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Summary. We measured the short-circuit current (Is~) across 
canine tracheal epithelium and the intracellular cAMP levels 
of the surface epithelial cells in the same tissues to assess the 
role of cAMP as a mediator of electrogenic C1 secretion. Secre- 
togogues fall into three classes: (i) epinephrine, prostaglandin 
(PG) El,  and theophylline increase both Isc and cellular cAMP 
levels; (ii) PGF2~ and calcium ionophore, A23187, increase l~c 
without affecting cell cAMP levels at the doses employed; and 
(iii) ace@choline, histamine, and phenylephrine do not alter 
either I~ or cAMP levels. 

These findings indicate that: (i) increases in cAMP or Ca 
activity stimulate electrogenic C1 secretion by the columnar cells 
of the surface epithelium; (ii) cAMP mediates the effects of 
PGE 1 and fl-adrenergic agonists; (iii) a strict correlation be- 
tween cAMP levels and C1 secretion rate is not apparent from 
spontaneous variations in these parameters or from dose-re- 
sponse relations of Isc and cAMP to epinephrine concentration; 
and (iv) acetylcholine, histamine, and phenylephrine, agents 
that stimulate electrically-neutral NaC1 secretion by submuco- 
sal glands, do not evoke cAMP-mediated responses by the sur- 
face epithelium. 

Addition of 10 - 6  M indomethacin (or other prostaglandin 
synthesis inhibitors) to the mucosal solution decreases I~c and 
cellular cAMP levels and reduces the release of PGE z into the 
bathing media by 80%. Indomethacin does not interfere with 
the subsequent secretory response to PGE 1 , This suggests that 
endogenous prostaglandin production underlies the spontane- 
ous secretion of CI across canine tracheal epithelium under 
basal conditions. 
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Introduction 
The rate of salt and water transport across airway 
epithelia is thought to be an important determinant 
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of the thickness of the fluid layer that lines the 
surface of the pulmonary airways. This, in turn, 
appears to be a critical factor governing the effi- 
cacy of pulmonary mucociliary clearance (Nadel, 
1980; Widdicombe & Welsh, 1980). Studies aimed 
at clarifying the mechanisms responsible for fluid 
and electrolyte transport across the airways have 
focussed on the posterior membranous portion of 
the canine trachea since this epithelium can be 
studied, in vitro, as a flat sheet under short-circuit 
conditions. In the absence of exogenous agents 
added to the bathing media (hereafter referred to 
as "basal conditions") canine tracheal epithelium 
actively transports C1 from submucosa-to-mucosa 
at rates of 1-3 geq/cm 2 hr and Na from mucosa- 
to-submucosa at rates of 0.5-1.0geq/cm2hr 
(Olver, Davis, Matin & Nadel, 1975; A1-Bazzaz 
& A1-Awqati, 1979). Although there are fairly wide 
variations in the spontaneous rates of net Na and 
C1 movement across the epithelium under basal 
conditions, the combined rates of Na absorption 
and C1 secretion account entirely for the simulta- 
neously-determined short-circuit current (Isc). 

A variety of humoral, neurohumoral, and 
pharmacologic agents have been shown to enhance 
the rate of C1 secretion across canine trachea, and 
two distinct patterns of activity have emerged from 
the influences of these secretogogues: (i) agents 
that increase both C1 secretion and the Isc (electro- 
genic C1 secretion) with little effect on Na transport 
include epinephrine (A1-Bazzaz & Cheng, 1979); 
the fl-adrenergic agonist, terbutaline (Davis, 
Marin, Yee & Nadel, 1979); protaglandins El,  E 2 
and F2~ (A1-Bazzaz, Yadava & Westerfelder, 
1981); theophylline (A1-Bazzaz & A1-Awqati, 
1979); cyclic AMP (A1-Bazzaz, 1981) and the calci- 
um ionophore, A23187 (A1-Bazzaz & Jayaram, 
1981); (ii) agents that enhance C1 secretion and 
reverse the direction of net Na movement from 
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absorption to secretion while having little, if any, 
effect on the Isc (neutral C1 secretion) 1 include ace- 
tylcholine (Marin, Davis & Nadel, 1976); hista- 
mine (Matin, Davis & Nadel, 1977) and the c~-ad- 
renergic agonist, phenylephrine (A1-Bazzaz & 
Cheng, 1979). In the companion paper (Welsh, 
Smith & Frizzell, 1982), we describe the results 
of microelectrode studies indicating that epineph- 
rine and prostaglandins of the E series stimulate 
electrogenic C1 secretion by the surface epithelial 
cells. In contrast, acetylcholine, parasympathetic 
nerve stimulation (Borson, Chino, Davis & Nadel, 
1980), and phenylephrine (Phipps, Nadel & Davis, 
1980; Ueki, German & Nadel, 1980) have been 
shown to elicit secretion of electrolytes and fluid 
from submucosal glands that lie beneath the sur- 
face epithelium. Thus, these two distinct patterns 
of secretory activity appear to be localized to dif- 
ferent anatomic regions of the tissue. 

Since both theophylline and cAMP (Al-Bazzaz 
& A1-Awqati, 1979; A1-Bazzaz, 1981) increase elec- 
trogenic C1 secretion across tracheal epithelium, 
alterations in intracellular cAMP levels may be an 
important determinant of C1 secretion rate, as pro- 
posed for other Cl-secreting epithelia (Frizzell, 
Field & Schultz, 1979). This suggestion is sup- 
ported by the finding of A1-Bazzaz et al. (1981) 
that prostaglandins E1 and E 2 increase intracellu- 
lar cAMP levels in epithelial cells isolated from 
canine trachea. 

To further examine the role of cAMP as an 
intracellular mediator of C1 secretion, we measured 
the Isc across canine tracheal epithelium (which 
largely reflects C1 secretion rate) and the cyclic 
AMP levels of the surface epithelium in the pres- 
ence and absence of agents that both enhance and 
inhibit C1 secretion rate. This approach permitted 
a direct comparison of intracellular cAMP levels 
and Isc of individual tissues. Determinations of 
cAMP levels were carried out using only the sur- 
face epithelial cells so that the regional localization 
of secretogogue activity could be further explored. 

Methods and Materials 

Tissue Preparation 

Trachea obtained from mongrel dogs (20-40 kg) anesthetized 
with nembutal (25 mg/kg) were immediately placed in ice-cold 

It is as yet unclear whether neutral C1 secretion results from 
a mechanistically-neutral transport process involving Na co- 
transport or is the result of electrogenic C1 transport into a 
confined glandular structure where the resulting electrical po- 
tential difference is entirely dissipated by passive flow of coun- 
terion (Na) so that no net C1 current emerges from the gland 
orifice. 

Ringer's solution gassed with 95% 02--5% C02. The posterior 
muscle layer was removed, and the posterior membranous 
portion was mounted in Lucite Ussing chambers having an 
exposed surface area of 1.25 cm 2. Tissues were bathed on each 
side with 10 ml of a Ringer's solution having the following 
composition in mmol/liter: Na, 143.0; K, 5.4; Ca, 1.2; Mg, 
1.2; C1, 123.7; HCO3, 25; HPO4, 2.4; H2PO4, 0.6; and D- 
glucose, 10.0. This solution was circulated by a gas-lift system 
and maintained at 37 ~ with water-jacketed reservoirs. The 
pH was 7.4 when gassed with 95% 02-5% CO2. 

Electrical Measurements 

The transepithelial electrical potential difference (7Jt), short- 
circuit current (Isc), and tissue resistance (Rt) were determined 
as described previously (Frizzell, Koch & Schultz,/976). 

cAMP Measurements 

After mounting, both the Isc and Rt were monitored until a 
steady-state was obtained. Test agents were then added and 
after 10 min (see below) tissues were quickly removed from 
the chambers and the exposed surface area scraped with a glass 
microscope slide to remove the epithelial cells. These were 
placed in ice-cold 1 N HC1 within 1 min of their removal from 
the chamber. They were sonicated in a bath-type sonicator for 
10 see and centrifuged in a Brinkman microfuge for 25 rain. 
The supernate was then removed and dried under a stream 
of air at room temperature. The residues were redissolved in 
1 ml of 50 mM sodium acetate buffer (pH 6.2) and the cAMP 
present was determined in duplicate by radioimmunoassay 
using kits purchased from Becton-Dickinson (Orangeburg, N J). 
The HC1 precipitates were dissolved in 1 N NaOH and assayed 
for protein by the method of Lowry, Rosebrough, Farr and 
Randall (1951). Results are expressed as pmol cAMP per nag 
protein. The degree of variability encountered in the cellular 
cAMP levels determined under basal conditions required that 
the effects of secretogogues be compared against control values 
obtained using tissues from the same animals. Part of this vari- 
ability may arise from differences in spontaneous C1 secretion 
rate; this and other possibilities are detailed in the discussion. 

Figure I a shows a photomicrograph of canine tracheal 
epithelium. The tissue is comprised of a pseudo-stratified col- 
umnar epithelium and a submucosal layer of colIagen. 
Figure lb  is a micrograph showing unstained epithelial cells, 
scraped from the tracheal surface, for determinations of their 
cAMP content. This yielded both individual cells and clumps 
of cells, showing motile cilia. Figure 1 c shows a section of the 
scraped tissue which retains only the submucosal collagen layer 
and, in this section, a submucosal gland. These figures indicate 
that the scraping procedure removed only the surface cells for 
assay of their cAMP content and that the underlying submu- 
cosa with its glandular epithelium was not included in these 
measurements. 

In preliminary experiments, we found that both cAMP lev- 
els and I~ reached maximal values between 3 and 7 rain after 
stimulation by PGE 1 or epinephrine and remained constant 
for at least 20 min thereafter. Since some of the agents em- 
ployed in this study did not measureably affect the Is~, we 
routinely removed tissues for cAMP assay 10 rain after addition 
of the test agent. At this time, regardless of the agent employed, 
the I~ was in a steady-state. 

Assay of Prostaglandin (PG) Release 

Tissues were prepared and incubated as described earlier. Indo- 
methacin was then added to the mucosal medium of half the 
tissues and the incubation continued an additional 45-60 min. 
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Fig. 1. Morphology of the posterior membranous portion of canine trachea (a): Surface epithelium and submucosal collagen 
layer fixed with formalin and stained with hematoxylin and eosin. The submucosa hydrates during incubation in vitro. (b) : Unstained 
epithelial cells scraped from the preparation shown in a as described in Methods. (c): Remaining submucosal collagen layer 
containing a submucosal gland (center), stained with Perioaic-Acid-Schiff stain. The scraping procedure presses fluid out of 
the submucosa yielding a more compact appearance than that shown in a 

The serosal and mucosal media were then replaced with fresh 
media containing indomethacin where appropriate. Thirty rain 
thereafter, the serosaI and mucosal media were collected sepa- 
rately, frozen and stored at - 2 0  ~ until assay. PGE 2 concen- 
trations in the serosal and mucosal solutions were assayed sepa- 
rately by one of us (J.S.S.) as follows: 1 ml aliquots were ex- 
tracted in 20-ml glass tubes with Teflon-lined caps. 3H-PGE2 
(1-2 pg) was added to monitor recovery. All samples were acidi- 
fied to pH 3.0 with 50% citric acid and extracted twice with 
three volumes of a mixture of cyclohexane/ethylacetate (1 : 1). 
The organic phase was separated by centrifugation and reduced 
to dryness under a stream of nitrogen at 40 ~ Samples were 
resuspended in 0.2 ml benzene/ethylacetate/methanol 
(60: 40:10) diluted with 0.8 ml benzene/ethylacetate (60: 40) and 
applied to microcolumns (0.5 x 6 cm) of 0.5 gm nonactivated 
silicic acid and eluted as previously described (Dray, Charbon- 
nel & Maclouf, 1975). Eluates were dried down under nitrogen, 
resuspended in assay buffer, and stored 24-48 hr under nitrogen 
at - 2 0  ~ until assayed (Stoff et al., 1980). 

PGE2 was assayed with a specific, high affinity antiserum 
prepared by immunization of a thyroglobnlin-PGE 2 conjugate 
in rabbits (Dray et al., 1975). The antiserum detects the pres- 
ence of 2-5 pg PGE 2 with intra-assay and inter-assay coeffi- 
cients of variation of < 10% and <20% respectively. The anti- 

serum shows affinities for other prostaglandins as follows: 5% 
for PGE1, 1.5% for 6-keto FI~ and tess than 0.1% for PGA, 
PGD2, PGF2~ and PGI 2. 

Data is presented as the mean and SEM. Statistical signifi- 
cance was tested using a paired t-test where a value of P <  0.05 
was considered significant. 

Materials 
Epinephrine, acetylcholine, histamine, prostaglandins, pheny- 
lephrine, propranolol, indomethacin, and 8-Br-cGMP were ob- 
tained from Sigma (St. Louis, MO); theophytline from Mathe- 
son, Coleman and Bell (Los Angeles, CA) and A23187 from 
Calbiochem (La Jolta, CA). Silicic acid was obtained as Silic 
AR, CC-4 from Mallinckrodt (St. Louis, MO). 

Results 

Effects of Secretogogues that Increased Isc 

The effects of theophylline (5 x 10-4 M), epineph- 
rine (10-5M) and PGE 1 (10 -6 M) added to the 
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serosal solution alone on the Is~ across canine tra- 
cheal epithelium and intracellular cAMP concen- 
trations of the surface epithelial cells are shown 
in Fig. 2. These agents increased both Iso (reflecting 
the rate of  electrogenic C1 secretion) and intracellu- 
lar cAMP levels, but the increases in Is~ were not 
directly proportional to the absolute levels of  
cAMP achieved. As shown in Fig. 2, the greatest 
changes in cellular cAMP concentrations were pro- 
duced by theophylline or epinephrine while a maxi- 
mal stimulation of  Is~ was obtained following addi- 
tion of  PGE1 or epinephrine. 

The relation of Isr and cAMP levels to epineph- 
rine concentration was examined in a separate se- 
ries of  experiments. Figure 3 shows that 10-6M 
epinephrine elicits a maximal increase in Isr How- 

ever, the concentration-response relation for the 
corresponding cellular cAMP levels is displaced to 
the right of  that for the Isc. That is, low epineph- 
rine concentrations produced a measureable in- 
crease in Isc but no detectable change in cAMP 
levels. The results illustrated in Figs. 2 and 3 indi- 
cate that these secretogogues increase both cAMP 
levels and the Is~ but that a close correlation be- 
tween these parameters is not observed; the signifi- 
cance of  this will be discussed below. 

Figure 4 shows the effects of calcium iono- 
phore, A23187, and PGF 2 ~ on Iso and intracellular 
cAMP concentrations. Although these agents are 
as effective as epinephrine and PGE1 in elevating 
the Isc, they do not significantly alter intracellular 
cAMP levels at the concentrations employed in 
these studies. The effect of A23187 on the Is~ sug- 
gests that in canine tracheal epithelium, as in other 
C1 secreting tissues (Bolton & Field, 1977; Frizzell, 
1977; Prince, Rasmussen & Berridge, 1973), eleva- 
tion of intracellular Ca activity elicits electrogenic 
C1 secretion. 

The intracellular mediator(s) of the response 
to PGF2~ in canine tracheal epithelium are not 
known with certainty. This agent stimulates ade- 
nylate cyclase of  canine gastric mucosa, but the 
maximal cyclase activity obtained with PGF2 ~ was 
only 15-20% of that observed with prostaglandins 
of the E series (Dozois, Kim & Dousa, 1978). At- 
tempts to study the possibility that the increase 
in Iso elicited by PGF2~ requires extracellular Ca 
were unsuccessful due to the deleterious effect of 
reduced external Ca concentrations on integrity of 
tracheal mucosa. Exposure of  the tissue to either 
Ca-free media or EGTA-buffered solutions having 
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Ca levels of  10-6__ 1 0 - 5  M decreased tissue resis- 
tance to unacceptably low levels. 

Effects of Secretogogues that Do Not Alter I~ 

As discussed earlier, acetylcholine, histamine and 
phenylephrine stimulate an electrically-neutral se- 
cretion of  NaC1 across canine tracheal epithelium 
(A1-Bazzaz & Cheng, 1979; Marin etal. ,  1976, 
1977). Values for I~ and surface cell cAMP levels 
in the presence or absence of  acetylcholine, hista- 
mine, or phenylephrine are presented in Fig. 5. Tis- 
sues treated with phenylephrine were pre-treated 
with propranolol (added to the serosal solution) 
10 rain prior to addition of  phenylephrine to 
prevent changes in ion transport that might result 
from p-adrenergic effects of  phenylephrine (A1- 
Bazzaz & Cheng, 1979). From Fig. 5, it can be 
seen that these agents had no significant effect on 
I~ or cAMP concentrations. The results are consis- 
tent with prior observations showing acetylcholine, 
parasympathetic nerve stimulation, and pheny- 
lephrine stimulate glandular secretion (Borson 
et al., 1980; Phipps et al., 1980; Ueki et al., 1980), 
and indicate that a cAMP-mediated response of  
the surface epithelium is not involved in their 
actions. 

Effects of lndomethacin on Is~, 
Intracellular cAMP Levels and PGEz Production 

A1-Bazzaz et al. (1981) recently reported that addi- 
tion of  indomethacin (]0-6M) to the solution 
bathing the mucosal surface of  canine tracheal epi- 
thelium decreased C1 secretion and the Is~ with no 
effect on Na absorption. To study the possible role 
of  prostaglandins in regulating C1 secretion across 
tracheal epithelium under basal conditions, we 
measured the changes in I~c produced by three in- 
hibitors of  prostaglandin synthesis: indomethacin, 
naproxen, and ibuprofen. These compounds are 
not closely related on a structural basis and, as 
such, were chosen in the hope of  obtaining one 
or more agents capable of  inhibiting fatty acid cyc- 
looxygenase without directly effecting the CI trans- 
port mechanism (Smith, Blumberg, Stoff & Field, 
1980), As seen in Fig. 6, indomethacin (10 -6 M) 
added to the mucosal solution decreased I~c ; this 
was accompanied by an increase in R t (data not 
shown, see A1-Bazzaz et al., 1981; Welsh et al., 
1982). The time at which Is~ reached a lower 
steady-state level after indomethacin addition 
varied from tissue to tissue; in most cases 
45-60 min was sufficient. Subsequent addition of  
PGE t (]0 -6 M) to the serosal bathing medium in- 
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creased Is~ and decreased R t to values identical to 
those observed in the absence of  indomethacin 
(Fig. 6), and this was also true of  prolonged indo- 
methacin treatment (up to 3 hr). Figure 7 summar- 
izes the results obtained from all tissues studied, 
indicating that indomethacin reduced both Isc and 
cAMP levels but did not interfere with the subse- 
quent increase in these parameters induced by ad- 
dition of  PGEt .  Similar results were obtained with 
naproxen and ibuprofen, as shown in Fig. 8; these 
agents also reduced Isc below basal levels but did 
not alter the subsequent response of  the I~c to 
PGE 1 . In three pairs of  indomethacin-treated tis- 
sues, we measured the I~r and intracellular cAMP 
concentrations in the presence and absence of 
PGF 2 ~. The I~ of  indomethacin-treated tissues in- 
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Table 1. PGE z production by canine tracheal epithelium 

Condition [PGE2] (pg/ml) 

Mucosal Serosal 
solution solution 

PGE 2 
production 
(ng/hr) 

Control 57_+22 83_+33 2.8_+0.8 
Indomethacin, 10 -6 M 8_+6" 14_+8" 0.6_+0.2 a 

Values are mean 4-SEM f o r  5 tissue pairs, PGE 2 concentrations 
determined as described in Methods. Total PGE 2 production 
calculated from levels obtained in 10 ml media, each side, dur- 
ing 30 rain incubation of  1.25 cm 2 mucosa. 
a P < 0 . 0 5 .  

creased by 30 gA/cm 2 when PGF2~ (10 -6 M) was 
added to the serosal solution, and, as was observed 
under basal conditions, intracellular cAMP levels 
were unaffected (5.67 v s .  5.60pmol cAMP/mg 
protein). 

These findings, and those of A1-Bazzaz et al. 
(1981) suggest that the basal rate of C1 secretion 
is determined by endogenous production of pro- 
staglandins. Further support for this notion is pro- 
vided by the relation between the basal Iso and 
the steady-state decrease in Isc produced by addi- 
tion of indomethacin to the mucosal bathing solu- 
tion. This relation is illustrated in Fig. 9 and shows 
that the magnitude of the basal Isc determines the 
inhibitory effect of indomethacin. Moreover, the 

slope of this relation is not significantly different 
from unity (1.2+0.3), suggesting that variations 
in the basal Is~ reflect the spontaneous rate of C1 
secretion, which can be entirely suppressed by in- 
domethacin. Indeed, transepithelial C1 fluxes deter- 
mined 3 h following indomethacin addition yielded 
a net C1 flux of 0.07 + 0.09 peq/cm 2 hr (n = 6) while 
the simultaneously determined Iso was 
] .3 + 0.2 geq/cm 2 hr. 

The influence of indomethacin on prostaglan- 
din production by the tissue was examined by de- 
termining the concentrations of PGE2 in the 
mucosal and serosal solutions during a 30-min in- 
cubation period in the presence and absence of 
the fatty acid cyclooxygenase inhibitor as described 
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in Methods. The data are given in Table 1. PGE2 
was released to both bathing solutions in a nonpre- 
ferential manner. The total rate of PGE2 produc- 
tion was reduced approximately 80% by indo- 
methacin. 

Discussion 

The results of this study clearly demonstrate that 
intracellular cAMP is a physiologic mediator of 
electrogenic C1 secretion across canine tracheal epi- 
thelium. This conclusion applies uniformly to epi- 
thelia that carry out electrogenic C1 secretion (Friz- 
zell et al., 1979) including: small intestine (Field, 
1971), colon (Frizzell et al., 1976), cornea (Zadun- 
aisky, 1966; Zadunaisky, Lande, Chalfie & 
Neufeld, 1973), salivary gland (Berridge, Lindley 
& Prince, 1975; Prince, Berridge & Rasmussen, 
1972), gastric mucosa (Sachs, Spenney & Lewin, 
1978), dogfish rectal gland (Silva etal., 1977, 
1979), and teleost gill (Cuthbert & Pic, 1973) and 
opercular epithelium (Degnan, Karnaky & Zadun- 
aisky, 1977). In all of these tissues, C1 secretion 
is elicited or enhanced by addition of cAMP or 
theophylline to the bathing media. In addition, sec- 
retogogue-induced elevations of cellular cAMP 
concentrations have been reported for small (Field, 
Sheerin, Henderson & Smith, 1975) and large 
(Frizzell, 1977)intestine, cornea (Klyce, Neufeld 
& Zadunaisky, 1973), salivary gland (Prince et al., 
1972), gills (Cuthbert & Pic, 1973), rectal gland 
(Stoff et al., 1980), and stomach (Katsumata & 
Glick, 1975). 

Relation of  lntracellular cAMP Levels 
to Cl Secretion Rate 

One goal of our study was to correlate cAMP levels 
with the rate of C1 secretion. To examine the possi- 
bility that a direct relation existed between these 
parameters, we measured both Is~ and cAMP con- 
centrations under control conditions and in paired 
tissues following addition of agents that stimulate 
or suppress C1 secretion. However, we were unable 
to detect a direct correlation of Is~ to cAMP levels 
under control conditions (Figs. 2 and 5), following 
stimulation (Figs. 2 and 3) or after inhibition by 
indomethacin (Fig. 7); this was true of tissues from 
the same animal as well as among tissues from 
different animals. For example, increasing concen- 
trations of epinephrine added to the serosal solu- 
tion stimulated C1 secretion before an increase in 
cellular cAMP levels could be detected (Fig. 3). In 
addition, the increase in cAMP content elicited by 
PGE 1 was substantially less than that obtained 

with epinephrine or theophylline (Fig. 2). Yet 
PGE~ and epinephrine yielded maximal rates of 
C1 secretion, as judged both by the peak levels of 
Iso they evoked, and by the failure of epinephrine 
to further enhance the Is~ of prostaglandin-treated 
tissues (data not shown). Finally, PGF2~ which 
has been shown to elevate cAMP levels in other 
systems (Dozois et al., 1978), increased I~ without 
altering cyclic nucleotide levels. 

The absence of a closer correlation between I~c 
and cell cAMP concentrations could have several 
possible explanations. First, cAMP is labile and 
some loss may have occurred during sample pro- 
cessing; however, this would not account for the 
failure of spontaneous Isc and cAMP levels to cor- 
relate. In addition, the increase in cAMP levels 
stimulated by theophylline was much greater than 
that obtained with PGE 1 (Fig. 2), yet the I~ re- 
sponse was less. This is also difficult to explain 
as a fractional loss of cAMP during sample pro- 
cessing. Second, other mediators (e.g., Ca) may 
exert a parallel control over secretory rate (see 
below). The presence of multiple mediators and 
differences in the extent to which each participates 
in the response to extracellular stimuli would ob- 
scure a close relation between secretion rate and 
cAMP levels alone. Third, a small elevation of 
cAMP content may yield a maximal transport rate, 
so that under most of the experimental conditions 
we examined, cAMP may be generated in vast 
excess. The excess of cyclic nucleotide produced 
may govern other cellular processes unrelated, or 
poorly-related, to transport. Finally, the cAMP 
content of a specific cellular compartment may be 
critical in determining transport rate so that the 
transport-related pool of cAMP is a minor compo- 
nent of the total epithelial pool. This possibility 
has been raised previously for both Na-absorbing 
(Omachi, Robbie, Handler & Orloff, 1974) and C1- 
secreting (Field et al., 1975) epithelia. 

Regional Localization of  the Responses 
to Secretogogues 

In the present study, we analyzed the cAMP 
content of the surface epithelium alone. Compari- 
son of the results illustrated in Figs. 2 and 5 indi- 
cates that the surface epithelium is involved in 
cAMP-mediated, electrogenic C1 secretion. Epi- 
nephrine and prostaglandins of the E series stimu- 
late both electrogenic C1 secretion across the whole 
tissue as well as cAMP accumulation within the 
surface epithelium (Fig. 2). Inasmuch as pheny- 
lephrine and propranolol had no effect on either 
Is~ or cellular cAMP levels, the stimulation of elec- 
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trogenic C1 secretion by epinephrine must be due 
to t-receptor activation (A1-Bazzaz & Cheng, 
1979). In contrast, c~-adrenergic agonists (Phipps 
et al., 1980) and acetylcholine or parasympathetic 
nerve stimulation (Borson etal., 1980) elicit a 
neutral NaC1 secretion from the submucosal 
glands and have no effect on cAMP content of 
the surface cells (Fig. 5). This indicates that 
humoral control over secretions of the surface epi- 
thelium and the glands is governed by different 
extracellular mediators and, in the case of catechol- 
amine activation, by different receptor types. The 
results of our study do not permit conclusions re- 
garding a possible role for cAMP in mediating 
neutral C1 secretion from the submucosal glands, 
although the known stimuli of gland secretion 
(cholinergic and 7-adrenergic agonists) are not 
generally thought to evoke increases in cellular 
cAMP levels. The differential responses of surface 
and gland epithelia to neurohumoral agents corre- 
lates with the distribution of autonomic fibers to 
these regions (Rhodin, 1966). Using histochemical 
techniques, parasympathetic fibers have been iden- 
tified only in the area of the submucosal glands 
while sympathetic fibers have been identified in 
both regions. 

Within the surface epithelium, there are several 
cell types (Rhodin, 1966); ciliated columnar cells, 
goblet cells and, beneath these, basal and interme- 
diate cells. But the most common of these is the 
columnar epithelial cell comprising 80-85% of the 
total population (Rhodin, 1966). The results of mi- 
croelectrode studies, reported in the companion 
paper (Welsh et al., 1982), indicate that the first 
cells encountered when electrodes are advanced 
from the mucosal solution into the surface epitheli- 
um are involved in electrogenic C1 secretion, as 
judged by the responses of membrane potential 
and resistance to secretogogues. This would seem 
to rule out involvement of the basal and intermedi- 
ate cells in C1 transport unless they are electrically- 
coupled to the columnar cells. Thus, of the cells 
present in the surface epithelium, it seems most 
likely that the columnar cells are responsible for 
cAMP-mediated, electrogenic C1 secretion. 

Calcium as an Intracellular Mediator 
of  Cl Secretion 

The finding that ionophore A23187 stimulates 
electrogenic C1 secretion (A1-Bazzaz & Jayaram, 
1981) without altering cell cAMP concentrations 
(Fig. 4) suggests that changes in cell Ca activity 
influence C1 secretion rate. Ca-dependent C1 secre- 
tion has also been suggested for small (Bolton & 

Field, 1977) and large (Frizzell, 1977) intestine, sal- 
ivary gland (Prince et al., 1972, 1973; O'Doherty 
& Stark, 1981), and cornea (Candia, Montoreano 
& Podos 1977) and may be a general phenomenon 
in Cl-secreting tissues. 

P r o s t a g l a n d i n  F 2 ~ mimics the action of A23187 
in stimulating electrogenic C1 secretion while not 
altering cellular cAMP levels. However, due to the 
lack of a strict correlation between cAMP levels 
and Iso, the intracellular mediator(s) of PGFz~- 
induced secretion cannot be identified. Both PGE 1 
and PGF z ~ at concentrations of 10-6 M maximally 
stimulate the Isc (Figs. 2 and 4 and A1-Bazzaz et al., 
1981) and subsequent addition of 10-5 M epineph- 
rine to tissues treated with this concentration of 
PGE 1 or PGF2~ elicits no further increase in I~c 
(data not shown). However, if the effect of 10 - 6  M 

PGF2~ were equivalent to that of 10-7 M epineph- 
rine (Fig. 3), a near-maximal stimulation ofls~ with 
no apparent change in cAMP levels would be ob- 
served. 

It is possible that prostaglandins of the E series 
are more potent stimuli of adenylate cyclase activi- 
ty of tracheal mucosa than is PGF2~ , as Dozois 
et al. (1978) have shown for canine gastric mucosa. 
PGE z is a much more potent relaxer of tracheal 
smooth muscle than PGF2~ (Anggard & Berg- 
str6m, 1963; Main, 1964) and this physiologic dif- 
ference in activity is paralleled by the effects of 
these agents on cAMP levels (Murad & Kimura, 
1974). PGE1 increased cAMP levels fivefold while 
PGFz~ at the same concentration was without 
effect. However, in canine tracheal epithelium, 
these prostaglandins elicited similar maximal 
values of Iso (Figs. 2 and 4), yet PGF2~ had no 
detectable effect on cAMP levels. Thus, the possi- 
bility that factors other than cAMP contribute to 
stimulation of C1 secretion by PGF 2 ~ requires fur- 
ther study. 

We found that addition of 8-Br cGMP 
(10 .3 M) to the serosal medium had no influence 
on the l~c, suggesting that cGMP is not a mediator 
of electrogenic C1 secretion in this tissue and there- 
fore would not be expected to account for the se- 
cretory responses elicited by A23187 or PGF2~. 
Studies carried out using rabbit ileum (P.L. Smith 
and M. Field, unpublished observations) indicate 
that A23187 does not alter cellular cGMP levels. 

Prostaglandins as Regulators 
o f  Spontaneous C1 Secretion 

Our results indicate that prostaglandins are effec- 
tive secretogogues for tracheal epithelium and 
suggest that their actions are of physiologic signifi- 
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cance. This conslusion is supported by several find- 
ings: (1) addition of PGE 1 or PGF2~ increase C1 
secretion rate (Figs. 2 and 4 and A1-Bazzaz et al., 
1981). (2) fatty acid cyclooxygenase inhibitors, e.g., 
indomethacin, inhibit PGE2 production by tra- 
cheal epithelium (Table 1), decrease cAMP levels 
and basal C1 secretion rate (Figs. 7 and 8). This 
demonstrates that the enzymes necessary for pro- 
staglandin synthesis are present, and active. Final- 
ly, (3) in several pilot experiments, indomethacin 
prevented increases in/so and cAMP accumulation 
elicited by addition of arachadonic acid (10 .5 M) 
to the serosal solution. 

These observations indicate that endogenous 
prostaglandin production is responsible for the 
spontaneous secretion of C1 across canine tracheal 
epithelium observed under basal conditions. 
Whether endogenous synthesis of prostaglandins 
occurs within the secretory cells or whether it is 
a paracrine function of another cell type cannot 
be discerned from the present results. In addition, 
it is possible that a prostaglandin other than PGE 2 
is responsible for basal C1 secretion and that its 
production is reduced by indomethacin in parallel 
with that of PGE 2 . 

The decrease in/so elicited by indomethacin was 
directly related, on a one-for-one basis, to the mag- 
nitude of the spontaneous Isc observed under basal 
conditions (Fig. 9). Extrapolation of this relation 
to the ordinate yields the fraction of the basal Isc 
that is insensitive to indomethacin. The magnitude 
of this current, 32 gA/cm z or 1.2 geq/cm 2 hr, is 
in good agreement with the spontaneous rate of 
electrogenic Na absorption reported in other 
studies (Olver et al., 1975; A1-Bazzaz & A1-Awqati, 
1979) and with the Isc after prolonged indometha- 
cin treatment (1.3 geq/cm 2 hr) when C1 secretion 
has been abolished (see Results, p. 222). Experi- 
mentally, indomethacin affords the advantage of 
suppressing basal C1 secretion so that the effects 
of exogenous secretogogues are magnified (Welsh 
et al., 1982). 
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