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The aim of the present work was to determine the changes in ion trans-
port in the selected epithelium-lined organs under influence of mechanical
stimuli, and also to assess similarities and differences in reactions to capsai-
cin and dimethyl sulfoxide (DMSO) between trachea and caecum of rabbit
and the skin of frog in this experimental setup. The experiments were con-
ducted on rabbit trachea and caecum, and the skin of frog, Rana esculenta L.
The experiments consisted in measuring transepithelial electrical potential
(PD in mV) with Ussing apparatus, modified to enable testing of the effects
of mechanical stimulation of organs and defined pharmacological treat-
ments. It was demonstrated that the addition of DMSO to the stimulating
fluid decreased reversible hyperpolarization (dPD) after mechanical stimula-
tion by at least 50% in all studied groups. On the other hand, action of cap-
saicin was dependent on the organ studied as well as on experimental condi-
tions (e.g. type of incubation). Capsaicin decreased PD and reaction to me-
chanical stimulation in trachea incubated in Ringer solution supplemented
with amiloride. On the other hand, it did not influence electrophysiological
parameters of the trachea following its incubation with bumetanide. Capsai-
cin did not change electrical potential or reactivity of rabbit caecum incu-
bated with both amiloride and bumetanide. The administration of capsaicin
on frog skin incubated with bumetanide caused inhibition of the reaction
to mechanical stimulation, whereas during incubation with amiloride no
changes were recorded in PD and dPD of the skin. The present study demon-
strated that capsaicin and DMSO could modify processes of ion transport de-
pendent on mechanical stimulation.
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Abbreviations: CAPSA – capsaicin, DMSO –
dimethyl sulfoxide, dPD – the difference between
maximal stimulated value and control value of PD,
NANC – non-adrenergic, non-cholinergic, PD –
transepithelial potential difference (mV)

INTRODUCTION

The organs of vertebrates lined with epithelial
tissue (e.g. caecum and trachea of rabbit and skin
of frog) are richly innervated by intraparietal nerv-
ous system, constituting an element of the auto-
nomic nervous system. The physiological role of
this system is to coordinate functions of the epithe-
lium. In the case of airways, it consists in effective
cleansing reaction and in maintaining their patency
[3, 19, 41, 42]. In the caecum, the system participa-
tes in separating the intestinal content from the in-
testinal wall [12, 13, 23], and in frog skin it contri-
butes to maintaining and physiological changes in
the mucus layer covering the epithelium [20, 43].

The epithelium of respiratory duct walls, of ali-
mentary tract, and the skin are fitted with sensory
endings (C fibres), acting as complex receptors [5,
22, 24, 37–39]. They generate afferent signals and
during stimulation they secrete neuropeptides of
the NANC system (NKA, NKB, SP, CGRP, and
others) [4, 6, 18, 26–28, 30, 33, 40].

These neuropeptides affect smooth muscle
function, mucus production by submucosal glands,
and also ion transport [4–6, 18, 22, 26, 28, 30, 33,
40–44]. A number of substances have been impli-
cated in C-fibres stimulation, including inflamma-
tion mediators (histamine, prostaglandins, bradyki-
nin) as well as stimulating substances like: capsai-
cin [5, 23, 24, 26, 27, 37–39, 43], sulfur dioxide,
nicotine, DMSO [10, 43, 46], citric acid, and lo-
beline. C fibres can also be stimulated by gentle
mechanical stimuli [9, 22, 41–43].

The aim of this work was to determine the role
of mechanical (“physiological”) stimuli in the
regulation of ion transport in different epithelium-
-lined organs and also to assess differences and/or
similarities in reactions to capsaicin and DMSO be-
tween trachea and caecum of rabbit and frog skin.

MATERIALS and METHODS

The experiments were carried out on 275 prepa-
rations of the isolated organs lined with epithelium
obtained from 60 rabbits and 75 hybrid frogs, Rana

esculenta L. The preparations represented: 82 frag-

ments of rabbit trachea, 81 fragments of rabbit cae-

cum, and 112 fragments of frog skin. The study

consisted in studying transepithelial electrical po-

tential under control conditions and during me-

chanical and chemical stimulation of the isolated

organs.
The rabbits were killed through asphyxiation

with carbon dioxide and immediately operated. The

trachea and caecum were cut out and separated

from their connective tissues. The caeca were addi-

tionally gently rinsed to remove their food contents.

Subsequently, caeca and tracheas were cut open

longitudinally and separated into pieces.
The frogs were stunned, decapitated, pithed,

and immediately operated. Skin from ventral parts

of frogs was cut out and divided into pieces meas-

uring some 2 cm2, and subsequently they were in-

cubated in an incubation medium.
Each preparation was mounted in an experi-

mental apparatus following 1-hour incubation. The

apparatus was a device for studying electrophysio-

logical parameters of epithelial tissues, in this case,

a modified Ussing apparatus [21]. In this apparatus,

the studied organs were placed vertically between

two chambers. The Ussing apparatus was connected

through Ag/AgCl electrodes and agar bridges with

EVC 4000 apparatus (manufactured by WPI, USA)

and BD 111 recorder (manufactured by Kipp &

Zonnen, The Netherlands).
Chambers of the Ussing apparatus were filled

with nourishing fluid, which was identical with the

fluid where the studied organs were kept since the

moment of sampling. The experiments lasted about

120 min on the average. Each experiment was pre-

ceded by a control of the measurement setup with

the use of a synthetic cellophane membrane placed

in the chamber of Ussing apparatus in Ringer solu-

tion.
The procedure used for stimulating sensory re-

ceptors involved rinsing of the surface of organs

placed in the Ussing apparatus with a stream of the

fluid filling the apparatus chamber. The fluid was

delivered with the aid of a nozzle, 1.5 mm in diame-

ter, mounted within the apparatus at a distance of

12 mm from the surface of the studied organ. The

fluid was propelled by a peristaltic pump. A stan-

dard stimulus lasted 30 s and it consisted of 8 to 9

squirts of the fluid, amounting to some 2.45 ml.
In addition to the mechanical stimulus, chemi-

cal ones were used: capsaicin (20 �l of 0.0001%)
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solution was delivered with a pipette, and DMSO
(30 s; 0.01%, 0.1%, and 1%) was delivered through
a peristaltic pump (all supplied by Sigma-Aldrich,
USA).

The following incubation media were used:
— Ringer solution composed of (in mmol/l) 142.2

Na+, 4.0 K+, 4.4 Ca2+, 155.6 Cl–, HEPES N-(2-
-hydroxyethyl)piperazine-N’-(2-ethanesulfonic
acid) C8H17N2O4SNa

— Ringer solution supplemented with amiloride
(0.1 mmol/l) or bumetanide (0.1 mmol/l) with
addition of DMSO (1%) and also

— Ringer solution with DMSO (1%).
Statistical significance was verified with Chi

square test for qualitative data, and with Student
t-test for quantitative data. Significance limits were
assumed at p < 0.05. The data were computed using
“Statgraphics” software installed on a PC 386 SX.

RESULTS

Table 1 shows the principal electrophysiologi-
cal parameters of fragments of the isolated epithe-
lium-lined organs incubated and tested in Ringer
solution, which were determined before and after
mechanical stimulation. Under control conditions,

the transepithelial electrical potential was –3.3 ±

0.4 mV for rabbit trachea, –3.0 ± 04 mV for rabbit

caecum, and –15.9 ± 1.2 mV for frog skin, whereas

the electrical resistance was 0.2 ± 0.05, 0.1 ± 0.01,

and 1.1 ± 0.1 � × cm2, respectively. All studied or-

gans: rabbit trachea and caecum, as well as the frog

skin reacted to mechanical stimulation with tran-

sient hyperpolarization (marked as dPD) averaging

–1.2 ± 0.3 mV for the trachea and caecum, and –2.2

± 0.3 mV for the frog skin.
Table 2 shows the effect of DMSO concentra-

tion on electrophysiological parameters of organs

incubated in Ringer solution. Addition of DMSO to

the fluid stimulating trachea and caecum of rabbit

caused lower hyperpolarization, than that after me-

chanical stimulation without this compound. DMSO

at a concentration of 0.01% and 0.1% caused simi-

lar effect when administered on frog skin. Only 1%

concentration of this compound caused reaction

comparable with the control stimulation.
The effect of incubation in the presence of

DMSO at a concentration of 1% on the potential

and on the reaction after mechanical stimulation of

the studied organs is shown in Table 3.
Incubation of the rabbit trachea in Ringer solu-

tion supplemented with DMSO, caused an increase
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Table 1. Basic electrophysiological parameters of the isolated organs lined with epithelium

Tissue (n) PD (mV) R (� × cm2)
Mechanical stimulation

PDmax (mV) dPD (mV)

Tracheal wall (n = 20) –3.3 ± 0.4 0.2 ± 0.05 –5.6 ± 0.9 –1.2 ± 0.3

Caecum wall (n = 20) –3.0 ± 0.4 0.1 ± 0.01 –4.4 ± 0.4 –1.2 ± 0.3

Frog skin (n = 40) –15.9 ± 1.2 1.1 ± 0.1 –16.4 ± 1.3 –2.2 ± 0.3

Mean values ± SE of mean are given; n – number of the studied fragments; PD – transepithelial electrical potential; dPD – difference
between maximal value PDmax and control value PD; R – transepithelial electrical resistance

Table 2. Direct action of dimethyl sulfoxide (DMSO) on electrophysiological parameters of the studied organs

Tissue (n) PD (mV) MS dPD (mV) DMSO 0.01%
dPD (mV)

DMSO 0.1%
dPD (mV)

DMSO 1%
dPD (mV)

Tracheal wall (n = 20) –3.3 ± 0.4 –1.2 ± 0.3 –0.5 ± 0.1* –0.7 ± 0.1* –0.5 ± 0.1*

Caecum wall (n = 11) –3.0 ± 0.4 –1.2 ± 0.3 –0.3 ± 0.1* –0.4 ± 0.1* –0.6 ± 0.1*

Frog skin (n = 17) –15.9 ± 1.2 –2.2 ± 0.3 –1.1 ± 0.2* –1.1 ± 0.2* –1.6 ± 0.3

Mean values ± SE of mean are given; n – number of the studied fragments; PD – transepithelial electrical potential; MS – mechanical
stimulation; dPD – difference between maximal value of PD and control value; * significantly different in relation to MS (for
p < 0.005)



in the transepithelial electrical potential by some
35% and a decrease in the reaction to mechanical
stimulation by some 58%. After incubation of rab-
bit caecum in the presence of DMSO, the electrical
potential decreased by some 53% and the reaction
to mechanical stimulation dropped by 75%. After
addition of DMSO to the incubation medium of the
frog skin, the difference in transepithelial potential
decreased by some 35% and the value of reaction
to mechanical stimulation did not change.

Effect of capsaicin on electrophysiological pa-
rameters of the isolated epithelium-lined organs
following incubation in the presence of amiloride
or bumetanide was studied in a separate experi-
mental series. Influence of capsaicin on the organs
incubated with addition of amiloride is shown in
Table 4 and Figures 1a, 2a and 3a. Incubation of
rabbit trachea in the presence of amiloride did not
change the transepithelial electrical potential, or the
hyperpolarization value after mechanical stimula-
tion, although characteristic fluctuations were ob-
served at that time (Fig. 1a). The same mechanical
stimulation procedure after capsaicin injection caused
a depolarization reaction (Fig. 1a) (decrease in elec-
trical potential, PD, by some 93%) and increase in
the reaction after mechanical stimulation, dPD by
some 71% (Fig. 1a).

Incubation of rabbit caecum in the presence of
amiloride caused a decrease in hyperpolarization
after mechanical stimulation, at the same time not
influencing the value of electrical potential. How-
ever, this reaction after capsaicin injection was
comparable to the control values (Fig. 2a, compare
Tables 1 and 3).

Preincubation of frog skin with amiloride caused
a decrease in the value of transepithelial electrical

270 Pol. J. Pharmacol., 2002, 54, 267–274

D.I. Kosik-Bogacka , B. Banach, T. Tyrakowski, I. Wojciechowska

Table 3. Effect of incubation in Ringer solution supplemented
with dimethyl sulfoxide (DMSO) on electrical parameters of
the isolated organs

Tissue (n) PD (mV) MS dPD (mV)

Tracheal wall (n = 32) –5.1 ± 0.5 –0.5 ± 0.1

Caecum wall (n = 10) –1.4 ± 0.3 –0.3 ± 0.0

Frog skin (n = 15) –10.3 ± 1.3 –1.8 ± 0.3

Mean values ± SE of mean are given; n – number of the studied
fragments; PD – transepithelial electrical potential; MS – me-
chanical stimulation; dPD – difference between maximal value
PDmax and control value; * incubation with 1% DMSO lasted
60 min

Fig. 1. Changes in transepithelial electrical potential of the iso-
lated rabbit trachea caused by mechanical and chemical stimuli.
The trachea was incubated with amiloride (a) and bumetanide
(b). Rinsing of mucous surfaces for 30 s with the incubation
fluid (before and after capsaicin (CAPSA) injection; 20 �l of
0.0001% solution) constituted the mechanical stimulus. Hori-
zontal lines denote the time period of mechanical stimulation

Table 4. Effect of amiloride on electrical parameters of the isolated organs during mechanical stimulation before and after administra-
tion of capsaicin*

Tissue (n)

Mechanical stimulation
before administration of capsaicin

Mechanical stimulation
after administration of capsaicin

PD (mV) PDmax (mV) dPD (mV) PD (mV) PDmax (mV) dPD (mV)

Tracheal wall (n = 5) –4.4 ± 1.1 –5.3 ± 1.2 –0.9 ± 0.2 –0.3 ± 0.7 –3.4 ± 0.7 –3.1 ± 0.1

Caecum wall (n = 20) –2.5 ± 0.4 –3.0 ± 0.6 –0.6 ± 0.2 –2.0 ± 0.3 –3.7 ± 0.6 –0.9 ± 0.2

Frog skin (n = 20) –2.5 ± 0.4 –3.0 ± 0.6 0.0 ± 0.1 –3.6 ± 0.4 –3.0 ± 0.6 –0.2 ± 0.1

Mean values ± SE of mean are given; n – number of the studied fragments; PD – transepithelial electrical potential; dPD – difference
between maximal value of PD and control value; *20 �l of capsaicin at a concentration of 0.0001% was sprayed on the mucous sur-
face of the isolated walls of organs



potential by some 84% and inhibition of the reac-
tion to mechanical stimulation. At the time of me-
chanical stimulation, only fluctuations were visible
(Fig. 3a). Direct capsaicin injection caused hyper-
polarization amounting to –1.7 ± 0.1 mV (Fig. 3a),
whereas it did not affect PD value and the reaction
after mechanical stimulation.

Incubation of rabbit trachea in the presence of
bumetanide did not affect the electrical potential or
the reaction value after mechanical stimulation

(Tab. 5). Both these values were comparable with
the control values (incubation in Ringer solution).
Direct administration caused a depolarization reac-
tion (Fig. 1b). On the other hand, it did not affect
the electrical potential, or the reaction value during
mechanical stimulation, and inhibiting fluctuations
occurring during the stimulation (Fig. 1b).

Preincubation of rabbit caecum in the presence
of bumetanide caused a decrease in transepithelial
electrical potential by some 70% and a decrease in
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Fig. 2. Effect of capsaicin on ion transport in the isolated rabbit
caecum. The tissue were incubated with (a) amiloride; (b) bu-
metanide. Rinsing of mucous surfaces for 30 s with the incuba-
tion fluid (before and after capsaicin (CAPSA) injection; 20 �l
of 0.0001% solution) constituted the mechanical stimulus.
Horizontal lines denote the time period of mechanical stimu-
lation

Fig. 3. Effect of capsaicin (CAPSA) on ion transport in the iso-
lated frog skin. The frog skin was incubated in Ringer solution
supplemented with (a) amiloride and (b) bumetanide. Thirty-
second mechanical stimulation before and after injecting cap-
saicin (CAPSA 20 �l of 0.00001% solution) to the mucous sur-
face of the preparation was applied. Horizontal lines denote the
time period of mechanical stimulation

Table 5. Effect of bumetanide on electrical parameters of the isolated organs during mechanical stimulation before and after admini-
stration of capsaicin*

Tissue (n) Mechanical stimulation
before administration of capsaicin

Mechanical stimulation
after administration of capsaicin

PD (mV) PDmax (mV) dPD (mV) PD (mV) PDmax (mV) dPD (mV)

Tracheal wall (n = 5) –3.1 ± 0.5 –4.3 ± 0.4 –1.1 ± 0.2 –3.1 ± 0.4 –4.8 ± 0.4 –1.4 ± 0.4

Caecum wall (n = 20) –0.9 ± 0.2 –1.2 ± 0.1 –0.2 ± 0.1 –0.9 ± 0.1 –1.1 ± 0.1 –0.4 ± 0.1

Frog skin (n = 20) –5.4 ± 1.1 –7.0 ± 0.6 –1.1 ± 0.3 –5.0 ± 0.4 –6.5 ± 0.7 1.6 ± 0.5

Mean values ± SE of mean are given; n – number of the studied fragments; PD – transepithelial electrical potential; dPD – difference
between maximal value of PD and control value; *20 �l of capsaicin at a concentration of 0.0001% was sprayed on the mucous sur-
face of isolated walls of organs



the reaction to mechanical stimuli by some 80%.
After the capsaicin injection these parameters did
not change (Fig. 2b).

Frog skin after incubation in the presence of bu-
metanide exhibited the potential value lower by
64% and the reaction value to mechanical stimula-
tion lower by some 50% in comparison with that
observed under control conditions. Administration
of capsaicin caused a depolarization reaction (Fig.
3b) but it did not influence the value of transepithe-
lial potential difference, nor the reaction value after
the mechanical stimulation.

DISCUSSION

Experiments described in the present paper con-
stitute an evidence that elements of the nervous
system, through sensory receptors, interact with the
cells of trachea and caecum of rabbit and of the epi-
thelium of frog skin, causing changes in ion trans-
port.

Transepithelial electrical potential difference
(in rabbit trachea and caecum and frog skin, among
other organs) is an important physiological parame-
ter, building up as a result of ion secretion and so-
dium ion reabsorption [1, 7, 8, 15–17, 21, 22, 24,
32, 35, 41–45].

Transient electrical potential changes caused by
mechanical stimuli depend on the activation of
pathways of transepithelial ion transport through
nerve elements present in epithelium-lined organs
[4, 6, 9, 26–28, 30]. It has been demonstrated that
sensory endings (C fibres among other things) are
sensitive to the substances released by tissues, such
as: bradykinin, histamine, serotonin, substance P,
acetylcholine, and some prostaglandins [5, 11, 14],
and they are also stimulated by irritant substances,
such as: capsaicin, DMSO, sulfur dioxide, nicotine,
citric acid, lobeline, and hydrogen ions, to name
just a few [5, 10, 20, 22–24, 26, 27, 37–39, 46].
Many studies have demonstrated that C-fibre sti-
mulation was associated with the release of NANC
neuropeptides (NKA, SP, CGRP, and others) from
neurosecretory varicosities of these fibres, which,
in turn, was associated with the creation of afferent
impulses [4, 6, 18, 22, 24, 26–28, 30, 33, 37–40].
NANC neuropeptides can also cause changes in ion
transport, altering thickness and viscosity of the
mucus layer covering the mucous membranes of
the trachea and caecum and the epithelium of frog
skin. To demonstrate the effect of sensory endings

on the changes in transepithelial electrical potential

of an isolated frog skin, a substance, known as an

stimulant to the endings of C fibres, i.e. DMSO was

used [10, 46]. Effects of DMSO on rabbit trachea

and caecum and on frog skin were very similar to

each other (Tab. 2). After addition of DMSO to the

stimulating medium, regardless of its concentration

in all experimental groups, a hyperpolarization re-

action occurred, although its value was lower than

control stimulation. A decrease in hyperpolariza-

tion reaction in the presence of DMSO could have

been associated with the inhibition by this com-

pound of the secretion of neuropeptides from C-

fibres endings.
Incubation of rabbit trachea and caecum in the

presence of DMSO caused a decrease in reaction to

mechanical stimuli, whereas after incubation of

frog skin with this compound, no changes in the

potential difference and hyperpolarization after me-

chanical stimulation were recorded. It is postulated

that different action of DMSO on trachea and cae-

cum in comparison with frog skin results from

higher availability of C fibres in internal organs

than in the skin, which may determine the release

of neuropeptides after application of a mechanical

stimulus.
In order to identify the pathway or pathways of

transport of ions responsible for the changes in

electrical potential, two inhibitors of ion transport

were used: amiloride and bumetanide. In the pre-

sence of amiloride and bumetanide in the nourishing

and stimulating fluid, the general picture of electri-

cal phenomena depended on pathway of chloride

transport [2, 22–24, 29, 34, 41–44]. Such experi-

mental conditions did not affect stimulated ion

transport in rabbit trachea, although they substan-

tially decreased processes responsible for stable

transepithelial potential (PD). Transepithelial elec-

trical potential decreased by some 80% and hyper-

polarization after mechanical stimulation of the frog

skin was eliminated. Under such condition, dPD re-

action decreased in the rabbit caecum (Tab. 3).
C-fibres stimulation in trachea through admini-

stration of capsaicin [23, 24, 26–28, 37–39, 43] un-

der the condition of inhibited sodium transport

caused a depolarization and a decrease in electrical

potential difference (Table 4, Fig. 1a). The depola-

rization and decrease in electrical potential may

suggest existence of a baseline secretion of sensory

neuropeptides responsible for maintaining ion

transport by the trachea at a defined level. Capsai-
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cin influenced a change in neuropeptide secretion,
which resulted in the changes in transepithelial
electrical potential. However, subsequent applica-
tion of a mechanical stimulus was most probably
associated with the increased secretion, because the
reaction of the rabbit trachea to mechanical stimu-
lation after addition of capsaicin was higher than it
was under the control conditions.

On the other hand, stimulation of C fibres pres-
ent in the caecum and in frog skin by administra-
tion of capsaicin (Tab. 3, Figs. 2a and 3a) did not
affect changes in electrophysiological parameters,
because in these organs they depend solely on Na+

ions. In the presence of bumetanide, known as an
inhibitor of transepithelial chloride ion transport [5,
22, 24, 25, 31, 36, 41], hyperpolarization reaction
after mechanical stimulation of frog skin and rabbit
trachea was maintained at high level (Tab. 5, Figs.
3b and 1b). This indicates that the reaction after
mechanical stimulation of these organs has not
been solely dependent on the transepithelial trans-
port of chloride ions. Inhibition of the chloride ion
transport was responsible only for regulatory ac-
tions. On the other hand, inhibition of transport of
chloride ions present in the wall of rabbit large in-
testine caused inhibition of reaction to mechanical
stimulation, and this reaction was not unblocked af-
ter the administration of capsaicin (Tab. 5, Fig. 2b).

CONCLUSIONS

1. DMSO and capsaicin modify ion transport in
the rabbit respiratory tract and caecum, as well
as in the frog skin.

2. DMSO acts predominately through a decrease
in the stimulated ion transport in epithelial or-
gans, while it causes a decrease in the constant
transepithelial potential to the lesser extent.

3. Capsaicin acts on ion transport in various ways.
In trachea, it increases stimulated sodium cur-
rent and decreases constant difference in transe-
pithelial potential, whereas under the described
experimental conditions, no effect of capsaicin
on ion transport has been demonstrated in other
studied organs.
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