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Abstract. The role of phosphodiesterase (PDE) iso-
forms in regulation of transepithelial CI secretion was
investigated using cultured monolayers of Tg, cells
grown on membrane filters. Identification of the
major PDE isoforms present in these cells was de-
termined using ion exchange chromatography in
combination with biochemical assays for cGMP and
cAMP hydrolysis. The most abundant PDE isoform
in these cells was PDE4 accounting for 70-80% of the
total cAMP hydrolysis within the cytosolic and
membrane fractions from these cells. The PDE3 iso-
form was also identified in both cytosolic and mem-
brane fractions accounting for 20% of the total
cAMP hydrolysis in the cytosolic fraction and 15—
30% of the total cCAMP hydrolysis observed in the
membrane fraction. A large portion of the total
c¢GMP hydrolysis detected in cytosolic and mem-
brane fractions of Tg, cells was mediated by PDES
(50-75%). Treatment of confluent monolayers of Tgy
cells with various PDE inhibitors produced signifi-
cant increases in short-circuit current (Zsc). The
PDE3-selective inhibitors terqginsin, milrinone and
cilostamide produced increases in Isc with ECs val-
ues of 0.6 nm, 8.0 nm and 0.5 um respectively. These
values were in close agreement with the /Cs, values
for cAMP hydrolysis. The effects of the PDE1-(8-
MM-IBMX) and PDE4-(RP-73401) selective inhibi-
tors on Isc were significantly less potent than PDE3
inhibitors with ECsy values of >7 um and > 50 um
respectively. However, the effects of §-MM-IBMX
and terqinsin on Cl secretion were additive, suggest-
ing that inhibition of PDEI also increases Cl secre-
tion. The effect of PDE inhibitors on Isc were
significantly blocked by apical treatment with glib-
enclamide (an inhibitor of the CFTR CI channel) and

Correspondence to: S.M. O’Grady; email: ograd001@umn.edu

by basolateral bumetanide, an inhibitor of Na-K-2Cl
cotransport activity. These results indicate that inhi-
bition of PDE activity in Tg4 cells stimulates trans-
epithelial Cl secretion and that PDE1 and PDE3 are
involved in regulating the rate of secretion.
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Introduction

Cyclic nucleotide phophodiesterases (PDE) play an
important role in cAMP- and cGMP-dependent
signaling by controlling the degradation rate of these
second messengers (Beavo, 1995; Muller, Engels &
Fozard, 1996; Degerman, Belfrage & Manganiello,
1997). PDEs are capable of regulating steady-state
levels of cyclic nucleotides under basal conditions and
can affect both amplitude and duration of cyclic nu-
cleotide-dependent responses following hormonal
stimulation (Beavo, 1995). Perhaps the most dramatic
example of amplitude modulation is found in pho-
toreceptors. Photoreceptor PDEs regulate cGMP le-
vels within the cell in response to light intensity
(Lagnado and Baylor, 1992). These light-induced
oscillations in ¢cGMP levels modulate cGMP-gated
cation channels resulting in transduction of light sti-
mulation into depolarization of the outer membrane
segment. PDEs also play a major role in regulating
responses to prolonged agonist stimulation and are
believed to be important mediators of cross talk be-
tween Ca’"-dependent and cyclic nucleotide-depen-
dent signaling pathways (Sonnenburg, Seger &
Beavo, 1993; Shakur, Pryole & Houslay, 1993; Be-
avo, Contie Heaslip, 1994). Increases in intracellular
[Ca®*] can affect the time course and amplitude of
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cAMP- and cGMP-signaling by increasing calmod-
ulin-dependent (CaM) PDE activity or by increasing
Ca’" CaM-dependent phosphorylation of PDEs
(Degerman, et al., 1997).

A number of different phosphodiesterase iso-
forms have now been identified in mammalian tissues
representing at least eleven unique gene families
(Soderling and Beavo, 2000; Hetman, et al., 2000).
Many of these families contain multiple genes that
are expressed in different tissues as functionally dis-
tinct alternative splice variants (Soderling and Beavo,
2000). Classification of these enzymes is based on
both primary amino acid-sequence data and on reg-
ulatory properties. All PDEs contain a core of highly
conserved amino acids that make up the catalytic
domain of the enzyme (Charbonneau et al., 1986;
Francis et al., 1994; Francis Turko & Corbin, 2000).
PDEs within each family exhibit >65% primary se-
quence homology in contrast to <40% homology
between different families (Degerman et al., 1997).
Mammalian PDEs have been shown to exist as di-
mers containing two catalytic subunits. A conserved
signature motif (HDX2HX4N) has been identified in
the catalytic domain of PDEs, which is absent in
enzymes that do not exhibit PDE activity (Beavo,
1995). The mechanism by which these residues con-
tribute to catalysis has not been completely eluci-
dated, but there are some data to suggest that they
may be involved in the binding of divalent metal ions.

PDE isoforms have distinct tissue distributions.
For example, PDE1, PDE3 and PDE4 represent
more than 90% of the total cAMP phosphodiesterase
activity present in brain, platelets and renal epithelial
cells respectively (Degerman, et al., 1997). Other tis-
sues such as the adrenal cortex possess almost ex-
clusively PDE2. Tissue-specific differences in
isoforms also exist within PDE families. In brain and
testis for example, multiple subtypes of PDE1 are
present that have different specificities for cAMP and
cGMP (Muller, et al., 1996). Kidney, liver and airway
smooth muscle appear to contain multiple PDE4
subtypes. Identification of PDE4 subtypes in liver
and kidney was possible by examining PDE sensi-
tivity to selective inhibitors such as rolipram and Ro
20-1724 (McLaughlin, et al., 1993). In addition to
differences in tissue specificity, it appears that PDEs
also possess distinct intracellular distributions that
are presumably important for determining their reg-
ulatory role within the cell. In cardiac muscle cells
and hepatocytes, 50-70% of the PDE activity is
membrane-associated (Beavo, 1995). In contrast, 80—
90% of PDE activity is present in the cytosolic frac-
tion of platelets and smooth muscle cells.

In primary human airway epithelial cells (HA-
ECs) and in A549 cells, PDE4 was shown to be the
predominant PDE isoform with lower activities for
PDE3, PDEI and PDES5 (Wright, et al., 1998; Dent
et al., 1998). PDE1, PDE3 and PDE4 activities were

detected in the cytosolic fraction, but PDE3 activity
was not detected within the microsomal fraction of
either HAECs or A549 cells (Wright, et al., 1998).
These results suggested the presence of cytosolic
PDE3 but not membrane-associated PDE3. Inhibi-
tion of cytosolic PDE3 activity with ORG-9935 (30
pm) was found to inhibit IL-1B-stimulated gran-
ulocyte-macrophage colony-stimulating factor (GM-
CSF) secretion. PDE4 inhibition with rolipram also
produced a significant inhibition of GM-CSF secre-
tion, indicating a role for both PDE3 and PDE4 in
regulation of mediator secretion from airway epi-
thelial cells.

In the present study, we examined the effects of
selective inhibitors of PDE activity in the Tgq human
colonic epithelial cell line in an attempt to identify
PDE:s involved in the regulation of cAMP-dependent
ClI secretion. We also examined relative abundance
and determined the subcellular distributions of PDE3
and PDE4 isoforms so that enzymatic activities could
be correlated with physiological responses to PDE
inhibition. The results demonstrate that although
PDE4 is present in greatest abundance within Tgy
cells, PDE1 and PDES3 play a role in regulation of Cl
secretion. These enzymes were found to be associated
with the membrane fraction, making them available
for modulating cAMP levels near the membrane.

Materials and Methods

MATERIALS

The PDE inhibitors terqinsin, 8-MM-IBMX and Rolipram were
purchased from Biomol (Plymouth Meeting, PA). EHNA, Milri-
none the Calcium/Calmodulin-dependent phosphodiesterase
(PDELI) and fetal bovine serum (FBS) were purchased from Sigma
(St. Louis, MO). DEAE sepharose and 50Q-Macroprep were from
Pharmacia, Uppsala Sweden. Dulbecco’s Modified Eagle’s Medi-
um (DMEM/F12) was from Celox, Penicillin/streptomycin was
from BioWhittaker (Walkersford, MD) and Dispase was from
CRI. Trypsin/EDTA in HBSS was purchased from Clonetec. Tgy
cells, a human colon carcinoma cell line, were from American Type
Culture Collection, MD. The PDE-4 inhibitor RP-73401 (Ashton
et al.,, 1994) and the quinazolinamine PDES inhibitor, 6-Chloro-
4[(3,4-methylenedioxybenzyl)amino] quinazoline (Takase et al.,
1994) were prepared by John Gerster of 3M Pharmaceuticals.
Cilostamide was prepared by John Mickelson of 3M Pharmaceu-
ticals (Lugnier et al., 1985).

CELL CULTURE FOR Cl TRANSPORT
STUDIES

Tgyq cells were grown in DMEM/F12 supplemented with 3.7 g/l
sodium bicarbonate, 10% FBS, 10 pg/ml insulin, 1% nonessential
amino acid, 5 pg/ml fungizone, 100 U/ml penicillin, 100 pg/ml
streptomycin and 100 pg/ml kanamycin (standard medium). The
epithelial cells were then plated onto cell culture dishes and incu-
bated at 37°C in a humidified atmosphere of 5% CO, in air. Culture
medium was changed after 24 hours and then every 2-3 days. The
epithelial cells were trypsinized and placed on transparent 4.5-cm?



S.M. O’Grady et al.: Regulation of CI Secretion by Phosphodiesterase Isoforms 139

Table 1. /Cs, values for the inhibition of cAMP hydrolysis by PDE1, PDE2, PDE3 and PDE4 and cGMP hydrolysis by PDES

Inhibitor ICsp

PDEI PDE2 PDE3 PDE4 PDES

v Y ™M v Y
8-MM-IBMX 5+ 3.0 37 >400 > 400 2+3
EHNA > 400 43 £ 22 >400 310 £+ 250 > 400
Cilostamide 221 48 0.13 £+ 0.06 99 6
Terqinsin 15 1.2 0.006 = 0.002 0.43 0.67
RP-73401 130 £+ 100 67 £ 56 50 + 21 0.0016 £ 0.0005 89 + 0.5
Quinazolinamine 230 241 10 340 0.021 + 0.08

Numbers in bold are ICsyvalues of PDE inhibitors tested on Cl secretion in T84 cells. .

Data are means =+ SEM.

membrane filters (Corning, Corning, NY). The cells became con-
fluent in 4-5 days after seeding on membrane filters.

MEASUREMENT OF ELECTRICAL
PARAMETERS

Transepithelial resistance of the cell monolayers was measured
using the EVOM epithelial voltohmmeter coupled to Ag/AgCl
“chopstick™ electrodes (World Precision Instruments, Clearwater
FL). After 1 week, the confluent culture inserts (4.5 cm?) were
mounted in Ussing Chambers, bathed on both sides with standard
saline solution containing (in mm): 153 Na, 6 K, 143 Cl, 2 Ca, 1
Mg, 20 HCO;, 0.3 H,PO,, 1.3 HPO,, pH 7.4. The bathing solu-
tions were maintained at 37°C and bubbled with 95% O,/5% CO,.
Transepithelial potential difference, tissue conductance and short
circuit current (Isc) were measured with the use of voltage-clamp
circuitry from JWT Engineering, Kansas City, KS. The data from
the voltage-clamp experiments were digitized, stored and analyzed
using Workbench data acquisition software (Kent Scientific,
Litchfield, CT) and recorded with a Compaq pentium Il micro-
computer. All cells were pretreated with indomethacin (10 pm)
added to both apical and basolateral solutions at least 10 min be-
fore the beginning of the experiment to inhibit basal prostaglandin
synthesis and the autocrine effects of cyclooxygenase products on
transport properties of the epithelium.

PREPARATION OF PHOSPHODIESTERASE FROM Tgy
CELLS

Tgy4 cells were grown in 150-mm diameter tissue-culture plates in
DMEM/F12 supplemented with 5% FBS and penicillin/strepto-
mycin. Cells were split 1:4 just prior to confluency. Medium was
removed from each plate and the cells were dispersed by incubating
with 4 ml Dispase and 6 ml 0.025% Trypsin/0.01% EDTA in HBSS,
for 15-20 min at 37°C. Cells were collected and washed twice with
PBS by centrifugation at 300 x g for 10 min and then plated out in
DMEM/F12 medium. Cells were passaged three times to obtain 50
near-confluent plates (approximately 5 x 10% cells total) prior to
harvesting. Cells were washed by centrifugation two times in PBS.

Tgy4 cells harvested from 50 culture plates were suspended in
homogenization buffer (50 mm Tris-HCI, pH 7.4 containing (in
mm)10 EDTA, 2 EGTA, 2.5 DTT, 0.5 PMSF, | TLCK and 2 pg/
ml soybean trypsin inhibitor, 20 pum leupeptin, 20 um pepstatin A,
at 107 cells/ml and freeze-thawed for 3 cycles in a dry-ice/ethanol
bath. The cells were further homogenized on ice, in a dounce ho-
mogenizer and centrifuged 2,000 x g for 30 minutes at 4°C. The
supernatant was centrifuged at 100,000 x g for 35 minutes. The
cytosolic fraction was saved and the pellet was resuspended in 2 ml
of homogenization buffer containing 0.3 m sucrose. The cytosol

and pellet fractions were used for the determination of phosp-
hodiesterase activity and for further fractionation using ion ex-
change chromatography.

PREPARATION OF PHOSPHODIESTERASE ISOENZYMES

The PDE isoenzymes PDE2, PDE3, PDE4 and PDES were par-
tially purified by anion-exchange chromatography using a modifi-
cation of the method of Francis and Corbin, (1988). PDE2 and
PDE3 were purified from bovine cardiac muscle. PDE4 was puri-
fied from the monocytic cell line, U-937 and PDES from bovine
lung tissue. Briefly, supernatants from the 100,000 x g centrifuga-
tion of the tissue- or cell-homogenate were loaded onto a 44 by 280-
mm macroprep-50 anion exchange column previously equilibrated
with buffer A (in mm: 25 Tris, pH 7.5, 1 EDTA, 0.2 EGTA, 1 DTT,
2 magnesium acetate, 0.2 PMSF and 1 pum each leupeptin and
pepstatin A. The isoenzymes were eluted with a linear gradient of
0-1 M sodium acetate in buffer A. Fractions were assayed for
cAMP- and cGMP-phosphodiesterase activity and isoenzyme
bands characterized by the inclusion of selective inhibitors. The
isoenzyme-selective PDE inhibitors used and their /Csq values are
shown in Table 1.

Fractionation of PDE isoenzymes in the cytosolic fraction of
Tgq cells was performed as above using a column (11 X 114 mm) of
DEAE Sepharose equilibrated with buffer A. The pellet fraction
from the high-speed centrifugation of Tg4 cells was solubilized in
buffer A containing 20% v/v glycerol and 0.025% luberol prior to
loading onto the DEAE Sepharose column prewashed with the
same buffer.

MEASUREMENT OF PHOSPHODIESTERASE ACTIVITY IN
CYTOSOL AND MEMBRANES

Aliquots of Tgq4 cell cytosol or membranes were diluted into 25 mm
Tris buffer, pH 7.5 containing 2 mm MgCl,, 90 mm KCI, 1 mm
CacCl, (buffer C). 75 pl of the enzyme was pre-incubated for 10 min
in the presence or absence of inhibitors or modulators at 37°C.
Inhibitors were made up in DMSO and added in 2-pl volume.
Calmodulin and cGMP were made up in buffer C. 75 pl buffer C
containing cyclic nucleotide substrate (¢(AMP or cGMP containing
radioactive tracer) was added to initiate the reaction. The final
concentration of cyclic nucleotide was 2 pm, with 0.5-0.6 puCi/re-
action of tritiated cyclic-nucleotide tracer. Samples were incubated
for 10 min prior to quenching by the addition of 400 ul of 240 mm
zinc acetate containing, 0.5 mm cAMP or cGMP, followed by 330 pl
of 288 mm Na,COj3. The solution was mixed rapidly and centrifuged
at 600 x g. The unhydrolized cAMP or cGMP was determined by
counting radioactivity in a 200-ul sample of the supernatant mixed
with 750 pl of ScintaSafe scintillation cocktail.
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Fig. 1. (4) Time course of terqinsin (50 nm) stimulation of Isc in
cultured monolayers of Tgy cells (n = 5). (B) Concentration-re-
sponse relationship showing glibenclamide inhibition of the PDE
inhibitor-activated Isc response (n = 6). (C) Effects of apical
glibenclamide (600 pm), basolateral bumetanide (100 pm) and
basolateral barium (100 um) on % inhibition of the terqinsin-
stimulated Isc (n = 5 for each condition).

STATISTICS

All values are presented as means + se. The differences between
control and treatment means were analyzed using a z-test for paired
or unpaired means where appropriate. A value of P < 0.05 was
considered statistically significant. The ICsy values for PDE in-
hibitors were determined by using linear regression analysis to fit
the data in the linear portion of the curves. The concentration of
each compound at 50% maximal effect was determined from the
equation for the regression line.

Results

ErreEcTts oF PDE INHIBITION
oN Cl SECRETION

The data presented in Fig. 14 show the effects of
terqinsin on Isc of Tgy cells grown on membrane fil-
ters. Addition of 50 nMm terqginsin to the basolateral

membrane produced a sustained increase in Isc.
Similar responses were recorded with other PDE3
inhibitors such as milrinone and cilostamide at
submicromolar concentrations. 8-MM-IBMX and
RP-73401 also produced increases in Isc with similar
time courses as shown for terqinsin, but significantly
higher concentrations were required to elicit an Isc
response. The effect of terqinsin on Isc (Fig. 1B) was
inhibited in a concentration-dependent manner by
apical addition of glibenclamide, an inhibitor of the
Cystic Fibrosis Transmembrane Conductance Regu-
lator (CFTR). Figure 1C shows the effects of various
inhibitors of anion secretion produced by selective
inhibition of PDE3 activity with terqinsin. Tg,4 cell
monolayers were activated with a maximum con-
centration of terqinsin (100 nm) and then treated with
600 pm glibenclamide (apical administration), 100 um
barium (basolateral administration) or 100 umM bum-
etanide (basolateral administration). Treatment with
glibenclamide reduced the terqinsin-stimulated Isc by
80%. Partial inhibition of Cl secretion was also pro-
duced when basolateral K permeability was inhibited
with barium. Complete inhibition of the terqinsin-
stimulated Isc was produced by blocking Cl uptake
across the basolateral membrane with the Na-K-2Cl
cotransport inhibitor bumetanide.

IDENTIFICATION OF THE PDE IsorFORMS INVOLVED IN
REGULATING Cl SECRETION

To identify the PDE isoforms involved in regulation
of CI secretion we compared the effects of various
PDES3 inhibitors with the PDE4 inhibitor RP-73401
and the PDEI inhibitor (8-MM-IBMX) and PDES5
inhibitor (Quinazolinamine). Figure 24 shows the
effects of increasing concentrations of terqinsin on Isc
with subsequent inhibition of the current response
with 100 pm bumetanide. In Fig. 2B the concentra-
tion-response relationships for terqinsin, milrinone,
cilostamide, 8-MM-IBMX and RP-73401 are pre-
sented. The ECso values for each of these compounds
is reported in Table 2. The rank order of potency
indicates that one of the PDE isoforms responsible
for regulating Cl secretion in Tgy4 cells is PDE3. 8-
MM IBMX was found to stimulate /sc with a much
lower ECsq than its ICsg for inhibition of PDE3. This
ECs, value was only slightly greater than the ICs, for
inhibition of PDEI suggesting that PDE1 may also
have some effect on Cl secretion. To test this idea we
conducted a set of experiments where monolayers
were treated with a maximum stimulatory concen-
tration of terqinsin (100 nm) and then stimulated with
8-MM-IBMX (50 pum). The results (Fig. 34 and B)
show that the effects of terqinsin and §-MM-IBMX
are additive and that addition of these compounds in
reverse order produces the same additive response.
The results of these experiments indicate that PDET1 is
also involved in regulation of anion secretion.
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Table 2. Comparison between ICsy and ECs, values for cAMP or cGMP hydrolysis and Cl secretion in Tgy cells

Inhibitor Inhibition of PDE activity (membranes) Cl secretion cAMP Hydrolysis (PDE3)
% Maximum ICS() ECS() ICS()
% [nm] [nm] [nm]
Terqinsin 15-20° 0.5+ 04 0.6 £ 0.3 0.6 £ 0.2
Milrinone ND ND 80 £ 0.2 ND
Cilostamide 15-20% 295 + 35 500 £ 100 130 + 60
8-MM-IBMX ND 5000 + 300 > 7000 > 400,000
RP-73401 70-80* 1.16 £ 0.6 50,000 50,000 + 2100
Quinazolinamine 50-75° 16 + 2 ND 10,000
% % maximum inhibition of cAMP hydrolysis.
® % maximum inhibition of cGMP hydrolysis.
A 100.0 B
. bumetanide (100 uM)
100+
&) 80
1.0 2
Y E
Terqinsin (nM) 0.5 :E3 60
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Fig. 2. (4) Representative tracing showing the concentration-response time course for Isc stimulation by terqinsin and subsequent inhi-
bition by basolateral addition of 100 pm bumetanide. (B) Concentration-response relationships for various PDE inhibitors on Isc (filled
circles: terqinsin; open circles: milrinone; filled triangles: cilostamide; open squares: 8-MM-IBMX; and filled squares: RP-73401.

ErrecTs oF PDE INHIBITORS ON CYCLIC
NucLEOTIDE HYDROLYSIS IN CYTOSOL AND
MEMBRANE FRACTIONS

Isoenzyme-selective PDE inhibitors were used to de-
termine the isoenzyme profile present in the 100,000 x g
supernatant (cytosol) and pellet (membranes) from Tgy
cells. With the exception of 8-MM-IBMX (Table 1),
which inhibits PDE1 and PDES5 equally, the other
inhibitors used had adequate selectivity to use as
tools for the identification of each isoenzyme in the
Tg4 cell preparations. The contribution of each iso-
enzyme to the total cAMP and cGMP phosphodi-
esterase activity was determined by varying the
concentration of each inhibitor over the concentra-
tion range where specific inhibition occurs. Using
cAMP as a substrate, the PDE4-selective inhibitor
RP-73401 produced 70 to 80% inhibition of phosp-
hodiesterase activity in the cytosolic preparations.
The concentration for half-maximal inhibition
determined for RP-73401 was 1.16 + 0.59 nm and
2.18 £+ 0.30 nm for the cytosolic and membrane

preparations, respectively. The PDE3 inhibitors
terqinsin and cilostamide inhibited 20% of the cyto-
solic and approximately 25% of the membrane
cAMP-phosphodiesterase activity (Fig. 4). The
concentrations of terqinsin and cilostamide that
gave half-maximal inhibition were 0.6 = 0.4 nm and
295 £ 35 nwm, respectively. The response to the
PDE?2 inhibitor EHNA was variable, with a maxi-
mum inhibition of PDE2 activity of 20%. Inhibition
of cGMP phosphodiesterase activity by the PDES-
selective  inhibitor quinazolinamine, indicated
that PDES accounts for 50-75% of the cGMP PDE
activity in cytosolic and membrane preparations.
The concentration for half-maximal inhibition by
quinazolinamine was 16 + 2 nMm.

Discussion

The results of this investigation showed that 70-80%
of the cAMP PDE activity present in both membrane
and cytosolic fractions from Tg4 cells is associated
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Fig. 3. (4) Representative tracing showing the additive effects of
50 pm 8-MM-IBMX on Isc after administration of a maximum
stimulating concentration of terqinsin (100 nm). (B) Bar graph
showing effects of terqinsin and 8-MM-IBMX on Isc. Note that

additive responses were not dependent on the order of addition of
terqinsin or 8-MM-IBMX.

with PDE4. PDES appears to be the predominant
PDE responsible for ¢cGMP hydrolytic activity.
PDE3 accounts for a relatively minor fraction of the
total cAMP hydrolytic activity in both membrane
and cytosol fractions, however, PDE3 is responsible
for regulation of cAMP-dependent Cl secretion in
these cells. Evidence in support of this conclusion is
based on the effects of selective PDE inhibitors on
transepithelial CI secretion as determined by meas-
urements of Isc. Treatment of Tg, cells with the PDE3
inhibitors terqinsin, milrinone and cilostamide all
produced increases in Isc with ECsy values that
closely corresponded to the /Csq values of terqinsin
and cilostamide on PDE3-mediated cAMP hydroly-
sis. In contrast, the effects of the PDE4-selective in-
hibitor RP-73401 produced inhibition of Cl secretion
at concentrations that were several orders of magni-

®
?

e Terqinsin
o RP-73401
A Cilostamide

1/

4140 0 8 7 6 5 4
Log Concentration (M)

)
?

% Inhibition of Activity
8 3
1 1

Fig. 4. Concentration-response relationships for PDE inhibitors
on cAMP hydrolysis (membrane fraction); terqinsin, filled circles;
RP-73401, open squares; cilostamide, open triangles.

tude higher than terqinsin or cilostamide. This con-
centration range is consistent with inhibition of
PDES3 activity by this PDE4-selective inhibitor. These
results are similar to those from a previous study
showing that selective PDE3 inhibition with milri-
none and amrinone produces activation of CFTR in
Calu-3 and 16HBE cells, both derived from airway
epithelium (Kelley, Al-Nakkash & Drumm, 1995).
These investigators observed no effect on CFTR ac-
tivation with either rolipram (a PDE4 inhibitor) or
IBMX (a PDEIl and PDES inhibitor). In contrast,
results of experiments using 8-MM-IBMX presented
in this study suggest that PDEI is also capable of
regulating Cl secretion in Tgy cells.

Previous studies with Tg4 cells have shown that
Cl secretion can be stimulated by agonists that in-
crease intracellular cAMP (Dharmsathaphorn et al.
1984; 1985) and that CFTR mediates Cl efflux across
the apical membrane in response to cAMP (Cliff and
Frizzell, 1990; Anderson et al., 1992). Thus, CFTR
presumably mediates Cl efflux in response to PDE3
or PDEI inhibition in Tgy4 cells. This conclusion is
supported by the effect of glibenclamide, a known
inhibitor of CFTR activity (Sheppard & Robinson,
1997) reported in Fig. 1. It is worth noting, however,
that glibenclamide can block other types of Cl
channels and so we cannot rule out the possibility
that Cl channels other than CFTR may also be in-
volved. Inhibition of the PDE inhibitor-activated
current by basolateral bumetanide, an inhibitor of
Na-K-2Cl cotransport activity and partial inhibition
by barium, an inhibitor of basolateral K channels, are
characteristic of cAMP-activated Cl secretion in Tgy
cells (Mandel, Dharmsathaphorn & McRoberts,
1986; Mandel, et al., 1986).

Previous work with canine ventricular myocytes
showed that B-adrenergic agonists produced activa-
tion of calcium channels by increasing cAMP near the
plasma membrane of these cells (Hohl and Li, 1991).
A similar observation was reported for single frog
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cardiac myocytes (Jurevicius & Fischmeister, 1996).
In the experiments with frog myocytes, exposure of
half of the cell to B-adrenergic agonists produced ac-
tivation of Ca?" channels in a region of the cell in
contact with the B-agonist. Pretreatment with IBMX
greatly reduced compartmentalization of the ad-
renergic response. These results suggested that PDEs
play a role in limiting the actions of cAMP to local
regulation of calcium channels by degrading cAMP
that diffuses away from its site of synthesis at the
membrane. It seems less likely that PDEs in epithelial
cells are involved in compartmentalization in the same
way as suggested for cardiac myocytes. In Tgy cells,
receptors for neurohormones such as VIP are local-
ized to the basolateral membrane. However, cCAMP/
protein kinase A (PKA) effector proteins such as
CFTR are located in the apical membrane (Mandel, et
al., 1986 a,b). Thus, local cAMP synthesis and PKA
activation events could not account for phosphor-
ylation of distant substrates, such as apical transport
proteins, unless diffusion away from the basolateral
membrane was allowed to occur. It seems reasonable
to suggest that specific PDE isoforms may be colo-
calized with PKA phosphorylation substrates such as
CFTR. This type of colocalization could explain the
specificity of specific PDE isoforms on CFTR activity
under conditions where a relatively minor fraction of
total PDE activity is attributable to PDE3.

In conclusion, these findings demonstrate that CI
secretion in Tgy cells is selectively regulated by at least
two PDE isoforms. The specific PDE3 subtype
(PDE3A or PDE3B) involved in this regulation is
presently unknown. The absence of any effect of
PDE inhibitors such as RP-73401 at concentrations
that block PDE4 activity suggests compartment-
alization of the cAMP response to agonist stimulation
and perhaps colocalization of PDE isoforms with
cAMP-regulated transport pathways involved in Cl
secretion.
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