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Abstract:

The aim of this study was to evaluate the effect of ambroxol on sodium and chloride ion transport in rabbit trachea and frog skin.

Moreover, we tested frog skin as a model tissue in terms of its use for transepithelial ion transport studies. Our studies included

measurements of some electrophysiological parameters (transepithelial electrical potential difference – PD, and transepithelial

electrical resistance – R) in the analyzed organs under various conditions of incubation, using the modified Ussing chamber.

Ambroxol (ABX) was administered during and after mechanical stimulation with a soft jet of incubation fluid. The effect of ABX on

the trachea and the skin depended on the solution used for incubation. Incubation in Ringer solution resulted in a reduced response to

stimulation in both groups. On the other hand, amiloride applied for incubation did not influence the hyperpolarization response

during ABX application. ABX applied on the trachea incubated with bumetanide slightly increased the response; if applied onto frog

skin, however, ABX inhibited the response to mechanical stimulation. ABX did not alter transepithelial electrical resistance of either

tissue. The studies have revealed that ABX inhibits stimulated transport of sodium ions in the studied organs, and that frog skin

represents a good experimental model for studies of ionic currents.
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Abbreviations: ABX – ambroxol, AMI – amiloride, BUME –

bumetanide, dPD – the difference between the maximum

stimulated value and control value of PD, PD – transepithelial

electrical potential difference, R – transepithelial electrical re-

sistance, RH – Ringer solution

Introduction

Ambroxol [trans-4-(2-amino-3,5-dibromobenzyl)-amino-

cyclohexanol hydrochloride] (ABX) is a mucolytic

drug applied to alleviate mucous hypersecretion in the

upper airways [4, 5, 8, 9, 16]. It stimulates the synthe-

sis and secretion of surfactant by type II pneumocytes

[3], increases mucous secretion by the bronchial epi-

thelium, and stimulates the action of the respiratory

epithelium cilia [10]. ABX also exhibits antioxidant

and anti-inflammatory properties [7]. Studies using an

animal model have revealed that the drug inhibited

lipid peroxidation [15].

According to the literature dealing with the effects

of ABX on the respiratory tract, it has been demon-

strated that the substance influences the secretion of
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neuropeptides that regulate the functioning of the air-

ways [5]. It is also known that ambroxol affects the

processes of ion transport; in particular, it restores the

ability of the airways to respond to mechanical stimuli

through increased ion transport [24]. Experiments

with epithelial cells isolated from canine trachea have

revealed that ABX inhibits secretion of Na+ [18].

Studies of ion transport in epithelial tissues began

with research on frog skin carried out by Koefoed-

Johnsen and Ussing [11]. At present, the method

named after Ussing is widely applied for studies of

ion fluxes observed in the alimentary or respiratory

tracts. Most researchers use the voltage-clamp mode

to study short-circuit currents. In our study, we used

the open mode, which preserves voltage-dependent

channel functions, with transepithelial electrical po-

tential difference as a measured parameter.

The aim of this study was to evaluate the effect of

ABX on electrophysiological parameters of selected

organs, i.e. rabbit trachea and frog skin; another ob-

jective was to verify the usability of frog skin as

a model tissue for ionic current studies.

Materials and Methods

Animals

The experiments were carried out on fragments of dis-

sected rabbit tracheal wall and skin fragments of the

frog Rana esculenta L. The studies were performed

during the hibernation period of frogs (November till

February).

The experiment had been previously approved by

the local Universities Committee for Ethical Animal

Experiments.

Experimental procedure

Experiments consisted in measurements of transepi-

thelial electrical potential difference (PD) and transe-

pithelial electrical resistance (R) of the tissue placed

in a Ussing apparatus. The Ussing apparatus used had

been modified as described previously [12, 13, 17,

19–24]. The principal points of the modification were

as follows: 1) the tissue was mounted horizontally, 2)

the nozzle, connected to a peristaltic pump by tubing,

was fixed to the wall of the chamber in such a way

that the jet flux of stimulation fluid could rinse the

mucosal surface of the mounted tissue. PD was estab-

lished when compensation current intensity of the ex-

ternal battery was I = ± 0 mA. The measuring equip-

ment included a voltage/current clamp apparatus –

EVC 4000 (WPI, USA) and a recorder – BD 111

(Kipp and Zonnen, Netherlands), which were con-

nected to the Ussing apparatus by Ag/AgCl electrodes

and agar bridges. Electrical stability tests of the ex-

perimental system (blank tests) were performed

through application of the drugs on a synthetic cello-

phane membrane placed in the Ussing apparatus in-

stead of the tissue.

Isolation of tracheal wall and frog skin

The rabbits were killed with carbon dioxide asphyxia-

tion. After incision the whole trachea from larynx to

bifurcation of trachea was excised and immediately

immersed in warm (about 36°C) Ringer’s solution

(RH), trimmed of fat and connective tissue, cut along

the part membranosa. The dissected trachea was then

divided into fragments of about 2 cm2.

The frogs were stunned, decapitated and doubly

pithed. Abdominal skin was carefully excised, di-

vided into fragments of about 2 cm2.

After 1-h incubation each specimen was mounted

in Ussing chamber filled with bathing fluid.

Stimulation

Mechanical stimulation was performed by directing

a jet of bathing medium onto the mucosal surface of

the tissue. The pulsative character of the rinsing fluid

flow was maintained by a peristaltic pump and the

fluid was flowing from a nozzle mounted in the meas-

uring chamber. The internal diameter of the nozzle

was approximately 1.5 mm. It was placed at a dis-

tance of 12 mm from the mucosal face of the tissue.

The standard stimulation consisted of 8–9 jets of fluid

of the total volume of 2.5 ml applied over 30 s. The

dPD which denotes the hyperpolarization during me-

chanical stimulation was calculated as the difference

between maximum stimulation and the control PD

value before stimulation.

Combined mechanical and chemical stimulation

was performed by the application of ABX (0.005 mM).
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Solutions

The solutions used throughout the experiment were as

follows – (concentrations in mM):

• RH of pH 7.4 (Na+ 147.2, K+ 4.0, Ca2+ 4.4, Cl– 156,

HEPES-N-2-hydroxyethyl-piperazine-N,-2-ethanesulfonic

acid 10.0) – control group,

• RH with amiloride (AMI) (0.1) – model of inhib-

ited absorption of Na+ ions,

• RH with AMI, then in RH – model of sodium ion

transport unblocking,

• RH with bumetanide (BUME) (0.1) – model of in-

hibited absorption of Cl– ions.

All chemicals were supplied by Sigma-Aldrich

Ltd., Poland.

Statistical analysis

Results are given as the mean ± standard error of the

mean (SD). Statistical evaluation was made by Stu-

dent’s t-test and “Statgraphics” computer program.

Differences were statistically significant at the level

of 0.05.

Results

Table 1 lists the numerical data that illustrate the ef-

fect of ABX on the electrophysiological parameters of

the studied tissues after incubation in RH. The mean

values of the parameters in the rabbit trachea were

lower compared with those measured in the frog skin.

The PD and R of the rabbit trachea were lower by

about 64% and 80%, respectively, compared with

their respective values in the frog skin. In both cases,

mechanical stimulation led to hyperpolarization of

a similar level with distinct fluctuations (Fig. 1A and

Fig. 2A). Application of ABX under such incubation

conditions resulted in a reduced response compared

with mechanical stimulation, by about 55% for the

rabbit trachea (Fig. 1A) and by 60% for the frog skin,

and – in either case – inhibited fluctuations (Fig. 2A).

The effect of ABX on the electrophysiological pa-

rameters after incubation in the solution with AMI has

been presented in Table 2. AMI, applied on the tra-

chea, caused a reduction of PD and R by about 23%

and 33%, respectively, as compared with the control
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Tab. 1. 3�� �		��� �	 ��%��4�� �� ��� ������������������� ������!
���� �	 �������� ����� ���*%����� �� 5���� ���*����

Experimental tissue
(n)

PD (Mv) R (� x cm�) MS
dPD (mV)

ABX
dPD (mV)

Rabbit’s tracheal wall
n = 21

–5.7
± 0.8a

219
± 47a

–2.0
± 0.2b

–0.9
± 0.2b*

Frog skin
n = 10

–15.9
± 1.2a*

1120
± 110a*

–1.5
± 0.2b

–0.6
± 0.2b*

3�� ���� ��� ��������� �� ��� ���� #�6 � 7 �*�%�� �	 �4���������'
8
9 7 ��%��4��� �� 7 %������� ��������������� ���������� ��������� ��	!
	������� 5 7 ��������������� ���������� ����������� �# 7 ����������
����*������� ��� 7 ��� ��		������ %������ ��� ��4��*� ����*�����
���*� ��� ������� ���*� �	 ��6 : ��: % 7 ������������� ����	����� ��		��!
���� 	��� ��� �� % �� � ;  ' -

Fig. 1. /�������� �		��� �	 ��%��4�� <8
9= �� �����������$����� �	���
���������� ����*������ <�#= �	 ��%%�� �������� ����' 3�� ������� ���
���*%���� �� 5���� ���*���� (A) ��� �� 5���� ���*���� �*����������
���� ��������� (B) ��� %*�������� (C)' 3�� ������ ������ ��� ���� �	
�������� �	 ��� �����*�� �� ��� 	�*�� �� ��� �4������ ���� �	 ��� ����'
5������������� �4������ �	 ��� �4��������� ��� �����



incubation (RH). Mechanical stimulation resulted in

hyperpolarization by 85% lower than the response

measured under control conditions, whereas applica-

tion of ABX did not influence the response to me-

chanical stimulation (Fig. 1B). The same treatment

applied to the frog skin led to reduced PD and R by,

respectively, 83% and 33%, compared with the con-

trol, and resulted in a lack of response to mechanical

or mechanical-and-chemical (application of ABX)

stimulation (Fig. 2B). The applied mechanical and

mechanical-and-chemical stimuli induced oscillation

(Fig. 2B).

Table 3 presents the values depicting the effect of

ABX on the electrophysiological parameters of the

studied organs incubated with addition of BUME. Af-

ter incubation with BUME, the PD and R of the rabbit

trachea dropped by 37% and 49%, respectively,

whereas the response to mechanical stimulation

dropped by about 70% as compared with the control.

Application of ABX on the trachea incubated with

BUME increased this response by about 18% (Fig.

1C). BUME added to frog skin incubation fluid, on

the other hand, resulted in the PD, R, and response to

mechanical-and-chemical stimulation reduced by ap-

proximately 63%, 17%, and 80%, respectively, as

compared with the control (Fig. 2C).

Discussion

The experimental data presented in this paper prove

that ABX affects ionic currents generated by the

epithelial cells of the rabbit trachea and frog skin.

The PD, generated by ions flowing through ion

channels and pumps located in cellular membranes, is

the parameter characterizing epithelial ionic currents

[12, 13, 17, 19–24]. The voltage of transepithelial

electrical potential depends on absorption of sodium

ions and secretion of chloride ions: simultaneous

epithelial processes varied in their intensity. These

processes are responsible for the thickness of the mu-

cous layer covering the epithelium.

Based on the data from our experiment, we may

conclude that, despite lower values of the PD and R,
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Fig. 2. >		��� �	 ��%��4�� <8
9= �� �����������$����� �	���
���������� ����*������ <�#= �	 �������� 	�� ����� ���*%���� �� 5����
���*���� (A)� �� 5���� ���*���� ���� ��������� (B) ��� �� 5����
���*���� ���� %*�������� (C)' 3�� ����� ������� ��� ���� �	 ��������
�	 ��� �����*�� �� ��� 	�*�� �� ��� �4������ ���� �	 ��� ����'
5������������� �4������ �	 ��� �4��������� ��� �����

Tab. 3. 3�� �		��� �	 ��%��4�� <8
9= �� ��� ���������� �����%��� �	 ���!
����� ����� ���*%����� �� 5���� ���*���� ���� %*��������

Experimental
tissue (n)

PD (Mv) R (� x cm�) MS
dPD (mV)

ABX
dPD (mV)

Rabbit’s tracheal
wall n = 12

–3.6
± 1.0

111
± 16a

–0.6
± 0.2b

–1.1
± 0.0b*

Frog skin n = 10 –5.9
± 1.0

930
± 190a*

–0.3
± 0.0b

–0.1
± 0.0b*

?�� �4���������� ��� 3�%�� "

Tab. 2. 3�� �		��� �	 ��%��4�� <8
9= �� ��� ���������� �����%��� �	 ���!
����� ����� ���*%����� �� 5���� ���*���� ���� ���������

Experimental
tissue (n)

PD (Mv) R (� x cm�) MS
dPD (mV)

ABX
dPD (mV)

Rabbit’s tracheal
wall n = 15

–4.4
± 0.6

146
± 19

–0.3
± 0.4

–0.3
± 0.1

Frog skin n = 10 –2.7
± 0.3*

1680
± 230*

–0.1
± 0.0

–0.1
± 0.3

?�� �4���������� ��� 3�%�� "



the rabbit trachea shows a similar hyperpolarization

level compared with the frog skin. This is probably

due to similar functions of the organs. ABX reduced

the response to mechanical stimulation in both the

rabbit trachea and the frog skin (Tab. 1, Fig. 1A and

2A). This is associated with ambroxol ability to block

sodium ion channels, which corresponds to the results

reported by Tamaoki et al. [18] for canine tracheal

epithelium, and by Tyrakowski et al. [23, 24] for the

rabbit trachea. The lack of fluctuations after ABX ap-

plication, which would otherwise be present as a con-

sequence of mechanical stimulation, may be con-

nected with ABX effect on C fibers. In consequence,

one may propose that ambroxol acts as an antagonist

of the receptors in the mural regulatory system of the

epithelium.

Ion channel blockers are used to identify the ion

transport pathway(s) responsible for the electro-

physiological parameters in the epithelial tissues.

AMI is the most commonly used agent to block the

channel quickly and reversibly by reducing its con-

ductivity [1, 2, 6, 12, 13, 22]. Applying AMI, we are

able to inhibit sodium absorption and, thus, to obtain

relatively higher rate of chloride ion secretion. Our

experiment presented in this paper has demonstrated

that AMI applied for incubation resulted in reduced

electrophysiological parameters in both rabbit trachea

and frog skin. ABX did not affect the AMI-blocked

hyperpolarization resulting from mechanical stimula-

tion (Tab. 2, Fig. 1B and 2B). This demonstrates that

hyperpolarization response to ABX depends on the

sodium ion transport, and so do the remaining meas-

ured parameters.

BUME, which blocks the basolateral Na+K+Cl–

co-transporter, is a commonly applied inhibitor of

transepithelial ion transport [13, 14]. If we add this

compound to incubation and stimulating fluids, both

PD and hyperpolarization response depend exclu-

sively on the sodium ion transport. Inhibition of chlo-

ride ion transport in the rabbit trachea and the frog

skin reduced PD and R, as well as mitigated the re-

sponse to mechanical stimulation (Tab. 3, Fig. 1B and

2B). ABX applied on the rabbit trachea in such incu-

bation environment resulted in various responses of

the tissues. In the rabbit trachea, the agent increased

dPD and led to fluctuations. This may imply that if

chloride ion transport is blocked, ABX stimulates so-

dium ion transport instead of inhibiting it. ABX ap-

plied on the frog skin, on the other hand, reduced the

value already lowered by BUME, which made us con-

clude that ABX inhibited sodium ion transport.

Based on the data presented in this report as well as

on literature data, we presume that ABX influences

sodium ion transport in either inhibitive or stimulating

way, depending on the conditions of the experiment.
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