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ABSTRACT. Atrial natriuretic peptide (ANP) receptors A and B are guanylyl cyclase receptors, whereas
ANP-C receptors are coupled to adenylyl cyclase through inhibitory guanine nucleotide (Gi) protein.
ANP has been shown to downregulate ANP-A and -B receptors and cGMP response in various tissues.
In the present studies, we have examined the regulation of ANP-C reeemtenylyl cyclase signal
transduction by ANP and [des(GkSef? GIn? Lewr?,Gly?>)ANP,—23-NH;](C-ANP,4—23) that interacts
specifically with ANP-C receptor in A10 smooth muscle cells (SMC). Treatment of the cells with
C-ANP,_»3 for 24 h resulted in a reduction in ANP receptor binding activi#dIJANP g9-126 bound to
control and C-ANR-,streated cell membranes at a single site with dissociation constants oft38.7

and 35.0+ 4.5 pM andBnmax Of 74.0+ 5.0 and 57.6+ 4.0 fmol/mg of protein, respectively. C-ANB:3
inhibited adenylyl cyclase activity in a concentration-dependent manner in control cells. A maximal
inhibition observed was about 3@0% with an apparer; of about 1 nM; however, this inhibition was
completely attenuated in cells pretreated with AN or C-ANP,—»3 (10~7 M). However, the inhibition

of adenylyl cyclase by 17-amino acid peptide (RRNHQEESNIGKHRELR) (R17A) of cytoplasmic domain
of ANP-C receptor was attenuated by about 50% but was not completely abolished by L ANFatment.

The attenuation of C-ANR,s-mediated inhibition of adenylyl cyclase was dependent on the concentration
and time of pretreatment of the cells with C-ANEs. In addition, angiotensin II- (Ang II-) mediated
inhibition of adenylyl cyclase~30%) was also abolished by C-AbB; treatment, indicating that the
desensitization elicited by ANP was heterologous. In addition, C-AbPtreatment decreased the
expression of Gi-2 and Ga-3 proteins by about 40 and 60%, respectively, and their mRNA by 40%.
However, the levels of Gi proteins were not altered when the cells were treated for shorter period of time
(2—4 h) or with lower concentrations of C-ANB; (1071° M). On the other hand, the levels of Gsut

not of G5 were increased by about 35% by C-ANR; treatment. Furthermore, the stimulations exerted

by GTH/S, isoproterenol, FSK, and NaF on adenylyl cyclase were also augmented in cells treated with
C-ANP,—23. These results indicate that C-ANR; treatment of A10 cells desensitizes ANP-C receptor-
mediated inhibition of adenylyl cyclase which may be due to the downregulation of ANP-C receptor and
decreased expression ofdGproteins to which these receptors are coupled.

Atrial natriuretic peptide (ANP3,a member of the family ~ those that do not (referred to as ANB-& ANP-C). The
of natriuretic peptides, was discovered by de Bold etfl. (  ANP-R; are guanylyl cyclase-coupled receptors and have a
2). ANP regulates a variety of physiological parameters, relative molecular mass of 13180 kDa, whereas ANP-
including the blood pressure, progesterone secretion, reninR,/ANP-C receptors exist as monomers (66 kDa) and dimers
release, and vasopressin relea®ed], by interacting with (130 kDa). Molecular cloning techniques revealed three
receptors on the plasma membrane either to generate secongubtypes of natriuretic peptide receptor (NPR). These are
messengers such as cyclic AMP (cAMB)-9) and cyclic NPR-A (13, 14), NPR-B (15, 16), and NPR-C 17, 18).
GMP (cGMP) (0—-12) or to affect ion channels4]. NPR-A and NPR-B are membrane guanylyl cyclases,

ANP receptors are divided into two major categories, those whereas NPR-C (clearance receptors), also known as ANP-
that activate guanylyl cyclase (referred to as ANR-&nd R, and ANP-C receptors, are coupled to adenylyl cyclase
inhibition through inhibitory guanine nucleotide regulatory

t This work was supported by grant from the Medical Research Protein (L7, 19) or to activation of phospholipase @) and
gﬂllncgc:; ;i’:}ngg: é&:ﬁ@geﬁ)ggt ngiﬁ‘tlr)e?éﬁf%l Fax: (514) 343- have been shown to mediate some of the physiological effects

1 Abbreviations: ANP, F;u%al natriuretic péptide; C-ANB;, of ANP.’ The phy5|oI(_)g|c_aI role O.f ANP-C receptor and
[des(Glu® Sef® GIL, Let?, Gly2)ANP,_»-NH;]; R17A, 17 amino acid CAMP signal transduction includes inhibition of progesterone
peptide of cytoplasmic domain of ANP-C receptor {@BAA, RRN- secretion from Leydig tumor cells, inhibition of thyroglobulin
HQEESNGKHRELR); Gi, inhibitory guanine nucleotide regulatory  ralease from human thyroid cultured cells, inhibition of
protein; Gs, stimulatory guanine nucleotide regulatory protein; 5[ P . . . L
guanosine 50-(3-thiotriphosphate); FSK, forskolin; Ang II, angiotensin  €ndothelial and vascular smooth muscle proliferation, inhibi-
I tion of adrenergic and purinergic neurotransmission and in
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vivo translation of the endothelin message and the secretionfor 10 min at 60@. The cells were then homogenized in a
of endothelin from cultured bovine endothelial cells (see Dounce homogenizer (10 strokes), and the homogenate was
review 4). used for adenylyl cyclase assay and immunoblotting.

The ANP-C receptors have been reported to be regulated Adenylyl Cyclase Actity DeterminationAdenylyl cyclase
by various agents. Phorbol esters, calcium phospholipid- activity was determined by measuringf]cAMP formation
dependent protein kinase (PKC), amtiethylmaleimide  from [a-*P]ATP, as described previousl§, 19).

(NEM) attenuated the inhibitory effect of ANP on adenylyl ImmunoblottingImmunoblotting of G-proteins was per-
cyclase 21) which may be due to the uncoupling of the formed as described previousl2§, 27).

ANP-C receptors from the catalytic subunit of the adenylyl ~ Total RNA Extraction and Northern Blot AnalysiEotal
cyclase. ANP receptors have also been shown to be regulategRNA was extracted from A10 cells by the method of
(down- or upregulated) in various pathophysiological condi- Sambrook et al.38) as described earlie8(). Northern blot
tions which are associated with increased levels of plasmaanalysis was performed as described ear).(

ANP (4). ANP and angiotensin Il (Ang Il) appear to actas  ANP-C Receptor Binding DeterminatioANP receptor
physiological antagonists in the regulation of blood pressure binding was determined as described previoug, G0).
and fluid homeostasis through receptor-mediated actions ingyiefly, [129]ANP binding was determined at 25C by

various target tissues,(22—24). We have recently shown  jncybating 2QuL of membranes+£100ug) for 60 min with
that Ang Il attenuated the ANP-C receptor-mediated inhibi- 10 pM 125-ANPgg 156 peptide or as otherwise indicated

tion of adenylyl cyclase without affecting the ANP receptor (specific radioactivity 1000 Ci/mmol) in 204 of a reaction
binding sites in A10 vascular smooth muscle cells (VSMC) mjxture consisting of 50 mM Tris-HCI (pH 7.5), 5 mM
(25). In the present studies, we have examined the regulationyigcl,, 1 mM aprotinin, bacitracin (1 mg/mL), BSA (4 mg/
of ANP-C receptor by ANP and C-ANP,3in A10 VSMC. mL), 0.5 mM phenylmethylsulfonyl fluoride, and various
We have shown that both these peptides desensitize ANP-Ceoncentrations of the C-ANP,; or as otherwise indicated.
receptor-mediated inhibition of adenylyl cyclase which may Binding reactions were initiated by the addition of membrane
be attributed to the downregulation of ANP-C receptor and protein. The recepter[124]JANP complex was separated
inhibition of Gi protein which couples the ANP-C receptor from free 1259-ANP by filtration through GP/C filters pre-

to adenylyl cyclase signal transduction system.

EXPERIMENTAL PROCEDURES

Materials.Adenosine triphosphate, cyclic AMP, and other
chemicals necessary for total RNA extraction and Northern
blot analysis were obtained from Sigma Chemical Co. (St
Louis, MO). Creatine kinase (EC 2.7.3.2), myokinase (EC
2.7.4.3), GTP, and GT}S were purchased from Boehringer-
Mannheim, Montreal, Quebec, Canada. 3-Isobutyl-I-methyl-
xanthine (IBMX) was purchased from Aldrich Chemical
Corporation (Milwaukee, WI).d-3?P]JATP, [0-*4dCTP, and
carrier-free }?PJorthophosphate were purchased from Am-
ersham Corp. (Oakville, Ontario, Canada). Angiotensin |
and C-ANR-,; were from Peninsula Laboratories Inc.
(Belmont, CA). AS/7, EC/2, RM/1, and SW/1 antibodies
directed against specific C-terminus sequences af2Gi
Gia3, Gsn, and @, respectively, were purchased from
Dupont (Mississauga, Ontario).

Cell Culture and IncubationThe A10 cell line from
embryonic thoracic aorta of rat was obtained from American
Type Culture Collection, Rockville, MA. The cells were
plated in 7.5 criflasks and incubated at 3T in 95% air
and 5% CQ humidified atmosphere in Dulbecco’s modified
Eagle’s medium (DMEM) (with glucose.-glutamine, and

treated with polyethyleneamine. The filters were washed
three times with 4 mL of ice-cold Tris-HCI buffer (pH 7.5),
and the associated radioactivity was determined in a LKB-
Wallac 1277 Gamma Master counter.

RESULTS

Effect of C-ANR-,3 Treatment on ANP ReceptoSNP
has been shown to downregulate ANP receptors and cGMP
response3l, 32) in vascular smooth muscle cells; however,
the studies on ANP-C receptor downregulation have not been
conducted. Since C-ANP.; interacts specifically with
ANP-C receptors, we investigated the effect of C-ANR
treatment on receptor binding activity usifgANP gg—126.
As illustrated in Figure 1,'F1]JANP binds to control and
C-ANP,_ztreated A10 smooth muscle cell membranes in
a saturable manner. Computer analysis of the saturation
binding of labeled ANP over the concentration range studied
in control and C-ANR-,s-treated cells revealed a single class
of saturable high-affinity binding site with a dissociation
constantKg) of 33.7+ 6.0 and 35.06t 4.5 pM, respectively,
and a receptor densitBfay of 74.0+ 5.0 and 57.G+ 4.0
fmol/mg of protein 6 = 3), respectively. In addition, the
specificity of [?3]ANP binding to VSMC membranes was
also studied by competitive displacement of radiolabeled 10

sodium bicarbonate) containing antibiotics and 10% heat- pM [**JANP by unlabeled C-ANR- 23 peptide. As shown

inactivated calf serum (FCS), as described previousy. (

in Figure 2, the total number of binding sites was signifi-

The cells were passaged upon reaching confluence with 0.5%cantly decreased in membranes prepared from C-ANP
trypsin containing 0.2% EDTA and utilized between passagestreated cells as compared to control cells (.71.8 versus

5 and 15. Confluent cell cultures were starved by incubation
for 3 h in DMEM without FCS at 37°C. These cells were
then incubated with C-ANP,3 or ANPgg-126 (107 M) or

as otherwise indicated for 24 h at 3C. After incubation,
cells were washed twice with ice-cold homogenization buffer
(10 mM Tris-HCI, pH 7.5, containing 1 mM EDTA). The

5.6 &+ 2.0 pmol/mg of proteinn = 3) without a significant
change in the affinity (9.4- 1.0 versus 11.& 1.5 nM,n=
3).

ANP-C Receptor-Mediated Inhibition of Adenylyl Cyclase.
To investigate if the downregulation of ANP receptor by
C-ANP,_,3 treatment is reflected in ANP-C receptor-medi-

cells were scraped into ice-cold homogenization buffer using ated inhibition of adenylyl cyclase, the effect of C-ANER

a rubber policeman and collected by centrifugation 4C4

treatment on C-ANR,;-mediated inhibition of adenylyl
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_ Ficure 2: Effect of c-ANR,_,3 treatment on competition binding
B of [14]ANP in control and C-ANR-,z-treated A10 smooth muscle

cells. A10 cells were incubated in the absence (control) or presence
(treated) of 107 M C-ANP,_,; for 24 h as described in Experi-
mental Procedures. Membranes were prepared as described in
Experimental Procedures. A10 cell membranes were incubated at
25°C for 60 min with 10 pM [23]ANP and increasing concentra-
tions of unlabeled peptide as described in Experimental Procedures.
Each point represents the mean of tripilicate determination from a
single experiment. The binding curves are derived from the specific
binding data analyzed by the ALLFTT program (multiple regres-
sion): control cellsKy 12.4 nM, Bmax 4.2 pmol/mg of protein;
C-ANP,_pz-treated cellsKg 12.8 nM,Brax 2.8 pmol/mg of protein.
Data from three separate experiemnts are given in the Results.

1251.ANP bound (pM)

(10712, 10°1° 10°° 1078 and 10’ M) attenuated the
C-ANP,_,>mediated inhibition by 23%, 46%, 76%, 77%,
and 88%, respectivelyn(= 3). In addition, about 50%
attenuation of C-ANR-,;-mediated inhibition was observed
0 r 7 T T T ) after 2-4 h of pretreatment of the cells with C-ANB3
0 100 200 300 400 500 600 which was almost completely abolished aftéh of reatment
1251 ANP (pM) and persisted up to 24 h.

FiGURE 1: Saturation binding of!PSJANPgg_126 to control and Effect of C-ANR-23 Pretreatment on Ang lI-Mediated
C-ANP,_,ztreated A10 smooth muscle cell membranes. A10 cells Inhibition of Adenylyl Cyclaseng Il receptor (AT subtype)
Vgegilg‘CUb?gfe‘gigéh%?t;z?”;f E]C?grgg S'Ac)rig;grienseé‘feeﬂnffmal activation results in the inhibition of adenylyl cyclase activity
Procedtrzess. Membr'anes were prepared as described ianxperiment 3) and activation of PLC signaling pathvya&éb. Ang I
Procedures. A10 cell membranes were incubated with increasingnas been shown to regulate ANP receptors in vascular smooth
amounts of labeled ANR-1,¢ peptide at 25C for 60 min in the muscle cells Z4). We have recently shown that Ang Il
absence (total binding) or presence (nonspecific binding).d¥11 pretreatment of A10 smooth muscle cells for 24 h resulted
unlabeled ANRBs-126 as described in Experimental Procedures. jn the heterologous desensitization of Ang Il and ANP-C

Specific binding is the difference between two curves. The curves . -
were analyzed by the ALLFIT programT). Each point represents receptor-mediated adenylyl cyclase inhibitiod5k To

the mean of triplicate determinations from a single experiment: (A) investigate if C-ANR-»3 pretreatment of A10 cells also
Kg 30.0 pM, Bray, 70.0 fmol/mg of protein; (BKq 23.0 pM, Bmax results in an attenuation of Ang Il-mediated inhibition of
44.0 fmol/mg of protein. Data from three separate independent adenylyl cyclase, the effect of C-ANR; pretreatment on

experiments are given in the Results. Ang Il-mediated inhibition of adenylyl cyclase was exam-

cyclase was examined in A10 smooth muscle cells, and theined, and the results are shown in Figure 5. Ang Il as reported
results are shown in Figure 3A. C-ANRs inhibited adenylyl ~ previously @5) inhibited adenylyl cyclase activity in a
cyclase activity in a concentration-dependent manner in concentration-dependent manner in control cells with an
control cells with an appare#t of about 1 nM. The maximal ~ apparent; of about 5 nM. The maximal inhibition observed
inhibition observed was about 3@0%. However, this  was about 35%. However, the inhibition elicited by various
inhibition was completely abolished in cells treated with concentrations of Ang Il was almost completely abolished
C-ANP;_3. In addition, ANRg-126 treatment of the cells also  in the cells pretreated with C-ANP.
resulted in a complete attenuation of C-ANR-mediated Effect of C-ANR-,3 Pretreatment on G-Protein Lels.
inhibition of adenylyl cyclase (Figure 3B). A partial downregulation of ANP receptor and a complete
The desensitization of the response was concentrationattenuation of C-ANR-,s-mediated inhibition of adenylyl
(Figure 4A) and time dependent (Figure 4B). Pretreatment cyclase by C-ANR-,; treatment for 24 h may suggest the
of the cells with increasing concentrations of C-ANR involvement of postreceptor components in the desensitized
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Ficure 3: Effect of C-ANR_»; and ANP pretreatment on
C-ANP,_,z-mediated inhibition of adenylyl cyclase activity in A10
smooth muscle cells. (A) A10 cells were incubated in the absence
(control) or presence of 10 M C-ANP,_3 (treated) for 24 h as

Anand-Srivastava

response. To investigate this possibility, the levels of
G-proteins that couple ANP-C receptor to adenylyl cyclase
(17, 19) were determined by immunoblotting technique using
specific antibodies against &i2 and Gi-3 in control and
C-ANP,_,s-treated cells. As reported previously, AS/7
antibodies that react with both &il and Gi-2 (35) and
EC/2 antibodies against &i3 recognized a single protein
of 40 kDa (Gir-2) and 41 kDa (Gi-3) in control and
C-ANP,_,ztreated cells (Figure 6A); however, the relative
amounts of immunodetectable @@ and Gi-3 were sig-
nificantly decreased in a concentration-dependent manner in
C-ANP,_ztreated cells. At 10’ M, the levels of Git-2 and
Gio-3 were decreased by about 35:03.5% f = 3) and
40.0+ 4.4% ( = 3), respectively, as compared to control
cells as determined by densitometric scanning (Figure 6B);
however, at lower concentrations of C-ANR; (10710 M),

the levels of Gi-2 and Gix-3 proteins were not significantly
altered, suggesting that Gi proteins may not be involved in
the desensitization of ANP-C receptor-mediated inhibition
of adenylyl cyclase observed at lower concentration of
C-ANP,_,3 treatment. The decreased levels of Gi proteins
at higher concentration of C-ANP,; treatment may be
responsible for the attenuation of C-ANR>-mediated
inhibition of of adenylyl cyclase.

In addition, the levels of Gsand @3 were also determined
and the results are shown in Figure 6A. RM/1 antibodies
against Ga and SW/1 antibodies againspp@ecognized a
single protein of 45 and 35 kDa, respectively, in control and
C-ANP,_,streated cells; however, in contrast tooGithe
relative amounts of immunodetectabledGsere increased
by 35.6 + 4.0% = 3) in C-ANP,—»3 treated cells as
compared to control cells and the levels of @ere not
significantly different in control and C-ANP,s-treated cells
as determined by densitometric scanningg(@ arbitrary
units, 1.724+ 0.05; C-ANR_,s-treated cells, 1.6 0.07).

We then extended our studies further to investigate if
MRNA levels of G2 and Gix-3 change concomitantly with
protein levels by C-ANR,; treatment and determined
MRNA levels by Northern blot analysis using specific cDNA
probes encoding for @2 and Gu-3 (Figure 7A). The
Gio-2 cDNA probe detected a message of 2.3 kb in control
and C-ANR_,s-treated cells, but the amount ofd&&@ mMRNA
was decreased significantly by about £05% (h = 3) in
C-ANP,_,streated cells as compared to control cells as
determined by densitometric scanning (Figure 7B). Similarly,
the Gii-3 cDNA probe detected a message of 3.5 Kb in both
control and C-ANR-,; treated cells (Figure 7A), yet the
levels of Goi-3 mRNA were significantly decreased by about

described in Experimental Procedures. Membranes were preparedi( 4- 3% (n= 3) in C-ANP,_,3 treated cells (Figure 7B) as

as described in Experimental Procedures. Adenylyl cyclase activity

was determined in the membranes in the absence or presence o

various concentrations of C-ANP; as described in Experimental

getermined by densitometric scanning.
Time-Course of C-ANP»3 Pretreatment and Gi-Protein

Procedures. Values are SEM of three separate experiments perLevels. To further investigate a correlation between the

formed in triplicates. Basal enzyme activities in the presence of 10
uM GTPyS in control and C-ANR-,s-treated membranes were
185.3 + 9.0 and 161.5+ 5 pmol (mg proteirl0 min)?,
respectively. (B) A10 cells were incubated in the absence (control)
or presence of 10 M ANPgy_126 (treated) for 24 h as described in
Experimental Procedures. Adenylyl cyclase activity was determined

decreases in the levels of Gi proteins and C-ANR
mediated inhibition of adenylyl cyclase, the levels of Gi
proteins were determined at different times of pretreatment
of cells with C-ANR,_,3. Results shown in Figure 8 indicate
that the levels of Gi-2 (A) and Gi-3 (B) were not altered

in the membranes in the absence or presence of various concentragt 2 and 4 h ofpretreatment with C-ANR.s; however,

tions of C-ANR,_,3 as described in Experimental Procedures. Values
are SEM of three separate experiments performed in triplicates.
Basal enzyme activities in the presence oM GTPyS in control

and C-ANR_,streated membranes were 162:8.0 and 170.06:

5.4 pmol (mg of proteirl0 min)2, respectively.

pretreatment fo8 h inhibited the levels by about 3@0%
as determined by densitometric scanning. These results
suggest that the attenuation of C-ANR-mediated inhibition
of adenylyl cyclase by 50% as observed afterd2h of
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Ficure 4: (A) Effect of various concentration of C-ANP,; pretreatment on C-ANP,z;-mediated inhibition of adenylyl cyclase activity

in A10 smooth muscle cells. A10 cells were incubated in the absence (control) or presence of various concentration pH5HANP—

107 M) for 24 h as described in Experimental Procedures. Membranes were prepared as described in Experimental Procedures. Adenylyl
cyclase activity was determined in the membranes in the absence (basal) or presenceMiCEBNP,_,3 as described in Experimental
Procedures. Values are meah$SEM of three separate experiments performed in triplicates. Basal adenylyl cyclase activity in the presence
of 10 uM GTPyS in control membranes was 196:813.4 pmol of cAMP (mg of proteit0 min) . (B) Time course of C-ANR 3
pretreatment on C-ANR,s-mediated inhibition of adenylyl cyclase activity in A10 smooth muscle cells. A10 cells were incubated in the
presence of 10 M C-ANP4_»3 for 0, 2, 4, 8, 12, 16, 20, and 24 h as described in Experimental Procedures. Membranes were prepared as
described in Experimental Procedures. Adenylyl cyclase activity was determined in the membranes in the absence (basal) or presence of
1077 M C-ANP,_»3 as described in Experimental Procedures. Values are me&fEM of three separate experiments performed in triplicates.
Adenylyl cyclase activities in the presence of A8l GTPyS alone or in combination with 10 C-ANP,_,3 in control membranes were

203.4+ 11.1 and 154.5: 7 pmol of cAMP (mg of proteirlO min) %, respectively.

D CONTROLCELLS ' o reduction in ANP-C receptor. But when the levels of Gi
110 1 e proteins were also inhibited~40%), afte 8 h or longer
period of treatment with C-ANR,; (Figure 6A,B), a
complete attenuation of C-ANP,;-mediated inhibition of

adenylyl cyclase was observed.

Effect of Inhibition of Gi Protein on Adenylyl Cyclase

901 Inhibition. We have recently shown that 37-amino acid

peptide (R37A) corresponding to cytoplasmic domain of

80 ANP-C receptor directly inhibits adenylyl cyclase activity
through its interaction with Gi protein 86). To investigate
if the inhibition of Gi proteins £40%) by C-ANB-23

treatment results in complete or partial attenuation of

adenylyl cyclase inhibition by cytoplasmic domain peptide

o@/ ; ‘ ‘ . ‘ . of ANP-C receptor, the effect of the 17-amino acid peptide

0 10T 107 10° 107 107 10° of cytoplasmic domain (RRNHQEESNIGKHRELR) (R17A)
Ang II (M) .

of ANP-C receptor on adenylyl cyclase was examined.

FicUre 5: Effect of C-ANP3 pretreatment on Ang ll-mediated  Resylts shown in Figure 9 indicate that R17A inhibited

inhibition of adenylyl cyclase activity in A10 smooth muscle cells. PR .
A10 cells were incubated in the absence (control) or presence Ofadenylyl cyclase activity in a concentration-dependent man-

10-7 M C-ANP,_; (treated) for 24 h as described in Experimental N€r in control cells. However, inhibition of the levels of Gi
Procedures. Membranes were prepared as described in Experimentgdroteins (~40%) by C-ANR_,3 treatment resulted in partial

Procedures. Adenylyl cyclase activity was determined in the attenuation{50%) of R17A-mediated inhibition of adenylyl
membranes in the absence or presence of various concentratlonlavychaSe activity

of Ang Il as described in Experimental Procedures. Values are ' ) .
means = SEM of three separate experiments performed in Effect of C-ANR-,3 Treatment on Gi FunctionsTo
triplicates. Basal adenylyl cyclase activity in the presence of 10 investigate if the decreased levels obGiere also reflected

gzﬂs%Tipyssgna%%ntzf%azg ?'QNE;gT‘(;?itf\ﬁﬂélfmmeé?brfor‘tiﬁvéere in Gi functions, the effect of low concentrations of GIP
min)'—l reépectively. ' o P gorp on forskolin- (FSK-) stimulated adenylyl cyclase activity was

examined in control and C-ANP,s-treated cells. Figure 10
pretreatment (Figure 4B) may not be attributed to the illustrates that GTPS inhibited FSK-stimulated adenylyl
decreases in the levels of Gi proteins and may be due to thecyclase activity in control and C-ANP,s-treated cells in a

100 ¥

70

ADENYLYL CYCLASE ACTIVITY (% of control)
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Ficure 6: Left: Determination of G-protein levels (&2, Gia-3, G, GS) in membranes from control and C-AbBs-treated A10

smooth muscle cells by immunoblotting. A10 cells were incubated in the absence (control) or presence of various concentrafjons (10
1079 1078, and 107 M) of C-ANP,_»3 for 24 h as described in Experimental Procedures. Membranes were prepared as described in
Experimental Procedures and used for immunoblotting. The membrane proteins were resolved by sodium dodecyl sulfate polyacrylamide
gel electrophoresis and transferred to nitrocellulose which was then immunoblotted using AS/7 antibodyf@r@iGe-2, EC/1 antibody

for Gia-3, or RM/1 antibody for Ga or SW/1 antibody for @ and were detected by using the ECL Western blotting technique as described

in Experimental Procedures. The immunoblots are representatives of three separate experiments. Right: Densitometric scarging of Gi
(A) and Gio-3 (B) proteins from control and C-ANP.s-treated A10 smooth muscle cells. The results are expressed as arbitrary units, and
control values were taken as 100. Values are meai®EM of 3 separate experiments.

concentration-dependent manner; however, the inhibition wasindicate that Gs function was also augmented by C-AMP
significantly attenuated in C-ANP.s-treated cells. treatment.

Effect of C-ANR-,3 Treatment on Gs Function$he effect Effect of C-ANR-3 Treatment on Agonist-Stimulated
of cholera toxin (CT) treatment on GTP-sensitive adenylyl Adenylyl Cyclase Actity. Since C-ANR-,; treatment in-
cyclase activity was also examined to investigate if the creased the levels and functions ofdG# was of interest to
increased expression of @9y C-ANP,_,; treatment was  also examine if the altered levels/functions ofoGsould
reflected in Gs functions. Results shown in Table 1 indicate affect the responsiveness of adenylyl cyclase to guanine
that CT stimulated GTFS-sensitive adenylyl cyclase activity nucleotides, stimulatory hormones, and other agonists which
in both control and C-ANR.s-treated cells; however, the activate adenylyl cyclase by receptor-independent mecha-
fold stimulation was significantly increased in C-ANRs- nisms. Figure 11 shows the effect of C-ANR; treatment
treated cells as compared to control cells. These resultson GTB/S-stimulated adenylyl cyclase activity in control and
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Ficure 8: Time course of C-ANR 3 pretreatment and Gi protein
levels in A10 smooth muscle cells. A10 cells were incubated in
the absence (control) or presence of AWM C-ANP,_»3 for 2, 4,

and 8 h aglescribed in Experimental Procedures. Membranes were
prepared as described in Experimental Procedures and used for
Ficure 7: (A) Expression of Gi-2 and Go-3 mRNA in control immunoblotting. The membrane proteins were resolved by sodium
and C-ANR_,ztreated A10 smooth muscle cells. Total RNAs (10 dodecyl sulfate polyacrylamide gel electrophoresis and transferred
ug) isolated from control and C-ANP,z-treated A10 cells were  to nitrocellulose which was then immunoblotted using AS/7
separated on 1% agarose and transferred to nylon membranes, whichntibody for Gix-1 and Gix-2 (A, upper panel) and EC/1 antibody
was then hybridized with a full length cDNA probe encoding for for Gia-3 (B, upper panel) and were detected by using the ECL
Gia-2 and Gi-3 as described in Experimental Procedures. The Western blotting technique as described in Experimental Procedures.
autoradiogram is representative of 3 separate experiments. (B)The immunoblots are representative of three separate experiments.
Densitometric scanning of @iand Gio-3 mRNA from control and Lower panel: Densitometric scanning of the autoradiograms shown
C-ANP, oztreated A10 smooth muscle cells. The results are in upper panels. The results are expressed as percet @i Gio-3
expressed as percent of control, which has been taken as 100%protein levels over control which has been taken as 100%.
Values are means SEM of 3 separate experiments.

0

Gio-2 Gio-3

i inhibition of adenylyl cyclase. Our results are in agreement
C-ANP,_streated cells. GTFS stimulated adenylyl cyclase  \yith the studies of other investigato( 32, 37) who have
activity in a concentration-dependent manner in control and reported a significant decrease in ANP sites in vascular
C-ANP,oztreated cells, but the stimulation was significantly  smooth muscle cells (VSMC) and A10 cells after 18 h
enhanced in C-ANPztreated cells. For example, atAB,  oxhosure with ANP. In addition, a decreased responsiveness
GTPyS stimulated adenylyl cyclase activity by 100% in ¢ guanylyl cyclase/cGMP system to ANP stimulation in
control and by 700% in C-ANRjz-treated cells. In addition,  \/gpmc exposed to ANP has also been demonstrated sug-
forskolin (FSK) (A), isoproterenol (ISO), and sodium fluoride gesting a downregulation of GC-coupled ANP receptor
(NaF) (B) stimulated adenylyl cyclase activity to various subtype by ANP treatmen8{, 32). However, these inves-
degrees in both control and C-AbiRstreated cells; how-  tigators have not performed any studies to examine the
ever, the extent of stimulation by these agonists was yg|ationship between the changes in ANP sites and ANP
significantly augmented by about 2.5-, 2.3-, and 2.8-fold, ygceptor-adenylyl cyclase signal transduction but provided
respectively, in C-ANPrtreated cells as compared 10 gyidence suggesting that G-cyclase uncoupled sites are
control cells (Figure 12). largely susceptible to a downregulation mechanis).(On
the other hand, our results are inconsistent with the previous
DISCUSSION studies 88), where 18 h exposure of VSMC to ANP did not
The present studies demonstrate that pretreatment of A-10result in the downregulation of GC-coupled and uncoupled
smooth muscle cells by C-ANP,; or ANPgg—126 for 24 h (ANP-C) ANP receptors. These apparent discrepancies may
results in a downregulation of ANP-C receptors which is be due to the difference in the cell type (A10 cells versus
reflected in an attenuation of ANP-C receptor-mediated VSMC) or to the method of treatment. We also demonstrate
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Table 1: Effect of Cholera Toxin (CT) Treatment on Adenylyl Cyclase Activity in Control and C-ANHreated A10 Smooth Muscle Célls
adenylyl cyclase activity, pmol of cAMP (mg of proteir® min)=

control cells C-ANR- z-treated cells
additions —CT +CT % stimulation —CT +CT % stimulation
GTPyS (10uM) 174.44+- 4.6 290.44-26 66.6 145.4+- 15.3 412.4+ 25.8 183.6

a2 A10 smooth muscle cells were treated in the absence (control cells) or presence’ & EINP,—,; (C-ANP,_pstreated cells) for 24 h as
described in Experimental Procedures. The membranes were prepared and were incubated for 30 min in the absence or presence of cholera toxin
(CT) as described in Experimental Procedures. Adenylyl cyclase activity was determined in the membranes in the preserde®TRGs
described in Experimental Procedures. Values are mea8&M of four separate experiments.
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1 Ficure 10: Inhibition of Gi functions by C-ANR.,3 treatment in
0 M 1 T e P " A10 smooth muscle cells. A10 cells were incubated in the absence
¢ 10" 107 10" 107 107 107 10 (control) or presence (treated) of TOM C-ANP,_»;3 for 24 h as
R17A (M) described in Experimental Procedures. A10 cell membranes were

prepared as described in Experimental Procedures. Adenylyl cyclase
activity was determined in the membranes in the presence of 100
uM forskolin (FSK) alone or in combination with various concen-
trations of GTR'S as described in Experimental Procedures. Values

Ficure 9: Effect of C-ANR,_,3 pretreatment on R17A-mediated
inhibition of adenylyl cyclase activity in A10 smooth muscle cells.
A10 cells were incubated in the absence (control) or presence of

1077 M C-ANP,_s (treated) for 24 h as described in Experimental o 0" conat SEM of three separate experiments performed in
Procedures. Membranes were prepared as described in EXper'mentéﬂiplicates. Enzyme activities in the absence or presence of FSK

Procedures. Adenylyl cyclase activity was determined in the were 67.2+ 4.5 and 1190+ 8.9 pmol of cCAMP (mg of proteiri0
membranes in the absence or presence of various concentrationfhin)_l in‘ confrol cells respe.ctively and 37432.0 and 1398.4-

of R17A as described in Experimental Procedures. Values are 59.4 pmol cAMP (mg of protei#l0 min)?, respectively in

meant SEM of three separate experiments performed in triplicates. ~_ § o
Basal enzyme activities in the presence ofdGTPyS in control C-ANPs-zstreated cellsVrsi/Vbasawas taken as 100%.

and C-ANRB-.ztreated membranes were 1970 10.5 and

175.7+ 5.5 pmol (mg of proteirL0 min) %, respectively. 41-43). In the present studies, we have shown that the

treatment of A-10 cells with C-ANR2; for 24 h decreased
that C-ANR—,3 treatment resulted in an attenuation of the levels of Ga proteins by about 40%, which may partially
adenylyl cyclase inhibition in response to Ang I, which acts contribute to the attenuation of C-ANRBs-mediated inhibi-
via a separate membrane-bound receptor, suggesting dion of adenylyl cyclase. This is further supported by the
heterologous desensitization. Our results are in agreemenbbservation that the reduction in the levels of Gi proteins
with previous studies showing a heterologous desensitizationby about 40% by C-ANR.,; treatment inhibited partially
of inhibitory adenylyl cyclase-coupled receptors by adenosine (~50%) but not completely the R17A-mediated inhibition
and Ang Il treatments2b, 39). of adenylyl cyclase. On the other hand, treatment of the cells
A complete attenuation of ANP-C receptor-mediated for shorter period of time (24 h) or with lower concentra-
inhibition of adenylyl cyclase associated with partial down- tions of C-ANB_,3 (1071° M) that attenuated adenylyl
regulation (~35%) of ANP-C receptors after 24 h of cyclase inhibition by about 50% without altering the levels
C-ANP,_,3 treatment is in agreement with our recent studies of Gi proteins suggests that Gi proteins may not be implicated
showing that the treatment of VSMC with ANP-C receptor in the desensitization of ANP-C receptor-mediated inhibition
antisense that inhibited the expression of ANP-C receptor of adenylyl cyclase observed after-2 h of C-ANP,_»3
protein by about 50% attenuated completely the ANP-C treatment. However, when the levels of Gi proteins were also
receptor-induced inhibition of adenylyl cyclasd0f and inhibited upon longer exposure (8 or 24 h) or with higher
suggests that postreceptor modification such as an alteratiorconcentration of C-ANR,; a complete attenuation of
in the levels of Gat proteins that couple ANP-C receptor to C-ANP4_,s-mediated inhibition of adenylyl cyclase was
adenylyl cyclase system may also be responsible for theobserved. These data strongly suggest that a complete
observed desensitization of adenylyl cyclase inhibition. In attenuation of C-ANE.smediated inhibition of adenylyl
this regard, a relationship between the levels of Gi proteins cyclase after 24 h of C-ANR,3; treatment may not solely
and functions has been reported by several investige28rs ( be attributed to the decreased levels obiGiroteins that
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Ficure 11: Effect of C-ANR_,3 treatment on GT§S-stimulated
adenylyl cyclase activity in A10 smooth muscle cells. A10 cells 1500 7
were incubated in the absence (control) or presence (treated) of
107"M C-ANP,—»3 for 24 h as described in Experimental Proce- 1250

dures. A10 cell membranes were prepared as described in Experi-
mental Procedures. Adenylyl cyclase activity was determined on
the membranes in the absence or presence of various concentration
of GTPyS as described in Experimental Procedures. Values are
meanst SEM of three separate experiments performed in triplicate.
Basal enzyme activities in control and C-ANPs-treated cells in

1000

ADENYLYL CYCLASE ACTIVITY (% stimulation}

the absence of GRS were 62.3+ 2.7 and 47.14+ 4.5 pmol of 7507
CAMP (mg of proteinl0 min)1, respectively.
couple ANP-C receptor to adenylyl cyclase or to the 500
decreased receptor density but most likely reflects a cumula-
tive effect of both the components. 2501
We have also shown that the levels ofe& and Ga-3
MRNA were also decreased by C-ANB; treatment sug- 0
gesting that decreased transcription of the genes farZsi ISO NaF
and Gi-3 may be responsible for the observed decrease inFicure 12: Effect of C-ANR-_»3 treatment on agonist-stimulated
protein levels. The mechanism by which C-ANE de- adenylyl cyclase activity in A10 smooth muscle cells. A10 cells

: ; ; : . were incubated in the absence (control) or presence (treated) of
creased the expression of dsiproteins is not known; 107 M C-ANP4 s for 24 h as described in Experimental

_hOV_"e_Yer’ it may be possible that ANP-C receptor-mediated Procedures. Membranes were prepared as described in Experimental
inhibition of adenylyl cyclase and cAMP levels may be Pprocedures. Adenylyl cyclase activity in the membranes was
responsible for the observed decreases im @rotein determined in the absence (basal) or presence giVb@orskolin
expression in A10 smooth muscle cells. In this regard, a (FSK), 50 4M isoproterenol (ISO)+ 10 uM GTP, or 10 mM

; ; ; ; sodium fluoride (NaF) as described in Experimental Procedures.
chronic exposure of adipocytes with adenosine agorfist N Values are meat: SEM of three separate experiments performed

phenylisopropyladenosine that interacts with inhibitory ad- jq triplicate. Basal enzyme activities in the absence or presence of
enosine receptor (A1) and inhibits adenylyl cyclase activity 10uM GTP were 63.6+ 2.9 and 93.9 3.3 pmol of cCAMP (mg

and cAMP levels has also been reported to decrease the levelsf protein10 min)2, respectively, in control and 339 1.6 and

of Gia protein @9). In addition, isoprenaline that stimulates 37-2+ 1.6 pM cAMP (mg of proteiril0 min) ™, respectively, in
adenylyl cyclase activity and cAMP levels has been shown CANPs-2streated cells.

to augment the levels of @i(44). However, in contrast, GTPyS in C-ANP,_,streated cells as compared to control
Ang Il decreases cAMP levels and increases the levels of cells may be attributed to the increased levels and functions
Gi proteins £5), suggesting that other mechanisms or factors of G, whereas decreased levels and functions af, Gi
may also be responsible for the regulation ofiGarotein upregulation ofs-adrenergic receptors, and increased levels
expression. and functions of Gs may contribute to an increased
We have also shown for the first time that C-ANR responsiveness of adenylyl cyclase to isoproterenol stimula-
treatment of A10 cells augmented the levels ofisoteins tion. In this regard, a relationship between decreased levels
which was also reflected in increased functions oblGs of Gi and augmented responsiveness of adenylyl cyclase to
was demonstrated by increased stimulation of &3P stimulatory hormones has been shown by previous studies,
sensitive adenylyl cyclase activity by cholera toxin. In where pertussis toxin (PT) and amiloride treatments which
addition, an enhanced stimulation of adenylyl cyclase by inactivate Gix proteins resulted in an augmentation of
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stimulatory responses of hormones on adenylyl cyclage (
45). Furthermore, platelets from spontaneously hypertensive
rats @3) and hypertensive patient4) that exhibit decreased
levels of Gou proteins elicited enhanced stimulation of
adenylyl cyclase biN-ethylcarboxamide adenosine (NECA)
and prostaglandins (PGE1). An augmented stimulation of
adenylyl cyclase by FSK in C-ANR,s-treated cells may be
due to hypersensitivity of the catalytic subunit of adenylyl
cyclase systemer seor to the decreased expression obGi

or to the enhanced expression ofdGx to the alterations in

all the components of adenylyl cyclase system. Our results
are in agreement with the previous studies showing an
increased stimulation of adenylyl cyclase by FSK in adipo-
cytes exposed to adenosine inhibitory receptor agod®t (
The Gi-mediated regulation of FSK-stimulated enzyme
activity can be further supported by the results of various
studies showing an augmentation of FSK-stimulated adenyly!
cyclase activity by PT treatment. In addition, the platelets
from SHR @3) and hypertensive patient44) that exhibited
decreased levels of Gishowed an increased stimulation of
adenylyl cyclase by FSK. Similarly, the overexpression of
Gia has been shown to result in an attenuation of FSK-
stimulated adenylyl cyclase activit2®). On the other hand,
the requirement of Gsand guanine nucleotides for the FSK
activation of adenylyl cyclase has also been show#), (
which may suggest that C-ANPz-induced enhanced levels
of G in A10 cells contribute to the enhanced sensitivity
of adenylyl cyclase to FSK stimulation.

In conclusion, we have shown that exposure of A10
smooth muscle cells to C-ANP; resulted in the down-
regulation of ANP-C recepteradenylyl cyclase signal
transduction system involving @iproteins to which these
receptors are coupled. In addition, d>protein and Ges-
mediated functions were also augmented by such treatment.
From these results, it may be suggested that ANP, by
regulating the levels of G-proteins and thereby cAMP, may
play an important role in the regulation of various physi-
ological responses mediated by ANP-C receptor. The de-
sensitization of ANP-C receptors in vivo may be one of the
possible mechanisms responsible for the pathophysiology of
hypertension.
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