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SUMMARY

We previously reported that angiotensin Il (Ang Il) increases
cGMP content through a new Ang Il receptor subtype that is
distinct from both the AT, and AT, subtypes in differentiated
Neuro-2A cells. In this study, the mechanism of the Ang II-
stimulated cGMP increase was investigated in comparison with
bradykinin- and atrial natriuretic factor (ANF)-stimulated cGMP
increases in differentiated Neuro-2A cells. Ang Il increased cGMP
in differentiated Neuro-2A cells rapidly, with a maximal effect in
30 sec and a retum to basal levels in 60 sec. Removal of
extracellular Ca?* or pretreatment with a membrane-permeable
Ca?* chelator [1,2-bis(2-aminophenoxy)ethane-N,N,N’ ,N’'-tetra-
acetic acid tetraacetoxymethyl ester] attenuated Ang li-stimu-
lated cGMP accumulation. Both the time course and Ca** de-
pendency of the effect of Ang |l were similar to those of the
effect of bradykinin, which activates soluble guanylyl cyclase,
but distinct from those of the effect of ANF, which activates
particulate guanylyl cyclase. Methylene blue, an inhibitor of sol-

uble guanylyl cyclase, attenuated the effects of Ang Il and
bradykinin but not that of ANF. LaCl,, a nonspecific Ca®* blocker,
prevented Ang Il-stimulated cGMP accumulation. L-type Ca**
channel blockers, nifedipine and diltiazem, or an N-type Ca®*
channel blocker, w-conotoxin, failed to inhibit the effect of Ang
II. Ang Il had no effect on formation of 1,4,5-inositol trisphosphate
or CAMP content, whereas bradykinin stimulated 1,4,5-inositol
trisphosphate formation in differentiated Neuro-2A cells. Further,
the nitric oxide synthase inhibitors N®-monomethyli-L-arginine and
NS-nitro-L-arginine attenuated Ang |- and bradykinin-stimulated
elevation of cGMP content but not that stimulated by ANF. The
Ca?* ionophore A23187 also stimulated cGMP formation and the
effect was inhibited by the nitric oxide synthase inhibitors. These
results indicate that the newly found Ang |l receptor mediates
cGMP formation through activation of soluble guanylyl cyclase
and that the activation is mediated by nitric oxide, which is
increased by Ca?* influx via an ion channel distinct from the L-
type and N-type Ca®* channels.

Ang II elicits multiple responses from a variety of tissues,
including blood pressure maintenance and electrolyte and fluid
homeostasis (1). In addition to well characterized actions of
Ang II in the periphery, it has been established that the central
nervous system contains an intrinsic renin/angiotensin system
(2). Ang II is involved in neuronal regulation of blood pressure,
control of water intake and sodium appetite, and secretion of
vasopressin, adrenocorticotropic hormone, and other pituitary
hormones (3). High affinity binding sites for Ang II have been
localized to specific brain nuclei by in vitro autoradiography
(4).

The use of recently developed peptidic and nonpeptidic an-
tagonists has resulted in the unequivocal demonstration of at
least two Ang II receptor subtypes, AT, (5) and AT, (6), both
of which are expressed in the brain and cultured neuron-like
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cell lines. Further, molecular cloning techniques have revealed
that the AT, class consists of subtypes AT, (7) and AT, (8).
The AT, class also seems to have subtypes, AT;, and ATy
with different sensitivities to GTP-binding proteins in brain
9).

Ang II increases inositol phospholipid hydrolysis in NG108-
15 neuroblastoma X glioma hybrids (10), N1E-115 murine
neuroblastomas (11), and astrocyte glial cultures prepared from
rat brain (12) and increases prostaglandin E, and prostaglandin
I, synthesis in human astrocytes (13) and C¢ glioma cells (14).
Further, Ang II has been reported to increase cGMP in N1E-
115 cells (11, 15) and to decrease it in neuronal cultures (12,
16). Thus, the functions of Ang II receptors in brain and
neuronal cells are complex, suggesting the possible existence of
additional receptor subtypes.

To search for new Ang II receptor subtypes and to investigate
their signaling mechanisms in neuronal tissues, we used a

ABBREVIATIONS: Ang I, angiotensin II; BAPTA/AM, 1,2-bis(2-aminophenoxy)ethane-N.N,N’ N’-tetraacetic acid tetraacetoxymethyl ester; IP, 1,4,5-
inositol trisphosphate; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; EGTA, ethylene glycol bis(8-aminoethyl ether)-N.N.N' N'-tetraa-
cetic acid; g-cyclase, guanylyl cyclase; NMMA, N®-monomethyi-L-arginine; NNA, Ne-nitro-L-arginine; ANF, atrial natriuretic factor.
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mouse neuroblastoma cell line (Neuro-2A cells) that has been
a useful model for studies of the renin/angiotensin system in
neuronal tissues (17). Recently, we reported that a new Ang II
receptor subtype that differs from AT, and AT} is expressed in
differentiated Neuro-2A cells (18). This receptor does not share
properties with AT, or AT, in that (i) its binding to Ang II is
not inhibited by AT,- or AT,-specific antagonists (DuP753 and
PD123319, respectively) and (ii) stable analogs of GTP such as
guanosine-5’-0-(3-thio)triphosphate do not shift the receptor
to a low affinity form. In search of a possible functional role
for the newly found receptor subtype, we found (19) that Ang
II increases formation of cGMP, which has been implicated in
intracellular transduction processes in many cells, and that
c¢GMP elevation induced by Ang II is not attenuated by either
AT, or AT, antagonists, indicating that the new subtype me-
diates cGMP formation. In the present study, we investigated
the mechanism of Ang II-stimulated elevation of cGMP in
differentiated Neuro-2A cells. Our results demonstrate that
Ang II increases cGMP formation through activation of soluble
g-cyclase and that Ca®* entry and subsequent nitric oxide
formation are involved in this activation.

Experimental Procedures

Materials. cGMP, cAMP, and the IP; assay system were obtained
from Amersham (Arlington Heights, IL). NMMA and BAPTA/AM
were obtained from Calbiochem (La Jolla, CA). A23187, methylene
blue, and w-conotoxin were obtained from Sigma Chemical Co. (St.
Louis, MO). NNA was obtained from Aldrich Chemical Co. (Milwau-
kee, WI). Ang II, bradykinin, and ANF were obtained from Peninsula
Laboratories (Belmont, CA). Cell culture reagents were obtained from
GIBCO (Grand Island, NY).

Cell culture. Neuro-2A cells obtained from the American Type
Culture Collection (Rockville, MD) were cultured in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal calf serum, 100
units/ml penicillin, and 100 ug/ml streptomycin, in 5% C0,/95% O, at
37°. For in vitro differentiation, the cells were grown for 2 days in
medium containing 1% serum.

Determination of cGMP. Neuro-2A cells grown and differentiated
in 35-mm wells were used for determination of cGMP content. Deter-
mination of cGMP was performed according to the method reported
previously (20). The culture medium was removed, and 1 ml of HEPES-
buffered saline (20 mM HEPES, 150 mM NaCl, 5.4 mM KCl, 1.8 mM
CaCl,, 0.8 mM MgCl;, 25 mM glucose, pH 7.4) was added to the cells.
After preincubation for 5 min with drugs or vehicle in HEPES-buffered
saline, the cells were further incubated with Ang II, bradykinin, or
ANF at 37° for 10, 30, 60, or 300 sec. The reaction was terminated by
addition of an equal volume of absolute ethanol, and the cells were
scraped from the wells. The supernatant was collected by centrifugation
at 4000 X g for 10 min. cGMP content in the supernatant was deter-
mined using a commercially available radioimmunoassay kit (Amer-
sham). When the cells were treated with BAPTA/AM, the drug (100
uM) was added to the culture medium and the cells were further
incubated for 30 min in a CO, incubator.

Determination of cAMP. Forskolin (10 uM) and/or Ang II (1 uM)
were added to the culture medium either simultaneously or separately,
and the cells were incubated at 37° for 5 min. The culture medium was
then aspirated and cAMP formed in the cells was extracted with 65%
ethanol. The cCAMP content was determined using a commercially
available radioimmunoassay kit (Amersham).

Determination of IPs. The culture medium was removed from the
cells and HEPES-buffered saline was added. After incubation at 37°
for 5 min, Ang II (1 uM) or bradykinin (100 nM) was added and the
incubation was continued for additional 15 or 30 sec at 37°. The reaction

was terminated by addition of 0.2 volume of 20% perchloric acid, and
the plates were placed on ice for 30 min. After centrifugation, the
supernatants collected were neutralized with KOH, and IP; was deter-
mined with an IP; assay system (Amersham).

Statistical analysis. The results are expressed as mean + standard
error. Statistical analysis of the data was performed with a one-way
analysis of variance followed by a Tukey compromise test.

Results

Time course of cGMP accumulation. Elevation of the
c¢GMP content by Ang II and bradykinin was transient. The
effect of Ang II and bradykinin reached a maximum at 30 sec
and returned to a base-line level in 60 sec (Fig. 1). The time
course of ANF-stimulated cGMP accumulation was quite dif-
ferent from the time courses obtained with Ang II and brady-
kinin. The elevation of cGMP content stimulated by ANF
reached a plateau level in 60 sec and lasted for at least 5 min
(Fig. 1).

Effect of Ang II, bradykinin, and ANF on ¢cGMP for-
mation under Ca?*-depleted conditions. Pretreatment of
the cells with 100 um BAPTA/AM, a membrane-permeable
Ca?* chelator, abolished the effect of both Ang II and bradyki-
nin on cGMP levels, whereas the ANF-stimulated cGMP ac-
cumulation was not affected significantly (Fig. 2). Removal of
extracellular Ca?* by incubation of the cells with Ca®*-free
buffer containing 1 mM EGTA markedly attenuated Ang II-
stimulated elevation of cGMP content (Fig. 3).

Effect of methylene blue on ¢cGMP accumulation.
Methylene blue attenuated Ang II- and bradykinin-induced
elevation of cGMP formation in a dose-dependent manner in
differentiated Neuro-2A cells (Fig. 4). However, it had only a
negligible effect on ANF-stimulated cGMP formation (Fig. 4).
Methylene blue (100 uM) itself had no effect on basal cGMP
levels (data not shown).

Effect of Ca?* channel blockers on Ang II-stimulated
c¢GMP accumulation. The L-type Ca®* channel blockers ni-
fedipine (10 uM) and diltiazem (10 uM) failed to attenuate the
increase in cGMP content stimulated by Ang II in differen-
tiated Neuro-2A cells (Fig. 5). The N-type Ca®* channel blocker
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Fig. 1. Time course of Ang llI-, bradykinin-, and ANF-stimulated cGMP
elevation in differentiated Neuro-2A cells. Cells were incubated with 100
nM Ang |1 (@), bradykinin (O), or ANF () at 37°. At time points of 10, 30,
60, and 300 sec, incubations were terminated and the cGMP content
was measured by radioimmunoassay. Data are mean values of three
separate experiments.
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Fig. 2. Effect of BAPTA/AM treatment on Ang lI-, bradykinin-, and ANF-
stimulated cGMP elevation in differentiated Neuro-2A cells. BAPTA/AM
(100 um) was added to the culture medium and incubated at 37° for 30
min. After the medium was removed, cells were incubated with 100 nm
Ang |I, bradykinin, or ANF for 30 sec at 37°. The cGMP content was
measured by radioimmunoassay. Each value represents the mean +
standard error obtained from three separate experiments. **, p < 0.01,
compared with control. ##, p < 0.01, compared with each agonist in
the absence of BAPTA/AM.

250 Ang Il (100 nM)
* %

cGMP (fmoles/10 s cells)
g

cGMP (fmoles/10 cells)

0

control +Ca -Ca

Fig. 3. Effect of removal of extracellular Ca®* on Ang Il-stimulated cGMP
elevation in differentiated Neuro-2A cells. Cells were preincubated for 10
min at 37° with vehicle or Ca?*-free HEPES-buffered saline containing 1
mm EGTA and were then further incubated with Ang Il (100 nm) for 30
sec at 37°. The cGMP content was measured by radioimmunoassay.
Each value represents the mean + standard error obtained from five

separate experiments. **, p < 0.01, compared with control. ##, p <
0.01, compared with the presence of Ca®*.

w-conotoxin (1 uM) also had no effect (Fig. 5). On the other
hand, 100 uM LaCls, a nonspecific Ca®* antagonist, significantly
prevented Ang II-stimulated ¢cGMP accumulation (Fig. 6).
None of the Ca** channel blockers altered basal cGMP levels
(data not shown).

Effect of nitric oxide synthase inhibitors on Ang II-,
bradykinin-, and ANF-stimulated cGMP accumulation.
Nitric oxide synthase inhibitors such as NMMA and NNA
blocked Ang II- and bradykinin-induced cGMP accumulation
in a dose-dependent manner (Fig. 7). NNA was approximatly
10 times more potent than NMMA. This result is consistent
with a recent report indicating that NNA is a much stronger
inhibitor of nitric oxide synthase in neuronal and endothelial
cells (21). On the other hand, neither NMMA nor NNA atten-
uated ANF-induced cGMP accumulation (Fig. 7). NMMA and
NNA had no effect on basal cGMP levels (data not shown).

cGMP formation (% of control)

)
e
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Fig. 4. Effect of methylene blue on Ang lI-, bradykinin-, and ANF-
stimulated cGMP formation in differentiated Neuro-2A cells. Celis were
preincubated with methylene biue for 5 min at 37° and then incubated
with 100 nm Ang |l (@), bradykinin (O), or ANF () for 30 sec at 37°. The
cGMP content was measured by radioimmunoassay. Each value repre-
sents the mean obtained from three separate experiments.

Effect of A23187 on cGMP content. The Ca?* ionophore
A23187 (100 nM) stimulated cGMP formation significantly in
differentiated Neuro-2A cells (Fig. 8). The effect of A23187 was
abolished by nitric oxide synthase inhibitors such as NNA (10
uM) and NMMA (100 uM) (Fig. 8).

Effect of Ang II on formation of IP; and cAMP content.
AT, receptors have been reported to mediate a decrease in
cAMP content and an increase in IP; formation (22). Ang II
had no effect on basal or forskolin-stimulated cAMP content
(Fig. 9). Bradykinin (100 nM) increased IP; formation signifi-
cantly at 30 sec in differentiated Neuro-2A cells, whereas Ang
I (1 uM) did not stimulate IP; formation (Fig. 10). Almost
identical results were obtained after stimulation with Ang II or
bradykinin for 15 sec (data not shown). These results suggest
that the signaling pathway involving the new Ang II receptor
subtype in differentiated Neuro-2A cells is distinct from that
mediated by AT, receptors.

Discussion

In a previous study, we reported (18) that a new type of
binding site for Ang II, which was distinct from AT, and AT,
receptors in that it was refractory to AT,- or AT,-specific
antagonists, was expressed in differentiated Neuro-2A cells.
Further, we reported (19) that Ang II increased cGMP levels
in the cells and that Ang II-induced stimulation of cGMP
formation was not attenuated by either an AT, antagonist
(DuP753) or an AT, antagonist (PD123319), suggesting that
this new Ang II receptor subtype mediates cGMP formation in
differentiated Neuro-2A cells. In this study, we investigated the
mechanism of Ang II-stimulated elevation of cGMP.

Agonist-induced production of cGMP can be mediated by the
activation of either particulate or soluble forms of g-cyclase.
The particulate g-cyclase is activated by ANF in a Ca®*-inde-
pendent manner (23). On the other hand, soluble g-cyclase is
activated by various transmitters and hormones, such as bra-
dykinin and muscarine, by a Ca®*-dependent mechanism (24).
To clarify the mechanism of Ang II-induced cGMP formation,
we investigated it in comparison with the effects of bradykinin
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Fig. 5. Effect of L-type and N-type Ca?* channel biockers on Ang ll-stimulated cGMP formation in differentiated Neuro-2A cells. Cells were

with 10 um nifedipine (Nif) or diltiazem (Dil) or 1 um w-conotoxin (CTx) for 5 min at 37° and then further incubated with 100 nm Ang Il
for 30 sec at 37°. The cGMP content was measured by radioimmunoassay. Each value represents the mean + standard error obtained from three
separate experiments. **, p < 0.01, compared with control.
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Fig. 8. Effect
tiated Neuro-2A celis. Cells were ted with 100 um LaCl, for 5
min at 37° and incubated with 100 nm Ang |l for 30 sec at 37°. The
cGMP content was measured by radioimmunoassay. Each value repre-
sents the mean + standard error obtained from three separate experi-
ments. **, p < 0.01, compared with control. ##, p < 0.01, compared
with Ang Il alone.

and ANF. Ang II-induced elevation of cGMP content was rapid
and transient, returning to a base-line level in 60 sec. The time
course obtained with Ang II was quite similar to that obtained
with bradykinin, but it was distinct from that obtained with
ANF, which elevated cGMP for at least 5 min. Pretreatment
with BAPTA/AM abolished the Ang II- and bradykinin-stim-
ulated elevation of cGMP levels but not that induced by ANF.
This suggests that increased intracellular Ca®* is essential for
the actions of both Ang II and bradykinin, but not that of ANF,
on cGMP levels. From the time course and Ca?* dependency of
the action of Ang II, it is likely that Ang II activates soluble g-
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cyclase in a manner similar to that of bradykinin in Neuro-2A
and other neuroblastoma cells (20). To examine this hypothesis,
we studied the effect of methylene blue, an inhibitor of soluble
g-cyclase, on Ang II-, bradykinin-, and ANF-stimulated cGMP
formation. The present finding that methylene blue attenuated
Ang II- and bradykinin-stimulated cGMP formation, whereas
it had a negligible effect on ANF-stimulated cGMP formation,
strongly supports the conclusion that Ang II increases cGMP
content through activation of soluble g-cyclase in differentiated
Neuro-2A cells.

The major natural stimulator of soluble g-cyclase is nitric
oxide, which is synthesized by nitric oxide synthase. In many
cells and tissues, it has been considered that intracellular
formation of nitric oxide may be an essential intermediate step
in agonist stimulation of soluble g-cyclase (25, 26). Further, in
mouse neuroblastoma cells (N1E-115) it was reported that a
nitric oxide synthase inhibitor, NMMA, attenuated agonist-
stimulated cGMP formation (25). These findings prompted us
to investigate the possible involvement of nitric oxide in the
effect of Ang II on cGMP levels in differentiated Neuro-2A
cells. In the present study, nitric oxide synthase inhibitors such
as NMMA and NNA attenuated Ang II- and bradykinin-
stimulated elevation of cGMP content dose dependently. These
nitric oxide synthase inhibitors had a negligible effect on ANF-
stimulated cGMP elevation, indicating that the effect of nitric
oxide synthase inhibitors is not nonspecific. This suggests that
generation of nitric oxide is involved in the elevation of cGMP
levels by Ang II and bradykinin in differentiated Neuro-2A
cells.

The constitutive form of nitric oxide synthase is regulated
by the Ca?*/calmodulin system. When the involvement of
increased intracellular Ca?* in the elevation of cGMP is con-

Fig. 7. Effect of nitric oxide synthase inhibitors
on Ang II-, bradykinin-, and ANF-stimulated
cGMP formation in differentiated Neuro-2A
cells. Cells were preincubated with NMMA or
NNA for 5§ min at 37° and then incubated with
100 nm Ang |l (@), bradykinin (O), or ANF ()
for 30 sec at 37°. The cGMP content was
measured by radioimmunoassay. Each value
represents the mean obtained from three sep-
arate experiments.
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Fig. 9. Effect of Ang Il on basal and forskolin-stimulated CAMP content
in differentiated Neuro-2A celis. Forskolin (10 um) and/or Ang Il (1 um)
were added to culture medium and incubated for 5 min at 37°. The
CAMP content was measured by radioimmunoassay. Each value repre-
sents the mean + standard error obtained from three separate experi-
ments.

*
10

% 08

.O

i 0.6

g oe

-

& 9.2
0.0

control Ang |l

bradykinin

Fig. 10. Effect of Ang Il and bradykinin on IP; formation in differentiated
Neuro-2A cells. Celis were incubated with Ang Il (1 um) or bradykinin
(100 nwm) for 30 sec at 37°. The reaction was terminated by addition of
20% perchioric acid. The IPs content was measured with the IPs assay
system. Each value represents the mean + standard error obtained from
four separate experiments. *, p < 0.05, compared with control.

sidered, the mechanisms of bradykinin and Ang II seem to
diverge. Ang II had no effect on IP, formation in differentiated
Neuro-2A cells, whereas bradykinin increased IP; formation
significantly. This suggests that the transient increase in cGMP
produced by bradykinin may be due to elevation of intracellular
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Fig. 8. Effect of A23187 on cGMP formation in differentiated Neuro-
2A celis. Cells were preincubated with vehicie, NMMA (100 um), or
NNA (10 um) for 5 min at 37° and then incubated with 100 nm A23187
for 30 sec at 37°. The cGMP content was measured by radioimmuno-
assay. Each value represents the mean + standard error obtained
from three separate experiments. **, p < 0.01, compared with contro.
##, p <0.01, compared with A23187 alone.

Ca®* induced by increased IP; formation and that the Ang II-
stimulated increase in cGMP is IP; independent. The increase
in cGMP elicited by Ang II was blocked by removal of extra-
cellular Ca?*. This suggests that Ang II stimulates cGMP
accumulation by increasing Ca®* entry from outside the cell
rather than by stimulating Ca®* efflux from intracellular Ca?*
stores. Ang II-induced cGMP accumulation was prevented by
LaCl,, a nonspecific Ca** antagonist. This result also supports
the conclusion that Ang II increases cGMP levels by increasing
Ca?* entry from an extracellular source.

Both L-type and N-type Ca’* channel blockers had no effect
on Ang II-stimulated cGMP elevation. These results suggest
that Ang II might induce Ca®* influx via an ion channel that is
related to the new Ang II receptor subtype but not via the L-
or N-type Ca’ channels. Sumners and Myers (16) and Mc-
Millian et al (27) reported that Ang II opens a certain Ca?*
channel in neuronal cells (16) and adrenal medullary chromaf-
fin cells (27) that operates by a mechanism independent of
phosphatidylinositol bisphosphate-specific phospholipase C.
Our present and previous findings that the Ang II receptor in
Neuro-2A cells is not coupled to a GTP-binding protein and
does not induce IP; formation, but works through Ca?* influx
from the extracellular space, is consistent with their results.

To clarify the source of Ca®*, we investigated various mech-
anisms of Ca** entry. The Ca’* ionophore A23187 mimicked
the effect of Ang II on ¢cGMP levels. The increase in cGMP
produced by A23187 was prevented by nitric oxide synthase
inhibitors. This finding supports the hypothesis that Ca?* entry
generates nitric oxide and that the nitric oxide formed activates
soluble g-cyclase.

The functional significance of the Ang II receptor-mediated
increase in cGMP in differentiated Neuro-2A cells is unknown.
Several lines of evidence suggest a role for cGMP and cGMP-
dependent protein kinases in the regulation of ion channels
and intracellular Ca?* levels in various cell types (28-30). There
are reports that Ang II modulates cGMP levels in neuron-like
cells. Sumners et al. (12) reported that Ang II decreases cGMP
levels via AT, receptors in neuronal cultures and suggested
that Ca?* entry and subsequent phosphodiesterase activation
might be involved in this action. In addition, it has been
reported recently that Ang II decreases basal and ANF-stimu-
lated cGMP levels via AT receptors in PC12W cells (31). Ang
IT was shown to increase cGMP in N1E-115 mouse neuro-
blastoma cells in a Ca’*-dependent manner via both AT, and
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AT, receptors (11). It is intriguing to postulate the existence of
hitherto unidentified effects of cGMP in neuronal function
mediated by Ang II. Also, because Ang II stimulates nitric oxide
synthesis, the major effect of Ang II mediated by this new type
of receptor may be the production of nitric oxide, and the
formation of cGMP may involve the extension of such a path-
way in which the neuronal cells with a soluble g-cyclase can
respond to nitric oxide produced intracellularly or taken up
from adjacent cells.

In conclusion, we suggest that in certain neuronal cells Ang
II stimulates nitric oxide synthase, which leads to a markedly
increased synthesis of cGMP. The stimulation of nitric oxide
synthase seems to be mediated by influx of extracellular Ca**
via an unidentified Ca’* channel that is not the L- or N-type
Ca* channel but is related to a new Ang II receptor.
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