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Summary

 Introduction: The aim of the study was to compare the effects of amiloride and bumetanide on the baseline 
transepithelial electrical potential difference (PD) and changes in PD during mechanical stimu-
lation (dPD) in isolated cecal and colonic wall of rabbits.

 Materials/Methods: The experiments were performed with a modifi ed Ussing chamber system. Isolated tissue spec-
imens were incubated in Ringer’s solution, in amiloride and/or bumetanide, or in dimethyl sul-
foxide (DMSO).

 Results: Under control conditions, i.e. when all the experimental fl uids were Ringer’s solution, the PD and 
R values of the rabbit cecum and colon were similar, while during mechanical stimulation, dPD 
of the colon was twice as high as that of the cecum. Addition of amiloride and/or bumetanide to 
all experimental fl uids diminished the electrophysiological parameters of both tissues. DMSO 
added to all experimental fl uids signifi cantly diminished the values of the electrophysiological 
parameters of the cecum. Addition of amiloride to the stimulation fl uid only diminished the PD 
and dPD values in the colon, whereas addition of bumetanide to the stimulation fl uid only dimin-
ished the PD and dPD values in the cecum. It was found that the PD and dPD values of the rab-
bit cecum depend primarily on chloride ion transport, while those of the colon depend on sodi-
um ion transport.
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INTRODUCTION

The physiological and pathophysiological aspects of the 
transepithelial ion transport processes in the gastrointesti-
nal tract wall have been widely studied [8,10,12,13,16–18, 
25,27,31,35]. The electrophysiological equivalent of tran-
sepithelial ion currents is transepithelial electrical potential 
differences. It has been shown that mechanical stimulation, 
such as distension of the intestinal wall or stroking the sur-
face, causes changes in electrogenic ion transport.

The gastrointestinal tract is covered with mucus lining 
[1,2,9,19,20]. It is supposed that electrogenic ion currents 
interact with the mucus lining and infl uence the contents 
of the colon.

Transepithelial ion transport processes can be regulated 
by intrinsic or extrinsic elements of the nervous system. 
Literature reports state that C-fi ber sensory ending stimu-
lation results in the release of NANC system neurotrans-
mitters (e.g. NKA, SP, CGRP) which modify ion transport 
through the epithelia [6,26,28].

The aim of this study was to evaluate the transepithelial ion 
currents forming the baseline transepithelial electrical po-
tential difference (PD) and changes in transepithelial elec-
trical potential difference during mechanical stimulation 
(dPD) in the rabbit cecal and colonic epithelium.

MATERIALS AND METHODS

The experiment was carried out on 125 and 202 specimens 
of isolated cecum and colon wall, respectively, from sixty 
12-month-old rabbits. For the experiments, rabbits (with 
free access to water and food prior to the study) of both sex-
es and weighing between 3.5-4.0 kg were used. The experi-
ment had been previously approved by the local Universities 
Committee for Ethical Animal Experiments.

Before each experiment, the feces of the rabbit underwent 
coproscopic examination for parasites.

The electrophysiological parameters measured by Ussing 
methods were the transepithelial electrical potential differ-
ence (PD), changes in the transepithelial electrical poten-
tial difference during mechanical stimulation (dPD), and 
transepithelial electrical resistance (R) [21]. PD was estab-
lished when the compensation current intensity of the exter-
nal battery was I = ±0 mA. Transepithelial electrical resist-
ance was measured using electric impulses of I = ±10 mA, 
which were followed by respective voltage change meas-
urements, whence R was calculated by Ohm’s law. R was 
determined before and after stimulation.

A modifi ed Ussing system was used in the experiments. 
The modifi cation of the conventional Ussing chamber con-
sisted in placing the tissue horizontally. To one half of the 
chamber a nozzle was mounted connected to a peristalt-
ic pump. The jet of stimulation fl uid from the peristaltic 
pump was a gentle mechanical stimulus applied to the mu-
cosal surface of the tissue.

The halves of the chamber were connected by two pairs 
of agar bridges, mounted on both sides of the tissue, to 

silver/silver-chloride electrodes. The electrodes were then 
linked to a voltage/current clamp apparatus, EVC4000 
(WPI, USA) and MP 100 (Biopac, USA) or a BD 111 re-
corder (Kipp&Zonen, The Netherlands). The fi rst pair of 
electrodes was used for measuring the transepithelial electri-
cal potential difference and the second for passing through 
electrical impulses.

The rabbits were killed by carbon dioxide asphyxiation. 
After incision of the abdominal wall, cecum and distal co-
lon specimens about 10 cm long were gently excised, rinsed 
of chyme, cut longitudinally, and divided into pieces of 
about 2.5 cm2. After 1 hour of incubation, each specimen 
was mounted in Ussing chambers fi lled with bathing fl uid. 
After 15 min the mucosal surfaces of the tissues were stim-
ulated with the stimulating fl uid from the nozzle. The noz-
zle, 1.5 mm in diameter, was set 12 mm from the intestinal 
surface. The standard stimulus lasted 15 s and consisted of 
7–8 fl uid discharges of a total volume of 1.8 ml.

Each measurement was followed by an experiment with 
a synthetic cellophane membrane. The current-clamp 
measuring mode was applied for this test, with the cur-
rent set at a level of ±80 µA, which allowed obtaining a 
PD of ±2 mV on the cellophane membrane. Next, the cel-
lophane was stimulated with all the stimulating fl uids ap-
plied in the experiment. This procedure was regarded as 
the “blind” test.

The following fl uids were used in the experiments (con-
centrations in mM): stock solution: Ringer’s solution con-
taining Na+ (147.2), K+ (4.0), Ca2+ (4.4), Cl– (155.6), and 
HEPES (10.0), buffered to pH 7.4; amiloride (0.01) dis-
solved in and diluted with Ringer’s solution; bumetanide 
(0.01) dissolved in dimethyl sulfoxide (DMSO, fi nal concen-
tration 0.1%) and diluted with RH; and – DMSO (0.01%) 
dissolved in and diluted with RH.

All values are expressed as mean ±S.D. The Student’s t-test 
was used to determine the statistical signifi cance of differ-
ences between means. The value of p<0.05 was considered 
as the signifi cance level. The analyses were performed us-
ing the “Statgraphics” software package.

RESULTS

The electrophysiological parameters of rabbit cecum and 
rectum under different experimental conditions are pre-
sented in Tables 1 and 2.

Baseline transepithelial electrical potential difference

Under control conditions, i.e. when Ringer’s solution was 
the incubation and bathing fl uid, the PD and R values of 
cecum were –3.3±0.4 mV and 3.0+0.4 kW × cm2, respec-
tively. The PD value of the colon was similar, whereas R 
values of the distal colon were about 21% higher than in 
the cecum. Incubation of the tissue in RH with addition 
of amiloride decreased the PD values in cecum and distal 
colon by about 24% and 50%, respectively. There was no 
effect on the R value. After two consecutive 30-min. in-
cubation periods, fi rst in Ringer solution with amiloride 
(0.01 mM) and then without the drug, stimulation of the 
tissue with RH diminished the PD and R values in the ce-
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cum by about 44% and 22%, respectively, whereas the PD 
value in the colon increased fi ve-fold and R was unchanged 
compared with AMI incubation (Table 1). Incubation of 
the tissue in Ringer’s solution with the addition of bumeta-
nide decreased the PD values in cecum and distal colon by 
about 73% and 28%, respectively. With an inhibited chlo-
ride ion transport pathway, decreased R values were ob-
served in the cecum and distal colon, by about 63% and 
20%, respectively. Application of amiloride and bumeta-
nide simultaneously to the incubation fl uid decreased the 
PD values in the cecum and distal colon by about 79% and 
84%. With an inhibited sodium and chloride ion transport 
pathway, decreasing R values were observed in the cecum 
and distal colon, by about 13% and 24%. After incubation 
in Ringer’s solution with the addition of DMSO, the PD 
and R values of the cecum were decreased by about 58% 
about 78% compared with the control incubation (Table 1). 

In contrast, the PD value of the distal colon increased by 
about 22%, while R decreased by about 10%.

Changes in transepithelial electrical potential 
difference during mechanical stimulation

Mechanical stimulation by gentle washing of the mucosal 
surface of the tissue caused a transient increase in the PD 
value, observed as hyperpolarization (dPD) in the cecum 
and distal colon (Table 1, Figure 1).

Incubation of the tissue in RH with addition of amiloride 
decreased the dPD values in the cecum and distal colon by 
about 50% and 64%, respectively (Table 1, Figure 2).

After two consecutive 30-min. incubation periods, fi rst in 
Ringer’s solution with amiloride and then without the drug, 

Experimental group Experimental organ PD (mV) R (kΩ × cm2) dPD (mV)

RH
Cecum n=20  –3.3±0.4  3.0±0.4  –1.2±0.3

Distal colon n=38  –3.2±1.8  3.8±1.0  –2.2±1.0

AMI
Cecum n=20  –2.5±0.1*  2.7±0.4  –0.6±0.0*

Distal colon n=32  –1.6±0.8*  3.5±1.3  –0.8±0.3*

RH after AMI
Cecum n=14  –1.4±0.2*  2.1±0.3*  –1.0±0.2

Distal colon n=28  –8.5±0.8*  4.6±1.2  –4.9±1.7*

BUME
Cecum n=20  –0.9±0.2*  1.1±0.5*  –0.2±0.1*

Distal colon n=30  –2.3±0.9  3.0±0.8  –1.5±0.4*

AMI+BUME
Cecum n=20  –0.7±0.2*  2.6±0.3  –0.3±0.1*

Distal colon n=20  –0.5±0.3*  2.9±1.0  –0.3±0.1*

DMSO
Cecum n=11  –1.4±0.3*  0.9±0.2*  –0.3±0.0*

Distal colon n=26  –4.1±1.1  3.4±1.0  –1.7±0.8

Table 1.  Baseline (PD), changes in transepithelial potential diff erence (dPD) and tissue resistance of isolated cecum and distal colon wall before and 
after inhibition of Na+ and Cl– ion transport pathways.

The mean ± S.D. value are given; n – number of experiments; PD – baseline transepithelial electrical potential diff erence; dPD – the diff erence 
between the maximum stimulated value and the control value of PD; R – transepithelial electrical resistance.
The tissue was investigated in the following solutions (concentrations given in mM in parenthesis): RH – Ringer’s solution without additions, 
AMI – Ringer’s solution with addition of amiloride (0.01); BUME – Ringer’s solution with addition of bumetanide (0.01); DMSO – Ringer’s solution 
with addition of dimethyl sulfoxide (0.1%); AMI + BUME – Ringer’s solution with addition of amiloride (0.01) and bumetanide (0.01); RH after AMI 
– two consecutive 30-min. incubation periods, fi rst in Ringer’s solution with amiloride (0.01) and then without.
* statistically signifi cant diff erence compared with RH group (p<.05).

Experimental group RH dPD (mV) AMI dPD (Mv) BUME dPD (mV) DMSO dPD (mV)

Cecum n=20  –1.2±0.3  –0.3±0.0*  –0.4±0.1*  –0.5±0.1*

Distal colon n=28  –2.2±1.0  +2.8±1.4*  –1.5±0.4*  –2.1±1.3

Table 2. Eff ect of amiloride and bumetanide on PD and dPD of rabbit cecum and rectum without preincubation.

The mean ± S.D. value are given; n – number of experiments; dPD – the diff erence between the maximum stimulated value and the control value 
of PD. The incubation and bathing fl uids were Ringer’s solution; the stimulation fl uids were as follows (concentrations given in mM in parenthesis): 
RH – Ringer’s solution; DMSO – Ringer’s solution with dimethyl sulfoxide (0.1%); BUME – Ringer’s solution with bumetanide (0.01); AMI 100 
– Ringer’s solutions with amiloride (0.01).
* statistically signifi cant diff erence compared with RH group (p<.05).
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stimulation of the tissue with RH diminished the dPD val-
ue in the cecum by about 40%, whereas in the colon, dPD 
was augmented by about 25% compared with AMI incu-
bation (Table 1). Incubation of the tissue in Ringer’s solu-
tion with addition of bumetanide decreased the dPD val-
ues in the cecum and distal colon by about 83% and 32%, 
respectively (Table 1, Figure 3).

Application of amiloride and bumetanide simultaneously 
to the incubation fl uid decreased the dPD values in the ce-
cum and distal colon by about 75% and 86%, respectively. 
After incubation in Ringer’s solution with DMSO, the dPD 
values of the cecum and colon decreased by about 75% and 
23%, respectively; in some experiments an increase in the 
dPD value of the colon was observed (Table 1).

Direct effects of amiloride and bumetanide on PD 
and dPD values

Adding ion transport inhibitors to the stimulation fl uid 
without preincubation after incubating the tissues in RH 
caused different effects in the cecum and colon. Amiloride 
added to the stimulation fl uid only diminished the hyper-
polarization of the cecum by about 75%, while it caused a 
depolarization effect in the colon (the PD value was less 
negative) (Table 2). Bumetanide added to the stimulation 
fl uid only diminished dPD of the cecum and distal colon 
by about 67% and 30, respectively (Table 2). Application 
of DMSO to the stimulation fl uid diminished the cecal dPD 

value by about 77% and did not infl uence the value of the 
response to mechanical stimulation (Table 2).

DISCUSSION

The results presented in this study revealed that various 
ion transport pathways form the PD and baseline transep-
ithelial electrical potential difference (PD) and changes in 
the transepithelial electrical potential difference (dPD) in 
the rabbit cecum and distal colon.

The transepithelial electrical potential difference is an elec-
trophysiological result of transepithelial sodium and chlo-
ride ion transport pathways through transporters located 
in the apical and basolateral membranes of epithelial cells 
[7,14,15,21–24,32–34,36]. These processes lead to segrega-
tion of electrical charges. Negative charges gather on the 
mucosal layer covering the rabbit large intestine, while the 
positive charges gather on the serosal side.

In our previous reports we described PD and dPD [21–24, 
32–34]. PD is a parameter dependent on ion transport proc-
esses regulated over long time spans. dPD is a short-lived 
parameter associated with mechanical stimulation. dPD was 
mainly observed as transient hyperpolarization resulting from 
enhanced chloride secretion and sodium reabsorption.

Figure 1.  Typical record of hyperpolarization after mechanical 
stimulation of isolated rabbit cecum (A) and distal colon (B) 
by jet rinsing from peristaltic pump. The tissue was incubated 
and bathed in Ringer’s solution. The arrows denote the 
beginning and end of the stimulus.

A

B

Figure 2.  Changes in transepithelial electrical potential diff erence of 
cecum (A) and distal colon (B) after mechanical stimulation. 
The tissue had been incubated in Ringer’s solution with an 
addition of amiloride. The moments of stimulus are marked 
with arrows.

A

B
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Experimental models

This study was exclusively devoted to comparing which ion 
currents form PD and dPD in the rabbit cecum and colon. 
In most studies, a voltage clamp was set to estimate ion 
transport processes [21–24,32–34]. In this study the exper-
iments were performed under the open-circuit condition so 
that the function of voltage-gated channels would be ful-
ly preserved. Amiloride and bumetanide were added sep-
arately or simultaneously to the experimental fl uids to de-
termine whether PD and dPD depend on chloride, sodium, 
or other ion currents. In the experiments, ion transport in-
hibitors were added to all the experimental fl uids or to the 
stimulation fl uid only. In the latter procedure, ion transport 
inhibitors, added without preincubation, evoked an “im-
mediate” effect on the PD and dPD values. Both modes of 
application confi rmed which ion transport pathways (chlo-
ride, sodium, or other) participate in the formation of PD 
and dPD. In the experiments, concentrations of amiloride 
and bumetanide (0.01 mM) were used that were compara-
ble to those of other studies [3]. The concentration of 0.01 
mM of AMI or BUME was adequate to evoke the reaction 
of diminution of the specifi c transport pathway.

The stimulation applied in this study was the pulsatory 
movement of fl uid across the surface of the tissue, which 
stimulated epithelial surface receptors.

Baseline transepithelial electrical potential difference

It was demonstrated that PD values in the cecum and colon 
are similar (Table 1) R showed signifi cant differences. In 
order to identify the ion transport pathways which partic-
ipate in forming the PD value in the rabbit large intestines, 
two ion transport inhibitors were applied, i.e. amiloride for 
sodium ions and bumetanide for chloride ions.

Amiloride, a known selective blocker of epithelial sodi-
um channels, blocks the channels in a quick and reversi-
ble way [3,5,22–24,29,30,32–34]. AMI concentrations of 
0.1 to 1 µmol/l [5] block sodium channels in the mamma-
lian large intestinal epithelium.

Application of AMI can inhibit the sodium ion absorption 
and allows chloride ion secretion to prevail. Application of 
amiloride to the incubation fl uid resulted in a slightly re-
duced PD of the rabbit cecum and a signifi cantly reduced 
PD of the distal colon (Table 1). This showed that sodium 
ion absorption is more responsible for the PD in the distal 
colon than in the cecum. AMI had no signifi cant effect on 
transepithelial resistance, both in the cecum and colon.

Bumetanide, a transepithelial chloride ion transport block-
er, was another inhibitor applied in the study. BUME 
blocks the basolateral Na+K+2Cl– contransport mecha-
nism [21–23]. With the presence of BUME in the incuba-
tion and stimulation fl uids, the values of PD, as well as of 
the dPD response, depend entirely on sodium ion trans-
port. Application of ion transport inhibitors to experimen-
tal fl uids can be referred to as pharmacological isolation 
of the exact ion current. Application of AMI or BUME to 
the incubation of the rabbit cecum and distal colon did not 
entirely block the PD value (Table 1). It may be presumed, 
therefore, that, interchangeably, either chloride or sodium 
ions form the PD value.

In contrast, bumetanide applied in the incubation reduced 
the values of PD, R, and dPD of the cecum (Table 2). After 
incubation with BUME, the electrophysiological parame-
ters of the rectum were also found to have dropped, but the 
reduction was not as great as in the case of the cecum.

Changes in transepithelial electrical potential 
difference during mechanical stimulation

The mechanical stimulation applied in the study as a gen-
tle washing of the mucosal surface of both the cecum and 
colon caused transient hyperpolarization: the PD value was 
more negative (Figure 1). The dPD value of the rabbit dis-
tal colon was twice as high as that of the cecum (Table 
1). Application of AMI to the incubation and stimulation 
fl uids signifi cantly diminished the dPD value of the rab-
bit’s distal colon and cecum (Table 1, Figure 2). The hy-
perpolarization after gentle washing of the mucosal sur-
face of the distal colon depended on sodium ion absorption 
(Figure 2B). In contrast, application of BUME to the incu-
bation and stimulation fl uids signifi cantly diminished the 
dPD value of rabbit cecum (Table 1, Figure 3A).

The hyperpolarization after gentle washing of the mucosal 
surface of the cecum depended on chloride ion secretion. 
Application of AMI and BUME to all the experimental 

Figure 3.  Eff ect of bumetanide on transepithelial electrical potential 
diff erence of isolated cecum (A) and distal colon (B) walls 
in vitro after mechanical stimulation. The tissue had been 
incubated and washed with Ringer’s solution with an 
addition of bumetanide.

A

B
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fl uids revealed that the reaction of hyperpolarization after 
gentle washing of the mucosal surface of the tissue is pre-
served by other ion transport processes, even after com-
plete inhibition of sodium and chloride currents. The pro-
cedure with two incubation periods, fi rst in the presence 
of AMI and then in Ringer’s solution, was used to evalu-
ate the reversibility of the reactions blocked by amiloride. 
This procedure also revealed that transepithelial ion trans-
port processes, especially in the colon, in a physiological 
state are not maximally expressed.

Direct effects of amiloride and bumetanide on PD 
and dPD values

Some differences were obtained after adding ion trans-
port inhibitors without preincubation. AMI added to the 
stimulation fl uid only diminished the dPD value by about 
75% in the cecum and caused a depolarization response 
in the distal colon (Table 2). BUME added to the stim-
ulation fl uid signifi cantly diminished the hyperpolariza-
tion response in the cecum only, and slightly in the distal 
colon (Table 2). It has demonstrated that sodium currents 
are the main ions responsible for colonic PD, while both 
transport channels for sodium and chloride ions take part 
in the cecal response.

Regulation of ion transport processes

Results of our studies, as other reports, confi rmed that neu-
ron endings sensitive to mechanical stimuli located in the 
intestinal epithelium take part in the response to gentle 
washing of the mucosal surface [1]. A hypothetical mech-
anism can be that pulsatory washing of tissue triggers the 
release of the NANC system neuropeptides from the sen-
sory endings, which modify sodium and chloride ion trans-
port in the large intestinal epithelium.

The main subpopulation of sensory neurons located in the 
epithelia are C-fi bers, which play two basic functions, i.e. 
sensory and motoric. It has been demonstrated that excit-
ed sensory neurons not only send afferent impulses, but 
also release the NANC system neuropeptides [4,6,26,28]. 
A number of substances are able to excite the C-fi bers. 
These include infl ammatory mediators (such as histamine, 
prostaglandins PGF-2 alpha, PGE-2, and PGI-2, as well 
as bradykinin), irritating agents (capsaicin, sulfur dioxide, 
nicotine, citric acid, and lobeline), as well as osmotically 
active substances (e.g. distilled water) [6,11,24,26,28,37]. 
Dimethyl sulfoxide (DMSO, a compound commonly used 
in biochemical analyses and cellular biology) is a medium 
that also affects C-fi ber endings [24,37].

In the presented studies, DMSO was applied to all exper-
imental fl uids or to the stimulation fl uid only. Application 
of DMSO to the stimulation fl uid resulted in a diminution 
of the hyperpolarization response in the cecum and did not 
affect or augmented the dPD value of the colon (Table 2). 
A similar effect on PD and dPD values was found when 
DMSO was added to all experimental fl uids (Table 1). It 
can be assumed that DMSO inhibited neuropeptide release 
from sensory neurons during mechanical stimulation in the 
rabbit cecum, whereas it did not effect or augmented neu-
ropeptide release in the colon.

On the base of these results it can be concluded that the PD 
and dPD values of the rabbit cecum depend primarily on 
chloride ion transport, whereas those in the colon depend on 
sodium ion transport. This can result from the different func-
tions of the cecum and colon in accumulating and propelling 
their contents. It can be assumed that gentle washing of the 
mucosal surface caused stimulation of superfi cial neurons 
endings because DMSO modifi ed electrogenic ion transport 
in both the rabbit cecum and distal colon epithelium.

REFERENCES

 [1] Andres H., Rock R., Bridges R.J., Rummel W., Schreiner J.: Submucosal 
plexus and electrolyte transport across rat colonic mucosa. J. Physiol., 
1985; 364: 301–312

 [2] Atuma C., Strugala V., Allen A., Holm L.: The adherent gastroin-
testinal mucus gel layer: thickness and physical state in vivo. Am. J. 
Physiol. Gastrointest. Liver Physiol., 2001; 280: G922–G929

 [3] Avenet P.: Role of amiloride-sensitive sodium channels in taste. Soc. 
Gen. Physiol. Ser., 1992; 47: 271–279

[4] Barnes P.J.: Modulation of neurotransmission in airways. Physiol. Rev., 
1992; 72: 699–729

 [5] Benos D.J.: Amiloride: a molecular probe of sodium transport in tis-
sues and cells. Am. J. Physiol., 1982; 242: C131–C145

 [6] Bevan S., Geppetti P.: Protons: small stimulants of capsaicin-sensitive 
sensory nerves. Trends Neurosci., 1994; 17: 509–512

 [7] Boucher R.C.: Human airway ion transport. Part one. Am. J. Respir. 
Crit. Care Med., 1994; 150: 271–281

 [8] Bridges R.J., Cragoe E.J.Jr, Frizzell R.A., Benos D.J.: Inhibition of 
colonic Na+ transport by amiloride analogues. Am. J. Physiol., 1989; 
256: C67–C74

 [9] Chang E.B., Rao M.C.: Intestinal water and electrolyte transport, mech-
anisms of physiological and adaptive responses. In: Johnson LR, edi-
tor. Physiology of the Gastrointestinal Tract. 3th ed. New York: Raven 
Press; 1994

 [10] Cooke H.J.: Neuroimmune signaling in regulation of intestinal ion 
transport. Am. J. Physiol., 1994; 266: G167–G178

 [11] Donnerer J., Amann R.: The inhibition of neurogenic infl ammation. 
Gen. Pharmacol., 1993; 24: 519–529

 [12] Field M., Semrad C.E.: Toxigenic diarrheas, congenital diarrheas, and 
cystic fi brosis: disorders of intestinal ion transport. Annu. Rev. Physiol., 
1993; 55: 631–655

 [13] Frieling T., Wood J.D., Cooke H.J.: Submucosal refl exes: distension-
evoked ion transport in the guinea pig distal colon. Am. J. Physiol., 
1992; 263: G91–G96

[14] Frizzell R.A.: Role of absorptive and secretory processes in hydration 
of the airway surface. Am. Rev. Respir. Dis., 1988; 138: S3–S6

 [15] Greger R.: The membrane transporters regulating epithelial NaCl se-
cretion. Pfl ugers Arch., 1996; 432: 579–588

 [16] Grubb B.R.: Ion transport across the normal and CF neonatal murine 
intestine. Am. J. Physiol., 1999; 277: G167–G174

 [17] Haas M., Forbush B. 3rd: The Na-K-Cl cotransporter of secretory ep-
ithelia. Annu. Rev. Physiol., 2000; 62: 515–534

 [18] Heitzmann D., Warth R., Bleich M., Henger A., Nitschke R., Greger 
R.: Regulation of the Na+2Cl–K+ cotransporter in isolated rat colon 
crypts. Pfl ugers Arch., 2000; 439: 378–384

 [19] Itasaka S., Shiratori K., Takahashi T., Ishikawa M., Kaneko K., Suzuki 
Y.: Stimulation of intramural secretory refl ex by luminal distension 
pressure in rat distal colon. Am. J. Physiol., 1992; 263: G108–G114

 [20] Keast J.R.: Mucosal innervation and control of water and ion trans-
port in the intestine. Rev. Physiol. Biochem. Pharmacol., 1987; 109: 
1–59

 [21] Koefoed-Johnsen V., Ussing H.H.: The nature of the frog skin poten-
tial. Acta Physiol. Scand., 1958; 42: 298–308

 [22] Kosik-Bogacka D.I., Banach B., Tyrakowski T., Bilicka B.: 
Pharmacological modifi cation of ionic currents elicited in epithelia 
by sensory neuropeptides. Med. Sci. Monit., 2000; 6: 887–891

Postepy Hig Med Dosw (online), 2005; tom 59: 229-235

234



 [23] Kosik-Bogacka D.I., Banach B., Tyrakowski T., Kozłowska A., 
Kozłowska S.: Effects of amiloride and bumetanide on ion transport 
in the caecum of rabbit. Pol. J. Pharmacol., 2003; 55: 213–219

 [24] Kosik-Bogacka D.I., Banach B., Tyrakowski T., Wojciechowska I.: 
Effect of capsaicin and dimethyl sulphoxide (DMSO) on ion trans-
port in selected experimental models. Pol. J. Pharmacol., 2002; 54: 
267–274

 [25] Kuwahara A., Bowen S., Wang J., Condon C., Cooke H.J.: Epithelial 
responses evoked by stimulation of submucosal neurons in guinea pig 
distal colon. Am. J. Physiol., 1987; 252: G667–G674

 [26] Maggi C.A.: Capsaicin and primary afferent neurons: from basic sci-
ence to human therapy? J. Auton. Nerv. Syst., 1991; 33: 1–14

 [27] Matthews J.B., Tally K.J., Smith J.A.: Activation of intestinal Na-K-
2Cl cotransport by 5’-AMP requires F-actin remodeling. Am. J. Surg., 
1995; 169: 50–56

 [28] Miller R.J.: Control of epithelial ion transport by neuropeptides. Regul. 
Pept. Suppl., 1985; 4: 203–208

 [29] Renard S., Lingueglia E., Voilley N., Lazdunski M., Barbry P.: 
Biochemical analysis of the membrane topology of the amiloride-
sensitive Na+ channel. J. Biol. Chem., 1994; 269: 12981–12986

 [30] Sariban-Sohraby S., Benos D.J.: The amiloride-sensitive sodium chan-
nel. Am. J. Physiol., 1986; 250: C175–C190

[31] Schiller L.R.: Review article: anti-diarrhoeal pharmacology and ther-
apeutics. Aliment. Pharmacol. Ther., 1995; 9: 87–106

 [32] Tyrakowski T., Banach B., Greczko I., Bartłomowicz M., Wojciechowska 
M.: Electrophysiological study of the interaction between epithelium 
and the airway fl uid lining. Int. Rev. Allergol. Clin. Immunol., 1998; 
4: 59–65

 [33] Tyrakowski T., Banach B., Mościbroda A., Bartłomowicz M., 
Wojciechowska M.: Reappraisal of amiloride action on transepi-
thelial electrical potential difference of isolated tracheal wall. Arch. 
Immunol. Ther. Exp., 1998; 46: 45–50

 [34] Tyrakowski T., Greczko I., Siedlaczek A., Banach B., Bartłomowicz M., 
Wojciechowska M., Binkowska I., Chojnacka H.: Electrophysiological 
investigation of the effects of ambroxol on the transepithelial Na+ ion 
pathway in the airways. Pol. J. Pharmacol., 1998; 50: 31–38

 [35] Welsh M.J., Smith P.L., Fromm M., Frizzell R.A.: Crypts are the 
site of intestinal fl uid and electrolyte secretion. Science, 1982; 218: 
1219–1221

 [36] Wright E.M.: Solute and water transport across epithelia. Am. Rev. 
Respir. Dis., 1983; 127: S3–S8

 [37] Yu Z.W., Quinn P.J.: Dimethyl sulphoxide: a review of its applications 
in cell biology. Biosci. Rep., 1994; 14: 259–281

Kosik-Bogacka D. et al. – Effect of amiloride and bumetanide on transepithelial…

235


