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Abstract 

 

The effect of intracellular acidification and subsequent pH recovery in sensory 

neurons has not been well characterized. I have studied the mechanisms 

underlying Ca2+-induced acidification and subsequent recovery of intracellular 

pH (pHi) in rat trigeminal ganglion (TG) neurons and report their effects on 

neuronal excitability. Glutamate (500 µM) and capsaicin (1 µM) increased 

intracellular Ca2+ concentration ([Ca2+]i) with a following decrease in pHi. The 

recovery of [Ca2+]i to the pre-stimulus level was inhibited by LaCl3 (1 mM) and 

O-vanadate (10 mM), a plasma membrane Ca2+/ATPase (PMCA) inhibitor. 

Removal of extracellular Ca2+ also completely inhibited the acidification 

induced by capsaicin. TRPV1 was expressed only in small and medium sized 

TG neurons. mRNA for Na+/H+ exchanger type 1 (NHE1), pancreatic Na+-

HCO3
- cotransporter type 1 (pNBC1), NBC3, NBC4 and PMCA types 1-3 were 

detected by RT-PCR. pHi recovery was significantly inhibited by pretreatment 

with NHE1 or pNBC1 siRNA. I found that the frequency of action potentials 

(AP) was dependent on pHi.  Application of the NHE1 inhibitor 5’-(N-ethyl-

N-isopropyl) amiloride (5 μM; EIPA) or the pNBC1 inhibitor 4’,4’-di-

isothiocyano-stilbene-2’,2’-sulfonic acid (500 µM; DIDS) delayed pHi recovery 

and decreased AP frequency. Simultaneous application of EIPA and DIDS 

almost completely inhibited APs.  

In summary, These results demonstrate that the rise in [Ca2+]i in sensory 

neurons by glutamate and capsaicin causes intracellular acidification by 

activation of PMCA type 3, that the pHi recovery from acidification is mediated 

by membrane transporters NHE1 and pNBC1 specifically, and that the activity 

of these transporters has direct consequences for neuronal excitability.  
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1. Introduction 

 

Trigeminal ganglion (TG) neurons are primary sensory neurons that innervate 

deep and superficial tissues of the head and face [1]. They contain cell bodies of 

incoming sensory fibers [2]. The three major branches of the trigeminal nerve, 

ophthalmic nerve, maxillary nerve, and mandibular nerve converge on the 

trigeminal ganglion [1]. Also, trigeminal nerves are responsible for sensations 

of touch on the side of face, and have motor nerve fibers for motion [3]. The 

trigeminal ganglion functions as a link between external stimulation of the 

trigeminal nerve and the central nervous system [1]. The sensory fibers of the 

trigeminal nerves pass to the trigeminal ganglion, which in turn pass the nerve 

impulse through a single large sensory root that enters the brain stem to provide 

tactile and nociceptive afference of the face and mouth. TG neurons express a 

variety of neurotransmitter receptors [4]. Receptor activation changes the 

concentration of various ions in the cytoplasm, which in turn may affect 

neuronal excitability [5].  

Various physiological and pathophysiological conditions can induce a 

change in the intracellular pH (pHi). Many biological processes such as enzyme 

activity, ionic conductance and activity of membrane transporters are pH 

sensitive [6,7]. Thus, the regulation of pHi in neurons is of critical importance; 

failure to maintain pHi may lead to numerous pathophysiological conditions 

[8,9]. Neurons can be acidified in response to neurotransmitters and chemical 

compounds [10,11,12] and this intracellular acidification has been linked to the 

activity of the plasma membrane Ca2+/ATPase (PMCA) [13,14]. For example, 

the PMCA was implicated in neurotransmitter-induced intracellular 

acidification in cerebellar granule cells [11,15], aortic vascular smooth muscle 
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cells [13] and pancreatic acinar cells in the rat [16,17]. In addition to the PMCA, 

it has been reported that Na+/Ca2+ exchange and mitochondrial Ca2+ uptake also 

affect pHi [5]. However, the underlying mechanisms for acidification and 

subsequent pHi recovery in sensory neurons remain largely unknown.   

Glutamate, the most ubiquitous excitatory neurotransmitter, increases 

cytoplasmic free Ca2+ ([Ca2+]i) in neurons delivering transmission of sensory 

information [10,11,12]. Also, capsaicin, the primary pungent compound in hot 

pepper, evokes changes in [Ca2+]i in sensory neurons by activation of the 

transient receptor potential vanilloid 1 receptor (TRPV1)[18,19,20]. These 

compounds, as well as other neurotransmitters and chemicals, have been shown 

to evoke intracellular acidification through an increase in [Ca2+]i in sensory 

neurons [5,21]. Thus, it is important for these cells to maintain physiological 

pHi under conditions that otherwise may induce cell acidification. In addition, 

intracellular alkalization is known to activate nociceptors through activation of 

TRPA1 [7]. TRPV1 also is activated by both extracellular acidification and 

intracellular alkalization in dorsal root ganglion (DRG) neurons [6]. The 

acidification induced by either neurotransmitters or other receptor agonists is 

likely reversed by membrane transporters such as Na+/H+ exchangers (NHEs), 

Na+/HCO3
- cotransporters (NBCs) and Na+-dependent Cl-/HCO3

- exchangers 

(NDCBEs)[14,22,23,24,25]. 

To date, the mechanisms of intracellular acidification have not been 

well characterized and the membrane transporters involved in pHi recovery in 

primary sensory neurons, including trigeminal ganglion (TG), have yet to be 

identified. Therefore, the purpose of this study was to investigate the 

mechanism of intracellular acidification elicited by the glutamate and capsaicin-

induced [Ca2+]i increase in TG neurons. I have identified the pHi regulatory 
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mechanisms induced by intracellular acidification and also show that inhibition 

of NHE subtype 1 (NHE1) and pancreatic NBC subtype 1 (pNBC1) specifically, 

leads to intracellular acidification and results in altered excitability of TG 

neurons. 
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2. Materials and Methods 

Cell preparation 

Procedures were carried out in accordance with the Institutional Animal 

Care and Use Committee (IACUC) at the School of Dentistry, Seoul National 

University. Briefly, neonatal Sprague-Dawley rats were anesthetized by ether 

and decapitated. Bilateral trigeminal ganglia were dissected and rinsed with 

Hanks’ Balanced Salt Solution (HBSS) buffer (Gibco). In fresh HBSS buffer, 

each ganglion was cut into 10-15 tissue pieces and incubated at 37ºC in a 15-ml 

conical tube containing 3 ml of trypsin solution (final conc. 0.2%)(Gibco) for 

30 min; the trypsin was removed and washed with warmed Dulbecco’s 

Modified Eagle Medium (DMEM) (Sigma). Ganglia were triturated with a 

glass pasteur pipette in 2 ml fresh DMEM. Turbid media was removed to a 

second conical tube and the process was repeated twice more. With a final 

volume of 5 ml, the cell suspension was centrifuged at 550 g for 5 min, and the 

supernatant was discarded. The final suspension volume was varied according 

to the desired plating density: cell pellets were re-suspended in 0.5~1 ml 

DMEM media and applied as a single drop (approximately 200 µl) at the center 

of five to eight coverslips placed within 35-mm tissue culture dishes. Glass 

coverslips had been soaked in ethanol (100%, v/v) for 30 min and dried. The 

coverslips were then coated with poly-l ornithine (BD biosciences) and 

subsequently washed 3 times in distilled water [26]. To allow cell adhesion, 

cells were incubated (37ºC, 5% CO2) for at least 1 hr before feeding. Cells were 

fed with 2 ml fresh DMEM and plates were incubated again for 1 hr (37ºC, 5% 

CO2).  
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Measurement of [Ca2+]i and pHi 

Cultured TG neurons were loaded with 2 µM 2',7'-Bis-(2-carboxyethyl)-

5,6-arboxyfluorescein acetoxymethyl ester (BCECF-AM)(Molecular Probes, 

Eugene, OR) by directly adding stock  solution to the culture medium 

followed by incubation for 30 min. BCECF-AM was prepared from a stock 

solution in DMSO; the final concentration of DMSO during loading was 0.1%. 

Fura-2-AM (Molecular Probes, Eugene, OR) was used to determine [Ca2+]i.. 

Cultured TG neurons were loaded by the addition of 2 ml of 2 μM Fura-2-AM 

to the culture medium for 30 min at 37ºC. The cells were gently washed once 

by replacing the medium with bicarbonate (HCO3
-)-buffered solutions (BBS), 

and incubated for 10 min prior to experiments in order to allow maximal de-

esterification of the dye. The fluorescence of BCECF-AM and Fura-2-AM-

loaded cells was measured using MetaFluor®version 6.1 imaging system 

(Universal Imaging, West Chester, PA). To monitor changes in [Ca2+]i, samples 

were excited at 340/380 nm and emission was detected at 505 nm; for 

determination of pHi in BCECF-AM loaded cells, wavelengths of 440/490 nm 

and 530 nm were used for excitation and emission, respectively. pHi values 

were calculated after calibration using standard methods [27,28]. 

 

Electrophysiological recordings 

Action potentials (APs) were recorded in TG neurons in whole-cell 

mode clamp technique using a patch clamp L/M-EPC7 amplifier (HEKA 

elektronik, Lambrecht, Germany) in conjunction with pClamp 9.2 software and 

a Digidata 1322A analog-to-digital converter (Axon Instruments, USA). APs 

were generated by square current pulse injections of 900 pA for 1 sec. The 

extracellular solution was bicarbonate-buffered solution (BBS; see later in 
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Methods) and the pipette solution contained (in mM): 125 K gluconate, 10 KCl, 

2 MgCl2, 10 EGTA, 10 HEPES. The pH of the pipette solution was adjusted to 

the desired value with aqueous NaOH.  

 

RT-PCR analysis of NHE1, NBC1, NBC3, NBC4 NDCBE1 and PMCA 1-4 

Dissected tissue pieces were ejected into an RNA extraction solution to 

prepare the RNA and subsequently the cDNA. The PCR primers used to detect 

the transcripts are shown in Table 1.  The conditions used for all PCRs were a 

hot start of 5 min at 94ºC followed by 35 cycles of 30 sec at 94ºC, 50 sec at 

58ºC, and 50 sec at 72ºC. The reactions were terminated with a 7-min 

incubation at 72ºC and subsequent cooling to 4ºC.  

 

Single-cell RT-PCR 

Briefly, single cells were collected by micro pipettes with a tip diameter 

of about 30 μm.  The intracellular contents of a single cell was aspirated into a 

patch pipette under visual control and was gently put into a reaction tube 

containing reverse transcription (RT) agents. To avoid genomic DNA 

contamination, a DNase I digest (40 min at 37ºC) was performed before RT. 

After heat inactivation, RT was carried out for 50 min at 50ºC (Superscript III, 

Invitrogen, USA). Subsequently, the cDNA was divided into four or five 2 μl 

aliquots that were used in separate PCRs. All PCR amplifications were 

performed with nested primers (Table 2). The first round of PCR was 

performed in 50 μl of PCR buffer containing 0.2 mM dNTPs, 0.2 μM “outer” 

primers, 5 μl of RT product, and 0.2 μl of platinum Taq DNA polymerase 

(Invitrogen, USA). The protocol included 5 min of initial denaturation at 95ºC, 

followed by 35 cycles of 40 sec of denaturation at 95ºC, 40 sec of annealing at 
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55 ºC, and then 40 sec of elongation at 72 ºC, and was completed with a 7- min 

final elongation. For the second round of amplification, the reaction buffer (20 

μl) contained 0.2 mM dNTPs, 0.2 μM “inner” primers, 5 μl of the products 

from the first round, and 0.1 μl of platinum Taq DNA polymerase. The reaction 

was the same as the first round. The PCR products were then displayed on the 

ethidium bromide-stained 2% agarose gel. Gels were photographed using a 

digital camera. 

 

Small interference RNA (siRNA) design and transfection 

The siRNA sequences (GenePharma, Shanghai, China) were as follows: 

first NHE1 construct, 5’-GCGGCGAGCAGAUCAAUAATT-3’ and   5’-

UUAUUGAUCUGCUCGCCGCTT-3’; second NHE1 construct, 5’-

GAUUCAAGCUCAGCAGCAATT-3’ and 5’-

UUGCUGCUGAGCUUGAAUCTT-3’; first pNBC1 construct, 5’-

GGGCUUCCUUCCUUAAACATT-3’ and 5’- 

UGUUUAAGGAAGGAAGCCCTT-3’; second pNBC1 construct, 5’-

GUGUGAUGAAGAAGAAGUATT-3’ and 5’-

UACUUCUUCUUCAUCACACTT-3’; first PMCA3 construct, 5’-

CGAUGGUGUGCUCAUCCAATT-3’ and 5’-

UUGGAUGAGCACACCAUCGTT-3’; second PMCA3 construct, 5’-

GGCUGUGUAGGAGACUAAATT-3’ and 5’-

UUUAGUCUCCUACACAGCCTT-3’; negative control, 5’-

UUCUCCGAACGUGUCACGUTT-3’ and 5’-

ACGUGACACGUUCGGAGAATT-3’. For transfection, 20 μl of HiPer-Fect 

transfection reagent (Qiagen Inc., Valencia, CA) and 625 ng of siRNA were 

combined in DMEM and incubated at room temperature for 15 min. TG 
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neurons were cleaned of all cell debris and incubated overnight with 

siRNA/HiPerFect/DMEM at 37ºC. After transfection, TG neurons were moved 

to normal medium and incubated as described above. TG neuron proteins were 

homogenized in lysis buffer (50 mM Tris pH 7.5, 1% Triton X-100, 100 mM 

NaCl, 10 mM tetrasodium pyrophosphate, 10 mM NaF, 1 mM EDTA, 1 mM 

NaV, 1 mM EGTA, 1 mM phenylmethylsulphonyl fluoride [PMSF] and 1 

µg/ml aprotinin, leupeptin and pepstatin) followed by gentle sonification on ice. 

Following protein concentration determination, the proteins were separated on 

SDS-polyacrylamide gel and transferred electrophoretically to polyvinylidene 

fluoride (PVDF) membranes and incubated with NHE1, pNBC1 and PMCA3 

antibodies, respectively. 
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Materials and solutions 

Bicarbonate (HCO3
-)-buffered solutions (BBS) contained (in mM): 

110 NaCl, 5.4 KCl, 1.0 MgSO4, 1.2 CaCl2, 0.4 KH2PO4, 0.33 NaH2PO4, 20 

HEPES, 10 glucose and 25 NaHCO3 (pH 7.4 with NaOH). 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid (HEPES) buffered solutions (HBS) contained 

(in mM): 135 NaCl, 5.4 KCl, 0.8 MgSO4, 1.2 CaCl2, 0.4 KH2PO4, 0.33 

NaH2PO4, 20 HEPES, 10 glucose (pH 7.4 with Tris-Base). NH4
+-containing 

solutions were prepared by replacing Na+ with equimolar NH4
+. During 

experiments, HBS and BBS solutions were gassed with 100% O2 and 5% 

CO2/95% O2, respectively. Glutamate and capsaicin were made as stocks in 

water and ethanol solutions, respectively. 5’-(N-ethyl-N-isopropyl) amiloride 

(EIPA) and 4’,4’-diisothiocyano-stilbene-2’,2’-sulfonic acid (DIDS) were made 

up as stocks in DMSO. All chemicals, unless otherwise stated, were obtained 

from Sigma (St. Louis, MO). Mouse monoclonal NHE1 antibody, mouse 

monoclonal PMCA antibody, secondary goat anti-mouse antibody and 

secondary anti-rabbit antibody were obtained from Santa Cruz (Heidelberg, 

Germany). Rabbit anti-pNBC1 polyclonal antibody, monoclonal actin antibody 

and donkey anti-mouse were obtained from Chemicon (Temecula, CA). 

 

Statistical analysis 

All data are expressed mean ± SEM unless otherwise stated. Statistical 

significance was calculated using the Student’s unpaired t-test. A probability 

below 0.05 (p<0.05) was considered significant. 
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3. Results 

 

Identification and distribution of membrane transporters and TRPV1 in 

TG neurons 

I identified the subtypes of NHEs and NBCs in rat TG neurons using reverse-

transcriptase polymerase chain reaction (RT-PCR). Bands of 190 bp, 760 bp, 

210 bp, 750 bp were detected, corresponding to the predicted sizes for the 

mRNA transcripts of NHE1, pNBC1, NBC3 and NBC4, respectively (Fig. 1A). 

On the other hand, transcripts for NHE2, NHE3, NHE4, kNBC1 (kidney type) 

and Na+-dependent Cl-/HCO3
- exchanger 1 (NDCBE1) were not found in TG 

neurons. I also examined the expression of TRPV1, NHE1 and pNBC1 in single 

TG neurons using single-cell RT-PCR (Fig. 1B). mRNA transcripts of NHE1 

and pNBC1 were detected in most of the cells I tested (n=8~10 in each 

experiment), regardless of TG neuron size. However, TRPV1 was detected only 

in small (<24 μm diameter) and medium sized (24~38 μm diameter) TG 

neurons. Therefore, the studies on the capsaicin-induced [Ca2+]i and pHi change 

were all performed using small to medium sized TG neurons. 
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Fig. 1. Identification of membrane transporters and TRPV1 in TG neurons 

A) RT-PCR analysis of membrane transporters in whole tissue TG. Primers 

were selectively designed to detect subtypes of NHE 1, 2, 3, 4 and subtypes of 

kNBC1 (k1, kidney type), pNBC1 (p1, pancreas type), NBC3, NBC4 and 

NDCBE1. Actin transcripts were used as the positive control. M: Pwon600 

DNA/ECORI+HinfI Digest. Bands of 190 bp, 760 bp, 210 bp, 750 bp were 

detected, which correspond to the predicted size for the mRNA transcripts of 

NHE1, pNBC1, NBC3 and NBC4, respectively. B) Expression of TRPV1, 

NHE1 and pNBC1 in single TG neurons using single-cell RT-PCR. TG neurons 

were divided into small (S), medium (M) and large (L) neurons based on the 

diameter indicated in parentheses. Lanes 1, 2, 3, 4, and 5 indicates actin, 

TRPV1, NHE1, pNBC1 and the negative control, respectively. Negative 

controls were obtained from control pipettes that did not harvest cells but were 

submerged in bath solution. Predicted product sizes are 329 bp (TRPV1), 298 

bp (NHE1), 160 bp (pNBC1), and 316 bp (actin), respectively. Left M: 1 kb 

DNA ladder, Right M: Lambda/EcoRI+HindIII.  
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The effects of glutamate and capsaicin on [Ca2+]i and pHi in TG neurons 

I first examined whether glutamate, one of the main excitatory 

neurotransmitters, evokes an increase in [Ca2+]i in rat TG neurons. All [Ca2+]i 

and pHi recordings were performed  under the same experimental conditions 

and time scale: application of glutamate (500 µM) for 1 min at a fixed flow rate 

of 1.5-2.0 ml/min. The upper panel of Fig. 2A shows a typical [Ca2+]i response 

to glutamate. The application of glutamate significantly increased the mean 

[Ca2+]i ratio from 0.9 ± 0.01 at rest to 1.4 ± 0.02 (n=5, p<0.05). The lower panel 

of Fig. 2A shows a typical pHi response to glutamate. The same concentration 

of glutamate significantly decreased pHi from 7.35 ± 0.01 at rest to 7.08 ± 0.03 

(n=5, p<0.05). The rate of the [Ca2+]i rise was faster than the change in pHi . 

The peak [Ca2+]i (time to peak: 45 ± 0.1 sec, n=5) always preceded the maximal 

decrease in pHi (time to peak: 60 ± 0.5 sec, n=5). This result demonstrates that 

glutamate increases [Ca2+]i with a concomitant decrease in pHi. I next studied 

the effect of capsaicin, an excitatory ligand acting at TRPV1, on [Ca2+]i and pHi 

in TG neurons (Fig. 2B). The pattern of the [Ca2+]i and pHi responses to 

capsaicin was very similar to those of glutamate. Capsaicin (1 µM) increased 

the [Ca2+]i ratio from 0.95 ± 0.01 at rest to 1.4 ± 0.27 (n=5, p<0.05), and 

decreased the pHi from 7.35 ± 0.01 to 7.11 ± 0.01 (n=5, p<0.05). As with 

glutamate application, the [Ca2+]i peak induced by capsaicin always preceded 

the maximal change in pHi. These results suggest that the acidification in TG 

neurons might be initiated by the rise in [Ca2+]i.  

To test this hypothesis, I next examined whether ionomycin and 

thapsigargin   (compounds which increase [Ca2+]i) can mimic the acidification 

induced by glutamate or capsaicin. Both ionomycin (1 µM) and thapsigargin (5 

µM) increased [Ca2+]i - albeit at a slower rate than glutamate and capsaicin - 
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followed by a transient decrease in pHi (Figs. 2C and 2D). The pHi then 

recovered to the pre-stimulus level in the presence of ionomycin or thapsigargin. 

These results suggest that an increase in [Ca2+]i initiates a transient acidification 

in TG neurons and that there is a strong pHi recovery mechanism in these 

neurons.  
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Fig. 2. The effect of glutamate and capsaicin on [Ca2+]i and pHi in single 

TG neurons  

Recording of [Ca2+]i and pHi was done separately under the same experimental 

conditions. A) A rapid increase of [Ca2+]i (upper panel) followed by a decrease 

in pHi (lower panel) induced by glutamate (500 µM). B) A rapid increase in 

[Ca2+]i followed by a decrease in pHi induced by capsaicin (1 µM). C) The 

effects of ionomycin (1 µM) on [Ca2+]i and pHi. D) The effects of thapsigargin 

(5 μM) on [Ca2+]i and pHi. Each figure is a typical recording from at least 5 

experiments. Black bars indicate the period of drug application. 
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The effect of PMCA inhibitors, LaCl3, on capsaicin and glutamate-induced 

changes in [Ca2+]i and pHi 

I next investigated the mechanism underlying the Ca2+-induced acidification in 

TG neurons. The PMCA was a strong candidate for mediating intracellular 

acidification in response to a rise in [Ca2+]i. Thus, I examined the effect of 

LaCl3, a general PMCA inhibitor, on the glutamate and capsaicin-induced 

changes in [Ca2+]i and pHi. TG neurons were pretreated with LaCl3 (1 mM) for 

5 min prior to glutamate application. Fig. 3A shows superimposed recordings of 

the glutamate-induced [Ca2+]i increase before (solid line) and after (dotted line) 

LaCl3 treatment (upper panel). Neither the rate nor the magnitude of the 

glutamate-induced [Ca2+]i rise was affected by LaCl3 pretreatment. However, 

[Ca2+]i did not return to the pre-stimulus level in the LaCl3 pretreated group. 

This sustained [Ca2+]i level was 21 ± 3% (n=5) higher than the basal level, 

suggesting that LaCl3 partly inhibits Ca2+ efflux via PMCA. I also examined the 

effects of LaCl3 on the glutamate-induced acidification (lower panel of Fig. 3A). 

LaCl3 reduced the magnitude of the glutamate-induced pHi decrease by 50 ± 1%. 

The rate of the acidification was 0.22 ± 0.012 pH units/min in control (solid 

line), which fell to 0.12 ± 0.01 pH units/min (n=5) after LaCl3 treatment (dotted 

line). The inhibitory effects of LaCl3 on the capsaicin-induced [Ca2+]i and pHi 

change were very similar to those of glutamate (Fig. 3B; upper and lower 

panels, respectively).  
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Fig. 3. The effects of LaCl3 on [Ca2+]i and pHi evoked by glutamate or 

capsaicin stimulation in TG neurons  

LaCl3 (1 mM) was applied to the recording chamber for 5 min before the TG 

stimulation with glutamate or capsaicin. A) Glutamate (500 µM) induced an 

increase in [Ca2+]i (upper panels) and a decrease in pHi (lower panels) in control 

(solid line) and in the presence of LaCl3 (1 mM) (dotted lines). LaCl3 did not 

affect the increase in [Ca2+]i but did prevent [Ca2+]i recovery. The sustained 

[Ca2+]i level (dotted line) was higher than the basal level. LaCl3 also partially 

blocked the pHi decrease (lower panels in Fig. 3A). B) The inhibitory effect of 

LaCl3 on the capsaicin-induced [Ca2+]i and pHi change was very similar to that 

of glutamate.  
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The effect of PMCA inhibitors, O-vanadate , on capsaicin and glutamate-

induced changes in [Ca2+]i and pHi 

I performed additional studies with another PMCA inhibitor, O-vanadate. The 

inhibitory effect of O-vanadate (10 mM) was tested on the capsaicin-induced 

[Ca2+]i and pHi change. Fig. 4A shows that application of O-vanadate delays the 

reduction in [Ca2+]i after capsaicin (1 µM) application and sustains [Ca2+]i at a 

higher level than the resting state level (the second and third peak in Fig. 4A). 

Fig. 4B shows the pHi decrease by capsaicin alone (Cap) and in the presence of 

O-vanadate (Cap+Va). Acidification by capsaicin was almost completely 

inhibited by O-vanadate (96 ± 0.01%, n=3). I performed a similar experiment in 

Ca2+-free medium. Fig. 4C and 4D shows the change in [Ca2+]i and pHi induced 

by capsaicin in Ca2+-free medium. Neither the [Ca2+]i increase nor acidification 

was observed when capsaicin was applied in Ca2+-free medium. 
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Fig. 4. Inhibitory effects of PMCA inhibitors on the capsaicin-induced 

changes in [Ca2+]i and pHi  

A) Effect of O-vanadate (10 mM; Va) on [Ca2+]i  after capsaicin (1 µM; Cap). 

The [Ca2+]i level was sustained during the application of O-vanadate (the 

second and third peak) compared to control. B) Effect of O-vanadate (10 mM; 

Va) on pHi. Application of O-vanadate after capsaicin (Cap+Va) completely 

inhibited the pHi decrease compared to capsaicin alone (Cap). Black and white 

bars represent duration of capsaicin and O-vanadate application, respectively. C) 

and D) The effect of capsaicin (Cap, black bar) on [Ca2+]i and pHi  in Ca2+-free 

medium. Neither the increase in [Ca2+]i nor decrease of pHi was observed in 

Ca2+-free medium.  
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Identification and effect of PMCA3 in TG neuron 

I identified the subtypes of PMCA in whole TG using RT-PCR. Bands of 600 

bp, 462 bp and 399 bp were detected, which correspond to the predicted size for 

the mRNA transcripts of PMCA1, 2, and 3, respectively (Fig. 5A). On the other 

hand, transcripts for PMCA4 (233 bp) were not found in TG. I further 

examined the expression of PMCA subtypes in visually identified single TG 

neurons using single-cell RT-PCR (Fig. 5B). mRNA transcripts for PMCA3 

(lane 3) were detected in most cells tested (n=8~10 in each experiment) 

regardless of TG neuron size. PMCA1 was detected only in large TG neurons 

(38-60 μm diameter). However, PMCA2 was not detected in any TG neurons. 

Based on these data I next studied whether PMCA3 was involved in the 

capsaicin-induced [Ca2+]i and pHi change by using an siRNA knockdown 

approach. All siRNA experiments were performed on small to medium sized 

neurons throughout. Fig. 5C shows the capsaicin-induced pHi decrease after 

treatment with PMCA3 siRNA compared to control. Acidification by capsaicin 

was almost completely inhibited by PMCA3 siRNA (96 ± 0.01%, n=3). 

Western blot analysis showed that transfection of cultured TG cells with 

PMCA3 siRNA reduced PMCA3 expression by 60 ± 0.01% (n=3), where as 

PMCA3 control siRNA did not significantly affect PMCA3 expression (Fig 5D). 

The experiment was repeated with a second PMCA3 siRNA construct which 

reduced PMCA3 expression by 52 ± 0.01% (n=3; data not shown). These 

results indicate that the capsaicin-induced changes in [Ca2+]i and pHi in small 

and medium-sized TG neurons are dependent on the activity of PMCA3 

specifically. 
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Fig. 5. Inhibitory effects of PMCA3 siRNA on the capsaicin-induced 

changes in [Ca2+]i and pHi  

A) RT-PCR analysis of membrane transporters in whole tissue TG. Primers 

were selectively designed to detect the subtypes of PMCA 1, 2, 3 and 4. Actin 

transcripts were used as the positive control (316 bp). M: Pwon600 

DNA/ECORI+HinfI Digest. Bands of 600 bp, 462 bp, and 399 bp were detected, 

which correspond to the predicted size for the mRNA transcripts of PMCA1, 2 

and 3 (lanes 1, 2 and 3), respectively. Transcripts for PMCA4 (233 bp, lane 4) 

were not found. N: negative control. B) Expression of PMCA subtypes in single 

TG neurons using single-cell RT-PCR. TG neurons were divided into small (S), 

medium (M) and large (L) neurons based on the diameter indicated in 

parentheses. C) Effect of PMCA3 siRNA on pHi. Cells pre-transfected with 

PMCA3 siRNA after capsaicin nearly completely inhibited the pHi decrease. D) 

The knock-down effect of PMCA3 siRNA in TG neurons. TG neurons 

transfected with a first PMCA3 construct siRNA and control siRNAs for 16 hrs 

were incubated in DMEM media prior to the extraction of proteins for Western 

blots of PMCA3 and actin. The data are presented as mean ± SEM (n=3). 

**p<0.01 vs. control. 
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Identification of membrane transporters in TG neurons involved in the pHi 

recovery from intracellular acidification. 

My results thus far have demonstrated that there is a robust pHi recovery 

mechanism in TG neurons. Next I investigated the kinds of membrane 

transporters involved in the pHi recovery from intracellular acidification. For 

this experiment I used an NH4Cl pulse technique in which exposure to NH4Cl 

(20 mM) for 1 min induces a transient alkalization followed by intracellular 

acidification [24]. I then measured the rate of pHi recovery with and without 

HCO3
- in the extracellular solution, as well as in the presence of specific 

transporter blockers. In some experiments, NH4Cl pulse was followed by Na+ 

free bath solution to examine the Na+ dependency of the transporter function. 

Fig. 6A shows the pHi recovery pattern in TG neurons after NH4Cl application. 

The pHi recovery rate was significantly higher in a HCO3
--buffered solution 

(BBS)(0.270 ± 0.009 pH units/min; n=5, p<0.05) than in a HEPES-buffered 

solution (HBS)(0.125 ± 0.014 pH units/min, n=5). Fig. 6B shows the pHi 

recovery rate from cell acidification in HBS. Application of 5 μM 5’-(N-ethyl-

N-isopropyl) amiloride (EIPA), a specific blocker for NHE1, completely 

blocked the pHi recovery (Fig. 6B). I then investigated the pHi recovery in BBS. 

EIPA only partially inhibited pHi recovery in the presence of HCO3
- (0.165 ± 

0.003 pH units/min, n=5); pHi recovery was not observed when Na+ was absent 

from the extracellular medium. The pHi recovery component remaining in the 

presence of EIPA (0.105 ± 0.002 pH units/min, n=5) was completely inhibited 

by the addition of 4’,4’-diisothiocyano-stilbene-2’,2’-sulfonic acid (DIDS; 500 

μM), an inhibitor of pNBC1 (Fig. 6D). These results suggest that in addition to 

NHE1, TG neurons also possess functional pNBC1, which is EIPA-insensitive 
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and dependent of the presence of Na+ and HCO3
- ions. The mean pHi recovery 

rates in each experimental condition are summarized in Fig. 6E.  
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Fig. 6. The pHi recovery of TG neurons from acidification induced by 

NH4Cl pulse 

A) Normal pHi recovery in HEPES-buffered solutions (HBS) and bicarbonate-

buffered solutions (BBS). Note the faster pHi recovery in BBS than in HBS. B) 

A complete inhibition of the pHi recovery in the presence of EIPA (5 µM) in 

HBS. C) Inhibition of pHi recovery in Na+-free bath solution and the partial 

inhibition of pHi recovery in the presence of EIPA (5 µM) in BBS. D) 

Complete inhibition of pHi recovery in the presence of both EIPA (5 μM) and 

DIDS (500 μM) in BBS. E) A summary of the result showing the average pHi 

recovery rates in TG neurons in the presence of specific inhibitors, EIPA and/or 

DIDS, in HBS or BBS. The data are presented as mean ± SEM (n=5). **p<0.01.  
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Inhibitory effects of NHE1 and pNBC1 siRNA in TG neurons 

I further confirmed the role of NHE1 and pNBC1 using a knockdown approach. 

Fig. 7A shows the normal pHi recovery pattern in TG neurons transfected with 

control siRNA. The pattern of pHi recovery from acidification was very similar 

to that of the non-treated group (Fig. 6A). The pHi recovery rate in control 

siRNA transfected cells was also higher in BBS than in HBS, suggesting that 

both NHE1 and pNBC1 were functioning normally. Transfection of cultured 

TG neurons with NHE1 siRNA completely inhibited pHi recovery in HBS, 

while a pHi recovery component remained in BBS (Fig. 7B), possibly mediated 

by pNBC1. After transfection with siRNA for pNBC1, the pHi recovery in the 

presence of HBS (Fig. 7C) was similar to that in control (Fig. 7A). However, 

siRNA knockdown of pNBC1 did slow the pHi recovery rate in BBS (Fig. 7C) 

compared to control siRNA (Fig. 7A). The remaining pHi recovery component 

may due to the residual function of NHE1.  

Western blot analysis showed that transfection of TG neurons with NHE1 

and pNBC1 siRNA markedly reduced the expression of NHE1 (66 ± 0.01%, 

n=3) and pNBC1 (46 ± 0.01%, n=3), respectively (Fig. 7D and E). Transfection 

of TG neurons with second constructs for NHE1 and pNBC1 siRNA also 

resulted in a marked inhibition of the NHE1 (25 ± 0.05%, n=3) and pNBC1 

proteins  (65 ± 0.01%, n=3) (data not shown), further confirming the 

specificity of NHE1 and pNBC1 siRNA for NHE1 and pNBC1 knockdown, 

respectively. Pretreatment with either control siRNA construct did not 

significantly affect NHE1 and pNBC1 expression (lane 3 in Fig. 7D and E). 

These results further confirm that NHE1 and pNBC1 play key roles in pHi 

regulation in TG neurons. 
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Fig. 7. pHi recovery in TG neurons transfected with control siRNA, NHE1 

siRNA and pNBC1 siRNA  

A) A normal pHi recovery pattern was observed in TG neurons transfected with 

control siRNA. B) Transfection of TG neurons with NHE1 siRNA completely 

inhibited pHi recovery in HBS. However in BBS a pHi recovery component 

remained, possibly mediated by pNBC1. C) Transfection of TG neurons with 

pNBC1 siRNA in BBS (right) shows a similar pHi recovery rate compared to 

that in HBS (left), possibly mediated by NHE1. D) The effect of NHE1 siRNA 

knock-down in TG neurons. Western blot analysis showed that transfection of 

TG neurons with the first NHE1 construct siRNA (but not control siRNA) 

resulted in a marked inhibition of NHE1 expression. E) The effect of pNBC1 

siRNA knock-down. Transfection of TG neurons with the first pNBC1 

construct siRNA (but not control siRNA) resulted in a marked inhibition of 

pNBC1 expression.  
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Modulation of action potentials (APs) in TG neurons by pHi 

I next examined whether pHi can affect the excitability of TG neurons by again 

employing the NH4Cl pulse technique. I have already shown that an NH4Cl 

pulse induces two different pHi states in TG neurons: a transient cell 

alkalization (~1 min) followed by cell acidification after washout of NH4Cl (see 

inset in Fig. 8). APs were elicited in TG neurons with a current injection of 900 

pA for 1 sec in BBS using current-clamp technique. Fig. 8A shows the firing 

pattern in a TG neuron before NH4Cl pulse (4 ± 0.1 APs/sec; n=5). During the 

early phase of the NH4Cl pulse (Fig. 8B), which corresponds to cell alkalization, 

the frequency of APs was significantly increased (11 ± 0.5 APs/sec, n=5; 

p<0.05). After washout of NH4Cl (Fig. 8C), AP frequency was markedly 

decreased (3 ± 0.5 APs/sec; n=5, p<0.05). Seven minutes after washout (Fig. 

8D), the AP frequency recovered to that of control (4 ± 0.5 APs/sec; n=5). The 

effect of pHi on AP frequency was further confirmed by directly changing the 

pH of the recording patch pipette solution. AP frequency was significantly 

lower (2 ± 0.5 APs/sec, n=5, p<0.05) with a pipette solution of pH 6.8 (Fig. 8E). 

In contrast, AP frequency was significantly higher (19 ± 0.5 APs/sec, n=5, 

p<0.01) with a pipette solution of pH 7.8 (Fig. 8F).  
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Fig. 8. The effect of pHi on the frequency of action potentials (AP) in TG 

neurons in BBS 

The inset shows pHi status induced by NH4Cl (20 mM) pulse; “b”, “c” and “d” 

indicates cell alkalization, acidification and pHi recovery periods, respectively. 

A) APs in response to a 900 pA current injection for 1 sec in control (“a” on the 

inset). B) The increase in AP frequency during the alkalization periods (“b” on 

the inset). C) APs 2 min after washout of NH4Cl, which equates to the 

acidification period (“d” on the inset). D) APs 7 min after washout of NH4Cl (e 

in the inset). pHi had recovered to baseline in this period. E and F) AP 

frequency with pipette solutions of pH 6.8 and 7.8, respectively. In Figs A-D, 

the pH of the pipette solution was adjusted to 7.4. 
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The effect of EIPA and/or DIDS on action potentials (AP) in TG neurons  

Finally, I examined whether the inhibition of membrane transporters NHE1 and 

pNBC1 can directly contribute to the modulation of AP frequency in BBS 

during pHi recovery. Fig. 9 shows current-clamp recordings of a TG neuron 

during pHi recovery periods, which corresponds to the periods of “D” in the 

inset of Fig. 8.  Application of  EIPA (5 μM) or DIDS (500 μM) significantly 

decreased AP frequency to 3 ± 0.1 APs/sec (n=5, p<0.05) and to 2 ± 0.1 

APs/sec (n=5, p<0.05), respectively, compared to control (4 ± 0.1 APs/sec; n=5) 

(Fig. 9A and 9B). The simultaneous application of both inhibitors further 

reduced the AP frequency (1 ± 0.5APs/sec, n=5, p<0.01) (Fig. 9C). These 

results are summarized in Fig. 9D. My data has shown that AP frequency in TG 

neurons is dependent on pHi, and that EIPA and DIDS prolong cell acidification 

by blocking NHE1 and pNBC1 transporters, respectively. 
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Fig. 9. The effect of EIPA and/or DIDS on AP frequency in TG neurons in 

BBS 

A) APs in response to a 900 pA current injection for 1 sec in the presence of 

EIPA (5 μM), a specific NHE1 inhibitor. The frequency of APs was 

significantly decreased compared to the control. B) APs in the presence of 

DIDS (500 μM), a non-specific NBC1 inhibitor. The frequency of APs was also 

significantly decreased compared to control. C) APs in the presence of both 

EIPA and DIDS. The simultaneous application of both inhibitors further 

reduced AP frequency. D) A summarized result quantifying the effect of EIPA 

and/or DIDS and intracellular pH on AP frequency ( *p<0.05 and **p<0.01). 
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Fig. 10. Schematic diagram of pH regulation mechanism in trigeminal 

ganglion  

Various neurotransmitters including capsaicin increase intracellular calcium. As 

calcium elevates, PMCA3 intrudes calcium in exchange for hydrogen, resulting 

in acidification. To maintain pH homeostasis, NHE1 and pNBC1involved pH 

recovery mechanism are significantly activated. NHE1 exchanges extracellular 

sodium and intracellular hydrogen. pNBC1 cotransports sodium and 

bicarbonate into cytosol. In addition, acidification of cells induced by NHE1 

and pNBC1 inhibition decreases AP frequency. This implys that change of 

intracellular ph crucially modulates AP frequency. 
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4. Discussion 

The levels of intracellular Ca2+
 and pH play vital roles in sensory 

neurons including  synaptic plasticity, neurotransmitter release and gene 

regulation [29]; even subtle changes to [Ca2+]i and pHi may have drastic 

physiological or pathological consequences [5]. Several mechanisms of Ca2+-

induced intracellular acidification have been proposed in a number of cell types 

[11,16,17,28]. Neurotransmitters may also induce intracellular acidification 

through mechanisms that involve elevation of [Ca2+]i [30].  

In this study, both glutamate and capsaicin were able to induce 

concomitant changes in [Ca2+]i and pHi. Removal of extracellular Ca2+ 

completely blocked the acidification induced by capsaicin, showing that the 

influx of Ca2+
 is both necessary and sufficient to induce intracellular 

acidification by neurotransmitter receptor activation. I found that TRPV1, the 

receptor activated by capsaicin, was expressed only in small and intermediate 

sized TG neurons that are thought to be nociceptive [31]. Glutamate has been 

shown to sensitize mechanosensitive afferents [32] and capsaicin has been 

shown to activate and sensitize trigeminal afferents; TRPV1 may also mediate 

Ca2+-dependent intracellular acidification in DRG neurons [10]. Thus, both 

glutamate and capsaicin may possibly modulate the processing of nociceptive 

input in TG neurons from craniofacial tissues [33] via mechanisms involving 

[Ca2+]i elevation and pHi acidification.  

While the PMCA is primarily involved in Ca2+ regulation, it may also play 

a secondary role in pHi regulation in the process of extruding Ca2+ [15,16]. The 

PMCA appears to be responsible for the recovery of physiological Ca2+
 levels 

and intracellular acidification by counter-transport of H+ in vascular smooth 

muscle cells (10) and neurons [34]. In cerebellar granule cells [15] and 
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pancreatic acini (13) LaCl3 inhibits Ca2+-ATPases at the plasma membrane and 

endoplasmic reticulum (ER), both of which are known to operate as Ca2+/H+ 

exchangers. Thus, I tested the effect of LaCl3 on the Ca2+-induced acidification 

evoked by capsaicin in TG neurons. My data showed that LaCl3 reduced the 

level of acidification after the capsaicin-induced [Ca2+]i elevation. I performed 

an additional study with another PMCA inhibitor, O-vanadate, which has been 

shown to completely block PMCA activity in cerebellar granule cells (28). O-

vanadate showed a stronger inhibition of the PMCA activity than LaCl3 in TG 

neurons. O-vanadate prevented the return of [Ca2+]i to baseline after capsaicin, 

and in doing so completely blocked acidification. These data indicate that 

acidification is at least partly due to Ca2+/H+ exchange through the PMCA (Fig. 

3). 

To date, several possible mechanisms have been proposed to account for 

Ca2+-induced intracellular acidification in neurons and other cell types [35]. 

These include overproduction of CO2/lactate, and collapse of the mitochondrial 

membrane potential due to Ca2+ uptake [11]. I identified the expression of 

PMCA subtypes in TG neurons and found that PMCA3 was expressed in all TG 

neurons, regardless of size (Fig 5B). Together my results strongly suggested 

that the PCMA subtype, PMCA3, is the main contributor to the [Ca2+]i-induced 

acidification in response to neurotransmitter receptor activation in TG neurons.  

Ion and pH homeostasis in neurons is regulated by various acid-base 

transporters, for example the NHE family and the HCO3
--dependent acid-base 

transport protein family [36,37]. In particular, the NHE subtype 1 (NHE1), 

NDCBE, AE3, and NBC are key contributors to acid-base regulation in neurons 

[5]. NHE1 and pNBC1 were functionally expressed in TG neurons of all sizes 

and the activities of both were dependent on the presence of extracellular Na+. 
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The specific NHE1 inhibitor, EIPA, blocked pHi recovery in HBS 

demonstrating the function of NHE1 in TG neurons. The NBC family includes 

the electrogenic Na+-HCO3
- co-transporter (NBC1 and NBC4) and electro-

neutral Na+-HCO3
- co-transporter (NBC3) as well as Na+-dependent Cl-HCO3

- 

exchange (NDCBE) [38]. In my experiments, mRNA transcripts of NBC1, 

NBC3 and NBC4 were detected in TG neurons. DIDS, a non-specific blocker 

for NBC1, together with EIPA, completely inhibited pHi recovery of TG 

neurons in BBS. However, I cannot rule out the possibility that other non-DIDS 

sensitive NBCs also contribute to the pHi recovery. Unfortunately, specific 

inhibitors for NBC3 or 4 are not yet available. Nevertheless, the complete 

inhibition of pHi recovery by DIDS strongly suggests that NBC1 is a main 

contributor to pHi recovery among the NBC family in HCO3
--buffered solutions. 

NBC1 has two variants: kNBC1 from kidney, and pNBC1 from pancreas. I 

found that the NBC1 expressed in TG neurons is the pancreatic type, which has 

been reported in pancreas [39,40] and salivary glands [41,42]. I further 

confirmed the role of NHE1 and pNBC1 in pHi recovery by treating TG 

neurons with siRNA. There was a substantial loss of pHi recovery function after 

gene knockdown of NHE1 and pNBC1 but not after control siRNA treatment. 

NHE1 inhibition has been shown to protect hippocampal neurons in a gerbil 

model of ischemic injury [43], where cell swelling was reduced as a result of 

decreased Na+ entry caused by blockade of NHE1. The role of HCO3
- 

transporters in the brain has been reported in a mouse model of prolonged 

hypoxia in which brain expression levels for two electro-neutral Na+-coupled 

HCO3
- transporters, (NBC3 and NDCBE) were decreased. This down-

regulation of NBC3 and NDCBE in hypoxia resulted in cellular acidification 
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[44]. Thus, NHE1 and HCO3
- transporters are critically important in 

maintaining ionic and pH homeostasis for neuronal survival.  

In my experiments, I found that the neuronal excitability of TG neurons is 

affected by pHi: intracellular alkalization increased AP firing rates, while 

acidification reduced them. The pHi dependency of AP generation in TG 

neurons was further confirmed by altering the intracellular pH via the patch 

pipette in whole-cell mode. At pHi 6.8, the AP firing rates mimicked the 

recordings in cell acidification, while at pHi 7.8 the firing rates mimicked cell 

alkalization, equal to the early stage of the NH4Cl pulse. These data are 

consistent with a previous report in hippocampal slices whereby ammonium 

prepulse induced bursting activity of CA3 neurons during the alkalinizations 

phase, and decreased spontaneous activities during the acidification phase [45].  

The acidification induced by neurotransmitter receptor agonism promptly 

returned to baseline pHi. Through a combination of pharmacological and 

siRNA knockdown approaches I demonstrate that the pHi recovery mechanism 

in TG neurons is likely mediated by the membrane transporters NHE1 and 

pNBC1. Liu & Somps [46] have shown that inhibitors of NHE1 can reduce the 

excitability of rat primary sensory neurons. Together, my results extend these 

findings by demonstrating that the activity of plasma membrane Na+/H+ 

exchange, as well as Na+/HCO3
- co-transport, has consequences for sensory 

neuron excitability by directly affecting pHi. 

The regulation of pHi is also critical for the behavior of other ion channel 

mechanisms. In  rat hippocampal neurons, glutamate application induced cell 

acidification and reduced Ca2+ current amplitude, whereas intracellular 

alkalization potentiated Ca2+ current [47]. Also, acidification suppressed 

currents mediated by the murine TRPP3 channel, while alkalization caused an 
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increase in current amplitude [48]. pHi has also been shown to modulate the 

capsaicin receptor TRPV1 itself, which may play a crucial role in the 

transmission of pain signals in DRG neurons [49].  

In summary, Fig. 10 have been suggested mechanism that capsaicin-

induced [Ca2+]i increase causes intracellular acidification through the activity of 

PMCA3, and that the subsequent  intracellular acidification is recovered by 

membrane transporters, including NHE1 and  pNBC1 in TG neurons. I 

conclude that the activity of these transporters has direct consequences for 

sensory information flow through neuronal excitability regulation by pHi 

change. 
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국문 초록 

 

삼차신경절 신경 포내 pH 조절 전에 한 연구 

 

 

황  민 

 

 

울대학  대학원 

치 과학과 신경생물학 전공 

(지도 수: 경 ) 

 

 

삼차신경절(Trigeminal ganglion)은 악안면 영역에서 치통을 포함한 다

양한 구심성 신경 흥분을 전달하는 일차 감각성 뉴런이다. 삼차신경

절에서는 다양한 신경전달 물질 및 효현제에 의해 세포내 칼슘 농도

가 관찰된다. 하지만 이러한 세포내 칼슘의 농도 변화가 세포내 pH에 

어떠한 영향을 미치는지, 그리고 변화된 세포내 pH가 자극이전의 수

준으로 회복되는지에 대해서는 잘 알려져 있지 않다. 뿐 만 아니라 

세포내 pH 회복 기전과 관련하여 어떤 종류의 세포막 수송체가 pH 
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회복에 관여하며, 그리고 이러한 세포내 pH의 변화가 삼차신경절 뉴

런의 흥분성 조절에 어떠한 영향을 미치는지에 관해서는 알려진 바가 

거의 없다. 본 연구는 삼차신경뉴런에서 세포내 칼슘 농도 변화와 세

포내 pH의 연관성과 pH 회복에 관여하는 세포막 수송체 확인 및 활

동전압에 미치는 영향을 규명하고자 하였다. 

본 연구를 통해 삼차신경절내에서 transient receptor potential 

vanilloid 1 receptor 1 (TRPV1)의 활성을 통한 칼슘 증가는 plasma 

membrane Ca2+/ATPase 3 (PMCA 3)의 활성을 통해 세포내 pH 감소를 

유발한다는 것을 밝혀냈으며, 감소된 세포내 pH는 자극 이정의 수준

으로 원상 회복되는데, 이 과정에서 세포막에 존재하는 pancreas type 

Na+/HCO3
- cotransporters 1 (pNBC1) 및 Na+/H+ exchangers 1 (NHE1)이 관

여함을 확인하였다. 뿐만 아니라 세포내 pH 변화는 세포의 흥분성에

도 크게 영향을 미쳐, 세포내 pH가 알칼리성일때는 활동 전압의 빈도

가 증가한 반면 세포내 pH가 산성일때는 활동 전압의 빈도수가 감소

함을 관찰하였다. 이러한 연구를 통해 세포내 pH의 변화는 활동 전압

의 빈도에 많은 영향을 미친다는 것을 알 수 있다.  
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