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A1 Adenosine Receptors Inhibit Chloride Transport in the Shark Rectal Gland
Dissociation of Inhibition and Cyclic AMP

Grant G. Kelley, Eric M. Poeschla, Harold V. Barron, and John N. Forrest, Jr.
Section of Nephrology, Department of Internal Medicine, Yale University School of Medicine, NewHaven, Connecticut 06510;
and The Mt. Desert Island Biological Laboratory, Salsbury Cove, Maine 04672

Abstract

In the in vitro perfused rectal gland of the dogfish shark
(Squalus acanthias), the adenosine analogue 2-chloroadeno-
sine (2Clado) completely and reversibly inhibited forskolin-
stimulated chloride secretion with an IC50 of 5 nM. Other Al
receptor agonists including cyclohexyladenosine (CHA), N-
ethylcarboxamideadenosine (NECA) and R-phenylisopropyl-
adenosine (R-PIA) also completely inhibited forskolin stimu-
lated chloride secretion. The "S" stereoisomer of PIA (S-PIA)
was a less potent inhibitor of forskolin stimulated chloride
secretion, consistent with the affinity profile of PIA stereoiso-
mers for an Al receptor. The adenosine receptor antagonists
8-phenyltheophylline and 8-cyclopentyltheophylline com-
pletely blocked the effect of 2Clado to inhibit forskolin-stimu-
lated chloride secretion. When chloride secretion and tissue
cyclic (c)AMP content were determined simultaneously in per-
fused glands, 2Clado completely inhibited secretion but only
inhibited forskolin stimulated cAMP accumulation by
3440%, indicating that the mechanism of inhibition of secre-
tion by 2Clado is at least partially cAMP independent. Con-
sistent with these results, Al receptor agonists only modestly
inhibited (9-15%) forskolin stimulated adenylate cyclase activ-
ity and 2Clado markedly inhibited chloride secretion stimu-
lated by a permeant cAMP analogue, 8-chlorophenylthio
cAMP (8CPT cAMP). These findings provide the first evi-
dence for a high affinity Al adenosine receptor that inhibits
hormone stimulated ion transport in a model epithelia. A major
portion of this inhibition occurs by a mechanism that is inde-
pendent of the cAMPmessenger system. (J. Clin. Invest.
1990. 85:1629-1636.) adenosine * adenosine receptors * chlo-
ride transport * cAMP* adenylate cyclase

Introduction

Adenosine is a potent autacoid regulator of diverse physiologic
functions (1-4). These effects are mediated by two distinct
extracellular adenosine receptors: a stimulatory receptor
termed A2 or Ra and an inhibitory receptor termed A, or Ri (5,
6). The stimulatory receptor has a low micromolar affinity for
adenosine, whereas the inhibitory receptor has a 1,000-fold
greater affinity with a Kd in the low nanomolar range (1). Each
receptor has a unique affinity profile for specific adenosine
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analogues (6, 7) and both are competitively antagonized by
methylxanthines (1, 7-9). The mechanism of signal transduc-
tion of these receptors is considered to be through G-protein
coupled stimulation or inhibition of adenylate cyclase (2). In-
hibitory adenosine receptors, however, have also been shown
to be coupled to other effectors including K+ (10-12) and Ca2+
channels ( 13-1 5).

Recently, stimulatory A2 adenosine receptors have been
widely identified in both secretory and absorptive epithelia.
Adenosine has been shown to stimulate secondary active chlo-
ride transport in the amphibian cornea ( 1 6), shark rectal gland
(17), rabbit ileum (18), rabbit colon (19), and canine trachea
epithelium (20), and to stimulate sodium transport in the A6
toad kidney epithelial cell line (21). Dillingham and Anderson
(22) observed that high concentrations of the adenosine ana-
logue N-ethylcarboxamideadenosine (NECA)' increased hy-
draulic conductivity in perfused rabbit cortical collecting tu-
bules. In primary cultures of this nephron segment, Arend et
al. (23) demonstrated the presence of A2 receptors that stimu-
late and A, receptors that inhibit cyclic (c)AMP accumulation.

In contrast to A2 receptors, a physiologic effect of inhibi-
tory A, receptors on transepithelial ion movement has not
been shown previously. The isolated perfused elasmobranch
rectal gland is a tubular epithelial structure that has been
widely used as a model for sodium coupled secondary active
chloride transport (24, 25). Previous studies have indicated
striking similarities between chloride transport in this tissue
and the mammalian thick ascending limb of Henle's loop (17,
24, 26). The present studies demonstrate the presence of a high
affinity inhibitory Al adenosine receptor in the rectal gland
that potently inhibits hormone-stimulated chloride secretion.
A major portion of this inhibition occurs by a cAMPindepen-
dent mechanism.

Methods

Materials. [3HJcAMP, [32P]ATP, and Radioimmunoassay Kit for
cAMPwere obtained from NewEngland Nuclear (Boston, MA). For-
skolin and 8-phenyltheophylline were from Calbiochem-Behring (San
Diego, CA). Rand S-phenylisopropyladenosine and cyclohexyladeno-
sine were from Boehringer-Mannheim Biochemicals (Indianapolis,
IN). 8-cyclopentyltheophylline was a generous gift from Warner-Lam-
bert Co. (Ann Arbor, MI). All other reagents were from Sigma Chemi-
cal Co. (St. Louis, MO).

In vitro perfusion. Rectal glands were obtained from dogfish sharks,
Squalus acanthias, of either sex weighing 2-6 kg that were sacrificed by
segmental transection of the spinal cord. Cannulae were placed in the
artery, vein, and duct. The rectal glands were then placed in a glass

1. Abbreviations used in this paper: ADA, adenosine deaminase;
2Clado, 2-chloroadenosine; 8CPT, cyclopentyltheophylline; 8PT, 8-
phenyltheophylline; mTAL, medullary thick ascending limb; NECA,
N-ethylcarboximideadenosine; R-PIA, R-phenylisopropyladenosine;
VIP, vasoactive intestinal polypeptide.
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perfusion chamber that was kept at 15'C with running sea water and
glands were perfused with an elasmobranch Ringer's solution contain-
ing 270 mMNaCl, 4 mMKCl, 3 mMMgCI2, 2.5 mMCaCi2, 1 mM
KH2PO4, 8 mMNaHCO3, 350 mMurea, 5 mMglucose, and 0.5 mM
Na2SO4 and equilibrated to pH 7.5 by bubbling with 99% 02 and 1%
CO2- When vasoactive intestinal peptide (VIP) was used, 0.1 mg/ml
bovine serum albumin was added to an equilibrated Ringer's solution
to prevent binding of VIP to the perfusion bottle. Adenosine deami-
nase, 0.1 to 0.5 U/ml, was added to the perfusate to remove endoge-
nous adenosine. Measurements of duct flow were made at 10-min
intervals in all experiments. All glands were first perfused for 30 min in
the absence of hormones or drugs to achieve basal (unstimulated) rates
of chloride secretion. All basal values given in the text and tables are
the last basal measurement (20-30 min). Results are expressed as mi-
croequivalents of chloride secreted per hour per gram wet weight
(Aeq/h/g)±SEM.

Radioimmunoassay for tissue cAMPcontent. Rectal glands were
perfused in vitro as described above and chloride secretion rates were
determined. At various time points, the tip of the gland proximal to the
artery was tied with 4-0 silk and a small piece of tissue was removed
and frozen quickly in liquid nitrogen for cAMP determination. A
second slice was transected from the middle of the gland at the end of
the experiment. Tissue slices were homogenized with a Tekmar Tis-
suemizer (Tekmar Co., Cincinnati, OH) at high speed for 20 s in 1 ml
of 6%TCA. cAMPwas extracted with a mixture of Freon and trioctyl-
amine as described by Riss et al. (27). cAMPin the neutral supernatant
was measured in triplicate by radioimmunoassay (28). cAMPcontent
is expressed as picomoles cAMP/milligram protein and all values are
the mean±SEM. cAMP content did not vary significantly in slices
taken throughout the length of the gland.

Adenylate cyclase assay. Basolateral membranes of the shark rectal
gland were prepared similar to the method of Eveloffet al. (26). Two to
three glands were homogenized in a Waring blendor for 1 min in
20-40 ml of 250 mMsucrose, 5 mMEDTA, 20 mMHepes adjusted to
pH 6.8 with Tris. This homogenate was then centrifuged in a Sorvall
SS34 rotor (DuPont, Wilmington, DE) at 7,500 rpm for 15 min. The
supernatant was then centrifuged at 17,500 rpm for 45 min. The re-
sulting pellet was resuspended in 10-20 ml of 200 mMmannitol, 20
mMHepes-Tris pH 7.6 and homogenized with 10 strokes of a Dounce
teflon homogenizer driven by a hand drill at high speed. The mem-
branes were then pelleted at 17,500 rpm for 45 min and then resus-
pended in 500-1,000 Ail of 20 mMmannitol, 20 mMHepes-Tris pH
7.6 and stored in liquid nitrogen. Membrane protein concentration
was measured by the method of Lowry et al. (29) using albumin at the
standard.

Adenylate cyclase activity was determined in triplicate in an assay
(final volume 100 ,/l) that contained 25 mMTris acetate pH 7.5, 50
U/ml creatine kinase, 20 mMcreatine phosphate, 10 mg/ml bovine
serum albumin, 50 U/ml myokinase, 2.5 mMMg acetate, 100 mM
NaCl, 0.5 mMEGTA, 50 /SM GTP, 0.25 mMATP, 200 cpm/pmol
[32P]ATP, 1 mMcAMP, and 5-10 U/ml adenosine deaminase (ADA).
The reaction was started with the addition of membranes (30-40 ,g
protein), incubated at 30°C for 10 min and stopped with the addition
of 100 /Sl of 2% SDS, 1 mMATP, 1 mMcAMP, and 10,000-15,000
cpm [3H]cAMP. The reaction product ([32P]cAMP) was separated
from the substrate by the method of Salomon (30) using sequential
Dowex (AG-SOW-X4) and neutral alumina (WN-3) column chroma-
tography. Results are expressed as picomoles of cyclic AMPformed per
minute per milligram protein (cAMP formed/min per mgprotein).

Statistics. All results are mean±SEM. Data were analyzed for sig-
nificance with Student's t test for paired or unpaired data.

Results
In vitro perfusion
Inhibition offorskolin and VIP-stimulated chloride secretion
by A, receptor agonists. Initial studies were performed with
2-chloroadenosine (2Clado), an adenosine deaminase-resis-
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Figure 1. Effect of 2Clado (0.1 AM) on forskolin-stimulated chloride
secretion in the in vitro perfused rectal gland. Rectal glands were per-
fused for 30 min to basal values then forskolin, a direct activator of
adenylate cyclase, was added to the perfusate to increase the rate of
chloride secretion. 2Clado was added to the perfusate at 60 min.
Chloride secretion was measured at 1 0-min intervals and values are
mean±SEMof four experiments.

tant adenosine analogue that has an affinity comparable to
adenosine at A, and A2 receptors. Fig. 1 demonstrates the
effect of this analogue on forskolin-stimulated chloride secre-
tion. After rectal glands were perfused to basal secretion rates,
forskolin, a direct activator of adenylate cyclase, was added to
the perfusate to increase the rate of chloride secretion. Forsko-
lin, 1 gM, increased chloride secretion 12.8-fold above basal
values from 89±26 ueq/h per g to a maximum of 1,140±173
/Seq/h per g. The addition of 0.1 AM 2Clado inhibited this
forskolin stimulated chloride secretion to near basal values of
167±18 /eq/h per g (P < 0.001; n = 4).

Inhibition of the forskolin response by 2Clado was revers-
ible. Fig. 2 illustrates experiments in which the adenosine ana-
logue was added with the initial addition of forskolin and then
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Figure 2. Reversibility of 2Clado inhibition of forskolin-stimulated
chloride secretion in the in vitro perfused rectal gland. Rectal glands
were perfused for 30 min to basal values and then forskolin and
2Clado were added to the perfusate. After 30 min the 2Clado was re-
moved. Chloride secretion was measured at 10-min intervals and
values are mean±SEMof six experiments.
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Figure 3. Dose response to 2Clado in the in vitro perfused rectal
gland. Rectal glands were perfused with forskolin in the presence and
absence of varying concentrations of 2Clado. The relative inhibition
or stimulation of the forskolin response above basal is illustrated.
Forskolin alone stimulated chloride secretion from 128±21 to
1,005±106 (n = 26).

the analogue was removed. In the presence of 0.1 M2Clado,
the response to 1 gM forskolin was completely inhibited
(91 ± 14 ueq/h per g) and chloride secretion remained at basal
levels (105±23 Aeqlh per g). Removal of the adenosine ana-
logue resulted in a prompt stimulation of chloride transport to
maximal forskolin stimulated values (1,032±238 geq/h per g;
P < 0.001 compared to 2Clado + forskolin n = 6).

A dose response for 2Clado was determined by perfusing
rectal glands with 1 Mforskolin in the presence and absence
of varying concentrations of 2Clado (10-9 to 10-4 M). The
response to 2Clado and forskolin relative to forskolin alone is
shown in Fig. 3. 2Clado at 1 nM did not significantly inhibit
the forskolin response (P = NS; n = 6). 2Clado at 10 nM
inhibited the forskolin response by 71±8% (P < 0.001; n = 9).
100 nMand 1 MMcompletely inhibited chloride secretion (P
< 0.001; n = 19 and P< 0.0 1; n = 7, respectively). The IC50 for
2Clado was 5 nM.

At concentrations above 1 gM, however, inhibition was
not seen (Fig. 3). In the presence of 10 ,uM 2Clado the secre-
tory response was not different from forskolin control values,

and at 100,uM, 2Clado enhanced the response to forskolin by
150±33% (P < 0.001; n = 4). At these concentrations 2Clado
activates the stimulatory A2 receptor which is present in the
rectal gland (17).

2Clado also inhibited VIP-stimulated chloride secretion.
VIP, 3 nM, stimulated chloride secretion 15.8-fold above basal
from 91±26 to 1,438±107 ,ueq/h per g. 2Clado, at 100 nM,
inhibited this VIP stimulation by 47% to 805±170 (P < 0.02;
n = 5).

Other Al receptor agonists also inhibited forskolin-stimu-
lated chloride secretion (Table I). At concentrations of 100
nM, R-PIA, CHA, and NECAcompletely inhibited the re-
sponse to forskolin. Inhibition by each of these agonists was
reversible (data not given). By contrast, the S stereoisomer of
PIA, S-PIA, was less potent than R-PIA at inhibiting chloride
secretion. S-PIA at 100 nM only inhibited the forskolin re-
sponse by 70±7% and secretion increased 2.7-fold above basal
(P < 0.01 compared to basal; n = 8).

Reversal of inhibition with adenosine receptor antagonists.
To demonstrate further that the inhibition of secretion by
2Clado was receptor mediated, the effect of the potent adeno-
sine receptor antagonist 8-phenyltheophylline (8PT) on the
2Clado inhibition of forskolin-stimulated secretion was exam-
ined (Fig. 4). Rectal glands were first perfused with 2Clado and
forskolin and complete inhibition was observed. The addition
of 1 uM 8PT to the perfusate completely blocked the 2Clado
inhibition and secretion increased from an inhibited value of
75 11 eq/h per g to 944±92 geq/h per g (P < 0.00 1; n = 4).
8-Cyclopentyltheophylline (8CPT), another methylxanthine
A1 receptor antagonist, at 1 IAM also completely blocked the
2Clado inhibition (data not shown). These receptor antago-
nists at the above concentrations had no effect on soluble or
particulate cAMP-dependent phosphodiesterase activity in the
rectal gland (data not shown).

Measurements of tissue cAMPcontent during A, receptor-
mediated inhibition of chloride secretion. Hormonal stimula-
tion of chloride secretion in the rectal gland is considered to be
mediated by an increase in tissue cAMP (31-33). Since A1
receptors have been shown to inhibit adenylate cyclase in other
tissues (2, 6), chloride secretion and tissue cAMPcontent were
measured simultaneously to determine if the inhibitory effect
of 2Clado on forskolin-stimulated chloride secretion was me-
diated by an inhibition of cAMPaccumulation. The results of
these experiments are shown in Fig. 5. Under basal conditions

Table I. Inhibition of Forskolin-stimulated Chloride Secretion by Adenosine Analogues in Isolated Perfused Rectal Glands

Percent inhibition
Forskolin I uM of forskolin response

Adenosine analogue Basal + adenosine analogue above basal n

100 nM 1sEqCl/h per g jsEq/h per g

Forskolin control 128±21 1,005±106* 26
R-PIA 116±14 137±6* 98±1 5
S-PIA 171±36 459±511 70±7 8
CHA 149±76 163±76* 99±2 4
2Clado 134±24 124±17§ 102±2 19
NECA 153±41 170±45§ 98±5 6

* P < 0.001 compared to forskolin control basal. * P < 0.01 compared to forskolin control. § P < 0.00 I compared to forskolin control.
P < 0.01 compared to S-PIA basal.

Inhibitory AI Adenosine Receptors and Chloride Transport 1631
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Figure 4. Effect of the Al receptor antagonist 8PT to reverse 2Clado
inhibition of forskolin-stimulated chloride secretion. Rectal glands
were perfused for 30 min to basal values and 2Clado and forskolin
were then added to demonstrate the inhibitory effect of 2Clado. 8PT
was then added to the perfusate. Chloride secretion was measured at
10-min intervals and values are mean±SEMof four experiments.

(first panel, Fig. 5), chloride secretion and cAMPcontent were
127±28 Meq/h per g and 6±0.8 pmol/mg protein at 50 min,
respectively, and 84±27 ,eq/h per g and 9.1±0.4 pmol/mg at
80 min. In glands perfused with 1 uMforskolin (second panel,
Fig. 5), both chloride secretion and cAMPcontent increased
markedly. At 50 min, chloride secretion was 7.4-fold above
basal at 946±149 Meq/h per g and tissue cAMPcontent was
45-fold above basal at 268±29 pmol/mg. At 80 min chloride
secretion decreased slightly compared to the 50-min time
point but remained 7.6-fold above basal at 640±64,ueq/h per g
and cAMPcontent further increased to 58-fold above basal at
528±73 pmol/mg. Glands were next perfused with forskolin

Basal Forskolin

and 2Clado (third panel, Fig. 5). 2Clado at 100 nMcompletely
inhibited forskolin-stimulated chloride secretion and secretion
rates remained at basal levels (P = NS compared to basal
controls). Compared to forskolin controls, tissue cAMPcon-
tent was inhibited by 40% to 161±21 pmol/mg protein at 50
min (P < 0.01) and 34% to 350±26 pmol/mg at 80 min (P
< 0.05). However, despite complete inhibition of chloride se-
cretion, tissue cAMPlevels remained significantly greater than
basal control values: 27-fold greater than basal values at 50
min (P < 0.01) and 35-fold greater than basal values at 80 min
(P < 0.001).

Silva et al. (34) have shown previously that somatostatin
inhibits hormone-stimulated chloride secretion in the perfused
rectal gland. To compare the effects of this inhibitor with
2Clado, rectal glands were perfused with forskolin and so-
matostatin (fourth panel, Fig. 5). Similar to 2Clado, somato-
statin (100 nM) completely inhibited chloride secretion to
basal levels (P = NS). Unlike 2Clado, however, somatostatin
markedly inhibited cAMP accumulation by 86% to 37±15
pmol/mg protein at 50 min (P < 0.01) and by 88% to 66±29
pmol/mg at 80 min (P < 0.001). The cAMPcontent at 80 min,
however, remained significantly (P < 0.05) elevated sevenfold
above basal levels.

Adenylate cyclase activity in basolateral membranes. Con-
sistent with the modest inhibition of cAMPaccumulation by
2Clado, substantial inhibition of basolateral membrane ade-
nylate cyclase with various adenosine analogues was difficult
to demonstrate despite efforts to maximize the assay condi-
tions for inhibition as described by Londos et al. (2). Table II
demonstrates the effects of 2Clado (10-10 M to l0-4 M) on
basal, 1 MMforskolin and 100 MMforskolin-stimulated ade-
nylate cyclase activity in basolateral membranes of the rectal
gland. 2Clado did not significantly inhibit basal or 1 uM for-
skolin-stimulated adenylate cyclase activity. However, 2Clado
significantly inhibited 100 MMforskolin-stimulated adenylate
cyclase activity in a dose-dependent manner: 9±3% at 1 MM(P

Forskolin + 2CIAdo Forskolin+Somatostatin

TI [1
0 1020304050607080 0 1020304050607080 0 1020304050607080 0 10203040

Time (min)

Figure 5. Simultaneous mea-
surements of the effect of
2Clado and somatostatin on
forskolin-stimulated chloride
secretion and tissue cAMP
content in in vitro perfused
rectal glands. Four sets of ex-
periments were performed.

r- I IAfter 30 min of perfusion to
basal values, rectal glands
were perfused with basal
Ringer's solution only (n
= 4), 1 uM forskolin (n
= 14), 1 ,uM forskolin and
0. I ,uM 2Clado (n = 13), and
1 /M forskolin and somato-
statin (n = 5). Tissue was
transected from the gland for
cAMPdetermination (at 50
and 80 min). The upper

rp panels illustrate the chloride
1 . . 1.1 secretory values and the

)50607080 lower panels demonstrate the
corresponding cAMPvalues.
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Table II. Effect of 2Clado on Basal and Forskolin-stimulated Adenylate Cyclase Activity
in Basolateral Membranes of the Shark Rectal Gland

Adenylate cyclase activity
Concentration
of 2Clado (M) Control 10-o 0-9 10-8 10-7 10-6 10'- 10-4

pmol ofcAMPformed/min per mgprotein

Basal 7.1±0.9 7.0±0.9 7.1±0.9 7.2±1.1 6.9±0.6 7.4±0.7 9.7±1.5* 11 .7±1.6t
(% change) (0±3) (0±3) (2±4) (0±6) (8±5) (35±8) (64±9)
(n = 6 exp)

+ Forskolin 1 ,uM 13.4±1.3 13.7±1.8 13.1±1.2 14.2±1.3 13.5±1.7 13.1±0.9 15.8±0.7 16.7±1.5
(% change) (4±7) (-1±7) (8±9) (0±6) (-1±6) (20±9) (26±11)
(n = 4 exp)

+ Forskolin 100MM 49.4±7.5 50.4±7.2 50.3±6.8 46.9±7.4 47.8±8.3 45.1±8.0§ 42.8±6.9' 41.6±5.7"
(% change) (2±2) (3±2) (-5±4) (-4±3) (-9±3) (-14±2) (-15±2)
(n = 5 exp)

* P < 0.05 compared to basal control. P < 0.01 compared to basal control. § P < 0.05 compared to forskolin 100 JM control. 1 P < 0.02
compared to forskolin 100 AMcontrol. I P < 0.01 compared to forskolin 100 MMcontrol.

< 0.05), 14±2% at 10 uM(P < 0.01), and 15±2% at 100 ,M (P
< 0.02). R-PIA and NECAalso did not inhibit basal or 1 gM
forskolin-stimulated adenylate cyclase activity (data not
shown), but, similar to 2Clado, R-PIA, 10 ;iM, significantly
inhibited 100 MMforskolin-stimulated adenylate cyclase activ-
ity by 13±4% (108±13 to 94±12 pmol cAMPformed/min per
mgprotein; P < 0.05; n = 4).

Under these conditions, somatostatin, 100 nM, inhibited
basal adenylate cyclase activity by 37% (10.9±1.1 to 6.9±0.7
pmol cAMPformed/min per mgprotein; P< 0.01; n = 5), and
100 uM forskolin-stimulated activity by 25% (60±9 to 45±9
pmol cAMP formed/min per mg protein; P < 0.02; n = 2).
These effects on adenylate cyclase activity are consistent with
the marked decrease in forskolin-stimulated cAMPaccumula-
tion observed with somatostatin in the perfused gland.

In vitro perfusion
8CPT cAMP-stimulated chloride secretion is inhibited by
2Clado. To determine if the inhibitory effect of 2Clado could
also be demonstrated in the presence of a permeant cyclic
AMPanalogue, additional perfusion experiments were per-
formed with 8CPT cAMP. As shown in Fig. 6, the addition of
8CPTcAMP(20 ,M) alone caused a sustained increase in the
chloride secretion rate, rising from a basal value of 275±67
,Meq/h per g to a maximum rate of 1,704±372 ,eq/h per g. The
addition of 0.1 MuM 2Clado in the presence of 8CPT cAMP
resulted in marked inhibition of chloride secretion to near
basal values.

Discussion

The present studies demonstrate the presence of an Al adeno-
sine receptor in the rectal gland of the dogfish shark Squalus
acanthias that inhibits hormone stimulated chloride transport.
This receptor has several characteristics that are consistent
with external inhibitory Al adenosine receptors described by
others in nonepithelial tissues (1, 2, 5, 6). First, activation of
this receptor with Al receptor agonists including 2Clado,
R-PIA, CHA, and NECAreversibly inhibited forskolin-stimu-

lated chloride secretion, and 2Clado inhibited VIP-stimulated
chloride secretion. Second, this is a high affinity receptor since
low concentrations, 100 nM, of these agonists completely in-
hibited chloride secretion, and the IC50 for 2Clado was 5 nM.
Third, activation of this receptor with the S stereoisomer of
PIA, S-PIA, was far less potent than R-PIA in inhibiting chlo-
ride secretion. Fourth, inhibition of forskolin-stimulated chlo-
ride secretion by 2Clado was completely blocked by the high
affinity methylxanthine Al receptor antagonists 8PT and
8CPT.

This high affinity receptor is distinct from the low affinity
stimulatory A2 receptor also present in the rectal gland (17).
The chloride secretory response to varying concentrations of
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Figure 6. Effect of 2Clado on 8CPT cAMPstimulated chloride secre-
tion in the in vitro perfused rectal gland. Rectal glands were perfused
for 30 min to basal values, then 8CPT cAMPwas added to the per-
fusate in the absence (open circles) or presence (closed circles) of
2Clado. Chloride secretion was measured at 10-min intervals and
values are mean±SEMof eight experiments with 8CPT cAMPalone
and seven experiments with 8CPT cAMP+ 2Clado. (P values
< 0.005 for 40 min and < 0.001 for 60-90-min values.)
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2Clado was distinctly biphasic (Fig. 3). At low concentrations
2Clado inhibited chloride secretion but at concentrations
above 1 gM 2Clado enhanced chloride secretion, demonstrat-
ing dual regulation of chloride transport by A1 and A2 adeno-
sine receptors in this tissue.

The chloride secretory response to VIP was also inhibited
by 2Clado, although this inhibition (47%) was less than the
complete inhibition observed in the presence of forskolin. The
reason for this difference in inhibition is not apparent from
our studies but may be related to the unique property of for-
skolin observed in other tissues to potentiate receptor-me-
diated pathways (35, 36), or to the greater stimulation ob-
served with VIP compared to forskolin.

The mechanism by which Al receptors inhibit hormone-
stimulated chloride transport in the rectal gland is at least
partially cAMP independent. Three sets of experiments sup-
port this conclusion. First, despite complete inhibition of chlo-
ride secretion, 2Clado inhibited forskolin-stimulated tissue
cAMPcontent by only 38 to 48%with cyclic AMPconcentra-
tions remaining 27- to 38-fold above basal values. By contrast,
somatostatin potently inhibited cAMP accumulation by
86-88%, indicating that substantial inhibition of cAMPis pos-
sible under these experimental conditions.

Second, 2Clado and other adenosine analogues did not
markedly inhibit adenylate cyclase activity. 2Clado, R-PIA,
and NECAdid not inhibit basal or 1 ,uM forskolin-stimulated
adenylate cyclase activity. This is in contrast to somatostatin,
which inhibited basal adenylate cyclase by 37%. High concen-
trations of 2Clado and R-PIA, however, did inhibit 100 uM
forskolin-stimulated adenylate cyclase activity by 9-15%.
Under these conditions, Al receptor-mediated inhibition was
uncovered because 100 gM forskolin maximally stimulates
adenylate cyclase and prevents stimulation by the stimulatory
A2 receptor. This lesser degree of inhibition of adenylate cy-
clase activity compared to inhibition of cyclic AMPaccumu-
lation has also been observed in the cardiac myocyte (37) and
the rat adipocyte (38) and may be due, in part, to components
of the reaction mixture that generate adenosine, as emphasized
by Londos et al. (2). In several nonepithelial tissues, A1 ago-
nists also activate a membrane-bound, low KmcAMPphos-
phodiesterase (39, 40); this effect could also contribute to the
greater inhibition of cAMPaccumulation compared to adenyl-
ate cyclase that was observed in our study.

Third, chloride secretion stimulated by 8CPT cAMPwas
profoundly inhibited by 2Clado, demonstrating directly an in-
hibition of the action of cyclic AMP. Taken together, these
results demonstrate that whereas 2Clado modestly inhibits
cAMPaccumulation, a mechanism independent of cAMP is
responsible for complete inhibition of secretion.

Our studies do not define the cAMPindependent effector
system(s) by which A1 receptors inhibit chloride secretion in
the rectal gland. In other tissues, additional inhibitory signal-
ing mechanisms have been identified for adenosine receptors
and other receptors linked to inhibition of adenylate cyclase
including activation of K' channels (10-12), inhibition of
voltage sensitive Cal channels (13-15), and acceleration of
Na+/H+ exchange (41); (for reviews see 15, 42). Arend et al.
(43) have provided evidence for adenosine receptor mediated
mobilization of intracellular calcium in cultured cortical col-
lecting tubule cells. These or other effector mechanisms may
be involved in the A1 receptor-mediated inhibition of chloride
transport in the rectal gland.

Although we observed that somatostatin was more potent
than adenosine in inhibiting cAMPaccumulation and adenyl-
ate cyclase in the gland, cAMPcontent remained significantly
greater than basal values at 80 min indicating that a cAMP-in-
dependent mechanism is also involved in the inhibition of
forskolin-stimulated chloride secretion by somatostatin. Silva
et al. (34) previously suggested that inhibition of chloride se-
cretion in the perfused rectal gland by somatostatin was par-
tially cAMP independent because it inhibited dibutyryl
cAMP-stimulated chloride secretion. Because somatostatin
has been shown to affect ion channels in a manner similar to
adenosine in other tissues (44, 45), it is possible that the
cAMP-independent actions of both inhibitors are mediated by
G-protein coupled effects on ion channels (46) or other trans-
port proteins.

Wehave recently observed that during hormonal stimula-
tion of chloride transport in the perfused rectal gland, endoge-
nous adenosine is released at inhibitory concentrations and
acts as feedback inhibitor of chloride transport via this A1
adenosine receptor (47). Wepropose that in the rectal gland,
A1 receptors provide an autacoid feedback mechanism linking
cellular work and adenosine release to receptor-mediated inhi-
bition of chloride transport.

Previous studies have underscored the similarities between
chloride secretion in tubules of the rectal gland and chloride
reabsorption in the mammalian medullary thick ascending
limb of Henle's loop (mTAL) (17, 24, 26). Our laboratory
recently has demonstrated a high density of A1 receptor bind-
ing sites in rat -mTAL using high resolution in vitro autoradi-
ography (48). In preliminary studies, Burnatowska-Hledin and
Spielman (49) have reported that the A1 agonist cyclohexyl-
adenosine inhibits both basal and AVP-stimulated cyclic AMP
production in primary cultures of rabbit mTALcells, and Ep-
stein et al. (50) have reported that R-PIA protects against in-
jury to the mTAL in isolated perfused rat kidneys. In the
mTAL, adenosine may serve a similar autacoid role as in the
rectal gland.

In summary, we have presented evidence for an inhibitory
A1 adenosine receptor in the rectal gland that potently inhibits
chloride transport. This receptor-mediated inhibition is ac-
companied by an inhibition of cAMPaccumulation and ade-
nylate cyclase; however, a major portion of this inhibition
occurs by a mechanism that is independent of the adenylate
cyclase-cAMP system.
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