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ABSTRACT:  Ion transport by the airway epithelium contributes to the regulation
of the quantity and composition of respiratory tract fluid, thereby affecting muco-
ciliary clearance.  We have investigated the effect of the mucoactive drug
S-carboxymethylcysteine-lysine salt (S-CMC-Lys) on the transepithelial bioelectric
properties of isolated rabbit trachea.

Transepithelial potential difference (Vms), short-circuit current (Isc) and resis-
tance (R) were measured in the isolated rabbit trachea mounted between flux half-
chambers, in the presence and in the absence of S-CMC-Lys (100 µM), added to
the mucosal or submucosal chamber.   In some experiments, tissues were also exposed
to ion channel-inhibitors, in order to evaluate the contribution of Na+ and Cl– active
transport to Isc.

The excised rabbit trachea expressed transepithelial bioelectric properties based
on an active ion transport supported by the Na+-K+-adenosine triphosphatase (ATPase)
activity, since ouabain (500 µM) completely abolished the transepithelial potential
difference.  In control preparations, Vms and Isc declined significantly during 300
min recording, whereas R remained constant.  The Isc decline was essentially attrib-
utable to a decrease in Cl– transport.  Bumetanide (100 µM) almost completely
abolished the Isc fraction related to Cl– transport.  Treatment of the tissues with
S-CMC-Lys reduced the progressive fall in Isc, with the most clear-cut and
significant effect observed for the mucosal treatment.  In parallel, S-CMC-Lys
significantly lowered R, without affecting Vms.  Either mucosal or submucosal expo-
sure to S-CMC-Lys significantly increased Cl– secretion to normal values, whilst Na+

absorption was not modified.  The ability of S-CMC-Lys to restore Cl– transport
was, however, lost in bumetanide treated tissues. 

These data demonstrate the ability of S-CMC-Lys to modulate active ion
transport across an airway epithelium, an effect which may contribute to its muco-
regulatory activity.
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Secretion and/or absorption of ions across airway epithe-
lia represent an important driving force, which regulates
the volume and composition of airway surface liquid.
This fluid movement, in turn, determines the water con-
tent of the airway mucus layer, thereby affecting the effi-
ciency of mucociliary clearance [1].

Active transport of ions through the airway epitheli-
um generates a transepithelial potential difference, which
can be measured with in vivo and in vitro techniques.
Canine trachea has been widely used as a model to study
airway epithelial ion transport in vitro [2–4], although
in this species submucosal glands within the airways
probably contribute to net electrolyte and water flow acr-
oss the epithelial barrier.  In contrast to canine trachea,
rabbit tracheal mucosa is composed almost entirely of
superficial epithelial cells with few submucosal glands
[5].  Therefore, active ion transport and the derived elec-

trical properties of the airway epithelium have also been
investigated in rabbit excised trachea [6, 7], taken as an
alternative experimental model where ion flux depends
mainly on processes in the superficial epithelial cells.

S-carboxymethylcysteine-lysine salt (S-CMC-Lys) is a
mucoactive drug used in the therapy of lung diseases
characterized by impaired mucus clearance, such as asth-
ma and chronic bronchitis [8, 9];  normalization of mucus
secretion provided by this compound seems to depend
on its ability to restore the correct balance between sialo-
and fuco-mucins, thereby increasing mucus fluidity and
removal [10].  On the other hand, little is known about
the possible additive effect on other processes involved
in the regulation of mucus composition and its water
content.

The aim of this study was to investigate a possible
interference of S-CMC-Lys on active ion transport across



an airway epithelium.  In particular, we verified the eff-
ect of this drug on the bioelectric properties of rabbit
tracheal epithelium, using the classical Ussing chamber
technique.

Methods

General

Male New Zealand white rabbits, weight range 2.8–3.3
kg were killed by cervical dislocation, the thorax opened
and the trachea removed. The excised trachea was placed
in oxygenated (O2/CO2: 95/5%) Krebs solution (compo-
sition in mM: 142.9 Na+ 5.9 K+, 2.5 Ca2+, 1.2 Mg2+, 127.7
Cl–, 24.9 HCO3

–, 1.2 SO4
2-, 1.2 H2PO4

–, 5.5 glucose), and
dissected free of connective and adipose tissues.  One
segment close to the bronchial bifurcation was cut, opened
along the posterior side and mounted as a sheet between
flux half-chambers (Ussing chamber) with an aperture
of 1.40 cm2.  Both submucosal and mucosal surfaces
were bathed with 5 ml of oxygenated Krebs solution
maintained at 30˚C.  This temperature was chosen in
order to slow deterioration of the tissues during the long
study period.  Once the tissue was set up in the Ussing
chamber, the recording of bioelectric variables was star-
ted (time 0).

Transepithelial electric potential difference (Vms, mV)
was measured by calomel-half cells connected by agar
(4%)-KCl (0.5 M) bridges to the incubation medium.
Short-circuit current (Isc, µA·cm-2) was measured by
Ag/AgCl electrodes, dipped in a Krebs solution and con-
nected through agar-Krebs solution bridges to the incu-
bation medium.  Tissues were studied under open-circuit
conditions with intermittent (every 10 min) short circuiting

(max 10 s). During the ion transport analysis with inhibitors,
short-circuiting was performed every min for the first
5 min after the addition of the channel-blockers, and
subsequently at 5 min intervals.  Vms and Isc were re-
corded immediately before and on clamping, respectivly.
Both determinations were performed with an automatic
device (S. Henin, Milan, Italy), which allowed automat-
ic subtraction of the bathing fluid resistance for a correct
measurement of Isc, and recorded with a double pen chart
recorder (PM8262, Philips, Eindhoven, The Netherlands).
Tissue resistance (R, Ohm·cm2) was calculated from the
ratio between Vms and Isc.

In order to avoid an increase in solute concentration
due to evaporation, the bathing solution in the chambers
was replaced after the first 40 min, and thereafter every
60 min throughout the experiment, with Krebs solution
only (control tissues) or with Krebs solution containing
the different drugs, according to the protocol design.

Pharmacological treatments

In four preliminary experiments, 150 min after the
beginning of the experiment, the Krebs solution in the
submucosal chamber was replaced with the same solu-
tion containing 500 µM ouabain, a Na+-K+- adenosine
triphosphatase inhibitor.

In the following experiments, at 40 min and at each
subsequent medium change, the bathing solution in the
submucosal or mucosal chamber was replaced with Krebs
solution containing 100 µM S-CMC-Lys.  In other tis-
sues, either control or S-CMC-Lys (mucosal) treated, the
Cl– -cation co-transport inhibitor bumetanide (100 µM)
[11] was also present at the submucosal side from the
60th min (fig. 1).
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Fig. 1.  –  Time course of experimental procedure a) analysis started at 310 min (control or S-CMC-Lys treated tracheas b) analysis started at 40
min (control preparation only): S-carboxymethylcysteine-lysine salt; BUM: bumetanide; Amil: amilorido; DPC: diphenylamine-2-carboxylate; SITS:
4-acetamido-4'-isothiocyanatostilbene-2,2'-disulphonic acid.
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Analysis of ion transport

An analysis of ion transport was performed in some
experiments, in order to evaluate the contribution of Na+

and Cl– transport to Isc.  In particular, it was done by
replacing the mucosal medium with Krebs solution con-
taining amiloride 100 µM, a Na+ channel-blocker [12].
Ten min later, Krebs containing amiloride plus dipheny-
lamine-2-carboxylate (DPC) 5 mM, a Cl– channel-inhibitor
[13], was again replaced in the mucosal chamber and the
electric variables followed for additional 15 min.  In
some tissues, Krebs containing amiloride plus DPC plus
4-acetamido-4'-isothiocyanatostilbene-2,2'-disulphonic
acid (SITS) 100 µM was then replaced in the mucosal
chamber and variables measured for 10 min (fig. 1).

The analysis of ion transport was started in separate
control preparations 40 and 310 min from the beginning
of the experiment, whereas in S-CMC-Lys and/or bumetanide
treated tissues it was started at 310 min.  In S-CMC-Lys
and/or bumetanide treated tracheas, the drugs were pre-
sent at the mucosal or submucosal side also throughout
the ion transport analysis.

Statistical analysis

Data are reported as mean±SEM from n replications.
Only one tracheal segment from each animal was used
in each experiment (one replication). The three variables
measured were expressed either as absolute values or as
percentage decrease from basal values;  in the latter case,
values measured at 40 min from the beginning of the
experiment were taken as basal, since at this time the
bioelectric variables were generally steady.  The basal
absolute values for Vms, Isc and R were not statisti-
cally different among the groups considered.  Since in
some tissues the decrease in Isc induced by amiloride
tended to recover, the % Isc attributable to Na+ trans-
port was referred to as the peak % decrease in Isc induced
by the Na+ channel-blocker.  Consequently, the % Isc
attributable to Cl– movement was referred to as the
further % decrease in Isc due to DPC treatment, calcu-
lated from amiloride peak effect.

The time-course profile for percentage decrease in
Vms, Isc and R were compared by means of the analy-
sis of variance according to a split-plot model [14], which
allows evaluation of the overall interaction treatment ×
time. A Student's t-test for unpaired data was used to
compare between treatments the changes in tracheal
bioelectric variables at specific time-points and those
due to amiloride and DPC.  Comparison of results with-
in treatments were statistically assessed by Student's
t-test for paired data.  A probability level of p<0.05 (two-
tailed) was considered statistically significant.

Drugs used

Ouabain, bumetanide and amiloride were purchased
from Sigma;  DPC was purchased from Aldrich-Chemie;
S-CMC-Lys was obtained from Dompe' farmaceutici
S.p.A.
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Table 1.  –  Transepithelial potential difference (Vms),
short-circuit current (Isc) and resistance (R) measured in
control isolated rabbit tracheas at basal time (40 min)
and at 300 min from the beginning of the experiment

Variable Basal 300 min     % decrease

Vms  mV 12.3±0.8 9.4±0.7* 23.3±1.5
Isc  µA·cm-2 123.6±5.8 96.6±3.4* 19.7±2.1
R  Ohm·cm2 98.5±4.4 96.9±5.9 2.9±2.5

Results are shown as absolute values and percentage decrease
during 300 min recording.  Data represents the mean±SEM from
40 replications.  *: significantly different from basal (Student's
t-test for paired data).

Fig. 2.  –  Time-course for the percentage change in transepithelial
potential difference (Vms), short-circuit current (Isc) and resistance
(R) in isolated rabbit tracheas.  The bioelectric variables were mea-
sured in control preparation  ( ❍ ;  n=40), and tissues treated with S-
carboxymethlcysteine-lysine salt  (S-CMC-Lys) (100 µM) from the
mucosal ( ▲ ;  n=38) or submucosal ( ● ;  n=44) side.  Each point
represent the mean±SEM from n replications.  The interaction treat-
ment×time was statistically significant for the percentage decrease in
both Isc and R (analysis of variance, split-plot model).    
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Table 2.  –  Effect of S-carboxymethylcysteine-lysine salt (S-CMC-Lys) on the percentage short-circuit current (Isc)
attributable to Na+ and Cl- active transport in isolated rabbit tracheas

Start time
Treatment analyses  min n %300 min %Na+ %Cl– %residual

Control 40 12 - 38.4±3.6 55.4±3.1*§ 6.6±0.8

Control 310 19 17.3±2.6 33.8±2.3 41.8±2.3 7.1±1.0

S-CMC-Lys M  310 24 3.5±3.5§ 39.3±2.3 51.8±3.7*§ 5.3±0.8

S-CMC-Lys S 310 21 13.0±1.9 30.7±2.3 50.2±2.6*§ 6.0±0.8

BUM 310 6 31.5±5.0§ 54.8±2.7§ 10.1±1.8*§ 3.6±1.4

S-CMC-Lys M + BUM 310 6  37.1±3.8† 48.5±3.7† 11.5±1.7*† 2.5±1.2†

Results are shown as % of Isc attributable to spontaneous decrease during 300 min recording (% 300 min), decrease due to
blockade of Na+ (% Na+; amiloride 100 µM) and Cl- (%Cl-; amiloride+DPC 5 mM) channels, and residual Isc.  Values measured
40 min from the beginning of the experiments were taken as basal=100% in all the groups.  Note that 40 min and 310 min refer
to the time at which the ion transport analysis was started.  S-CMC-Lys (100 µM)  was present at the mucosal (M) and submu-
cosal (S) side of the tissue 40 min after the beginning  of the experiment.  Bumetanide (BUM, 100 µM) was present at the sub-
mucosal side 60 min after the beginning of the experiment (see fig. 1).  Data  represent the mean±SEM from n replications.
*Significantly different from % Na+ (Student's t-test for paired data);  §: significantly different from control 310 min (Student's t-
test for unpaired data); †:  not significantly different from BUM 310 min (Student's t-test for unpaired data).

Results

Effect of oubain

In a first series of experiments, the methodological
approach was characterized and validated.  In particu-
lar, preliminary experiments revealed that the intact rab-
bit trachea (epithelium + cartilage) can develop a Vms
(lumen negative) and Isc, though a progressive decrease
(about 18%) in Vms and Isc values was observed over
150 min.  When ouabain 500 µM was added to the sub-
mucosal chamber, a marked fall in tissue bioelectric func-
tion was observed, with Vms and Isc values dropping
almost to zero within 60 min (0.3±0.1 mV, 4.6+1.4
µA·cm-2, respectively;  n=4).

Effect of S-CMC-Lys on bioelectric properties

In a second series of experiments, the time-course of
the electric variables was followed up to 300 min,
in control and S-CMC-Lys treated tissues. In control
preparations, Vms and Isc fell significantly with time,
decreasing approximetely 20% over 300 min for varables;
at this time, R was not significantly changed (table 1
and fig. 2).  Treatment of rabbit tracheas with S-CMC-
Lys resulted in an overall protection from the progres-
sive loss in active ion transport, with the clearest effect
seen after mucosal treatment (fig. 2).  In particular, whilst
the time-course of Vms was similar in control (% decrease
at 300 min 23.3±1.5;  n=40) and treated tissues (%
decrease at 300 min 24.0±1.7 and 22.6±1.4 after mucos-
al (n=38) and submucosal (n=44) treatment, respective-
ly), S-CMC-Lys significantly reduced the overall profile
of Isc fall during time (fig. 2), the interaction treat-
ment×time for this variable being significant.  The per-
centage decrease in Isc calculated at 300 min was 19.7±2.1

(n=40), 4.8±2.8 (n=38) and 14.7±1.6 (n=44) in control
tissues, after mucosal treatment and after submucosal
treatment, respectively.  

Specific comparison for values at 300 min revealed
that the percentage fall in Isc observed in tracheas exposed
to S-CMC-Lys from the mucosal side, but not the sub-
mucosal, was significantly lower as compared to con-
trols.  On the other hand, the ability of S-CMC-Lys to
prevent the progressive fall in Isc was completely lost
in tissues treated with bumetanide (table 2).  S-CMC-
Lys treatment also significantly affected the time-course
of R, which was reduced by the mucoactive drug over
300 min recording (fig. 2), with a significant interaction
treatment×time.  In particular, the percentage reduction
in R calculated at 300 min in tissues exposed to S-CMC-
Lys from the mucosal or submucosal side (18.6±2.0,
n=38; 8.9±1.3, n=44, respectively) was significantly great-
er than that observed in control preparations (2.8±2.5,
n=40).

Ion transport and bioelectric properties

Amiloride and DPC caused a significant decrease in
Isc, paralleled by a concomitant and significant increase
in R.  Figure 3 shows the profile of Isc fall and R increase
after amiloride and DPC addition in control preparations
when the ion transport analysis was started 40 min from
the beginning of the experiment.  The analysis of Na+

and Cl– transports also revealed that the two ions account-
ed for a different degree to Isc, according to the exper-
imental conditions.  The results are summarized in table
2.  In control preparations (analysis started at 40 min)
the % Isc attributable to Cl– secretion (DPC-inhibited
fraction of Isc) was significantly higher than that account-
ed for by Na+ absorption (amiloride-inhibited fraction of
Isc).  A small residual current was also observed, of
which only a negligible proportion could be attributed
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Fig. 3.  –  Profile of short-circuit current (Isc) and resistance (R)
changes in control isolated rabbit tracheas after the addition of 100
µM amiloride (first arrow) and amiloride+5 mM diphenylamine-2-car-
boxylate (DPC) (second arrow) to the mucosal side of the tissue.  The
ion transport analysis was started 40 min after the beginning of the
experiment.  Each point represents the mean±SEM from 12 replications. 

to Cl– transport through SITS-sensitive channels (per-
centage decrease in Isc due to SITS addition 2.0±0.5,
n=12).  When the ion analysis was performed in control
tracheas 310 min from the beginning of the experiment,
a significant decrease in Cl– secretion through DPC-sen-
sitive channels was observed, as compared to the 40 min
condition, with no change in Na+ transport.  Treatment
of the tissues with bumetanide increased the % Isc
attributable to Na+ transport and markedly reduced the
percentage decrease in Isc due to DPC addition.

Effect of S-CMC-Lys on ion transport

Mucosal and submucosal treatment with S-CMC-Lys
resulted in a significant increase in the % Isc attribut-
able to Cl– secretion (DPC-inhibited fraction of Isc), as
compared to the corresponding controls (ion transport
analysis started at 310 min) (table 2).  In particular, S-
CMC-Lys affected Cl– secretion only through DPC-inhib-
ited apical channels, without interference on Cl– secretion
through SITS-inhibited channels; the % Isc attributable
to Cl– active movement through the latter pathway was
2.0±0.6 (n=10), 1.1±0.2 (n=24) and 1.1±0.3 (n=21) in
control tissues, after mucosal treatment and after sub-

mucosal treatment, respectively.  On the other hand, S-
CMC-Lys did not modify either the percentage reduc-
tion in Isc due to amiloride exposure and the residual %
Isc (table 2).  As a result, in tissues treated with the
mucoactive drug, the % Isc accounted for by Cl– secre-
tion again significantly exceeded that attributable to Na+

absorption, as was observed for control tissues at 40 min.
In tissues treated with bumetanide, the fraction of Isc
inhibited by either amiloride or DPC was not modified
by mucosal treatment with S-CMC-Lys (table 2).

Discussion

Active absorption and/or secretion of ions across an
airway epithelium, generating transepithelial Vms and
Isc, and the derived passive diffusion of water, are impor-
tant processes in the regulation of mucociliary clearance,
in that they contribute to the modulation of water con-
tent in the mucus sol layer [1, 15–17].

In excised rabbit trachea (epithelium + cartilage), a
transepithelial potential difference could be measured,
which was accounted for by an active ion transport sup-
ported by Na+-K+- adenosine triphosphatase (ATPase)
activity.  In fact, addition to the submucosal side of the
classical Na+-K+-ATPase inhibitor, ouabain, completely
abolished the transepithelial potential difference and short-
circuit current, showing that active sites in the epitheli-
um could be reached by drug applied to the submucosal
side of the trachea, despite the presence of the cartilage.

In our experiments, a progressive fall in Vms and Isc
was observed over time, while R remained constant.
Similar results have  already been reported by JARNIGAN

et al. [7] in the same experimental model;  according to
these authors, the rate of decline in electric variables
could not be influenced by modifying the protocol of tis-
sue preparation or by exposing the tissue to either more
complete bathing media or to diluted rabbit plasma.  In
this regard, since Isc fell but R did not, it is possible to
speculate that a decline in activity of the basolateral Cl–

-cation co-transport and/or Na+-K+-ATPase might be
involved in the genesis of this phenomenon.

Treatment of rabbit tracheas with S-CMC-Lys sig-
nificantly reduced the rate of decline of Isc with the
greatest effect seen after the mucosal treatment, show-
ing the ability of the mucoactive drug to enhance active
ion transport across an airway epithelium.  In parallel,
S-CMC-Lys significantly lowered R.  In this regard, it
is important to underline that the fall in Vms was not
modified by S-CMC-Lys, suggesting that the reduction
observed for R after exposure to the drug cannot be attrib-
uted to a nonspecific increase in paracellular permeabil-
ity to ions.  Data obtained with amiloride and DPC support
this hypothesis, showing that an interference with the ion
channel activity can indeed affect total tissue resistance.

As far as the contribution of specific ion transport is
concerned, the bioelectric variables of rabbit tracheal
epithelium in basal conditions are maintained mainly by
active absorption of Na+ from the mucosal to the sub-
mucosal side [1].  On the other hand, an electrogenic
secretion of Cl– anions, contributing to the genesis of the
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potential difference, can also be demonstrated in condi-
tions that limit Na+ entry into the epithelial cell [6].  Our
data, showing that amiloride decreases Isc by about
30–40%, are only partially in agreement with those report-
ed by BOUCHER and GATZY [6], who, measuring unidi-
rectional 22Na+ flux, estimated Na+ absorption to account
for about 70% of basal Isc.  We did not measure ion
fluxes directly in our experiments;  however, the method
used to calculate the percentage decrease in Isc due
to amiloride (peak effect) and DPC is likely to give an
accurate estimate of the % Isc attributable to Na+ and
Cl– transport, respectively.  Moreover, even if Cl– chan-
nel-blockers, such as DPC, might be less specific in
whole tissue as compared to single channel studies [18],
data obtained with bumetanide support the conclusion
that the DPC-inhibited fraction of Isc can be attributed
to blockade of apical Cl– channels. In fact, in the pres-
ence of the Cl–-cation co-transport inhibitor, which reduces
basolateral Cl– influx, the effect of DPC on Isc was
almost abolished.  In summary, our results indicate that
the decrease in Isc with time depends on an overall reduc-
tion in Cl– flux, which is not due to a specific closure
of apical Cl– channels.

As far as the effect of S-CMC-Lys is concerned, data
obtained from the ion transport analysis indicate that the
protection from Isc fall brought about by the mucoactive
drug can be attributed to a specific support of transep-
ithelial Cl– movement.  The fact that in the presence of
bumetanide S-CMC-Lys could no longer increase either
total Isc, and the DPC-inhibited fraction of Isc supports
this view.  Our data also suggest that the ability of S-
CMC-Lys to increase Cl– transport might depend on the
opening of specific Cl– channels (DPC-inhibited apical
channels), since a significant decrease in R paralleled the
recovery of Isc.  Since Cl– secretion is coupled to increased
water flow into the airway lumen [16], this effect would
make mucus more fluid and, if mucus was too solid,
would accelerate mucus clearance by cilia and coughing.
The capacity of S-CMC-Lys to promote Cl– secretion
also gains particular relevance considering that a defect
in the regulation of apical Cl– channels is the underly-
ing cause of cystic fibrosis [19], a disease characterized
by accumulation into the airways of thick, dehydrated
mucous secretion and impaired mucociliary clearance.

The molecular  mechanism by which S-CMC-Lys mod-
ulates Cl– secretion is not known at the present. The
effect of mucosal treatment might depend on a direct
action of the compound on the apical conductive Cl–

channels;  a similar hypothesis might also apply to the
effect observed after submucosal exposure to S-CMC-
Lys, since preliminary pharmacokinetic data revealed the
presence of radioactivity associated with the airway sur-
face after oral administration of 14C-labelled S-CMC-Lys
in rats (Ferrari M, personal communication).  On the
other hand, it is possible to speculate that S-CMC-Lys
might act on both sides of the epithelium via a second
mediator or intracellular messenger.  In this regard, we
are currently investigating the capacity of the mucoac-
tive drug to activate cyclic adenosine monophosphate
(cAMP)-dependent protein kinase which, together with
protein kinase C or intracellular Ca2+, is one of the major

second messenger pathways involved in the stimulation
of Cl– secretion [20, 21].

In summary, the capacity of S-CMC-Lys to support
active Cl– transport across an airway epithelium adds
more insight into the possible mechanism of its mucoreg-
ulatory action. S-CMC-Lys does not possess a direct
mucolytic activity [22], whilst, an interference on the
balance between fuco- and sialo-mucins has been report-
ed [10] and proposed to be the relevant mechanism
involved in the normalization of the secretory function
of the bronchial mucosa.  The present data suggest that
modulation of transepithelial ion transport provided by
S-CMC-Lys might also contribute to the regulation of
water content of the mucous layer, thereby improving
excretion of mucus.
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