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Guinea-pig tracheas were perfused with recirculating modified Krebs-Wenseleit solution while monitoring changes 
in ~flow-o~t~ow pressure difference, which is an index of trachealis muscle tone. The reactivities of the trachealis 
muscle to methacholine, histamine and isoproterenol applied separately to the mucosal (intraluminal, IL) or serosal 
(extralvminal, EL) compartments were compared, and evidence for the agonist-induced release of epithelium-derived 
&axing factor (EpDRF) was sought. All agents were more potent when added to the EL compartment, but the IL/EL 
EC, ratios were different: 100 for methacho~ne, 41 for ~sta~ne and 25 for isoproterenol. Methacho~ne or histamine 
added to the IL compartment, after the preparations were pre-contracted with the same concentration of the agonist 
or 30 mM KC1 added EL, did not result in relaxation. Likewise, IL isoproterenol did not evoke contraction. IL KC1 
evoked relaxation. The results indicate that the epithelium reduces access of bronchoactive agents to the muscle, while 
an i~ediate relaxant effect of EpDRF released by agonists couid not be demonstrated. 

Trachea; Epithelium; EpDRF (epithelium-delved relaxing factor); Smooth muscle (airway); 
(Reactivity) 

I. In lsctiun 

The epithelium of the large airways of many 
mammals releases an as yet unidentified inhibitory 
substance, epithe~um-delved relaxing factor (Ep- 
DRF), which diminishes the reactivity of the un- 
derlaying smooth muscle to a number of 
bronchoactive drugs (FIavahan et aL, 1985; Fedan 
et al., 1988). Direct evidence for the release of 
EpDRF has been obtained using sandwich pre- 
parations (Tschirhart and Landq, 1986) or 
through bioassay with co-axial p~parations in 
which recipient smooth muscles are placed within 
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donor trachea (Ilhan and Sahin, 1986; Hay et al,, 
1987; Giic et al., 1988a,b,c). 

A novel preparation, the isolated perfused 
trachea, has been described recently which allows 
exa~nation of the degree to which the respirator 
epithelium influences the activity of drugs affect- 
ing airway smooth muscle (Munakata et al., 1988; 
1989). in this preparation reactivity to drugs ap- 
plied to the mucosal surface (intralu~n~ com- 
partment), where diffusion across the epithelium 
hinders access of drugs to the muscle, may be 
compared with that seen after the drugs are ap- 
plied to the serosal surface (e~tral~~nal compart- 
ment), where access to the muscle on the serosal 
surface is unobstructed. 

In the present study the reactivity of the 
trachealis smooth muscle of the isolated, perfused 
guinea-pig trachea to methacholine, histamine and 
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as compared after the drugs were 
1 or serosal surfaces. Evi- 
for the release of EpDRF 

the luminal application of the drugs. 
account of this work has been given 

an and Frazer. 1988). 

2. I. tracheas perjkion 

ale English short hair guinea-pigs (500-1000 
g: Camm Research Institute, Wayne, NJ, U.S.A.) 
were killed by stunning and bleeding. A segment 
of trachea 4 cm long was 

Krebs-Henseleit (MK 
rated with 95% 0,-S% 

The trachea was tied at each end to a perfusion 

Pin 

Fig. 1. Schematic of the perfusion apparatus used in these 
experiments (modified from Munakata et al. (1988; 1989)). The 
outside diameter of the inner catheters was 1.52 mm. The 
distance from the catheter side holes to the catheter tip was 5 
mm; tbe side holes were 2 mm from the entrance of the 
catheter into the lumen. The tubing onto which the trachea was 
tied, and through which MKH was perfused, had an outside 
diameter of 2.42 mm and an inside diameter of 1.67 mm. 
Contractile and relaxant responses of the trachealis muscle 
caused, respectively, a decrease or an increase in tracheal 
diameter, an increase or a decrease in flow resistance and an 
increase or a decrease in pressure gradient (AP = Pi, - P,,.,) 
under constant flow rate conditions. The perfusion apparatus 

was placed into a 25 ml bath of MKH. 

apparatus (schematic in fig. 1) which was modified 
from Munakata et al. (1988; 1989) and fashioned 
from glass and plastic tubing. The apparatus was 
placed with the segment extended to its original 
length into a water-jacketed organ chamber (37 O C) 
containing 25 ml MKH; this is referred to as the 
serosal or extraluminal (EL) compartment. The 
lumen was perfused with recirculating MKH from 
a separate, 30 ml MKH bath; this is referred to as 
the mucosal or intraluminal (IL) compartment. 
Hydrostatic pressure was sampled at either end of 
the trachea with side hold catheters, centered in 
the lumen, that were connected to a differential 
pressure transducer. Inlet and outlet pressure dif- 
ference (AP = Pi” - PO,,) was plotted on a strip- 
chart recorder. The basal flow conditions estab- 
lished were essentially identical to those described 
by Munakata et al. (1988; 1989). The flow rate 
was set to give a AP of 0.5 to 1.5 cm H,O. The 
transmural pressure at the middle of the trachea 
was set at ca. 0 cm H,O by adjusting the height of 
the tip of the tubing returning MKH to the IL 
bath. Flow rate was kept constant in each experi- 
ment, and ranged from 15 to 32 ml/min from 
experiment to experiment. Under constant flow 
conditions AP is an index of the tracheal resis- 
tance. Changes in tracheal resistance reflect 
changes in tracheal cross sectional area associated 
with muscle contraction or relaxation (Munakata 
et al., 1989). Thus, an increase or decrease in AP 
corresponds to muscle contraction or muscle re- 
laxation. 

The MKH composition was (mM): NaCl: 
(113.0), KC1 (4.8), CaCl, (2.5), KH,PO, (1.2), 
MgSO, (1.2), NaHCO, (25.0), glucose (5.7); pH 
7.4 (37°C); aerated with 95% 0,-5X0,. 

2.2. EL us IL concentration-response studies 

The preparations were equilibrated for 1 h, 
during which the EL and IL baths were replaced 
with fresh MKH (‘washed’) at 15 min intervals, 
before the actual experiment. Cumulative con- 
centration-response curves for methacholine and 
histamine were obtained with the preparations at 
basal tone. Isoproterenol was added cumulatively 
after tone was elevated with 30 mM KC1 added to 
the EL bath. Two concentration-response curves 



for one agonist were obtained from each trachea. 
The EL curve was obtained first. Upon comple- 
tion of the EL additions the prep~ations were 
washed EL and IL with fresh MKII. After 1.5 h 
with EL and IL washes every 15 min the IL 
~o~~u~tion-r~~nse curve was obtained. At the 
~~~l~on of the IL ~on~entrat~un-r~~onse de- 
te~ati~ns the prep~atio~s were challenged with 
IL 120 mM KCI. Intrahuninal KC1 causes a re- 
laxation of intact trachea but contracticm of epi- 
the~urn~d~ud~ trachea (M~~ata et dl., 1988; 
19$9), and may be used to assess epitheliai integri- 
ty+ In no case was a ~tra~~o~ to IL KCI seen. 

In pact experiments we observed nu dif- 
ference between two consecutive EL rne~a~o~ne 
cormentration-response curves. We also observed 
that the EL vs. IL differences were not dependent 
on the order in which the curves were obtained. 
From this it is inferred that differences between 
EL and IL ~n~n~ation-r~~~~~se curves were not 
due to tie-d~endent changes in reactivity nor to 
the order in which the EL and IL curves were 
obtained. 

Evidence for the boast-induced release of 
EpDRF was sought using a protocol in which the 

trachea was first challenged with a single con- 
centration of metha~ho~ne~ histamine or isopro- 
terenoi added to one compartment. Wi~o~t any 
inte~e~g washes being perform& the same drug 
in the same concentration was tben added to the 
other ~mp~tment. In these ex~~e~ts metba- 
chuline and b&mine were added to quiescent 
prep~~tions or prep~ati~ns contracted with EL 
30 mM KCI, while isoprotereuol was added to 
preparations contracted with EL 3 x 10w7 N 
rne~a~ho~ne or EL 30 mM KCl. 

The rest&s were quantified as AP In CIIT I-3,0, 

as SB, m~mum response and, in the case of iso- 
proterenol, as percentage relaxation of the 30 mM 
KCI-induced eontraction (“w, 30 mM KCI). The 
results shown in the figures and tables are pre- 
sented as moans + SE.; n is the rmmber of sep- 
arate experiments. Geometric mean EC,, values 
(the concentration producing 50% of the maxi- 
mum response) were deters from nonlinear 
curve fitting analysis (De Lean et al.., 1978) The 
data were evaluated for differences with anaiysis 
of variiulce. The 0.05 level of ~robab~~~ was 
considered sig~fi~~t. 
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- 
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1 so * 0.36 
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1.46+0.30 
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% 30 mM KCI 

128.3 + 16.1 

108.1+ 14.4 

geometric means with 95% confidence interval (Cl.) in parentheses. 

ethachcline (acetyl-&methylcholine) chlo- 
3.1. EL IX IL reactivity 

ride, tamine d~~~~s~~a~e and (-- )-isoproterenol 
t + b- rtrate vxr~ ~~~~~ed from Sigma Chem- 
ical Co., St. Loab. 0, U.S.A. 

The IL methackmline, histamine and isopro- 
terenol concentration-response curves were dis- 
placed si~fi~antly to the right of the EL curves. 

-log [Hist] (Ml 

Fig. 3. Comparkon of concentration-response curves following addition of histamine (Hist) to the EL (serosal; open symbols) and IL 

(mucosal; filled symbols) compartments. n = 4. 
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IL/EL EC,, ratios were significantly different, 
and greatest for methacholine (99.7), followed by 
histamine (40.7) and isoproterenol(24.6) (figs. 2-4; 
table 1). The EL and 1L maximum responses to 
methacho~ne were not different, nor were those 
for histamine. The maximum relaxation response 
to IL isoproterenol in terms of AP was signifi- 
cantly less than that for EL addition. This was a 
consequence of smaller contractions to KC1 pre- 
ceding the IL concentration-response determina- 
tion, because the maximum responses to isopro- 
terenol nodal in terms of % 30 mM KC1 were 
not different. 

3.2. EL us. IL challenge with single, equivalent 
concentrations 

The reactivity of the trachealis muscle to IL 
agonists is, as just described, reduced greatly by 
the epithelium. Since the trachealis muscle is 
situated on the serosal surface of the preparation 
with no intervening barrier to drug diffusion, we 
reasoned that if an equilibrium response is elicited 

o Ertroluminol 
e lnlraluminol 

’ I 

IO 9 6 7 6 5 

by the EL application of an agonist, JL addition 
of the same concentration of the agent would not 
change (i.e. elevate) the local concentration of the 
drug at the smooth muscle biophase per se. The 
agonist when added IL migbt, however, cause the 
release of factors from the epitbelium which might 
cause a detectable change in trachealis muscle 
tone. A series of experiments was performed to 
evaluate these possibilities. 

Concentrations of the agonists were used which 
approximate their EL EC, values. IL methacho- 
line when added prior to or after EL me~acho~e 
did not cause a relaxation response (fig. 5). Liie- 
wise, IL histamine added in the absence or pres- 
ence of EL histamine, did not evoke relaxation 
(fig. 6). In preparations in which tone had first 
been induced with 30 mM K.Cl, neither IL or EL 
methacholine (fig. 5) nor IL or EL histamine (fig. 
6) induced relaxation. The IL app~cation of iso- 
proterenol evoked only relaxation of preparations 
with tone induced with either EL methacholine or 
EL KC1 (fig. 7). 

Shown in figs. 5 and 6 is the relaxation re- 
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Fig. 4. Comparison of concentration-response curves following addition of isoproterenol (Iso} to the EL (serosal; open symbols) and 
IL (muwsal, filled symbols) comp~tments. In this figure the results are also given as W 30 mM KC1 to normatize the magnitude Of 

the relaxation response with respect to the tone induced by KCI. n = 4. 



confirms the phenome- 
ata et al. (1988; 1989). 
raction elicited with EL 

to w~ch the r~p~at~~ epit~e~~~rn 
racbea~s sm~tb muscle 
s study, w~ch confirms 

strata et al. (~9$8; 1989). 
~9~9~ observed IL/EL EC,e 

ratios of 1115-151 f~br acetylcholine and 35-59 for 
histamine. OX values were quite comparabie: 100 
for metbacholine and 41 for histamine. The smaller 
value for methachohne vis B vis acetylcholine could 
reflect laboratory variability or, more likely, an 
action of epithelial cholinesterase degrading 
acetylcbo~~~e more than methachohne as the drugs 
diffuse across the mucosa. ~unakata et al. (1989) 
did not examine isoproterenol, but we observed 
isoprotereno~ to be 25 times more potent EL com- 
pared with IL. An extraneuronal uptake mecha- 
nism for ~so~rotere~ol in epithe~um has been de- 
sc~bed (warmer et al., 1986), which, presumably, 
could reduce the potency of IL isoproterenoi. In 
fu~ct~o~a~ terms, as opposed to the actual permea- 

Fig. 5. Respnses to methacholine (BP M) added sequentially to the IL and EL compartments. The additions of methachoiine are 
indicated by the dots labeled BL and EL. (A) Methacholine added to resting trachea. In the left tracing IL methacholine was applied 
and remained during EL exposure. In the tight tracing the order of application was reversed. (B,C) Methacholine added to 30 mM 
KC1-contracted trachea. (B) IL addition preceded EL addition; the order of addition was reversed in (C). Note (C) that the IL 
application of 120 mM KG1 (at K+ ) caused an immediate and rapid relaxation response. W indicates washout from EL and IL 
compartments. The lower calibration lines apply to tracings (9, C); cm = cm W,O. Tracings (A) were from the same trachea, tracings 

(f&C) were from a different trachea, and all are representative of results obtained from three separate experiments of each type. 
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bility of the drugs, these results taken together 
indicate that the mucosa is not an equivalent 
barrier to the actions of the three agonists on the 
smooth muscle. 

The difference in EL vs. IL reactivity to 
acetylchol~e and ~st~ne (~un~ata et al,, 
1989) and methacholine (Smith et al., 1990) is 
eliminated in preparations from which the epi- 
thelium has been removed mechanically. A possi- 
bility suggested by Munalcata et al. (1989) to 
explain the serosal vs. mucosal reactivity dif- 
ferences is that EpDRF is released upon IL chal- 
lenge with metha~ho~ne and histamine, and that 

the inhibitory effects of released EpDIW in con- 
cert with hindrance of diffusion of the agonists 
may explain the lesser potency of ~~-ad~ster~ 
agents. The present results do not support the 
view that IL application of the contractile agonists 
causes a release of IEpDIW. L methac~o~e or I 
histamine, added to ~re~~atio~s which were pre- 
contracted with the same concentration of the 
agonist added EL or with EL did not cause 
the relaxation response exp from rapid 
EPD release. Likewise, no evidence was ob- 
tained that isoproterenol causes a release of 
excitatory factor (see Flavahan et al., 1985). 

5 min 

E 
2 L 

5min 

Fig. 6. Responses to histamine (3X1O-6 M) added sequentially to the 1L and EL compartments. The tidc~itions of histamke are 
indicated by the dots labeled IL and EL. (A) Histamine added to resting trachea. In the left tracing IL addition preceded EL 
addition; in the right tracing the order of application was reversed. (B,C) Histamine added to 30 mM #Cl-cornlracted trachea. (B) IL 
addition preceded EL addition; the order of addition was reversed in (C). Note (C) that the IL application ol 120 mM KC1 (at K” ) 
caused an crate and rapid relaxation response. W indicates washout from EL and IL ~m~tm~ts. The iower calibration IVIES 
apply to tracings (9.C); cm = cm H,O. Tracings (A) were from the same trachea. tracings (BC) were from a different trachea, and a% 

are representative of results obtained from three separate experiments of each type. 
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~~~~s to ~~Frote~e~r 3dW ~uent~311~ to the EL and EL c#m~artme~~~ The additions of j~~r~~eren~1 am indicated 
ts k&&d HL and EL. (A) ~s~~~~teren~~ {10-’ M) added to met~ac~o~e (3X10-’ M~ontraci~ trachea. In the left 

preceded EL ad~~~a~~ in the right tracing the order of application was reversed. (3,C) i~p~t~rea~ (3 X IO’* M) 
tu M m ~~~~ontract~ trachea. (B) IL addition preceded EL addition; the order of addition was reversed in (C). W 

~~~e~~~ washout from EL anand IL ~rn~~me~ts” The lower calibration lines apply to tracings (8.C); cm = cm N&B. Tracings (A) 
were ~~~~ the same trachea, t~ac~gs (B,C) were from a different trachea, and all are representative of results obtained from three 

separate experiments of each type. 

f such is the case, access of 

unt of additiou~ 

is rekased ~~ti~~* 

Ris s~~~at~o~ wound be ~~~~at~~~e with the re- 
sults of some studies ~tj~~~ co-axial prepara- 
tacks_ ex~rnp~~ t&e rea~~~ty of 
~~~~ea tra~~~a~ strips ta ~va~bu~~ 

e of force mainte- 
ce in res~oase to carb (oiic et al., ~98ga) 

c), were affected by 
ty of a d~ff~sab~e substance provided 

of staples ~~~~~~~~ ccmxial pre- 
demo~s~ated the ago- 

~st-evo~gd release of Ep The rate of ~p~~~ 
rekase and the rapjd~ty of its action on smooth 
muscte may be variable. Fur example, ~tylch~ 
line but not ~sta~ne caused E~~~~ release front 
douor g~~~-~ig trachea1 epithelium and relaxa- 
tion of recipient rabbit aorta; this relaxation was 
slow in development (Ilhan and Sahin, 1986). The 
rat ~~~~ygeus muscle within guinea-pig trachea 
relaxed in response to acetylcho~~~ (CU et al., 
~9g8b). The relaxation had a slow time course. In 
contrast, Fernandes et ak (1989) observed that 
both ~sta~~e and metha~hu~ue caused a rapidly 
developing and large re~~ation of rat aorta placed 
within guinea-fig trachea. It would thus appear 
that ~~~~~ is released from guinea-pig tracheal 
epitbe~um by both methacholine and ~s~u~~ 
and that the release is rapid. Such release can be 
anticipata38 to be: occurring in the present experi- 
ments* A s~bstau~~i v~abi~ty in the rapidity of 
the relaxant effect of EpDRF in various smooth 
muscles also seems apparent. The effect of EpDRF 
on g~~~ea*~~g trachea& tone may be slow in onse& 
like rabbit aorta and rat an~ygeus~ and not 
rapid, as occurs in rat aorta. This might explain 
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why no reIaxation to methacholine and histamine 
was seen during the exposure periods used in our 
experiments. 

While the rate of EpDRF effect on different 
smooth muscles may be variable when receptor 
agonists are involved, the epicene-depended 
K +-induced relaxation of guin~-pig perfused 
trachea (Munakata et al., 1988; fig. 5 and 6) and 
tracheal strips (Raebum and Fedan, 1989) is, nev- 
ertheless, abrupt in onset and large in magnitude. 
Likewise, rapid temperature increase evokes a 
rapid, epithelium-dependent relaxation (Lamport 
and Fedan, 1990). It would appear that many 
unknown factors affect the release and actions of 
EpDRF. 

Whether EpDRF is released from the apical or 
basolateral surface of epithelial cells is not known. 
The fact that the tone of a smooth muscle placed 
within the lumen of a trachea can so readily be 
decreased by agonists which release EpDRF sug- 
gests that the factor is released from the apical 
surface of epithelial cells, regardless of the loca- 
tion of the receptors involved. Unless there are 
other target cells for EpDRF in the airway lumen, 
the release of EpDRF into the lumen would seem 
to be an inefficient means of providing EpDRF to 
the submucosal muscle. The rapidity of relaxation 
of perfused trachea to IL KC1 also must be recon- 
ciled, and it is convenient to suggest that EpDRF 
is liberated from the basolateral surface. 
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