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rigeminal ganglion (TG) contains primary 
sensory neurons with afferent fibers specifically 

innervating the intracranial and extracranial tissues, 
muscles and joints that convey nociceptive informa-
tion from these tissues of the head and face.1,2 The 
inflammatory events associate with the patho-
physiology of headache that lead to a local tissue 
acidosis, and activation of acid-sensing ion channels 
(ASICs) and transient receptor potential vanilloid 
type 1 (TRPV1) by extracellular protons (H+).3-6 In 
the aspect of sensitivity to pH change, ASICs are 
more sensitive than TRPV1. ASICs are activated by 
pH change from 7.4 to pH 7.0, while TRPV1 requires 
pH change from 7.4 to pH 6.0. Thus, ASICs are main 
sensor to detect acidic noxious environment in tissue 
acidosis.7,8 

ASICs, which are mainly permeable to sodium 
ions (Na+), are trimeric voltage-independent ligand-
gated cation channels and classified into ASIC1 
(ASIC1a and 1b), ASIC2 (2a and 2b), ASIC3, and 
ASIC4, of which ASIC2b does not function as a H+-

sensitive homotrimeric channel, but can associate 
with the other ASICs (except ASIC4) to form active 
heterotrimeric channels, whereas ASIC4 does 
neither.9,10 ASICs are expressed in both the central 
and peripheral nervous system (CNS and PNS). In the 
PNS, ASIC1a and 3 are expressed in small-and-
medium-sized neurons of the TG and dorsal root 
ganglion (DRG) which respond to noxious stimuli. 
ASIC3 is also expressed in large-sized neurons of the 
TG and DRG which have mechanoreceptor and 
proprioceptor properties.11-14 The pH change (from 
pH 7.4 to pH 7.0) is sufficient to activate ASICs, 
which are expressed on nociceptive TG neurons, and 
elicit depolarization as well as elicit firing of action 
potentials (APs) in vagal pulmonary afferent of 
nodose ganglion, cardiac and plantar muscle afferent 
of DRG, and dural afferents of TG.15-19 

However, the effect of pH change on eliciting 
action potential in nociceptive and non-nociceptive 
TG neurons has still been unclear. We investigated 
the electrophysiological parameters of small-and-
medium-sized and large-sized TG neurons in the 
change of pH. 
 

Materials and Methods 
 

Animals 
Adult male Wistar rats were purchased from the 
National Laboratory Animal Center (Mahidol 
University, Salaya, Nakhon Pathom, Thailand). Rats 
were maintained in a ventilated room on a 12 h 
dark/light cycle with free access to food and water in 
accordance with procedures approved by the Animal 
Care and Use Committee (Faculty of Medicine, 
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Chulalongkorn University, Bangkok, Thailand). 
 

Primary cell culture 
TG neurons were obtained from 4- to 8-week-old rats 
using a previously described dissociation protocol20 
with minor modifications, as follows: Rats were 
euthanized by intraperitoneal injection of an overdose 
of sodium pentobarbital (Ceva Sante Animale, 
Libourne, France) and decapitated. Trigeminal 
ganglia were excised and transferred to a petri dish 
containing ice-cold Hank’s balanced salt solution 
without Ca2+/Mg2+ (HBSS; Gibco, Grand Island, NY) 
and chopped into small pieces. After digestion in 
HBSS containing 10 mg/ml collagenase type IV 
(Invitrogen, Carlsbad, CA) and 18.2 U/ml dispase 
type II (Invitrogen, Carlsbad, CA) for 20 minutes at 
37°C followed by HBSS containing 1.5 mg papain 
(Sigma, St. Louis, MO) for 20 minutes at 37°C, 
pieces of ganglia were triturated by passing them 
through sterilized fire-polished Pasteur pipette in L-
15 medium (Gibco, Grand Island, NY) containing 
4.8% fetal bovine serum (FBS; Gibco, Grand Island, 
NY), 10,000 units/ml of penicillin and 10,000 µg/ml 
of streptomycin (Gibco, Grand Island, NY) and 1 M 
HEPES (Sigma, St. Louis, MO). Dissociated neurons 
were spun at 1,000 rpm to sediment the neurons. The 
neuronal cell pellet was re-suspended in Ham’s F-12 
(Invitrogen) containing 10% FBS, 10,000 units/ml of 
penicillin and 10,000 µg/ml of streptomycin, and 
Glutamax (Gibco, Grand Island, NY), and then plated 
onto 35 mm petri dishes pre-coated with poly-D-
lysine (PDL; Sigma, St. Louis, MO) and laminin 
(Sigma, St. Louis, MO). Neurons were maintained in 
an incubator at 37°C under an atmosphere of 5% CO2 
and used within 24-48 h after plating.  

Neurons were identified by morphological basis 
that appears smooth and round shape, as well as 
actually brighter and larger than non-neuronal cells. 
Soma size was classified into small-and-medium-
sized (diameter < 40 µm; capacitance 15-80 pF) and 
large-sized (> 40 µm; > 80 pF) (Figure 1); neuron’s 
diameter was measured using a calibrated graticule 
(Pyser, Kent, UK) before whole-cell patch-clamp 
recordings. 
 

Electrophysiological recording 
Neurons were superfused at 2 ml/min flow rate with 
an extracellular solution containing 145 mM NaCl, 5 
mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM D-
glucose, and 10 mM HEPES, pH 7.4 (adjusted with 
NaOH) and whole-cell patch-clamp recording was 
performed using an Axopatch 200B amplifier (Axon 
instruments, Foster City, CA) and pClamp 10 
acquisition software (Axon instrument, Sunnyvale, 
CA). Borosilicate glass pipettes (1.5 mm OD × 0.86 
mm ID; Sutter Instruments, Navato, CA) were pulled 
by using a Flaming–Brown micropipette puller P-97 
(Sutter Instruments, Navato, CA), had a resistance of 
2-5 MΩ when polished with a microforge (MF-830, 
Narishige, Japan) and filled with an internal solution 

containing 140 mM K-gluconate, 1 mM CaCl2, 2 mM 
MgCl2, 10 mM EGTA, 10 mM HEPES, 0.3 mM Na-
GTP, and 10 mM Mg-ATP, pH 7.3 (adjusted with 
KOH). Neurons were voltage clamped at -60 mV and 
the signal was filtered at 5 kHz (using a low-pass 
filter) and sampled at 25 kHz by using a Digidata 
1440 series interface (Axon instruments, Sunnyvale, 
CA). After whole-cell voltage clamp was established, 
the clamp was switched to current clamp mode, 
which measured the resting membrane potential 
(RMP) with no applied current. Following and 
adapting a protocol described previously,21 long (500 
ms) depolarizing current pulses with -65 mV of 
holding potential (HP) was applied to assess the 
excitability of neurons. The depolarizing current 
pulses were stepped from -15 pA to 85 pA, each of 
steps was increased by 5-pA increment. After 
recording in the extracellular solution at physiological 
pH (pH 7.4), to evaluate the effect of low pH, the 
extracellular solution was changed to pH 7.0. The 
time to change the solution was approximately 10 
minutes. 
 

Action potential parameter assessments 
When applying the 500 ms of current to define the 
excitability of neuron, threshold and threshold current 
were measured. Threshold (voltage threshold) was 
considered as the depolarizing potential that triggered 
the first action potential (AP) while the threshold 
current was the lowest injecting current that produced 
an AP (Figure 2). Total spikes was the number of 

 
 

Figure 1  Representative neurons: small-sized (17.43 pF, A) 
and large-sized neurons (87.61 pF, B). These neurons were 
measured using a 40x objective lens. Scale bars are 10 μm. 
 

 
 

Figure 2  Measurement of threshold and threshold current. 
Upper: Threshold was measured at the black dot (-21.63 mV), 
while threshold current was taken at the first spike (35 pA). 
Lower: Depolarizing current steps were injected to evoke 
action potentials; the first spike was evoked by the 11th step 
with a value of 35 pA (arrow). 
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spikes triggered by depolarizing step currents from 0 
to 85 pA,  increasing 5 pA per step. 
 

Data analysis 
All data are presented as mean ± standard error of 
mean (SEM). Statistical analysis was performed 
using Student’s t test (Sigma Plot version 10.0, San 
Jose, CA, USA). P < 0.05 was accepted as 
statistically significant. 
 

Results 
 

Effect of pH on resting membrane potential 
In the resting state, there was no currents to apply to 
neurons before and after decreasing the pH from 
physiological (pH 7.4) to pH 7.0. The resting 
membrane potential (RMP) of small-and-medium-
sized neurons (< 40 µm; n=10) was significantly 
depolarized at pH 7.0, while the RMP of large-sized 
neurons (> 40 µm, n=4) was not significantly 

different at physiological pH and pH 7.0 (Table 1). 
 

Effect of pH on membrane excitability 
Depolarizing current pulses were applied to neurons 
before and after decreasing the pH from physiological 
(pH 7.4) to pH 7.0.   

After applying 500 ms depolarizing current 
pulses, the responding small-and-medium-sized 
neurons (n=10) tended to produce more spikes, but 
this change was not significant. Neurons were excited 
in response to pH. Their threshold was significantly 
hyperpolarized at pH 7.0 for a significantly decreased 
threshold current (Table 1). A representative trace is 
shown in Figure 3A-B. 

The responding large-sized neurons (n= 4) were 
not significantly more excitable at pH 7.0. Moreover, 
the threshold was not changed at pH 7.0, and the 
threshold current was also unchanged at pH 7.0 
(Table 1). A representative trace is shown in Figure 
4A-B. 

 

 
 

Figure 3  Representative traces showing excitability of a 
small-and-medium-sized neuron in response to physio-
logical pH (7.4) and pH 7.0. A, At pH 7.4, the threshold and 
threshold current of the first spike were -21.63 mV and 35 
pA, respectively; B, at pH 7.0 , the threshold and threshold 
current of the first spike were -23.01 mV and 30 pA, 
respectively. 
    

 

 
 

Figure 4  Representative traces showing excitability of a 
large-sized neuron in response to physiological pH (7.4) 
and pH 7.0. A, At pH 7.4, the threshold and threshold 
current of the first spike were -33.48 mV and 50 pA, 
respectively; B, at pH 7.0 , the threshold and threshold 
current of the first spike were -33.42 mV and 50 pA, 
respectively. 
    

A 

  

  Table 1  Effect of pH 7.0 on ac variables of small-to-medium and large-sized neurons 
 

Variables Small-and-medium-sized neurons (n=10) Large-sized neurons (n=4) 
 pH 7.4 pH 7.0 pH 7.4 pH 7.0 

RMP (mV) -57.72 ± 1.65 -51.31 ± 3.05* -63.68 ± 0.31 -64.30 ± 1.40 
Spike (spikes) 9.60 ± 1.75 16.40 ± 6.84 9.25 ± 0.48 9.25 ± 1.03 
Threshold (mV) -20.16 ± 2.28 -25.61 ± 1.29* -35.05 ± 0.96 -34.37 ± 1.80 
Threshold current (pA) 45.50 ± 6.97 40.00 ± 6.01* 43.75 ± 2.39 43.75 ± 5.15 

Neuronal properties of small-and-medium-sized and large-sized neurons before and after lowering pH from 7.4 to 7.0. *P < 
0.05, comparing with physiological pH (pH 7.4). Each variable is shown as mean ± SEM. 
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Discussion 
 

The pH range that can cause an inflammatory event 
associated with headache depends on the sensitivity 
of receptor. For example, TRPV1 can be activated by 
pH less than 6.0, while ASICs can be activated by pH 
at least pH 7.0. Yan et al (2011) investigated ASIC3 
in dural afferent of trigeminal ganglion (TG) neurons 
by varying pH as 7.2, 7.1, 7.0, 6.9, 6.8, and 6.0,19 and 
found that pH 7.0, 6.9, 6.8, and 6.0 can excite the 
trigeminal ganglion neurons in a proton concentra-
tion-dependent manner. 

The present study demonstrates the effect of pH 
change on ASICs in trigeminal ganglion neurons. In 
small-and-medium-sized neurons, pH change from 
7.4 to 7.0 activates ASICs that resulted in RMP 
depolarization, threshold hyperpolarization, and 
threshold current reduction. However, pH 7.0 did not 
have any effect on large-sized neurons in all 
parameters. 

RMP may be shifted more positive or 
depolarization by a few mechanisms. The RMPs of 
small-and-medium-sized neurons could be depola-
rized by extracellular H+ that activated ASICs22 and 
also inhibited TASK-3 (TWIK-related acid sensitive 
K+ channel) and TRESK (TWIK-related spinal cord 
K+ channel) which are the subtypes of two-pore 
potassium channel (K2P).23,24 The activation of 
ASICs by the extracellular proton resulted in the 
openning of ASICs and Na+ influx which depolarized 
the membrane potential.22,25 Meanwhile, TASK-3 and 
TRESK which generates the efflux of K+ ions to 
stabilize the RMP under physiological conditions 
were inhibited by the extracellular H+ that resulted in 
cellular depolarization.23,24,26  

Our next findings, threshold hyperpolarization 
and threshold current reduction, are consistent with 
the characteristics of polymodal nociceptors whose 
threshold is hyperpolarized by noxious stimuli.27 
These findings implicate voltage-gated sodium 
channels 1.9 (NaV1.9) which is tetrodotoxin (TTX)-
resistant and produces persistent current in small-
sized DRG and TG neurons.28,29 Under inflammatory 
conditions in small-sized DRG neurons, NaV1.9 was 
up-regulated by PGE2 via G-protein signaling which 
accounted for threshold hyperpolarization and 
threshold current reduction.30,31 Moreover, the 
relationship between pH and action potential (AP) 
threshold in small-sized DRG neurons32 demonstrated 
that a drastic pH change (from 7.4 to 6.0) produces 
AP, while Yan et al19 showed that a modest pH 
change (from 7.4 to 7.0) elicits APs in small-and-
medium-sized TG neurons. Thus, pH 7.0 may 
possibly modulate NaV1.9 to increase its current and 
up-regulate its expression via ASICs and signaling 
pathway. In addition to the result of the inflammation 
mediators modulating NaV1.9, another cause could be 
a consequence of GTP, which was a component of 
the intracellular solution in our experiment. Previous 
studies demonstrated that the internal dialysis of GTP 

hyperpolarized threshold potential and reduced 
threshold current for triggering AP as well as 
increased the persistent current.29,33 Moreover, GTP 
affects only on NaV1.9, while the others (NaV1.7 and 
NaV1.8) are not affected.33 The mechanism responsi-
ble for the effect of GTP internal dialysis on the 
hyperpolarization has been investigated.34 These lines 
of evidence support our result. Interestingly, we 
changed pH approximately 10 minutes, during which 
GTP would internally dialyzed. Thus, GTP in the 
intracellular solution may activate G-protein 
signaling pathway and up-regulate NaV1.9, resulting 
in threshold hyperpolarization and threshold current 
reduction. Moreover, NaV1.7 mutation reduced 
threshold current, but does not have any effect on 
threshold potential.35  

RMP depolarization and threshold hyperpolariza-
tion contribute directly to AP production. In 
inflammatory conditions, NaV1.3 and NaV1.7 are 
involved in the initiation of AP.36,37 These channels 
induce Na+ influx that increases sub-threshold 
depolarization to the threshold potential of NaV1.8.38 
Similarly, NaV1.8 is up-regulated under the inflam-
matory conditions in small-sized DRG neurons.36,39 
Depolarization close to threshold by NaV1.8 produces 
upstroke and maintain the AP.40  

In contrast, pH change did not alter the 
excitability in large-sized neurons. A previous study 
by Connor et al showed that the trigeminal afferents 
from mesencephalic neurons, which are mostly large-
diameter neurons and located on mesencephalic 
nucleus, required at least pH 6.5 to activate ASICs.6 
Moreover, Liu and Simon41 indicated that pH 5.9 
activated large-sized TG neurons, while Molliver et 
al14 suggested that pH 6.8 could activate large-sized 
DRG neurons to increase excitability. Therefore, 
large-sized neurons may be activated in pH 6.8. Next, 
Pollema-Mays et al42 showed that the expression of 
TASK-3 is limited to small-sized DRG neurons, 
while Lafreniere et al43 demonstrated that TRESK is 
expressed on small-and-medium-sized TG neurons. 
Moreover, Bautista et al showed that TASK-3 and 
TRESK are expressed only in small-and-medium-
sized TG neurons.26 Thus, large-sized TG neurons do 
not express these subtypes to respond to extracellular 
H+. These support our data that the pH change under 
our experimental conditions did not activate ASICs in 
large-sized neurons. 
 

Conclusion 
 

Our study indicated that pH change from 7.4 to 7.0 
can increase the excitability of small-and-medium-
sized TG neurons probably and presumably by 
ASICs activation as well as TASK-3 and TRESK 
inhibition. Since in neuropathic pain-induced 
headache, pro-inflammatory mediators released from 
satellite glial cells can cause an increase in 
extracellular proton that activates CGRP system, 
triggering headache, the results of this study suggest 
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that the pH change may modulate cell excitability by 
threshold hyperpolarization and threshold current 
reduction. 
 

Acknowledgements 
The research is supported by the Neuroscience of 
Headache Research Unit, “Intergrated Innovation 
Academic Centre: IIAC”: 2012 Chulalongkorn 
University Centenary Academic Development 
Project, National Research University Project, Office 
of Higher Education Commission (WCU-008-HR-
57), Government Research Budget 2014 and 
Ratchadapiseksompoj Fund from the Faculty of 
Medicine, Chulalongkorn  University. The authors 
would like to thank Prof. Dr. Anan Srikiatkhachorn. 
M.D., for his mentorship and Dr. Nipan Israsena, 
M.D., for his helpful cell culture practice. 
 

Conflict of interest 
None to declare. 
 

References 
1. Olesen J, Burstein R, Ashima M, Tfelt-Hansen P. 

Origin of pain in migraine: evidence for peripheral 
sensitisation. Lancet Neurol. 2009; 8: 679-90. 

2. Bender SD. Temporomandibular disorders, facial pain 

and headaches. Headache. 2012; 52 Suppl 1: 22-5. 
3. Steen KH, Reeh PW, Anton F, Handwerker HO. 

Protons selectively induce lasting excitation and 
sensitization to mechanical stimulation of nocicep-
tors in rat skin, in vitro. J Neurosci. 1992; 12: 86-95. 

4. Strassman AM, Raymond SA, Burstein R. Sensitiza-
tion of meningeal sensory neurons and the origin of 
headaches. Nature. 1996; 384: 560-4. 

5. Julius D, Basbaum AI. Molecular mechanisms of 
nociception. Nature. 2001; 413: 203-10. 

6. Connor M, Naves LA, McCleskey EW. Contrasting 
phenotypes of putative proprioceptive and nocicep-
tive trigeminal neurons innervating jaw muscle in 
rat. Mol Pain. 2005; 1: 31. 

7. Cortright DN, Crandall M, Sanchez JF, Zou T, 
Krause JE, White G. The tissue distribution and 
functional characterization of human VR1. Biochem 
Biophys Res Commun. 2001; 281: 1183-9. 

8. Ugawa S, Ueda T, Ishida Y, Nishigaki M, Shibata Y, 
Smimada S. Amiloride-blockable acid-sensing ion 
channels are leading acid sensors expressed in 
human nociceptors. J Clin Invest. 2002; 110: 1185-90. 

9. Hesselager M, Timmermann DB, Ahring PK. pH 
dependency and desensitization kinetics of hetero-
logously expressed combinations of acid-sensing ion 
channel subunits. J Biol Chem. 2004; 279: 11006-15. 

10. Gonzales EB, Kawate T, Gouaux E. Pore archi-
tecture and ion sites in acid-sensing ion channels and 
P2X receptors. Nature. 2009; 460: 599-604. 

11. Chen CC, England S, Akopian AN, Wood JN. A 
sensory neuron-specific, proton-gated ion channel. 
Proc Natl Acad Sci USA. 1998; 95: 10240-5. 

12. Chikawa H, Sugimoto T. The co-expression of 
ASIC3 with calcitonin gene-related peptide and 
parvalbumin in the rat trigeminal ganglion. Brain 

Res. 2002; 943: 287-91. 
13. Lingueglia E. Acid-sensing ion channels in sensory 

perception. J Biol Chem. 2007; 282: 17325-9. 
14. Molliver DC, Immke DC, Fierro L, Pare M, Rice FL, 

McCleskey EW. ASIC3, an acid-sensing ion 
channel, is expressed in metaboreceptive sensory 
neurons. Mol Pain. 2005; 1: 35. 

15. Sutherland SP, Benson CJ, Adelman JP, McCleskey 
EW. Acid-sensing ion channel 3 matches the acid-
gated current in cardiac ischemia-sensing neurons. 
Proc Natl Acad Sci USA. 2001; 98: 711-6. 

16. Gu Q, Lee LY. Characterization of acid signaling in 
rat vagal pulmonary sensory neurons. Am J Physiol 
Lung Cell Mol Physiol. 2006; 291(1): L58-65. 

17. Deval E, Noel J, Lay N, Alloui A, Diochot S, Friend 
V, et al. ASIC3, a sensor of acidic and primary 
inflammatory pain. EMBO J. 2008; 27: 3047-55. 

18. Deval E, Noel J, Gasull X, Delaunay A, Alloui A, 
Friend V, et al. Acid-sensing ion channels in 
postoperative pain. J Neurosci. 2011; 31: 6059-66. 

19. Yan J, Edelmayer RM, Wei X, De Felice M, Porreca 
F, Dussor G. Dural afferents express acid-sensing 
ion channels: a role for decreased meningeal pH in 
migraine headache. Pain. 2011; 152: 106-13. 

20. Malin SA, Davis BM, Molliver DC. Production of 
dissociated sensory neuron cultures and considera-
tions for their use in studying neuronal function and 
plasticity. Nat Protoc. 2007; 2: 152-60. 

21. Catacuzzeno L, Fioretti B, Pietrobon D, Franciolini 
F. The differential expression of low-threshold K+ 
currents generates distinct firing patterns in different 
subtypes of adult mouse trigeminal ganglion 
neurones. J Physiol. 2008; 586(Pt 21): 5101-18. 

22. Waldmann R, Champigny G, Bassilana F, Heurteaux 
C, Lazdunski M. A proton-gated cation channel 
involved in acid-sensing. Nature. 1997; 386: 173-7. 

23. Rajan S, Wischmeyer E, Xin Liu G, Preisig-Muller 
R, Daut J, Karschin A, et al. TASK-3, a novel 
tandem pore domain acid-sensitive K+ channel. An 
extracellular histiding as pH sensor. J Biol Chem. 
2000; 275: 16650-7. 

24. Keshavaprasad B, Liu C, Au JD, Kindler CH, Cotten 
JF, Yost CS. Species-specific differences in response 
to anesthetics and other modulators by the K2P 
channel TRESK. Anesth Analg. 2005; 101: 1042-9. 

25. Durham PL, Masterson CG. Two mechanisms 
involved in trigeminal CGRP release: implications 
for migraine treatment. Headache. 2013; 53: 67-80. 

26. Bautista DM, Sigal YM, Milstein AD, Garrison JL, 
Zorn JA, Tsuruda PR, et al. Pungent agents from 
Szechuan peppers excite sensory neurons by 
inhibiting two-pore potassium channels. Nat 
Neurosci. 2008; 11: 772-9. 

27. Bessou P, Perl ER. Response of cutaneous sensory 
units with unmyelinated fibers to noxious stimuli. J 
Neurophysiol. 1969; 32: 1025-43. 

28. Dib-Hajj SD, Tyrrell L, Black JA, Waxman SG. 
NaN, a novel voltage-gated Na channel, is expressed 
preferentially in peripheral sensory neurons and 
down-regulated after axotomy. Proc Natl Acad Sci U 
S A. 1998; 95: 8963-8. 

29. Baker MD, Chandra SY, Ding Y, Waxman SG, 
Wood JN. GTP-induced tetrodotoxin-resistant Na+ 



 
ASICs alteration by pH change in trigeminal ganglion neurons J Physiol Biomed Sci. 2014; 27(1): 20-25 
 

25 

current regulates excitability in mouse and rat small 
diameter sensory neurons. J Physiol. 2003; 548(Pt 
2): 373-82. 

30. England S, Bevan S, Docherty RJ. PGE2 modulates 
the tetrodotoxin-resistant sodium current in neonatal 
rat dorsal root ganglion neurones via the cyclic 
AMP-protein kinase A cascade. J Physiol. 1996; 
495(Pt 2): 429-40. 

31. Rush AM, Waxman SG. PGE2 increases the 
tetrodotoxin-resistant Nav1.9 sodium current in 
mouse DRG neurons via G-proteins. Brain Res. 
2004; 1023: 264-71. 

32. Mamet J, Baron A, Lazdunski M, Voilley N. 
Proinflammatory mediators, stimulators of sensory 
neuron excitability via the expression of acid-sensing 
ion channels. J Neurosci. 2002; 22: 10662-70. 

33. Ostman JA, Nassar MA, Wood JN, Baker MD. GTP 
up-regulated persistent Na+ current and enhanced 
nociceptor excitability require NaV1.9. J Physiol. 
2008; 586: 1077-87. 

34. Waxman SG, Estacion M. Nav1.9, G-proteins, and 
nociceptors. J Physiol. 2008; 586: 917-8. 

35. Dib-Hajj SD, Rush AM, Cummins TR, Hisama FM, 
Novella S, Tyrrell L, et al. Gain-of-function 
mutation in Nav1.7 in familial erythromelalgia 
induces bursting of sensory neurons. Brain. 2005; 
128(Pt 8): 1847-54. 

36. Black JA, Liu S, Tanaka M, Cummins TR, Waxman 
SG. Changes in the expression of tetrodotoxin-
sensitive sodium channels within dorsal root ganglia 
neurons in inflammatory pain. Pain. 2004; 108: 237-
47. 

 

37. Eriksson J, Jablonski A, Persson AK, Hao JX, 
Kouya PF, Wiesenfeld-Hallin Z, et al. Behavioral 
changes and trigeminal ganglion sodium channel 
regulation in an orofacial neuropathic pain model. 
Pain. 2005; 119: 82-94. 

38. Rush AM, Cummins TR, Waxman SG. Multiple 
sodium channels and their roles in electrogenesis 
within dorsal root ganglion neurons. J Physiol. 2007; 
579(Pt 1): 1-14. 

39. Tanaka M, Cummins TR, Ishikawa K, Dib-Hajj SD, 
Black JA, Waxman SG. SNS Na+ channel 
expression increases in dorsal root ganglion neurons 
in the carrageenan inflammatory pain model. 
Neuroreport. 1998; 9: 967-72. 

40. Renganathan M, Cummins TR, Waxman SG. 
Contribution of Na(v)1.8 sodium channels to action 
potential electrogenesis in DRG neurons. J 
Neurophysiol. 2001; 86: 629-40. 

41. Liu L, Simon SA. Capsaicin, acid and heat-evoked 
currents in rat trigeminal ganglion neurons: 
relationship to functional VR1 receptors. Physiol 
Behav. 2000; 69: 363-78. 

42. Pollema-Mays SL, Centeno MV, Ashford CJ, 
Apkarian AV, Martina M. Expression of background 
potassium channels in rat DRG is cell-specific and 
down-regulated in a neuropathic pain model. Mol 
Cell Neurosci. 2013; 57: 1-9. 

43. Lafreniere RG, Cader MZ, Poulin JF, Andres-
Enguix I, Simoneau M, Gupta N, et al. A dominant-
negative mutation in the TRESK potassium channel 
is linked to familial migraine with aura. Nat Med. 
2010; 16: 1157-60. 

 


