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ABSTRACT 
Osmotic challenge of airways alters the bioelectric properties of 
the airway epithelium and induces the release of factors that 
modulate smooth muscle tone. Recent studies in our laboratory 
suggested that methacholine-contracted airways relax in re­
sponse to incremental increases in osmolarity, rather than from 
cell shrinkage or absolute solute concentration. In the present 
study, guinea pig tracheae were mounted in Ussing chambers 
to elucidate the bioelectric effects of challenge of the epithe­
lium with hyperosmolar and isosmolar solutions. Transepithelial 
short-circuit current (/sJ across tracheae stimulated with baso­
lateral methacholine was inhibited by apical amiloride, apical 
5-nitro-2-(3-phenylpropylamino)benzoic acid, basolateral bu­
metanide, basolateral ouabain, and c1- -free solution, but not 
by basolateral iberiotoxin. Apical hyperosmolar challenge with 
NaCl variably decreased or increased /sc• but o-mannitol (o-M) 

Asthmatic patients may experience obstruction at the con­
clusion of exercise (exercise-induced asthma), whereas non­
asthmatic individuals experience bronchodilation during ex­
ercise (Kagawa and Kerr, 1970; Godfrey, 1997). The 
increased minute ventilation during exercise causes evapo­
rative water loss. The ensuing elevation in the osmolarity of 
the airway surface liquid is thought to stimulate bronchocon­
striction (Anderson et al., 1982; Freed and Davis, 1999; 
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always inhibited /sc; bumetanide attenuated decreases in /sc· 
The effects of the transport blockers depended upon whether 
/sc was initially decreased or increased. Unique concentration­
dependent changes in /sc and transepithelial resistance (RJ 
were observed when ionic (NaCl and KCI), nonionic imper­
meant (o-M and sucrose), and nonionic permeant (urea) os­
molytes were added to the apical and basolateral baths. At 
concentrations that doubled the osmolarity of the apical bath, 
o-M, urea, and N-methyl-o-glucamine-gluconate (NMDG-Glu) 
decreased /sc· Apical isosmolar NMDG-Glu solution decreased 
/sc• and additional NMDG-Glu caused a further decrease in /sc· 
Inclusion of one permeant ion, either Na+, K+, or c1-, reversed the 
response to apical isosmolar and hyperosmolar solutions. Thus, 
bioelectric responses of the airway epithelium to hyperosmolar 
solution are induced by incremental increases in osmolarity. 

Anderson and Daviskas, 2000) resulting from the effects of 
released mediators, including leukotrienes (Umeno et al., 
1990; M akhdum and Pearce, 1993; Freed, 1995; Israel and 
Drazen, 1999). In addition to reacting to exercise, asthmatic 
patients are hyperreactive to inhaled hypertonic saline solu­
tion (Makker et al., 1994). 

Several in vitro studies have suggested that challenge of 
the epithelium with hyperosmolar solution stimul ates bioel­
ectric events. Application of hyperosmolar solution 1 to ferret 
tracheal epithel i um resulted in ion t ransport, the r esult of 

1 Hypertonic solutions are those that cause cell shrinkage. Hyperosmolar 
solutions have osmolarity greater than tha t of the physiological extracellula r 
solution. For simplicity, in this report we do not draw distinctions between the 
two terms when describing general phenomena. 

ABBREVIATIONS: o-M, o-mannitol; EpDRF, epithelium-derived relaxing factor; MKHS, modified Krebs-Henseleit solution; 1.0 , short-circuit 
current; R,, transepithelial resistance; SPD, spontaneous potential difference; MCh, methacholine; NMDG, N-methyl-o-glucamine; NMDG-CI, 
N-methyl-o-glucamine-chloride; NMDG-Glu, N-methyl-o-glucamine-gluconate; Na-Glu, Na-gluconate; NPPB, 5-nitro-2-(3-phenylpropylamino) 
benzoic acid; K-Glu, K-gluconate. 
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which was to restore isoosmolarity to the solution (Price et 
al., 1993). In cultured human nasal epithelium (Willumsen et 
al., 1994), hyperosmolar challenge of the apical (but not the 
basolateral) surface of the cells decreased Na+ absorption 
and deactivated basolateral membrane K+ and apical mem­
brane c1- conductance. In dog tracheal epithelium (Yankas­
kas et al., 1987), hyperosmolar NaCl but not o-mannitol 
(n-M) increased paracellular permeability. Hyperosmolar so­
lution caused cell shrinkage of human nasal (Willumsen et 
al., 1994) and guinea pig tracheal epithelial cells (Hjoberg et 
al., 1999). In dog trachea, hyperosmolar solution caused de­
polarization of epithelium upon challenge of the apical but 
not the basolateral membrane; however, the cells were 
shrunken by basolateral hyperosmolarity, not apical hyper­
osmolarity (Man et al., 1984). 

In the guinea pig isolated perfused trachea preparation, 
hyperosmolar solutions applied to the mucosa! or basolateral 
surfaces caused relaxation of the smooth muscle (Munakata 
et al., 1988; Fedan et al., 1990, 1999), which is mediated via 
the release of an epithelium-derived relaxing factor (EpDRF). 
EpDRF is released in association with transepithelial depo­
larization (Dortch-Carnes et al., 1999) and is associated with 
Na+ and Cl - transport, as judged by the inhibitory effects of 
Na+ and c1- channel blockers (Fedan et al.; 1999). EpDRF is 
neither nitric oxide nor a prostanoid (Munakata et al., 1990; 
Spina and Page, 1991; Fedan et al., 1999, 2003a; Johnston et 
al., 2003). 

In the guinea pig isolated perfused trachea, permeant and 
impermeant osmolytes were equieffective in their ability to 
elicit relaxation, i.e., release EpDRF, when used to raise the 
osmolarity of the physiological salt solution (Fedan et al., 
2003a). Osmolytes differed in their activity as contractile and 
relaxant agents when applied to the apical2 and basolateral 
surfaces of the trachea to raise osmolarity. Exposure of the 
apical surface of the epithelium to isosmolar solutions, a 
procedure that stimulates cell shrinkage in neutrophils and 
ovary cells (Krump et al., 1997; Szaszi et al., 1997), caused a 
diversity of mechanical responses that rarely mimicked the 
relaxation caused by hyperosmolar solution. Experiments in 
which the osmolarity of the perfusion solution was increased 
from isosmolar to hyperosmolar, or from hypoosmolar to isos­
molar ("osmolar jump"), suggested that increment in osmo­
larity, rather than the absolute osmolar concentration or cell 
shrinkage, is the stimulus to the release ofEpDRF (Fedan et 
al., 2003a). 

Here we examined bioelectric responses of the guinea pig 
tracheal epithelium to challenge with hyperosmolar and isos­
molar osmolyte solutions to compare these with mechanical 
responses (Fedan et al., 2003a). We characterized the effects 
of ion transport blockers and the effects of different classes of 
osmolytes, examined polarity of the responses, and investi­
gated the bioelectric responses to osmolar jump. 

Materials and Methods 
Animals. These studies were conducted in facilities accredited 

fully by the Association for the Assessment and Accreditation of 
Laboratory Animal Care International and were approved by the 

2 Apical and mucosa! are terms that correspond to the intraluminal bath in 
perfused trachea experiments and the "air side" of the trachea. Basolateral and 
serosal are terms that correspond to the extraluminal bath in perfused trachea 
experiments and the "blood side" of the trachea. 

institutional Animal Care and Use Committee. The animals were 
anesthetized with sodium pentobarbital (65 mg/kg i.p.) and sacri­
ficed by thoracotomy and bleeding before removing the trachea. 
Other details of animal use have been given previously (Fedan et al., 
2003a). 

Bioelectric Measurements in Tracheal Segments. The 
Ussing chamber (WPI, Sarasota, FL) was used to measure changes 
in transepithelial short-circuit current ([,cl and transepithelial re­
sistance (R,) in response to various solutions and agents. After sac­
rifice of the animal, a 4-cm segment of trachea was removed, placed 
in modified Krebs-Henseleit solution (MKHS), cleaned, and slit 
along its length through the smooth muscle band. The segment was 
stretched to its original length, reflected open, and bisected so that 
the proximal end of the trachea was anchored across an aperture of 
0.125 cm2

, thereby separating the two hemi-chambers of the appa­
ratus. Both hemi-chambers were perfused separately with recircu­
lating MKHS (37°C). Two silver/silver chloride-agar bridge voltage 
electrodes containing 0.9% NaCl, and two silver/silver chloride-agar 
bridge current electrodes containing 0.9% NaCl, were placed to .mon­
itor transepithelial potential difference and to deliver current, re­
spectively. Isotonic NaCl-containing bridge electrodes were used in 
place of 3 M KCl-containing bridges to prevent possible changes in 
osmolarity arising from KCl diffusion from the electrodes, inasmuch 
as the epithelium responds to slight elevations in osmolarity 
(Johnston et al. , 2003). The apical and basolateral baths contained 5 
ml ofrecirculating MKHS (37°C) in each reservoir. The preparations 
were allowed to equilibrate and the MKHS was changed at 15- to 
30-min intervals. I.c was measured with an automatic voltage/cur­
rent clamp amplifier (DVC 1000 or EVC 4000; WP!). The preparation 
was continuously short-circuited. In experiments involving an exam­
ination of the effects of ion channel blockers and the development of 
osmolyte concentration-response curves, for 0.5 s every 30 s a con­
stant voltage pulse (dV = 10 mV) was applied to yield a current 
response (dI). In the experiments in which the effects ofhyperosmo­
lar and isosmolar solutions and osmolar jump were being studied, a 
1-mV, 5-s pulse was delivered at 50-s intervals. In both cases, Ri was 
determined from the relation dV/dI. The spontaneous potential dif­
ference (SPD) was determined from Ohm's law, i.e., Ri X l,c· 

Effect of Ion Transport Blockers on Epithelial Bioelectric 
Responses to Apical Hyperosmolarity. In these experiments, 
conditions were used that mimicked those in studies of the relaxant 
effects of hyperosmolarity (Fedan et al., 2003a). While recording I.c 
and delivering voltage pulses, the preparations were equilibrated for 
3 h in the Ussing chamber. Methacholine (MCh; 3 X 10- 7 M) was 
then added to the basolateral bath. At the plateau of the response, 
either o-M (120 mosM) or NaCl (120 mosM) was administered to the 
apical bath to obtain a control response. Volume equivalents of 
MKHS were added simultaneously to the basolateral bath to equal­
ize hydrostatic pressure. After stabilization of the response, both 
chambers were washed with fresh MKHS at 15-min intervals over a 
90-min period. An ion transport blocker was then added to the apical 
or basolateral bath, as appropriate, and incubated for 30 min. MCh 
was again added to the basolateral bath, and the same osmolyte was 
added to the apical bath to raise osmolarity. Vehicle control prepa­
rations (inhibitor not present) were run separately. 

Concentration Dependence of Osmolyte-Induced Bioelec­
tric Responses. After equilibration an osmolyte was then added 
cumulatively to the MKHS of the apical bath to obtain an osmolar 
concentration-response curve. A volume equivalent of MKHS was 
added simultaneously to the basolateral bath. At the conclusion of 
this procedure the preparation was washed bilaterally with fresh 
MKHS and, after 1 h, the same osmolyte was added in cumulative 
concentrations to the basolateral bath. Each preparation was used to 
study one osmolyte. In preliminary experiments, the preparations 
became unstable after the basolateral concentration-response curve; 
therefore, the apical curves were obtained before the basolateral 
curves. 



Bioelectric Responses of Tracheal Epithelium to Apical Hy­
perosmolar and Isosmolar Non-MKHSs, and Incremental Os­
molar Jump. After equilibration, the preparations were challenged 
with apical hyperosmolar solution, in an amount needed to double 
the osmolarity of the MKHS, which was measured in every experi­
ment (Osmette A automatic osmometer; Precision Systems, Inc., 
Sudbury, MA). In experiments in which the effects of apical isosmo­
lar solutions and incremental osmolar jump were also investigated, 
at the conclusion of the response both hemi-chambers were washed 
with MKHS at 15-min intervals for 1 h. The solution in the apical 
hemi-chamber was then rapidly changed to one containing isosmolar 
osmolyte dissolved in water. [The pH of these solutions were not 
adjusted to 7.4 to avoid introduction of transportable ions, and be­
cause responses to mechanical responses to isosmolar solutions ad­
ju'sted to pH 7.4 were not different from those using untitrated 
solutions (Fedan et al., 2003a).] Upon stabilization of this response, 
the apical solution was made hyperosmolar by administering addi­
tional amounts of the same osmolyte to the isosmolar solution. The 
oslliolytes chosen for study of the bioelectric effects of challenge with 
isosmolar solution were necessarily ionic. These experiments were 
conducted both in the absence, or in separate experiments, in the 
presence of basolateral MCh. 

Solution Resistance. Solution resistances of the various solu­
tions were measured in Ussing chambers under current clamp con­
ditions. These solutions were MKHS, MKHS containing hyperosmo­
lar osmolyte, isosmolar solution in water, and twice isosmolar 
solution in water, for the osmolytes NaCl, KCl, N -methyl-D-gluca­
mine gluconate (NMDG-Glul , N-methyl-D-glucamine chloride 
(NMDG-Cl), and Na gluconate (Na-Glu). The resistances (0.0002-
0.003 n · cm2

) were negligible compared with those recorded when 
the tracheal segment was present (see Results). 

Drugs and Reagents. All drugs and reagents were from Sigma­
Aldrich (St. Louis, MO). 

MKHS. MKHS contained 113.0 mM NaCl, 4.8 mM KC!, 2.5 mM 
CaCl2 , 1.2 mM KH2P04 , 1.2 mM MgS04 , 25 .0 mM NaHC03 , and 5.7 
mM glucose, pH 7.4 (37°C); gassed with 95% 0 2 , 5% CO2 • The 
osmolarity of the MKHS was 281 :!: 5 mosM. 

Analysis of Results. The results are expressed as mean :: S .E.; 
n is the number of separate experiments. The results were analyzed 
for differences using Student's t test for paired or non paired samples, 
or analysis of variance, as appropriate. p < 0.05 was considered 
significant. 

Results 

Effects of Ion Transport Blockers on Bioelectric Re· 
sponses to Hyperosmolarity. In these experiments, basal 
I.c was 47.8 ::':: 1.6 µ.A/cm 2

• This value is very close to that 
obtained previously with Ussing chambers (37 µ.A/cm 2

; 

Stutts and Bromberg, 1987) but differs from those obtained 
from cable analysis of intact trachea (91 µ.A/cm 2

; Croxton, 
1993) and primary culture of epithelial cells (14 µ.A/cm 2

; 

Robison and Kim, 1994). 
Apical amiloride (Na+ channel blocker; 3 x 10-5 M) de­

creased basal I.c by 35.6%, whereas apical 5-nitro-2-(3-phe­
nylpropylamino)benzoic acid (NPPB; c1- channel blocker; 
10- 4 M) decreased I.c by 83.3 ::':: 4.9%, indicating that the 
guinea pig tracheal epithelium is a predominantly Cl - -secre­
tory rather than a Na+ -absorptive epithelium. Basolateral 
bumetanide (Na+,K+,2c1--cotransport inhibitor; 10-5 M) 
decreased I.c by 8.9 ::':: 1.6%, but iberiotoxin (Ca2 +-activated 
K+ -channel inhibitor; 10-7 M) in both the apical and baso­
lateral baths had no effect on basal I.c· Basolateral ouabain 
(Na +,K+·pump inhibitor; 10- 5 M) decreased I.c by 94.3 ± 
3.3%. 

Basolateral MCh increased Isc· This Isc response was in-
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TABLE 1 
Efl_);cts of transport blockers on I .. responses to basolateral MCh (3 x 
10 Ml 
In the controls, two responses were obtained in the absence of aoy agent. Tbe effects 
of the blockers were tested on the second of two responses, the first of which was the 
control (see Materials and Metluxfs). 

Inhibitor (n) Al., (µ.A/cm2 ) %MAC 

Control (4) 
First response 9.3 :!: 1.1 21.4 :!: 4.5 
Second response 5.9 :!: 0.6 14.2 :!: 2.1 

Amiloride (6) 
Absent 6.8 :!: 1.1 13.2 :!: 1.7 
Present 6.4 = 1.2 19.2 :!: 2.7* 

NPPB (4) 
Absent 7.0 :!: 0.3 13.5 :!: 2.0 
Present 0.8 :!: 0.2* 58.3 :!: 47.2 

Bumetanide (6) 
Absent 8.7 :!: 1.9 16.9 :!: 2.8 
Present 2.6 :!: 0.9* 5.1 :!: 1.3* 

Ouabain (4) 
Absent 13.5 :!: 1.3 26.1 :!: 2.9 
Present 10.5 :!: 1.3* 16.7 :!: 17.7 

Iberiotoxin ( 4) 
Absent 10.6 :!: 1.2 24.2 :!: 3.4 
Present 10.3 :!: 0.7 22.5 :!: 4.9 

*Response in the presence of the inhibitor significantly different from the re­
sponse in the absence of the inhibitor. 

hibited substantially by apical NPPB and basolateral bumet­
anide, modestly by basolateral ouabain, but was not inhib­
ited by apical amiloride or basolateral iberiotoxin (Table 1). 
These findings suggest that the bioelectric response to MCh 
involved activation of c1- secretion. In the presence of MCh, 
apical hyperosmolar n-M (120 mosM) decreased Isc (Figs. 1, 
10, and others). 

Hyperosmolar NaCl (120 mosM) caused two types of I.< 
responses. In the first type (Fig. 1), NaCl caused a triphasic 
I,c response: an abrupt decrease, a transient rise, and a 
long-lasting decrease. The early transient response could be 
attributable to asymmetric concentrations of Na+ and c1-
across the epithelium and resultant changes in passive Na+ 
absorptive and passive c1- secretory fluxes . The second 
phase of the response, however, could only be explained by an 
active response of the epithelium to osmolar challenge, be­
cause this response was also observed with o-M. The second 
type of response to apical hyperosmolar NaCl, seen in sepa­
rate experiments, consisted of a monotonic increase in Isc• 
demonstrative of the preponderance of the passive flux of the 
ions over the active cellular response (see representative 
responses in later figures). We attribute the qualitative vari-

__,, 
• • 

MCh 0-M 

MCh NaCl 

1e1,1Afcm2 L 
200 sec 

1e µAtcm2 L 
200 sec 

Fig. 1. Representative tracing showing the effects of 120 mosM o-M (top 
tracing) and 120 mosM NaCl (bottom tracing) on I ,

0 
in guinea pig tracheal 

segments mounted in Ussing chambers. The osmolytes were added after 
the response to basolaterally applied MCh (3 x 10- 7 Ml became stabi­
lized. MCh increased I,

0
• Na Cl elicited a triphasic response, whereas o-M 

caused a monophasic decrease in I ,0 • It was the sustained decrease in I" 
that was quantified to evaluate the effects of blocking drugs (Fig. 2). 
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ability in the response to apical hyperosmolar NaCl to be­
tween-animal variability, which we have noted in mechanical 
studies (Fedan et al., 2003a). This variability was never 
observed with n-M, and preparations that responded to api­
cal hyperosmolar Na Cl with an increase in J.c responded with 
a decrease in J,c when challenged with apical D-M. The basis 
for differences in passive flux behavior between animals is 
not known. 

In preparations in which apical hyperosmolar NaCl de­
creased Jsc• the prolonged decrease in response to Na Cl and 
o-M was smaller in the presence of apical amiloride and 
basolateral bumetanide (Fig. 2); apical NPPB and basolateral 
01:1abain reversed the polarity of the responses to both sol­
utes; and iberiotoxin had no effect. These effects were not 
seen in control preparations (blockers omitted) nor were they 
due to vehicle. The decreases in basal J.c caused by amiloride, 

NaCl D-M 

0 ~..,..""""T...., 
-10 

NPPB, and bumetanide could have affected the subsequent 
responses to hyperosmolar challenge. Analysis of the results 
in terms of the percentage change of Jsc caused by the os­
molyte from the value in the presence of the inhibitors re­
vealed that only bumetanide inhibited the J.c responses (Fig. 
2). These findings suggest that Na +,K+ ,2c1--co transport 
was activated during hyperosmolar challenge. 

In preparations in which apical hyperosmolar NaCl in­
creased lac• the blockers did not inhibit the Jsc response (M.c 
or %M.c) to NaCl but, in most cases, potentiated the re­
sponses (Fig. 3). The different pharmacological effects of the 
blockers suggest that passive ion fluxes were preponderant 
in preparations in which hyperosmolar NaCl increased Jae· 

Effect of c1--Free MKHS on the Bioelectric Re­
sponse to n-M. In the absence of c1- (gluconate was substi­
tuted for c1- in the apical and basolateral baths), the reduc-
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Fig. 2. Effects of amiloride (3 x 10-• Ml, NPPB 110·• M), bumetanide (10" 5 M), ouabain no-s Ml, and iberiotoxin (10- 7 M) on I" responses of tracheal 
segments to 120 mosM Na Cl and 120 mosM o-M. This figure depicts results obtained in preparations in which Na Cl decreased I ". Na Cl and n-M were 
added in the presence of basolaterally administered MCh (3 x 10 -- 7 M). The number of experiments performed is indicated by the number in each 
panel. The graphs to the left of the legend depict responses in terms of M"; the graphs to the right of the legend depict the results normalized as a 
percentage of the baseline I .. , i.e., %M,c. Some of the transport inhibitors affected the baseline (see text) . 



-l 

-l 

·l 

<3¥ 

a¥ 

:kt 20 

6 
0 

oolnt_ 40 

20 

5 
0 

oolot 40 

2: 4 

roloi 40 

20 

4 
0 

:lni 20 

4 
0 

'lJ_ 200 

<!¥ 150 = -AmiloriQP 

';!. 100 - +Amiloride 

50 6 
0 

300LI_ 
<Jw 200 =-NPPB 

';!. -+NPPB 
100 

5 
0 

100lni 80 * 
i 60 = -Bumetanlde 

0 40 - +Bumetanlde 
20 

4 
0 1~~LIL = -Ouabain i :~ - +Ouabain 

20 
4 ND 

0 

1~60~lnl* aw = -lberiotoxln 

';!. 40 - +lberioloxln 

20 
0 4 

Fig. 3. Effects of amiloride (3 x 10-• Ml, NPPB c10-• M), bumetanide 
\10- 5 M), ouabain 00-5 M), and iberiotoxin no-7 M) on I.c responses of 
tracheal segments to 120 mosM NaCl. This figure depicts results ob­
tained in preparations in which NaCl increased I,c· See Fig. 2 legend for 
other details. 

tion in I.c in response to apical 266.8 mosM o-M was 
attenuated. (Fig. 4). Thus, the decrease in I.c in response to 
o-M reflects an active response of the epithelium to hyperos­
molar challenge. 

Comparison of Bioelectric Responses to Apically 
and Basolaterally Applied Osmolytes: Cumulative 
Concentration-Response Curves. In these experiments, 
basal [5 c was 45.3 :±: 2.4 µA/cm2

. Figures 5 to 8 illustrate the 
bioelectric effects of cumulative additions of NaCl, KCl, urea, 
o-M, and sucrose to the MKHS in the apical and basolateral 
baths. MCh was not present in these experiments . It should 
be noted that asymmetrical ion concentrations .across the 
epithelium were induced by addition of NaCl and KC! but not 
urea, o-M, or sucrose. There was a clear delineation in the 
type of responses obtained that depended on the osmolyte 
used and the bath to which it was added. The agents could be 
grouped into one of three categories of response profile. Api­
cally applied NaCl and KC] increased I.c (Figs. 5 and 6). The 
increases in I.c in lower concentrations of the salts were 
small, but beginning at 502 mosM large increases occurred. 
Rt was decreased, as has been reported previously (Yankas­
kas et al., 1987), and the changes in Rt were observed at 
lower concentrations than those that altered I,c appreciably. 
The large changes in I.c observed at higher osmolar concen-
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Fig. 4. Comparison of bioelectric responses to hyperosmolarity in normal 
and Cl--free MKH solutions. In this experiment gluconate replaced c1-
in the MKHS of the apical and basolateral chambers and the tracheal 
segment was incubated with gluconate-containing MKHS before o-M was 
administered to the apical chamber to increase osmolarity. •, the de­
crease in I.c in response to o-M was significantly inhibited in the absence 
ofCJ- . n=4. 

trations could be attributed to induction of passive nonspe­
cific cation absorption, but changes in Re in the absence of 
changes in I.c was evidence of an active compensation of the 
epithelium to apical challenge. Basolaterally-applied NaCl 
and KCl decreased I.c and Re. The epithelium was more 
reactive to basolateral than apical hyperosmolarity. Given 
the known differences in channel distribution between the 
apical and basolateral membranes in airway epithelium, it 
was interesting that apical and basolateral addition of NaCl 
and KC! resulted in identical osmolarity-response curves. 

Urea decreased I.c after addition to the apical and basolat­
eral chambers (Fig. 7); the responses in both baths were 
essentially the same, although two points on the curves ex­
hibited small, significant differences. Basolateral urea de­
creased Re, but apical urea increased Rt. The difference in Re 
responses could not be an artifact of voltage clamping be­
cause the SPD also showed a separation of the two curves 
that was consistent with the differences in Re-

The third I.c response profile, exhibited by the impermeant 
osmolytes o-M and sucrose, was characterized by a greater 
decrease in I.c in the apical bath than in the basolateral bath 
(Fig. 8). o-M and sucrose had minimal effects on Re- Thus, all 
five osmolytes decreased Isc when applied to the basolateral 
bath and decreased SPD in both baths. Only the salts in­
creased I.c when applied apically, but the increase was not 
linear or as large as would be expected for a pure Nernstian 
relationship. The remaining solutes decreased I.c after apical 
bath application. The results demonstrate polarity in the 
reactivity of the epithelium to increases in osmolarity. The 
bioelectric responses to increases in osmolarity due to per­
meant ions reflect both passive and active responses, and the 
latter can be studied using nonionic, impermeant solutes. 

Bioelectric Effects of Hyperosmolar MKlIS. Exposure 
of the apical membrane to twice-strength MKHS, which re­
laxed the perfused trachea (Fedan et al., 2003a), elicited an 
increase in Isc (Fig. 9); Re was slightly but significantly de­
creased. These changes emulated those caused by the higher 
osmolar concentrations of apically applied NaCl and KC! 
(Fig. 5). 
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Fig. 6. Bioelectric effects of hyperosmolar NaCl and KC! in tracheal 
epithelium. This figure illustrates the effects of N aCI and KC! shown in 
Fig. 5 in greater detail so that the results can be compared with those in 
Figs. 6 and 7. 

Bioelectric Effects of Hyperosmolar n-M and Urea. 
Addition of n-M to the apical chamber to double the osmolar­
ity decreased /,c without changing Rt (Fig. 10). In the same 
preparations, hyperosmolar urea decreased /,c in most exper­
iments, but in some preparations complex responses were 
obtained; in one experiment urea increased lac· Identical 
results were obtained in the absence or presence (ri = 4; data 
not shown) of basolateral MCh. 

Bioelectric Effects of Apical Hyperosmolar and Isos­
molar Solutions and Incremental Osmolar Jump. Per­
meant and nonpermeant solutes have distinct effects on re­
laxation responses of the guinea pig perfused trachea (Fedan 
et al., 2003a). Initially, the osmolarity of the apical bath was 
elevated by adding NMDG-Glu to the MKHS, thereby main­
taining the concentrations of the ions in MKHS. This manip­
ulation decreased / 0 c, in the manner of o-M, and decreased~ 
(Fig. 11). In contrast, elevation of apical bath osmolarity with 
NaCl (Fig. 12) increased /sc and decreased Rt> as before (Fig. 
5). Hyperosmolar KC! increased / sc but did not affect~ (Fig. 
13). 

Isosmolar NMDG-Glu solution decreased /sc and increased 
Rt (Fig. 11); in fact, the polarity of the epithelium was re­
versed. These results were consistent with termination of 
transepithelial Na+ absorption and induction oftransepithe­
lial cation secretion. Subsequent doubling of the osmolarity 
of the apical bathing solution by addition of NMDG-Glu re­
sulted in a further decrease in /,c· 

To elucidate further the roles of permeant and nonper­
meant ions in the bioelectric responses, c1- and Na+ were 
substituted for NMDG and gluconate. Elevation of apical 
osmolarity by addition of NMDG-Cl to MKHS increased / 9 c 

and decreased Rt (Fig. 14). In one-half of the preparations, 
the increase in /sc was sustained; the other one-half exhibited 
a transient increase in /,c followed by a sustained decrease. 
The responses were not random, but were consistent for a 
preparation, as evidenced by subsequent exposure to isosmo­
lar NMDG-Cl and rechallenge with hyperosmolar NMDG-Cl 
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(Fig. 14). Isosmolar NMDG-Cl caused a large decrease in Isc 
in all preparations, resulting in a reversal of polarity; ~ was 
increased. It should be noted that under these conditions, 
there was minimal difference between apical and basolateral 
concentrations of c1-, yet Isc was greatly affected in all 
preparations, and reversal of the I.c was observed in 50% of 
the preparations. Hence, induction of passive anion absorp­
tion is unable to explain the effects ofisosmolar NMDG-Cl. In 
contrast to NMDG-Glu, addition of hyperosmolar NMDG-Cl 
increased Isc back toward the original baseline and decreased 
Rt (Fig. 14). Thus, the presence of c1- in the apical bath is 
linked to the active increase in /sc observed in response to 
hyperosmolar solutions. It should also be noted that the 
preparations that had exhibited biphasic responses to addi­
tion of NMDG-Glu to MKHS also exhibited biphasic re­
sponses to addition of NMDG-Cl to isosmolar NMDG-Cl, and 
preparations that exhibited monotonic responses to addition 
of NMDG-Cl to MKHS exhibited monotonic responses to 
addition of NMDG-Cl to isosmolar NMDG-Cl. A possible 
explanation for these findings is that the response to hyper­
osmolar NMDG-Cl has several potential components: absorp­
tion of c1- due to an elevated concentration in the apical 
bath, secretion of Na+ and HC03 - due to asymmetrical con­
centrations across the epithelium, and an active, electrogenic 

cellular response involving anion secretion. The balance be­
tween these processes within a given preparation could de­
termine the response pattern for that preparation under a 
variety of conditions. It is also possible that a paracellular 
conductance of NMDG leads to an electrodiffusive NMDG 
absorption. This is unlikely, however, because the transepi­
thelial driving force for NMDG is infinite under both isosmo­
lar and hyperosmolar conditions. 

Elevation of osmolarity of the apical bath via addition of 
Na-Glu to MKHS increased Isc (Fig. 15). In 18 of the 20 
preparations, the increase in Isc was sustained above base­
line, and in the remaining two preparations Isc eventually 
decreased to below baseline. The increase in I,c was consis­
tent with induction of a passive absorption of Na+ due to 
asymmetrical concentrations. Hyperosmolar Na-Glu de­
creased ~- Isosmolar Na-Glu induced a large biphasic in­
crease in /sc consistent with induction of passive c1- secre­
tion. Subsequent addition of Na-Glu to isosmolar Na-Glu 
decreased Rt, but had little additional effect on I.c compared 
with isosmolar Na-Glu. This observation provides further 
evidence that the increase in /sc in response to isosmolar 
Na-Glu was due to transepithelial secretion of anions, be­
cause the chemical driving force would be increased by isos-
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Fig. 10. Effect of hyperosmolar cHO) o-M and urea on I •• and R, of 
tracheal epithelium. The osmolytes were applied to the apical bath after 
the response to MCh (3 x 10- 7 M; basolateral bath} was stabilized. o-M 
and urea were added in amoWlts needed to double the osmolarity of the 
MKHS, which was measured before every experiment. Hyperosmolar o-M 
decreased I" but had no effect on R,. The I,. responses to hyperosmolar 
urea were diverse (see text); shown here are two preparations, one (top 
tracing) in which I .. was reduced and another (bottom tracing) in which 
the response to urea was multiphasic. The numbers above the tracings in 
this figure and in Figs. 10 to 15 are R, values (fl · cm2

) and reflect mean 
values obtained from all experiments of a given type. •, hyperosmolarity 
with urea produced a small but significant decrease in R, compared with 
the value before MCh addition. These results are typical of those seen in 
12 separate experiments. 

molar Na-Glu but would not be increased further by increas­
ing the concentration of Na-Glu. 

This set of experiments was concluded by repeating the 
protocol with NaCl, KCl, and K-gluconate (K-Glu). As pre­
dicted from the osmolarity-response curves, increasing the 
osmolarity of the apical bathing solution by addition of NaCl 
or KC! induced similar increases in lsc (Figs. 12 and 13). 
Isosmolar NaCl (Fig. 12) and KCl (Fig. 13) caused small 
decreases in lsc• and addition of NaCl or KC! to the respective 
isosmolar solutions yielded increases in I.c consistent with 
the induction of driving forces for passive transepithelial 
cation absorption. Consistency in responses to Na+ and K+ 
was also seen in response to hyperosmolar K-Glu (Fig. 16). 

When applied to preparations already incubated in apical 
isosmolar solution, the administration of the same osmolyte 
to cause hyperosmolarity elicited I.c and R, responses that 
were generally similar to those obtained when the osmolyte 
was added to MKHS to create hyperosmolar conditions (Figs. 
11-16). Together, these experiments indicate that responses 
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Fig. 11. Effect ofhyperosmolar (HO) and isosmolar (IO) NMDG-Glu and 
osmolar jump from isosmolar solution, on I,. and R, of tracheal epithe­
lium. Hyperosmolar solution was obtained by adding NMDG-Glu in 
amounts needed to double the osmolarity of the MKHS, which was· 
measured before every experiment; this protocol applies to the osmolytes 
the results of which are shown in Figs. 11 to 15. Hyperosmolar NMDG­
Glu decreased I •• but had no effect on R,. After washout, perfusion with 
isosmolar NMDG-Glu also decreased I,.; R., was increased significantly ( •, 
p < 0.05) compared with the value before isosmolar solution challenge. 
Osmolar jump through the administration of added NMDG-Glu to the 
isosmolar solution resulted in another decrease in I,. or complex re­
sponses (see text), but R, was not affected further. These results are 
typical of those seen in 14 separate experiments. 
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Fig. 12. Effect of hyperosmolar (HO) and isosmolar (IO) NaCl and osmo­
lar jump from isosmolar solution, on I,. and R, of tracheal epithelium. The 
protocol used in this experiment and the remaining figures was the same 
as in Fig. 10. Hyperosmolar NaCl increased I,. and decreased R, signif­
icantly (•, p < 0.05). Two response types occurred during isosmolar 
challenge with NaCl: a decrease in J,c (top tracing) or no change (bottom 
tracing). Osmolar jump through the administration of added NaCl to the 
isosmolar solution resulted in an increase in I,. but R, was not affected. 
These results are typical of those seen in 12 separate experiments. 

to incremental increases in osmolarity (i.e., osmolar jump) 
were similar, whether by elevation of osmolarity in MKHS or 
in isosmolar solution ofosmolytes, regardless of the direction 
of the I.c response. Solutes containing Na+, K+, and c1-
increased lsc when added in hyperosmolar amounts to MKHS 
or isosmolar solution (osmolar jump). The impermeant os­
molytes, in contrast, decreased l,c under both conditions. 
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1.;; R, was not affected. These results are typical of those seen in 16 
separate experiments. 
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Fig. 14. Effect of hyperosmolar (HQ) and isosmolar (IQ) NMDG-Cl and 
osmolar jump from isosmolar solution, on I.c and It, of tracheal epithe­
lium. The protocol used in this experiment was the same as in Fig. 10. 
The two traces show that responses to hyperosmolar NMDG-Glu had 
complex shapes, with some beginning with a transient increase in Joe and 
ending in a net decrease in I." whereas in others only an increase in /,c 
occurred; It, was decreased significantly by hyperosmolar NMDG-Cl (•, 
p < 0.05). During isosmolar challenge with NMDG-Glu a decrease in lac 
was elicited, most often causing a change in epithelial polarity (top 
tracing); It, was increased significantly (•, p < 0.05). Osmolar jump 
through the administration of added NMDG-Glu to the isosmolar solution 
resulted in an increase in [", sometimes preceded by a transient de­
crease, and a significant decrease in R,. These results are typical of those 
seen in 16 separate experiments. 

Curiously, hyperosmolar urea also decreased / 0 c, and the 
reason why this permeant substance should do so is not 
undeis tood . 

Bioelectric Effects of Apical Hyperosmolar and Isos­
molar Solutions and Hyperosmolar Jump in the Pres­
ence of MCh. To examine whether MCh could affect the 
bioelectric responses to apical hyperosmolar and isosmolar 
solutions and incremental osmolar jump, the experiments 
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Fig. 15. Effect of hyperosmolar (HO) and isosmolar (IO) Na-Glu and 
osmolar jump from isosmolar solution, on I., and It, of tracheal epithe­
lium. The protocol used in this experiment was the same as in Fig. 10 . 
The two traces depict the various types of responses that were elicited. 
Hyperosmolar N a-Glu caused a transient or sustained increase in I,c and 
decreased ~ significantly (•, p < 0.05). Isosmolar Na-Glu evoked a 
transient increase in l,. that decayed to a plateau. In a minority of cases 
the "trough" between phases decreased to below the prestimulation level, 
or a net decrease in I •• resulted. Isosmolar N a-Glu solution did not affect 
R,. Osmolar jump through the administration of added NMDG-Glu to the 
isosmolar solution resulted in an increase in I" in a majority of prepara­
tions; in two of the 20 preparations examined hyperosmolar jump led to 
a decrease in I«. Osmolar jump from isosmolar solution caused a decrease 
in R, ( •, p < 0.05). Thus, in several respects, there was some preparation 
to preparation variability in the bioelectric responses to the various 
Na-Glu solutions. 

with ionic osmolytes were repeated using the same protocols 
but in the presence ofbasolateral 3 x 10-7 M MCh. MCh had 
no appreciable effect on bioelectric responses to isosmolar 
and incremental osmolar jump (NMDG-Glu, NMDG-Cl, 
NaCl, KC!, Na-Glu, and K-Glu; n = 4 separate experiments 
for each osmolyte; data not shown). 

Solution Resistance. Changes in Rt caused by non­
MKHS osmolyte solutions could have involved a change in 
the fluid resistance of the apical solution. Therefore, the 
electrical resistance of the various solutions was measured 
(see Materials and Methods), and it was observed that the 
solution resistances were negligible compared to these devel­
oped by the epithelium. These findings indicate that the fluid 
resistance of the solutions cannot explain the I.c and R.. 
responses, both their direction and magnitude. In addition, 
the effects of changed fluid resistance would have been in­
stantaneous, whereas the responses measured throughout 
this study were slow-developing. 

Discussion 

The airway epithelium modulates the reactivity of the un­
derlying smooth muscle via EpDRF, which is released in 
response to hyperosmolar challenge. In this study, we sought 
information about the bioelectric effects of hyperosmolar so-
1 utions on airway epithelium to gain insight into the mech­
anisms that could be involved in exercise-induced obstruction 
and obstruction after inhalation of hyperosrnolar solutions, 



28 Wu et al. 

'<I: Cl) 0 
0 It") 

a:i iri 
<') 

a:i "' v a, 
0 i co v 

Cl) Cl) 

20 * * 

15 

~ 
t:. 10 
u 

~ 
-(/) 

5 
• • 

0 
HO 10 +HO 

K-Glu K-Glu K-Glu 

in asthmatic patients. The results demonstrated that the 
airway epithelium is an osmolarity sensor that responds to 
alterations in the osmolarity of the milieu with passive and 
active changes in electrogenic ion transport. The effects of 
hyperosmolarity on electrophysiological responses of the ep­
ithelium are complex, osmolyte-specific, and polarized across 
the airway wall. In addition, our studies suggest that the 
bioelectric responses of the tracheal epithelium t9 hyperos­
molar challenge result from the incremental change in osmo­
larity rather than from shrinkage of the epithelium or the 
absolute osmolarity of the medium per se, in agreement with 
a parallel study of mechanical responses of the perfused 
trachea (Fedan et al., 2003a). 

The bioelectric responses to hyperosmolarity induced with 
Na+.-, K+ -, and/or er- -containing osmolytes seems to involve 
passive and active responses in the epithelium, giving rise to 
increases or decreases, respectively, in Isc· The preponder.­
ance of these two processes varied apparently between ani­
mals when these ions were used as solutes. However, in all 
preparations hyperosmolar D-M decreased I.c; this response 
involves er- transport. 

The effects of the ion transport blockers on bioelectric 
responses to hyperosmolarity using n-M and NaCl (in those 
preparations in which the active, cellular response prevailed) 
were similar to the effects of the same or similar blockers on 
relaxation responses (Fedan et al., 1999, 2003b). Both amilo­
ride and NPPB inhibited relaxation and attenuated the de­
crease in I.c; ci--free MKHS also blunted bioelectric re­
sponses to hyperosmolarity. Likewise, K+ -channel blockade 
did not affect relaxation (glibenclamide) and had no effect on 
I.c responses (iberiotoxin). Such correlations buttress the 
hypothesis that apical membrane Na+ and er- transport and 
associated bioelectric events are linked to and may initiate 
the release of EpDRF (Dortch-Carnes et al., 1999; Fedan et 
al., 1999). This parallelism diverged in the case of bumet­
anide and ouabain: both of these agents were silent in relax­
ation studies but inhibited the decrease in I.c in response to 
o-M. Analysis of the effects of the blockers on Isc with their 
initial baseline actions in mind revealed that only bumet­
anide antagonized bioelectric responses to hyperosmolar 
challenge. It is, therefore, difficult at present to model the ion 
transport changes that occur in the epithelium during hyper­
osmolar challenge in the context of EpDRF release and air­
way smooth muscle relaxation. Moreover, the effects of 
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~ Fig. 16. Effect ofhyperosmolar (HO) and isos-
molar (IO) K-Glu and osmolar jum·p from isos-
molar solution, on I,

0 
and R, of tracheal epithe-

lium. The protocol used in this experiment was 
the same as in Fig. 10. The various K-Glu so-
lutions all increased I'°' and in many respects 
the responses mimicked those to the Na-Glu 

400 sec solutions (Fig. 14). Osmolar jump, whether 
from MKHS or from isosmolar K-Glu solution, 
increased I,

0 
and decreased R, (•, p < 0.05). 

These results are typical of those seen in eight 
separate experiments . 

amiloride and NPPB are not absolutely restricted to Na+ and 
Cl - channels, and it is conceivable that the agents could 
interfere with Na+ ,H+- and/or c1- ,HC03 - exchange, respec­
tively, to alter ion transport secondarily. 

In those preparations in which hyperosmolar NaCl elicited 
an increase in Isc• none of the ion transport blockers inhibited 
the responses. This evidence suggests that passive ion ab­
sorption stimulated by the asymmetrical distribution of the 
salt was responsible for the bioelectric events in these tra­
cheal segments. In addition, the absence of any effect of the 
blockers on these responses would suggest that passive ion 
absorption is not associated with EpDRF release. 

As in the mechanical studies (Fedan et al., 2003a), there 
was substantial diversity in the bioelectric responses when 
the epithelium was challenged with hyperosmolar and isos­
molar solutions. So long as an osmolyte was impermeant 
(n-M, sucrose and NMDG-Glu) the bioelectric response to 
elevation of osmolarity in MKHS was a decrease in Isc with­
out a change in Rt. We interpret these results as indicative of 
the active response of the cells to hyperosmolarity unmiti­
gated by passive diffusion of the osmolyte as a component of 
the response, such as would be the case for the other ionic 
osmolytes. Urea also decreased I.c when applied cumula­
tively (and caused multiphasic responses in some tissues 
when added in a single concentration). Thus, with respect to 
their ability to relax the perfused trachea and elicit bioelec­
tric responses, n-M, NMDG-Glu, and urea were pharmaco­
logically equivalent when they were used to elevate osmolar­
ity. Inasmuch as urea would not induce long-term shrinkage 
of the epithelial cells, these findings, by themselves, could 
suggest that the stimulus to the relaxant and bioelectric 
responses to these four osmolytes is the osmolar concentra­
tion of the perfusing MKHS rather than shrinkage of the 
cells. However, the hyperosmolar jump experiments indi­
cated that increment in osmolarity rather than absolute os­
molarity is a far greater stimulus of the cells. 

The results indicate that osmolytes containing one per­
meant ion, when added to increase the osmolarity of MKHS, 
stimulated a transient or sustained increase in I.c· Interest­
ingly, the charge of the permeant ion is irrelevant, because 
NaCl, KCI, NMDG-Cl, Na-Glu, and K-Glu exhibit approxi­
mately the same effect, i.e., to increase I.c (left tracings of 
Figs. 12-16). This is in contrast to the decrease in I.c caused 
by o-M, NMDG-Glu, sucrose, and urea. Yet, all of the os-



molytes elicited relaxation when added to normosmolar so­
lutions (Fedan et al., 2003a). 

In conclusion, guinea pig tracheal epithelium is sensitive 
to alterations in extracellular osmolarity at the apical and 
basolateral membranes, although bioelectric responses to os­
molytes differ among permeant and nonpermeant solutes, 
and the responses are polarized. As with the mechanical 
responses, bioelectric responses to hyperosmolarity seem to 
be stimulated by an incremental increase in osmolarity 
rather than by solute concentration or cell shrinkage per se. 
However, a direct link between the mechanical and bioelec­
tric responses to osmolar challenge is not eyident. 
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