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Abstract

Intracellular Cl− homeostasis is regulated by anion-permeable channels and transporters and 

contributes to excitability of many cell types including smooth muscle and interstitial cells of 

Cajal (ICC). Our aims were to investigate the effects on electrical activity in mouse jejunal muscle 

strips, of substituting extracellular Cl− (Cl−o) with the impermeant anions, gluconate and 

isethionate. On reducing Cl−o, effects were observed on electrical slow waves with small effects on 

smooth muscle membrane voltage (Em). Restoration of Cl− hyperpolarized smooth muscle Em 

proportional to the change in Cl−o concentration. Replacement of 90% of Cl−o with gluconate 

reversibly abolished slow waves in 5/9 preparations. Slow waves were maintained in isethionate. 

Gluconate and isethionate substitution had similar concentration dependent effects on peak 

amplitude, frequency, width at half peak amplitude, rise time and decay time of residual slow 

waves. Gluconate reduced free ionized Ca2+ in Krebs solutions to 0.13 mM. In Krebs solutions 

containing normal Cl− and 0.13 mM free Ca2+, slow wave frequency was lower, width at half peak 

amplitude was smaller and decay time was faster. The transient hyperpolarization following 

restoration of Cl−o was not observed in W/Wv mice, which lack pacemaker ICC in the small 

intestine. We conclude that in smooth muscle cells, the resting Cl− conductance is low, whereas 

transmembrane Cl− movement in ICC plays a major role in generation or propagation of slow 
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waves. Furthermore, these data support a role for ICC in setting smooth muscle Em and that 

altering Cl− homeostasis in ICC can alter smooth muscle Em.
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INTRODUCTION

It has been established for more than 40 years that Cl− is not passively distributed in 

gastrointestinal smooth muscle (Casteels, 1971; El-Sharkaway & Daniel, 1975; Aickin & 

Brading, 1983; Barajas-Lopez et al., 1989) and that there is a complex relationship between 

the distribution and transport of Cl− and the distribution and transport of other ions including 

Na+, K+ and Ca2+, as well as responses to changes in pH and osmolality. The full 

complement of Cl− ion transporters and Cl− selective channels has not been determined for 

the cell types in gastrointestinal muscularis externa of any species. However, examination of 

the transcriptional profiles recently published for mouse small intestinal cell types (Chen et 
al., 2007; Lee et al., 2015; Lee et al., 2017) reveals that RNA for CLCN voltage-gated Cl− 

channels, two Cl− transporting, Slc4a anion exchangers (AE2 and AE3) and the KCC Slc12a 

cation coupled Cl− transporters as well as several members of the anoctamin/TMEM16 

family of Ca2+ activated Cl− channels are expressed in smooth muscle cells (Lee et al., 
2015). Interstitial cells of Cajal (ICC) also express many of these same molecules (Chen et 
al., 2007; Lee et al., 2015) with selective enrichment of anoctamin 1 (Ano1, TMEM16A), 

Slc12a2 (NKCC1), Slc12a5 (KCC2), Slc12a7 (KCC4) and Slc4a3 (AE3) in ICC relative to 

other cells in the muscularis externa (Chen et al., 2007). Furthermore, the expression data 

from ICC have been confirmed for the Ca2+ activated Cl− channel, Ano1 and the Na+,K+, 

two Cl− co-transporter (NKCC1) in functional studies and those studies have revealed 

important roles in pacemaker generation by ICC in gastrointestinal smooth muscle (Wouters 

et al., 2006; Gomez-Pinilla et al., 2009, Hwang et al., 2009; Singh et al., 2014).

ICC are cells that generate the spontaneous electrical activity or pacemaker potential that 

drives the electrical ‘slow waves’ (Szurszewski, 1987; Ward et al., 1994; Huizinga et al., 
1995), set membrane potential gradients to neighboring smooth muscle cells (Sha et al., 
2007), mediate neuromuscular signaling (Ward et al., 2000; Ward et al., 2006) and act as 

mechanosensors (Strege et al., 2003; Won et al., 2005). ICC express the Kit receptor tyrosine 

kinase and mutant mice hypomorphic for Kit expression such as the W/Wv mutant lack ICC 

in the myenteric region of the small intestine and do not have slow wave activity (Maeda et 
al., 1992; Ward et al., 1994; Huizinga et al., 1995). El-Sharkaway & Daniel (1975) reported 

evidence that Cl− was involved in the generation of the electrical slow wave prior to the 

identification of the ICC as the source of what they described as “control potentials”. 

Subsequent studies have provided evidence that the secondary plateau component of the 

electrical slow wave is dependent on the opening of Ca2+-activated Cl− channels (Hirst & 

Edwards, 2001; Kito et al., 2002; Kito & Suzuki, 2003) and this observation was supported 

by data showing that slow waves are absent in Ano1 knockout mice (Hwang et al., 2009; 

Singh et al., 2014) and are altered in Ano1 conditional knockout mice (Malysz et al., 2017). 
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Slow waves are also altered in NKCC1 knockout mice as well as following treatment of wild 

type tissues with the NKCC1 inhibitor bumetanide (Wouters et al., 2006). Functionally, the 

properties of electrical slow waves alter gastrointestinal smooth muscle contractile patterns 

in various ways depending on whether the peak of the slow wave depolarization is large 

enough and the smooth muscle cells are sufficiently excitable to initiate a contractile event. 

The duration of the slow wave, which is altered by the rise and decay times of the events, 

contributes to the duration of each contractile event and the frequency of the slow waves 

determine the patterns of contractility that develop and propagate across each region of the 

gastrointestinal tract (Sanders et al., 2014). Changes to electrical slow wave activity and ICC 

network density are associated with several gastrointestinal motility disorders including 

gastroparesis, chronic unexplained nausea and vomiting, and slow transit constipation 

(Lyford et al., 2002; Grover et al., 2011; O’Grady et al., 2012; Angeli et al., 2015).

The resting membrane potential in the smooth muscle sets the excitability of the tissue and 

ICC also set the membrane potential gradients in the smooth muscle, as identified in a series 

of experiments that found that carbon monoxide generated by heme oxygenase-2 in ICC of 

the myenteric region of the small intestine was the agent responsible for the gradient (Sha et 
al., 2007; Farrugia et al., 2003; Bauer & Sanders, 1986). In the small intestine, the outer 

circular smooth muscle adjacent to the myenteric ICC is more hyperpolarized than the inner 

circular smooth muscle layer and this has been proposed to represent a physiological 

rheostat that regulates how far across the circular muscle layer a contraction is initiated in 

response to each electrical slow wave (Sha et al., 2007). K+ selective ion channels are 

considered to be the conductances that contribute most significantly to the resting membrane 

potential of ICC and smooth muscle (Flynn et al., 1999; Farrugia et al., 1993) but the 

presence of Cl− -selective transporters and ion channels in ICC was not taken into account in 

these studies and they also have the capacity to contribute to the membrane potentials of ICC 

and smooth muscle.

Unlike vascular smooth muscle cells (Chipperfield & Harper, 2000), Cl− channel activity in 

smooth muscle cells does not appear to play a major role in the excitability of 

gastrointestinal smooth muscle. There are few reports of Cl− channels in gastrointestinal 

smooth muscle cells and one report that directly states that Cl− currents could not be 

detected in smooth muscle cells from the mouse small intestine (Tokutomi et al., 1995). In 

the light of an increased understanding of the activities and the distribution of Cl− channels 

and transporters in gastrointestinal smooth muscle, we tested the effects of two anionic 

substitutes for Cl−, gluconate and isethionate, on the electrical activity of mouse small 

intestine. These ions are not transported by Cl− ion exchangers (Owen & Prastein, 1985; 

Koncz & Daugirdas, 1994) and permeate poorly through Cl− channels (Greenwood & Large, 

1999; Pezier et al., 2010; Reyes et al., 2014). The objectives of these studies were to 

determine the effects on membrane potential and electrical activity in the small intestinal 

muscularis externa of substituting extracellular Cl− with the impermeant anions gluconate 

and isethionate.
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METHODS

Ethical Approval

The mice used in this study were maintained and the experiments were performed with 

approval from the Institutional Animal Care and Use Committee of the Mayo Clinic 

(IACUC, Rochester, MN, USA) under protocol numbers A00002343-16 and A70813-14. 

The mice had free access to food and water at all times. Food and water were checked and 

changed every day. Animals were killed by CO2 inhalation.

Tissue preparation

Adult (4 weeks or older) wild-type mice of either sex (WT, C57BL/6J) and W/Wv mutant 

mice were used. W/WV mutant mice were obtained from The Jackson Laboratory, Bar 

Harbor, Maine, USA. Jejunum segments (about 10 mm long) were removed and opened 

along the mesenteric border in Krebs solution. Muscle strips with intact myenteric plexus 

were prepared and pinned on Sylgard elastomer (Dow Corning Corp., Midland MI) coated 

custom made recording chambers (60 mm × 15 mm) with the longitudinal muscle facing 

upward. Muscles were pinned using fine wire pins (California Fine Wire Company, Grover 

Beach, CA, USA). Glass capillary microelectrodes (borosilicate glass tube, 1.2 mm OD, 0.6 

mm ID, 75 mm length, FHC Inc., Bowdoin, ME, USA) were pulled using a P-97 

micropipette puller (Sutter Instruments, Novato, CA, USA). Microelectrodes filled with 3 M 

KCl had tip resistances ranging between 70 to 90 MΩ. Transmembrane potentials were 

measured using an Axoclamp 2B amplifier (Axon Instruments/Molecular Devices Corp., 

Sunnyvale, CA, USA) or Duo 773 amplifier (World Precision Instruments, Sarasota FL) and 

a Digidata 1440A acquisition system, and stored on a computer running Axoscope 10.0 

software (Axon). Signals were recorded at a sampling rate 2 kHz (interval of 500 μs). The 

bath electrode was dipped in an agarose salt bridge made with 3 M KCl to eliminate any 

junction potential following a change in the ionic composition. Muscle recordings of W/Wv 

mutant animals were confirmed by the presence of evoked inhibitory junction potentials 

(IJPs). Electrical field stimulation was applied using two platinum wires placed 

perpendicular to the longitudinal axis of the preparation.

Solutions and drugs

The electrophysiological recording chamber was constantly perfused with an oxygenated 

Krebs solution aerated with 97% O2-3% CO2, and the pH of the solution was maintained at 

7.35–7.45 at 37°C (±1°C). The Krebs solution had the following ionic composition (in mM): 

Na+, 137; K+, 5.9; HCO3
−, 15.5; H2PO4

−, 1.2; Ca2+, 2.5; Mg2+, 1.2; Cl−, 134; glucose, 11.5. 

This solution contains a normal concentration of 134 mM extracellular Cl−. Krebs solutions 

containing low extracellular chloride concentrations i.e., [Cl−]o = 13.3 mM, 39.9 mM and 

119.8 mM were prepared by equimolar replacement of NaCl with either the sodium salts of 

gluconate or isethionate as required. These concentrations were chosen by cutting the levels 

of Cl− to 90%, then 30% then 10% of normal levels. The Ca2+-adjusted sodium gluconate 

solution had the same composition as regular Krebs solution except NaCl was omitted and 

replaced with Na-gluconate (120 mM) and CaCl2 was 12.5 mM; the final [Cl−] was 33.3 

mM. In bicarbonate-free Krebs solution, 15.5 mM HEPES was used instead of NaHCO3 and 

pH adjusted to 7.4 using NaOH (adding additional 7.5 – 10 mM Na+); the bicarbonate free 
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solution was gassed with 100% O2. The extracellular concentration of ionized, free Ca2+ in 

different Krebs solutions was measured using a Ca2+ ion-selective electrode (Vernier, 

Beaverton, OR, USA). Solutions containing low [Ca2+]o were prepared by omitting CaCl2 

from the Krebs solution and were balanced for chloride with NaCl. Muscles were allowed to 

equilibrate for 1–2 hrs before experiments were started. Electrical recordings were carried 

out in the presence of 2–5 μM nicardipine which was dissolved in ethanol at the stock 

concentration of 10 mM (Sigma-Aldrich, St Louis, MO, USA) to minimize muscle 

contractility and to attain stable impalements. The membrane potential was also studied 

from the small intestine of W/WV mutant mice in the presence of tetrodotoxin (TTx; EMD 

Chemicals, Inc., San Diego, CA, USA) at 0.5 μM concentration to block neurotransmission.

Data Analysis for Electrophysiology

Data were analyzed off-line using Clampfit 10.3.1.5 software (Axon Instruments) or 

MiniAnalysis version 6 (Decatur, IL, USA) for the following slow wave parameters: (i) the 

resting membrane potential (RMP, mV), (ii) instantaneous frequency defined as the 

reciprocal of the inter-event interval (peak to peak) at the time point indicated (Hz), (iii) 

peak amplitude (mV), (iv) half-width (ms), (v) rise time 10%–90% (ms) and (vi) decay time 

90%–10% (ms). All the raw slow wave recordings were low-pass filtered using Butterworth 

(8-pole) in Clampfit with a cut-off of 60 Hz without altering the shape of the slow wave. In 

low [Cl−]o Krebs solution, spontaneous electrical activity was accepted for analysis if the 

slow wave peak amplitude of the events was greater than 3 mV. Hence, some data (in Table 

1) in the present study are underrepresented wherein no slow wave was observed and/or the 

peak amplitude of the events was less than 3 mV.

Statistics

Data are expressed as means ± standard deviation (STDEV). Statistical significance was 

determined by Graphpad Prism using the appropriate statistical tests as indicated in the text. 

P values of less than 0.05 were considered as a statistically significant difference. The ‘N’ 

values refer to the number of animals.

RESULTS

Effects of reduction of [Cl−]o on slow waves recorded from smooth muscle cells by 
substituting with gluconate−

The effects of changing extracellular chloride concentration ([Cl−]o) on the electrical 

properties of smooth muscle were investigated by replacing 90%, 70%, and 11% of [Cl−]o 

with the less permeant anion gluconate− resulting in the following [Cl−]o: 13.3 mM, 39.9 

mM and 119.8 mM, respectively. Application of gluconate Krebs solution containing 13.3 

mM [Cl−]o resulted in a transient hyperpolarization of the membrane potential (Em, mV) in 

the first 40 s period after the solution change (Fig 1A1, A2 and Fig 2A; Table 1, ΔEm). This 

effect was concentration dependent as shown in Fig 1B,C and Fig 2A (Table 1, ΔEm). The 

transient hyperpolarization in response to gluconate Krebs solution containing 13.3 mM 

[Cl−]o was accompanied by changes to the electrical slow wave. The instantaneous 

frequency (Hz) of the slow wave was increased by 9.4% (Table 1; Fig 2F); and the events 

were shorter in duration as indicated by a decrease in half-width (ms) (Table 1; Fig 2G). 
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These transient effects were not sustained on prolonged perfusion of low [Cl−]o with a 

gluconate Krebs solution. Longer perfusion with low [Cl−]o, gluconate-containing Krebs 

solution also produced concentration dependent effects on the electrical properties of mouse 

jejunal circular smooth muscle (Fig 1A1, A2-C). At 13.3 mM [Cl−]o, gluconate-containing 

Krebs solution, the electrical slow wave was abolished in 4 out of 8 experiments after the 

solution change (Fig 1A1). In 39.9 mM [Cl−]o slow wave was abolished in 1 out of 9 

experiments; and in 119.8 mM [Cl−]o, gluconate-containing Krebs, the slow wave was not 

abolished in any experiments (N=9) even after up to 11–15 min perfusion. However, the 

peak amplitude of the electrical slow wave was significantly reduced after 4–5 min perfusion 

in 39.9 mM [Cl−]o, gluconate-containing Krebs in a manner consistent with the 

concentration dependence of the slow wave amplitude on [Cl−]o (Fig 2E; Table 1). Complete 

solution change in our system takes 5 min. The membrane potentials recorded when the 

electrical properties had reached a steady state after application of low [Cl−]o, gluconate-

containing Krebs solution (4–5 min) were not different from the membrane potentials prior 

to solution change for any Cl− concentration (Fig 2B).

In experiments where a slow wave remained (Fig 1A2) after 5 min perfusion with low 

[Cl−]o, gluconate-containing Krebs solution (N = 4 and 8 with 13.3 and 39.9 mM Cl− 

respectively), significant, concentration-dependent effects were observed on instantaneous 

frequency, half width, rise time and decay time of the residual slow wave activity (Fig 2F–I). 

The frequency of the slow waves was significantly slowed by 29.8 and 26.8% in 13.3 mM 

and 39.9 mM [Cl−]o, gluconate-containing Krebs respectively (Fig 2F; Table 1). 

Extracellular Cl− concentrations of 13.3 mM and 39.9 mM, gluconate-containing Krebs also 

reduced the duration of the slow waves, as indicated by the width at half of the peak 

amplitude (Fig 2G; Table 1); slowed the rise times between 10 and 90% of peak amplitude 

(Fig 2G; Table 1); and reduced the decay times from 90 to 10% of peak amplitude (Fig 2I; 

Table 1).

On returning to normal Krebs solution, a transient hyperpolarization was observed (avg. of < 

3.5 min after the solution change) that was dependent on the concentration of Cl− substituted 

during the treatment (Fig 1A, B and Fig 2C; ΔEm, 13.3 mM [Cl−]o: −8.32 ± 3.41 mV; 39.9 

mM [Cl−]o: −2.60 ± 2.89 mV; N=8–9; P < 0.05 vs. baseline; paired t test); and the peak 

amplitude of the electrical slow wave was significantly increased (Fig 2E; Control: 18.50 

± 7.41 mV; 13.3 mM [Cl−]o: 25.75 ± 7.71 mV; Control: 19.84 ± 7.41 mV; 39.9 mM [Cl−]o: 

23.54 ± 6.23 mV; N=8–9; P < 0.05 for both concentration; paired t test). The membrane 

potential and properties of the slow wave returned to control values after complete washout 

of the low [Cl−]o gluconate Krebs solution.

Effects of removal of [Cl−]o using isethionate− as an alternative anion substitute

Gluconate is reported to have biological activities that are not related to its function as an 

anion substitute (Christoffersen & Skibsted, 1975). Therefore, we investigated the effect on 

electrical activity in mouse jejunal circular smooth muscle of replacing extracellular Cl− 

with isethionate (Fig 3A–C), a different anion with low permeability through Cl− channels. 

Replacement of [Cl−]o with isethionate affected both membrane potential and slow wave 

properties. Application of 13.3 mM [Cl−]o, isethionate Krebs solution did not cause the 
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transient effect on membrane potential in the first 40 s period (Fig 4A) after the solution 

change that was observed with the gluconate Krebs solution (Fig 2A). However, unlike 

gluconate, replacement of extracellular Cl− with isethionate did cause a significant 

depolarization of the membrane potential after the solution change (4–5 min) (Fig 3A and 

4B; Table 2, ΔEm). Perfusion with 39.9 mM and 119.8 mM [Cl−]o isethionate Krebs had no 

significant effect on the membrane potential (Fig 4B; Table 2, ΔEm). The effects of low 

[Cl−]o isethionate Krebs solution on slow waves were similar to those observed when using 

gluconate as a substitute except that slow wave activity remained after complete solution 

exchange in 13.3 mM [Cl−]o, isethionate Krebs in 5 out of 5 experiments. However, the peak 

amplitude was reduced by an average of 30% following complete solution exchange with 

13.3 mM [Cl−]o, isethionate Krebs (Fig 3A and Fig 4E; Table 2). No significant effects on 

the instantaneous frequency of the slow wave and duration of events were observed 

following perfusion with the other two extracellular Cl− concentrations of isethionate Krebs 

(Fig 3B, C, and 4F,G; Table 2). The effects of isethionate substitution on the other slow wave 

parameters were concentration dependent and resulted in smaller electrical slow waves at a 

lower frequency (Fig 3A–C). In 13.3 and 39.9 mM [Cl−]o, isethionate Krebs the 

instantaneous frequency was reduced by 21.9 and 14.1% respectively (Fig 4F; Table 2). Low 

[Cl−]o, isethionate Krebs also significantly reduced the duration of the slow waves as 

indicated by the width of the events at half the peak amplitude (Fig 4G; Table 2); slowed the 

rise times between 10 and 90% of peak amplitude (Fig 4H; Table 2); and decreased the 

decay times from 90 to 10% of peak amplitude (Fig 4I, Table 2). Upon washout (avg. of < 

3.5 min after the solution change) the effects of low [Cl−]o isethionate Krebs solution on 

slow wave activity were similar to the effects of low [Cl−]o gluconate Krebs in that a 

transient hyperpolarization in membrane potential (Fig 3A, B and Fig 4C,D; ΔEm, 13.3 mM 

[Cl−]o: −8.40 ± 3.76 mV; 39.9 mM [Cl−]o: −4.06 ± 2.56 mV; N=5–6; P < 0.05 vs. baseline; 

paired t test); and the peak amplitude of the electrical slow wave was significantly increased 

(Fig 4E; Control: 24.92 ± 10.60 mV; 13.3 mM [Cl−]o: 36.49 ± 12.71 mV; Control: 25.17 

± 7.04 mV; 39.9 mM [Cl−]o: 32.76 ± 5.83 mV; N=5–6; P < 0.05 for both concentration; 

paired t test). The electrical activity fully returned to control values after complete washout 

of the low [Cl−]o isethionate Krebs solution.

Concentration of free Ca2+ in low [Cl−]o gluconate vs. isethionate Krebs solution

It has been reported that free Ca2+ concentrations in solution are lowered by substitution of 

Cl− with gluconate or isethionate (Neufeld & Wright, 1995). Therefore, we measured the 

free Ca2+ concentration in Krebs solutions containing gluconate and isethionate at pH 7.4 

after equilibration with CO2 using a Ca2+-ion selective electrode. Replacement of NaCl by 

equimolar Na-gluconate in Krebs solution reduced the free [Ca2+] in a concentration 

dependent manner with a maximal reduction of approximately 85% in free Ca2+ in normal 

Krebs (Fig 5; Control, 134 mM Cl−: 0.86 ± 0.20 mM Ca2+; 120.3 mM gluconate, 13.3 mM 

Cl−: 0.13 ± 0.04 mM Ca2+; 94.1 mM gluconate, 39.9 mM Cl−: 0.17 ± 0.05 mM Ca2+; 14.2 

mM gluconate, 119.8 mM Cl−: 0.53 ± 0.18 mM Ca2+; N=5; all P < 0.05; unpaired t test). 

Isethionate substitution had a lesser effect than gluconate substitution on free Ca2+ levels in 

solution with a maximal reduction in free Ca2+ of 30% at 120.3 mM Na-isethionate, 13.3 

mM NaCl (Fig 5; Control, 134 mM Cl−: 0.86 ± 0.20 mM Ca2+; 120.3 mM isethionate, 13.3 

mM Cl−: 0.54 ± 0.12 mM Ca2+; 94.1 mM isethionate, 39.9 mM Cl−: 0.56 ± 0.15 mM Ca2+; 
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14.2 mM isethionate, 119.8 mM Cl−: 0.57 ± 0.19 mM Ca2+; N=5; all P < 0.05; unpaired t 

test). Thus, it appears possible that the chelation of free Ca2+ by gluconate could mediate 

some of the effects of gluconate or isethionate on membrane potential and/or slow wave 

properties.

Effects of reducing [Ca2+]o

To test the effects of free Ca2+ concentration on electrical activity in mouse jejunal smooth 

muscle, we reduced the added CaCl2 in the Krebs solution to give free Ca2+ concentrations 

that were determined using the Ca2+ sensitive electrode to be similar to those measured in 

gluconate and isethionate Krebs solutions. Lowering the extracellular Ca2+ concentrations to 

the levels found in 13.3 mM Cl− gluconate (Fig 6A; 0.13 mM Ca2+) or 13.3 mM Cl− 

isethionate (Fig 6B; 0.54 mM Ca2+) Krebs had no significant effects on membrane potential 

(Fig 6C, D). Slow wave properties were slightly altered at a free Ca2+ concentration of 0.13 

mM, which corresponds to the concentration of Ca2+ in 13.3 mM Cl− gluconate Krebs but 

not affected at a free Ca2+ concentration of 0.54 mM (Fig 6E–I). In the presence of 0.13mM 

free Ca2+ Krebs solution, the peak amplitude of the slow wave did not change (Fig 6E; Table 

3) but significant changes were observed in the instantaneous frequency, width at half peak 

amplitude and decay time from 90–10% of the peak of the slow waves. Reducing the 

extracellular Ca2+ concentration to 0.13 mM decreased the instantaneous frequency by 

14.6% (Fig 6A, F; Table 3); decreased the width at half peak amplitude by 16.7% (Fig 6A, 

G; Table 3); increased the rise time from 10%–90% of peak by 42.3% (Fig 6A, H; Table 3), 

and decreased the decay time from 90%–10% of peak amplitude by 27.1% (Fig 4A, I; Table 

3). These effects on slow wave activity were reversible on washout and not accompanied by 

any transient hyperpolarization after washout. These results indicate that the effect of 

lowering [Cl−]o with either gluconate or isethionate Krebs solution are not similar to the 

effect of lowering [Ca2+]o on the electrical activity of mouse small intestine. Therefore, the 

predominant effects observed with gluconate and isethionate Krebs solution are not due to 

calcium chelation.

Effect of reduced [Cl−]o on W/Wv mouse small intestine

The effects of [Cl−]o on the membrane potential were also studied in smooth muscle of the 

small intestine of W/WV mutant mice (Fig 7A–C). No slow waves were recorded in any of 

the six mutant mice, which lack the small intestinal myenteric ICCs (ICC-MY) (Ward et al., 
1994). Application of 13.3 mM Cl− gluconate Krebs solution had a rapid hyperpolarizing 

effect on membrane potential (Em), which was sustained (Fig 7D, ΔEm, 13.3 mM Cl−: −7.27 

± 2.71 mV; N=6; P < 0.05 vs. baseline; paired t test) and was insensitive to tetrodotoxin (0.5 

μM) (Fig 7D, ΔEm, 13.3 mM Cl− +TTx: −7.81 ± 2.51 mV; N=3; P < 0.05 vs. baseline + 

TTx; paired t test) indicating that the hyperpolarization was independent of neuronal activity. 

The effect of low Cl− gluconate Krebs solution on the membrane potential was reversible 

upon washout. Low [Cl−]o isethionate Krebs solution had no significant effect on the 

membrane potential (Fig 7E, ΔEm,13.3 mM Cl−: 0.05 ± 1.75 mV; N=6; P > 0.05 vs. 

baseline; paired t test) suggesting the gluconate effects were related to reduced extracellular 

Ca2+. These combined data indicate that reduced extracellular Ca2+, but not reduced 

extracellular Cl−, causes hyperpolarization of the membrane potential in the W/Wv mouse 

and support the evidence that extracellular Cl− plays a minor role in setting the membrane 
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potential in mouse jejunal smooth muscle and that ICC play a role in setting the smooth 

muscle membrane potential.

Effect of compensating for the Ca2+ chelating effect of gluconate

In order to overcome the sequestration of free Ca2+ by gluconate, we supplemented the 

Krebs solutions containing gluconate with sufficient CaCl2 to bring the free Ca2+ 

concentration up to 1mM as confirmed using the Ca2+-ion selective electrode. The resulting 

[Cl−]o in this solution was 33.3 mM and the effect of the solution was to cause similar 

effects to those observed in 33.9 mM Cl−, 94.1 mM isethionate Krebs solution (Fig 

8A1,A2). There was no transient hyperpolarization after solution change and after 4–5 min 

of incubation the membrane potential was significantly depolarized by 5.61 ± 1.5 mV (Table 

4; N = 6, P < 0.05; ANOVA with Bonferroni post-test). The peak amplitude of the slow 

wave was reduced by 12% at this time point and the durations and decay times for the slow 

waves were significantly reduced by 24% and 26% respectively (Table 4, N = 6, P < 0.05; 

ANOVA with Bonferroni post-test). In recordings from 1 out of 8 cells, the slow wave was 

abolished after prolonged incubation (Fig 8A1) and in 3 out 7 tissues it was not possible to 

hold the recording throughout washout due to development of visible contractile activity 

accompanied by action potential spiking (see expanded traces Fig 8A2 – wash) in the 

continued presence of L-type Ca2+ channel blocker. We ascribe the effect to either the ability 

of high divalent cation concentrations to displace dihydropyridines like nicardipine from L-

type Ca2+ channels or diminished block of the channels when the cells hyperpolarize on 

washout (Lee & Tsien, 1983). The contractile activity did not allow us to reliable measure 

and quantify the transient hyperpolarization immediately after washout in these experiments. 

The effects of the high Ca2+, 33.9 mM Cl−, 120.7 mM gluconate Krebs solution further 

clarify that substitution of Cl−o with both gluconate and isethionate has similar effects when 

the effects of Ca2+ chelation are taken into account.

Effect of removing HCO3
− from the extracellular solution

Cl− transport is coupled to HCO3
− and could change intracellular pH via the anion 

exchangers, Slc4a2/AE2 (in smooth muscle) and Slc4a3/AE3 (in ICC and smooth muscle) 

(Alper, 2009) and thereby alter slow wave activity and membrane potential. Therefore we 

investigated the effect of removing HCO3
−, using HEPES to buffer the extracellular 

solutions and gassing the solutions with 100% O2. A significant, reversible slow 

depolarization of membrane potential was observed in HCO3
− -free solutions that was 

accompanied by a 26% decrease in the amplitude and a 20% decrease in the frequency of the 

electrical slow wave (Fig 8B, Table 4). However no change was detected in the rise times, 

decay times or width of the slow wave events. These data indicate that changes in 

intracellular pH may play a role in the setting of the smooth muscle membrane potential and 

peak amplitude of the electrical slow wave but that Cl− movement, independent of HCO3
− 

ions, determines the duration of the plateau component of the electrical slow wave.

DISCUSSION

In this study, we observed that substituting Cl− with less permeant anions had significant 

concentration-dependent effects on the smooth muscle electrical slow wave activity. Effects 
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on smooth muscle membrane potential in mouse jejunal smooth muscle were small in 

magnitude and were consistent when using different anion substitutes. These observations 

indicate that the resting Cl− conductance in smooth muscle cells is small, whereas Cl− 

movement plays a major role in the generation or propagation of the electrical slow wave. 

Restoration of normal extracellular Cl− levels was associated with a robust, reproducible 

smooth muscle hyperpolarization, which was not observed in W/Wv mice when taking into 

account extracellular Ca2+, which represents further direct evidence for the role of ICC in 

setting the smooth muscle membrane potential and the importance of Cl− homeostasis in 

ICC function. Tomita and colleagues observed similar effects in recordings from the muscle 

layers of the guinea pig gastric antrum (Tomita & Hata, 2000; Tomita et al., 2000) 

confirming the presence of conserved mechanisms by which Cl− contributes to 

gastrointestinal electrical activity between species and from the stomach to the small 

intestine. Although not fully understood, more recent studies on specific Cl− channels and 

transporters have identified some of these conserved mechanisms and our data are consistent 

with a complex interaction between Cl− homeostasis and electrical activity in 

gastrointestinal smooth muscle. The significance of these observations is in the 

demonstration that changes in Cl− channel activity, or in the electrochemical equilibrium of 

Cl− across the plasma membrane of ICC, will significantly alter slow wave duration and the 

size and pattern of contractile responses in smooth muscle cells as well as the membrane 

potential and excitability of small intestinal smooth muscle. Previous studies have shown 

that splice variants of the Ca2+ activated Cl− channel, Ano1, that alter the Cl− currents 

generated by this gene, are differentially expressed in the gastric muscle layers of patients 

with diabetic gastroparesis (Mazzone et al., 2011). Physiological and pathological regulation 

of expression of NKCC1 and KCC2, Cl− transporters in dorsal root and central neurons 

(Fiumelli & Woodin, 2007) alter the excitability of these neurons and therefore slow wave 

activity in ICC may be under similar regulatory control via these molecules. These 

observations indicate that changes to the activity and/or expression of Cl− channels and 

transporters in ICC can alter motility patterns in health and disease as well as represent a 

therapeutic opportunity.

We focused on ionic substitution and did not test pharmacological regulators of Cl− transport 

in this study due to the poor selectivity and low potency of the currently available 

compounds. All studies were done in either 97% O2 or 100% O2, which while hyperoxic, is 

typical for studies on gastrointestinal smooth muscle preparations.

Adjustment of the homeostatic set-points for Cl− distribution by Cl− transport in the ICC are 

the likely explanation for the robust and reproducible concentration dependent 

hyperpolarization in wild type but not W/Wv mice following washout of either gluconate or 

isethionate. The magnitude of these effects and the slope of the relationship between 

changes in membrane voltage and changes in extracellular Cl− concentration were also 

similar for the two substitutes. Aickin (Aickin & Brading, 1990) reported robust Cl− 

transport in taenia from the guinea pig caecum on restoration of normal extracellular Cl− 

concentrations following depletion by glucuronate and gluconate and that Cl− transport in 

this tissue was mediated by bumetanide-sensitive NKCC transport as well as DIDS-sensitive 

HCO3
−/Cl− anion exchange. It is known that ICC regulate smooth muscle membrane 

potential and contribute to the membrane potential gradient across the circular smooth 
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muscle (Liu & Huizinga, 1993; Sha et al., 2007). Thus we can predict that after equilibration 

in low extracellular Cl−, intracellular Cl− will become depleted, then following the return to 

physiological, extracellular Cl− concentrations, ICC become hyperpolarized until the activity 

of NKCC1 and possibly other Cl− transporters returns the trans-membrane Cl− distribution 

and membrane potential to the normal set point. During the period of re-equilibration, the 

sizes of the electrical slow waves are larger and the frequency and width at half peak 

amplitudes were reduced for both gluconate and isethionate substitution but the membrane 

potential at the peak of slow wave does not exceed the level observed in the control period. 

There was no change in the rise or decay times of the slow wave events. These observations 

further support the conclusion that the dominant role of Cl− channels in mouse intestinal 

smooth muscle are to regulate the secondary, plateau component of the electrical slow waves 

with smaller contributions to the initiation and primary rise to peak of the events. Cl− 

transport by NKCC1 and possibly HCO3
−/Cl− anion exchange sets the Cl− concentration at 

levels where channel activity is effective in contributing to the normal slow wave activity. 

However, even though HCO3
−/Cl− anion exchangers are expressed on both ICC and smooth 

muscle cells, the effects of HCO3
− substitution was modestand limited to effects on 

membrane potential (thus implying that electrogenic anion exchangers such as the Na+/

HCO3
− transporters are functional in these cells) and slow wave frequency, consistent with a 

role for intracellular pH in these electrical properties and confirming that Cl− movement, 

independent of intracellular pH, appears to determine the duration of plateau component of 

the electrical slow wave.

When using either gluconate or isethionate as Cl− substitutes, consistent concentration 

dependent effects were observed on the electrical slow wave, which were reversible on 

washout. The amplitudes, frequencies and widths at half peak amplitude of the slow waves 

were reduced with substitution by gluconate and isethionate, with gluconate having a 

slightly larger effect than the same concentration of isethionate. From a physiological 

perspective, these observations indicate that normal Cl− concentration gradients are required 

to generate, large, sustained depolarization of intestinal smooth muscle cells that can result 

in organized contractile patterns and normal gastrointestinal motility.

Our observations that substitution of Cl− with gluconate and isethionate have differing and 

modest effects on smooth muscle membrane potential prior to washout are consistent with 

previous reports (El-Sharkaway & Daniel, 1975; Tomita & Hata, 2000; Tomita et al., 2000) 

but are not what might be predicted for a simple system, since reduced extracellular Cl− 

should cause a depolarization when there is significant permeability to Cl− in the cells under 

study, due to ECl becoming more positive when the extracellular Cl− concentration is 

lowered. For gastrointestinal smooth muscle cells, intracellular Cl− is generally accepted as 

being in the range determined for guinea pig taenia coli at 60–73 mM with ECl at around 

−40 mV (Casteels, 1971; Aickin & Brading, 1983), these values indicate that intracellular 

Cl− is not in Donnan equilibrium with the resting membrane potential and dependent on the 

active transport of Cl−. In wild type mice, the electrical activity recorded from smooth 

muscle is recorded from a relatively intact system and is the consequence of regulation of 

ionic permeability, transport and channel activity in ICC, smooth muscle cells and neurons. 

Therefore complex responses might be expected. However in recordings from W/Wv mice, 

following incubation with tetrodotoxin to block neuronal activity, the signal is derived from 
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only the smooth muscle cells, as myenteric ICCs are absent from the W/Wv mice (Maeda et 
al., 1992; Ward et al., 1994; Huizinga et al., 1995). In the preparations from the small 

intestine of W/Wv mice, isethionate had no effect and gluconate caused a small 

hyperpolarization in membrane potential. Since gluconate but not isethionate reduced free 

Ca2+ concentrations in bicarbonate Krebs, it is likely that this small hyperpolarization was 

due to an unknown effect of the reduced extracellular Ca2+. Thus Cl− distribution appears to 

have little intrinsic effect on the excitability of mouse small intestinal smooth cells at the 

resting membrane potential, which is consistent with a dearth of reports of Cl− currents in 

isolated gastrointestinal smooth muscle and in contrast with studies on vascular smooth 

muscle where Cl− channels have been identified and where altering Cl− channel activity 

directly alters vascular smooth muscle excitability and tone (Greenwood, 1999; Chipperfield 

& Harper, 2000).

The effect of high gluconate concentrations on free Ca2+ in solution is well established and 

is due to the incomplete ionization of Ca-gluconate and the comparatively high solubility of 

the un-ionized salt at pH 7.4 in bicarbonate buffered Krebs solution (Skibsted & Kilde, 

1972). Thus, a small part of the decrease in the frequency and the half width of the slow 

wave in gluconate containing Krebs solutions can be accounted for by the reduction of free 

extracellular Ca2+ concentrations to 0.14 mM as was previously reported for slow waves in 

the canine gastric antrum (Ward et al., 2004). The effect of Ca2+ associating with gluconate 

can be overcome by proportionately raising the total CaCl2 added to the solution (Tomita et 
al., 2000) as we did here, if it is necessary to use gluconate instead of isethionate, the more 

permeant, but less avid chelator of Ca2+, as a substitute for Cl−. Our studies clearly identify 

the impact of not only gluconate and isethionate but also bicarbonate on the free Ca2+ in 

physiological saline and the utility of obtaining direct, accurate measurements of the 

available Ca2+ in these solutions.

The larger effects of Cl− substitution in wild type mouse small intestine on electrical slow 

waves are likely due to alterations in Cl− exchange and distribution in the myenteric ICC 

that are coupled to the smooth muscle cells. Reductions in frequency, amplitude and the half 

width of the slow wave at steady state following replacement of Cl− are consistent with the 

important role in the generation of the electrical slow wave of a Ca2+-activated Cl− channel, 

Ano1, which is expressed on ICC (Gomez-Pinilla et al., 2009; Hwang et al., 2009). 

Activation of a Cl− conductance has long been linked to the basic mechanism of the 

electrical slow wave in that replacement of NaCl with either sucrose or Na-isethionate 

reduced the frequency or abolished the electrical activity in the rabbit small intestine and the 

dog colon (El-Sharkaway & Daniel, 1975; Barajas-Lopez et al., 1989). There is some 

disagreement as to the mechanism for this effect. Shortening of the half width of the slow 

wave indicates that a Cl− conductance is important for the secondary, plateau component of 

the slow wave, an effect that was previously reported in rabbit jejunum smooth muscle (El-

Sharkaway & Daniel, 1975), guinea pig gastric antrum (Kito et al., 2002), myenteric ICC 

from the mouse small intestine (Kito & Suzuki, 2003) and myenteric ICC from the rabbit 

small intestine (Kito et al., 2014). However, constitutive knockout of Ano1 leads to complete 

loss of the electrical slow wave in mouse small intestine (Hwang et al., 2009; Singh et al., 
2014) and it has been proposed that Ano1 contributes to the upstroke of the pacemaker 

potential as well as the plateau (Blair et al., 2014). We observed a decrease in the peak 
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amplitude and a reduced frequency of the slow waves when Cl− is replaced, consistent with 

this, but others have found that shortening of the slow wave and a reduction in the plateau 

component can be separated from the effects on the initial peak (Tomita et al., 2000, Kito et 
al, 2014; Kito & Suzuki, 2003). In the study by Tomita et al. (2000) on guinea pig gastric 

antrum, replacement of Cl− shortened the width of the slow wave, but did not result in a 

reduced amplitude or reduced frequency of the electric slow wave when extracellular K+ was 

removed from the solutions. This implicated a role for NKCC transport in the effects of Cl− 

substitution on slow wave frequency, which is mediated by NKCC1 in ICC and was 

demonstrated in studies that showed that the NKCC inhibitor, bumetanide reduces slow 

wave frequency and amplitude (Wouters et al., 2006).

Overall, our study is a systematic examination of the concentration dependent effects of Cl− 

substitution on the electrical slow wave activity in mouse jejunal smooth muscle. We 

conclude that the identification of the roles of each of the transporters and ion channels that 

regulate Cl− homeostasis should be pursued so that the activity of each component can be 

integrated with the activities of other ion transporters to gain a better understanding of how 

Cl− homeostasis alters motility of gastrointestinal smooth muscle. From our observations, 

we can exclude a major role for Cl− transport in the smooth muscle cells, but Cl− is clearly 

important and tightly regulated in ICC to modulate electrical activity of the mouse small 

intestine.
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NEW FINDINGS

What is the central question of this study?

• The central question was to investigate the roles of extracellular chloride in 

electrical slow waves and resting membrane potential of mouse jejunal 

smooth muscle by substituting chloride, with the impermeant anions, 

gluconate and isethionate.

What is the main finding and its importance?

• The main finding was that in smooth muscle cells, the resting Cl− 

conductance is low, whereas transmembrane Cl− movement in interstitial cells 

of Cajal (ICC) is a major contributor to the shape of electrical slow waves. 

Furthermore, the data confirm that ICC set the smooth muscle membrane 

potential and that altering Cl− homeostasis in ICC can alter the smooth 

muscle membrane potential.
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Fig. 1. 
The effect of replacing extracellular chloride, [Cl−]o with gluconate on slow wave activity 

recorded from mouse jejunal smooth muscle layer. Replacement of [Cl−]o by gluconate 

significantly altered slow wave properties in a concentration dependent manner (see Fig. 2). 

A1, A2-C, Representative traces of intracellular recording made in [Cl−]o/[gluconate−]o: 

13.3/120 mM (A1, A2); 39.9/93.4 mM (B); and 120/13.3 mM (C), respectively. Control 

[Cl−]o was 134 mM. In 5 out of 9 experiments, slow waves were abolished (A1). In the 

remaining 4 experiments, small amplitude residual slow wave activity was observed (A2). 

The horizontal bar over each trace indicates the perfusion period of low [Cl−]o solution. 

Expanded time scales are shown at the bottom of A1, A2, B, and C with different time 

points before and after the low [Cl−]o perfusion.
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Fig. 2. 
Measurement of electrical slow wave properties upon replacing extracellular chloride, [Cl−]o 

with gluconate. A–H, Summarized data from N=4–9 experiments illustrating the effects of 

reduced [Cl−]o on electrical properties: A transient (< 1min) concentration-dependent 

hyperpolarization in membrane potential (Em) was observed in the solution change (A, 

ΔEm). At steady state (after 4–5 min of perfusion), no change was observed in Em (B, ΔEm). 

On returning to normal Krebs solution, a transient, concentration-dependent 

hyperpolarization in Em (C, ΔEm) was observed. (D) shows the concentration dependence on 

a logarithmic scale. Slow waves that remained at steady state (after 4–5 min of perfusion) 

were analyzed, concentration-dependent reduction in slow wave amplitude (E); decreases in 

Saravanaperumal et al. Page 19

Exp Physiol. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the instantaneous frequency (F); shortening of slow wave width (G, half-width); slower rise 

times of 10%–90% of peak amplitude (H); and reduction in the decay times of 90%–10% of 

peak amplitude (I) were seen (see text for details). These effects were reversible on washout. 

Values are mean ± STDEV (N=4–9, *P < 0.05, ANOVA with Bonferroni’s correction for 

multiple comparisons).
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Fig. 3. 
The effect of replacing extracellular chloride, [Cl−]o with isethionate on slow wave activity 

recorded from mouse jejunal smooth muscle layer. Replacement of [Cl−]o by isethionate had 

different effects from gluconate on slow wave activity (see Fig. 1). A–C, Representative 

traces of intracellular recording made in [Cl−]o/[isethionate−]o: 13.3/120 mM (A); 39.9/93.4 

mM (B); and 119.8/13.3 mM (C), respectively. Control [Cl−]o was 134 mM. The horizontal 

bar over each trace indicates the perfusion period of low [Cl−]o solution. Expanded time 

scales are shown at the bottom of A, B and C with different time points before and after the 
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low [Cl−]o perfusion. A significant concentration dependent alteration in slow wave 

properties was seen (see Fig. 4).
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Fig. 4. 
Measurement of electrical slow wave properties upon replacing extracellular chloride, [Cl−]o 

with isethionate. A–H, Summarized data from N=5–7 experiments illustrating the effects of 

reduced [Cl−]o on electrical properties: Replacement of [Cl−]o with isethionate had no 

transient effects in membrane potential, Em (A, ΔEm). At steady state (after 4–5 min of 

perfusion), a concentration-dependent depolarization in Em was observed (B, ΔEm). Upon 

returning to normal Krebs solution, a transient, concentration-dependent hyperpolarization 

in Em (C, ΔEm) was observed. (D) shows the concentration dependence on a logarithmic 

scale. Slow waves that remained at steady state (after 4–5 min of perfusion) were analyzed, 

concentration-dependent reduction in slow wave amplitude (E); decreases in the 

instantaneous frequency (F); shortening of slow wave width (G, half-width); slower rise 
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times at 10%–90% of peak amplitude (H); and reduction in the decay times at 90%–10% of 

peak amplitude (I) were seen (see text for details). These effects were reversible on washout. 

Values are mean ± STDEV (N=5–7, *P < 0.05, ANOVA with Bonferroni’s correction for 

multiple comparisons).
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Fig. 5. 
The calcium binding capacity of the sodium salts of gluconate (Na-gluc) and isethionate 

(Na-ise) in low chloride Krebs solutions as measured using Ca2+ ion-selective electrode. 

Gluconate and isethionate reduced free Ca2+ in Krebs solution. Histogram data showing a 

significant decrease in free Ca2+ (see text for details). Values are mean ± SEM (N=5, *P < 

0.05, ANOVA with Bonferroni’s correction for multiple comparisons).
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Fig. 6. 
The effect on slow wave activity of reducing [Ca2+]o in Krebs to the level of [Ca2+]o 

obtained by adding gluconate (A) and isethionate (B) (see Fig. 5). Lowering [Ca2+]o did not 

replicate the effect of replacing [Cl−]o with gluconate or isethionate on electrical activity in 

mouse jejunal smooth muscle layer. A–B, Representative traces of intracellular recordings 

upon perfusion with 0.13 mM and 0.54 mM [Ca2+]o. The horizontal bar over each trace 

indicates the perfusion period of low [Ca2+]o solution. Expanded time scales are shown 

below the traces. C–I, Summarized data illustrating the effects of reduced [Ca2+]o on slow 

wave properties: At 0.13 mM [Ca2+]o, (equivalent to the level found in 13.3 mM Cl−, 120.3 

mM gluconate Krebs) decreases in the instantaneous frequency (F), shortening of slow wave 

width (G) and a decrease in the decay times from 90 to 10% of peak amplitude (I) were 

observed. These effects were reversible on washout. No change was observed in membrane 

potential (C) and the rest of the slow wave properties (E, H). No effects were observed at 

0.54 mM [Ca2+]o (equivalent to 13.3 mM Cl−, 120.3 mM isethionate Krebs; panel D–I). 

Values are mean ± SEM (N=4–5, *P < 0.05, ANOVA with Bonferroni’s correction for 

multiple comparisons).
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Fig. 7. 
The effect of a 90% reduction in [Cl−]o on the spontaneous electrical activity recorded from 

the mutant W/Wv, an ICC deficient mouse. Gluconate but not isethionate caused a rapid, 

tetrodotoxin insensitive, hyperpolarizing effect on membrane potential (Em) in W/Wv mice. 

A–C, Representative traces with sodium salts of gluconate (A), gluconate in the presence of 

TTx (B), and isethionate (C). The horizontal bar over each trace indicates the perfusion 

period of low [Cl−]o solution with and without TTx. Expanded time scales are shown below 

the traces. D, E, Summarized data illustrating the effect of reduced [Cl−]o on Em. 

Replacement of Cl− with gluconate (4–5 min) caused a significant hyperpolarization in Em 

that was reversed on washout and not different after TTx (0.5 μM, D). Isethionate did not 

cause the same effect (E). Data for individual experiments are shown, whiskers represent the 

means ± STDEV (N=3–6, *P < 0.05, ANOVA with Bonferroni’s correction for multiple 

comparisons).
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Fig. 8. 
The effect of low [Cl−]o gluconate Krebs solution corrected for the effects of Ca2+ chelation 

and the effect of replacement of HCO3
− with HEPES. Replacement of [Cl−]o by gluconate 

after correcting the free Ca2+ concentration to 1mM significantly altered slow wave 

properties (see Table 4). Representative traces of intracellular recording made in [Cl−]o: 33.3 

mM, 119.8 gluconate (A1, A2). In 1 out of 9 experiments, slow waves were abolished (A1). 

In the remaining 8 experiments, residual slow wave activity was observed (A2). The 

horizontal bar over each trace indicates the perfusion period of low [Cl−]o solution. 

Expanded time scales are shown at the bottom of A1, A2. Replacement of HCO3
− with 

HEPES in Krebs solution gassed with 100% O2 resulted in small but significant changes in 

the slow wave properties and a small depolarization in the membrane potential (see Table 4). 

The horizontal bar over each trace indicates the perfusion period with HCO3
− -free solution. 

Expanded time scales are shown below.
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