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Abstract:

Volatile anesthetics are suggested to elicit depression of airway clearance. The involvement of changes in transepithelial ion

transport in this inhibition has already been observed. The Ussing method was used to study the changes in mechanical stimulation

evoked electrogenic ion transport in isolated rabbit tracheal wall in the presence of halothane and isoflurane. The drugs dissolved in

Ringer solution were directed as a flux from peristaltic pump to mucosal surface of trachea. In experimental settings without or with

amiloride, the anestethics elicited reversible inhibition of stimulated ion transport and depolarization of transepithelial potential

difference. Participation of chloride ion transport in observed changes is suggested. In the light of this study with application of

anesthetics at higher concentrations than clinically relevant, the possibility of disturbances of airway transepithelial ion transport by

clinically relevant concentration should be checked.
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Abbreviations: dPD – difference between maximal stimulated

value and control value of PD, PD – transepithelial electrical

potential difference (mV), R – transepithelial electrical resis-

tance (ohm × cm�)

Introduction

Transepithelial ion transport that controls production

and composition of airway surface liquid, is responsi-

ble for airway transepithelial potential difference

(PD) and in these ways influences clearance and

patency of airways [1, 5, 12, 15, 16]. It was supposed

that sensory peptides liberated from C fibers were re-

sponsible for immediate (short-term) regulation of

transepithelial ion transport [6, 10, 13, 15, 16]. The

mechanically sensitive C fiber endings, which are

“cough receptors”, are also involved in the hyperpo-

larization reaction after gentle mechanical stimulation

of airway mucosal surface, as observed in Ussing

chamber [6, 15, 16].

Because volatile anesthetics are suggested to elicit

depression of airway clearances [2, 4] and also of ion

transport in tracheal epithelium [12], this study was

planned to reveal possible involvement of distur-
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bances in the components, namely those related to

mechanical stimulation, of transepithelial ion trans-

port during or after action of anesthetics on the iso-

lated airway wall. The gently isolated whole-

thickness tracheal wall with well-preserved intrawall

neural elements mounted in Ussing apparatus was ap-

plied as an experimental model in order to explain

how the observed changes of transepithelial potential

difference may be related to the modification of neu-

ronal function caused by volatile anesthetics.

Materials and Methods

The experiments were performed on 34 specimens of

isolated tracheal wall from 12 rabbits. For the experi-

ments rabbits of both sexes and weighing between

3.5–4.0 kg were used. The experiments were ap-

proved by Committee for Ethical Animal Experi-

ments of the Universities of Bydgoszcz and Toruñ.

Rabbits were killed by CO2 asphyxiation. The tra-

chea was gently excised, cut longitudinally along the

membranous part and divided into pieces of about

2.0 cm2.

After 60 min of incubation, in well-aerated Ringer

solution or Ringer solution with addition of amiloride,

tracheal wall specimens were mounted in the Ussing

apparatus filled with bathing fluid (Ringer solution or

Ringer solution with addition of amiloride). The

Ussing apparatus was equipped with the nozzle con-

nected to a peristaltic pump [9, 15]. The jet flux of

stimulation fluid from the nozzle washed the mucosal

surface of the tissue. Stimulation fluids were: Ringer

solution, Ringer solution with addition of amiloride

(both represented control conditions) or Ringer solu-

tion saturated with isoflurane or halothane (experi-

mental conditions). The standard stimulus was com-

posed of 7–8 jets, of the total volume of 1.8 ml what

lasted about 15 s. The area of the tissue under study

was 1.0 cm2. The volume of Ussing half chamber was

10.0 ml. The chamber halves of the Ussing apparatus

were contacted with two pairs of agar bridges to

Ag/AgCl electrodes which were connected with the

EVC 4000 voltage/current clamp amplifier (WPI,

USA). The amplifier was connected to the data acqui-

sition system MP 100 (BIOPAC Systems, Inc., Cali-

fornia) and subsequently to the computer. A pair of

electrodes was used for measurement of PD, and an-

other one for passing the current of ± 10 �A through

the tissue. Tissue resistance was then calculated ac-

cording to the Ohm’s law.

The solutions used throughout the experiments

were (concentration in mM): Ringer solution (NaCl

147,2, KCl 4,0, CaCl2 2,2, Hepes 10.0) buffered to pH
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Tab. 1. Effects of isoflurane and halothane on baseline and stimulus-evoked changes in transepithelial potential difference and on transepithe-
lial electrical resistance of isolated tracheal wall under conditions of spontaneously regulated (A) or inhibited Na

�
transport (B)

control isoflurane control control halothane control

A dPD –0.16 ± 0.07 0.32* ± 0.21 –0.29 ± 0.16 –0.24 ± 0.16 0.23* ± 0.1 –0.31 ± 0.18

PD –4.08 ± 1.04 –2.41 ± 0.7 –3.5 ± 1.12 –4.72 ± 1.92 –2.17* ± 1.47 –2.91 ± 1.51

R 159.79 ± 70.17 155.58 ± 68.01 159.79 ± 70.17 157.67 ± 68.13 160.41 ± 68.64 157.67 ± 68.13

n 12 12(4) 12 11 11(5) 11

B dPD –0.33 ± 0.21 0.16* ± 0.06 –0.31 ± 0.21 –0.49 ± 0.31 0.14* ± 0.05 –0.51 ± 0.31

PD –1.99 ± 1.33 –1.08 ± 1.12 –2.11 ± 1.24 –3.97 ± 0.28 –1.78* ± 1.21 –1.79 ± 0.76

R 171.18 ± 58.41 179.0 ± 62.37 171.18 ± 58.41 178.35 ± 53.64 185.22 ± 54.56 178.35 ± 53.64

n 11 11(4) 11 9 9(5) 9

The mean ± SD values are given; n – number of experiments (in parenthesis the number of experiments in which the latency of reaction after an-
esthetics was observed), PD – baseline transepithelial potential difference (mV), dPD – stimulus-evoked changes in transepithelial potential
difference (mV), R – transepithelial electrical resistance (� x cm

�
).

A – Ringer solution, and B – Ringer solution with addition of amiloride to incubation and bathing fluids, respectively. Stimulation fluids were with-
out or with addition of amiloride (group A or B, respectively) as follows: control – Ringer solution (control stimulations were performed before
and after each stimulation with anesthetics), isoflurane – Ringer solution saturated with isoflurane, halothane – Ringer solution saturated with
addition of halothane. * – statistically significant difference compared to control group (p < 0.01)
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Fig. 1. Action of isoflurane and halothane on transepithelial potential difference of isolated rabbit tracheal wall. Time-courses of single
experiments are shown. Stimulation was accomplished by jet flux from peristaltic pump directed onto mucosal surface of a preparation and
indicated by an arrow. Stimulation fluids were as follows: Ringer solution – RH, or Ringer solution with the following additions: amiloride – AMI,
isoflurane – I, and halothane – H. Incubation and bathing fluids were Ringer solution in A, B, E, F or Ringer solution with the addition of amiloride
in C, D, G, H. The immediate reactions to stimulation in the presence of anesthetics are presented in A, C, E, G, and the reactions with latency of
15 to 60 s are shown in B, F, D and H



7.4; Ringer solution saturated with isoflurane (15.0)

(Forane, Abbott, UK); Ringer solution saturated with

halothane (24.0) (Narcotan, Léèiva, Czech Republic);

amiloride (0.1) dissolved in and diluted with Ringer

solution, supplied (with exceptions of anesthetics) by

Sigma-Aldrich Ltd., Poland. The end concentrations

of halothane and isoflurane in the Ussing apparatus

after stimulation were 4.3 mM and 2.7 mM, respec-

tively. The results were presented as the means ± SD.

Mann-Whithney’s U-test was used to determine the

statistical significance of differences between the

means. A probability value of 0.01 (p � 0.01) was

considered to be statistically significant.

Results

The effects of isoflurane and halothane on isolated

tracheal wall were evaluated in these experiments by

means of Ussing method under conditions of sponta-

neously regulated or inhibited by amiloride electro-

genic sodium ion transport pathway. Electrophysio-

logical parameters of isolated tracheal walls are sum-

marized in Table 1, and recordings of the action of

anesthetics from a single experiment are shown on the

Figure 1. All measured values were stable at least

throughout 3 h, as evidenced by preliminary experi-

ments (not shown). The stimulation of tracheal wall

by gentle washing (without anesthetics) caused

changes in ion transport observed as the hyperpolari-

zation of the tissue. The addition of isoflurane and ha-

lothane to the stimulation fluid abolished the hyperpo-

larization or/and decreased the transepithelial poten-

tial difference (depolarization) under both studied

conditions – in the absence or in the presence of ami-

loride in the system. In all experiments, both anesthet-

ics when added to the stimulation fluid reversed the

hyperpolarization. The effects of both anesthetics

were fully reversible, as the following stimulation

procedure without drugs caused the hyperpolarization

not different from the control value observed before

application of anesthetics. The transepithelial poten-

tial difference also returned to the value preceding

application anesthetics. Although the above-described

scheme of the action of both anesthetics on transepi-

thelial ion transport in isolated tracheal wall summa-

rized all observed reactions, the detailed analysis of

the time-course revealed that sometimes the action of

anesthetics was immediate as shown in Figures 1 A,

C, E, G, but among the examined series there were

tissue specimens, which responded to the presence of

anesthetics with a latency (of 15 to 60 s) as shown in

Figures 1 B, D, F, H (these comprise from 30 to 55%

of all reactions).

Discussion

The experiments presented in this report clearly

showed that halothane and isoflurane deeply influ-

enced the time courses of transepithelial ionic current

changes after stimulation. They evoked depolarization

of the airway epithelium and inhibition of hyperpo-

larization usually occurred after mechanical stimula-

tion. The analysis of action of volatile anesthetics on

airways revealed that the drugs had some airway

stimulating-irritating potency and also some inhibi-

tory properties [2, 3, 7 11, 14]. In this preliminary

study, short-term influence of the concentrations of

halothane and isoflurane some 15 and 10 times higher

than minimal alveolar concentration (MAC) [4], re-

spectively, was studied. At these concentrations, the

inhibitory effects were only seen and the effects of

both drugs were fully reversible.

The experimental model, i.e. the rabbit tracheal

wall mounted in Ussing apparatus was carefully char-

acterized by ionic currents and regulatory influences

examined [1, 5, 6, 10, 12, 15, 16]. The stimulation of

isolated tracheal wall with intact epithelial tissue by

gentle pulsatile washing caused transient hyperpolari-

zation of the PD [6, 16] which could be modified by

ion transport inhibitors and other drugs [6, 10, 15]. In

previously published studies, it has been evidenced

that the hyperpolarization was not inhibited by appli-

cation of cholinergic and adrenergic receptor antago-

nists [6, 15, 16]. On the other hand, it was modulated

by ligands which have receptors on C-fiber endings,

such as 5-HT, capsaicin, and was also deeply influ-

enced by NK-1 antagonist [6, 10, 15, 16]. The activa-

tion of primary afferents (C-fiber endings), which are

localized closely to epithelial cells and are able to re-

lease the neuropeptides seems to be responsible for

the transient augmentation of electrogenic ion trans-

port [4, 10, 14].

In these experiments, halothane or isoflurane were

separately added only to the stimulation fluid. In such
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experimental setting (without previous preincubation

of the tissue in the presence of drugs), a direct com-

parison of responses without or with the presence of

anesthetics is possible. This is an important prerequi-

site, as the local electrophysiological parameters of

isolated tissue are highly variable even in different

samples of the same organ [6, 15, 16].

As the Ringer solution was the experimental fluid

(Tab. 1 A, Fig. 1 A, B, E, F), the PD and the dPD val-

ues were related to active electrogenic sodium ion re-

absorption and/or active electrogenic chloride ion se-

cretions. After addition of amiloride to all experimen-

tal fluids (Tab. 1 B, Fig. 1 C, D, G, H), the PD and the

dPD values depended mainly on chloride currents.

Both halothane and isoflurane reversibly abolished

the hyperpolarization and decreased the PD value.

The occurrence of the reaction in the presence of ami-

loride strongly suggests that inhibition of chloride se-

cretion is a prominent feature of the influence of anes-

thetics on airway wall. This explains clearly the

mechanism of the compromised airway clearance dur-

ing anesthesia, as transepithelial chloride ion trans-

port is considered to be an important factor of mucus

hydration [1, 5, 13].

The action of anesthetics was immediate (Fig. 1 A,

C, E, G) or it occurred with latency (Fig. 1 B, D, F,

H). According to the study connecting the hyperpo-

larization of epithelium to stimulation of C fibers, we

suppose that this may be related to different time-

course of secretion of different tachykinins from C-

fiber endings [10]. This observation is in accordance

with some previously published results [12]. As it is

suggested that volatile anesthetics act on postsynaptic

ligand-gated channels [4], the mechanisms of the ef-

fects of anesthetics on electrogenic ion transport in

airway wall after stimulation by movement across

epithelium would be related also to some ligand-gated

ion channels, most probably of neuronal location, al-

though the epithelial channels could not be ruled out.

Conclusions

1. The stimulation of the mucosal surface of the

isolated tracheal wall by means of gentle pulsatile

short-lived washing causes transient hyperpolariza-

tion of the tissue which in part depends on electro-

genic chloride ion current (as evidenced in the pres-

ence of amiloride in experimental fluids).

2. The application of halothane or isoflurane in

stimulation fluid abolished the hyperpolarization, in

some cases caused depolarization, and decreased the

PD value which are in part related to the compro-

mised chloride ion transport.

3. The effects of anestetics on airway ion transport

should be checked with application of clinically rele-

vant concentration of anestetics.
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