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Abstract

Background: Normal gastrointestinal motility depends on electrical slow wave activity 

generated by interstitial cells of Cajal (ICC) in the tunica muscularis of the gastrointestinal tract. 

A requirement for HCO3
− in extracellular solutions used to record slow waves indicates a role 

for HCO3
− transport in ICC pacemaking. The Slc4a4 gene transcript encoding the electrogenic 

Na+/HCO3
− co-transporter, NBCe1, is enriched in mouse small intestinal myenteric region ICC 

(ICC-MY) that generate slow waves. This study aimed to determine how extracellular HCO3
− 

concentrations affect electrical activity in mouse small intestine and to determine the contribution 

of NBCe1 activity to these effects.

Key Results: NBCe1 immunoreactivity was localized to ICC-MY of the tunica muscularis. 

In sharp electrode electrical recordings, removal of HCO3
− from extracellular solutions caused 

significant, reversible, depolarization of the smooth muscle and a reduction in slow wave 

amplitude and frequency. In 100mM HCO3
−, the muscle hyperpolarized and slow wave amplitude 

and frequency increased. The effects of replacing extracellular Na+ with Li+, an ion that does not 

support NBCe1 activity, were similar to, but larger than, the effects of removing HCO3
−. There 

were no additional changes to electrical activity when HCO3
− was removed from Li+ containing 

solutions. The Na+/HCO3
− co-transport inhibitor, S-0859 (30μM) significantly reduced the effect 

of removing HCO3
− on electrical activity.
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Conclusions: These studies demonstrate a major role for Na+/HCO3
− cotransport by NBCe1 in 

electrical activity of mouse small intestine and indicated that regulation of intracellular acid:base 

homeostasis contributes to generation of normal pacemaker activity in the gastrointestinal tract.
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INTRODUCTION

Gastrointestinal motility depends on patterns of smooth muscle contractions driven by 

rhythmic electrical activity known as electrical slow waves. These slow waves are generated 

by interstitial cells of Cajal (ICC)1–3, which are mesoderm-derived mesenchymal cells 

distributed throughout the tunica muscularis of the vertebrate gastrointestinal tract45. ICC 

have other functions in addition to electrical pacemaking including setting the membrane 

potential gradients across the smooth muscle layers6, mediating neuromuscular signaling7–9 

and acting as mechanosensors10, 11. The central role of ICC in gastrointestinal function 

is indicated by the effect of depleted ICC networks on gastrointestinal motility in animal 

models2, 3, 12–14 and the demonstration that tissues from patients with motility disorders 

including diabetic gastroparesis and slow transit constipation are depleted of ICC15–18. 

In patients with diabetic gastroparesis and diabetic mice with delayed gastric emptying, 

irregular patterns of slow wave propagation are linked to depletion of ICC19.

The molecular determinants for the diversity of ICC functions, and variations in the shape 

and frequency of slow wave activity throughout the gastrointestinal tract have not been 

fully elucidated. The basic model is that generation of electrical slow wave activity by 

ICC depends upon multiple factors that couple large, regular transient rises in cytosolic 

Ca2+ concentrations to oscillations in membrane potential. The process is dependent on 

release of Ca2+ into the cytosol from inositol 1,4,5-trisphosphate (IP3)-sensitive intracellular 

stores20, which is coupled to influx of Ca2+ through voltage gated Ca2+ channels2122 

and non-selective cation channels including Ca2+ release activated channels such as 

orai23, followed by activation of Anoctamin-1 (Ano1, TMEM16A) Ca2+-sensitive Cl− 

channels24–26. Mitochondrial buffering of cytosolic Ca2+ 27, the activity of Na+/Ca2+ 

exchangers (NCX)28 and reuptake of Ca2+ into the endoplasmic reticulum27 alter the 

shape and duration of the Ca2+ transients and the associated electrical slow wave. Plasma 

membrane transporters of Cl− ions including NKCC1 (Slc12a2) set the Cl− reversal potential 

(ECl), and ECl determines the voltage to which the ICC membrane potential depolarizes 

during the plateau phase of the electrical slow wave29. Studies on the size and coordination 

of slow waves in an electrically coupled network are necessary because these factors likely 

determine the efficiency with which organized smooth muscle contractility is engaged and 

maintained to ensure normal motility.

Many of the processes listed above are sensitive to regulation by pH30313233 but although 

the contractility patterns and electrical activities of the vertebrate gastrointestinal tract 

are modified by changing extracellular pH and HCO3
− 34, 35, the mechanisms for pH 
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regulation in ICC have not been specifically investigated. Interestingly, transcriptomic 

profiling of mouse intestinal ICC identified enrichment of Slc4a4 transcripts in myenteric 

ICC (ICC-MY), which generate pacemaker activity, but ICC from the deep muscular 

plexus (ICC-DMP), which are not pacemaker cells36, express lower levels of Slc4a4 
mRNA. Slc4a4 encodes the electrogenic Na+/HCO3

− co-transporter, NBCe1, a protein 

that regulates absorption and secretion of bicarbonate and carbonate, and contributes to 

intracellular pH homeostasis37. Variants of NBCe137 are widely expressed in tissues that 

transport bulk quantities of HCO3
− including renal proximal tubules37 but also excitable 

cells in the central nervous system and heart38–40. As an electrogenic transporter with a 

predicted inward stochiometry of two negative charges for each positive Na+ ion carried 

in physiological solutions41, NBCe1 activity can contribute to the membrane potential of 

excitable cells and as a carrier of HCO3
−/CO3

2− ions, it can modify various signaling 

pathways through alteration of intracellular pH. Gene targeted Slc4a4 knockout mice 

die young due to metabolic acidosis42 but small molecule inhibitors of NBCe1 are 

available, including S-0859, which selectively inhibits NBCe1 at concentrations that do 

not significantly affect other related plasma membrane transport proteins including NKCC1 

and NCX proteins434445.

The aim of this study was to test the hypothesis that altered extracellular HCO3
− levels 

modify mouse small intestinal electrical activity and that NBCe1 activity contributes to 

the effects of changes in HCO3
−. We found that NBCe1 protein is enriched in pacemaker 

ICC-MY and that changes in electrical activity in response to altering extracellular HCO3
− 

levels were consistent with direct effects on ICC excitability due to NBCe1 activity.

MATERIALS AND METHODS

Animals:

Adult (six weeks or older) C57Bl/6J mice of either sex (Jackson, Bar Harbor, ME, 

USA) used in this study were maintained and experiments done with the approval of the 

Institutional Animal Care and Use Committee of the Mayo Clinic (Rochester MN USA) 

under protocol number A00002343–16. Mice had free access to food and water and were 

checked daily. Mice were killed by CO2 inhalation followed by cervical dislocation.

Tissue preparation:

Tissues were prepared and recordings made using a previously reported method46. Briefly, 

segments of jejunum were removed into Krebs solution (KRB – solution ① in Table 1) 

and muscle strips were prepared. After pinning out onto recording chambers, tissues were 

placed in the setup and superfused with KRB solution ① at 37°C gassed with 97% O2: 

3% CO2, then allowed to equilibrate prior to starting an experiment. Recordings were made 

using microelectrodes filled with 3M KCl with 70–90MΩ tip resistances and collected at a 

sampling rate of 5kHz. Bath electrodes were grounded through an agarose salt bridge made 

with 3M KCl to avoid junction potentials.
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Solutions and chemicals:

Table 1 lists the recording solutions, which were warmed to 37±1°C and aerated to achieve 

a stable pH of 7.35–7.45 using gasses containing CO2 levels chosen to equilibrate HCO3
− 

levels at the desired levels at this temperature and pH. To buffer HCO3
− -free solutions, we 

added 15mM HEPES and adjusted the pH to 7.4 using NaOH. To exclude the influence 

of HEPES on electrical activity, 15mM HEPES was included in all other solutions. pH 

was adjusted after equilibration by gassing at 37°C and osmolarity of the solutions was 

confirmed to be 310±5mOsm L−1 at equilibrium using a freezing point osmometer. The 

L-type Ca2+ channel inhibitor nicardipine (2μM, Sigma-Aldrich, St Louis, MO, USA) and 

the myosin light chain kinase inhibitor ML-7 (5μM, Cayman Chemicals, Ann Arbor, MI, 

USA) were used to minimize smooth muscle contractility and maintain stable impalements. 

Electrical activity recorded in the presence of ML-7 was not different from that previously 

recorded in nicardipine alone46 and removing HCO3
− in the absence of ML-7 produced 

similar effects to that reported in this manuscript in n = 4 cells from N = 3 mice. S-0859 was 

obtained from Cayman, unless otherwise indicated reagents were from Sigma-Aldrich.

Data analysis

Data were analyzed offline using Clampfit 10.7 (Molecular Devices). Spontaneous electrical 

activity was accepted for analysis as a slow wave if the peak amplitude was >3mV. Slow 

wave properties were determined by analyzing 30 seconds of data when the activity was at 

steady state or immediately prior to solution change and averaging the electrical properties 

for all of the events occurring in that time. The following properties were determined: (i) 

resting membrane voltage at the most hyperpolarized point of the slow wave, (ii) slow wave 

amplitude from the resting membrane potential to the peak of the next action potential, (iii) 

slow wave duration (or width) at 50% of peak amplitude, (iv) rise time was the time between 

10% and 90% of peak amplitude, and (v) slow wave frequency was the reciprocal of the 

inter-event interval (peak to peak).

Immunolabeling for NBCe1

Whole thickness preparations of tunica muscularis from the proximal small intestine with 

intact myenteric ICC (ICC-MY), and deep muscular plexus ICC (ICC-DMP) were prepared 

after excision from the animal, pinning onto Petri dishes lined with Sylgard (Dow Corning, 

Midland, MI, USA), and separation of the muscle from the mucosa by peeling. After 

overnight fixation in cold, 4% paraformaldehyde in 0.1M phosphate buffer (pH 7.2), and 

washing in 0.1M phosphate buffered saline (PBS, 8 × 15 min), tissues were permeabilized 

and blocked in 1% bovine serum albumin (BSA) in PBS plus 0.3% Triton-X-100 in PBS 

(4 h at room temperature). Primary antibodies were added in 1% BSA, PBS plus 0.3% 

Triton-X-100 and incubated for 48h at 4°C. To detect NBCe1, we used a rabbit anti-Slc4a4 

antibody (Catalog # 11885–1-AP, RRID AB_2191458) from Proteintech (Rosemont IL, 

USA) diluted to 0.3mg ml−1. ICC were identified by doubly labeling using a goat anti-Kit 

antibody (Catalog # AF 1356, RRID AB_354750) from R&D Systems (Minneapolis, MN, 

USA) diluted to 0.2mg ml−1. The tissue was washed with PBS 8×30 minutes then incubated 

overnight in the dark with the following secondary antibodies; Cy3-conjugated donkey 

anti-rabbit (1.88μg ml−1, Cat # 711-165-152, RRID AB_2307443) and Alexa Fluor®−488­
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conjugated donkey anti-goat (3.75μg ml−1, Cat # 711-165-152, RRID AB_2307443) from 

Jackson ImmunoResearch (West Grove, PA, USA). For imaging, tissues were washed, and 

counterstained with DAPI dilactate (Invitrogen, Carlsbad, CA) to label nuclei then mounted 

in Diamond SlowFade™ mounting medium (Thermo Fisher).

Image acquisition

Images were collected with an Olympus (Center Valley, PA, USA) FV1000 laser scanning 

confocal microscope using a 20X 0.95NA, water-immersion objective with the confocal 

aperture set to give the optimal resolution for the illumination settings chosen to visualize 

the fluorophores. XYZ stacks were collected and 2D projections were created using the 

Olympus Fluoview software. The following lasers and emission filters were used: multiline 

Ar laser at 488nm (for Alexa Fluor 488); emission filter 535±15 nm; 543nm HeNe laser (for 

Cy3); emission filter 575–630nm; and 405nm laser diode (used for DAPI); emission filter 

430–470nm. Images were prepared using Adobe Photoshop CS. No 3D reconstructions, 

deconvolution, surface or volume rendering, or gamma adjustments were done to create the 

images.

Statistics

Data are expressed as means ± standard deviations. Statistical significance was determined 

by GraphPad Prism (Graphpad Software Inc., La Jolla, CA, USA) using tests chosen based 

on whether the data were normally distributed and/or matched, and correcting for multiple 

comparisons where necessary. The text and figure legends indicate the chosen test. Means 

calculated from multiple recordings in a tissue from a single animal were treated as a single 

N value for the purposes of calculating averages, standard deviations and significance. ‘n’ 

indicates the number of recordings in total from all tissues.

RESULTS

The Na+/HCO3
− cotransporter NBCe1 is expressed at higher levels in ICC-MY than in 

ICC-DMP of mouse small intestine.

Differences in mRNA expression between purified populations of pacemaker ICC-MY 

and non-pacemaker ICC-DMP in mouse small intestine have been reported36. Among 

these lists for transcripts of ion channels and transporters that might account for the 

pacemaker function of ICC-MY, transcripts of the Slc4a4 gene were enriched in ICC­

MY compared to ICC-DMP. To confirm our prior work (manuscript under review) 

that the differential expression of mRNA associated with differences in NBCe1 protein 

expression, we again examined the distribution of NBCe1 in the adult mouse small intestine 

by immunofluorescence labeling. In confirmation of our previous results47, NBCe1-IR 

is observed in Kit-positive ICC-MY, whereas ICC-DMP were Kit-positive but NBCe1­

negative. A few myenteric neurons were also NBCe1-positive but were Kit-negative (Fig 1).

Removal of bicarbonate alters slow wave activity and causes depolarization of intestinal 
smooth muscle.

Although it is widely accepted that extracellular HCO3
− is required to record normal 

electrical slow wave activity, no detailed studies have reported the role of HCO3
− transport 
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in slow wave activity of the mouse small intestine. We recorded from the circular muscle 

layer of mouse jejunum while altering extracellular HCO3
− levels at constant pH and 

temperature. We recorded typical and regular electrical slow waves in standard KRB 

containing 15.5mM HCO3
− (97%O2, 3%CO2). In the absence of extracellular HCO3

− 

(100%O2, 0%CO2, pH buffered to 7.4 with 15mM HEPES-OH), the membrane voltage 

depolarized by 4.97±1.96 mV in a reproducible and reversible manner, (Fig 2A, C, 

Supplementary Table 1, n=26 cells from N=26 mice, P<0.05, repeated measures, one-way 

ANOVA with Tukey’s post test). The decreases in slow wave amplitude (5.6±2.39 mV) and 

frequency (0.074±0.03 Hz, 4.44±1.8 cpm) were also statistically significant and reversible 

(Fig 2B, D, E, Supplementary Table 1, n=26 cells from N=26 mice, P<0.05, repeated 

measures, one-way ANOVA with Tukey’s post test). Furthermore, slow waves were of 

longer duration and the rising phase of the depolarization was slower resulting in a 

longer time from 10%−90% of peak amplitude after removal of HCO3
− (Fig 2B, F, G, 

Supplementary Table 1, n=26 cells from N=26 mice, P<0.05, repeated measures, one-way 

ANOVA with Tukey’s post test). These observations support a requirement for HCO3
− in 

normal slow wave activity.

Increasing extracellular HCO3
− to 100mM causes membrane hyperpolarization and 

increases slow wave amplitude.

Wienbeck reported that high CO2 concentrations make the phase of spontaneous contractile 

activity longer and amplitude higher in mechanical recordings from guinea pig taenia coli34. 

We increased extracellular HCO3
− from 15.5mM to 100mM by substituting HCO3

− for 

Cl− to maintain the osmolarity of the solutions. These solutions were gassed with 20% 

CO2, 80% O2 to stabilize the HCO3
− concentrations and contained 15mM HEPES-OH with 

the pH adjusted to 7.4 at 37°C. In 100mM HCO3
−, membrane potential was significantly 

hyperpolarized (Fig 3A, 3C) and the slow wave shape was reproducibly changed (Fig 3B). 

Slow waves in 100mM HCO3
− had significantly higher amplitudes, and shorter durations 

based on width at half peak amplitude compared to events recorded in 15mM HCO3
− (Fig 

3A–D, F, Supplementary Table 2, n=17 cells from N=5 mice, P<0.05, repeated measures, 

one-way ANOVA with Tukey’s post-test). The frequency and the initial rise times of 

the events were not significantly changed on application of 100mM HCO3
− but after 

switching back to a solution containing 15.5mM HCO3
−, the slow wave frequency was 

significantly lower and the rise time of the events was significantly faster (Fig 3A–B, E, 

G, Supplementary Table 2, n=17 cells from N=5 mice, P<0.05, repeated measures, one-way 

ANOVA with Tukey’s post-test). These effects of raising extracellular HCO3
− were the 

reverse of what we observed when we removed HCO3
− from the extracellular solutions.

Replacement of extracellular Na+ with Li+ causes membrane potential depolarization and 
loss of slow wave activity.

Many Na+-selective ion channels and transporters are also permeable to Li+ ions but 

Li+ ions do not support electrogenic Na+/HCO3
− co-transport48. Therefore, we replaced 

120 mM NaCl with LiCl, without changing pH, osmolarity and HCO3
− concentration. 

This solution change caused rapid membrane depolarization and reduction in slow wave 

amplitude such that after 5 min of incubation, there was complete loss of slow wave activity 

in 11/19 cells (Fig 4A, N = 5 mice). Short incubations with Li+ -containing solutions 
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(less than 2 min) produced fully reversible changes but after longer exposure, electrical 

activity remained abnormal even after prolonged washout. We quantified the effects after 80 

seconds of Li+ exposure instead of waiting for the response to reach a steady state. At 80 

seconds of Li+ exposure, membrane voltage depolarized (Fig 4A, 4C) and slow wave size, 

frequency and shape were significantly altered (Fig 4, Supplementary Table 3, n=19 cells 

from N=5 mice, repeated measures, one-way ANOVA with Tukey’s post test). Slow waves 

in Li+-containing solutions had lower amplitudes, longer durations based on width at half 

peak amplitude, slower rise times as indicated by time from 10–90% of peak amplitude and 

lower frequencies. This was similar to the effect of removing HCO3
− and was the opposite 

of the effect of increasing HCO3
− in the extracellular solutions.

Removal of HCO3
− in addition to replacement of Na+ with Li+ produced the same effect as 

replacement of Na+ alone.

To confirm that at least part of the effect of removing Na+ was due to prevention of Na+/

HCO3
− co-transport, we determined whether removal of HCO3

− in a Li+-containing solution 

had any further effect on electrical activity. There was no difference in the effect of replacing 

Na+ with Li+ when HCO3
− was also removed. Membrane potential depolarized rapidly and 

significantly (Fig 5A, 5C) and there was completely loss of slow waves after 5 mins of 

incubation. Short incubations with Li+ -containing solutions in 0mM HCO3
− (less than 2 

min) produced fully reversible effects but after longer exposures electrical activity remained 

abnormal even after prolonged washout. The effects of 80 seconds of Li+ exposure in 0mM 

HCO3
− were membrane depolarization (Fig 5A, 5C) and significant changes to slow wave 

size and frequency (Fig 5A, 5B). Slow waves in Li+-containing, 0mM HCO3
− solutions had 

significantly lower amplitudes and lower frequencies (Fig 5D, 5E, Supplementary Table 4, 

n=14, N=4, P<0.05, P<0.05, One-way ANOVA with Tukey’s post-test). Slow wave durations 

and times to peak also decreased in a reversible manner but the overall effects were not 

significant when taking the averages of repeated observations from a single tissue as the N 

value (Fig 5F, 5G, Supplementary Table 4, n=14, N=4, P<0.05, P<0.05, One-way ANOVA 

with Tukey’s post-test). Replacing NaCl with LiCl had the same effect in the presence or 

absence of HCO3
−, as indicated by no significant differences between the magnitude of the 

effects on membrane voltage, peak amplitude, slow wave frequency or on slow wave rise 

time and slow wave duration (Supplementary Table 5).

Inhibition of NBCe1 activity with S-0859 reduces the effect of removing HCO3
−.

NBCe1 dynamically regulates pHi, partly due to the voltage-dependent activity of this 

electrogenic Na+/HCO3
− co-transporter. We tested whether inhibition of NBCe1 activity 

would reduce the effects of removing extracellular HCO3
− on electrical activity. To do 

this, we used a generic inhibitor of Na+/HCO3
− co-transport, S-0859, at a concentration 

(30μM) that does not block Na+/H+ exchange43 or Na+/Ca2+ exchange49. In the presence 

of S-0859, electrical responses to 0mM HCO3
− solution were significantly smaller. S-0859 

alone caused a small, but reproducible membrane depolarization and increase in slow wave 

amplitude when applied in normal Krebs Ringer solution containing 15.5mM HCO3
− (Fig 

6A, Supplementary Table 6, n = 24, N = 7, P<0.05, one sample Student’s T test vs no 

effect). This suggests that NBCe1-mediated ion transport occurs under normal physiological 

conditions. When HCO3
− levels were changed, membrane depolarization at 5 min in 0mM 
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HCO3
− in the presence of 30μM S-0859 was significantly smaller than observed in the 

absence of S-0859 (Fig 6A,6C, Supplementary Table 6, P<0.05, t test). Furthermore, the 

effect on slow waves of zero HCO3
− in S-0859-containing solutions was also reduced. 

The decreases in slow wave amplitudes and frequencies in response to zero HCO3
− were 

reduced by an average of 51% and 69% respectively in the presence of S-0859 (Fig 6D,6E, 

Supplementary Table 6, P<0.05, t test), and the effects of removing HCO3
− on slow wave 

duration and rise time were numerically smaller, but the effect did not reach significance 

(Supplementary Table 6). S-0859 is dissolved in DMSO, therefore we tested the effect of 

0.3% DMSO on electrical activity in the mouse small intestine. We observed no significant 

effect of DMSO on baseline electrical activity (n = 8 cells from N = 3 mice) and a similar 

response to 0 HCO3
− in the presence of DMSO (n = 6 cells from N = 3 mice) when 

compared to the response in the absence of DMSO.

DISCUSSION

In this study, we determined a major role for Na+/HCO3
− cotransport by NBCe1, expressed 

in pacemaker ICC-MY, in normal electrical activity of mouse small intestine. We found that 

extracellular Li+, which does not support HCO3
− transport by NBCe1 (especially rodent 

NBCe1), resulted in membrane potential depolarization and loss of electrical slow wave 

activity. We also demonstrated that S-0859, an inhibitor of NBCe1, reduced the effect of 

removing extracellular HCO3
− on electrical activity.

Early studies on smooth muscle function identified effects of changing extracellular pH 

and/or CO2 levels on smooth muscle tone and contractile patterns. Altering extracellular 

HCO3
− and CO2 levels modifies basal contractile tone35 and rhythmic electrical activity34 of 

gastrointestinal smooth muscle but the cellular and molecular mediators of these effects have 

not been identified. HCO3
− transport also contributes to normal patterns of electrical activity 

in other excitable cells including central neurons and cardiac myocytes3940.

We investigated a role for NBCe1 activity in pacemaker function of ICC due to the relative 

enrichment of Slc4a4 gene transcripts in ICC-MY vs ICC-DMP of mouse small intestine36. 

Our immunolabeling results confirmed prior work that showed that the NBCe1 protein 

encoded by Slc4a4 is also more highly expressed in ICC-MY than in ICC-DMP, and 

adjacent smooth muscle cells50. Other Na+-dependent HCO3
− transporters are not enriched 

in ICC-MY compared to other cells in the tunica muscularis or the ICC-DMP based on 

the transcriptional profiling of these cell types36. Under normal physiological recording 

conditions in 15.5mM extracellular HCO3
− maintained at a pH of 7.4 by gassing with 

3% CO2 and with 136.7mM extracellular Na+, the NBCe1 transporter will carry HCO3
−/

CO3
2− and Na+ ions into the cell with a stoichiometry of 2 negative charges for each 

positive Na+ ion carried48. Thus, NBCe1 activity is electrogenic resulting in net inward 

transport of at least one negative charge. The smooth muscle depolarization observed when 

we remove HCO3
−, and the hyperpolarization observed when we increase extracellular 

HCO3
− concentrations is consistent with NBCe1 transporters driving the response to altered 

HCO3
−/CO3

2− distribution across the plasma membrane. This change in resting membrane 

voltage matched the change in amplitude of the electrical slow waves resulting in smaller 

amplitude events in 0 HCO3
− and larger events in 100 mM HCO3

−. Thus, the change in 
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slow wave amplitude reflects an effect on the resting membrane voltage, not a change in 

the peak voltage of the slow wave events. ICC contribute to setting the smooth muscle 

membrane potential6 and our observations of changes in membrane potential in response 

to changing extracellular HCO3
− are consistent with an effect on ICC as opposed to an 

effect directly on smooth muscle cells. We cannot exclude some impact on smooth muscle 

cells but it is clear that the smooth muscle membrane potential setpoint depends on HCO3
− 

concentrations, which will be altered according to the metabolic activity of the tissue and the 

overall acid:base homeostasis in the organism51.

We interpret the changes to slow wave frequency and duration in response to changing 

HCO3
− concentrations as direct effects on ICC. ICC-MY in the small intestine generate 

slow waves2, 3 and it is established that pharmacological and genetic approaches that also 

change slow wave duration and frequency, produce their effects by acting on ion channels or 

transporters in ICC but not in smooth muscle cells24, 25, 29. Enriched expression of NBCe1 

in ICC-MY indicates that altered extracellular HCO3
− levels are coupled to changes in 

intracellular pH in pacemaker ICC. All cells tightly control intracellular pH in response to 

cytosolic acidification due to catabolism and accumulation of H+ along its electrochemical 

gradient. H+ and HCO3
− transport finely control intracellular pH and maintain it in a range 

that is optimal for protein function and normal molecular interactions52. In addition to 

these homeostatic processes, dynamic changes in pH across cellular compartments also 

modify important cellular signaling pathways. The patterns and mechanisms for regulation 

of intracellular pH in ICC are not known, and there is limited information on the effects of 

changes in intracellular pH on ICC function. However, the underlying processes responsible 

for generation of pacemaker potentials depend on maintenance of the mitochondrial 

membrane potential (Δψm) and functional endoplasmic reticulum Ca2+ storage, release and 

reuptake27. Changes in cellular pH modify these processes, cytosolic alkalization increases 

Ca2+ release from IP3-receptor sensitive intracellular Ca2+ stores31, 32, enhances coupling of 

Ca2+ store activation to Orai1-mediated plasma membrane Ca2+ influx33, and inhibits Ca2+ 

re-uptake into the endoplasmic reticulum by the sarco/endoplasmic reticulum Ca2+-ATPase 

(SERCA)33. These effects of intracellular alkalization will increase the probability and 

amplitude of transient Ca2+ release events, which in ICC means an increased frequency 

of the Ca2+ transients that underlie electrical slow waves. Mitochondrial Ca2+ buffering is 

enhanced in response to cytosolic alkalization by favoring H+/Ca2+ exchange across the 

inner mitochondrial membrane53, 54. This effect will shorten the duration of transient Ca2+ 

release events, which in ICC means shorter electrical slow waves due to rapid buffering 

of released cytosolic Ca2+ and repolarization of plasma membrane as Ca2+-activated Ano1 

channels close. Our observations match these predictions, raising extracellular HCO3
− to 

100mM will alkalize the cytosol on entry through NBCe1, which we found reversibly 

increased the frequency and shortened the duration of the slow waves. Removing HCO3
− 

will acidify the cytosol due to efflux of HCO3
− through NBCe1, which we found reduced 

slow wave frequency, slowed the rise time to peak amplitude and increased slow wave 

duration. These changes in slow wave properties due to modulation of intracelluar Ca2+ 

handling are modest compared to the effect of completely blocking intracellular Ca2+ release 

or reuptake but consistent with studies that identified the central role of Ca2+ in slow wave 

generation20,23. It is also probable that altered intracellular pH could modify the activity 
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of other molecules linked to slow wave generation including the T-type Ca2+ channel and 

the NKCC1 transporter but data are not available on how or whether they are affected. The 

other notable observation was that increasing and reducing HCO3
− concentrations resulted 

in little change to membrane voltage at the peak of the slow wave events, even though 

it is likely that peak intracellular Ca2+ concentrations changed in response to changes in 

intracellular pH, as it does in other cell types33. This demonstrates that Ano1 activation, 

which sets the plateau potential of the slow wave by driving the ICC membrane potential to 

the zero current potential for small anions, is not significantly affected by intracellular pH. 

Furthermore, it shows that the reversal potential for Ano1-mediated anion conductances is 

not modified by replacing Cl− with HCO3
−, consistent with the high HCO3

− permeability 

of Ano1 channels55–57. Our proposed model for how HCO3
− transport contributes to the 

electrical activity in the mouse small intestine is illustrated in the graphical abstract provided 

with this article (Supplementary Figure 1).

The rapid and profound effects of substituting Na+ with Li+ on smooth muscle membrane 

potential and slow wave activity, while consistent with the inability of NBCe1 to co­

transport Li+ and HCO3
−/CO3

2− 48, were considerably greater than the simple effect of 

removing HCO3
−. Voltage-gated Na+ currents, while present in human intestinal ICC, have 

not been found in rodent smooth muscle cells11, 58 and even if they were present, they are 

freely permeable to Li+, so replacement of Na+ should not impact any contribution of these 

channels to slow wave generation. However, Li+ is not carried by either NCX or NKCC1 

activity48, and both of these transporters play a role in generation of Ca2+ transients that 

underlie pacemaker activity in ICC from both mouse intestine and rabbit urethra28, 29, 59. 

The absence of a further effect when we removed HCO3
− from Li+ containing solutions was 

consistent with NBCe1 activity being the major contributor to HCO3
− transport in ICC-MY 

and overall our results support a role for plasma membrane Na+ transport in ICC function.

NBCe1 activity appears to contribute most to HCO3
− transport when the steady state is 

disrupted, for example after changing extracellular HCO3
−. This is evident in the significant 

effect of S-0859 in reducing changes in smooth muscle membrane potential and slow wave 

amplitude and frequency in response to removing HCO3
−. S-0859 produced small changes 

to baseline electrical activity when applied in normal KRB to the tissue for up to 8 minutes, 

indicating that NBCe1 may be playing a minimal dynamic role in slow wave generation but 

is more important for homeostatic regulation of intracellular pH and trans-membrane HCO3
− 

distribution. S-0859 at 30μM is selective for NBCe1 over other plasma membrane transport 

proteins that contribute to regulation of intracellular pH. For example 10–30μM S-0859 does 

not significantly affect NHE activity, HCO3
−/Cl− exchange, carbonic anhydrase activities 

or Na+/Ca2+ exchange in cardiac ventricular myocytes43. S-0859 does partially inhibit the 

activity of monocarboxylate transporters (Slc16a1, Slc16a3 and Slc16a7) and the neutral 

Na+ HCO3
− transporter NBCn1, Slc4a744, 45 at 50μM but the mRNA transcripts for these 

molecules are not significantly enriched in pacemaker ICC-MY of mouse small intestine36. 

Overall, the effects of S-0859 confirm that NBCe1 activity contributes significantly to 

pacemaker activity of mouse small intestinal ICC although the activity of other selective ion 

transport mechanisms also play important roles in this process.
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This study identifies pacemaker activity as the principal molecular process modified by 

HCO3
− transport in ICC, other studies have shown that elevated intracellular pH in ICC 

increases coupling between ICC through gap junctions60, 61. We did not observe evidence of 

irregular slow wave activity following removal of HCO3
−, which would be consistent with 

disrupted ICC network function as predicted by a decrease in intracellular pH. Slow wave 

activity prior to application of 100mM HCO3
− was consistently regular, so there was no 

possibility to see any evidence of higher ICC coupling in those experiments.

Overall, these studies identify a component of the cellular physiology of ICC that can be 

investigated in depth thanks to the development of new tools for altering gene expression 

and following changes in intracellular Ca2+ and pH. The unresolved question is whether 

NBCe1 is setting global intracellular pH levels or if it contributes to transient or local 

gradients of pH perhaps due to its voltage dependence. NBCe1 is a molecule that is 

discretely distributed in polarized cells and it is likely that it is restricted to specific 

microdomains in the plasma membrane of ICC, possibly adjacent to other molecules 

including NKCC129 and the T-type Ca2+ channel, Cacna1h21, 22 that contribute to functional 

pacemaker units in ICC-MY. Loss of function mutations in SLC4A4 have profound effects 

on human health62, 63 and Slc4a4-knockout die shortly after birth42 due to systemic acidosis. 

Linkage of mutations in SLC4A4 to gastrointestinal motility disorders have not been 

reported but may be evident for mutations that affect one or other of the transcript variants 

generated from the SLC4A4 gene. In conclusion, NBCe1 is a major contributor to HCO3
− 

transport in ICC-MY, which is required for normal pacemaker activity in the small intestine 

of mice, and likely contributes to gastrointestinal motility patterns.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. NBCe1-immunoreactivity (NBCe1-IR) in myenteric interstitial cells of Cajal (ICC-MY) 
of the mouse small intestine.
Flattened projection images generated from a stack of confocal images through the full 

thickness of the small intestinal muscularis propria shown en face from the myenteric region 

and deep muscular plexus (A). ICC-MY are doubly labelled for KIT and NBCe1 (upper 

panels) whereas ICC-DMPare NBCe1-negative (lower panels). A small number of myenteric 

neurons, indicated by white arrowheads are NBCe1-positive but Kit-negative. Panel B) 

shows the confocal stack in cross section showing that Kit and NBCe1 only co-localizes 

in the myenteric region. Images are representative of observations from independent 

experiments on tissues from N=3 mice.
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Figure 2: The effect of removing HCO3- from the extracellular recording solution on electrical 
slow wave activity in the mouse small intestine.
Removal of HCO3

− reversibly caused membrane potential depolarization (A) and smaller, 

lower frequency slow waves (B). Pooled analysis showing reproducible and statistically 

significant effects on membrane potential (C), slow wave amplitude (D), slow wave 

frequency (E), slow wave duration (width at half peak amplitude, F) and slow wave rise 

time from 10–90% of peak amplitude (G). The dotted line in panel A indicates the baseline 

membrane voltage to which the traces in panel B are aligned and the regions of the traces 

shown in panel B are linked by lines to the corresponding regions in panel A. Points 

represent data from individual mice calculated as means of recordings from each tissue. 

Whiskers are means ± STDEV. ** - P < 0.001 vs 15.5 mM HCO3
−, * - P < 0.05 vs 15.5 mM 
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HCO3
−, †† - P < 0.001 vs 0 mM HCO3

−, † - P < 0.05 vs 0 mM HCO3
−. Repeated measures 

one-way ANOVA with Tukey’s post test. N = 26 mice.

Zhao et al. Page 18

Neurogastroenterol Motil. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: The effect of 100 mM HCO3- concentration in the extracellular recording solution on 
electrical slow wave activity in the mouse small intestine.
100 mM HCO3

− reversibly caused membrane potential hyperpolarization (A) and larger, 

faster frequency slow waves (B). Pooled analysis showing reproducible and statistically 

significant effects on membrane potential (C), slow wave amplitude (D), slow wave 

frequency (E), slow wave duration (width at half peak amplitude, F) and slow wave rise 

time from 10–90% of peak amplitude (G). The dotted line in panel A indicates the baseline 

membrane voltage to which the traces in panel B are aligned and the regions of the traces 

shown in panel B are linked by lines to the corresponding regions in panel A. Points 

represent data from individual mice calculated as means of recordings from each tissue. 

Whiskers are means ± STDEV. * - P < 0.05 vs 15.5 mM HCO3
−, † - P < 0.05 vs 100 mM 
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HCO3
−. Repeated measures one-way ANOVA with Tukey’s post test. n = 17 cells from N = 

5 mice.
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Figure 4: The effect of replacing 120 mM NaCl with LiCl in the extracellular recording solution 
on electrical slow wave activity in the mouse small intestine.
Replacement of 120 mM of NaCl with equimolar LiCl in the extracellular solution 

reversibly caused membrane potential depolarization (A) and lower amplitude, longer 

duration, slower frequency slow waves (B). Pooled analysis showing reproducible and 

statistically significant effects on membrane potential (C), slow wave amplitude (D), slow 

wave frequency (E), slow wave duration (width at half peak amplitude, F) and slow wave 

rise time from 10–90% of peak amplitude (G). Points represent data from individual mice 

calculated as means of recordings from each tissue. The dotted line in panel A indicates 

the baseline membrane voltage to which the traces in panel B are aligned and the regions 

of the traces shown in panel B are linked by lines to the corresponding regions in panel A. 

Whiskers are means ± STDEV. * - P < 0.05 vs Na+-containing Krebs Ringer solution, † - 
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P < 0.05 Washout vs Li+-containing solutions. Repeated measures one-way ANOVA with 

Tukey’s post test. n = 19 cells from N = 5 mice.
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Figure 5: The effect of replacing 120 mM NaCl with LiCl and removing HCO3- from the 
extracellular recording solution on electrical slow wave activity in the mouse small intestine.
Replacement of 120 mM of NaCl with equimolar LiCl in 0 HCO3

− extracellular solution 

reversibly caused membrane potential depolarization (A) and lower amplitude, slower 

frequency slow waves (B). Pooled analysis showing reproducible and statistically significant 

effects on membrane potential (C), slow wave amplitude and (D), slow wave frequency 

(E). Slow wave duration (width at half peak amplitude (F), and slow wave rise time from 

10–90% of peak amplitude (G) were slightly longer. The dotted line in panel A indicates 

the baseline membrane voltage to which the traces in panel B are aligned and the regions 

of the traces shown in panel B are linked by lines to the corresponding regions in panel 

A. Points represent data from individual mice calculated as means of recordings from each 

tissue. Whiskers are means ± STDEV. * - P < 0.05 vs Na+-containing Krebs Ringer solution, 
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† - P < 0.05 Washout vs Li+-containing solutions. Repeated measures one-way ANOVA with 

Tukey’s post test. n = 14 cells from N = 4 mice.
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Figure 6: The effect of removing HCO3- from the extracellular recording solution in the 
presence of the NBCe1 inhibitor S-0859 on electrical slow wave activity in the mouse small 
intestine.
Incubation of tissue with 30 μM of the NBCe1 inhibitor, S-0859, caused a small membrane 

potential hyperpolarization alone and reduced the effect of removing HCO3
− on membrane 

potential depolarization (A) and electrical slow wave activity (B). Pooled analysis showing 

reproducible and statistically smaller effects on membrane potential (C), slow wave 

amplitude (D), and slow wave frequency (E) of switching from 15.5 mM to 0 mM HCO3
−. 

The dotted line in panel A indicates the baseline membrane voltage to which the traces in 

panel B are aligned and the regions of the traces shown in panel B are linked by lines to the 

corresponding regions in panel A. Points represent data from individual mice calculated as 

means of recordings from each tissue, n = 31 cells from N = 26 mice for control and n = 24 
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cells from N = 7 mice in presence of S-0859. Whiskers are means ± STDEV. * P < 0.05 vs 

effect in absence of S-0859 (Control), unpaired Student’s t test.

Zhao et al. Page 26

Neurogastroenterol Motil. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zhao et al. Page 27

Table 1:
Constituents of extracellular solutions used for electrical recordings.

Solutions ② - ⑥ were adjusted pH to 7.4 at 37°C with 1M NaOH. Solution ① reached equilibrium at pH 

7.35–7.45 when gassed for 1 hour at 37°C with 97% O2: 3%CO2 and was not adjusted further. The osmolarity 

of the solutions was confirmed to be be 310 ± 5 mOsm L−1 at equilibrium.

①
15.5mM HCO3

−
②

15.5mM HCO3
− w 

HEPES

③
HCO3

−-free
④

100mM HCO3
−

⑤
Low Na+ w. Li+

⑥
Low Na+ w. Li+ 

HCO3
−-free

NaCl (mM) 120 120 120 35.5 - -

LiCl - - 120 120

KCl (mM) 5.9 5.9 5.9 5.9 5.9 5.9

NaHCO3 (mM) 15.5 15.5 - 100 15.5 -

NaH2PO4 (mM) 1.2 1.2 1.2 1.2 1.2 1.2

Glucose (mM) 11.5 11.5 11.5 11.5 11.5 11.5

CaCl2 (mM) 2.5 2.5 2.5 2.5 2.5 2.5

MgCl2 (mM) 2.56 2.56 2.56 2.56 2.56 2.56

HEPES (mM) - 15.5 15.5 15.5 15.5 15.5

Gas (O2:CO2) 97:3 97:3 100:0 80:20 97:3 100:0
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