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Abstract:

Bidirectional transport of Na� and Cl� ions by the epithelium controls production and composition of airway surface liquid and

airway transepithelial potential difference and in these ways supports mucociliary transport. Volatile anesthetics are able to inhibit

epithelial ion transport processes when applied at high concentration and have been suggested to elicit depression of airway

clearance and both these effects could be involved in postoperative pulmonary complications. The goal of these studies was to reveal

possible influence of halothane and isoflurane at lower concentrations on electrogenic ion transport in airway epithelium. These studies

were performed on the isolated rabbit tracheal wall mounted in the Ussing chamber. The reaction of the preparation to the gentle

mechanical stimulation performed as a jet flux was examined without or in the presence of anesthetics at concentration equivalent to 0.5

minimal anesthetic concentration of volatile anesthetics in pulmonary alveoli (MAC), 1 MAC, 2 MAC, 5 MAC and 10 MAC.

The volatile anesthetics at concentrations equivalent to 5 and 10 MAC affected airway transepithelial potential difference and

influenced hyperpolarization or depolarization reactions which occurred after mechanical stimulation. The above effects were

present when Na� transport was inhibited by amiloride. The disturbed epithelial Cl� transport may be proposed as an explanation of

the action of volatile anesthetics on electrophysiological parameters of the isolated tracheal wall although the influence of

anesthetics on tachykinin secretion from C-fiber endings, which are present in the preparation, should also be taken into

consideration.

The long-lasting action (tens of minutes) of volatile anesthetics on the isolated tracheal wall should be also studied in the future as

a model of airway reaction to prolonged volatile anesthesia.

Key words:

volatile anesthetics, halothane, isoflurane, transepithelial potential difference, airway epithelium, airway ion channels, C – fiber

endings

Abbreviations: dPD – difference between maximal stimulated

value and control value of PD (mV), MAC – minimal anes-

thetic concentration of volatile anesthetics in pulmonary alve-

oli (Vol%), PD – transepithelial electrical potential difference

(mV), R – transepithelial electrical resistance (ohm × cm�)

Introduction

Among different causes leading to serious and life-

threatening postoperative pulmonary complications,
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impairments of airways clearance during general an-

esthesia were widely studied [16, 26, 28, 29].

Although it was already shown, that transepithelial

ionic currents responsible for controlling the airway

surface liquid were deeply but reversibly influenced

by the addition of halothane or isoflurane at submaxi-

mal concentration [25, 34], the reaction of the airway

wall to the clinically relevant concentration of the an-

esthetics remains an unresolved problem.

There are highly sensitive elements in airway walls

able to react to different physiological and noxious

stimuli (changes in airway fluid osmolality, mechani-

cally acting foreign bodies, irritant chemicals, bacte-

ria and viruses), including nervous elements, like in-

trawall ganglia and C-fibers, immunological cells,

like mast cells, dendritic cells, macrofages and lym-

phocytes and also epithelial components particularly

neuroepithelial cells. The concerted action of all these

elements produces different patterns of adaptive reac-

tions, which are described as airway clearance (muco-

ciliary clearance, cough reaction and defensive re-

flexes). The changes of transepithelial potential dif-

ference of airways walls after gentle mechanical

stimulation also belong to the adaptive reactions and

are greatly influenced by different conditions, easily

defined in experiments [13, 33, 35].

The goal of this study was to verify the influence of

two volatile anesthetics, halothane and isoflurane

added to the experimental system at clinically rele-

vant (0.5 MAC, 1 MAC, 2 MAC) and higher concen-

trations (5 MAC, 10 MAC) on electric potential dif-

ference of the isolated rabbit tracheal wall. Particular

attention was paid to elucidation how the anesthetics

change the electrophysiological reaction of airway

wall to mechanical stimulation. It was shown that the

isolated airway reacted to the presence of anesthetics

in two different ways, namely sometimes there was

the reflex inhibition, but often the concentration-

dependent diminution of reaction was clearly seen.

Materials and Methods

The studies were performed on an isolated rabbit’s

tracheal wall. These experiments were approved by

the Committee for Ethical Experiments on Animals of

the Universities of Bydgoszcz.

New Zealand rabbits of both sexes (weighing be-

tween 3500–4000 g) were killed by CO2 asphyxia-

tion. The trachea was gently excised, cut longitudi-

nally along the membranous part, trimmed of fat and

divided into pieces of about 2 cm2. Then they were in-

cubated in an oxygenated Ringer solution or in Ringer

solution with addition of amiloride at room temperature.

Incubation was performed in order to standardize elec-

trophysiological parameters of the examined tissues.

After 60 min of incubation, tracheal wall speci-

mens were mounted in the chamber of Ussing appara-

tus, which was filled with bathing fluid, i.e. Ringer

solution or Ringer solution with amiloride. Then the

nozzle connected to a peristaltic pump was introduced

into Ussing chamber and smooth jet flux of stimula-

tion fluids from the nozzle washed the mucosal sur-

face of the trachea. The following stimulation fluids

were used: Ringer solution and Ringer solution with

amiloride (both represented control conditions) or

Ringer solution with halothane or isoflurane (experi-

mental conditions). The nozzle, 1.2 mm in diameter,

was situated 12 mm from the surface of the studied

tissue. The stream of stimulation fluid was induced by

peristaltic pump. The standard stimulus was com-

posed of 7–8 jets, of the total volume of 1.8 ml for 15 s.

The area of the tissue under study was 1 cm2. The vol-

ume of the Ussing half chamber was 10 ml. The

chamber halves of the Ussing apparatus were con-

tacted with two pairs of agar bridges to Ag/AgCl elec-

trodes which were connected with the EVC 4000 volt-

age/current clamp amplifier (WPI, USA). The ampli-

fier was connected to the data acquisition system MP

100 (BIOPAC Systems, Inc., USA) and subsequently

to the personal computer. A pair of electrodes was

used for measurement of potential difference (PD)

and another one for passing the current of ± 10 µA

through the tissue. Tissue resistance was then calcu-

lated according to the Ohm’s law.

The following solutions were used throughout the ex-

periments (concentration in mmol/l): modified Ringer

solution (NaCl 147.2, KCl 4.0, CaCl2 2.2, Hepes 10.0)

buffered to pH 7.4, modified Ringer solution with ami-

loride at the concentration of 0.1 mmol/l and bumetanid

(inhibitor of chloride ions transport) at the concentra-

tion of 0.1 mmol/l.

For the purpose of the experiments, standards of

volatile anesthetics in fluid form were used: isoflurane

(Forane, Abbott, UK) and halothane (Narcotan, Léèiva,

Czech Republic). Aqueous solutions of anesthetics

were prepared ex tempore just before experiments.
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Minimal anesthetic concentration in alveoli – MAC

is a parameter used to estimate an acting strength of

volatile anesthetics [14]. One MAC is such concentra-

tion of an anesthetic in alveoli that prevents 50% of

patients from moving during a standard painful stimu-

lus like a skin incision. In rabbits at 37°C, 1 MAC [7]

for halothane amounts to 1.39 ± 0.23 vol% and for

isoflurane 2.05 ± 0.18 vol%, that corresponds to con-

centration in aqueous solution of 0.39 mmol/l and

0.49 mmol/l, respectively. Under experimental condi-

tions at 20°C, 1 MAC for halothane amounts to

0.43 vol% and for isoflurane 0.63 vol%, that corre-

sponds to concentration in aqueous solution of

0.3 mmol/l and 0.38 mmol/l, respectively.

Based on its known physicochemical values and

using appropriate equations including water/gas parti-

tion coefficients and temperature difference, aqueous con-

centrations of these anesthetic agents corresponding to

gaseous phase were calculated and expressed in mmol/l.

We used to following equation: [11].

Caq (mmol/l) = 0.44614 × � × P (vol%)

Where Caq is aqueous concentration expressed in

mmol/l, � is Bunsen water/gas partition coefficients

and P gaseous partial pressure expressed as percent-

age of an atmosphere or volume percent.

Physicochemical properties of halothane and iso-

flurane (20°C) are presented in Table 1 [15].

To obtain the proper concentrations of anesthetics

in aqueous phase, we have added liquid halothane and

isoflurane in µl to 100 ml of Ringer solution with

amiloride in the following manner:

Anesthetic solutions were kept in tightly-closed

vessels.

The solutions used throughout the experiments

were supplied (except for anesthetics) by Sigma-

Aldrich Ltd., Poland.

Statistical analysis

The results were presented as the means ± SD. For statis-

tical reasons two directly performed reactions on the

same tracheal specimens: one with anesthetic and the sec-

ond with none were compared. Mann-Whitney’s U-test

was used to determine the statistical significance of dif-

ferences between the means. A probability value of 0.05

(p < 0.05) was considered to be statistically significant.

Results

The experiments were performed with halothane and

isoflurane at the following concentrations (mmol/l):

0.15, 0.3, 0.6, 1.5 and 3 for halothane and 0.19, 0.38,

0.76, 1.9 and 3.8 mmol/l for isoflurane. The lowest

examined concentrations: 0.5, 1 and 2 MAC are rele-

vant to clinical conditions. The experiments com-

pared effects of these anesthetics at spontaneously

regulated (Ringer solution) or inhibited electrogenic

sodium ion transport pathway (with amiloride).

In the halothane group, the experiments were per-

formed on 24 specimens of isolated tracheal wall

taken from 10 animals. Sixty four reactions were re-

corded with halothane and 105 reactions under control

conditions. Examples of traces of the observed reactions

are shown in Figure 1 and electrophysiological parameters

of the isolated tracheal walls are summarized in Table 2.

In the isoflurane group, 33 reactions were studied with

isoflurane and 51 reactions under control conditions on

10 isolated specimens of tracheal wall (Fig. 2, Tab. 3).

After placing the specimens in Ussing chamber,

tracheal wall parameters were stable at least during

the course of experiment.

Basic tissue electrophysiological characteristics

Under control conditions, Ringer solution with amilo-

ride was an incubation fluid in a Ussing chamber and

the values of electrophysiologic parameters of the iso-

lated tissues for resting potential difference were: PD

from –3.41 ± 0.47 mV to –7.30 ± 0.5 mV.
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Volume of halothane
added (in µl)

Corresponding aqueous
concentration (mmol/l)

Corresponding MAC

1.5–3–6–15–30 0.15–0.3–0.6–1.5–3 0.5–1–2–5–10

Volume of isoflurane
added (in µl)

Corresponding aqueous
concentration (mmol/l)

Corresponding MAC

2.25–4.5–9–22.5–45 0.19–0.38–0.76–1.9–3.8 0.5–1–2–5–10

Tab. 1. Physicochemical properties of halothane and isoflurane
(20� C) [15]

Molecular weight (g) Liquid density (g/ml)

Halothane 197.4 1.86

Isoflurane 184.5 1.49



For Ringer solution without amiloride, electrophysio-

logical parameters for resting potential difference were:

PD from – 4.08 ± 1.04 mV to – 4.72 ± 1.92 mV.

Mechanical stimulation caused hyperpolarization of

transepithelial potential difference (dPD) from –0.15 ± 0.02

mV to –0.44 ± 0.08 mV. Transepithelial electric resistance

(R) amounted to from 210 ± 43 �cm2 to 308 ± 72 �cm2.

To determine the contribution of different ions to

the tissue electrical parameters, series of jet mechani-

cal stimulations were performed at the end of every

experiment. Inhibitors of ions transport (amiloride,

bumetanide and their combination) were added to the

stimulation fluid (Fig. 3).

Hyperpolarization after mechanical stimulation with

bumetanide was significantly diminished (we could

even notice depolarization) or did not exist, amiloride

did not affect this reaction and a decrease in hyperpolari-

zation reaction was noticed after both of these inhibitors.
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Fig. 1. Effect of halothane (H) on reactions of hyperpolarization after mechanical stimulation in the isolated rabbit tracheal wall. A single experi-
ment is shown. The stimulation was accomplished by a jet flux from peristaltic pump directed onto the mucosal surface of a preparation and is in-
dicated by an arrow. Experimental conditions: Amiloride (AMI) was added to the incubation fluid, to the fluid in Ussing chamber and stimulation
fluid. Moreover, halothane was added only to the stimulation fluid at concentrations of: 1.0, 2.0, 5.0, 10.0 MAC (H 1.0, H 2.0, H 5.0 and H 10.0). Ha-
lothane at the concentration of 5 and 10 MAC induced depolarization (C, D). (E, F) – depolarization typical of concentrations of halothane 5.0
and 10.0 MAC was seen at the concentrations of 1.0 and 2.0 MAC; tissue reacted in this way in 19% cases. The effects of halothane were fully
reversible as the following stimulation procedure with AMI caused again the hyperpolarization



Action of volatile anesthetics

Halothane added to the stimulation fluid at concentra-

tions ranging from 0.5 MAC to 2 MAC changed the

hyperpolarization reaction of the tissue, viz. it caused

a decrease in hyperpolarization phase, however, the

differences were not statistically significant (Fig. 1A,

B). Depolarization of the tissue occurred at the con-

centration ranging between 0.5–2 MAC in 19% of reac-

tions (12 cases of 64 performed reactions) (Fig. 1E, F).

Halothane at concentrations between 5–10 MAC

caused depolarization of the tissue (Fig. 1C, D).

Detailed analysis of electrophysiological parame-

ters of the examined specimens of the tracheal wall

after mechanical stimulation of halothane is presented

in Table 2.

Isoflurane addition to the stimulation fluid at con-

centrations corresponding to 0.5–2.0 MAC simultane-

ously decreased hyperpolarization and depolarization

reactions in response to mechanical stimulation, with

no influence on stationary values of PD after stimula-

tion (Fig. 2A, B, C).

Isoflurane at concentrations corresponding to 5 and

10 MAC caused exclusively depolarization of the tis-

sue (Fig. 2D, E, F).

Detailed analysis of electrophysiological parame-

ters of isolated tracheal wall after isoflurane treatment

is presented in Table 3 and particular experiments ex-

emplifying action of this drug are shown in Figure 2.

Figure 4 shows the preliminary experiments which

revealed that mechanical stimulation, prolonged to

4 min in the presence of isoflurane at concentration

corresponding to 2 MAC elicited depolarization po-

tential difference depending on the stimulation time.

After the trial, every specimen was tested by a se-

ries of stimulations with addition of amiloride, bume-

tanide and both. Figure 3 summarizes examples of tis-

sue reactions in this test and the results for all exam-

ined specimens are compared in Table 4.

Discussion

This paper is focused on the estimation of the influ-

ence of volatile anesthetics on electrogenic ion trans-

port in airway epithelium.

The research was performed on the experimental

model of airway wall that is the isolated rabbit trachea

placed in Ussing apparatus. In this device, one can

740 �����������	��� 
������ ����� ��� �����	�

Tab. 2. Effect of halothane (H) on reactions of hyperpolarization after
mechanical stimulation in the isolated rabbit tracheal wall

Experimental
conditions

Number
of specimens

n

dPD (mV) PD
(mV)

R
(� x cm�)

AMI

H 0.5 A

11

9

–0.27 ± 0.04

–0.27 ± 0.08

–3.47 ± 0.52

–3.28 ± 0.47

287 ± 55

280 ± 65

AMI

H 1.0 A

16

13

–0.44 ± 0.08

–0.43 ± 0.09

–7.30 ± 0.50

–7.50 ± 0.29

308 ± 72

296 ± 63

AMI

H 2.0 A

21

14

–0.34 ± 0.07

–0.27 ± 0.02

–5.37 ± 0.68

–5.20 ± 0.61

297 ± 94

272 ± 76

AMI

H 5.0 A

20

8

–0.26 ± 0.03

0.20 ± 0.06*

–5.36 ± 0.34

–5.04 ± 0.79

271 ± 77

272 ± 85

AMI

H 10.0 A

16

16

–0.31 ± 0.03

0.25 ± 0.07*

–4.99 ± 0.46

–3.04 ± 0.36

262 ± 82

230 ± 54

Data are presented as the means ± SD. Halothane was added to the
stimulation fluid at concentrations of 0.5, 1.0, 2.0, 5.0 and 10.0 MAC
(H – 0.5 A do H – 10.0 A). *p � 0.05

Tab. 3. Effect of isoflurane (I) in stimulation fluid on the reaction of hy-
perpolarization after mechanical stimulation in the isolated rabbit tra-
cheal wall

Experimental
conditions

Number
of specimens

(n)

dPD (mV) PD
(mV)

R
(� �

cm�)

AMI

I 0.5 A

10 –0.31 ± 0.13

–0.20 ± 0.13

–5.62 ± 1.50

–4.79 ± 1.15

233 ± 68

208 ± 48

AMI

I 1.0 A

10 –0.19 ± 0.07

–0.21 ± 0.11

–4.65 ± 1.09

–5.49 ± 1.50

220 ± 65

261 ± 78

AMI

I 2.0 A

10 –0.19 ± 0.14

–0.09 ± 0.12

–4.88 ± 1.20

–4.67 ± 1.11

210 ± 43

217 ± 76

AMI

I 5.0 A

10 –0.15 ± 0.02

0.02 ± 0.12*

–4.44 ± 0.97

–3.98 ± 0.97

211 ± 90

255 ± 95

AMI

I 10.0 A

AMI

10 –0.18 ± 0.05

0.27 ± 0.24*

–0.20 ± 0.09

–3.87 ± 0.90

–3.52 ± 0.86

–3.59 ± 0.82

219 ± 69

217 ± 57

216 ± 53

Data are presented as the means ± SD. PD was measured 3–5 min
after stimulation. Isoflurane was added to the stimulation fluid at con-
centrations of 0.5, 1.0, 2.0, 5.0 i 10.0 MAC (I 0.5, I 1.0, I 2.0, I 5.0,
I 10.0). * p � 0.05



measure transepithelial electophysiological parame-

ters. Particular attention has been paid to determina-

tion of concentrations of the employed anesthetics in

relation to concentrations used during general anes-

thesia, i.e. 1 MAC. The performed experiments

should help to determine the contribution of molecu-

larly defined ion channels to the mechanisms of air-

way clearance and estimation of the impairment of

these mechanisms because of volatile anesthetics.

The variable tested here is the reaction of a com-

plex structure, tracheal wall to a mechanical stimulus.

From observations of these reactions, we know that

this reaction assumes a complex and variable form de-

pendent on stimulus intensity and time [32, 33, 35].

Physically, it is a function of momentary values of

sum of transepithelial ion currents at a particular time.

Descriptively, we can distinguish the phase of fast

changes during the stimulations, usually hyperpolari-

zation, the second phase is a return to control values,

generally depolarization, and the third phase is a new

stationary state. Some other reactions could also be

observed, when no depolarization was seen after hy-

perpolarization (lack of second phase) and when reac-

tion began from depolarization and after that hyperpo-

larization occurred. Nevertheless, every type (con-

figuration) of reaction was observed frequently and

usually even the most atypical ones could be repeated.

To make sure that there is a definite type of function
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Fig. 2. Effect of isoflurane (I) on the change in the isolated tracheal wall transepithelial potential difference after mechanical stimulation. Time
courses of individual experiments are shown. The stimulation was accomplished by a jet flux from peristaltic pump directed onto mucosal sur-
face of a preparation and is indicated by an arrow. Experimental conditions: amiloride (AMI) was added to the incubation fluid, to the fluid in
Ussing chamber and stimulation fluid. Moreover, isoflurane was added only to the stimulation fluid at concentrations of 0.5, 1.0, 2.0, 5.0,
10.0 MAC (I 0.5, I 1.0, I 2.0, I 5.0 and I 10.0). The addition of isoflurane at the concentration of 5 and 10 MAC diminished hyperpolarization (D, F)
or even induced depolarization of the tissue (E). The effects of isoflurane were fully reversible as the following stimulation procedure with AMI
caused again the hyperpolarization



instead of an artifact, a sequence of stimulations was

applied in the presence of different pharmacological

substances. In this way, the contribution of definite

ion currents to actual configuration was confirmed

(i.e. in Fig. 3 and Tab. 4 perspicuous hyperpolariza-

tion occurred in the presence of amiloride, whereas in

the presence of bumetanide this reaction was inhib-

ited). This indicates chloride ion participation (chlo-

ride channels). Amiloride was applied throughout the

experiments as an inhibitor of Na+ transepithelial

pathway acting on the channel in apical membranes.

The problem of amiloride action on isolated tracheal

wall in this experimental setting (also related to the

time of incubation) was carefully analyzed in our pre-

vious article [33].

We can observe the changes in the tested functions

and verify them using statistical methods by calculat-

ing PD value in a certain period of time, i.e. before

and after stimulation and maximal value of this func-

tion – dPD. Analysis of the reaction of hyperpolariza-

tion after stimulation by rinsing of mucosal surface of

the isolated tracheal wall, using aqueous solutions of

volatile anesthetics at concentrations between

0.5 MAC–2 MAC showed that in many cases they,

like halothane and isoflurane, diminished hyperpolari-

zation, however, there was no statistical significance

of this reaction. At concentrations equal to 5 MAC

and 10 MAC, halothane inhibited reaction of hyper-

polarization and enhanced depolarization whereas

isoflurane, although inhibited hyperpolarization

phase, distinctly less affected the depolarization com-

ponent. The action of these volatile anesthetics was

fully reversible. The comparison of reactions of the

isolated tracheal wall to different halothane concen-

trations indicates the coexistence of two types of in-

teractions. Increasing halothane concentration in

stimulation fluid leads to a gradual decrease in hyper-

polarization component and augmentation of depo-

larization component (Tab. 2, Fig. 1A). Hypothetic

explanation of this observation is an interaction of ha-

lothane with suitable ion channels or receptors that

control these channels. The second type of interac-

tion, presented in Figure 1E and F, was observed in

19% of the examined reactions and indicates a partici-

pation of reflexive nervous mechanisms in the depo-

larization phase after mechanical stimulation, because

a maximal depolarization occurred irrespective of an

applied concentration (this type of reaction displays
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A B
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Fig. 3. Hyperpolarization after mechanical stimulation with bumetanide (BUME) was considerably diminished (we can even notice depolariza-
tion – A) or did not exist (B), amiloride (AMI) did not affect this reaction (C) and both these inhibitors decreased hyperpolarization reaction (D)



the analogy with cough occurring during induction of

general anesthesia in certain percentage of patients)

[21, 22].

Duration of anesthesia can constitute an important

parameter because only prolonged action of anesthet-

ics could induce inhibition of adaptive reactions in

airway clearance, particularly in transepithelial ion

transport. Preliminary studies on this issue are pre-

sented in Figure 4. The stimulation lasting 4 min in

the presence of isoflurane indicates that a prolonged

interaction time of this anesthetic inhibits the exam-

ined reactions more intensely than short lasting treat-

ment. In this preliminary experiment, tracheal epithe-

lium ceases to react to the stimulus. This may be an

evidence of depletion of compensative mechanisms.

Influence of isoflurane resembles somewhat the de-

creased airway wall reactions in response to halothane

(according to the first type) whereas reflexive reac-

tions has not been observed (the second type). This

problem was addressed only briefly and needs further

research.

Reaction of tracheal epithelium to mechanical

stimulation reflects the influence of local intrawall

regulation system which connects neuronal elements

(i.e. sensory endings), hormonal (i.e. paracrine sub-

stances from neuroepithelial cells) and immunologi-

cal (i.e. mast cells, lymphocytes or macrophages).

Sensory innervation is important, however, it con-

ducts impulses to the nervous centers (mainly through

nervus vagus) [24] but locally plays a significant role

connected with the presence of receptors defined as

cough receptors in airway wall. There are capsai-

cin–sensitive C fiber endings, rapidly adapting recep-

tors which react to an irritable stimulus, and slowly

adapting receptors localized in airway smooth mus-

cles. After stimulation, neuropeptides are released

from secretory cells of C fibers, like tachykinins and

others (NKA, NKB, SP, CGRP, VIP, HMP) [1, 17],

which cause not only changes in smooth muscle ten-

sion, regional blood flow and mucus secretion but

also in transepithelial ions transport. In that way, they

affect quality and quantity of airway surface liquid.

Status of airway surface liquid has direct influence on

mucociliary transport and tracheobronchial tree clear-

ance, what could have crucial significance during

volatile general anesthesia. Irritant effect of volatile

anesthetics on airway has been observed, particularly

during induction of general volatile anesthesia. The

symptoms were: laryngospasmus, apnea and/or

tachypnoe, increased frequency of cough, elevated

mucus secretion and acceleration or slowdown of air-
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Fig. 4. Mechanical stimulation in the presence of isoflurane at con-
centration corresponding to 2 MAC, prolonged to 4 min, elicited de-
polarization of potential difference depending on treatment time. The
experiment was carried out without the addition of amiloride. It con-
firms that irrespective of amiloride, the reaction of depolarization was
caused by disturbed chloride transport. Arrows indicate the time-
course stimulation (240 s). Distance from the first arrow and dotted
line correspond to the performed stimulation usually lasting 15 s

Tab. 4. Influence of triple stimulation of sequentially added transport
ion inhibitors – bumetanide (BUME), amiloride (AMI) and both

Experimental
conditions (n)

PD�

(mV)
dPD
(mV)

PD�

(mV)
R

(��� cm�)

BUME
(30)

–2.87 ± 1.23 –0.08 ± 0.06 –2.85 ± 1.19 223 ± 78

AMI
(19)

–2.76 ± 1.05 –0.69 ± 0.29 –2.71 ± 1.08 233 ± 68

AMI +BUME
(20)

–2.21 ± 0.87 –0.09 ± 0.07 –1.81 ± 0.94 231 ± 82

Data are presented as the means SD, n – number of specimens, PD
�

and PD
�

– value of transepithelial potential difference before and af-
ter stimulation with inhibitors of ion transport



way epithelial ciliary movement [4, 5, 21, 22]. These

reactions have been observed with desflurane, less

frequently with isoflurane and very rarely in ha-

lothane anesthesia [30].

It has been found that the above-mentioned effects

are strictly correlated with frequency of C-fiber stimula-

tion [22]. It would have been more valuable to show di-

rectly the tachykinin release from C-fibers, but these

measurements have not been performed up to now. In

the light of the described experiments, a connection of the

observed transepithelial ion transport changes with the in-

teraction of intrawall regulatory system, particularly C-

fibers and tachykinin secretion, seems justifiable.

Secretion of the Cl– ions and reabsorption of the

Na+ ions is responsible for hyperpolarization phe-

nomenon [2, 3, 31, 35]. Electrogenic transport of Cl–

ions causes mucus hydration through increasing liq-

uid surface, while Na+ transport usually is connected

with reabsorption of airway surface liquid. Under

physiological conditions, stimulation of the isolated

tracheal epithelial tissue with Ringer solution causes

transitory hyperpolarization of electric potential [13].

Previously published research has demonstrated [13,

33, 35] that this phenomenon had not been inhibited

by antagonists of cholinergic nervous system and

sympathetic system as well. It has been observed that

these reactions were modulated by ligands having

their receptors on C-fiber terminals, i.e. capsaicin,

5-HT and antagonists of NK-1 [13, 17, 33, 35].

Volatile anesthetics changing electrogenic ion

transport (disturbing Cl– transport) seem to have im-

portant influence on shaping the liquid surface. It was

demonstrated that these drugs were able to induce an-

esthesia due to their action on postsynaptic ligand-

gated channels [6, 8, 10]. It is possible that similar

mechanism could exist in the airway epithelium,

when particles of volatile anesthetics stimulate or in-

hibit ligand-gated channels. Pizov et al. [25] examined

transepithelial transport of ions and water and concluded

that halothane diminished short circuit current by inhibi-

tion of Cl– secretion followed by a decrease in volume

and increase in viscosity of airway surface liquid.

Morbidity connected with general anesthesia most

often relays on respiratory complications in postop-

erative period, mainly in high risk patients and after

long-lasting anesthesia. Incidence of complications

was estimated at 6–21% [9, 18–20, 23, 27]. Causes of

postoperative pulmonary infections are certainly mul-

tifactor, but depend on effective elimination of excre-

tion. That needs effective cough and mucociliary

transport. These mechanisms [12] are disturbed in

postoperative period. Mucous clearance may be de-

clined because of its altered viscosity or volume and

due to decreased cilia beat frequency or both. Many

processes associated with volatile anesthesia affect

quality and quantity of airway surface liquid because

volatile and intravenous anesthetics alter body tem-

perature and humidity of airway due to respiratory

mixture, artificial ventilatory parameters, inspiratory

fraction of oxygen and mechanical injury associated

with endotracheal intubation. Volatile anesthetics are

considered to be a very important (and possibly modi-

fying) factor influencing every aspect of mucociliary

transport and airway clearance during anesthesia. Ex-

amination of this issue can contribute to considerable

drop in postoperative pulmonary complications.

Conclusions

1. It has been recognized that volatile anesthetics at

concentrations equivalent to 5 and 10 MAC affect air-

way transepithelial potential difference and influence

reactions of hyperpolarization and depolarization in-

duced by mechanical stimulation.

2. Putative ionic mechanism of the action of volatile

anesthetics on electrophysiological parameters in-

volves a disturbed Cl– transport attributable to anes-

thetics-induced alterations in tachykinin secretion

from C-fiber endings.

3. For estimation of clinical significance of the ob-

served changes in ion transport, exploration of elec-

trogenic parameters of airway epithelium after long-

lasting action of volatile anesthetics is indicated.
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