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The isolated, perfused trachea preparation has been used to compare reactivity of the intact airway in response to 
differential exposure of the mucosa( (intraluminal) and serosal (extraluminal) surfaces to contractile and relaxant 
agonists and other agents, and to gain insight into the modulatory role of the epithelium and the pathways 
involved. The apparatus has also been configured for simultaneous measurement of transepithelial potential 
difference and changes in tracheal diameter, thereby providing parallel observations of epithelial and smooth 
muscle function and reactivity to drugs. The transepithelial potential difference is a product of transepithelial 
resistance and short circuit current, and the present study describes a novel isolated, perfused tracheal apparatus 
which allows simultaneous measurement of transepithelial potential difference, transepithelial resistance and 
mechanical responses of the smooth muscle. The apparatus was validated using well-known ion transport 
inhibitors I intraluminal amiloride and 5-nitro-2-(3-phenylpropyl-amino) benzoic acid (NPPB), extraluminal 
ouabain and bumetanidej, bronchoactive agonists (extraluminal methacholine, histamine and terbutaline), and 
osmolytes (intraluminal o-mannitol and NaCl) to induce epithelium-derived relaxing factor-mediated 
relaxations. This apparatus will facilitate investigation of interactions between the epithelium and smooth 
muscle in airways that retain their in situ structure, and signaling mechanisms potentially involved in the 
regulation of airway smooth muscle tone. 

1. Introduction 

Regulation of bronchomotor tone, airvvay resistance to airflow and 
airvvay reactivity involves interaction between the surface epithelium and 
the underlying airvvay smooth muscle, and the response of airvvays often 
depends on which side of the airvvay is exposed to the agent. A number of 
methods have been employed to measure smooth muscle reactivity to 
contractile and relaxant drugs and neurotransmitters (Fedan et al., 2001 ). 
Strips of trachea or smaller airvvays, which are widely used, are a mainstay 
of pharmacological investigation, but in an organ bath agents have access 
to both sides of the airvvay wall. Farmer and Coleman (1970 and others 
cited in references therein) described a method using fluid-filled tracheas 
for measuring pressure responses of trachea to drugs applied to the 
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serosal surface or induced by electrical field stimulation. A major meth­
odological advance arrived with the description of the isolated, perfused 
trachea preparation (Munakata et al., 1988, 1989, 1990), used subse­
quently by our laboratory (Fedan et al., 1990; Jing et al., 2008) and others 
(de Boer et al., 1996; Folkerts et al., 1988, 1995; Fortner et al., 2001; 
Hjoberg et al., 1999; Pavlovic et al., 1989) (space prevents listing many 
others who employed the technique). With this method, fluid is perfused 
through the airvvay lumen, unlike the earlier intact airvvay method of 
Farmer and Coleman, where fluid in the lumen is static. This apparatus 
allows selective challenge of the mucosa! surface, i.e., epithelium, by 
adding agents to the intraluminal perfusate or the serosal surface, i.e., 
smooth muscle, by adding drugs and agents to the extraluminal bath. By 
separating the mucosa! and serosal baths, the perfused airvvay prepara­
tion allows investigation of the epithelium as a diffusion barrier and 
modulator of the reactivity of the underlying smooth muscle. 

An integrated view of airvvay physiology and pharmacology also 
requires knowledge of the effects of diseases and drugs on ion transport 
by airvvay epithelium. The ion transport parameters, transepithelial 
potential difference, transepithelial resistance and short circuit current, 
are readily measurable from epithelium in culture ( Grubb et al., 2006) or 
adherent to the airvvay wall (Wu et al., 2004; Yasuda et al., 2007) using 
the Ussing chamber, in which cylindrical tracheal segments are flattened 
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and rigidly clamped between hemi-chambers. The Ussing chamber does 
not allow for simultaneous evaluation of epithelial bioelectric and 
muscle mechanical responses. In addition, distortion and edge damage 
associated with mounting the tissue between the hemi-chambers can 
affect baseline bioelectric properties, reducing transepithelial potential 
difference by two thirds or more compared to the level measured in the 
intact airways (Croxton, 1993; Dortch-Carnes et al., 1999; Wu et al., 
2004) (present study). Croxton (1993) developed a cable analysis model 
to measure short circuit current, transepithelial resistance and tracheal 
diameter in intact trachea, but the system, while elegant, is not 
amenable to high throughput or complex experimental protocols. 

In response to the limitations of earlier methods, we modified the 
perfused trachea apparatus to allow simultaneous measurement of 
transepithelial potential difference and contractile and relaxant responses 
of the perfused guinea-pig trachea (Dortch-Carnes et al., 1999) and used it 
to gain insight into the bioelectric and mechanical effects ofhyperosmolar 
challenge of the epithelium Uohnston et al., 2004) and the role ofkinases 
in these responses Uing et al., 2008). However, transepithelial potential 
difference responses could reflect alterations in ion transport as well as in 
electrical resistance of the epithelium owing to changes in paracellular 
permeability. Therefore, in the present study, the perfusion system was 
modified further to detect changes in transepithelial resistance in parallel 
with changes in transepithelial potential difference and lumen diameter 
in response to agents. The apparatus makes it possible to correlate 
changes in transepithelial potential difference and mechanical responses, 
and to determine if the response is caused by changes in electrogenic 
transport or transepithelial resistance. 

To evaluate the performance of this apparatus, selected agents were 
tested for their bioelectric and mechanical effects on guinea-pig 
trachea. The agents included ion channel blockers; ion pump and 
transporter inhibitors; bronchoactive agonists; and organic and non­
organic osmolytes. The results demonstrate the utility of this novel 
apparatus for studying airway physiology and pharmacology. 

2. Materials and methods 

2.1. 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 Institutional Animal Care 
and Use Committee. Male guinea pigs (550-700 g), HsdPoc:DH, from 
Harlan (Indianapolis, IN), monitored free of endogenous viral pathogens, 
parasites, and bacteria were used in all experiments. The animals were 
acclimated before use and were housed in filtered ventilated cages on 
Alpha-Ori virgin cellulose chips and hardwood Beta-chips as bedding, 
provided HEPA-filtered air, Teklad 7006 diet and tap water ad libitum, 
under controlled light cycle (12 h light) and temperature (22-25 °() 
conditions. The animals were anesthetized with sodium pentobarbital 
(65 mg/kg, i.p.) and sacrificed by thoracotomy and bleeding before 
removing the trachea. 

22. Perfused trachea preparation for simultaneous measurement of 
transepithelial potential difference, transepithelial resistance, and 
changes in tracheal diameter 

The tracheal perfusion apparatus that was used previously to 
measure simultaneously transepithelial potential difference and 
tracheal diameter (Dortch-Carnes et al., 1999; Johnston et al., 2004) 
was modified to deliver current pulses for transepithelial resistance 
concomitant measurement. This preparation also allows agents to be 
added separately to the mucosa! (intraluminal bath) and serosal 
(extraluminal bath) surfaces of the trachea while measuring changes 
in these parameters. 

A 4.2-cm segment of trachea was removed, cleaned and mounted at 
its natural length on a holder for the recording of inlet minus outlet 

perfusion pressure difference (M. cm H20), a direct readout of tracheal 
diameter changes (Munakata et al., 1989). Once mounted. indwelling 
cannulae with side-holes were inserted into the lumen from either end 
of the trachea. Current electrodes were connected to the intraluminal 
and extraluminal baths, i.e .. on either side of the tracheal wall, for 
delivery of transmural current pulses used for the calculation of 
transepithelial resistance. Likewise, voltage electrodes were placed in 
the intraluminal and extraluminal baths for the measurement of 
transepithelial potential difference. The inner voltage electrode was in 
continuity with the intraluminal bath through the side-hole apertures of 
the indwelling cannula inserted into the proximal end of the trachea, 
which was connected to a silver/AgCI electrode (via a 4% agar/saline 
bridge); the opening of the aperture was 6 mm from the point where the 
modified Krebs-Henseleit (MKH) solution entered the trachea. The 
outer voltage electrode was placed in the extraluminal bath and 
consisted of an MKH solution-filled glass tube, placed - 1 cm from the 
tracheal wall, that was in continuity with a silver/AgCI electrode (via a 4% 
agar/saline bridge). The position of the outer voltage electrode was 
directly across the tracheal wall from the inner voltage electrode. The 
inner current electrode was in continuity with the intraluminal bath at 
the point of entry of MKH into the trachea, i.e., proximal to the voltage 
electrode. The outer current electrode in the extraluminal bath consisted 
of a platinum mesh cylinder, which encircled the trachea and was placed 
outside the outer voltage electrode. Both voltage and current electrodes 
were connected to a voltage/current clamp amplifier (DVC-1000; World 
Precision Instruments, Inc., Sarasota, FL). The holder was made of plastic, 
and the inner cannulae were made from stainless steel tubing that had 
been coated with nail polish for insulation. Fluid resistance was 
compensated electronically before the trachea was mounted on to the 
holder. Square-wave current pulses (20 µA, 5 s duration, 50 s interval) 
were delivered transmurally through the current electrodes. Transe­
pithelial potential difference (mV) and the voltage deflections caused by 
the pulses were recorded under open-circuit conditions. Thus, the 
apparatus emulates the Ussing chamber configuration but also permits 
simultaneous assessment of changes in tracheal diameter. 

In contrast to the conventional Ussing chamber, in which current is 
delivered across the epithelium in a virtually constant field and 
transepithelial resistance and short circuit current may be corrected for 
area, in this apparatus current pulses were delivered across the tracheal 
wall between an internal point source and an outer cylindrical electrode. 
Consequently, the field of current was not uniformly distributed over the 
tracheal surface. Therefore, transepithelial resistance could not be 
corrected for area, and no attempt was made to quantify short circuit 
current. Current would fall exponentially with distance from the point 
source, with an unknown space constant reflecting cable properties of the 
epithelium (Croxton, 1993). In addition, since the side-holes of the prox­
imal inner cannula used for Af' measurement as well as serving as the 
inner voltage electrode were oriented distal from the intraluminal current 
electrode, voltage changes between the current electrode and the tracheal 
wall were not sampled. Acknowledging the geometric limitations of the 
device, transepithelial resistance was uncorrected for surface area. and it is 
understood that transepithelial resistance under these conditions is a 
useful index but inexact parameter. This consideration is of minor im­
portance, as we sought to investigate the changes in transepithelial resis­
tance caused by drugs, rather than the absolute values of transepithelial 
resistance. Thus, the effects of the pharmacological agents on the transe­
pithelial potential difference and transepithelial resistance were expressed 
as mV and Ohms, and also normalized in terms of percent change. The 
method permits determination of changes in transepithelial potential 
difference, transepithelial resistance and tracheal diameter in real time. 

2.3. Effects of ion transport inhibitors, bronchoactive agonists and osmolytes 
on transepithelial potential difference, transepithe/ial resistance and L1P 

After mounting, the preparations were equilibrated for a 2.5-3 h 
period to allow stabilization of transepithelial potential difference and Ml 
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while perfusing (20 ml/min) MKH solution through the lumen with a 
pump. Current pulses were then delivered. Agents were added to the 
intraluminal or extraluminal baths, as appropriate. Ion transport 
inhibitors and histamine were applied to unstimulated preparations. 
Relaxation responses to terbutaline, added NaCl, and o-mannitol were 
elicited after the tracheas were first contracted with extraluminal 
methacholine (3x10- 7 M; -EC50). In previous studies 240 mosM NaCl 
and o-mannitol added to the perfusing MKH solution elicited depolariza­
tion and epithelium-derived relaxing factor-mediated relaxation (Dortch­
Cames et al., 1999), and added 294 mosM NaCl caused an increase of tight 
junction permeability in airway epithelium (Hagman et al., 2002). There­
fore, NaCl and o-mannitol were added in a concentration of300 mosM in 
this component of the study for comparison purposes. 

2.4. Materials 

MKH solution contained 113 mM NaCl, 4.8 mM KC!, 2.5 mM CaC12, 

1.2 mM KH2P04, 1.2 mM MgS04, 25 mM NaHC03 and 5.7 mM glucose 
and was saturated with 95% 0 2 and 5% CO2, pH 7.4, 37 °C. 

Acetyl-!3-methylcholine chloride (methacholine), amiloride, 5-
nitro-2-(3-phenylpropyl-amino) benzoic acid (NPPB), ouabain, bume­
tanide, histamine, terbutaline, NaCl and o-mannitol were purchased 
from Sigma-Aldrich (St. Louis, MO). Methacholine and o-mannitol 
solutions were prepared in saline. Amiloride, NPPB and bumetanide 
were dissolved in DMSO. Hyperosmolar solutions were prepared by 
adding osmolytes (o-mannitol or NaCl) to the MKH solution. 
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&. (A) Representative tracings. Ouabain caused an immediate depolarization and a delayed 
contraction: bumetanide caused depolarization of slow onset and a slight relaxation. 
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2.5. Data analysis 

Transepithelial potential difference was quantified in mV: transepithe­
lial resistance was quantified in Ohms. Transepithelial potential difference 
values are presented in mV and as percent change in transepithelial 
potential difference (%t.V1) before and after exposure to the agents. 
Transepithelial resistance was calculated from values measured before and 
after agents were applied and is presented as Ohms and as percent change 
in transepithelial resistance (%M1). Airway contraction and relaxation 
responses were measured as changes in t.P, in cm H20. The results are 
presented as means±S.E.M. Differences were analyzed statistically using 
Student's paired t-test. P<0.05 was considered significant. 

3. Results 

3.1. Basal transepithelia/ potential difference 

At the conclusion of the 2.5-3 h equilibration period, transepithelial 
potential difference was -14.8 ± 0.8 m V ( n = 32 ). This value is greater than 
that obtained in Ussing preparations (ca. -3 to -5 mV)(Wu et al., 2004), 
comparable to earlier tracheal perfusion experiments in our labora­
tory (DortchsCames et al., 1999; Jing et al., 2008), but less than that 
(-38 mV) obtained using cable analysis (Croxton, 1993). 
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Fig. 3. Effects of histamine (Hist, 7.4x 10- 5 M, extraluminal), methacholine (MCh, 
3.7x 10-s M, extraluminal), and terbutaline (Terb, 10- 7 M, extraluminal) on transe­
pithelial potential difference (V,J, transepithelial resistance (R,) and 6P. (A) Representa­
tive tracings. Histamine caused strong contractions and variable transepithelial 
potential difference responses; shown in this tracing is a depolarization but, on 
average, histamine did not affect transepithelial potential difference. Methacholine 
caused a strong contraction and increased transepithelial potential difference (see also 
Fig. 4), but did not affect transepithelial resistance (not shown). Terbutaline caused a 
strong relaxation in all tracheas and a transient hyperpolarization in 3 out of 4 
preparations, followed by slow depolarization. (BJ Summary of the effects of histamine 
and terbutaline on transepithelial potential difference and transepithelial resistance. 
The open bars (Controls) represent values obtained before the addition of the agonists; 
the gray bars (Agonists) represent responses obtained upon stabilization of the 
responses to the agonists. In the case of histamine, the control values were basal values; 
in the case of terbutaline the control values were those obtained at the plateau of the 
response to methacholine before terbutaline was added. The hatched bars represent the 
responses as percentage change from the control values. Neither agonist affected 
transepithelial resistance. n=4, *P<0.05. 

3.2. Effects of amiloride and NPPB on transepithelial potential dijJerence, 
transepithelial resistance and t!.P 

The apical membrane Na+-channel blocker, amiloride (3 x 10-5 M), 
and the apical membrane Cl--channel blocker, NPPB (10-4 M), 
decreased transepithelial potential difference when applied to the 
intraluminal bath. The effect of amiloride was immediate, while the 
response to NPPB took over 20 min to develop and involved a larger 
depolarization (Fig. 1 ). Amiloride caused a 15% increase in transe­
pithelial resistance, while NPPB had no effect. Neither amiloride nor 
NPPB altered l!..P (n=4, data not shown). 

3.3. Effects of ouabain and bumetanide on transepithelial potential 
difference, transepithe/ial resistance and t!.P 

Added to the extraluminal bath, the basolateral Na+,K+-pump 
inhibitor, ouabain (10- 5 M), and the basolateral Na+.~.2cr-cotranspor­
ter inhibitor, bumetanide (10-5 M), decreased transepithelial potential 
difference (Fig. 2). Ouabain completely depolarized the epithelium over 
a 30 min period, decreased transepithelial resistance, and induced a 

delayed contraction. Bumetanide caused a slight relaxation. The depo­
larization caused by bumetanide was not accompanied by a change in 
transepithelial resistance. 

3.4. Effects of histamine and terbutaline on transepithelial potential 
difference, transepithelial resistance and ,1p 

Mechanical responses to contractile and relaxant agonists were 
investigated. After addition to the extraluminal bath, methacholine 
(3 x 10-7 M) and histamine (7.4x 10- 5 M) elicited contraction (Fig. 3). 
Terbutaline (10- 7 M) evoked relaxation in methacholine-contracted 
tracheas. The concentrations chosen were 10-fold higher than the 
extraluminal EC50 for histamine-induced contraction reported pre­
viously (Fedan and Frazer, 1992) and approximately twice the extra­
luminal EC50 (S.4x 10-s M) of terbutaline for relaxant responses 
derived from separate experiments (n=4; data not shown). 

Both histamine and terbutaline caused small changes in transe­
pithelial potential difference, even though they provoked large re­
sponses in the smooth muscle. ~-Adrenoceptor stimulation is well 
known to stimulate er secretion in airway epithelium, so the lack of a 
bioelectric response to terbutaline was unexpected. This might reflect 
differences in the EC50s for the agonist's effects between smooth 
muscle and epithelium, or to a species difference. Croxton (1993) also 
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reported that extraluminal isoproterenol (10- 6 M), a non-selective~­
adrenoceptor agonist, caused only a slight hyperpolarization of guinea­
pig tracheal epithelium. Neither histamine nor terbutaline affected tran­
sepithelial resistance. 

3.5. Effects of /Jyperosmolarity on transepit/Je/ial potential difference, 
transepit/Je/ial resistance and L!.P 

Raising intraluminal osmolarity with NaCl and D-mannitol (300 
mosM) caused relaxation and depolarization (Fig. 4). NaCl decreased 
transepithelial resistance, in agreement with morphological findings and 
Ussing chamber bioelectric measurements, and D-mannitol increased 
transepithelial resistance, in general agreement with previous observa­
tions (Hagman et al., 2002; Wu et al., 2004). 

4. Discussion 

Our investigation described the feasibility of measuring simulta­
neously mechanical (~P) and bioelectric (transepithelial potential 
difference and transepithelial resistance) responses of isolated trachea 
to a variety of ion transport blockers and agonist drugs and agents. 

Amiloride and NPPB decreased basal transepithelial potential 
difference. The -25% decrease by amiloride was smaller than the 
-50% decrease determined in cable analysis experiments on guinea­
pig trachea (Croxton, 1993). This difference could be related to the 
greater basal transepithelial potential difference (-38 mV) recorded in 
the cable experiments compared to that (-15 mV) measured in our 
experiments, but the basis for the different basal transepithelial 
potential difference values is not apparent. An increase in transe­
pithelial resistance by amiloride, observed here, also has been 
reported for rabbit airways (Poulsen et al., 2006). The larger 
depolarization elicited by NPPB observed here and reported pre­
viously (Wu et al., 2004) indicates that guinea-pig tracheal epithelium 
is primarily a Cl--secreting rather than a Na•-absorbing epithelium. 

Ouabain and bumetanide induced epithelial depolarization. 
Although ouabain also decreased transepithelial resistance, it is not 
difficult to conclude that the abolition of transepithelial potential 
difference was primarily due to the inhibition of the Na+.K•-pump. The 
activity of the Na+,K+,2c1--cotransporter in guinea-pig tracheal 
epithelium supports - 10% of short circuit current in the Ussing 
apparatus (Wu et al., 2004). Bumetanide, which had no effect on 
transepithelial resistance, caused a -20% decrease in transepithelial 
potential difference. This effect is comparable with that obtained in 
cultured guinea-pig tracheal epithelium (Robison and Kim, 1994). The 
ouabain-induced muscle contraction is well known to be due to Na• 
loading and Ca2

• accumulation in the smooth muscle (Chideckel et al., 
1987). Extraluminally-added bumetanide-induced relaxation can be 
attributed, in part, to its inhibition of the smooth muscle Na+.K+. 
2C1--cotransporter (Lavallee et al., 1997). 

Histamine and terbutaline caused, as expected, strong contraction 
and relaxation responses, respectively. However, they had modest 
effects on transepithelial potential difference and transepithelial 
resistance. Histamine has been reported to increase transepithelial 
potential difference and short circuit current in canine tracheas 
(Yamada et al., 1994), but weak transepithelial potential difference 
responses were observed in the present study. In guinea-pig cultured 
epithelium, terbutaline, in a 10-fold higher concentration (10- 6 M) 
than used here, increased short circuit current identically after 
basolateral and apical administrations (Robison and Kim, 1994). The 
disparity in reactivity between the fresh and cultured cells may 
manifest differences in the concentrations used or phenotypic adap­
tation to cell culture (Fedan et al., 2007). 

Hyperosmolar NaCl and D-mannitol in the high concentration 
(300 mosM) elicited depolarization and relaxation, as reported earlier 
(Dortch-Carnes et al., 1999). In agreement with observations made with 
.the Ussing apparatus (Poulsen et al., 2006; Wu et al., 2004), and micro-

electrode and microscopy studies (Hagman et al., 2002; Willumsen 
et al., 1994), NaCl decreased transepithelial resistance but D-mannitol 
increased transepithelial resistance. Because the NaCl-induced %ti.R, 
(20.0%) was less (P<0.05) than the %~V1 (84.7%), the depolarization 
induced by NaCl probably reflected decreased transcellular ion trans­
port. In contrast, D-mannitol increased transepithelial resistance in the 
face of depolarization. Decreased ion transport in response to hypertonic 
NaCl and D-mannitol was also observed in previous studies (Willumsen 
et al., 1994; Wu et al., 2004). 

This novel preparation offers many advantages over the available 
techniques (see Introduction) for studying airway epithelium and 
smooth muscle in an organ that, except for blood supply and intact 
afferent and efferent innervation, is identical in configuration to the in 
situ situation and avoids many of the shortcomings of other in vitro 
methods. It may be a suitable surrogate for certain types of in vivo 
physiological and pharmacological investigations of the actions of, for 
example, bronchoconstrictor, bronchodilator, and anti-inflammatory 
drugs. A great deal of information is made available from one trachea 
regarding the effects of these and other types of agents on epithelium 
and smooth muscle, and the synchronization between epithelial and 
smooth muscle events is evident. The degree to which the properties 
we observed in trachea would be shared by smaller airways is 
unknown at present, and requires further methodological develop­
ment and investigation. However, the technique could easily sub­
stitute for other methods already using trachea. 

In conclusion, a method was described for the study of airway 
physiology and pharmacology using tracheas that retain their in situ 
configuration. The effects of the agents used in the investigation 
recapitulated their predicted behavior. This method made it possible 
to examine epithelial airway bioelectric and mechanical responses 
simultaneously and provided insight into the contribution of changes 
in transepithelial resistance to bioelectric responses. The method will 
facilitate examination of epithelial bioelectric phenomena that may 
influence the reactivity of the smooth muscle. 
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