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We recently showed that cultured human airway
mooth muscle cells (HASMC) express both soluble
nd particulate guanylyl cyclases (GC) and that long
erm treatment with atrial natriuretic peptide (ANP)
auses homologous desensitization of particulate GC.
ere we determine if protein kinase C (PKC) activa-

ion would desensitize particulate GC and probe the
ole of PKC in particulate GC desensitization. Pre-
reatment of HASMC with phorbol 12-myristate 13-
cetate (PMA), a PKC activator led to time and con-
entration-dependent desensitization of ANP-stimu-
ated cGMP accumulation. GF109203X, a selective PKC
nhibitor, blocked the PMA-induced desensitization,
ut did not block ANP-induced desensitization. In ad-
ition, desensitization by PMA and ANP showed an
dditive effect. These results suggest that PKC activa-
ion can desensitize particulate GC but that the desen-
itization induced by ANP is PKC-independent. © 1999

cademic Press

Cyclic GMP is produced from guanosine triphos-
hate (GTP) by the action of guanylyl cyclases (GC).
C exist in a soluble form and a particulate, membrane
ound, form (1, 2). Membrane bound guanylyl cyclases
re plasma membrane receptors for the natriuretic
eptides and related hormones. We have previously
haracterised the types of GC present in cultured
ASMC (3). These studies showed that both soluble
nd membrane bound forms of GC were present in
ASMC with type A particulate GC (GC-A) is the most
bundant. We subsequently showed that both forms
ould undergo homologous desensitization (4). ANP,
he most potent ligand for particulate GC-A has sev-
ral cGMP-mediated biological effects including relax-
tion of human airway smooth muscle in vitro (5),
ronchodilatation in vivo (6, 7) and inhibition of

1 To whom correspondence should be addressed. Fax: (144) 115
404 771. E-mail: alan.knox@nottingham.ac.uk.
152006-291X/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
ASMC proliferation (8). Natriuretic peptides such
s ANP may, therefore, have a therapeutic role in
sthma.
PKC exists in several isoforms many of which have

een identified in HASMC (9). PKC may be activated
irectly by phorbol esters such as PMA which have
herefore been used in examining the role of PKC.
rocesses for which roles of PKC have been postulated

n airway smooth muscle include contraction and pro-
iferation (10). Although the role of PKC in regulation
f GC-A in ASM is yet not known, studies in other
iological systems have suggested a regulatory role.
ndothelin inhibits ANP-induced relaxation and
GMP accumulation in vascular smooth muscle by a
KC-mediated mechanism (11) and angiotensin II in-
ibits ANP-stimulated cGMP accumulation in cultured
lomerular mesangial cells by PKC-mediated inhibi-
ion of GC-A (12).

As some of the effects of ANP were reported to be
ediated via PKC activation (13), we hypothesised

rstly that PKC may regulate the activity of GC-A in
irway smooth muscle and secondly that PKC was
nvolved in the homologous desensitization we previ-
usly demonstrated with ANP (4). Thus the current
tudy was designed to determine whether pretreat-
ent with PMA could desensitize GC-A in cultured
ASMC. Furthermore, we used a PKC inhibitor

o probe the role of PKC in PMA and ANP-induced
esensitization.

ATERIALS AND METHODS

Materials. GF109203X were purchased from Calbiochem-
ovaBiochem, (Nottingham, Nottinghamshire, UK), otherwise all

hemicals were purchased from Sigma-Aldrich Company Limited
Poole, Dorset, UK). All concentrations of the reagents shown refer to
he final concentration in the cell bathing solution. Plastic wares
ere purchased from Costar (Cambridge, MA).

Cell culture. Primary cultures of HASMC were prepared from
xplants of ASM according to methods previously described (3). Fro-
en aliquots of cells were thawed before use and plated at a density
f 2 3 104 cell/well in 12-well culture plates containing DMEM with
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0% FCS, penicillin G, streptomycin, amphotericin B and L-glutamine.
ll experiments were performed in confluent HASMC which had
een growth arrested for 24 h by serum deprivation. Cells were used
etween passage 2–5.

cGMP assay. Cells were washed with sterile PBS at the end of
he pretreatment period, then incubated with 1026 M ANP for 2 h in
he presence of 1023 M IBMX. cGMP was measured as described
reviously (3). Briefly, cells were removed with trypsin (0.25%).
GMP was extracted by adding 1 ml of ice cold 0.1M hydrochloric acid
o the cell suspension. The resulting suspension was freeze-dried
SB9, Lab Plant Ltd., Huddersfield, Yorkshire, UK) prior to the
easurement of cGMP content using a commercially available
LISA kit, RPN 226 (Amersham LTD, Little Chalfont, Buckingham-
hire, UK). The samples were first acetylated with a mixture of acetic
nhydride and triethylamine to increase the sensitivity of the assay
o 2 fmol/50 ml. All samples were assayed in duplicate. The cells from
wells, not used for cGMP assay, were used to give a representative

stimate of protein content in each experiment by the method of
radford using bovine serum albumin as a standard (14).

Cell viability. Cell viability was assessed by (3-[4,5-dimethyl-
hiazol-2-yl]-2,5-diphenyltetrazolium bromide; Thiazolyl blue) (MTT)
ssay (4). HASMC were grown in 96-well plates till confluence then
reated with either DMEM (control), 1026 M PMA or 1026 M ANP for
4 h. At the end of the treatment period, 20 ml of 5 mg/ml MTT were
dded to each well for 1 h at 37°C. The media was discarded and 200
l of DMSO was added to each well to solubilize the blue formazan
roduct and the plates were shaken for 5 min. The optical density at
30/570 nm was compared with control using a plate reader (MR
000, Dynatec, West Sussex, UK). Viability was set as 100% in
ontrol cells.

Statistical analysis. Results are shown as means 6 SEM of the
ndicated number of individual observations. Data are expressed as

FIG. 1. Concentration response of PMA-induced desensitization.
ASMC were treated with 1029 M–1026 M PMA for 8 h before

hallenging with 1026 M ANP for 2 h in the presence of 1023 M IBMX.
ata represent the mean 6 SEM of 8 observations from two inde-
endent experiments. Significantly different from ANP-stimulated
alues in the absence of PMA: **(p , 0.01) and ***(p , 0.001).
153
y one way ANOVA followed by Student’s t test using the SPSS
oftware program (SPSS Inc., Chicago, IL). A p value ,0.05 was
egarded as significant.

ESULTS

ffect of PMA Pretreatment on ANP-Stimulated
cGMP Accumulation

Concentration response. ANP stimulated cGMP ac-
umulation in intact HASMC (Fig. 1). Pretreatment of
ASMC with PMA (1029–1026 M) for 8 h led to a

oncentration-dependent inhibition of subsequent
NP-stimulated cGMP accumulation (p , 0.001 for
029 M concentration and ,0.001 for the higher con-
entrations, Fig. 1).
Time course. Cells treated with 1026 M PMA exhib-

ted a time-related inhibition of ANP-stimulated cGMP
ccumulation which was seen as early as 30 min, was
ignificant between 30 min and 8 h (p , 0.001) but had
orn off by 24 h (Fig. 2).
Effect of 4-a phorbol pretreatment. Pretreatment
ith 4-a phorbol, an inactive form of phorbol ester, for
h had no effect on ANP-stimulated cGMP accumula-

ion (data not shown).
Additive effect of ANP and PMA-induced desensiti-

ation. Incubation of HASMC with 1026 M PMA
nd/or 1026 M ANP for 8 h decreased subsequent ANP-

FIG. 2. Time course of PMA-induced desensitization. HASMC
ere treated with 1026 M PMA for 0.5–24 h before challenging with
026 M ANP for 2 h in the presence of 1023 M IBMX. Data represent
he mean 6 SEM of 8 observations from two independent experi-
ents. Significantly different from ANP-stimulated values in the

bsence of PMA: ***(p , 0.001).



s
0
P
F

E

e
s
o
s
w
s

D

c
h
c
t
I
P
T
m
c

r
u
t
z

b
(
s
a
f
P
m
s
o
t
s
c

p
i
p
P
u
a
d
c
t
t
P
c
t
t

s
P
f
S
f

H
t
A
S
r
u

Vol. 266, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
timulated cGMP accumulation (p , 0.01, 0.001 and
.001 for cells pretreated with 1026 M ANP, 1026 M
MA and 1026 M ANP 1 1026 M PMA respectively,
ig. 3).

ffect of the PKC Inhibitor, GF109203X, on ANP and
PMA-Induced Desensitization

GF109203X had no effect on basal cGMP levels how-
ver it had a small nonsignificant effect on ANP-
timulated cGMP accumulation (p 5 0.09). Treatment
f HASMC with GF109203X blocked PMA-induced de-
ensitization (p , 0.05, Fig. 4). In contrast, treatment
ith GF109203X had no effect on ANP-induced desen-

itization (p 5 0.7, Fig. 5).

ISCUSSION

We previously showed that long term exposure of
ultured HASMC to ANP causes cGMP-independent
omologous desensitization of particulate guanylyl cy-
lase (4). Here we show that ANP-induced desensitiza-
ion of particulate GC in HASMC is PKC-independent.
n addition we showed that activation of PKC using
MA could cause desensitization of particulate GC.
his latter observation suggests that particulate GC
ay be desensitized by stimuli which activate PKC in

hronic asthma.
We used the PKC inhibitor GF109203X to probe the

ole of PKC in ANP-induced desensitization of partic-
late GC. The lack of effect of GF109203X suggests
hat PKC was not involved in ANP-induced desensiti-
ation as the concentration of GF109203X we used has

FIG. 3. Effect of pretreatment with PMA and/or ANP on ANP-
timulated cGMP accumulation. HASMC were treated with 1026 M
MA and/or 1026 M ANP for 8 h before challenging with 1026 M ANP

or 2 h in the presence of 1023 M IBMX. Data represent the mean 6
EM of 4 observations from a single experiment. Significantly dif-

erent from control: **(p , 0.01) and ***(p , 0.001).
154
een shown to inhibit PKC in other biological systems
15). The fact that pretreatment with PMA and ANP
howed an additive effect is also consistent with these
gents using disparate pathways to produce their ef-
ects as is the difference in their time course of action.
MA-induced desensitization occurred as early as 30
in whereas in previous studies with ANP we have

hown that longer incubation (8–16 h) was required to
bserve ANP-induced desensitization (4). Collectively,
hese findings strongly suggest that ANP-induced de-
ensitization is PKC-independent. These findings are
onsistent with reports in vascular smooth muscle (16).
The mechanism of PMA-induced desensitization of

articulate GC is likely to be PKC-mediated as it was
nhibited by GF109203X. Consistent with this 4-a
horbol, an inactive analogue that does not activate
KC was without effect. The effect of PMA on partic-
late GC is similar to the effect of phorbol esters on
denylyl cyclase activity in ASM. This later effect is
ue to PKC-mediated phosphorylation of the b-adreno-
eptor leading to uncoupling from adenylyl cyclase ac-
ivation. Since particulate GC contains both the recep-
or and GC in the same molecule, it is unlikely that
KC activation by PMA phosphorylates the ANP re-
eptor to uncouple it from particulate GC. It is unlikely
hat PKC was acting by altering cGMP phosphodies-
erase activity as cGMP accumulation was performed

FIG. 4. Effect of GF109203X on PMA-induced desensitization.
ASMC were treated with 1026 M PMA for 30 min in the absence or

he presence of 1026 M GF109203X before challenging with 1026 M
NP for 2 h in presence of 1023 M IBMX. Data represent the mean 6
EM of 4 observations from a representative experiment that was
epeated twice with similar results. Significantly different from val-
es in the absence of GF109203X: *(p , 0.05).
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n the presence of IBMX, a phosphodiesterase inhibi-
or, in our experiments. The most likely explanation is
hat PKC decreases particulate GC activity possibly
y dephosphorylation although this requires further
tudy (17).
In conclusion, we have shown that PKC activation

an desensitize particulate GC in HASMC but that this

FIG. 5. Effect of GF109203X on ANP and PMA-induced desen-
itization. HASMC were treated with 1026 M PMA or 1026 M ANP for

h in the absence or the presence of 1026 M GF109203X before
hallenging with 1026 M ANP for 2 h in the presence of 1023 M IBMX.
ata represent the mean 6 SEM of 4 observations from a single

xperiment. Significantly different from values in the absence of
F109203X: **(p , 0. 01).
155
s not involved in ANP-induced homologous desensiti-
ation. PKC activation by cytokines released in chronic
sthma may desensitize particulate GC in ASM thus
mpairing the relaxant effect of endogenous ANP and
o contributing to the bronchial hyperresponsiveness.
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