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A hypothesis was tested in this study that antagonists of adrenergic and
cholinergic receptors affect sodium and chloride ion transport in the rabbit
caecum. A modified Ussing chamber was used in the experiment. It was
demonstrated that isolated caecum responded to a mechanical stimulus,
which consisted in gentle rinsing of the mucous surface, with changes in
transepithelial electrical potential difference. An application of ion transport
inhibitors, amiloride for sodium and bumetanide for chloride ions, demonstrated
that both sodium and chloride ion transport in part determined the response.
Pharmaceuticals that are antagonistic at neural receptors (�- and �-adrenergic,
nicotinic, and muscarinic), applied both for incubation and stimulation, re-
duced electrical potential and inhibited responses to mechanical stimuli.
Basing on the results of this experiment and literature data, one can presume
that analogical responses occur in vivo, and the physiological role of the
autonomic system includes regulation of the thickness and consistence of
mucus that separates fecal masses from the caecum walls.
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Abbreviations: ABHT – Ringer solution with
atropine, benextramine, hexamethonium, and ti-
molol, AMI – Ringer solution with amiloride, AMI
+ BUME – Ringer solution with amiloride and bu-
metanide, AMI + BUME + ABHT – Ringer solu-
tion with amiloride, bumetanide, atropine, benex-
tramine, hexamethonium, and timolol, ATRO – at-
ropine, BENEX – benextramine, BUME – bume-
tanide, HEXA – hexamethonium, MS – mechanical
stimulation, TIM – timolol

INTRODUCTION

The autonomic nervous system controls the
transport of water, ions, and nutrients through the
intestinal epithelium. This conclusion has been
based on the observations of cholinergic innerva-
tion of intestinal crypts and villi, the presence of
muscarinic receptors on the surface of enterocytes,
as well as on studies into the influence of specific
agonists on muscarinic receptors, which are situ-
ated on the surface of intestinal epithelium [6]. Lit-
erature data allow for concluding that the sympa-
thetic system stimulates absorption, while the para-
sympathetic system stimulates secretion of ions in
the digestive tract [9, 13, 14, 24]. It has also been
recognized that polycarpine [13] and bethanechol
[14] stimulate intestinal secretion, whereas re-
serpine, epinephrine, and norepinephrine induce
the absorption of fluids and ions [9, 13, 14, 24].
The majority of publications that deal with regula-
tion of digestive tract ion transport refer to small
intestine; little has been published on the same
problems with the large intestine.

Net transepithelial ionic movements principally
reflect the movement of ions through channels in
responses to electrochemical gradients generated
by electrogenic pumps, electrical potentials are
generated across each cellular membrane (apical,
basolateral). The sum of the individual membrane
electrical potentials is the transepithelial electrical
potential (PD). The difference between PD and
electrical potential after stimulation is called trans-
epithelial electrical potential difference (dPD) [1, 5,
10, 16, 17–21, 25–28]. This parameter also controls
the contribution of ion transport to the changes in
production and consistence (secondary hydration)
of the mucus layer that covers the intestine.

Ussing chamber represents a classic system for
in vitro dPD measurements in epithelial tissues.
The chamber was first used for an examination of

electrophysiological parameters of the isolated frog
skin [16]. At present, the chamber is used for the
studies on all epithelial tissues [17–21, 25, 26].

The aim of this study was to analyze mechani-
cal stimulation (MS) effects on PD and dPD, after
the functions of adrenergic and cholinergic recep-
tors in the caecum of the rabbit that had been phar-
macologically modified with atropine (ATRO, an
antagonist of muscarinic receptors), hexamethonium
(HEXA, an antagonist of nicotinic receptors),
benextramine (BENEX, an antagonist of �-adrene-
rgic receptors) and timolol (TIM, an antagonist of
�-adrenergic receptors). We used amiloride (AMI)
and bumetanide (BUME) too. AMI, a potassium
sparing diuretic, is well known as an inhibitor of
the epithelial sodium channel. BUME is a selective
blocker of basolateral chloride co-transport system.

MATERIALS and METHODS

The experiments were carried out on fragments
of dissected rabbit caecum wall and consisted in
measuring PD, dPD, and electrical resistance (R) of
the tissue placed in the Ussing chamber. The
Ussing apparatus was modified as described previ-
ously [17–21, 25, 26]. First, the tissue was mounted
in the horizontal plane and secondly a nozzle was
fixed to the wall of the chamber in such a way that
the jet of medium rising the surface of the mounted
tissue could be applied as a short stimulus during
an experiment. The diameter of the nozzle was ap-
proximately 1.2 mm and it was some 12 mm away
from the tissue. The jet flux was caused by a peri-
staltic pump. The standard stimulus was 7–8 jets,
with a total volume of 1.8 ml and applied during 15 s.
In all, 51 samples of the intestine wall were dis-
sected from 20 animals of both sexes, of similar
body constitution, and weight. MS was achieved
through directing a peristaltic pump flux of the
fluid present in the Ussing chamber onto the mu-
cous surface of the intestine. A standard stimulus
lasted for 15 s. The sensitivity to such stimulation
was checked in various experimental groups. PD,
dPD, and R of the tissue were measured under con-
trol conditions and under MS after 60-minute incu-
bation:

– in Ringer solution (RH) – control group,
– RH with AMI and BUME – model of inhibited

absorption of Na� ions and secretion of Cl� ions,
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– RH with ATRO, BENEX, TIM, and HEXA –
model of adrenergic and cholinergic receptor
blockade,

– RH with AMI and BUME, as well as with
ATRO and BENEX with TIM and HEXA –
model of inhibited absorption of Na� ions, se-
cretion of Cl� ions and adrenergic and choliner-
gic receptor blockade.

The rabbits were killed with CO� and the tissue
samples were dissected immediately. As soon as
the abdominal membranes had been cut open, the
caecum was delicately dissected and immediately
cleared of chyme with a gentle stream of Ringer so-
lution at 36°C. Next, the samples were cleaned of

connective tissue, longitudinally cut open, divided
into suitable fragments, and placed in the Ussing
system.

The EVC 4000 voltage/current clamp apparatus,
manufactured by WPI (USA) and BD 111 recorder
(Kipp and Zonen, Holland) connected with the
Ussing apparatus through a two pairs of agar
bridges to Ag/AgCl electrodes. The first pair was
used for measurement of dPD, and the second for
passing of current of ± 10 �A through the tissue.
Tissue resistance was then calculated according to
Ohm’s law. Electric stability of the measuring set
was tested by means of pouring the solutions onto a
synthetic cellophane membrane placed in the
Ussing system (blind test). The following solutions
were used in the experiment:

– RH (in mmol/l): Na�147.2, K� 4.0, Ca�� 4.4, Cl�

155.6, HEPES 10.0,
– RH with AMI (0.1 mmol/l),
– RH with BUME (0.1 mmol/l),
– RH with ATRO (1 �mol/l), BENEX (1 �mol/l),

HEXA (1 �mol/l), and TIM (1 �mol/l) (ABHT),
as well as mixture of all these compounds.

The following test substances were also used:
ATRO (1 �mol/l), HEXA (1 �mol/l), TIM (1 �mol/l),
and BENEX (1 �mol/l) (all supplied by Sigma
Chemical Co.).

Statistical hypotheses were verified by Chi
square test for assessment of the qualitative data
and Student’s t-test for quantitative data (p < 0.05).
The data were computed using “Statgraphics” com-
puter software.
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Table 1. The electrophysiological variables of the isolated rab-
bit intestine wall

Composition of incubation
solution

PD (mV) R (k�*cm�)

RH n = 14 –4.8 ± 0.6 0.09 ± 0.0

AMI + BUME n = 14 –0.8 ± 0.2* 0.07 ± 0.0*

ABHT n = 16 –1.3 ± 0.2* 0.07 ± 0.0*

AMI + BUME+ABHT n = 7 –1.0 ± 0.2* 0.09 ± 0.0

The values represent the means ± SEM. Abbreviations: ABHT
– Ringer solution with atropine, benextramine, hexamethonium,
and timolol, AMI + BUME – Ringer solution with amiloride and
bumetanide, AMI + BUME + ABHT – Ringer solution with
amiloride, bumetanide, atropine, benextramine, hexamethonium
and timolol, n – number of the studied fragments of the rabbit cae-
cum, RH – Ringer solution, * significantly different in relation to
the values in the control group (p < 0.05)

Table 2. Effect of benextramine, timolol, atropine and hexamethonium on the electrophysiological parameters of the isolated large
intestine of rabbit

Composition of incubation solution MS
dPD (mV)

BENEX
dPD (mV)

TIM
dPD (mV)

ATRO
dPD (mV)

HEXA
dPD (mV)

ABHT
dPD (mV)

RH n = 14 –2.0 ± 0.4 –0.3 ± 0.1* –0.4 ± 0.1* –0.4 ± 0.1* –0.5 ± 0.1* –0.4 ± 0.1*

AMI + BUME n = 14 –0.2 ± 0.0 –0.2 ± 0.0 –0.3 ± 0.1 –0.2 ± 0.0 –0.2 ± 0.0 –0.2 ± 0.0

ABHT n = 16 –0.1 ± 0.0 –0.2 ± 0.0 –0.3 ± 0.1 –0.2 ± 0.0 –0.2 ± 0.0 –0.1 ± 0.0

AMI + BUME + ABHT n = 7 –0.1 ± 0.0 –0.1 ± 0.0 –0.1 ± 0.0 –0.2 ± 0.0 –0.2 ± 0.0 –0.1 ± 0.0

The values represent the means ± SEM. Abbreviations: ABHT – Ringer solution with atropine, benextramine, hexamethonium, and
timolol, AMI + BUME – Ringer solution with amiloride and bumetanide, AMI + BUME + ABHT – Ringer solution with amiloride,
bumetanide, atropine, benextramine, hexamethonium, and timolol, ATRO – atropine, BENEX – benextramine, HEXA – hexame-
thonium, dPD difference between the maximum stimulation value and the control value, n – number of the studied fragments of the
rabbit caecum, RH – Ringer solution, MS – mechanical stimulation, TIM – timolol, * significantly different in relation to the values in
the control group (p < 0.05)



RESULTS

After incubation in Ringer solution, PD of
a rabbit caecum fragment was –4.8 ± 0.6 mV, while
the tissue R was 0.09°k�*cm� (Tab.1). An admini-
stration of AMI and BUME to the incubation flu-
ids, and the mixture of ATRO, BENEX, HEXA,
and TIM, decreased the value of PD by about 83%,
and after incubation in ABHT, it dropped by about
73%. Such conditions of incubation also reduced
the R of the tissue, in both cases by about 22%. In-
cubation in Ringer solution with addition of AMI,
BUME, and ABHT, resulted only in a reduction of
PD, by about 79%, without any effect on R of the
tissue.

MS of the dissected rabbit caecum wall after in-
cubation in RH fluid resulted in a temporary hyper-
polarization (Tab. 2). A typical response of intes-
tine to a gentle mechanical stimulus is shown in
Figure 1a. An administration of BENEX, TIM,
ATRO, HEXA, and ABHT, onto the epithelium of

the caecum incubated in RH fluid resulted in a re-
duction of response value during stimulation from
75% during application of HEXA to 85% on appli-
cation of BENEX (Tab. 2, Fig. 2). Inhibition of so-
dium and chloride ion transport by incubation of
the intestine with AMI and BUME resulted in a re-
duction of response values during MS by approxi-
mately 90% compared with the control incubation
(Tab. 2, Fig.1c). Application of all the test sub-
stances caused a similar effect.

Blocking neural receptors (adrenergic and cho-
linergic) through tissue incubation with ABHT, as
well as after incubation with ABHT, AMI, and
BUME, resulted in a reduction of response value
during MS by about 95% (Tab. 2 and Fig. 1). Ap-
plication of test substances (BENEX, TIM, ATRO,
HEXA, ABHT) did not influence a change in the
magnitude of the response.

DISCUSSION

In isolated epithelial tissues, transepithelial ion
transport can be studied using electrophysiological
methods [16–21, 25, 26]. These methods are par-
ticularly suitable for evaluation of short-term epi-
thelium regulatory responses, which has been con-
vincingly demonstrated in studies on nerves and
muscles. The methods have recently found a new
application in analyses of the isolated tissue. The
basic advantage of an in vitro electrophysiological
analysis is lack of the entire system’s regulatory re-
sponses to the stimuli, which are common for in
vivo studies and hamper an interpretation of results.
Another advantage comes from the fact that the re-
sults obtained with these methods have been con-
firmed by in vivo studies. The parameter we studied
was dPD. PD in intestinal wall results from sodium
or chloride ion transport [8, 10–16]. dPD of the iso-
lated intestinal wall is a difference of two processes
of ion transport. One component is related to pro-
cesses that are rather constant in time and are re-
corded as stable transepithelial electrical potential,
PD. This processes depend on transport of sodium
ions. The other component is related to the pro-
cesses that induce reversible hyperpolarization of
PD which depend on transport of chloride ions, as a
result of stimulation of mechanically sensitive re-
ceptors (C-fiber) in the mucosal surface of the tis-
sue [17–21, 25, 26].

Using a modified Ussing system, we have dem-
onstrated that PD, stable in long term, undergoes
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Fig. 1. Effect of mechanical stimulation on transepithelial
electrical potential of the isolated rabbit caecum after incubation:
a – in Ringer solution; b – in Ringer solution with an addition of
atropine, benextramine, hexamethonium, and timolol; c – in
Ringer solution with addition of amiloride and bumetanide;
d – in Ringer solution with addition of amiloride, bumetanide,
atropine, benextramine, hexamethonium, and timolol. Arrows
denote start and end of stimulation



temporary hyperpolarization (Tab. 2, Fig. 1a and

2a) under a mechanical stimulus. MS of the studied

organ induced sodium and chloride ion transport,

which was confirmed by hyperpolarization re-

sponse inhibition after incubation in the fluid con-

taining both sodium, AMI [2, 4], and chloride,

BUME [22] channel blocker (Tab. 2, Fig. 1c).
Basing on the experiments presented herein, as

well as on literature data, it was found that the ap-

plied mechanical stimulus stimulated sensory re-

ceptors and, through neuromediators of the NANC

system, it induced electrogenic transport of sodium

and chloride ions.
This problem is primarily related to the regula-

tion of liquid lining of secretory epithelia [3, 7],

and the regulation relies on sodium and chloride

ion transport. Literature data tell us that sodium re-

absorption reduces, while chloride secretion in-

creases the liquid lining of respiratory tract [11, 25,

26]. In the rabbit large intestine, this process may

be of importance in the control of the mucus layer
that separates fecal masses from the intestine wall.

The role of the autonomic nervous system in
ion transport in the digestive tract is known, how-
ever, has not been fully explained. As early as in
the 1940s, Florey et al. found that the sympathetic
nervous system and the adrenergic receptor-
affecting substances induced absorption of sodium
and chloride ions, while the parasympathetic sys-
tem and cholinergic receptor-affecting substances
stimulated secretion [9].

The responses to the applied antagonists of ad-
renergic and cholinergic receptors result from com-
plex actions at the level of nerves and neuromedia-
tors [29]. Field and McColl found that adrenergic
mediators reduced short-circuit current and in-
duced sodium and chloride ion absorption [8]. The
experiments presented in this paper demonstrated
that MS-dependent hyperpolarization was decreased
by �- and �-adrenergic receptor blockade by BENEX
and TIM (Tab. 2, Fig. 2b, 2c). An analysis of the
magnitude of the response inhibition caused by BE-
NEX and TIM with sodium and chloride ion trans-
port inhibitors showed that they indirectly affected
the transport of the ions.

In our study, substances were also applied that
act as antagonists of cholinergic receptors. ATRO
was applied for muscarinic receptors, whereas
HEXA – for the nicotinic receptors. ATRO is a com-
pound that inhibits interreactions between acetyl-
choline and muscarinic receptors [12]. Hubel con-
cluded that ATRO increased absorption of sodium
ions in the jejunum of the rat [13], whereas Isaacs
et al. [15] found that acetylcholine stimulated chlo-
ride ion secretion in the human ileum. This effect
was blocked by ATRO.

On the other hand, studies with muscarinic re-
ceptor agonists, as exemplified by bethanechol,
demonstrated that the substance increased in vitro
absorption of sodium and chloride ions in large in-
testine of the rat [30] and, what is more, it induced
chloride ion secretion in the jejunum of the dog
[24], whereas ATRO enhanced both water and
chloride ion absorption in the dog. Applying car-
bachol to ileum of the rabbit, Tapper et al. [23]
found that the substance caused secretion of chlo-
ride ions at low concentration, and enhanced ab-
sorption of sodium and chloride ions, if the concen-
tration of carbachol was high.

Exogenous administration of cholinergic ago-
nists, such as acetylcholine, bethanechol, or car-
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Fig. 2. Effect of pharmaceuticals on PD of the isolated rabbit
caecum wall incubated in Ringer solution: a – Ringer solution;
b – benextramine; c – timolol; d – atropine; e – hexamethonium;
f – mixture of all the mentioned substances. Arrows denote start
and end of stimulation



bachol, on the epithelium of the digestive tract of

humans, rabbits, or rats, induces higher short-

circuit current and secretion of chloride ions [14,

15, 23]. Experimental data presented here demon-

strate that antagonists of cholinergic receptors

(ATRO and HEXA) reduce the value of response to

MS under control conditions. The results of our

studies correspond with those by Cook, who found

that ATRO reduced by 50% short-circuit current in

the ileum of the guinea pig [6].
Both experimental and literature data may indi-

cate that the functioning of muscarinic receptors

probably influences the functions of enterocytes.
Experimental application of the antagonists of

cholinergic receptors under the conditions of inhib-

ited sodium and chloride ion transport did not af-

fect the value of the response under stimulation

(Tab. 2). This may be explained by the fact that in

isolated caecum of the rabbit, the reaction of hyper-

polarization arises as a result of Na3 and Cl4 ion

transport, and the antagonists of cholinergic recep-

tors, as well as those of adrenergic receptors, in-

hibit the transport of these ions. A similar effect on

response to the mentioned substances was obtained

through blocking adrenergic and cholinergic recep-

tors with ABHT, as well as through blocking the re-

ceptors and transport channels for sodium and

chloride ions (Tab. 2).
An analysis of the magnitude of the response

inhibition by the antagonists acting together with

inhibitors of transport channels enables conclusion

that they directly affect the transport of sodium and

chloride ions. Inhibitory property of the antagonists

demonstrates that ion transport regulation by the

adrenergic system is a complex process requiring

high effectiveness of all receptors and transport

channels available for adrenaline and acetylcho-

line. This suggests multidirectionality of the auto-

nomic nervous system integration, which may af-

fect the efficiency of regulatory mechanisms.
The experimental data indicate that the re-

sponse of rabbit caecum to MS depends on whether

the sodium and chloride channels are open, as well

as on the excitation of neurotransmitter receptors

(muscarinic, nicotinic, and �- and �-adrenergic).
Furthermore, application of these blockers en-

ables definition of the dPD response as of a NANC

(nonadrenergic, noncholinergic) type, since in the

applied experimental model, these blockers af-

fected the entire studied organ, inhibiting the re-

sponse to MS.
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