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INTRODUCTION
Abstract—Purinergic P2X3 receptors (P2X3Rs) play an
important role in pain pathologies, including migraine. In
trigeminal neurons, P2X3Rs are constitutively downregulated by endogenous brain natriuretic peptide (BNP). In a
mouse knock-in (KI) model of familial hemiplegic migraine
type-1 with upregulated calcium CaV2.1 channel function,
trigeminal neurons exhibit hyperexcitability with gain-offunction of P2X3Rs and their deﬁcient BNP-mediated inhibition. We studied whether the absent BNP-induced control
over P2X3Rs activity in KI cultures may be functionally
expressed in altered ﬁring activity of KI trigeminal neurons. Patch-clamp experiments investigated the excitability of wild-type and KI trigeminal neurons induced by
either current or agonists for P2X3Rs or transient receptor
potential vanilloid-1 (TRPV1) receptors. Consistent with
the constitutive inhibition of P2X3Rs by BNP, sustained
pharmacological block of BNP receptors selectively
enhanced P2X3R-mediated excitability of wild-type neurons
without aﬀecting ﬁring evoked by the other protocols. This
eﬀect included increased number of action potentials, lower
spike threshold and shift of the ﬁring pattern distribution
toward higher spiking activity. Thus, inactivation of BNP
signaling transformed the wild-type excitability phenotype
into the one typical for KI. BNP receptor block did not inﬂuence excitability of KI neurons in accordance with the lack of
BNP-induced P2X3R modulation. Our study suggests that,
in wild-type trigeminal neurons, negative control over
P2X3Rs by the BNP pathway is translated into tonic
suppression of P2X3Rs-mediated excitability. Lack of this

The trigeminal ganglion (TG) is a part of the
trigeminovascular system that plays an integral role in
regulating pain transduction in primary headache
conditions, such as migraine (Noseda and Burstein,
2013). Trigeminal sensory neurons express ATP-gated
P2X3 receptors (P2X3Rs) and capsaicin-sensitive transient receptor potential vanilloid-1 (TRPV1) receptors
(Vulchanova et al., 1997; Julius and Basbaum, 2001;
North, 2003), which mediate nociceptive responses and
are thought to contribute to migraine pathophysiology
(Yan and Dussor, 2014). Using a knock-in (KI) mouse
model, expressing voltage-gated CaV2.1 channels with
the R192Q missense mutation in its a1A subunit that
was shown to lead to familial hemiplegic migraine type-1
(FHM1; Ophoﬀ et al., 1996; Ferrari et al., 2015), we have
observed a selective upregulation of P2X3Rs function in
TG neurons (Nair et al., 2010). This phenomenon is manifested as increased neuronal excitability in response to
P2X3Rs activation (Hullugundi et al., 2014). Such results
may help to explain the migraine-like pain behavior exhibited by R192Q KI mice (Chanda et al., 2013).
While numerous endogenous modulators upregulate
P2X3Rs, to date only brain natriuretic peptide (BNP)
and its natriuretic peptide receptor type-A (NPR-A) have
been reported to induce constitutive downregulation of
P2X3-mediated responses in wild-type (WT) TG
neurons (Vilotti et al., 2013; Marchenkova et al., 2015).
Indeed, inactivation of BNP signaling with selective
NPR-A antagonist anantin or siBNP enhances P2X3Rsmediated ion currents under voltage clamp conditions,
thereby unmasking a background inhibition of P2X3R
activity (Vilotti et al., 2013; Marchenkova et al., 2015).
Most interestingly, in R192Q KI mice, the BNPdependent P2X3R modulation appears to be disabled
and might contribute to the gain-of-function of R192Q KI
trigeminal neurons (Marchenkova et al., 2016). Because
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these functional data were obtained by recording membrane currents from neurons, they did not shed light on
the neurophysiological correlates of these phenomena
as trigeminal sensory neurons encode their responses
as a series of action potentials (APs) (Sunada et al.,
1990; Chudler et al., 1991; Coste et al., 2008).
The aim of the present study was to ﬁnd out if BNP/
NPR-A-mediated constitutive inhibition of P2X3Rs might
actually inﬂuence the ﬁring properties of WT neurons. In
addition, we wished to explore if BNP acts selectively on
P2X3R-mediated activation or on other forms of
neuronal depolarization (i.e. current injection- or
capsaicin-mediated depolarization). In particular, since
the AP threshold is more negative in KI neurons, we
investigated whether downregulation of BNP-mediated
inhibition might change not only AP patterns but also
the readiness to generate APs by shifting the spike
threshold to more negative values. All these objectives
required a current clamp study.
Thus, in order to uncover any constitutive eﬀect of
endogenous BNP, we blocked NPR-A receptors with its
selective antagonist anantin (Weber et al., 1991; Yu
et al., 2006; Abdelalim and Tooyama, 2011; Vilotti et al.,
2013) in analogy with the previously reported protocol
(Vilotti et al., 2013). Firing of trigeminal sensory neurons
from WT or R192Q KI mice was investigated in response
to current pulses as well as brief application of P2X3 or
TRPV1 receptor agonists a,b-methylene adenosine
5-triphosphate (a,b-meATP) and capsaicin, respectively
(Hullugundi et al., 2014).
Our data suggest that the negative inhibition of P2X3R
activity by the BNP/NPR-A pathway results in a
decreased P2X3R-mediated excitability of trigeminal
neurons in WT cultures. In KI cultures, however, lack of
eﬃcient P2X3Rs downregulation contributes to the
neuronal hyperexcitability phenotype.

EXPERIMENTAL PROCEDURES
Mouse trigeminal ganglion cultures
Experiments were performed on cultured TG neurons
from FHM1 R192Q KI and WT mouse littermates. The
colony of KI mice was bred and maintained locally, in
accordance with the Italian Animal Welfare Act, after an
initial transfer from Leiden University Medical Centre
(van den Maagdenberg et al., 2004). All experimental protocols were approved by the SISSA ethics committee and
are in accordance with EU guidelines (2010/63/EU) and
Italian legislation (D.L. 4/3/2014, No. 26). Every eﬀort
was made to minimize the number of animals used for
the experiments and their suﬀering. The genotyping was
performed by PCR, as previously reported (Nair et al.,
2010) after the mice were sacriﬁced for culture preparation: hence, at the time of electrophysiological recording
the genotype of the tested neurons from each dish was
not determined, thus ensuring blind analysis conditions.
Primary cultures of P12-P14 mouse TG were prepared
as described previously (Simonetti et al., 2006;
Hullugundi et al., 2014) and used 24 h after plating. In
brief, trigeminal ganglia were isolated from mice killed
by cervical dislocation under general anesthesia induced

by slowly raising the level of CO2. Ganglia were cut and
dissociated for 12 min at 37 °C in an enzyme mixture containing 0.25 mg/mL trypsin, 1 mg/mL collagenase, and
0.2 mg/mL DNase (Sigma, Milan, Italy) in F-12 medium
(Invitrogen Corp, San Giuliano Milanese, Italy). Cells were
plated on poly-L-lysine-coated petri dishes in F12 medium
with 10% fetal calf serum.
Electrophysiology
After 24 h in culture, trigeminal neurons were superfused
continuously (2–3 mL/min) with physiological solution
containing (in mM): 152 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2,
10 glucose, and 10 HEPES (pH adjusted to 7.4 with
NaOH), as previously described (Nair et al., 2010;
Hullugundi et al., 2013). Cells were patch-clamped in
the whole-cell conﬁguration, using glass pipettes
(4–5 MX resistance) ﬁlled with the following solution
(in mM): 125 K-gluconate, 5 KCl, 2 MgCl2, 2 Mg2ATP3,
10 HEPES, and 10 EGTA (pH adjusted to 7.2 with
KOH). The K+ equilibrium potential, calculated with the
Nernst equation, was equal to 105 mV, and the liquid
junction potential was 14.6 mV. Collected data were
corrected accordingly.
Recordings were obtained from small- and mediumsized TG neurons (capacitance below 25 pF) under
current-clamp conditions, using a Patch Clamp PC-501A
ampliﬁer (Warner Instrument Corporation). Experimental
conditions were very similar to those of our previous
study (Hullugundi et al., 2014), except for the membrane
holding potential, as cells were held at 70 mV (after
correction for the liquid junction potential). Electrophysiological responses were ﬁltered at 5 kHz and acquired by
means of a DigiData 1200 interface and pClamp 8.2
software (Molecular Devices). Input resistance was measured by applying hyperpolarizing pulses of 5 or 2 pA,
while cell capacitance was estimated from the whole-cell
capacitance facility.
Depolarizing current pulses lasting for 300 ms with 45
pA amplitude were used to stimulate neurons. As
previously shown (Hullugundi et al., 2014), such stimulation is suﬃcient to elicit cell-speciﬁc ﬁring activity from
TG neurons of small and medium size. In accordance with
our former studies, the P2X3R selective agonist a,bmeATP (Sigma, Milan, Italy) was applied for 2 s using a
fast superfusion system (Rapid Solution Changer RSC200; BioLogic Science Instruments, Claix, France) at a
concentration of 10 lM to produce near-maximal P2X3R
activation (Sokolova et al., 2006). Capsaicin (Sigma)
was applied for 3 s at a concentration of 1 lM to elicit
stable TRPV1 receptor-mediated responses (Simonetti
et al., 2006; Nair et al., 2010; Hullugundi et al., 2014).
The selective NPR-A antagonist anantin (500 nM) was
applied to the cultures overnight (24 h) to block NPR-A
receptor activity (Yu et al., 2006; Vilotti et al., 2013;
Marchenkova et al., 2015); control dishes were incubated
for the same period of time without anantin.
Data analysis
Data are expressed as mean ± standard error of the
mean, with n indicating the number of analyzed cells.
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Data were collected from at least 4 mice for each
genotype, and statistical relevance of the sample size
(number of analyzed neurons) in each experimental
condition was veriﬁed with online sample size analysis
software biomath.info and powerandsamplesize.com,
using power = 0.8 and a (type I error rate) = 0.05.
Statistical analysis was performed using Student’s t-test
or the Mann–Whitney rank sum test after the softwaredirected choice of parametric or nonparametric data,
respectively (Matlab; Sigma Plot & Sigma Stat, Chicago,
IL, USA) and a chi-square test when analyzing
proportion. A p-value less than 0.05 was accepted as
indicative of a statistically signiﬁcant diﬀerence.
For ﬁring threshold analysis, an algorithm was used
that allowed automated threshold detection based on
ﬁrst and second discrete time derivatives of the voltage
time-series (Matlab) (Platkiewicz and Brette, 2010;
Hullugundi et al., 2014). The parameters used for calculating the exact threshold value were empirically determined and kept constant for all analyzed recordings.
The present data were consistent with the formerly
reported values (Sekerli et al., 2004; Hullugundi et al.,
2014).

RESULTS
Anantin aﬀects ﬁring patterns of WT but not KI
trigeminal sensory neurons
In line with previously reported data, we observed four
distinct ﬁring patterns in cultured TG neurons after
stimulation with 45 pA current pulses (Catacuzzeno
et al., 2008; Hullugundi et al., 2014). Fig. 1A shows representative traces obtained from TG neurons with diﬀerent
ﬁring patterns. Single-spike (SS) neurons ﬁred only once
at the beginning of the stimulus. Fast-adaptive (FA) cells
stopped ﬁring after generating several spikes. Multipleﬁring cells (MF) ﬁred during the whole period of stimulation with a time-dependent decrease in spike frequency
(adaptation). Rapid-ﬁring neurons (RF) showed sustained
high-frequency ﬁring and a large after-hyperpolarization.
Finally, a small fraction of neurons did not show any ﬁring
activity (non-spiking, NS, cells) in response to 45 pA stimulation (they were, however, responsive to higher intensity stimulation; data not shown). The percent
distribution of these ﬁring patterns is shown in Fig. 1B
for WT (upper panels) and KI (lower panels) cultures in
control (left) and after 24 h application of NPR-A antagonist anantin (500 nM; right). WT and KI spike pattern
distributions were similar in control condition, and anantin
application did not cause any signiﬁcant (p > 0.05, chisquare test) changes (Fig. 1B).
Under physiological conditions, sensory neurons are
readily depolarized by activation of their ionotropic
membrane receptors. Thus, TG neurons generate
distinct ﬁring patterns mediated by ATP-gated P2X3Rs
or TRPV1 receptors (Hullugundi et al., 2014). We next
investigated how inactivation of the BNP/BPR-A pathway
might aﬀect neuronal ﬁring elicited by the P2X3R agonist
a,b-meATP (Jarvis and Khakh, 2009; Fabbretti and Nistri,
2012) or the TRPV1 agonist capsaicin (Meents et al.,
2010; O’Neill et al., 2012). Fig. 2A shows representative

Fig. 1. Firing patterns of trigeminal sensory neurons evoked by
intracellular current pulse injections. (A) Representative traces of
ﬁring pattern types recorded from wild-type (WT) TG neurons in
response to intracellular current pulse injections (45 pA, 300 ms);
similar patterns of ﬁring activity were obtained from knock-in (KI)
cells. (B) Pie charts show percent distributions of ﬁring patterns in WT
and KI TG cultures without (control) and after anantin application
(500 nM, 24 h). Cell counts for non-spiking (NS), single-spike (SS),
multiple-ﬁring (MF), fast-adaptive (FA), rapid-ﬁring (RF) groups,
respectively, are: n (WT, control) = 15, 22, 51, 0, 3; n (WT, after
anantin application) = 17, 16, 46, 0, 1; n (KI, control) = 14, 13, 50, 2,
9; n (KI, after anantin application) = 18, 14, 50, 3, 5. Anantin did not
change WT or KI ﬁring pattern distributions (p > 0.05 for each group,
chi-square test).

traces of neuronal responses observed after 2 s pulses
of 10 lM a,b-meATP. In view of the fast inactivation of
P2X3R currents (North, 2002; Coddou et al., 2011;
Giniatullin and Nistri, 2013) that restricts P2X3R-induced
ﬁring activity to short spike discharges, application of a,
b-meATP evoked SS and MF patterns or just subthreshold depolarization (Fig. 2A). Unlike responses to current
stimulation, in case of P2X3R-mediated ﬁring clear diﬀerences in ﬁring pattern distribution were observed between
WT and KI cultures (Fig. 2B). In comparison with WT, KI
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Fig. 2. Firing patterns of trigeminal sensory neurons evoked by a,bmeATP application. (A) Representative traces of ﬁring pattern types
recorded from WT TG neurons in response to a,b-meATP pulses
(10 lM, 2 s); KI neurons showed similar patterns. (B) Pie charts
describe percent distributions of ﬁring patterns in WT and KI TG
cultures without (control) and after anantin application (500 nM, 24 h).
Note signiﬁcantly lower number of multiple-ﬁring (MF) neurons under
control conditions in WT (upper left) versus KI (bottom left) cultures
(p = 0.003, chi-square test). After anantin application (right diagrams) the WT ﬁring pattern distribution becomes statistically
indistinguishable from that of KI (p > 0.05 for each group, chi-square
test), with increased number of WT MF cells compared to control
(p = 0.014, chi-square test). Cell counts for non-spiking (NS), singlespike (SS) and MF groups, respectively, are: n (WT, control) = 15,
22, 38; n (WT, after anantin application) = 4, 20, 56; n (KI, control)
= 6, 10, 49; n (KI, after anantin application) = 5, 15, 51.

cultures showed a much larger number of MF neurons
(75 % in KI vs 51 % in WT; p = 0.003, chi-square test)
and, correspondingly, decreased numbers of NS + SS
neurons (Fig. 2B, left diagrams; p = 0.003, chi-square
test). It is noteworthy that anantin treatment (500 nM;
24 h) changed the WT distribution proﬁle to that observed
in KI cultures, namely, it strongly increased population
size of MF neurons (p = 0.014, chi-square test), and
decreased number of low ﬁring cells (Fig. 2B, upper diagrams; p = 0.004 for NS group, p = 0.014 for NS + SS

Fig. 3. Firing patterns of trigeminal sensory neurons evoked by
capsaicin. (A) Representative traces of ﬁring pattern types recorded
from WT TG neurons in response to capsaicin pulses (1 lM, 3 s);
similar patterns of ﬁring activity were recorded from KI cells. (B) Pie
charts show percent distributions of ﬁring patterns in WT and KI TG
cultures without (control) and after anantin application (500 nM, 24 h).
Cell counts for non-spiking (NS), single-spike (SS), fast-adaptive
(FA), multiple-ﬁring/rapid-ﬁring (MF/RF) groups, respectively, are: n
(WT, control) = 6, 2, 5, 27; n (WT, after anantin application) = 7, 1,
3, 24; n (KI, control) = 5, 2, 4, 15; n (KI, after anantin application)
= 5, 1, 2, 16. Anantin did not change WT or KI ﬁring pattern
distributions (p > 0.05 for each group, chi-square test).

group; chi-square test). Notably, anantin application failed
to induce signiﬁcant changes in the KI distribution (compare bottom diagrams in Fig. 2B).
We next investigated ﬁring activity of TG neurons
induced by short pulses of capsaicin (1 lM, 3 s) as
summarized in Fig. 3. When stimulated by capsaicin,
both WT and KI neurons produced similar types of
responses (Fig. 3A) with similar distributions (Fig. 3B,
diagrams on the left) which were not altered by anantin
application (Fig. 3B, diagrams on the right). This shows
that the BNP pathway in TG neurons did not regulate
ﬁring evoked by TRPV1 receptor activation.
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Anantin selectively increases spike number during
P2X3-mediated ﬁring in WT TG cells
The number of spikes generated by a given chemical
stimulus is one of the main parameters to convey
activation of brainstem trigeminal nuclei as it determines
transmitter release properties of aﬀerent cells (Coste
et al., 2008). Thus, we investigated whether 24 h anantin
application not only changes the ﬁring pattern distribution
but also the number of spikes that WT and KI neurons
can generate, as this property can be regarded as an indication of more eﬃcient nociceptive signaling. Representative a,b-meATP-dependent ﬁring responses are shown in
Fig. 4A. In control Krebs solution, the mean number of
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spikes across all WT cells was statistically lower than in
KI cells (Fig. 4B; compare open with ﬁlled circles). In particular, this eﬀect was observed for MF group (Fig. 4C).
Thus, the diﬀerence between WT and KI neurons regarding the average number of generated APs in response to
a,b-meATP application originated both from a higher percent of MF cells in KI culture and an increased spike count
in the KI MF population.
Notably, anantin application increased average spike
count of WT cells to that of KI cells (Fig. 4B, D
p < 0.05, Mann–Whitney rank sum test). In particular,
the number of spikes of WT MF cells grew in response
to anantin application (Fig. 4C) that was accompanied

Fig. 4. Anantin increases number of spikes generated by WT neurons in response to a,b-meATP application. (A) Representative traces recorded
from WT and KI TG neurons in response to a,b-meATP pulses (10 lM, 2 s) without (control) and after anantin application (24 h, 500 nM). Note the
similarity of the WT and KI ﬁring proﬁles after anantin treatment. (B) Quantiﬁcation of the average spike counts for the whole WT (closed circles) and
KI (opened circles) populations without (control) and after anantin application; n (WT, control) = 75; n (WT, anantin) = 80; n (KI, control) = 65; n
(KI, anantin) = 71; p < 0.05, Mann–Whitney rank sum test. (C) The diagram quantiﬁes the mean number of spikes for the WT and KI MF neurons;
n = (WT, control) = 38; n (WT, anantin) = 56; n (KI, control) = 49; n (KI, anantin) = 51; p < 0.05, Mann–Whitney rank sum test. Note the similar
number of spikes in KI (both without (control) and after anantin) and WT after anantin application. (D) Kolmogorov–Smirnov plots of cumulative ﬁring
probability for WT neurons without (control) and after anantin application. (E) Kolmogorov–Smirnov plots of the cumulative ﬁring probability for KI
neurons without (control) and after anantin application.
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by a rightward shift in the cumulative probability plot for
the WT ﬁring responses after anantin (Fig. 4D). This
observation is consistent with the previously reported
enhancement in P2X3R membrane currents after
anantin application to WT (Vilotti et al., 2013;
Marchenkova et al., 2015). In KI cultures, in analogy to
the unchanged ﬁring pattern distribution (Fig. 2B), anantin
did not alter the mean value and the cumulative probability plot for the spike count (Fig. 4B, C, open circles;
Fig. 4E).
Unlike what was seen with a,b-meATP application,
whether excitation was induced by a depolarizing
current pulse (Fig. 5A) or capsaicin (Fig. 5B), KI and
WT cells produced on average similar number of spikes
in control as well as after anantin application. These
results highlighted the selectivity of BNP pathway
modulation on P2X3R-mediated ﬁring.
Anantin selectively decreases spike threshold for
P2X3-dependent ﬁring in WT TG cells
It has previously been shown that the hyperexcitability
phenotype in R192Q KI TG is associated with a lower
threshold for a,b-meATP-evoked ﬁring (Hullugundi et al.,
2014). We, therefore, set out to study threshold values
of WT and KI neurons in order to ﬁnd out whether there
was a diﬀerential response to 24 h 500 nM anantin treatment. Threshold values for a,b-meATP-, depolarizing
current- or capsaicin-induced ﬁring in each experimental
condition are illustrated in Fig. 6A–C, respectively. Control
threshold values in KI were lower than in WT for a,bmeATP- and current-evoked spikes (Fig. 6A, B;
p < 0.05, Mann–Whitney rank sum test). Anantin treatment (500 nM, 24 h) produced a statistically signiﬁcant
shift of the mean WT threshold value toward more negative voltage typical for KI neurons, but only in case of a,bmeATP-mediated ﬁring (Fig. 6A, closed circles; p < 0.05,
Mann–Whitney rank sum test). Indeed, spike threshold of
treated WT cells became statistically indistinguishable
from that of KI cells (Fig. 6A). In particular, Fig. 6D exem-

Fig. 5. Anantin does not change number of spikes generated in
response to capsaicin or current pulse injections. The graphs
compare average spike counts of WT or KI neurons without (control)
and after anantin application for (A) current pulse stimulation (45 pA,
300 ms) or (B) capsaicin (1 lM, 3 s). Cell counts for current
stimulation: n (WT, control) = 91; n (WT, anantin) = 80; n (KI,
control) = 88; n (KI, anantin) = 90. Cell counts for capsaicin stimulation: n (WT, control) = 40; n (WT, anantin) = 35; n (KI, control)
= 26; n (KI, anantin) = 24.

pliﬁes diﬀerent threshold levels (see arrows) for WT and
KI neurons stimulated with a,b-meATP. It is noteworthy
that anantin had no eﬀect on KI cells (Fig. 6A, D). In the
case of capsaicin-evoked APs, no statistically signiﬁcant
diﬀerences in spike threshold values were detected
between control and anantin-treated WT and KI trigeminal
neurons (Fig. 6C).

DISCUSSION
The principal ﬁnding of this study is the observation that
sustained inactivation of the BNP/NPR-A pathway in WT
TG cultures selectively elevated P2X3R-dependent
neuronal ﬁring up to the level observed in TG cultures of
the FHM1 R192Q KI mouse model. In WT neurons,
under basal conditions, the NPR-A pathway appears to
be activated by endogenous BNP (Marchenkova et al.,
2015), which constitutively inhibits neuronal excitability
mediated by P2X3Rs. Furthermore, we showed that the
hyperexcitability phenotype that is typical for trigeminal
sensory neurons of KI mice (Hullugundi et al., 2014) originated from the apparent lack of BNP/NPR-A-mediated
regulation and primarily concerned P2X3R-mediated
ﬁring.
Diﬀerences between WT and KI trigeminal sensory
neurons
Considering ﬁring patterns in response to intracellular
current pulse injection, four types were distinguished in
both WT and KI trigeminal small- to medium-size
neurons. Consistent with our previous study (Hullugundi
et al., 2014), in case of capsaicin stimulation no signiﬁcant
diﬀerences were detected between WT and KI cultures in
terms of the ﬁring pattern distribution, the average number of spikes, or the threshold for generating APs. Block
of BNP/NPR-A signaling caused no change in these
excitability parameters when neurons were stimulated
by either capsaicin or current injection, implicating that
the BNP/NPR-A pathway of TG neurons did not aﬀect
voltage-gated ion channels or TRPV1-dependent
excitability.
Major diﬀerences were, however, observed between
P2X3R-mediated ﬁring of WT and KI cultures. The
hyperexcitability proﬁle of KI neurons (Hullugundi et al.,
2014) was expressed as a combination of interrelated
parameters, i.e. a higher percent of MF neurons, an
increased average number of APs, and a decreased voltage threshold for a,b-meATP-induced ﬁring. These phenomena can be explained by the fact that P2X3R
function is upregulated in KI TG, whereas TRPV1
responses remain at the same level (Nair et al., 2010).
There are many well-known endogenous modulators,
such as calcitonin gene-related peptide (CGRP), nerve
growth factor (NGF), brain-derived neurotrophic factor
(BDNF), and tumor necrosis factor alpha (TNFa), that
upregulate P2X3R function in normal and pathological
conditions (Fabbretti and Nistri, 2012), and, therefore,
may inﬂuence neuronal excitability. In particular, elevated
levels of CGRP and BDNF are suggested to contribute to
the observed P2X3R gain-of-function in KI trigeminal neurons (Ceruti et al., 2011; Hullugundi et al., 2013). More
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Fig. 6. Anantin decreases threshold for spikes evoked by a,b-meATP in WT neurons. (A) Diagram shows average threshold values for WT and KI
neurons without (control) and after anantin application (500 nm, 24 h) for APs evoked by a,b-meATP (10 lM, 2 s). Note that WT threshold after
anantin application comes close to the KI values. *p < 0.05, Mann–Whitney rank sum test. Numbers of analyzed neurons are: n (WT, control) = 60;
n (WT, anantin) = 76; n (KI, control) = 59; n (KI, anantin) = 66. (B) Average threshold values for WT and KI neurons without (control) and after
anantin application (500 nm, 24 h) for APs evoked by 300 ms 45 pA current pulse. Anantin does not signiﬁcantly change WT or KI threshold values.
Numbers of analyzed neurons are: n (WT, control) = 76; n (WT, anantin) = 63; n (KI, control) = 74; n (KI, anantin) = 72. (C) Diagram shows no
diﬀerence in average threshold values for WT and KI neurons between untreated (control) and anantin-treated (500 nm, 24 h) neurons for APs
evoked by capsaicin (1 lM, 3 s). Numbers of analyzed neurons are: n (WT, control) = 34; n (WT, anantin) = 28; n (KI, control) = 21; n
(KI, anantin) = 19. (D) Representative traces of ﬁrst AP generated in response to a,b-meATP (10 lM, 2 s); arrows indicate ﬁring threshold. Note
that the WT threshold after anantin application becomes more negative and comes close to the threshold observed in KI.

recently, BNP was reported to be the ﬁrst negative regulator of P2X3Rs in TG cells (Vilotti et al., 2013;
Marchenkova et al., 2015). BNP, through its receptor
NPR-A, constitutively suppresses P2X3R currents in WT
trigeminal neurons via a dual process comprising an
increased P2X3R serine phosphorylation and a redistribution of the receptors to non-lipid raft membrane compartments
(Marchenkova
et
al.,
2015).
Ambient
concentrations of BNP are suﬃcient to maximize the
P2X3R inhibition that can be readily unveiled by applying
the NPR-A antagonist anantin (Vilotti et al., 2013;
Marchenkova et al., 2015). A subsequent study has
demonstrated that, in KI neurons of the FHM1 mouse
model, the BNP/NPR-A control over P2X3R activity is
ineﬃcient despite normal expression of NPR-A receptors
and the presence of BNP-releasing cells (Marchenkova
et al., 2016). The main question, therefore, was whether

the BNP-dependent inhibitory eﬀect over P2X3Rs in WT
is translated into selective downregulation of P2X3Rmediated ﬁring and whether lack of such inhibition in KI
contributes to the KI hyperexcitability phenotype.
Anantin converts WT low excitability to KI
hyperexcitability
Recent studies have proposed BNP as a potential
endogenous anti-inﬂammatory and anti-pain modulator,
which, acting through its receptor NPR-A, inhibits the
excitability of sensory DRG neurons and constantly
downregulates P2X3Rs in TG cells (Zhang et al., 2010;
Marchenkova et al., 2015). In the present study, we
obtained supportive evidence that the BNP/NPR-A pathway plays an important selective role in restraining
P2X3R-dependent excitability of TG neurons. Being a
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synthetic analog of the natural P2X3R ligand ATP, a,bmeATP simulates a situation in which ATP is released
in a pulsatile manner, often together with other neurotransmitters or after mechanical stress (Fabbretti, 2013).
Enhanced ATP synthesis/release in pathological conditions, including migraine (Burnstock et al., 2011), is
thought to support the process of neuronal sensitization
(Hamilton and McMahon, 2000). Thus, a system that
restrains ATP-gated receptors and, in particular,
P2X3Rs expressed by nociceptive neurons, could serve
as an intrinsic mechanism to avoid sensitization and prevent overactivation of sensory neurons. Future in vivo
experiments are necessary to support this idea.
Inhibition of NPR-A receptors with their selective
antagonist anantin led to signiﬁcant changes in WT a,bmeATP-mediated
excitability.
Anantin
application
decreased the spike threshold, increased the average
number of generated APs in TG neurons and changed
the distribution of ﬁring patterns in WT cultures toward
higher excitability patterns. Altogether, BNP/NPR-A
pathway inactivation transformed WT excitability proﬁle
to the one typically associated with KI TG phenotype.
Hence, under normal conditions in WT TG, endogenous
BNP acting via NPR-A (Marchenkova et al., 2015) constitutively restrains the activity of P2X3Rs and, as a consequence, P2X3R-mediated neuronal excitability as well. In
the R192Q KI mouse model, the BNP/NPR-A pathway,
albeit normally expressed, is unable to overcome the
strong upregulation of P2X3Rs by enhanced CGRP levels
(Marchenkova et al., 2016), leading to the increased
excitability in response to P2X3R activation.
It is interesting to compare the contrasting actions by
BNP and CGRP on P2X3Rs. While BNP stimulates
cGMP synthesis in TG neurons (Vilotti et al., 2013) and,
thus, changes P2X3R membrane distribution and phosphorylation state (Marchenkova et al., 2015), CGRP facilitates release of BDNF (Simonetti et al., 2008) and
stimulates cAMP to phosphorylate CREB and promote
P2X3R neosynthesis. Thus, the overall eﬀect of CGRP
is more persistent (Fabbretti et al., 2006) and is compatible with enhanced excitability of KI TG neurons, especially because of the upregulated constitutive release of
this peptide (Ceruti et al., 2011; Hullugundi et al., 2013).
Future studies are necessary to establish whether KI
TG neurons in culture retain the poor sensitivity to nitrates
as observed in patients suﬀering from FHM-1 (Hansen
et al., 2008).
Processes underlying changes in P2X3R-mediated
ﬁring
A striking observation was that the eﬀects evoked by
anantin were highly selective, targeting only P2X3Rmediated excitability. While higher eﬃciency of P2X3Rs
may be attributed to discrete changes in their molecular
properties (Fabbretti and Nistri, 2012), the negative shift
in the spike threshold after anantin treatment is more
diﬃcult to explain. There are no apparent diﬀerences in
passive membrane properties after anantin application
that might provide a biophysical explanation for this phenomenon (Marchenkova et al., 2015). One hypothesis is
that P2X3Rs might become more closely clustered with

voltage-gated channels responsible for the subthreshold
behavior of sensory neurons. A complementary view is
that a large number of nociceptive neurons speciﬁcally
express a certain type of subthreshold Na+ channel that
increases the probability to reach the threshold for ﬁring
APs by facilitating the voltage trajectory to spike
discharge (Dib-Hajj et al., 2013). Whether facilitated association between P2X3Rs and certain subtypes of Na+
channels is sequential to experimental block of BNP
receptors deserves future investigation.

CONCLUSIONS
One important conclusion arising from the present report
is that BNP/NPR-A-dependent inhibition is restricted to
only one class of chemical nociception mediated by
ATP-gated channels. Broad spectrum anti-nociception
cannot be, therefore, assumed to occur by enhancing
the BNP/NPR-A pathway that might be theoretically
useful only when P2X3R signaling is selectively
enhanced. When P2X3R inhibition is swamped by the
constitutive hyperactivity as seen in KI neurons of the
FHM1 mouse model, migraine-like pain behavior may
emerge with characteristics conferred by overactive
P2X3Rs (Fabbretti and Nistri, 2012).
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