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Abstract Extracellular ATP is suspected to contribute to mi-
graine pain but regulatory mechanisms controlling pro-
nociceptive purinergic mechanisms in the meninges remain un-
known. We studied the peculiarities of metabolic and signaling
pathways of ATP and its downstream metabolites in rat menin-
ges and in cultured trigeminal cells exposed to the migraine
mediator calcitonin gene-related peptide (CGRP). Under resting
conditions, meningeal ATP and ADP remained at low
nanomolar levels, whereas extracellular AMP and adenosine
concentrations were one-two orders higher. CGRP increased
ATP and ADP levels in meninges and trigeminal cultures and
reduced adenosine concentration in trigeminal cells. Degradation
rates for exogenous nucleotides remained similar in control and
CGRP-treated meninges, indicating that CGRP triggers nucleo-
tide release without affecting nucleotide-inactivating pathways.
Lead nitrate-based enzyme histochemistry of whole mount me-
ninges revealed the presence of high ATPase, ADPase, and
AMPase activities, primarily localized in the medial meningeal
artery. ATP and ADP induced large intracellular Ca®* transients
both in neurons and in glial cells whereas AMP and adenosine
were ineffective. In trigeminal glia, ATP partially operated via
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P2X7 receptors. ATP, but not other nucleotides, activated noci-
ceptive spikes in meningeal trigeminal nerve fibers providing a
rationale for high degradation rate of pro-nociceptive ATP. Pro-
nociceptive effect of ATP in meningeal nerves was reproduced
by o, 3-meATP operating via P2X3 receptors. Collectively, ex-
tracellular ATP, which level is controlled by CGRP, can persis-
tently activate trigeminal nerves in meninges which considered
as the origin site of migraine headache. These data are consistent
with the purinergic hypothesis of migraine pain and suggest new
targets against trigeminal pain.
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Introduction

The widely held view is that migraine headache originates from
sensitized trigeminal nerve terminals in meninges [1-4].
However, the neurochemical mechanisms of peripheral trigem-
inal pain generation remain largely unclear, despite the fact that
migraine is one of the most common neurological disorders.
The role of ATP in migraine has been originally proposed
by G. Burnstock in the frame of his purinergic hypothesis of
migraine [5], which was recently reviewed by Burnstock and
Ralevic [6]. ATP is released from many cell types, including
astrocytes, neurons, platelets, and endothelial cells, primarily
via exocytosis and pannexin/connexin hemichannels [6-9].
Notably, pannexin channels are opened during migraine
aura-related cortical spreading depression (CSD) wave sug-
gesting a massive release of ATP during a migraine attack
[10]. Extracellular ATP binds to and activates ligand-gated
P2X and metabotropic P2Y receptors [9]. Breakdown of ex-
tracellular ATP into adenosine is mediated by the coordinated
actions of the enzymes of nucleoside-triphosphate

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11302-016-9521-8&domain=pdf

562

Purinergic Signalling (2016) 12:561-574

diphosphohydrolase (NTPDase) family, ecto-5’-nucleotidase/
CD73 and other purine-converting ectoenzymes differentially
expressed by different cell types [11-13].

While extracellular ATP is pro-nociceptive, its degradation
product adenosine often plays an anti-nociceptive role as it
binds to the widespread neuronal inhibitory A1l receptors [14,
15]. This commonly observed opposite action of two purines
suggests that both the concentration of released ATP and the
kinetics of its breakdown play a pivotal role in setting a fine
balance between pain and analgesia. In line with this view, the
“migraine mouse” which expresses a mutated human gene as-
sociated with familial hemiplegic migraine type 1 has (i) en-
hanced responses to the stable ATP analogues acting via P2X3
receptors [16] and (ii) decreased susceptibility to inhibition by
adenosine [17]. Activation of P2X3 receptors often associated
with slowly desensitizing P2X2 receptors is underlying pro-
nociceptive signaling in various tissues [18]. Out of several
subtypes of P2X receptors, the P2X3 subtype is almost exclu-
sively expressed in nociceptive neurons suggesting its specific
contribution to pain signaling [19, 20].

Calcitonin gene-related peptide (CGRP), which is also re-
leased during a migraine attack, plays a central role in migraine
pathogenesis [1, 2]. We showed previously that CGRP induced
a delayed upregulation of the pain-transducing ATP-gated
P2X3 receptors [21-23] suggesting the possible explanation
for migraine-related nociceptive firing in the trigeminal system.
Thus, our previous studies suggested that P2X3 receptors are
likely inducers of migraine pain [18, 23]. Consistent with this
view, it has been shown that ATP can be released, via exocy-
tosis, from sensory neurons to activate satellite cells, which, in
turn, release TNF« that is sensitizing P2X3 receptors [24].

However, the regulatory mechanisms governing the duration
and magnitude of nociceptive effects of ATP and their modula-
tion in reliable experimental migraine models have not been in-
vestigated so far. Therefore, in the current study, using a battery of
tests, including recently presented bioluminescent and fluoromet-
ric enzyme-coupled purine-sensing assays [25] and direct record-
ing of nociceptive spikes from peripheral branches of the trigem-
inal nerve [4], we explored the pattern of nucleotide turnover in
rat meninges and cultured trigeminal cells. Although we mea-
sured the level of adenosine in meninges and trigeminal cultures
in this study, we did not try to clarify multiple mechanisms of
adenosine signaling, as our primary aim was to explore the pro-
nociceptive effects of adenine nucleotides in control and in
migraine-like conditions modeled with the neuropeptide CGRP.

Methods
Animals and the hemiskull preparation

For this study, we used Wistar male rats (P35-36, National
Laboratory Animal Centre, University of Eastern Finland,
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Kuopio, Finland). The animal treating procedures were ap-
proved by the Committee for the Welfare of Laboratory
Animals of the University of Eastern Finland and the
Provincial Government of Kuopio and experiments conducted
in the accordance with the guidelines of the European
Community Council (Directives 86/609/EEC). All efforts
were made to minimize the number of animals used and their
suffering.

The hemiskull preparation was prepared as previously
described by Zakharov et al. (2015) [4]. Rats were de-
capitated after CO, inhalation. The head was cut along
the sagittal suture into two halves and the brain was
gently removed from hemispheres leaving the dura ma-
ter intact with preserved trigeminal innervations. For
purine-sensing assays and histochemical staining, freshly
isolated hemiskulls were placed on the experimental
chamber being continuously bubbled for 30—-40 min up
with the oxygenated (5 % CO,/95 % O,) solution con-
taining the following (in millimolars): 5 KCI, 119 NaCl,
18 glucose, 2.7 CaCl,, 0.5 MgCl,, 1.1 NaH,PO,, and
30 NaHCO; at pH 7.4. The medium was then changed
for solution without (control) and with 1 uM rat o-
calcitonin gene-related peptide (CGRP, PolyPeptide
Laboratories, France), followed by incubation of
hemiskull preparations for additional 2 h under the ox-
ygenated conditions. Hemiskull halves from each animal
were treated in paired manner with or without CGRP.

For electrophysiological recordings, the hemiskull
was isolated and placed on the experimental bath com-
partment to be continuously perfused with the oxygen-
ated (5 % CO,/95 % O,) Krebs solution containing the
following (in millimolars): 2.5 KCI, 119 NaCl, 11 glu-
cose, 2.5 CaCl,, 1 MgCl,, 1 Na,HPO,, and 30 NaHCO;
at pH 7.4. The nervus spinosus, corresponding to branch
V3 of the trigeminal nerve [26], was carefully cleaned
and then cut at the level of the entrance to the dura
mater. The distal part of this nerve was placed inside
the recording microelectrode (tip diameter ~150 pm).
ATP, ADP, AMP, and adenosine were purchased from
Sigma-Aldrich (Sigma-Aldrich Co., Germany) and dis-
solved in the bathing solution to obtain final concentra-
tions on the day of use. Bath solution containing these
purines was delivered, driven by the gravity, via the
perfusion system with the rate of 7 mL/min.

Culture of trigeminal ganglion cells

Trigeminal cultures from P10-12 Wistar rats were prepared as
described previously by Ceruti et al. (2008) [27] with modifi-
cations. Trigeminal ganglia were isolated and enzymatically
dissociated at 37 °C for 15 min under continuous mixing
(850 rpm) in trypsin (0.25 mg/mL, Sigma-Aldrich Co.,
Germany) plus collagenase type I (760 U/mL, Sigma-
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Aldrich Co., Germany) solution. Then, cells were plated on
pre-warmed coverslips coated with poly-L-lysine (0.2 mg/
mL, Sigma-Aldrich Co., Germany) and cultured in F12
Nutmix + GlutaMAX medium (Gibco Invitrogen, UK) sup-
plemented with FBS 10 % (Gibco Invitrogen, UK) at 37 °C
in an atmosphere saturated with 5 % CO, for 48 h prior
measurements.

For preparation of trigeminal satellite glial cells
(SGC) for fluorescence-activated cell sorting (FACS) as-
say, in order to reduce amount of neurons and fibro-
blasts, samples were filtered with 30-um sterile cell fil-
ters (PARTEC, Germany), centrifuged (1300 rmp) and
then placed on glass cover slips and then cultured in
fresh RPMI (Sigma-Aldrich) with 10 % FBS and
500 uM L-glutamine (Gibco Invitrogen). SGCs were
growing for 5-7 days in an atmosphere saturated with
5 % CO, before the FACS experiments.

Bioluminescent and fluorometric techniques for purine
measurements

Control and CGRP-treated hemiskulls were immersed in-
to vaseline-filled dishes, keeping ventral region to be
available for filling with and washing with the basal salt
solution (BSS) containing the following (in millimolars):
5 KCl, 130 NaCl, 5 glucose, 1.5 CaCl,, 1 MgSO,, and
25 HEPES at pH 7.4. For measuring the basal purine
levels, 300 pL BSS was added into each half and
allowed to equilibrate for 20 min at room temperature.
The conditioned medium was then carefully collected
from the hemiskull bowls and heat-inactivated for
5 min at 65 °C. To study the pattern of nucleotide me-
tabolism, the hemiskulls were incubated for 6 min with
300 uL BSS containing 500 uM of ATP, ADP, or AMP.
Aliquots of the medium were heat-inactivated and
assayed for the concentrations of exogenous substrates.
Likewise, trigeminal ganglion cells growing in 24-well
plates were pre-treated without and with 1 uM CGRP
and subsequently incubated in 500 pL BSS for 30 min
at room temperature. The medium was then collected,
heat-inactivated, and further assayed for basal purine
levels.

Aliquots of the mixture were then transferred into
separate wells in white 96-well microplates. ATP and
ADP concentrations were determined by using biolumi-
nescent enzyme-coupled assay with ATP-Lite assay kit
(Perkin Elmer, Groningen, Netherlands), while AMP and
adenosine levels were assayed using the specific mixture
of enzymes sequentially converting purines into uric ac-
id and H,0,. This step was followed by the fluoromet-
ric detection of the generated H,O, using the Amplex
Red Reagent (emission and excitation wavelengths of
545 and 590 nm, respectively) [25]. All measurements

were performed using the Tecan Infinite M200 micro-
plate reader (Salzburg, Austria). Calibration curves were
generated for each experiment using identical coupled
reactions with serial dilutions of exogenous purine stan-
dards and purine levels were calculated and expressed
as nanomoles per liter (nM).

Enzyme histochemistry

For localization of nucleotidase activities, a modification
of the lead nitrate method was employed [28]. In brief,
whole mount meninges were pre-treated without and
with 1 uM CGRP while still attached to the skull cap,
as described previously. Hemiskull preparations were in-
cubated then for 45 min in Trizma-maleate sucrose buft-
er (TMSB; 40 mM Trizma® maleate; Sigma-Aldrich
Co., Germany, 0.25 M sucrose, pH 7.4) supplemented
with the alkaline phosphatase inhibitor levamisole
(2 mM, Sigma-Aldrich Co., Germany). The enzymatic
reaction was then performed for 40 min at room tem-
perature in TMSB-buffered substrate solutions contain-
ing 2 mM Pb(NO;3), and 200 uM of ATP, ADP, or
AMP. In blank specimens, the substrate was omitted
from the assay medium, and the incubation time for
staining some blank tissues was extended from 40 to
120 min. The lead orthophosphate precipitated in the
course of nucleotidase activity was visualized as a
brown deposit by incubating sections in 0.5 %
(NH4),S (Sigma-Aldrich Co., Germany) followed by
three washes in TMSB for 3 min each. Stained menin-
ges (comprising of the dura mater, arachnoid, and pia
mater) were carefully dissected from the interior aspect
of the skulls, mounted on the slides coated with poly-
lysine (Polysine®; Thermo-Scientific, USA) with dorsal
side facing toward the slide and flattened using forceps
and paintbrush under the stereo microscope. Slides were
mounted with Aquatex medium (Merck, Germany) and
captured using an Olympus BX60 microscope with
Olympus DP71 camera using PlanC 4x/0.10 or
UPlanFL 10%/0.30 objective (Olympus, Tokyo, Japan).
The images of control and CGRP-treated tissues were
captured at identical exposure times and other settings
for each substrate employed and further acquired in par-
allel using Adobe Photoshop CS6 software.

Electrophysiology

Each hemiskull preparation was used for recording
spontaneous and drug-induced spikes from the nervus
spinosus as we published before [4, 29]. The recording
was performed with a DAMS8O0i amplifier
(bandpass =0.1-3000 Hz, gain=10,000) using the fire-
polished microelectrodes filled with the Krebs solution.
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Electrical recordings of spontaneous and drug-induced
action potentials (spikes) coming from the distal parts
of cut nervus spinosus were carried out at room temper-
ature (~20-22 °C). To provide the stabile baseline con-
ditions, recordings started in 15-20 min. Spikes were
recorded before (as control) and after application of
testing drugs for 10 min. Each spike from meninges
was visually inspected to avoid any noise disturbance.
All signals were digitized at 125 kHz using the data
acquisition board NIPCI6221 (National Instruments,
Austin, TX, USA) and stored on a PC for offline anal-
ysis. WinEDR version V3.5.6 software (Strathclyde
University, UK) was used for recordings and spikes
analysis. Signals were visualized and analyzed offline
using the software WinEDR as described by us earlier
[29]. In brief, a spike was determined as a transient
with a duration between 0.3 and 3 ms and which am-
plitude exceeded four standard deviations [30]. Finally,
the number of spikes per second was presented as the
spike rate.

Live cell imaging

To compare the abilities of ATP, ADP, AMP, and adenosine to
activate trigeminal cells, we measured the intracellular Ca**
transients induced by all these purines. Trigeminal prepara-
tions were loaded with the Ca®""sensitive fluorescent dye
Fluo-3-AM (5 uM , Life Technologies, USA) in room tem-
perature for 45 min followed by a 20-min washout in the BSS
containing the following (in millimolars): 2.5 KCl, 152 NaCl,
10 glucose, 2 CaCl,, 1 MgCl, and 10 HEPES at pH 7.4.
Fluorescence was visualized using the imaging setup (TILL
Photonics GmbH, Griéfelfing, Germany) consisting of a
monochromatic light source and a 12-bit cooled CCD camera
(SensiCam, Kelheim, Germany). Loaded cells were imaged
with an excitation light of 488 nm (exposure time 100 ms,
binning 2) and emission intensity >520 nm. ATP, ADP,
AMP, and adenosine were applied via the fast perfusion sys-
tem (Rapid Solution Changer RSC-200, BioLogic Science
Instruments, Grenoble, France) followed by delivery of
50 mM KCIl as a marker for neurons [31] and ionomycin
(Abcam, USA) for signal normalization [32]. The function
of P2X7 receptors was evaluated with the specific P2X7 an-
tagonist A839977 (Tocris, UK). Data were analyzed offline
using the TILL Photonics and Origin (Microcal, USA)
software.

Fluorescence-activated cell sorting
Flow cytometry measurements of P2X7 receptor func-
tion in SGCs were performed using the FACS Calibur

(BD Biosciences instruments, USA). SGCs were de-
attached by trypsinization and then cells were collected
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into tubes (5 mL polystyrene, Falcon, USA) containing
100 pL PBS (Sigma-Aldrich). The following reagents
were used for this study: A839977 (P2X7-antagonist,
Tocris), BzATP (P2X7 agonist, Tocris), and YO-PROI
(Invitrogen, USA). Data were analyzed using BD
CellQuest Pro Software (Beckton Dikinson, USA).

Statistical analysis

The data are presented as the mean + standard error of
mean (mean + SEM) with statistical significance assessed
with the Student-paired ¢ test or Mann-Whitney ¢ test for
non-parametric data. Statistically significant differences
were set at *p <0.05 and **p <0.01.

Results

Effect of the migraine mediator CGRP on extracellular
purine homeostasis in rat meninges

Since the cranial meninges are considered to be potential sites
where migraine pain originates from [1—4], we first measured
adenine nucleotides and adenosine extracellular levels in men-
ingeal tissues in control and after pre-treatment with the mi-
graine mediator, CGRP. In resting conditions, rat meninges
maintained ATP and ADP at low nanomolar concentrations
(Fig. 1a, b), whereas basal levels of adenosine and especially
AMP were almost one-two orders higher (Fig. lc, d).
Strikingly, in comparison with mock-treated controls, 2 h ex-
posure of meninges to 1 uM CGRP significantly increased the
concentrations of ATP (7.0+1.6 in control versus 15.2 +
3.1 nM in CGRP, n=22; p<0.01), ADP (12.7+2.4 versus
21.6+£3.3nM, n=22, p<0.05), and also AMP (375 + 55 ver-
sus 600+ 102 nM, n= 15, p <0.05, Fig. 1a—d). However, the
analysis of adenosine levels did not reveal any differences
between the control and CGRP-treated meninges (71.4 +
15.4 versus 76.6 £ 18.1 nM, p>0.05, n=20, Fig. 1d). Thus,
CGRP essentially increased the levels of pro-nociceptive nu-
cleotides, but not of the anti-nociceptive adenosine, in rat
meninges.

Since the measured nucleotide levels represent a net bal-
ance between the release of endogenous ATP and other nucle-
otides and their subsequent ectoenzymatic dephosphorylation
[13], we next evaluated the effect of CGRP on nucleotide-
inactivating ability of rat meninges. To this end, hemiskull
preparations were incubated with different nucleotide sub-
strates, followed by measurement of their clearance by using
appropriate bioluminescent (for detecting ATP and ADP) or
fluorometric (for measuring AMP) enzyme-coupled sensing
assays. Figure 2 shows that the levels of all three exogenously
added nucleotides were essentially diminished already after
6 min incubation with meningeal tissues, with no significant
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Fig. 1 Effect of CGRP on basal purine level in the rat dura mater. Left
and right hemiskull halves were pre-treated in parallel for 2 h without (—)
and with (+) 1 uM CGRP and subsequently equilibrated for 20 min in
basal salt solution in the absence of any treatment. Basal concentrations of
extracellular a ATP (n=22), b ADP (n=22), ¢ AMP (n=15), and d
adenosine (Ado) (n=20) hemiskull preparations were determined by
using appropriate bioluminescent or fluorometric enzyme-coupled assays
and expressed as nanomoles per liter (mean+ SEM). *p <0.05, deter-
mined by Student’s ¢ test (paired, two-tailed)

differences in the rates of nucleotide breakdown being detect-
ed between the control and CGRP-treated samples.

Enzyme histochemistry of control and CGRP-treated
meninges

As an independent approach to evaluate the pattern of
nucleotides degradation and distribution of meningeal
ectonucleotidase activities, we employed the lead
nitrate-based enzyme histochemistry with different nucle-
otide substrates for staining the whole mount meninges.
Figure 3 shows the presence of high ATPase (Fig. 3a),
ADPase (Fig. 3b), and AMPase (Fig. 3c) activities in rat
meninges, which are presumably mediated through
NTPDasel/CD39 (capable of hydrolysing both ATP and
ADP) and ecto-5’-nucleotidase (AMPase) activities.
Noteworthy, these nucleotide-hydrolyzing enzymes are
abundantly expressed in the blood vessels such as medial
meningeal artery, known to be the strategic sites for pain

added
purines
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Fig.2 Effect of CGRP on the rate of nucleotide hydrolysis in the rat dura
mater. Control (—) and CGRP-treated (+) rat hemiskulls were incubated
for 6 min with 500 uM of ATP, ADP, and AMP, as indicated. Aliquots of
the medium were collected and assayed for residual concentrations of
exogenously applied nucleotides (mean = SEM; n = 8—12 hemiskull prep-
arations). The initial concentration of nucleotide substrates is shown by
the dotted line
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Fig.3 Histochemical analysis of distribution of nucleotidase activities in
whole mount rat meninges. Rat hemiskulls were pre-treated for 2 h with-
out and with 1 pM CGRP and subsequently subjected to enzyme histo-
chemical staining by incubating the meninges for 40 min with 2 mM
Pb(NO3), and 200 uM of one of the following nucleotides: ATP (a),
ADP (b), and AMP (c). Representative staining of control and CGRP-
treated meninges are also shown after their incubation for 40 min (d) and
2 h (e) with medium containing only lead nitrate, without any exogenous-
ly applied nucleotide substrate. Strikingly, increasing the incubation time
revealed clear-cut increases in blank meningeal staining after tissue ex-
posure to CGRP. Scale bars, 300 um

generation [2, 4, 33]. It is also likely that substantial
ectonucleotidase activities are localized in recently dis-
covered dural lymphatic vessels, generally aligning along
the adjacent blood vessels and contributing to the drain-
age of the cerebrospinal fluid into the periphery [34, 35].
More thorough co-staining analysis with different cell-
specific markers would be necessary to validate this sug-
gestion. Noteworthy, a direct quantification of enzymatic
activities by using this semi-quantitative histochemical
approach is complicated due to heterogeneous distribu-
tion of ectonucleotidases within different compartments
of the meningeal tissue. Nevertheless, data on fairly sim-
ilar patterns of ATPase, ADPase, and AMPase stainings
in control and CGRP-treated tissues (Fig. 3 a—c), together
with comparable rates of nucleotide breakdown in these
samples (see Fig. 2), suggest that the exposure of menin-
ges to CGRP does not affect the expression patterns and
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activities of major ectonucleotidases within the tissue.
Interestingly, relatively faint but clearly detectable brown
precipitates (particularly restricted to the vascular branch)
can also be seen after incubating the meninges with lead
nitrate, even in the absence of nucleotide substrates. The
intensity of this “non-specific staining” was enhanced by
increasing the incubation time from 40 min (Fig. 3d) to
120 min (Fig. 3e), and it can be completely abolished in
the presence of cation-chelating agent EDTA (10 mM;
data not shown). Most likely, this staining reflects the
release of endogenous ATP from non-fixed meningeal tis-
sues and its subsequent breakdown through NTPDase re-
action. Therefore, data on more intense blank staining of
meningeal tissues pre-treated with CGRP might indirectly
indicate on the ability of meninges to release more ATP
and other nucleotides under these migraine-like condi-
tions. This suggestion is consistent with the biolumines-
cent data showing an enhanced release of meningeal ATP
and ADP promoted by CGRP.

Activation of trigeminal nerve terminals by ATP and its
breakdown products

To explore purinergic mechanisms in physiologically rel-
evant conditions, we performed electrophysiological re-
cordings of nociceptive spikes in trigeminal nerves in
meningeal tissues suggested as the main origin of mi-
graine pain [4]. In order to reveal whether ATP and its
breakdown products ADP, AMP, and adenosine produces
nociceptive effect in trigeminal nerve terminals innerved
dura mater, we applied the standard concentrations
(100 uM) of all these agents to trigeminal nerve fibers.
Notice that in control, there was only minimal spiking
activity of trigeminal nerves (Fig. 4a). Out of all four
agents (ATP, ADP, AMP, adenosine) tested, only ATP
produced a significant (p <0.05) pro-nociceptive firing
in trigeminal nerve terminals (Fig. 4a, c). Slight spike
facilitation induced by ADP was not statistically signifi-
cant (p>0.05, Fig. 4d). AMP or adenosine did not sig-
nificantly change the spiking activity (Fig. 4b, e, f).

Thus, the “parent” nucleotide ATP was the most ac-
tive in long lasting excitation of peripheral nerve termi-
nals in meninges comparing with its dephosphorylated
metabolites.

Activation of trigeminal nerve terminals via P2X3
receptors

Next, we explored receptor mechanisms underlying
ATP-induced nociceptive firing in trigeminal nerve ter-
minals in meninges. In order to reveal which purinergic
receptors mediate this nociceptive effect of ATP, we
applied to meningeal preparation the P2X1/3 agonist
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Fig. 4 Effect of purines on trigeminal nerve spikes in the dura mater. a
Representative traces of trigeminal nerve spikes in meningeal hemiskull
preparation in control and after application of 100 uM ATP. Notice that
extracellular ATP increased nociceptive firing in meningeal preparation.
b Extracellular adenosine (100 uM) did not change significantly firing
activity. ¢ The time course of changes in the frequency of meningeal
spikes after application of 100 uM ATP (n =12 hemiskull
preparations). d The time course of changes in the frequency of
meningeal spikes after the application of 100 uM ADP (n=11
hemiskull preparations). e The time course of changes in the frequency
of meningeal spikes after application of 100 uM AMP (n= 6 hemiskull
preparations). f The time course of changes in the frequency of meningeal
spikes after application of 100 uM adenosine (n=11 hemiskull
preparations). The statistical significance was calculated in comparison
with the last frequency value before applying ATP or other purines. Bars
indicate duration of ATP, ADP, AMP, and adenosine applications. mean
+ SEM, *p <0.05, determined by paired ¢ test

o,B-meATP (20 uM) alone or with the P2X3 antago-
nist, A-317491 (10 uM). Fig. 5a, b shows that o,f3-
meATP induced a rapidly increasing pro-nociceptive ef-
fect (n=5 hemiskulls, p<0.05).This firing was also
long lasting analogous to the action of ATP (compare
Figs. 4 and 5). Importantly, the «,3-meATP-induced fir-
ing was blocked by A-317491 (n=5 hemiskulls, p>
0.05, Fig. 5c¢) indicating that this effect was mediated
by P2X3 receptors.
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Fig. 5 The role of P2X3 receptors in activation of trigeminal nerve
terminals in meninges. a Representative traces of trigeminal nerve
spikes in meningeal hemiskull preparation in control and after
application of 20 uM «,3-meATP. b The time course of changes in the
frequency of meningeal spikes after «,(3-meATP application (n=5
hemiskull preparations); *p <0.05 by the Student-paired  test. ¢ The time
course of changes in the frequency of meningeal spikes after application
of 20 uM «,3-meATP in the presence of 10 uM A-317491 (n=5
hemiskull preparations). Notice that this P2X3 antagonist completely
prevented the facilitatory effect of «,(3-meATP

Basal level of nucleotides in trigeminal cells and effect
of CGRP

Growing evidence suggests that trigeminal ganglion cells
could be a potential source of migraine pain [36, 37].
Therefore, next, we performed measurements of ATP, ADP,
AMP, and adenosine in trigeminal ganglion cultures. Notably,
trigeminal cultures consist of both neurons and several types
of satellite cells, which are likely contributors to migraine pain
[27, 38].

We found, that the basal levels of ATP and ADP in trigem-
inal cultures were maintained at very low level whereas the
concentrations of AMP and adenosine were relatively high
(Fig. 6a—d). Moreover, similarly to CGRP-triggered release
of nucleotides in meningeal tissues, pre-treatment of trigemi-
nal cells with 1 uM CGRP for 2 h led to a twofold increase in
extracellular ATP and ADP (Fig. 6a, b). Interestingly, promo-
tion of ATP and ADP release was accompanied by concurrent
decrease in adenosine levels by ~50 % (Fig. 6d).

Thus, there were remarkably low levels of ATP and ADP
both in ganglia cells and in meningeal tissues. The low level of
these nucleotides pointed toward either a low intensity of
tonic ATP release or an extremely fast degradation of these
tri- and di-phosphate nucleotides in meningeal and ganglion
tissues. Notably, we found that CGRP, a neuro-inflammatory
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Fig. 6 Effect of CGRP on basal purine level in rat trigeminal cells.
Cultured rat TG cells growing in 24-well plate were pre-treated for 2 h
without (—) and with (+) 1 pM CGRP and subsequently equilibrated for
20 min in basal salt solution in the absence of any treatment. Basal con-
centrations of extracellular ATP (a), ADP (b), AMP (c), and adenosine
(Ado; d) were determined by using appropriate bioluminescent or fluo-
rometric enzyme-coupled assays and expressed as nanomoles per liter
(mean + SEM; determined in triplicate or quatripicate wells in two inde-
pendent experiments; total n=7). ¥*p <0.05, determined by Student’s ¢
test (paired, two-tailed)

and pro-nociceptive agent [23, 33], increased the level of both
nucleotides in meninges and in trigeminal ganglion cells.
Interestingly, in ganglion cells, CGRP reduced the level of
adenosine suggesting a novel mechanism of CGRP-
mediated sensitization, as adenosine is known to act as an
endogenous inhibitory agent in pain pathways [14, 15].

Nucleotide Ca”* signaling in trigeminal cells

The experiments in meningeal preparation suggested the high
activity of ATP operating via P2X3 receptors. However, they
indicated the global activity of multiple nerve fibers. In order
to compare activity of ATP and related products at the single
cell level within a large population of trigeminal cells, we
tested the biological activity of ATP, ADP, AMP, and adeno-
sine using live cell imaging. With live imaging, we also com-
pared the ability of these compounds to generate Ca®" tran-
sients in trigeminal neurons and satellite glial cells and to
evaluate the action of CGRP on the functional activity of
ATP and its dephosphorylated metabolites. As these cultures
contained both neurons and glial cells [38], we distinguished
neurons from glial cell by the high responsiveness of the for-
mer to K (notice last application in the trace in Fig. 7a). This
figure also shows that ATP and ADP (both at 10 uM concen-
tration) were the most potent agents generating large Ca>*
transients both in neurons (Fig. 7a, c¢) and in glial cells
(Fig. 7b, d). Interestingly, ADP was more effective in activa-
tion of glial cells (Fig. 7d). In contrast to ATP and ADP, both
AMP and adenosine were almost ineffective (Fig. 7a—d).Thus,
we revealed the high activity of ATP and ADP in rat trigem-
inal cells in sharp contrast to inability of ADP to activate
peripheral nerve terminals.

Next, we tested if CGRP is able to modify the responses to
ATP and ADP. Figure 8a—c shows that after the 2-h exposure
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Fig. 7 Calcium transients activated by ATP and its breakdown products
in trigeminal cells. a Representative traces recorded from cultured
trigeminal neurons (average of 10 traces). Application of adenine
nucleotides (ATP, ADP, and AMP) or adenosine (Ado) solutions (all in
10 uM) for 2 s to trigeminal ganglion cells loaded in fluo 5 uM 3-AM.
Neurons were distinguished from other cell types due to Ca®* responses
induced by potassium depolarization (50 mM KCl for 2 s). Notice neu-
ronal responses to ATP and ADP, but not to AMP and Ado. b
Representative Ca*" transients from satellite glial cells (SGC, n = 10 cells)
activated by ATP and ADP. ¢ Histograms showing percent of neurons
responding to ATP, ADP, AMP, and adenosine (total number 173 cells). d
Histograms showing percent of SGCs responding to ATP, ADP, AMP,
and adenosine (total number 282 cells). Mean + SEM. *p <0.05 (deter-
mined by the Mann-Whitney test)

to 1 uM CGRP, the responses to 1 uM ATP in neurons (nor-
malized to transients induced by ionomycin) were significant-
ly increased from 106.5 + 8.4 % (n =40 cells) to 152.6 £8.7 %
(n=84 cells, p <0.05). No significant changes of responses to
1 uM ADP were observed (24.5+2.4 % in control, n=40
cells, versus 30.9£3.7 % in CGRP, n =84 cells, p > 0.05).
Glial cells in the brain are known to express ATP-gated
P2X7 receptors, key elements triggering the neuro-
inflammatory mechanisms [39]. In order to test whether rat
trigeminal SGCs express the pro-inflammatory P2X7 recep-
tors, we applied 100 uM ATP to activate these relatively low
affinity receptors. Figure 9 shows the principle protocol for
two sequential applications of ATP or ADP (separated by
10 min interval) followed by 50 mM KCI application (to iden-
tify neuronal cell types). In control, the second response to
100 uM ATP was slightly depressed (73.35+3.72 % n=29
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Fig. 8 Effect of CGRP on ATP- and ADP-induced Ca®" transients in
trigeminal neurons. a Intracellular calcium transients evoked by 2 s ap-
plication of 1 uM ATP, 50 mM KCl, and 10 uM ionomycin in trigeminal
neurons in control conditions (average of 5 traces with SEM). b
Transients induced by ATP, KCI, and ionomycin after 2 h exposure to
1 uM CGRP (average of 5 traces). ¢ Quantification of CGRP effect on
Ca®" transients activated by 1 pM ATP (n =40 cells) or | pM ADP (n=
40 cells) in control and after CGRP exposure (n = 84 cells in both cases).
Notice that CGRP increased Ca®" responses to ATP. Mean + SEM, *p <
0.05, determined by the Mann-Whitney test

neurons, Fig. 9¢). Pre-application of the potent P2X7 antago-
nist A839977 (3 uM, 5 min prior to second ATP) did not
change significantly the degree of depression of the second
test response in neurons (65.72+1.62 % n =46 neurons,
Fig. 9b, e). In contrast, in SGCs, after application of the
P2X7 antagonist, there was as a significantly reduced second
response to ATP (39.13+0.95 %, n=120 cells, p<0.001,
Fig. 9d, f) suggesting functional expression of P2X7 receptors
in SGCs. Unlike ATP, responses of neurons or SGCs to
100 uM ADP were not sensitive to A839977 application
(Fig. 9e, f) consistent with previous data from in mouse
SGCs that ADP operates mainly via metabotropic P2Y recep-
tors [27, 40].

YO-PRO1 uptake by P2X7 receptors in SGCs

In order to test further expression of P2X7 receptors in trigem-
inal SGCs, we analyzed, using flow cytometry approach, the
uptake of the fluorescent dye YO-PRO1. This dye can pene-
trate through the large pore of the activated P2X7 receptor
[41] thus suggesting the independent approach for testing ex-
pression of these receptors in SGCs. In control samples the
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Fig. 9 Testing expression of P2X7 receptors in trigeminal cells. a
Representative traces (average of 5 traces with SEM) of ATP action on
trigeminal neurons. ATP (100 uM) was applied twice (interval 10 min)
for 2 s followed by application 50 mM KCl for 2 s. b The specific P2X7
antagonist A839977 (3 uM) was applied for 5 min prior to the second
ATP application. ¢ ATP action on satellite glial cells (SGC) in control
conditions. d ATP action on SGCs combined with application of the
P2X7 antagonist A839977 (3 uM, 5 min prior to the second application
of ATP). Notice that ATP responses were significantly reduced after pre-
application of the P2X7 antagonist. e Histograms showing ratio (in per-
cent) of the first to second ATP responses in neurons in control (7 =29
cells) and in A839977 (n=46 cells) and in SGCs in control (»=70) and
in A839977 (n=120). f The same for ADP applications to neurons (con-
trol, n= 18 cells; A839977, n=26 cells) and SGC (control, n=19 cells;
A839977, n=20 cells). Mean + SEM, ***p <(.001, determined by the
Mann-Whitney test
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penetration of YO-PRO1 was minimal (3.4+0.4 %, n=>5).
Application of the P2X7 agonist BZATP (30 uM) increased
the uptake of YO-PROI to 10.2+1.9 % (n=5, p=0.019).
The specificity of this response was confirmed by application
of the P2X7 antagonist A839977 (5 uM) which reduced the
BzATP-induced YO-PROI1 uptake back to control levels

(4.3+0.5 %, n=5, p=0.017 versus BZATP alone, Fig. 10a,
b). These data also suggested the functional expression of
P2X7 receptors in SGCs (Fig. 11).

Discussion

We show here the extremely low levels of ATP and ADP, in
contrast to relatively high concentrations of AMP and adeno-
sine, and the high rate of hydrolysis of these purines in menin-
ges and trigeminal ganglion cells suggesting high activity of
respective ectonucleotidases. From four tested purines: ATP,
ADP, AMP, and adenosine, only the first was able to activate
nociceptive firing in meningeal nerves. Using live cell Ca*"
imaging, we found high agonist activity of ATP and ADP in
neurons and glial cells while the downstream degradation prod-
ucts, AMP and adenosine, were inactive. Trigeminal glial cells
also expressed functional P2X7 receptors. This is the first study
to address the turnover and the pro-nociceptive profile of ATP,
ADP, AMP, and adenosine in meningeal tissues suggested as
the main origin site for migraine pain.

Basal levels of ATP, ADP, AMP, and adenosine
in meninges and trigeminal cells

Our main aim in this study was to explore purinergic
mechanisms, which can underlie migraine pain. Given
the strong pro-nociceptive role of ATP, generating pain
signals via P2X receptors (see Introduction); we already
expected that the basal level of ATP should be at the very
low level in meninges to avoid constant nociceptive firing
in trigeminal nerves. Indeed, we found just a nanomolar
level of ATP in hemiskull preparation. Surprisingly, not
only ATP but also the level of ADP was very low and
comparable with the endogenous concentration of the par-
ent compound ATP. Our functional tests providing a ra-
tionale for this finding showed that this is because in the
rat trigeminal nociceptive system ADP could be an ago-
nist as efficient as ATP. Specifically, ADP generated large
Ca”" transients not only in neuron but also in glial cells
consistent with previous observations obtained in mouse
trigeminal cells [27, 40, 42]. In glial cells, ADP was even
more effective likely due to activation of ADP sensitive
P2Y receptors [27, 34, 35]. These data along with func-
tional expression of P2X7 receptors in SGCs are consis-
tent with intra-ganglion crosstalk between neurons and
glial cells likely contributing to long lasting migraine pain
[42]. The high activity of ADP revealed with Ca®" imag-
ing is consistent with an unusually low level of ADP both
in trigeminal cultures and in meningeal preparation.
However, unlike ganglion cell somas, in the peripheral
part of the nociceptive system, in meninges, ADP did
not show such clear pro-nociceptive action.

@ Springer



570 Purinergic Signalling (2016) 12:561-574
Fig. 10 YO-PROI uptake via A A839977
P2X7 receptors of SGCs. a Control BzATP + BzATP

Representative example of YO-
PRO1 uptake by SGCs in control
(left, gray), after application of the
P2X7 agonist BZATP (30 uM,
middle, red), and after combined
action of the P2X7 antagonist
A839977 (5 uM) plus 30 uM
BzATP (right, blue). b The histo-
grams showing pooled data (n =5
experiments) of YO-PRO1 action
in all three conditions. *p <0.05
by paired ¢ test

Opposite to ATP and ADP, we found that AMP and
adenosine is present in meninges and trigeminal culture
in relatively large amounts and this correlated with the
lack of agonist activity measured with Ca®" imaging
technique.

Nucleotides degradation

The very low basal level of ATP and ADP could either
be due to little release or very fast degradation of these
nucleotides. In fact, our data obtained with addition of
exogenous nucleotides indicated that both ATP and ADP
are degraded very quickly in meninges. In various tis-
sues, nucleotides are degrading via multiple and abun-
dantly expressed enzymes of NTPDase family and other
nucleotidases [11-13]. Consistent with the low basal lev-
el of ATP and ADP, we found that NTPDase activity in
meninges is extremely high around vessels and surround-
ing nerves. This is an interesting coincidence, since this
region is suspected to be the main loci generating the
initial migraine pain signals [2, 4] and such perivascular
location is spatially overlapping with the recently discov-
ered meningeal lymphatic system [43, 44].

Notably, the basal level of AMP in meninges was
relatively high (~300-400 nM), suggesting that ecto-5’-
nucleotidase-mediating AMP to adenosine conversion
represents the rate limiting step in nucleotide-
inactivating chain in the dura mater. This latter suggest
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that this step as a potential target for pharmacological
manipulations to control the level of key nucleotides
and nucleosides in pain triggering tissues.

Sensitizing effect of CGRP

CGRP is currently recognized as one of main migraine trig-
gering endogenous compounds based on the multiple evi-
dences including (i) CGRP release during a migraine attack,
(i1) ability of CGRP to provoke migraine attack, and (iii)
promising efficiency of various anti-CGRP agents in migraine
prophylaxis [1, 2]. Most of the trigeminal sensory nerves in-
nervating meninges express ATP-gated P2X3 receptors and
also contain CGRP [45]. We showed previously CGRP in-
duced upregulation of ATP-gated P2X3 receptors [21-23]
and the inhibitory action of CGRP on nicotinic receptors
[46] suggesting various effects of this neuropeptide related
to migraine pathology. We also found a significantly enhanced
P2X3-mediated signaling in trigeminal neurons of transgenic
mouse expressing human mutated gene responsible for famil-
ial type migraine [16] and the inhibitory action of the popular
anti-migraine agent naproxen on P2X3 receptors [47].
Consistent with the concept of ATP-driven migraine pain,
we found now that CGRP increased the level of the pro-
nociceptive nucleotides ATP and ADP in various parts of the
trigeminal nociceptive system and increased responses to low
concentrations of ATP. In trigeminal cultures, CGRP shifted
the balance between AMP/adenosine in favor of accumulation
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of AMP thus suggesting partial inhibition of ecto-5’-nucleo-
tidase or activation of adenosine transporters (or further deg-
radation of adenosine to inosine).

Taken together our current experimental data obtained
with CGRP treatments further developed the purinergic
hypothesis of migraine pain indicating multiple mecha-
nisms working in concert to signal pain from peripheral
to central pain centers.

ATP-induced nociceptive firing in the trigeminal nerve
terminals

Our data showed that ATP and its degradation products ex-
hibited different effects on the nociceptive firing in trigeminal
nerve terminals. In line with induction of large Ca®" transients
in trigeminal ganglion neurons, exogenous ATP induced per-
sistent nociceptive firing in trigeminal nerve terminals. ADP
was very active at the level of neuronal somas but only slightly
and not significantly enhanced the frequency of nociceptive
spikes suggesting that its main target is located within the
trigeminal ganglion. In trigeminal SGCs normally surround-
ing somas of neurons, we found that ATP partially acted via
the pro-inflammatory P2X7 receptors. This can be one of trig-
gers for ATP-driven inflammatory mechanisms in the devel-
opment of migraine pain.

The differences in the efficiency of tested compounds may
probably result from distinct types of purinergic receptors,
which are expressed in trigeminal nerve terminals and in
somas. Adenosine is the degradation product of ATP, which
significantly accumulates (comparing to the level of ATP and
ADP) in both meninges and trigeminal ganglion cells.
Importantly, unlike its precursor AMP, adenosine can exert
multiple effects via either inhibitory or facilitator receptors
[48]. Thus, adenosine which is present in the nociceptive sys-
tem in high concentration potentially can play a tonic inhibi-
tory role as it has been shown for other regions of the CNS
[49]. Several studies associated abundantly expressed inhibi-
tory adenosine A1 receptor with migraine pain. For instance,
selective A1 receptor agonists were showed to inhibit trigem-
inal nucleus and to block the release of CGRP [14, 50]. Even
the enzymatic breakdown product of adenosine, inosine is
able to activate A1 receptors [51]. Thus, the reduced level of
adenosine in the presence of CGRP could be one of multiple
components of migraine sensitization. However, in the present
study, adenosine neither induced Ca”" transients in trigeminal
ganglion neurons nor did change the nociceptive firing in the
trigeminal nerve terminals. One of the explanations could be
that there are functionally opposite (facilitatory versus inhibi-
tory) adenosine receptors expressed in the nerve terminals.
Thus, the mechanisms of adenosine turnover in migraine con-
ditions and its signaling in nerve terminals require further
studies.

Functional role of purines in migraine

The activation of meningeal trigemino-vascular system plays
a key role in the initiation of migraine pain [4, 35, 52]. It was
proposed that purinergic signaling have an important role in
the initiation and transmission of pain signals [53], including
migraine pain [5, 42]. Consistent with the purinergic hypoth-
esis of migraine which we schematically show in Fig. 11, we
found here that the main migraine mediator CGRP which is
known to be released during migraine attack in patients [2, 33]
increased the level of the endogenous algesic compound ATP
in the dura mater. In meninges, CGRP is contained in large
amounts in peptidergic neurons innervating meninges [54]. At
the meningeal level, CGRP is able to degranulate residual
mast cells [54, 55]. This effect should be accompanied by
release of multiple pro-inflammatory agents including ATP.
CGRP can also act directly on vessels [56] via its own recep-
tors [37] to promote further release of extracellular ATP from
endothelial cells [6]. Apart from stimulation of ATP release,
our previous data revealed that CGRP is able to increase P2X3
receptor activity and expression in trigeminal neurons [21,
23]. Importantly, this pro-nociceptive action of CGRP is slow
[21] which is consistent with lack of its acute action on men-
ingeal nociceptors in vivo [57]. Combined, promotion of re-
lease and sensitization of P2X receptors should work in con-
cert to reinforce the pro-nociceptive action of endogenous
ATP.

Whereas in the presence of CGRP, we did not find modifi-
cations of the rate of ATP degradation we cannot exclude that
the rate of nucleotide degradation could be controlled by other
migraine-related active molecules, operating via gene tran-
scription [22], which needs observation over the longer time
scales.

One interesting aspect of the nociceptive action of ATP is
how it is consistent with the high rate of desensitization of
ATP-gated P2X3 receptors [18]. Since the basal level of
ATP which we found both in meninges and in ganglia is in
the range of low concentrations (~5 nM), one would expect
them to inactivate pain sensitive P2X3 receptors via high af-
finity desensitization [58]. However, we found by direct re-
cordings that ATP (or its stable analogue, «,3-meATP) did not
cause short-term inhibition but on the contrary long lasting
(for many minutes) stimulatory action on peripheral nerve
branches, indicating that in physiologically relevant condi-
tions desensitization may not be a limiting factor. Currently
available methods do not allow direct measurement of ATP (or
CGRP) at cell membrane level at the site of release but given
that the intracellular concentration of ATP is in the millimolar
range, (Fig. 11) one would expect that the acute release of ATP
should generate concentration of this compound high enough
for spike triggering in vivo.

In summary, ATP is the strong inducer of the nociceptive
firing operating via P2X3 receptors and we suggest that for
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Fig. 11 Schematic representation of ATP role in peripheral nociception
in meninges and in trigeminal ganglion in the frame of “purinergic
hypothesis of migraine.” ATP could be released from various cell types
(endothelium, mast cells, neurons) via pannexin 1 (Panx1) hemichannels
due to cortical spreading depression or other type of stress. In meninges,
ATP induces nociceptive firing in trigeminal nerve endings via high af-
finity P2X3 receptors. ATP and ADP are quickly degraded via NTPDases
to inactive AMP and adenosine. Extracellular adenosine could be
inactivated by reuptake or by enzymatic breakdown to inosine. Both
meninges and trigeminal ganglia contain, in peptidergic neurons, the

these reasons, its degradation is fast in the peripheral tissues
such as meninges. In the migraine-like conditions induced by
the migraine mediator CGRP, the level of ATP and related
compound ADP is growing up consistent with the pro-
nociceptive profile of these compounds.
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