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Abstract

The cellular mechanism of the vasodilatory action of atriopep-
tin III (APIII) on vasopressin (AVP)-induced Ca2+ mobiliza-
tion and cell shape change in cultured vascular smooth muscle
cells (VSMC) was studied. APIII (10-' M) attenuated the
increase of intracellular free Ca2+, [Ca21h, induced by 10-' M
AVP (234.0±14.8 vs. 310.0±28.4 nM, P < 0.01). Similar re-
sults were obtained in 45Ca2' efflux experiments. APIII (10-'
M), however, did not alter AVP-induced inositol trisphosphate
(IP3) production, although the levels of inositol-l-phosphate
were significantly reduced. The effect of APIII to block or
attenuate AVP-induced Ca2 mobilization was associated with
an inhibition of AVP-stimulated cell shape change. The effect
of atrial natriuretic factor (ANF) on cell shape, however, oc-
curred at lower ANFconcentrations than the effect on the Ca2+
mobilization. APIII stimulated production of cyclic guanosine
monophosphate (cGMP) in VSMC. The effect of APIII on
AVP-stimulated Ca2+ mobilization was partially mimicked by
the stable nucleotide 8-bromo cGMPand was not affected by
the soluble guanylate cyclase inhibitor, methylene blue (10-4
M). These results suggest that APIII exerts its vasodilatory
effect, in part, by interference with vasopressor-stimulated
Ca2+ mobilization in vascular smooth muscle cells, perhaps by
stimulating particulate guanylate cyclase and cGMP. How-
ever, an effect of ANFon the contractile mechanism at a site
independent of Ca2+ release is also suggested by the present
results.

Introduction

The isolation, characterization, and amino acid sequencing of
the atrial natriuretic peptides from atrial cardiocytes has stim-
ulated considerable investigation into the mechanism of action
of these substances (1-3). In addition to the diuretic and natri-
uretic effects of these peptides, specific binding sites have been
demonstrated for these atrial peptides in a variety of vascular
tissues (4-8). Although a vasoconstrictor effect of atrial natri-
uretic factor (ANF)l has been shown in certain experimental
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1. Abbreviations used in this paper: All, angiotensin II, ANF, atrial
natriuretic factor; APIII, atriopeptin III, AVP, arginine vasopressin;
8-bcGMP, 8-bromo cGMP; IP, inositol phosphate(s); MIX, 3-isobu-
tyl- l-methylxanthine; PSS, physiological saline solution.

settings (9), in general ANFhas been found to exert a vasodi-
latory action (3-14). This vasodilation by ANF, however,
seems to be most readily demonstrable in the presence of va-
soconstrictors (3, 9, 12).

This latter observation, therefore, suggests that ANFmay
exert its vasodilatory effect, at least in part, by interfering with
the cellular action of vasoconstrictors. This possibility was
tested in the present study by examining the interaction of
arginine vasopressin (AVP) and atriopeptin III (APIII), a 24-
amino acid peptide with well-established vasodilatory proper-
ties (5), on 45ca2+ efflux, 45Ca2l influx, cytosolic free Ca2+, and
cellular contraction of rat vascular smooth muscle cells in cul-
ture. In addition, since it has been suggested that cyclic guano-
sine monophosphate (cGMP) may be an intracellular media-
tor of ANF (15, 16), the effect of the stable nucleotide ana-
logue, 8-bromo cGMP, on AVP-mediated cellular Ca2+
kinetics and cell contraction was also examined. Finally, in
view of results showing a decrease of Ca2+ mobilization by
AVP in the presence of ANF, we studied the AVP-induced
production of inositol trisphosphate (1P3), the putative media-
tor of Ca2+ release, both in the presence and absence of ANF.

Methods

APIII was obtained from Peninsula Laboratories, Inc. (Belmont, CA).
45CaCl2 was purchased from New England Nuclear (Boston, MA).
8-bromo cGMP, AVP, methylene blue, quin 2, and quin 2-acetoxy
methylester (quin 2-AM) were purchased from Sigma Chemical Co.
(St. Louis, MO) and fura 2 was from Molecular Probes, Inc. (Eugene,
OR). [3H]Inositol and radiolabeled inositol phosphates were purchased
from Amersham Corp. (Arlington Heights, IL). Digitonin was ob-
tained from Calbiochem-Behring Corp. (LaJolla, CA).

Preparation of aortic smooth muscle cells and cell culture. Rat
aortic smooth muscle cells were isolated using a modified method
originally described by Chamley et al. (17). The thoracic aortas from
six to eight male Sprague-Dawley rats were incubated at 37°C for 30
min in 7.5 ml of Eagle's minimum essential medium (MEM) contain-
ing 2 mg/ml collagenase (Cooper Biomedical, Inc., Malvern, PA; 218
U/mg). After dissecting the adventitia, the aortas were minced with
sterile razor blades and incubated again at 37°C in Eagle's MEM(2
mg/ml collagenase) for 2.5-3 h under continuous stirring. After this
incubation the resulting single cell suspension was centrifuged for 5
min at 1,000 rpm. The cell pellet was resuspended in fresh incubation
medium without collagenase. This procedure was repeated twice. The
cells were plated onto 35-mm cultures dishes at a density of 2.5-3.0
X 105 cells/dish and grown at 37°C in a humidified atmosphere of 95%
air and 5% CO2. Eagle's MEM, supplemented with 10% fetal calf
serum, 100 U/ml penicillin, and 100 gg/ml streptomycin was used as
culture medium. Cell viability was checked by the exclusion of trypan
blue (0.3%) and always exceeded 95%. The cultures reached confluence
after 7-10 d and were then used for experiments. Only primary cul-
tures were used because vascular smooth muscle cells may lose their
contractility when subcultured (18).

Quin 2 and fura 2 loading and fluorescent measurements. For
measurements of intracellular free Ca2', [Ca2+]j, levels, aortic smooth
muscle cells were grown on round glass coverslips (13-mm diam).
Upon confluence, the coverslips were washed twice with MEMwith-
out fetal calf serum. The coverslips were then incubated with serum-
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free MEMcontaining 15 ,M quin 2-AM for 60 min at 370C in 95%air
and 5% Co2. At the end of the loading period, the coverslips were
washed three times with physiological saline solution (PSS; 140 mM
NaCl, 4.6 mMKCI, 1.0 mMMgCl2, 2.0 mMCaCl2, 10 mMglucose,
10 mMHepes, pH 7.4) and inserted into disposable fluorescence cu-
vettes containing 3 ml PSS. The cuvettes were placed in the thermo-
stated holder of a fluorescence spectrophotometer (650-IOS,(Perkin-
Elmer Corp., Norwalk, CT). Fluorescence of quin 2-loaded cells was
measured using an excitation wavelength of 339 nm (slit 5 nm) and an
emission wavelength of 492 nm (slit 15-20 nm) (19).

The complete intracellular hydrolysis of quin 2-AM was judged by
scanning the emission spectrum of quin 2 from 400 to 600 nm in the
loaded cells. The cells exhibited a complete spectral shift peaking at
490-500 nm at the end of the loading procedure. None of the agents
tested affected the fluorescence emission of nonloaded cells, nor did
they have any significant fluorescence of their own.

A slow spontaneous decrease in fluorescence emission of quin 2-
loaded cells [9.3±0.5% (mean±SE, n = 11) of total Ca2"-dependent
fluorescent emission] after 2 min was observed due to photo bleaching
of the probe and fluorescence tracings were corrected (during each
experimental period) for the calculation of [Ca2+],.

Cellular quin 2 concentration was estimated using a quin 2 free
acid standard in the presence of nonloaded cells. Assuming an intra-
cellular water space of - 0.25 ul/105 cells (20), the calculated cellular
quin 2 concentrations were 1.35±0.24 mM(mean±SE, n = 11).

A value of 1 5 nMwas used as the dissociation constant (Kd) of the
quin 2-Ca2+ complex and [Ca2+Ji was calculated as described (19, 21).
Leakage of quin 2 from the cells was excluded by adding 5 x 10-4 M
MnCl2 to quench the fluorescence of any extracellular quin 2. This
maneuver did not affect the basal fluorescence.

For the fura 2 measurements, the monolayers on coverslips were
incubated for 45 min at 37°C with MEMcontaining no FBS and with
4 MMfura 2 AM. The monolayers were then washed three times with
MEMcontaining no fura 2 and incubated another 15 min at 370C to
allow time for any nonhydrolyzed fura 2-AM to diffuse from the cells.
Before measurement, the coverslips were rinsed again with PSS con-
taining 2 mMCa2". Fluorescence was measured at 37°C using the
same equipment and conditions as for quin 2 determinations, at an
emission wavelength of 500 nmand excitation wavelengths of 342 and
380 nm. Autofluorescence was measured in similar cells which had not
been loaded with fura 2 and was < 10%of the total fluorescence of fura
2-loaded cells in all the experiments. [Ca2+]i was calculated as de-
scribed by Grynkiewicz et al. (22). In this and the following sets of
experiments, unless otherwise stated, cells were preincubated in the
presence or absence of ANF by 5 min, before the addition of the
effectors and ANFwas simultaneously added with the effectors. Prein-
cubation with ANFavoids any possible interference by AVPon other
mediators of ANF-mediated cGMPgeneration (23).

'Ca2" efflux. The culture medium was removed by aspiration and
cell monolayers were rinsed twice with 1 ml PSSand loaded with 8 ,uCi
of 45Ca2+ in 1 ml of PSSat 370C for 3 h. Then the cultures were rapidly
rinsed 10 times with 1 ml of PSSand another 1 ml of PSSwas added.
The medium was removed and replaced with 1 ml of PSSat 1, 2, 3, and
4 min and thereafter at 30-s intervals. Hormones and other com-
pounds were added as indicated during the time course of 45Ca2+ ef-
flux. The amount of 45Ca2' released from the cells in each time interval
was measured by liquid scintillation counting.

45Ca2+ uptake. The culture medium was removed by aspiration and
the cells were washed twice with 1 ml of PSS. Then the cells were
incubated for 5 min with 2 MCi of 45Ca2+ in the presence or absence of
effectors in 1 ml of PSS. To terminate the uptake, external 45Ca2+ was
removed by rinsing the dish five times at 40C with Ca2+-free PSS
containing 2 mMEGTA. Intracellular radioactivity was extracted with
1 ml of sodium dodecyl sulfate-containing alkaline solution and mea-
sured by liquid scintillation counting.

Measurement ofcGMPand cAMP. The cells were incubated for 10
min at 370C in PSS containing 0.5 mM3-isobutyl-l-methylxanthine
(MIX), with or without APIII. The reaction was terminated by adding

100 Ml of 0.1 N HCI to disrupt the cells. The cells were scraped with a
rubber policeman and centrifuged. The supernatants were saved for
determination of cGMPand cAMPwhich was done by radioimmuno-
assay with commercial kits by NewEngland Nuclear.

Protein was determined in all studies by the method of Lowry et
al. (24).

Measurement of inositol phosphates. After cells were grown to
confluence, the culture media of each dish was replaced with 1 ml of
inositol-free medium containing 10 MCi of myo-2[3H]inositol (specific
activity 16.3 Ci/mmol), and cells were incubated during 24 h. It has
been previously shown that steady-state labeling occurs by 24 h. At the
moment of the experiment, culture media was aspirated and replaced
with 500 jl/dish of 370C PSS containing 10-8 or 10-7 MAVP. The
reaction was stopped after 30 s using 500 ,l of ice-cold trichloroacetic
acid (20% solution). Cells were scraped using an Eppendorf pipette top
and aliquots were taken for protein determination. In the experiments
using ANF, cells were preincubated with l0-7 MANF in PSS for 5
min; after this period, this solution was replaced by PSS containing
I0-7 MANFand 10-8 or I0-` MAVP.

The samples were centrifuged at 1,000 g for 10 min. The superna-
tant, containing inositol phosphates, was washed three times with an
equal volume of ether and stored at -20'C until analysis, which was
performed during the same week of the extraction. The water-soluble
fraction was thawed and brought to pH 6.0 using Tris-base (50 MM).
The extracts were applied to columns containing 1 ml of Dowex- I (X8,
Formate form) and serially eluted with l-ml aliquots of CH2O, Borax
(5 mMdisodium tetraborate, 60 mMsodium formate), 0.2, 0.5, and
1.0 Mammonium formate (in 0.1 Mformic acid) separating, respec-
tively, inositol, glycero-phosphatidylinositol, inositol-l-phosphate,
inositol bisphosphate, and IP3 (25); this last fraction includes 1,3,4-
and 1,4,5-IP3 and 1,3,4,5-inositol phosphate. Samples were collected
and counted in a scintillation counter. The extraction procedure has
been previously validated with radioactive phosphoinositides. Results
were expressed as number of IP3 counts per milligram of protein.

Smooth muscle cell shape change. The change in cell shape of aortic
smooth muscle cells was evaluated by using phase-contrast microscopy
(IM, Carl Zeiss, Oberkochen, Federal Republic of Germany) and a
digital imaging analysis system (Zidas, Carl Zeiss). The digitizer was
calibrated with a micrometer scale for each experiment. Cell surface
area was measured before and 20 min after the addition of any agent.
These measurements were done in triplicate on each cell. Repeated
measurements of the same cell yielded an average coefficient of varia-
tion of - 1.5%. Taking into account the spontaneously occurring
change of cell shape and the variability in the image analysis, only a
decrease in cell surface area of > 15% was considered a positive con-
tractile response. A X20 objective was used for all contraction studies.
The microscopic field was chosen randomly. At the time of the experi-
ment, culture medium was aspirated and cells were washed twice with
PSS. Cells were then incubated with 37°C PSS in the presence or
absence of the effectors and cell shape change was evaluated at room
temperature. In experiments with ANF, a 5 min preincubation was
performed, as described previously.

Statistical analysis. Data are presented as mean±SEMand statisti-
cal analysis was performed with Student's t test for paired and unpaired
data. The Bonferroni correction was used for multiple comparisons.
Results of the contraction studies were evaluated with the Wilcoxon
rank sum test.

Results

Intracellular free Ca2". The basal [Ca2+]i in resting aortic
smooth muscle cells using quin 2 was 152.3±9.4 nM(n = 27).
Upon stimulation with AVP, there was a dose-dependent
rapid increase in [Ca2+]1 (Fig. 1), which returned to basal levels
within 5-7 min. APIII (10-8 M) alone did not affect the basal
free Ca2+ levels (145.4±8.7 vs. 152.3±9.4 nM, NS) either when
the cells were preincubated with APIII for 10 min or when
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0 "4SCa2+ efflux. Preincubation (5 min) of the cells with 10-8
MAPIII did not affect the spontaneous 45Ca2+ efflux (data not

_ /+ shown). AVP (10-8 M) markedly increased 45Ca2+ efflux
within 30 s (1.64±0.15 vs. 2.59±0.37 X103 cpm/mg protein

/ per 30 s, n = 5, P < .005) (Fig. 3). The maximal increase was
observed after 60 s. Basal efflux rates were reached again after
about 3 min. In cells preincubated for 5 min with APIII (10-8

,o r M), the stimulatory effect of AVP(1o-8 M) was attenuated and
only a slight insignificant increase was observed. APIII (5

0o x 0-9 M) significantly attenuated the response to AVP (Fig.> Mean i S.E.M. 3). However, no effect of APIII (10-8 M) on Io-' MAVP-me-
diated Ca2+ efflux was detected (4.69±0.41 vs. 4.51±0.33

11 10 9 8 7 6 X I05 cpm/mg protein per 30 s, n = 5).
-Log EAVP CM)) 45Ca2+ uptake. In Fig. 4, the 45Ca2+ uptake in response to

AVP alone, APIII alone, and AVP plus APIII are depicted.
Xsponse curve for AVP-induced changes in [Ca2+]J. The uptake of 45Ca2' by aortic smooth muscle cells was mea-
the mean of the maximal change in [Ca2+]i, ex- sured over a period of 5 min. AVP(10-8 M) significantly stim-
t increase over baseline. Each point represents the ulated 45Ca2+ uptake above spontaneous influx from
1-27 determinations in at least five separate cell cul- 9.58±0.75 to 13.04±0.92 X 103 cpm/mg protein per 5 min (n

= 5, P < 0.01). APIII (1o-8 M) alone did not affect the sponta-
neous uptake, but preincubation with APIII returned the stim-
ulatory effect of AVP to baseline (AVP 13.04±0.92 to AVP

asured directly after addition of APIII. In the + ANF9.80±0.64 X 103 cpm/mg protein per 5 minm n = 5, P
1-7 MAVP, ANF (10-8 M) had no effect on < 0.01). APIII (10-8 M) did not affect 45Ca2+ uptake by I0-7 M
2+]j (436.3±21.7 vs. 418.4±19.1 nM, NS). How- AVP (data not shown). APIII (10-9 M) did not affect AVP-
)8 M) significantly attenuated the increase in stimulated uptake significantly (12.70±0.48 vs. 13.04±0.92
'42+ byaX perla induced by 10-8 MAVP (Fig. 2) in a dose- X03 cpm/mg protein per 5 min, NS).
iner. The mean peak value of [Ca2+]j with AVP Vascular smooth muscle cell shape change. Addition of
110.0+28.4 nM; it decreased to 234.0±14.8 nM AVPto the medium-induced cell chape change in a dose-de-
he presence of APIII (10-8 M). No measurable pendent manner (Fig. 5) (26). Cell shape change began at 3-5
)served before the onset of the effect of AVP in min after the addition of AVPand was maximal after 20 min.
APIII. The following similar results were found These changes in shape were characterized by a rounding of
measuring [Ca2+], using fura 2. Whereas APIII the cell body and the retraction of cell processes. With 10-8 M

n preincubation) did not affect the [Ca2+]j in- AVP, 24.3±6.5% of the cells changed in response to the hor-
MAVP(A303.08±18.4 vs. A362.48±33.0 nM, mone. This percentage increased to 53.9±5.6% with 10-6 M
-8 MAPIII significantly reduced the [Ca2+], peak AVP. The average decrease in cell surface area for different
VP (A168.9±20.25 to A104.32±22.0 nM, P hormone concentrations varied between 30.7% and 34.1%;
3). Basal levels of [Ca2+]i were not significantly these differences were not significant and did not correlate
4F (86.6±5.7 vs. 80.5±8.3 1M). In control ex- with the concentration of AVP. APIII (10-8 M) virtually abol-
g angiotensin II (All) as the cell activator, no ished contraction induced by 10-8 and 10-7 MAVP. APIII (5
10-8 M APIII was found in the [Ca2+]i peak X 10-9 M) decreased the percentage of cells responding to 10-7
l0-7 All (A857. 17±82.7 without ANF vs. MAVP from 34.8±4.8% to 19.4±3.5% (P < 0.05) (Fig. 6).
nMwith ANF) and 10-8 MAll (A&587.16±90.0 Cyclic nucleotide production. The production of cGMP
Is. A504.25± 11.4 nMwith ANF). and cAMPin aortic smooth muscle cells was measured in the
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Figure 2. Effect of APIII on AVP-stimulated
[Ca2J]i. Each trace has been redrawn and represents
a typical time course of [Ca2+]jwith the mean peak
value (6-1 1 experiments per group). Cells were
preincubated for 5 min with APIII. APIII at the
same concentration of that of preincubation was
added simultaneously with AVP.

Atriopeptin III and Cal' in Smooth Muscle 1409



AVP
10- M

ao o (n=12)
AVP - -A + APIII 5 X 1O-9 M

10-a M (n=5)
L 0*-. + AP III 10-8 M

(n=5)

* p<.05
: ~~~~~vs.AVID

** p<.02

Mean ± S.E.M.

1.5

- 120 -60 0 60 120 180

Time (s )

presence of the phosphodiesterase inhibitor MIX (0.5 mM)
under basal conditions and in the presence of APIII. Basal
cGMPproduction was 5.65±1.60 pmol/mg protein per 10

min and increased in a dose-dependent manner with APIII
doses of I0-9 to 10-6 M(Fig. 7). Basal cAMPproduction was
16.45±2.69 pmol/mg protein per 10 min (n = 3) and was not
stimulated by 10-7 MAPIII (16.32±2.36 pmol/mg protein 10

per min, n = 4).
Effects of 8-bromo cGMPon A VP-induced Ca2" mobiliza-

tion and cell shape change. Since the effect of APIII to attenu-
ate AVP-induced Ca2' mobilization and shape change in aor-

tic smooth muscle cells was associated with increased cGMP
production, the stable nucleotide 8-bromo cGMP(8bcGMP)
was used to mimic the effects of APIII. Preincubation for 5
min with 8bcGMP(10-3 and 5 X l0-3 M) significantly atten-
uated AVP-stimulated increase (10-8 M) of [Ca21], (Fig. 8).
8-bcGMP (10-7 M) also reduced the 10-7 M AVP-induced

15
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Figure 3. Effect of APIII on AVP-stimilated
45Ca2' efilux. AVPwas added as indicated by
the arrow. In the APIII groups, cells were prein-

cubated with APIII for 10 mnin before the start
of the measurements (five to nine experiments
per group).

increase of [Ca2+]i by 45.2% (P < 0.05), n = 4. 10-3 M
8bcGMPhad no effect on basal [Ca2+]f (data not shown).
8bcGMPalso attenuated the effect of AVP on 45Ca2+ efflux
(Fig. 9). The AVP-induced 45Ca2+ uptake was also diminished
by 8bcGMP in a dose of l0o- M (13.04±1.42 vs.

11.21±0.94 X 103 cpm/mg protein, n = 6, P < 0.05) (Fig. 10).
8bcGMPalone did not affect spontaneous 45Ca2` efflux and
uptake (data not shown). Furthetmore, 8bcGMP(10-3 M) at-
tenuated AVP (10-7 M)-induced cell contraction (20.4±0.9%
vs. 32.9±2.3%, n = 5, 10-17 cells per experiment, P < 0.05).

Methylene blue. Methylene blue, an inhibitor of soluble
guanylate cyclase, was used in an attempt to inhibit the effects
of APITI on AVP-stimulated Ca2+ mobilization and cell con-

traction. Methylene blue (10-4 M) did not block APIII (10-8
M)-stimulated cGMPproduction (54.0±7.8 vs. 55.1±12.3
pmol/mg protein per 10 min, n = 4, NS). Methylene blue also
did not prevent the inhibitory effect of APIII on AVP-stimu-
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AP III AP III
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Figure 4. Effect of APIII on 45Ca2+ uptake.
Each column represents the mean±SEMof
four to six determinations done in duplicate
in separate cell cultures.
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Figure 5. Dose-response curve of vascular smooth muscle cells in the
presence of different concentrations of AVP. Each bar represents the
mean±SEMof at least five experiments.

lated 45Ca2" efflux (Fig. 8) or 45Ca2" uptake by APITI (Fig. 9).
Furthermore, methylene blue had no effect on the inhibition
of cell contraction by APIII (data not shown).

Inositol phosphates. The effect of APIII (IO-' M) on AVP-
induced inositol phosphate's production is shown in Table I.

APIII did not interfere with the AVP-mediated increase in
IP2 and IP3, whereas a decrease in IPI levels was observed
(P < 0.05).

Discussion

The present in vitro studies were undertaken to examine
whether APIII alters the AVP-induced cellular Ca2' kinetics
and cell contraction of rat vascular smooth muscle cells in
culture. The vascular (VI) receptors for AVP are known to
increase the formation of IP3, which stimulates the intracellu-
lar release of Ca2+ from the sarcoplasmic reticulum (27-29).

%Cells
Contracting

This intracellular release of Ca2" occurs in the absence of ex-

tracellular Ca2" and is blocked by dantrolene, a known inhibi-
tor of [Ca2+]i mobilization (26, 30, 31). The IP3-induced Ca2"
release can be monitored by the rapid rise in cytosolic free
Ca2' as assessed by fluorescent dyes and the rapid cellular
efflux of 45Ca2+. Both cytosolic Ca2+ and Ca2+ efflux measure-

ments were used in the present study to examine whether
APIII alters this initial phase of contraction induced by AVP.

APIII attenuated in a dose-response manner both the
AVP-induced rise in cytosolic free Ca2' and 45Ca2+ efflux.
Quin 2 and fura 2 fluorescent dyes were used to assess cytosolic
free Ca2" in the present study and the results were similar.
Other investigators have also shown in glomerular mesangial
cells that results were similar when [Ca2+], was assessed by
these same indicators (32). No effect of APIII alone could be
demonstrated on either cytosolic free Ca2' or 45Ca2+ efflux,
results similar to those observed by other authors (33, 34).
These in vitro data are compatible with the in vivo observa-
tions that the vasodilatory effect of the atrial peptides is most
easily demonstrable in the presence of vasoconstrictor hor-
mones (12). Also, ANF has been reported to interfere with
Ca2` mobilization and contraction by norepinephrine (34, 35),
histamine (34), and All (33), although for AII the evidence is
not consistent (34, 36, 37).

The effect of APIII to decrease both the AVP-induced rise
in cytosolic free Ca2` and 45Ca2` efflux suggested an inhibitory
effect on either IP3 generation or the effect of IP3 to increase
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Figure 6. Effect of APIII on AVP(10-7 M)-stimulated contraction of
aortic smooth muscle cells (n = 5, 10-17 cells per experiment). Cells
were preincubated with APIII for 10 min and APIII at the same con-

centration of the preincubation was added simultaneously with AVP.
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Figure 8. Effect of 8-bromo cGMPon AVP-stimulated [Ca2]i. Each
trace has been redrawn and represents a typical time course of
[Ca2+]i with the mean peak value (n = 5).
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Ca2l release from the sarcoplasmic reticulum. Even though we

did not find a decrease in IP3 production by AVP in cells
pretreated with ANF, the observed decrease in IP,, a metabo-
lite of IP3, suggests that an earlier decrease of IP3 could have
occurred. The issue of the role of ANFon inositol phosphates
metabolism is still controversial. Experiments in glomerular
mesangial cells did not detect an effect of APII to alter AVP-
induced IP3 generation (37). Although these latter results were

obtained in mesangial, not aortic smooth muscle cells, and
with APII not APIII, they suggest that atrial peptides may act
by a mechanism distal to IP3 production, e.g., the endoplasmic
reticulum or the contractile apparatus. In this regard, it is
interesting to note that cGMP, the purported secondary mes-

senger of atrial peptides, has been proposed to alter sarcoplas-
mic Ca2+ release (38, 39) and to modify the kinetics of mem-

brane Ca2" transport (40). However, there are other reports

15

10 T

Uptake

(103. cpMlmg protein/
5 min)

Figure 9. 45Ca2" efflux. Effect of 8-bromo
cGMPon AVP-induced 45Ca2+ efflux
and inhibition of AVP-induced efflux by
APIII in the presence of methylene blue
(four to nine experiments per group).

showing that ANF (41) or its putative second messenger

cGMP(42) may cause a decrease in inositol phosphatide
breakdown. This could account for the reduction in Ca2" re-

lease by AVPand other hormones.
Further studies were therefore performed in the present

investigation to examine whether cGMPmight be involved in
these effects whereby APIII alters AVP-induced Ca2" kinetics
in rat aortic vascular smooth muscle. As in previous studies
(15, 16), the present results support the findings that atrial
peptides stimulate cGMPbut not cAMP in vascular smooth
muscle. The effect of APITI to stimulate cGMPwas demon-
strated to be dose-dependent and the 1O-8 Mdose of APIII that
inhibited AVP-induced Ca2" kinetics and cell contraction also
increased cGMP. This observation therefore was compatible
with the possibility that cGMPmight be involved in the ob-
served interactions of ANFand AVPon cellular Ca2" kinetics.

* p<.05

Mean ± S.E.M.

Figure 10. 8-bromo cGMPmimics the effect
of APIII on AVP-induced 45Ca2+ uptake
(crosshatched bar). Methylene blue does not
affect inhibition of AVP-induced 45Ca2+ up-

take by APIII (solid bar). Each bar repre-
sents the mean±SEMof four to six determi-
nations done in duplicate in separate cell
cultures.
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Table I. Effect of ANFon AVP-mediated Inositol
Phosphate Production

AVP 10-7 M AVP 10-8 M
AVP 1o-7 M + ANF 1o-7 M AVP 0-8 M + ANF 1o-7 M

counts/JO' total counts per Ag protein

IP, 433±31 327±36* 342±19 246±37*
IP2 80±13 84±12 51±5 54±7
IP3 88±14 100±24 50±7 58±10

n = 8.
* P < 0.05 respective to the same AVPconcentration in the absence
of ANF.

The effect of the stable cGMPanalogue, 8bcGMP, on AVP-
induced 45Ca2+ efflux and cytosolic free Ca2+ was therefore
examined. 8bcGMPdecreased AVP-induced 45Ca2+ efflux and
cytosolic free Ca2+ concentration and cell shape change. The
effective doses of 8bcGMPwere, however, quite large, i.e., 1
and 5 mM, thus a pharmacological rather than physiological
effect of the agent cannot be excluded. The concentrations of
the 8bcGMP at the intracellular target sites may, however,
have been in the normal range for cGMP.

Whereas some investigators have suggested that soluble
guanylate cyclase may be responsible for the effect of atrial
peptides to stimulate cGMP(43, 44), other results suggest that
particulate guanylate cyclase is involved (16, 44). In the
present studies, the absence of an effect of methylene blue, an
inhibitor of soluble guanylate cyclase, suggests that, if cGMP
modulates the interaction between APIII and AVP, it is the
particulate rather than soluble guanylate cyclase which is in-
volved. However, the possibility of the existence of non-
cGMP-mediated effects of AVPmust be taken into account, as
suggested by recent reports (46).

In the present study APIII was also shown to diminish the
effect of AVP to increase 45Ca2' uptake in a dose-response
manner. Thus, while 1O-8 MAPIII blocked the cellular uptake
induced by 10-8 MAVP, 10-9 MAPIII did not block this
effect of the same dose of AVP. Such reduction in Ca2+ uptake
may account in part for the decreased [Ca2+], peak observed
with the fluorescent indicators. Taylor and Meisheri (47) re-
ported that APII inhibits norepinephrine-induced 45Ca2+ up-
take by aortic rings. Furthermore, these investigators found
that APII is much less effective in inhibiting potassium-in-
duced 45Ca2+ uptake thus suggesting that atrial peptides may
interfere primarily with receptor-operated rather than voltage-
dependent channels.

The apparent discrepancy between the concentrations of
ANF that inhibit cell shape change and those that reduced
Ca2+ mobilization is suggestive of an ANFaction beyond the
Ca2+-releasing mechanisms. Similar results have been recently
reported by Takuwa and Rasmussen (34), who found a strong
inhibitory effect of ANFon the All-dependent rat aortic con-
traction, in the absence of a decrease in AII-stimulated Ca2+
transient. As a control in the present study, the effect of ANF
on All-induced [Ca2+]i was examined and these previous re-
sults (33) were confirmed. Furthermore, the partial reduction
by ANFof the AVP-mediated [Ca2+]j increase was unlikely to
explain totally the inhibition of cell shape change with ANF.
Specifically, the [Ca2+]i transient induced by AVP in the pres-

ence of ANF, although reduced, was still in the range which is
associated with cell activation.

In summary, ANFmay interfere with the initial phase of
AVP-induced vascular contraction by diminishing cellular
Ca2" mobilization, perhaps by impairing the effect of IP3 on
the endoplasmic reticulum. The present results, however, also
incriminate another effect(s) oi ANF to block vascular con-
traction caused by AVP. This latter effect of ANFappears to
be different than the initial Ca2" mobilization by IP3, and may
involve protein kinase activation and diminished cellular Ca2"
influx.
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