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NEURAL ABNORMALITY and heightened activity of the sympathetic nervous system are implicated in the pathogenesis of
many cardiovascular diseases, including hypertension and
heart failure. Possible mechanisms include repressed arterial
baroreflex buffering of sympathetic nerve traffic induced by
neurohumoral factors such as angiotensin II (ANG II) in
autonomic control regions of the brain, including the subfornical organ (SFO), paraventricular nucleus (PVN), and rostral
ventrolateral medulla (RVLM) (12, 39, 45).
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The heptapeptide Ang-(1–7) is recognized as an important
biologically active component of the renin-angiotensin system
(RAS) in different tissues. In contrast to ANG II-mediated
peripheral actions, including vasoconstriction and cell proliferation, Ang-(1–7) induces vasodilation and inhibition of cell
growth mediated by nitric oxide (NO·) and prostaglandin
release (30). In the brain, Ang-(1–7) can be produced and
evoke functional effects in several areas of the forebrain and
brain stem, including the paraventricular nucleus of the hypothalamus (PVN), nucleus tractus solitarii (NTS), and rostral
ventrolateral medulla (RVLM), which underscore its role as a
neuromodulator of cardiovascular function (29). Exogenous
administration of Ang-(1–7) into the NTS or brain ventricular
system facilitates arterial baroreflex bradycardia (4). In the
caudal ventrolateral medulla, Ang-(1–7) lowered arterial pressure by inhibiting RVLM-mediated pressor responses (33). In
spontaneously hypertensive rats, the pressor response induced
by intrahypothalamic administration of ANG II is attenuated
when Ang-(1–7) and ANG II are administered together (18).
These studies suggest that Ang-(1–7) counteracts the hypertensive actions of ANG II in central nervous system (CNS).
The G protein-coupled receptor Mas (Mas R) has been
identified as a receptor for Ang-(1–7) (32). In mammals, Mas
gene is abundantly expressed in the testis and brain and less
strongly but at detectable levels in the kidney, heart, and
vascular endothelium (1, 2, 8). Recent studies suggest that
Ang-(1–7), binding to Mas R, increases NO· levels, which
induces vasodilation and opposes ANG II-induced vasoconstriction and cardiomyocyte hypertrophy (14, 31). Moreover,
Mas-deficient mice exhibit elevated blood pressure, decreased
NO· bioavailability, and increased levels of reactive oxygen
species (ROS) in the vasculature (40). In the brain, Mas R is
found in areas of the forebrain and medulla related to modulation of cardiovascular functions and is mainly located in
neuronal cells (2).
The presence of Ang-(1–7) and Mas R in close proximity in
the central areas that modulate cardiovascular function suggests a role for the Ang-(1–7)-Mas R axis in the regulation of
sympathetic nerve activity. Indeed, a selective Mas antagonist,
(D-Ala7)-Ang-(1–7), given intracerebroventricularly or into the
NTS, inhibits the improvements in baroreflex activity induced
by Ang-(1–7) (24, 27). Gironacci and colleagues (13) reported
that Ang-(1–7) attenuates the K⫹-evoked neuronal norepinephrine (NE) release from rat hypothalamus through a NO·dependent mechanism, partially mediated by Mas R signaling
(13). Recently, Feng et al.(9) found that overexpression of
angiotensin-converting enzyme type 2 (ACE2), which converts
ANG II to Ang-(1–7), in the brain increases nitric oxide
synthase (NOS) and NO·. Considering that Ang-(1–7)-Mas R
axis plays an important role in regulation of baroreflex sensi-
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of angiotensin-(1–7) [Ang-(1–7)], a heptapeptide of the renin-angiotensin system, in the periphery are mediated, at least in part, by
activation of nitric oxide (NO) synthase (NOS) and generation NO·.
Studies of the central nervous system have shown that NO· acts as a
sympathoinhibitory molecule and thus may play a protective role in
neurocardiovascular diseases associated with sympathoexcitation,
such as hypertension and heart failure. However, the contribution of
NO in the intraneuronal signaling pathway of Ang-(1–7) and the
subsequent modulation of neuronal activity remains unclear. Here, we
tested the hypothesis that neuronal NOS (nNOS)-derived NO· mediates changes in neuronal activity following Ang-(1–7) stimulation.
For these studies, we used differentiated catecholaminergic (CATH.a)
neurons, which we show express the Ang-(1–7) receptor (Mas R) and
nNOS. Stimulation of CATH.a neurons with Ang-(1–7) (100 nM)
increased intracellular NO levels, as measured by 4-amino-5-methylamino-2=,7=-difluorofluorescein diacetate (DAF-FM) fluorescence and
confocal microscopy. This response was significantly attenuated in
neurons pretreated with the Mas R antagonist (A-779), a nonspecific
NOS inhibitor (nitro-L-arginine methyl ester), or an nNOS inhibitor
(S-methyl-L-thiocitrulline, SMTC), but not by endothelial NOS
(eNOS) or inhibitory NOS (iNOS) inhibition {L-N-5-(1-iminoethyl)ornithine (L-NIO) and 1400W, respectively}. To examine the effect of
Ang-(1–7)-NO· signaling on neuronal activity, we recorded voltage-gated
outward K⫹ current (IKv) in CATH.a neurons using the whole cell
configuration of the patch-clamp technique. Ang-(1–7) significantly increased IKv, and this response was inhibited by A-779 or S-methyl-Lthiocitrulline, but not L-NIO or 1400W. These findings indicate that
Ang-(1–7) is capable of increasing nNOS-derived NO· levels, which in
turn, activates hyperpolarizing IKv in catecholaminergic neurons.
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tivity and pressor responses in brain, we hypothesized that
Ang-(1–7)-Mas- NO· signaling regulates neuronal voltagegated outward K⫹ current (IKv) in catecholaminergic neurons.
In the present study, we evaluated the Ang-(1–7)-Mas-NO·
signaling effects on IKv in CATH.a neurons, a catecholaminergic neuronal cell line.
MATERIALS AND METHODS
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Ann Arbor, MI), L-NIO (1 M, Calbiochem, Gibbstown, NJ), 1400W
(1 M, Calbiochem) or A-779 (1 M, Bachem, Torrance, CA) 20 min
before Ang-(1–7) treatment. DAF-FM fluorescent intensity per cell
was analyzed using the Zeiss LSM 510 analysis software. DAF-FM
has a detection limit of 3 nM and does not react with other stable
oxidized forms of NO·, such as NO2, or ROS (20).
Electrophysiological recordings. Potassium channel currents were
recorded by an Axopatch 200B amplifier (Axon Instruments) in the
standard whole cell configuration of the patch-clamp technique. Patch
pipette resistance ranged from 3 to 5 M⍀ when filled with (in mM)
130 KCl, 2 MgCl2, 0.25 CaCl2, 5 EGTA, 1 Mg-ATP, 0.1 Tris-GTP,
10 HEPES, and 8 glucose, pH 7.2. The extracellular bath solution
included (in mM) 137 NaCl, 5.4 KCl, 1.35 CaCl2, 2 MgCl2, 0.3
NaH2PO4, 10 HEPES, and 10 sucrose, pH 7.4. Na⫹ and Ca2⫹
channels were blocked by TTX (1.5 M) and CdCl2 (0.3 mM),
respectively. Current traces were sampled at 10 kHz and filtered at 5
kHz. Holding potential was ⫺80 mV. Current-voltage (I-V) relations
were elicited by test potential over the range of ⫺80 to ⫹80 mV with
200-ms duration in 20-mV increments. The pipette and series resistance and capacitance were compensated by more than 90% and
checked during experiments for stability. Resulting data were acquired and analyzed with Clampfit 9.2 software (Axon Instruments).
Recordings were performed at 22–24°C. In Ang-(1–7) experiments,
100 M L-arginine was added to the bath solution. The effect of
Ang-(1–7) on current density was tested by superfusing neurons with
the peptide for 5 min and repeating the voltage-pulse regimen. To
investigate the role of NO· or Mas R activation, recordings of IKv were
made under the following sequential treatments: 1) superfusion of
vehicle; 2) superfusion of Ang-(1–7) (100 nM); Ang-(1–7) plus
SMTC (1 M), L-NIO (1 M), 1400W (1 M) or A-779 (1 M);
3) superfusion of NO· donor S-nitroso-N-acetyl-dl-penicillamine
(SNAP, 100 M, Sigma); and 4) washout of SNAP.
Statistical analysis. The data were analyzed in Prism software
(GraphPad Software) and expressed as means ⫾ SE. Analysis was
performed with Student’s t-test when comparing only two groups or
by analysis of variance (ANOVA) followed by Newman-Keuls correction for multiple group comparisons. Significance is expressed by
P ⬍ 0.05.
RESULTS

CATH.a neurons express NOS and Mas R. First, we assessed whether CATH.a neurons express mRNA and protein
for Mas R and NOS isoforms. RT-PCR revealed relatively
high levels of Mas R and nNOS mRNA in differentiated
CATH.a neurons when compared with the modest levels of
iNOS and eNOS mRNA (Fig. 1A). Protein expression of Mas
R and nNOS in differentiated CATH.a neurons was confirmed by
Western blot analysis (Fig. 1B). These results clearly show that
nNOS and Mas R are expressed in differentiated CATH.a neurons.
Ang-(1–7) increases NO· levels by activating Mas R-nNOS
pathway in CATH.a neurons. To investigate whether Ang(1–7) influences NO· production in CATH.a neurons, intracellular NO· levels were measured by DAF-FM fluorescence and
confocal microscopy. As shown in representative confocal
microscopy images and summary data, Ang-(1–7) (100 nM)
significantly enhanced DAF-FM fluorescence intensity (Fig. 2;
134 ⫾ 3% of baseline, n ⫽ 66 neurons on six coverslips, P ⬍
0.05) compared with the vehicle-exposed control (104 ⫾ 0.9%
of baseline), suggesting that Ang-(1–7) stimulates NO· production in CATH.a neurons. To study the role of Mas R and
isoforms of NOS in Ang-(1–7)-induced NO· generation,
CATH.a neurons were pretreated with Mas R antagonist or
NOS inhibitors before Ang-(1–7) stimulation. As illustrated in
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CATH.a neuronal cell culture. Catecholaminergic CATH.a neuronal cells were purchased from American Type Culture Collection
(ATCC, Manassas, VA) and cultured according to manufacturer’s
instructions. In brief, CATH.a neurons were grown in RPMI 1640
media supplemented with 8% normal horse serum, 4% fetal bovine
serum, and 1% penicillin-streptomycin at 37°C in a humidified atmosphere of 5% CO2. Before use in experiments, CATH.a neurons were
differentiated for 6 – 8 days by adding N6,2=-O-dibutyryladenosine
3=,5=-cyclic monophosphate sodium salt (dbcAMP, 1 mM) to the
culture media, as previously described (42).
Reverse-transcription PCR. Total RNA was isolated from differentiated CATH.a neurons with (TriReagent, MRC, Cincinnati, OH)
according to the manufacturer’s instructions. First-strand cDNA was
reverse transcribed from 1 g of total RNA using Reverse Transcription Reagents (TaqMan, Branchburg, NJ). Gene-specific primers for
RT-PCR were as follows: neuronal NOS (nNOS): (s) AGATTGGCGTTCGTGATT and (as) GTGGAAGACAGGGGTGAT (sze 302
bp, Gene Bank no. NM_008712); endothelial NOS (eNOS): (s)
CTGGCAAGACAGACTACACG and (as) GACATCGCCGCAGACAAA (size 280 bp, Gene Bank no. NM_008713); inducible NOS
(iNOS): (s) CCCTAAGAGTCACCAAAATG and (as) TGATGGACCCCAAGCAAG (size 212 bp, Gene Bank no. NM_010927); Mas R:
(s) GGGAGGAGGGAGCGAAAC and (as) GGAAGCAGAGGAACCAGAGGAG (size 365 bp, Gene Bank no. NM_008552). The
same amount of cDNA was loaded for the PCR amplification of each
gene and standard. PCR reactions were performed. Cycling conditions
were 94°C for 10 min, and 35 cycles of 94°C for 30 s and 55°C for
1 min. PCR products were analyzed by gel electrophoresis on a 1.5%
agarose gel stained with ethidium bromide. Band intensities were
quantified using NIH Image J analysis software.
Western blot analysis. Protein expression for nNOS, eNOS, iNOS,
Mas R, and actin in differentiated CATH.a neurons were determined
using standard Western blot analysis. Cells were harvested in lysis
buffer containing protease inhibitors (Roche, Indianapolis, IN). Cell
lysates (100 g) were separated by SDS-PAGE and transferred to
nitrocellulose membrane. Membranes were incubated with appropriate primary antibodies for nNOS (Millipore, Billerica, MA), eNOS
(Abcam, Cambridge, MA), iNOS (Cell signaling, Danvers, MA), Mas
R (Alomone, Jerusalem, Israel), and actin (Sigma, St. Louis, MO).
After incubation with appropriate horseradish peroxidase-conjugated
secondary antibodies, immunoreactivity was detected by chemiluminescence using the Pierce ECL detection system (Thermo Scientific,
Rockford, IL). Band intensities were analyzed using NIH Image J
analysis software. The values were normalized to actin to correct for
any differences in protein loading.
Measurement of NO· levels. NO· levels in differentiated CATH.a
neurons were determined with the fluorescent dye 4-amino-5-methylamino-2=,7=-difluorofluorecein diacetate (DAF-FM; 5 g/ml; Invitrogen) in buffer containing (in mM) 120 NaCl, 4.8 KCl, 2.5 CaCl2, 1.2
MgSO4, 11 glucose, 15.9 NaH2PO4, and 1 L-arginine (pH 7.2) for 30
min at 37°C. Excess dye was removed, and cells were incubated with
fresh buffer for an additional 20 min at 37°C to allow complete
deesterification of the intracellular diacetates. Images were collected
before and after adding Ang-(1–7) using a fluorescence confocal
microscopy (Zeiss 510 Meta, Göttingen, Germany) with 488 nm
wavelength excitation. In some experiments, CATH.a neurons were
pretreated with NG-nitro-L-arginine methyl ester (L-NAME, 100 M,
Sigma), S-methyl-L-thiocitrulline (SMTC, 1 M, Cayman Chemical,
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Fig. 1. Differentiated differentiated catecholaminergic
(CATH.a) neurons express nitric oxide synthase (NOS)
and Mas R. A: representative RT-PCR image from four
separate experiments showing mRNA expression of neuronal (nNOS), inducible (iNOS), endothelial (eNOS)
NOS, and Mas R in differentiated CATH.a neurons. The
same amount of cDNA that was reverse transcribed from
1 g of total RNA was loaded in PCR amplification for
each gene. B: representative Western blot analysis images
showing protein expression of nNOS, iNOS, eNOS, and
Mas R in differentiated CATH.a neurons.

Ang-(1–7) increases K⫹ current in CATH.a neurons via
Mas R activation. To determine the role of Mas R in mediating the Ang-(1–7)-induced increase of IKv, a series of experiments were initiated by first recording increased IKv in response to Ang-(1–7), and then the same neurons were superfused with Ang-(1–7) in the presence of A-779. The increased
IKv induced by Ang-(1–7) was reversed by A-779, as shown in
IKv representative traces (Fig. 4A) and the summary data
demonstrating the current density-voltage relationship for Iss
(Fig. 4, B–C, n ⫽ 7 neurons). To clarify the contribution of
NO· in modulating K⫹ current and whether the neurons are
responsive to NO· stimulation after Ang-(1–7) plus A-779
treatment, the same neurons were then superfused with SNAP
(NO· donor). IKv was increased in the presence of SNAP (Fig.
4), which was restored after washout of SNAP (data not
shown). Together, these data suggest that Mas R signaling
pathway contributes to Ang-(1–7)-induced activation of IKv.
Ang-(1–7) increases K⫹ current in CATH.a neurons via
nNOS-NO·-dependent mechanism. NO· has been implicated in
reducing neuronal excitability by activating K⫹ currents (15,
41). To elucidate whether NO· is involved in the effect of
Ang-(1–7) on IKv in CATH.a neurons, we tested increased IKv

Fig. 2. Ang-(1–7) increases nitric oxide (NO·) levels in CATH.a neurons mediated by Mas R-nNOS signaling pathway. A: representative confocal microscopy
images showing fluorescence of DAF-FM in CATH.a neurons pretreated with vehicle, Mas R antagonist A-779 (1 M), or nNOS inhibitor S-methyl-Lthiocitrulline (SMTC, 1 M) for 20 min before (baseline) and after vehicle or Ang-(1–7) stimulation (100 nM, 20 min). Scale bar ⫽ 10 m. B: summary data
of DAF-FM fluorescence intensity in CATH.a neurons with pretreatment of vehicle, A-779 (n ⫽ 28 neurons), nonspecific NOS inhibitor nitro-L-arginine methyl
ester (L-NAME, 100 M; n ⫽ 23 neurons), SMTC (n ⫽ 30 neurons), eNOS inhibitor L-N-5-(1-iminoethyl)ornithine (L-NIO, 1 M; n ⫽ 46 neurons), or iNOS
inhibitor 1400W (1 M; n ⫽ 44 neurons), followed by vehicle (n ⫽ 33 neurons) or Ang-(1–7) stimulation (n ⫽ 66 neurons). DAF-FM fluorescence intensity
was quantified using Zeiss LSM 510 software and expressed as percent increase from baseline [prevehicle or Ang-(1–7) stimulation]. *P ⬍ 0.05 vs. baseline
and control ⫹ vehicle. #P ⬍ 0.05 vs. Ang-(1–7) ⫹ vehicle.
AJP-Cell Physiol • VOL
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Fig. 2, the effect of Ang-(1–7) on NO· production was blocked
by nonspecific NOS inhibitor L-NAME (102 ⫾ 6% of baseline,
n ⫽ 23 neurons on 3 coverslips) or nNOS inhibitor SMTC
(104 ⫾ 3% of baseline, n ⫽ 30 neurons on 3 coverslips) and
Mas R antagonist A-779 (109 ⫾ 1% of baseline, n ⫽ 28
neurons on 3 coverslips). In contrast, the increased NO· levels
induced by Ang-(1–7) remained almost unchanged with application of iNOS inhibitor 1400W (140 ⫾ 10% of baseline, n ⫽
44 neurons on 4 coverslips) or eNOS inhibitor L-NIO (140 ⫾
4% of baseline, n ⫽ 46 neurons on 4 coverslips), suggesting
that Mas R-nNOS pathway is responsible for Ang-(1–7)induced NO· generation in CATH.a neurons.
Ang-(1–7) activates K⫹ current in CATH.a neurons. Voltage-gated K⫹ channels play an important role in maintaining
membrane potential and neuronal excitability. Figure 3A shows
that Ang-(1–7) (100 nM) superfusion increased IKv in CATH.a
neurons compared with vehicle. Ang-(1–7) increased steadystate K⫹ current (Iss) by 52 ⫾ 9% (Fig. 3B; P ⬍ 0.05 vs.
vehicle) and peak current (Ipeak) by 49 ⫾ 7% (Fig. 3C; P ⬍
0.05 vs. vehicle, n ⫽ 10 neurons), indicating that acute Ang(1–7) increases K⫹ channel activity by enhancement of outward K⫹ current density in neurons.
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induced by Ang-(1–7) stimulation in the presence of SMTC.
Ang-(1–7) superfusion led to a significant increase in IKv, and
SMTC blocked this Ang-(1–7) response (Fig. 5). It should be
noted that K⫹ currents remained sensitive to NO· activation in
SMTC-treated neurons as SNAP significantly increased IKv
(Fig. 5, n ⫽ 7 neurons). To further verify the source of NO· in
mediating the actions of Ang-(1–7), L-NIO and 1400W were
used to inhibit eNOS and iNOS, respectively. The representative tracings show that enhanced IKv induced by Ang-(1–7)
were unchanged by application of L-NIO (Fig. 6A) or 1400W
(Fig. 6B). Taken together, these data show that the Ang-(1–7)induced increase in IKv is mediated by activation of Mas
R-nNOS-NO· pathway in CATH.a neurons.
DISCUSSION

Increasing evidence indicates that Ang-(1–7) plays an important role in modulating nerve activity. In this study, we observed

that Ang-(1–7) increases IKv in differentiated CATH.a neurons.
Furthermore, this response was blocked by Mas R antagonist
A-779 and nNOS inhibitor SMTC, but not by eNOS inhibitor
L-NIO or iNOS inhibitor 1400W, suggesting that Ang-(1–7) plays
a role in inhibiting neuronal excitation by activating outward K⫹
current through Mas R-nNOS-NO· signaling pathway.
Mas R has been identified as an Ang-(1–7) receptor and
observed abundantly in central cardiovascular-related areas,
such as the NTS, PVN, and RVLM, which are important sites
that regulate sympathetic nerve outflow and baroreflex sensitivity. Furthermore, Mas R contributes to blood pressure regulation by Ang-(1–7) in the CNS (10, 32). Growing evidence
indicates that some Ang-(1–7) actions are associated with the
release of NO·. In vascular endothelium, Ang-(1–7)/Mas axis
activates eNOS and increases NO· generation leading to vasodilation. Central administration of Ang-(1–7) reduces focal
cerebral ischemia-reperfusion damage through stimulation of

Fig. 4. Mas R mediates Ang-(1–7)-induced activation of K⫹ current. A: representative K⫹ current traces in the same CATH.a neuron induced by 1 episodic
voltage step from ⫺80 to ⫹80 mV superfused with vehicle, Ang-(1–7) (100 nM), Ang-(1–7) plus A-779 (1 M), and NO· donor SNAP (100 M). B and
C: summary data (n ⫽ 7 neurons) showing Iss density-voltage relationships (B) and percent change of IKv current densities from baseline (C). *P ⬍ 0.05 vs.
Ang-(1–7) alone.
AJP-Cell Physiol • VOL
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Fig. 3. Ang-(1–7) activates K⫹ current in CATH.a neurons. A: representative K⫹ current traces from CATH.a neurons superfused with vehicle or Ang-(1–7) (100
nM). Voltage-gated K⫹ current (IKv) was recorded from a holding potential ⫺80 to ⫹80 mV during 200 ms. B and C: summary data of peak (Ipeak) and
steady-state (Iss) current density-voltage relationships in CATH.a neurons (n ⫽ 10) superfused with vehicle or Ang-(1–7). *P ⬍ 0.05, vehicle vs. Ang-(1–7).
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NO· release (44). Moreover, Ang-(1–7), partially mediated by
Mas R, inhibits ANG II-mediated release of NE in hypothalamic nuclei (13). Taken together, these studies indicate that
Mas R-NO· signaling pathway is involved in many of the
beneficial effects of Ang-(1–7) in central neurons as well as the
peripheral vasculature.
To clarify the functional role of Mas-NO· signaling in
mediating the effects of Ang-(1–7) on neuronal activity, outward K⫹ current was recorded from differentiated catecholaminergic CATH.a neurons. First, we assessed mRNA
and protein levels of Mas R and three isoforms of NOS in
differentiated CATH.a neurons. Our results show that Mas R
mRNA and protein are expressed in differentiated CATH.a
neurons under basal conditions. We also found nNOS to be
highly expressed in CATH.a neurons in relation to eNOS and
iNOS. Consistent with this observation, in the brain stem
nNOS is more abundant than iNOS in NOS-positive autonomic
neurons, whereas eNOS is mainly associated with vascular
endothelial cells (11). Furthermore, our data indicated that
nNOS is the primary isoform responsible for the increased NO·
levels observed in CATH.a neurons following Ang-(1–7) stimulation. In addition, the Ang-(1–7)-induced increase in NO· is
mediated by Mas R activation. Interestingly, nNOS but not

eNOS, expression was reduced in ventricular myocytes from
Mas⫺/⫺ mice, suggesting that nNOS signaling is also associated with Ang-(1–7)/Mas R action in other cell types (8, 14).
In the present studies, we have not attempted to determine
the intermediate pathways of Mas R-dependent NO· production
induced by Ang-(1–7) nor the specific types of K⫹ channels
that are affected. However, a phosphatidylinositol 3=-kinaseprotein kinase B (Akt) pathway is involved in Ang-(1–7) Mas
R axis-dependent eNOS activation in endothelial cells (28).
Whether a similar pathway and/or a Ca2⫹-related mechanism is
involved in Ang-(1–7)-induced increase in NO· levels in
CATH.a neurons remain to be elucidated.
Neuronal firing rate depends on the activity of membrane ion
channels. Using whole cell patch clamp recordings, Sumners
and colleagues and our recent data showed that ANG II inhibits
IKv in CATH.a neurons via superoxide (O2·⫺)-dependent signaling (34, 42). In contrast to ANG II, in the present study,
Ang-(1–7) increases IKv via activation of NOS and generation
of NO·. Potassium channel modulation by NO· can be induced
either indirectly through the classical pathway of sGC-cGMPPKG activation (6), or direct effects, such as S-nitrosylation of
target proteins (19). It has been shown that NO· can activate
various types of K⫹ channels. For example, NO· activates

Fig. 6. eNOS and iNOS have no effect on
Ang-(1–7)-induced activation of K⫹ current.
Representative K⫹ current traces in CATH.a
neuron induced by 1 episodic voltage step
from ⫺80 to ⫹80 mV during superfusion of
vehicle, Ang-(1–7) (100 nM), Ang-(1–7) plus
L-NIO (1 M, A), or 1400W (1 M, B).
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Fig. 5. nNOS-derived NO· mediates Ang-(1–7)-induced activation of K⫹ current. A: representative K⫹ current traces in the same CATH.a neuron induced by
1 episodic voltage step from ⫺80 to ⫹80 mV during superfusion of vehicle, Ang-(1–7) (100 nM), Ang-(1–7) plus SMTC (1 M), and SNAP (100 M). B and
C: summary data (n ⫽ 7 neurons) showing Iss density-voltage relationships (B) and percent change of IKv current densities from baseline (C). *P ⬍ 0.05 vs.
Ang-(1–7) alone.
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isolated from the hypothalamus or brain stem (34, 42). Together with our observation that CATH.a neurons express Mas
R and nNOS, these studies support utilizing CATH.a neurons
to investigate Ang-(1–7) intraneuronal signaling. Nevertheless,
as with all cell culture-based studies, more studies are needed
to confirm the role of nNOS-derived NO· in mediating Ang(1–7) action in primary neurons isolated from cardiovascular
control brain regions, such as SFO, PVN, and/or RVLM, and
in vivo experiments.
In summary, our findings demonstrate that nNOS and Mas R
are highly expressed in relation to eNOS and iNOS in differentiated CATH.a neurons. We further identified nNOS as the
primary source of elevated NO· levels following Ang-(1–7)
stimulation of neurons and that this response is mediated by
Mas R activation. Finally, the Ang-(1–7)-induced NO· production activates increased outward IKv current in CATH.a neurons, which may provide a cellular basis for the ability of
Ang-(1–7) to restrain central sympathetic nerve activity.
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voltage-gated K⫹ channels in PVN neurons and crustacean
skeletal muscle via cGMP transduction pathway (15, 41). In a
number of publications it was shown that that NO· can activate
calcium-activated K⫹ channels in hippocampal CA1 neurons
(37), as well as vascular and nonvascular smooth muscle cells
(3, 36). NO· also enhanced ATP-sensitive K⫹ channels in
cardiomyocytes (23) and sensory neurons by direct S-nitrosylation (19). The specific type(s) of voltage-sensitive K⫹ channels and their mechanism of activation by NO· in CATH.a
neurons cannot be deduced from the present study and will
require further investigation.
Chappell et al. first reported that endogenous Ang-(1–7) is
present at concentrations approximately equivalent to ANG II
and ANG I in the hypothalamus and medulla oblongata (6).
Ang-(1–7) has been identified as a neuromodulator in the CNS,
especially in those areas related to cardiovascular regulation.
Microinjection of Ang-(1–7) into the NTS of normotensive rats
not only decreased blood pressure but also produced facilitation of baroreceptor control of heart rate (7). Intrahypothalamic
injection of Ang-(1–7) reduced blood pressure in sinoaortic
denervated rats but not in sham animals (17). Together, these
studies suggest that neuronal activity in central cardiovascularcontrol regions could be the potential target for Ang-(1–7) in
regulation of blood pressure and baroreceptor sensitivity.
Central NOS inhibition increases blood pressure and central
sympathetic outflow (38, 43), suggesting NO· modulates autonomic neuronal activity associated with tonic restraint of sympathetic outflow from the CNS areas, including the PVN, NTS,
and RVLM. The cellular sources contributing to NO· production and release within these areas are not well understood.
However, using cultured RVLM-projecting PVN neurons in
vitro, Li et al. (22) found nNOS to be the major source of NO·
involved in inhibiting neuronal firing. Furthermore, the prevalence of nNOS over iNOS activity in the RVLM suggests that
nNOS is a primary source of NO· production in these neurons
(5). Expression of nNOS in the NTS and RVLM is reduced in
rats with heart failure and contributes to the enhanced sympathetic drive in this disease (16, 25), suggesting that nNOSderived NO· is associated with maintenance of sympathetic
outflow. Our data demonstrate that nNOS-specific inhibitor
SMTC prevents Ang-(1–7)-induced K⫹ current activation;
whereas eNOS- and iNOS-specific inhibitors do not alter
Ang-(1–7)-induced increase in K⫹ current in CATH.a neurons.
These observations underscore the important role of nNOS in
regulation of neuronal activity.
Data presented herein were obtained from catecholaminergic
CATH.a neurons, a CNS neuronal cell line isolated from the
brain stem, and this may be considered a limitation of this
study. However, numerous characteristics of the CATH.a neurons make them an appropriate cell model to study Ang-(1–7)
intraneuronal signaling. For example, CATH.a neurons express
neuronal-specific markers, such as neurofilament, synaptophysin, and voltage-gated Na⫹, K⫹, and Ca2⫹ channels (21, 35).
Morphologically, differentiated CATH.a neurons exhibit mature neuronal properties including neurites and synaptic vesicles (26). In addition, previous studies clearly identify CATH.a
neurons as an appropriate cell model to study the intraneuronal
signaling pathways of angiotensins. For example, many of the
well-known ANG II-dependent intraneuronal signaling intermediates, including superoxide, PKC, and CaMKII, are similarly activated in both CATH.a neurons and primary neurons
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