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Abstract—Atriopeptin caused dose- (ECsy ca. 2 X 107*M) and time-dependent increases in the
intracellular concentration of cyclic GMP in the MDCK kidney epithelial cell line; an effect potentiated
by the phosphodiesterase inhibitor, IBMX. The atriopeptin-catalysed increase in cyclic GMP was
transient and reached a maximum some 10-20 min after challenge of cells with atriopeptin. The basis
for the transience of this increase was shown to be due to the densensitization of guanylate cyclase
coupled with extrusion of cyclic GMP from the cells and the degradation of cyclic GMP by
phosphodiesterase activity. Atriopeptin-catalysed extrusion of cyclic GMP was time- and dose-(ECs, ca.
1.5 x 10" M) dependent and was inhibited by probenecid but not by high external cyclic GMP
concentrations. The extrusion process underwent apparent desensitization as did guanylate cyclase with
similar half lives (T, of ca. 20 min). Desensitization was dose-dependent upon atriopeptin and did not
appear to be mediated by elevated cyclic GMP concentrations as pre-incubation with 8-bromo cyclic
GMP did not cause desensitization and the half-times for desensitization were similar whether or not
IBMX was present. The majority of the cyclic nucleotide phosphodiesterase activity was found in the
cytosol fraction of the cells and could be separated into two cyclic AMP specific forms and two cyclic
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GMP preferring forms.

Atrial natriuretic factor (ANFY) is synthesized as a
prepropeptide which is processed and stored in the
atria as a propeptide until release into the circulation
in the active form. This can occur in response to
atrial distention or pressure, increases in sodium
concentration or hormone induced increases in blood
pressure [1, 2]. The biologically active form of ANF
is the C-terminal fragment, ANF (99-126), with an
intact disulphide bridge Cys!%—Cys?!? and amino
acids Phe'?* and Arg!% being crucial for receptor
recognition [3, 4]. ANF is believed to contribute to
the regulation of blood pressure by promoting
natiuresis and diuresis in the kidney and relaxation
of vascular smooth muscle cells [1, 5-7]. In addition,
ANF has been shown to inhibit the release
of aldosterone from the adrenal glands [8,9],
vasopressin from the neurohypophysis [10, 11] and
renin from the kidney [12, 13].

ANF binds to cell surface receptors which also
express guanylate cyclase activity [14, 15]. Thus, in
a variety of cell types [16~20], occupancy of ANF
receptors leads to the accumulation of cyclic GMP.
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} Abbreviations: ANF, atrial natriuretic factor; atrio-
peptin here refers to atriopeptin III being fragment 5-28
of ANF; ECs,, concentration at which 50% of the maximal
effect was elicited.
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It is thus presumed that the biological action of ANF
is mediated through the production of cyclic GMP
which has been demonstrated to activate a cyclic
GMP specific kinase and can also, in certain cells,
regulate Ca?*-channel opening [21]. Indeed, there
is now good evidence to show that activation of a
cyclic GMP-specific kinase [22], by elevated cyclic
GMP concentrations, can modulate muscle tone in
smooth muscle cells in a process involving the
phosphorylation of specific proteins {23-25].

ANF injection/infusion in vivo, however, leads
to a rapid and marked increase in plasma and urinary
cyclic GMP in rats [26-28], monkeys [29], dogs [30]
and humans [31]. This may result from the extrusion
of cyclic GMP from cells, a feature shown originally
[32] in liver challenged with nitrosamine although,
more recently, observed for smooth muscle cells [20]
challenged with ANF.

The kidney is a key organ which is directly involved
in blood pressure regulation and is known to express
receptors for ANF [15]. As a model system for
evaluating ANF-stimulated cyclic GMP metabolism
related to the kidney we have chosen to investigate
a kidney epithelial cell line (MDCK). Here we show
that atriopeptin, representing fragment 5-28 of
ANF, can stimulate cyclic GMP formation in a dose-
and time-dependent fashion through a process which
undergoes desensitization. Desensitization of cyclic
GMP production coupled with the extrusion of
cyclic GMP from the intact cells and action of
phosphodiesterase, leads to the intracellular levels
of cyclic GMP being only transiently elevated upon
atriopeptin challenge of these cells.
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MATERIALS AND METHODS

Materials. MDCK and MDBK cells were obtained
from ECACC, PHLS Centre for Applied Micro-
biology and Research (Porton Down, U.K.).
[*23T]Cyclic 3’5" GMP radioimmunoassay assay Kits
and [!*C]guanine were purchased from Du Pont and
[1%5Tjrat ANP (99-126) from Amersham International
plc (Amersham, U.K.). Atriopeptin representing
fragment 5-28 of ANF, was obtained from Cambridge
Research Biochemicals (Cambridge, U.K.) and
peptidase inhibitors, IBMX and Dowex resin from
Sigma Chemical Co. (Poole, U.K.). Alltissue culture
media were purchased from Gibco Ltd (Uxbridge,
U.K.) and foetal calf serum from Imperial
Laboratories. Probenicid was a gift from Pfizer
Central Research (Sandwich, U.K.).

Cell culture. MDCK cells were maintained in
Dulbecco’s Modification of Eagle Medium (DMEM),
supplemented with 10% foetal calf serum, glutamine
(2 mM) and penicillin/streptomycin (10 L.U./mL) in
a humidified atmosphere of 95% air/5% CO, at 37°.
For both cyclic GMP and cyclic AMP assays, the
cells were seeded onto 24-well culture plates at a
density of 2 x 10* cells per well and grown for 4-7
days. The medium was replaced with fresh medium
on the day prior to assay.

Treatment of cells for determination of intracellular
and extracellular cyclic GMP. The cells were washed
three times with serum-free medium before incu-
bation at 37° with atriopeptin (0.5 mL) at the con-
centrations and for the times specified in the figure
legends. Atriopeptin was made up in serum-free
medium containing trypsin inhibitor (5mg/mL),
aprotinin (1.11.U./mL) and pepstatin A (10 ug/
mL). The reactions were stopped by removal of
serum-free medium containing atriopeptin and cyclic
GMP extracted from the cells with ethanol for deter-
mination of intracellular levels. When extracellular
cyclic GMP was to be measured, the supernatants
from the culture wells were collected and boiled for
3 min, with a 100 uL. sample then being taken for
assay. All samples were stored at —20° until assayed

by radioimmunoassay. For each experiment, the cells

from 3-6 wells were counted. :
Determination of intracellular volumes was done
on samples of ca. 2 X 10° cells suspended in 120 uL
of medium containing 0.2 uCi/mL [*H]H,O and
0.4 uCi/mL U-[C]sucrose. This was layered on
0.5 mL silicone oil (d = 1.045) with an underlay of
100 uL. 10% (v/v) TCA. Samples were centrifuged
at 12,000 g,, for 20 sec and the upper phase and pellet
removed for liquid scintillation counting. Counts in
the pellet allowed for the determination of intra-
cellular volume based upon [*HJH,O corrected for
extracellular carry over of fluid as assessed by
[“C]sucrose. Eighty-seven per cent of the intra-
cellular fluid was taken to be cytosolic.
Radioimmunoassay of cyclic GMP. Cyclic GMP
was measured by a radioimmunoassay procedure
using a kit from Du Pont as described in Ref. 33.
Briefly, intracellular cyclic GMP samples were evap-
orated to dryness and resuspended in sodium acetate
buffer, pH 6. Extracellular cyclic GMP samples were
assayed directly. Samples were diluted as required

and an aliquot (100 uL) was acetylated with a 2:1
mixture of triethylamine and acetic anhydride (5 uL),
before incubation at 4° for 16-18 hr in the dark with
¢GMP anti-serum complex (100 uL) and succinyl
cyclic GMP Tyrosine Methyl Ester-['?I} in normal
rabbit serum (100 uL). Following incubation, bound
ligand was separated from free by addition of sodium
acetate buffer (1 mL) and centrifugation for 15 min
at 4° at approximately 15,000 g. Supernatants were
decanted, pellets solubilized with 5M NaOH and
transferred to gamma counter tubes. Results are
expressed as pmoles cyclic GMP formed per 10¢
cells.

[*C]Guanine labelling of cells for cyclic GMP
determinations. In order to determine changes in
intracellular cyclic GMP concentrations and of
extrusion in the presence of added extracellular cyclic
GMP a [!4C]guanine labelling method was used [34].
MDCK cells were labelled with [!*C]guanine
(2.5 uCi/well) in serum-free medium for 2 hr in order
to achieve isotopic equilibrium. The cells were then
washed and incubated with various concentrations
of -atriopeptin for 2 hr in the presence of peptidase
inhibitors. Incubations were terminated by the
removal of extracellular medium. ['*C]Cyclic GMP
extruded into the media was purified on 1.2 X 4 cm
Dowex columns (Dowex S0W, X2,200-400) by a
modification of the procedures used to purify cyclic
AMP. Briefly, columns were first equilibrated with
0.1 N HCI and washed with H,O. Aliquots of 10%
TCA (0.5 mL) and the internal standard [*H]cyclic
GMP were added to the extracellular samples before
centrifugation in a microfuge for 5 min at 13,000 g,,,.
Supernatants were applied to the columns and
washed with 4.4 mL HCI (0.1 N) and 1.5 mL H,O.
Cyclic GMP was then eluted with a further 4 mL of
H,0. GDP and GTP remaining in the eluates were
precipitated with CaCO; and FeSO, (final con-
centration of both were 0.06 M). The samples were
centrifuged for 5 min in a microfuge at 13,000 g,, and
supernatants counted. Results were corrected for
[*H]cyclic GMP and expressed as dpm/10° cells.

Treatment of cells with 8-bromo cyclic GMP.
MDCK cells were grown for 4 days in complete
medium. The cells were then washed three times
with serum-free medium and incubated with 8-bromo
cyclic GMP (100 uM) in serum-free medium for 2 hr.
Following 8-bromo cyclic GMP treatment, the cells
were washed three times in serum-free medium and
then incubated with atriopeptin (107 M) in the pres-
ence and absence of IBMX (0.5 mM) for 10 min.
Atriopeptin was then removed, reactions stopped
and intracellular cyclic GMP extracted by the
addition of ethanol (1mL) for determination by
radioimmunoassay as described above. Intracellular
and extracellular cyclic GMP accumulation were
measured and the results expressed as pmol,/10° cells.

[*H)Adenine labelling of cells for cyclic AMP deter-
minations. Measurement of cyclic AMP was achieved
by labelling the cells with [*H]adenine (1 uCi/well in
0.5 mL complete medium) for 2 hr at 37° in order to
achieve isotopic equilibrium, prior to incubation with
agonist/antagonist, made up in serum-free medium,
at the concentrations and for the times specified in
the text and legends. The agonist was then removed,
reactions stopped and [*H]cyclic AMP extracted with
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5% TCA containing [**C]cyclic AMP as an internal
standard. [°H]Cyclic AMP formed was purified by
sequential chromatography on Dowex and alumina
columns [35]. The results were expressed as dpm per
108 cells.

Incubation of cells with toxins. MDCK cells were
seeded into 24-well culture plates and grown for
3 days in complete medium. The cells were then
incubated for 17 hr in the presence of either cholera
toxin (100 ug/mL) or pertussis toxin (1 ug/mL). Fol-
lowing toxin treatment, the cells were washed three
times with serum-free medium before incubation
with atriopeptin (107% M) for 10 min, in the presence
of peptidase inhibitors as described above. Both
intracellular and extracellular cyclic GMP formed
were assayed and the results expressed as pmol cyclic
GMP/10° cells.

Assay of cyclic nucleotide phosphodiesterase
activity. This utilized a modified version [36],
employing a freshly prepared slurry of
Dowex:H,0O:ethanol (1:1:1) for extraction, of the
two-step procedure of Thompson and Appleman [37]
as referred to by us previously [38]. Assays were
done at 30° using either [*H]cyclic AMP or [*H]cyclic
GMP as substrate, at the indicated final con-
centrations of these cyclic nucleotides. Initial rates
were evaluated from linear time-courses performed
over 15 min.

Resolution of cyclic nucleotide phosphodiesterase
activity by FPLC. This was performed as described
in some detail by us previously for studies performed
on liver [39], hepatocytes [39] and kidney [40]. In
this instance, two roller bottle cultures of cells were
homogenized in 20 mL of homogenization buffer
(50 mM Tris~HCl final pH 7.5, 0.25 M sucrose, 5 mM
benzamidine, 0.2mM PMSF, 20uM leupeptin,
0.1 mM EGTA and 0.1 mM dithiothreitol) using a
teflon upon glass homogenizer. The homogenate was
centrifuged at 100,000 g,, for 60 min and the super-
natant applied at a rate of 1 mL/min to a Mono Q
column (1mL) which had previously been equi-
librated in buffer B (50 mM Tris-HCI1, 5 mM benza-
midine, 0.2mM PMSF, 2uM leupeptin, 0.1 mM
EGTA and 0.1 mM dithiothreitol, final pH 7.2). The
column was then washed with 100 mL of buffer B at
1 mL/min. We assessed that over 95% of phospho-
diesterase activity, using either cyclic GMP or cyclic
AMP as substrate, had been bound to the column.
Elution was then done at 1 mL/min using a NaCl
gradient in buffer B at final pH 7.2, with gradient
details being given in the legend to Fig. 6; over 93%
of the bound phosphodiesterase activity was eluted
under such conditions using either cyclic AMP or
cyclic GMP as substrate.

RESULTS

Intracellular accumulation of cyclic GMP in MDCK
cells challenged with atriopeptin

Addition of atriopeptin (1074 M) to MDCK cells
initiated a rapid, transient increase in the intra-
cellular concentration of cyclic GMP which attained
maximal levels after about 10 min (Fig. 1a).

The presence of IBMX (0.5 mM) potently ampli-
fied the intracellular accumulation of cyclic GMP
achieved by atriopeptin challenge (Fig. 1a). Again,
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Fig. 1. Atriopeptin-stimulated intracelular cyclic GMP
accumulation. (a) Time-course of atriopeptin (107% M)-
stimulated intracellular cyclic GMP levels in MDCK cells
done in the absence (++--0 -} and presence (—l—) of
0.5 mM IBMX as well as basal levels done in the absence
of IBMX (~--0O-~-). For another portion of cells
(atriopeptin + IBMX replaced), medium was removed
some 60 min after challenged with those agents and fresh
medium then added with sampling for the determination
of intracellular cyclic GMP being made at the times indi-
cated (—— A—-). For cells (pre-)incubated with atriopeptin
alone then, over a 6 min period, they were washed three
times with serum free medium, prior to addition of fresh
atriopeptin and further incubation for the determinations
of cyclic GMP accumulation made (—A—). (b) Dose-
effect curve of intracellular cyclic GMP accumulation into
MDCK cells incubated with the indicated concentrations
of atriopeptin for 10 min in the absence (--++ O--- ) and
presence (—M—) of 0.5mM IBMX. These figures are
representative of an experiment done on at least three
separate occasions with triplicate determinations of cyclic
‘ GMP (means + SD).

however, the increase in intracellular cyclic GMP
was transient, reaching a maximal value some 20 min
after the addition of atriopeptin from which it rapidly
declined (Fig. 1a). After 120 min the new steady state
level of intracellular cyclic GMP was approximately
double that achieved in the absence of IBMX (Fig.
la). Maximal accumulation of cyclic GMP in the
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presence of both atriopeptin and IBMX was some
2.5- to 4.0-fold greater than that achieved when
challenging cells with atriopeptin alone (Fig. 1a).
Addition of IBMX (0.5 mM) alone had little effect
(less than 15%) on basal levels of cyclic GMP, indi-
cating that basal guanylate cyclase activity was van-
ishingly small.

Atriopeptin stimulated the intracellular accumu-
lation of cyclic GMP in a dose-dependent fashion
with maximal effects occurring at 1075 M (Fig. 1b).
ECsq values for atriopeptin action were found to be
2.5+ 0.8 x 1078 M in the presence and 1.6 X 0.5 x
107%M in the absence of IBMX (errors are SD for
N =3 different experiments). When IBMX
(0.5 mM) was added, this was done together with
atriopeptin at the start of the experiment. No dif-
ferences were detected upon pre-incubation of cells
with IBMX for up to 16 min beforehand, suggesting
that IBMX rapidly equilibrated with the cell interior.

Desensitization of intracellular cyclic GMP accumu-
lation

If MDCK cells were first incubated with atri-
opeptin (10-® M) and IBMX (0.5 mM), washed three
times with serum-free medium and then re-chal-
lenged with atriopeptin (1075 M) either in the pres-
ence or absence of IBMX (0.5 mM), then in neither
instance did cells show any response in the form of
elevation in intracellular cyclic GMP levels (Fig. 1a).
We also ‘pulsed’ cells with micromolar additions of
atriopeptin, at 5-10 min intervals, through the time-
course. This had no effect on the transient nature of
the accumulation of intracellular cyclic GMP despite
the ability of these atriopeptin solutions to stimulate
cyclic GMP accumulation in virgin cells (data not
shown).

This desensitization was time-dependent (Fig. 2a),
yielding half-times of T, = 29 + 5 and 25 = 8 min for
experiments done in the presence and absence of
0.5 mM IBMX, respectively, and was dose-depen-
dent (Fig. 2b), with ECs, values of 1.0 0.3 X
1078M and 2.1 = 0.4 x 1073 M atriopeptin in the
presence and absence of 0.5 mM IBMX, respectively
(N = 3 separate experiments; errors are SD).

Extrusion of cyclic GMP from MDCK cells chal-
lenged with atriopeptin

Atriopeptin also caused the time-dependent
extrusion of cyclic GMP from MDCK celis (Fig. 3a)
with the addition of IBMX (0.5 mM) having little
effect on the rate of extrusion.

In the absence of added atriopeptin we failed to
observe the exit of cyclic GMP from the MDCK cells
(rates being at least 100 times lower than those
determined in the presence of atriopeptin). IBMX
treatment alone did not cause stimulated exit of
cyclic GMP in the absence of atriopeptin.

Atriopeptin elicited extrusion of cyclic GMP in a
dose-dependent fashion (Fig. 3b) with ECso values
of 1.6 0.8 x 107 *M and 1.3 £ 0.6 X 1078 M in the

presence and absence of 0.5 mM IBMX, respectively

(errors are SD for three separate experiments).
Over the time-course of incubation with atriopeptin
over a 2hr period the cells remained viable
as indicated by trypan blue extrusion, maintenance
of intracellular ATP levels and latent lactate

M. Woobs and M. D. HousLAY

10

T T T T

=8 atriopeptin + IBMX

atriopeptin .

Ll v L]

pmol cGMP formed / 1.0E+6 cells

time (h)

12 T T L] L L L4
[}
2 —a— . IBMX
o °f O - IBMX
o
= 8 ]
2 s
: ]
s
a 4 ]
5
(4]
Q
= 2 :
©
g S

zero-10 -9 -8 -7 -6 -5
- log. [atriopeptin] M

Fig. 2. Desensitization of atriopeptin-stimulated intra-
cellular cyclic GMP accumulation. (a) Cells were incubated
with atriopeptin (1078 M) for the indicated times in either
the absence (+++-:-+ +) or presence (—l—) of 0.5 mM
IBMX. Cells were then washed rapidly three times with
serum free medium and re-challenged with atriopeptin
(107 M), either in the presence or absence of IBMX, for
10 min prior to determination of intracellular cyclic GMP
accumulation. (b) MDCK cells were pre-incubated for 2 hr
with the indicated concentrations of atriopeptin, either in
the absence (++--:++ +) or presence (—O—) of IBMX
(0.5 mM). Cells were then washed three times with serum
free medium and re-challenged for 10 min with atriopeptin
(107%M) in either the presence or absence of IBMX prior
to determination of intracellular cyclic GMP. These figures
are representative of an experiment done on three separate
occasions with triplicate determinations of cyclic GMP
(means * SD).

dehydrogenase activity evidenced upon cell break-
age.

Cyclic GMP can be extruded against a concentration
gradient

Cells were loaded with [!*C]guanine and then chal-
lenged with various concentrations of atriopeptin in
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Fig. 3. Extrusion of cyclic GMP from MDCK cells challenged with atriopeptin. (a) Cells were challenged
with atriopeptin (107® M) in either the absence (++++O-+++ ) or presence (—l—) of 0.5 mM IBMX.
Cyclic GMP in the medium was then evaluated at the indicated times. (b) Cells were challenged with
the indicated concentrations of atriopeptin prior to harvesting after 10 min for determination of
extracellular cyclic GMP concentrations. Under these conditions linear rates of extrusion were observed
(data not shown). Experiments were done in either the absence (----0--++) or the presence (—l—)
of 0.5 mM IBMX. (c) In this instance extracellular cyclic GMP extrusion was evaluated by first labelling
the cells with ['*C]guanine and then analysing the atriopeptin-stimulated egress of [**Clcyclic GMP.
This was done in the absence (++++0----) and presence (—Ml—) of unlabelled extracellular cyclic GMP
(5 mM), using the indicated concentrations of atriopeptin after a 2 hr incubation. These figures are
representative of an experiment done on three separate occasions with triplicate determinations of
cyclic GMP (means * SD).

the presence of 0.5 mM IBMX prior to determining
{1C]cyclic GMP efflux. The dose—effect curve (Fig.
3c) obtained using this alternative assay procedure
was comparable to those determined using the radio-
immunoassay procedure (Fig. 3b) and yielded an
ECso value of 2.5+0.4x 1078M (N =23 experi-
ments, SD). The ability of atriopeptin to elicit the
extrusion of cyclic GMP was unaffected by the
inclusion of 5 mM cyclic GMP into the extracellular
medium (Fig. 3c); the maximal level of extrusion
was similar as was the ECsy value for activation
at 1.1 X 0.7 X 1078 M (N = 3 separate experiments,
errors are SD).

Inhibition of cyclic GMP extrusion by probenecid

Probenecid caused the dose-dependent inhibition
(Fig. 4a) of cyclic GMP extrusion both in the absence
and presence of IBMX (0.5 mM), with ECs, values

of 1.3+0.5x 107*M and 2.0+0.5x 1073M,
respectively (three experiments; errors are SD). At
the same time, probenecid elicited a marked increase
in the intracellular accumulation of cyclic GMP (Fig.
4b). This was most marked in experiments where
IBMX was present, to inhibit cyclic GMP phospho-
diesterase activity, yielding an ECso value for this
process of 1.3 0.8 X 1073M. In the absence of
IBMX then probenecid also exerted a potentiation
of the atriopeptin-elicited increase in levels of intra-
cellular cyclic GMP (Fig. 4b) with an ECs, value for
this process of 0.81 + 0.12 x 1073 M (N = 3 separate
experiments; errors are SD).

Effect of re-challenging MDCK cells with atriopeptin
on cyclic GMP extrusion

When cells were incubated with atriopeptin
(10-°M) for various times, washed in serum free



390

P ——

+ IBMX
- IBMX

i i i

0
zero -6 -5 -4 -3 -2

pmol ¢cGMP produced / 10E+6 cells

- log. [probenecid] M

2 10 T ——T—— 40 2
8 —u— +IBMX 8
© g IBMX ] e
g sl {30 w
o 7F i ;
e 20 @
£ 6} } E
] 2
Q. L
= 5 j10 §
0; 4},,..»-' g;
EE (o) 3o
T 3 WP W A | Laaad 0 EA
&~ 2r0 -6 -5 -4 -3 -2 o<

-log. [probenecid] M

Fig. 4. Action of probenecid on the extrusion and accumu-
lation of cyclic GMP. (a) MDCK cells were incubated with
various concentrations of probenecid in either the presence
(—M—) or absence (+---O---+) of 0.5 mM IBMX. In each
case cells were challenged with atriopeptin (107 M) for
30 min prior to the determination of extracellular cyclic
GMP. (b) Experiments done as in (a) but cells taken for
the determination of intracellular cyclic GMP. These figures
are representative of an experiment done on three separate
occasions with triplicate determinations of cyclic GMP
(means = SD). In subsequent experiments we found that
the addition of 40 mM probenecid did not cause any further
inhibition.

medium and then re-challenged with atriopeptin
(xIBMX) (Fig. 5) the rate of extrusion was markedly
attenuated. This desensitization exhibited a half-life
(Ty) of 20 + 4 and 23 = 5 min for experiments done
in the presence and absence of IBMX, respectively
(N = 3 separate experiments; errors are SD) and
was dose-dependent, with ECyq values of 1.5 = 0.8 X
108M and 0.9 = 0.5 x 1078 M atriopeptin in the
presence and absence of 0.5 mM IBMX, respectively
(N = 3 separate experiments; errors are SD).

Atriopeptin-stimulated cyclic GMP production in
MDCK cells pre-treated with cyclic GMP and other
agents

MDCK cells were pre-incubated with 8-bromo
cyclic GMP (100 M) for 2 hr prior to its removal by
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washing. They were then challenged with atriopeptin
(107M) in the presence and absence of IBMX
(0.5 mM) for 10 min. Intracellular accumulation in
the presence of IBMX and atriopeptin was 10.2 = 1.4
pmol/108 cells in control cells and 10.9 = 1.7 pmol/
108 cells in 8-bromo cyclic GMP pre-treated cells.
For assays done in the absence of IBMX the respect-
ive values were 3.0 * 0.4 and 3.2 = 0.5 pmol/10°
cells. Labelled cyclic GMP found extracellularly for
cells challenged with IBMX and atriopeptin was
2.3 +0.7 pmol/10% cells using control cells and
2.9 =+ 0.2pmol/10° cells for cells which had been pre-
treated with 8-bromo cyclic GMP (N = 3 separate
experiments; errors are SD).

Incubation of cells with either forskolin or PGE,
failed to exert any effect (less than 10%) on either
the accumulation or extrusion of cyclic GMP elicited
by atriopeptin (1076 M) plus 0.5 mM IBMX. Treat-
ment of cells with either cholera or pertussis toxin
failed (less than 10% difference) to alter the
atriopeptin (*IBMX)-induced accumulation or
extrusion of cyclic GMP.

Cyclic nucleotide phosphodiesterase activity

Homogenates of MDCK cells exhibited both cyclic
AMP and cyclic GMP phosphodiesterase activity.
Over 90% of the cyclic GMP phosphodiesterase
activity was found in the cytosol (100,000 g super-
natant) fraction. This activity could be resolved on an
FPLC Mono-Q column (Fig. 6), yielding an elution
pattern similar to that we observed for kidney cytosol
extracts [40]. This identified two cyclic AMP specific
fractions eluting at the high ionic strength region of
the gradient and two cyclic GMP preferring enzymes
which eluted at lower ionic strength (Fig. 6). The
activity of only the first eluted phosphodiesterase
was stimulated (2.5-3.0-fold) by addition of Ca®*

pmol cGMP produced / 10E+6 celis

time (h)

Fig. 5. Effect of re-challenge of MDCK cells with
atriopeptin on cyclic GMP extrusion. Cells were incubated
with atriopeptin (107¢M) for the times specified prior to
washing three times with serum-free medium, re-chal-
lenging with atriopeptin (107°M) for 10 min and deter-
mination of extracellular cyclic GMP. Experiments were
done by pre-incubating and then incubating in the presence
(—M—) and absence (++++-[3+++) 0of 0.5 mM IBMX. These
figures are representative of an experiment done on three
separate occasions with triplicate determinations of cyclic
GMP (means * SD).
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Fig. 6. FPLC separation on a Mono-Q column of MDCK cell cyclic nucleotide phosphodiesterase
activity. MDCK cells were homogenized and subjected to centrifugation as described in Materials and
Methods. A portion of the high speed supernatant was applied to a Mono-Q column whereupon all the
cyclic GMP and cyclic AMP phosphodiesterase activity bound. Elution was done using the indicated
NaCl gradient whilst following the cyclic AMP (-+--+ -+ +) and cyclic GMP (—M—) phosphodiesterase
activities at 0.1 uM substrate concentrations. Recovery of activities was greater than 90%. Data is a
typical experiment of one done three times. These figures are representative of an experiment done on
three separate occasions with triplicate determinations of cyclic GMP (means + SD).

(50 uM) and calmodulin (200 nM). Neither of the
activities of the cyclic AMP-specific enzymes, when
assayed with 1 uM cyclic AMP, was inhibited by the
presence of 2 uM cyclic GMP. Conversely, neither of
the activities of the cyclic GMP-preferring enzymes,
when assayed at 1 uM cyclic GMP, was inhibited by
2 uM cyclic AMP.

With 0.1 uM cyclic GMP as substrate then over
97% of cytosol phosphodiesterase activity was
inhibited by 0.5 mM IBMX. This value fell to 88
92% (range, N = 3) employing 1 uM substrate and
72-76% (range, N = 3) employing 10 uM cyclic GMP
as substrate. Determination of the intracellular vol-
ume of MDCK cells allowed us to calculate that
some 20 min after exposure of MDCK cells to atri-
opeptin and IBMX, then intracellular cyclic GMP
concentrations would be some 3-4 uM cyclic GMP,
assuming equilibration throughout the cell. At such
levels of cyclic GMP then it is evident that 0.5 mM
IBMX would be capable of inhibiting phospho-
diesterase activity only by ca. 80%.

When cells were incubated with 1 uM atriopeptin
and 0.5 mM IBMX for periods of 10 to 60 min and
then harvested and homogenized, we found no ident-
ifiable (less than 8%) difference in homogenates
cyclic GMP phosphodiesterase activity.

Incubation of intact cells with [3H]cyclic GMP
(0.1-1 uM) failed to show degradation of this ligand,
indicating the absence of extracellular phospho-
diesterase activity.

Intracellular cyclic AMP accumulation in MDCK
cells

Only when IBMX (0.5 mM) was present in the
incubation medium did challenge of MDCK cells
with either forskolin or PGE, elicit a marked time-
dependent increase in the intracellular accumulation
of cyclic AMP (Fig. 7). However, addition of 0.5 mM
IBMX alone failed to increase intracellular cyclic
AMP concentrations.

Atriopeptin addition over a range of concen-
trations (10~1°-10~° M) failed to elicit any change in
the intracellular concentration of cyclic AMP of cells
challenged with PGE, together with IBMX.

DISCUSSION

Early studies have shown that cyclic GMP could
be extruded from norepinephrine-stimulated pin-
eal and posterior pituitary glands {41] and from
carbamoyl choline-stimulated pancreatic lobules
[42]). The first cell studies, however, were done on
hepatocytes where N-methyl-N’-nitro-N-nitroso-
guanidine was shown to stimulate cyclic GMP
production and extrusion [32]. More recently,
however, cyclic GMP extrusion has been noted in
vascular smooth muscle and endothelial cells
challenged with either nitroprusside [43] or ANF
[20]. Here we have shown that challenge of a dog
kidney epithelial cell line (MDCK) with atriopeptin
leads to a marked increase in intracellular cyclic
GMP concentrations (Fig. 1). This increase in cyclic
GMP is a transient phenomenon, peaking around
10-15 min after atriopeptin challenge and which can
be dramatically amplified in the presence of the
non-specific cyclic nucleotide phosphodiesterase
inhibitor, IBMX (Fig. 1).

We believe that the transient nature of the cyclic
GMP response to atriopeptin is due to a number of
novel factors that we have identified. One of these
is desensitization, which we can demonstrate by
washing cells free of atriopeptin and re-challenging
with this peptide. Using such a procedure we
observed (Fig. 2) a time- and dose-dependent loss in
the ability of atriopeptin to stimulate cyclic GMP
accumulation. Furthermore, pre-incubation of cells
with 8-bromo cyclic GMP did not mimic desen-
sitization, indicating that it is unlikely to occur as a
consequence of cyclic GMP elevation. Consistent
with this are our observations that the half-times



392

M. Woobs and M. D. HousLAY

10000

8000

6000

4000

2000

U
iy :::.%ﬁ:::z:.'.'mt"jﬂiﬁ“”‘“‘""ﬁ

j ..... xe-s  IBMX
B farskolin
> kolin + IBMX
N or— Prreense PGE1

] —=— PoE1+iBMx

CAMP formed ( dpm / 10E+5 cells)

0 10 20

30

time (min.)
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separate occasions with triplicate determinations of cyclic AMP (means = SD).

for atriopeptin-catalysed desensitization were similar
whether or not IBMX was added with atriopeptin
despite such a treatment yielding very different
increases in intracellular cyclic GMP concentrations
(Fig. 2). It may be that desensitization results from
agonist occupancy causing receptor down-
regulation. We have, however, been unable to
address this point due to the vanishingly small num-
bers of atriopeptin receptors on this cell line that
have been observed by others [19] and ourselves (M.
Woods and M. D. Houslay, unpublished).

A further contributing factor to the transient
nature of cyclic GMP accumulation is our novel
observation that, after challenge of cells with atri-
opeptin, cyclic GMP is actively extruded from the
cell (Fig. 3) in a time- and dose-dependent fashion.
In this instance, the initial rapid and linear rate of
extrusion is tempered as intracellular levels of cyclic
GMP begin to fall (Figs 2 and 3). This shows that
the reduced intracellular accumulation seen over this
period is not due to any activation of the extrusion
system. We therefore suggest that the transient
nature of intracellular accumulation is due to the
concerted action of three processes namely desen-
sitization, degradation by cyclic GMP phospho-
diesterases and a continuing egression (transporter)
activity.

The extrusion system identified in these cells
appears to transport cyclic GMP actively out of the
cell as egress of this cyclic nucleotide was unaffected
(Fig. 3c) by the presence of a considerable con-
centration gradient of external cyclic GMP (5 mM).
Furthermore, this process was inhibited in a dose-
dependent fashion by the organic acid transport
inhibitor probenecid (Fig. 4a). These features are
similar to those noted using smooth muscle cells and
hepatocytes [20, 32]. Consistent with blockade of

egress, probenecid increased intracellular cyclic
GMP concentrations (Fig. 4b). This was most
marked when IBMX was present to prevent degra-
dation of cyclic GMP.

Despite the fact that IBMX augmented the ability
of atriopeptin to increase intracellular cyclic GMP
accumulation it did not increase the rate of efflux of
cyclic GMP observed (Fig. 3a). This suggests that
the efflux system may be saturated at very low intra-
cellular cyclic GMP concentrations. It is also
possible, however, that IBMX exerts a small inhibi-
tory effect on the carrier, as has been alluded to in
studies done in other cells [20, 32].

In order for atriopeptin to achieve a transient
increase in the intracellular concentration of cyclic
GMP when added to cells in the presence of IBMX,
a markedly greater amount of cyclic GMP must be
metabolized compared to that metabolized in cells
which were challenged with atriopeptin alone (Fig.
1). It is clear that this is not achieved by enhanced
extrusion (Fig. 3). We must conclude, therefore, that
this must be due to metabolism by phosphodiesterase
activity. Indeed, we can calculate that in cells chal-
lenged with atriopeptin + IBMX then intracellular
cyclic GMP will attain levels of 3-4 uM, at which
point it is likely that cyclic GMP phosphodiesterase
activity will be only some 80% inhibited by the
reversible inhibitor IBMX, thus allowing for con-
siderable metabolism of this cyclic nucleotide. Whilst
an IBMX-insensitive phosphodiesterase has been
reported in hepatocytes [39] and uterus [44], this is
a cyclic AMP specific enzyme. Indeed, we found no
evidence for such a species in either MDCK cells or
in kidney homogenates [40].

MDCK cells exhibit an adenylate cyclase activity
that can be activated by a number of ligands [45].
We show here that significant accumulation of cyclic
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AMP in response to such ligands only occurred when
IBMX was present (Fig. 7a). It has been noted that
atriopeptin can inhibit adenylate cyclase activity and
cyclic AMP accumulation in atrial and ventricular
cardiocytes [46] as well as artery preparations [47].
However, using a range of concentrations of atri-
opeptin, we failed to identify any inhibitory effect
on PGE |-stimulated cyclic AMP accumulation. This
suggests that the atriopeptin receptor in kidney cells
does not interact with the adenylate cyclase system
and that elevation of intracellular cyclic GMP does
not inhibit the breakdown of cyclic AMP. The latter
observations are consistent with our findings that the
major cyclic AMP metabolizing enzymes of MDCK
cells appear to be specific for cyclic AMP (Fig. 6)
and their activities are unaffected by cyclic GMP.
Conversely, treatment of cells with agents such as
PGE, and forskolin, which raise intracellular cyclic
AMP levels in the presence of forskolin, failed to
inhibit cyclic GMP accumulation or exit. This indi-
cates a specificity for both degradation and extrusion.
Nevertheless, that atriopeptin failed to inhibit intra-
cellular cyclic AMP accumulation in the presence of
IBMX, may indicate that inhibition of adenylate
cyclase seen by other investigators is related either
to a specific subtype or ANF receptor, as multiple
mRNA species have been identified [15], or is a cell-
specific phenomenon. Certainly ANF inhibition of
adenylate cyclase is not a ubiquitous phenomenon
as atriopeptin does not appear to inhibit adenylate
cyclase in testis [47] despite the fact that ANF recep-
tors are expressed there [48].

In summary, we have shown that a kidney epi-
thelial cell line shows a transient accumulation of
cyclic GMP inresponse to challenge with atriopeptin.
The transient nature of this response is due to three
factors; a rapid desensitization of guanylate cyclase,
degradation of cyclic GMP by specific cyclic GMP
phosphodiesterases and active extrusion of cyclic
GMP. Intriguingly, inhibition of cyclic nucleotide
phosphodiesterase activity enhanced accumulation
of cyclic GMP but not its active egression. This
suggests that this process was rapidly saturated and
that the K, for this carrier may be below 1 uM cyclic
GMP. Estimation of the initial rates of atriopeptin
catalysed accumulation and extrusion of cyclic GMP
show these to be of the order of 0.6 and 0.9 pmol
cyclic GMP/min/10° cells, respectively. At the same
time, metabolism of cyclic GMP by phospho-
diesterase action is occurring and this can be esti-
mated as being around 0.5 pmol/min/10° cells, from
analysis of initial rates done in the presence of IBMX.
However, as detailed earlier, this is unlikely to lead
to a complete inhibition of phosphodiesterase
activity and the value given will thus be under-
estimated; probably by around 20% as gauged from
our inhibitor studies using homogenates. Such data
shows that the extrusion process has a similar capa-
city to the phosphodiesterase complement of MDCK
cells in being able to remove cyclic GMP. The rel-
evance of the extrusion process has yet to be deter-
mined but the potency of this effect might imply some
physiological importance related to determining the
length of time a kidney cell may have elevated intra-
cellular cyclic GMP concentrations. It will be of
interest to determine what effect selective inhibitors

of either cyclic GMP phosphodiesterases or the
active extrusion system have on biological systems
and blood pressure.
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