmed/23844184
http://doi.org/10.1002/1098-1136(200010)32:1&lt;1::AID-GLIA10&gt;3.0.CO;2-W
http://doi.org/10.1523/JNEUROSCI.6440-10.2011
http://doi.org/10.1016/j.neuroscience.2010.05.016
http://www.ncbi.nlm.nih.gov/pubmed/20472035
http://doi.org/10.1016/j.brainres.2014.11.031
http://doi.org/10.1523/JNEUROSCI.0647-06.2006
http://doi.org/10.1007/s12668-016-0241-x


Int. J. Mol. Sci. 2022, 23, 1529 16 of 17

50. Kilinc, E.; Guerrero-Toro, C.; Zakharov, A.; Vitale, C.; Gubert-Olive, M.; Koroleva, K.; Timonina, A.; Luz, L.L.; Shelukhina,
I.; Giniatullina, R.; et al. Serotonergic mechanisms of trigeminal meningeal nociception: Implications for migraine pain.
Neuropharmacology 2017, 116, 160–173. [CrossRef]

51. Iyengar, S.; Ossipov, M.H.; Johnson, K.W. The role of calcitonin gene–related peptide in peripheral and central pain mechanisms
including migraine. Pain 2017, 158, 543–559. [CrossRef] [PubMed]

52. Giniatullin, R.; Nistri, A.; Fabbretti, E. Molecular Mechanisms of Sensitization of Pain-transducing P2X3 Receptors by the
Migraine Mediators CGRP and NGF. Mol. Neurobiol. 2008, 37, 83–90. [CrossRef] [PubMed]

53. Edvinsson, L. Calcitonin Gene-Related Peptide (CGRP) in Cerebrovascular Disease. Sci. World J. 2002, 2, 1484–1490. [CrossRef]
[PubMed]

54. Spekker, E.; Laborc, K.F.; Bohár, Z.; Nagy-Grócz, G.; Fejes-Szabó, A.; Szűcs, M.; Vécsei, L.; Párdutz, Á. Effect of dural inflammatory
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