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Abstract

Elevated B-type natriuretic peptide (BNP) regulates cGMP-phosphodiesterase activity. Its
elevation is regarded as an early compensatory response to cardiac failure where it can facilitate
sympathovagal balance and cardiorenal homeostasis. However, recent reports suggest a
paradoxical proadrenergic action of BNP. Because phosphodiesterase activity is altered in
cardiovascular disease, we tested the hypothesis that BNP might lose its efficacy by minimizing
the action of cGMP on downstream pathways coupled to neurotransmission. BNP decreased
norepinephrine release from atrial preparations in response to field stimulation and also
significantly reduced the heart rate responses to sympathetic nerve stimulation in vitro. Using
electrophysiological recording and fluorescence imaging, BNP also reduced the depolarization
evoked calcium current and intracellular calcium transient in isolated cardiac sympathetic neurons.
Pharmacological manipulations suggested that the reduction in the calcium transient was regulated
by a cGMP/protein kinase G pathway. Fluorescence resonance energy transfer measurements for
cAMP, and an immunoassay for cGMP, showed that BNP increased cGMP, but not cCAMP. In
addition, overexpression of phosphodiesterase 2A after adenoviral gene transfer markedly
decreased BNP stimulation of cGMP and abrogated the BNP responses to the calcium current,
intracellular calcium transient, and neurotransmitter release. These effects were reversed on
inhibition of phosphodiesterase 2A. Moreover, phosphodiesterase 2A activity was significantly
elevated in stellate neurons from the prohypertensive rat compared with the normotensive control.
Our data suggest that abnormally high levels of phosphodiesterase 2A may provide a brake against
the inhibitory action of BNP on sympathetic transmission.
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Natriuretic peptides (NPs) are generally regarded as cardioprotective, owing to their
antihypertrophic properties, ability to reduce plasma volume,23 and beneficial action on
neurohumoral control.# B-type or brain natriuretic peptide (BNP) has recently received
much attention because of its diagnostic, prognostic, and potentially therapeutic role in heart
failure, acute ischemic stroke,® and hypertension,” although its therapeutic efficacy is still
not firmly established.8

The physiological effects of NPs are elicited through binding to the particulate guanylyl
cyclase—coupled natriuretic peptide receptors (NPRs).? This results in increases in cGMP3-
dependent modulation of protein kinase G (PKG)1? and cyclic nucleotide—coupled
phosphodiesterases!! that leads to the regulation of intracellular calcium concentrations
([Ca?*];).12 Upregulation of NP production is seen as a compensatory mechanism affording
beneficial hemodynamicl3 and myocardial effects, 1415 reflected in their ability to slow the
progression of heart failurel6 and also inhibit cardiac sympathetic responsiveness in these
patients.1” The importance of targeting the cardiac sympathetic nervous system is now seen
as a major therapeutic opportunity.18 However, the paracrine action of NP on the
sympathetic nervous system is controversial 19

Indeed Chan et al?9 suggested that a paradoxical proadrenergic action of BNP, via PKG-
mediated inhibition of cAMP hydrolysis by PDE3 and subsequent Ca2*-dependent
norepinephrine release, may account for the lack of clinical efficacy of NPs. This seemed
surprising given the volume of literature that indicates an increase in cGMP caused by nitric
oxide—activated soluble guanylyl cyclase reduces [Ca2*]; and cardiac sympathetic
neurotransmission.21-23

Because PDE2A activity is dysregulated in heart failure,24 we tested the hypothesis that
BNP loses its efficacy by impairing the action of cGMP on a calcium-regulated pathway
coupled to exocytosis. Here, we demonstrate that BNP suppresses the neuronal calcium
current and [Ca2*]; transients in primary cultured sympathetic neurons from stellate ganglia
that predominately innervate the heart.2 It also reduces cardiac [3H]-norepinephrine release
and heart rate responses to intact cardiac sympathetic nerve stimulation. Moreover, PDE2A
activity is upregulated in stellate neurons from prehypertensive spontaneously hypertensive
rats (SHR) versus normotensive Wistar-Kyoto rats. Overexpressing PDE2A decreases
cGMP and the efficacy of BNP to regulate Ca2*-induced exocytosis.

Materials and Methods

Animals

Four-week-old male Sprague Dawley (n=142), prehypertensive SHR (n=8), and
normotensive Wistar-Kyoto (n=8) rats were used in this study. The investigation conformed
to the Guide for the Care and Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85-23, revised 1996) and the Animals (Scientific
Procedures) Act 1986 (United Kingdom).

An expanded Materials and Methods section is available in the online-only Data
Supplement.
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Results

BNP Decreases Heart Rate Responses to Right Stellate Stimulation In Vitro and Evoked
Norepinephrine Release

We asked whether BNP could directly regulate the heart rate responses to cardiac
sympathetic nerve stimulation in an isolated innervated double atria preparation that was
decentralized and devoid of circulating factors. Stimulation of the right stellate ganglion
produced a frequency-dependent increase in heart rate (Figure 1Ai). Addition of 250 nmol/L
BNP caused no significant changes in baseline heart rate (control, 309+16 bpm; BNP,
311+14 bpm; P=0.91, paired t test), whereas it caused a significantly reduced heart rate
response to nerve stimulation across all frequencies when compared with control
stimulations (n=10; Figure 1Ai and 1Aii). There was a trend for a lower concentration (100
nmol/L) at 1 and 3 Hz to also decrease sympathetic responsiveness (Figure S1 in the online-
only Data Supplement).

To test whether the attenuated heart rate response to nerve stimulation caused by BNP was a
result of decreased neurotransmission, we directly measured the level of [3H]-
norepinephrine release in response to field stimulation of right atrial preparations. Because
only 250 nmol/L reached a statistically reduced heart rate response to nerve stimulation, we
chose to use 250 nmol/L on the [3H]-norepinephrine release experiment. There was no
difference between the first (S1) and second (S2) field stimulation at 5 Hz without BNP (S1,
+1.68+0.12%; S2, +1.64+0.15%; n=4; Figure 1Bi and 1Biii), indicating no significant time-
dependent changes. However, as we expected, BNP (250 nmol/L) produced ~43%
reduction in [3H]-norepinephrine release in response to 5-Hz field stimulation (S1,
+1.75+0.25%; S2, +0.99+0.23%; n=6; P<0.05, 1-way ANOVA; Figure 1Bii and 1Biii).

BNP Reduces Neuronal Calcium Current and Intracellular-Free Calcium Transients in
Cardiac Sympathetic Neurons

We next assessed whether BNP would also affect calcium signaling in isolated stellate
neurons. Antityrosine hydroxylase immunofluorescence staining from fixed cultured stellate
neuron is shown in Figure 2A. Virtually all the neurons had tyrosine hydroxylase—positive
expression, confirming that the neurons were sympathetic. The neuronal calcium current
was measured using the whole cell configuration of the patch-clamp technique. The calcium
current was significantly reduced by —16.7+5.9% (P<0.05; n=6) and —15.2+3.2% (P<0.05;
n=3) after 10-minute exposure to 100 and 250 nmol/L BNP, respectively (Figure 2Bi and
2Bii; Figure S2), and the amplitude was recovered after washing off (at =10 mV, the
maximum response). Intracellular calcium concentration was measured using ratiometric
recordings (with Fura-2-acetoxymethyl ester, Fura-2/AM) in single sympathetic neurons. A
protocol for the calcium-transient response to 50 mmol/L of KCI is shown in Figure 2Ci.
BNP was introduced at 7 minutes after the first high K* stimulation (S1; Figure 2Ci). After
10 minutes of treatment, neurons were stimulated again (S2) in the presence of BNP. In a
concentration-dependent manner, BNP (1, 10, 50, 100, 250 nmol/L) caused ~2% to 22%
decrease in [Ca%*]; evoked by high K* depolarization from cardiac sympathetic neurons.
This was statistically significant at 100 and 250 nmol/L (Figure 2Cii), however, these
concentrations did not affect basal [Ca2*]; (Figure 2Ciii). There was no significant
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difference between 100 and 250 nmol/L BNP on [Ca?*];, so we chose to use 100 nmol/L in
the cellular experiments.

Pharmacological Manipulation of NPR-A/cGMP/PKG Pathway

Several putatively selective inhibitors of the NPR-A/cGMP/PKG pathway were used to
further elucidate the signal transduction pathway (Figure 3). Pretreatment of NPR-A
inhibitor Isatin (1H-indole-2,3-dione, 10 umol/L) or the PKG inhibitor (RP-8-Br-PET-
cGMP, 5 umol/L) almost completely abolished the action of 100 nmol/L BNP on the
[Ca%*];. cAMP-dependent protein kinase inhibitor (1 pmol/L) alone reduced the [Ca2*];
transient (-12.5+£3.2% compared with control). However, BNP maintained its ability to
reduce the depolarization evoked [Ca%*]; transient in the presence of the protein kinase
inhibitor, suggesting protein kinase was not critical to the pathway downstream after NPR-A
activation.

Phosphodiesterases play a major role in cell signaling by hydrolyzing cAMP and cGMP.26
A nonspecific phosphodiesterase inhibitor, 3-isobutyl-1-methylxanthine (IBMX), was
tested. IBMX of 100 and 500 pmol/L reduced the [Ca2*]; transient by —8.8+3.4% and
-16.7+2.8%, respectively. This indicated that the overall phosphodiesterases are more
effective at hydrolyzing cGMP in the sympathetic neurons. Moreover, 100 nmol/L BNP
further diminished the [Ca2*]; transient in the presence of IBMX at both concentrations
(Figure 3C). In the nervous system, the isoforms PDE2 and PDE3 are dominant.20:27
Therefore, the PDE3 inhibitor Milrinone (10 pmol/L) or PDE2 inhibitor Bay60-7550 (1
umol/L) was introduced during BNP stimulation. In the presence of Milrinone, BNP still
maintained its inhibition on the [Ca?*]; transient (Figure 3D). Interestingly, application of
BNP in the presence of Bay60-7550 further reduced the [Ca?*]; transient compared with
BNP alone (Figure 3D).

BNP Does Not Affect Intracellular cAMP Level

Real-time measurements of intracellular CAMP concentration in living cardiac sympathetic
neurons were first performed using ratiometric fluorescence resonance energy transfer
(FRET) imaging in the presence of BNP. Depolarizing the neuron with 50 mmol/L KCI led
to a decrease in yellow fluorescent protein emission (Figure 4A, yellow trace) and a
concomitant increase in cyan fluorescent protein emission (Figure 4A, cyan trace), resulting
in an increase of the ratiometric FRET signal (AR/Ry). This is consistent with an increase in
cAMP accumulation.28 Neurons were stimulated again in the presence of 100 nmol/L BNP
(Figure 4A and 4B). BNP caused no significant changes in the FRET signal (Figure 4C).
Moreover, in the unstimulated neuron, 100 and 250 nmol/L BNP did not cause a significant
decrease in the FRET signal (P=0.35 and 0.19, respectively, n=4; Figure 4D). PDE2
inhibitor Bay60-7550 (1 umol/L) also did not significantly affect the unstimulated FRET
signal (Figure 4E, n=4). To show that the sensitivity of the FRET sensor was intact,
application of IBMX (100 pmol/L) caused a marked rise in CAMP (Figure 4E).

Effect of PDE2A Overexpression in Presence of BNP

Increased Stellate Ganglia PDE2A Activity From Prehypertensive SHR and
PDE2A Overexpression—Because the depolarization induced [Ca2*]; transient in
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stellate neurons is enhanced in prehypertensive SHRs2? and reduced after application with
PDEZ2A inhibition in normal cells, we measured the PDE2A activity in these stellate ganglia.
As shown in Figure 5A, PDE?2 activity (expressed as the cGMP-PDE2 hydrolytic activity)
was ~260% higher in the SHR when compared with the Wistar-Kyoto rats (Figure 5Ai).
Moreover, it was ~90% greater in PDE2A transduced ganglia (Figure 5Aii) compared with
the empty treated group, as we attempted to mimic the SHR PDE levels.

Western Blotting and cGMP Production—Gene transfer of empty or Ad.PDE2A to
the isolated stellate ganglia was confirmed with Western blot analysis. PDE2A. mCherry
expression (127 KDa, with anti-PDE2A antibody) was significantly enhanced in Ad.PDE2A
transduced stellate ganglia tissue when compared with those transduced with the empty
virus alone (Figure 5B). We detected no difference in endogenous levels of PDE2A (100
KDa) protein in either group (n=5 in each group; Figure S3). cGMP production (Figure 5C)
was markedly enhanced (~3-fold) after application of 250 nmol/L BNP in the transduced
empty virus stellate ganglia tissue. However, in the presence of BNP, overexpression of
Ad.PDE2A reduced cGMP accumulation by ~60% compared with the empty control
transduced tissue. This suggests that PDE2A is responsible for the degradation of newly
synthesized BNP-activated cGMP.

PDE2A Overexpression Increases Neuronal Calcium Current and Intracellular-
Free Calcium Transients—Fluorescence microscopy detected mCherry expression in
stellate neurons after transduction with the empty virus or Ad.PDE2A (Figure 6B). Because
all neurons did not express mCherry, we only selected the transduced neurons to measure
calcium current and intracellular calcium transients. The calcium current was significantly
reduced by ~21% after 10-minute exposure to 100 nmol/L BNP (Figure 6Ai) in the empty
transduced group. Whereas in Ad.PDE2A transduced neurons, BNP failed to affect the
calcium current (Figure 6Aii). This response was recovered after inhibition of PDE2 by
Bay60-7550 (1 umol/L) in Ad.PDE2A transduced neurons (reduced ~12%, Figure 6Aiii).

As we expected, [Ca%*]; transients were significantly enhanced (~32%) in Ad.PDE2A
transduced neurons when compared with the empty control (Figure 6Ci and 6Cii). BNP of
100 nmol/L reduced the [Ca?*]; transient by —18.6+3.8% in the empty group which was
comparable with results from cultured stellate neurons without virus (-18.1+3.6%). By
contrast, BNP in Ad.PDE2A transduced neurons failed to affect the [Ca%*]; transient
(—4.99+3.09%) compared with empty. This response was rescued after inhibition of PDE2
by Bay60-7550 (1 pmol/L), where BNP then reduced the [Ca2*]; tran sient by —23.1+6.4%
(Figure 6Ciii).

Evoked Norepinephrine Release—We then investigated whether overexpression of
PDE2A affected neurotransmitter release. [3H]-Norepinephrine release during 5-Hz field
stimulation of right atrial preparations was significantly enhanced (S1, ~37%) in
Ad.PDE2A transduced tissue when compared with the empty control (Figure 7A). BNP
produced ~228% reduction in [3H]-norepinephrine release in the empty vector control group
(Figure 7Ai and 7Aiii). However, BNP did not change [3H]-norepinephrine release after
transduction with Ad.PDE2A (S2 versus S1, Figure 7Aii and 7Aiii). Percutaneous gene
transfer to the right atrium was confirmed with Western blot analysis (Figure 7B) by
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detecting enhanced PDE2A.mCherry expression (127 KDa, with antimCherry antibody)
compared with those transduced with the empty virus.

Discussion

In this study, we provide some insight into the inhibitory action of BNP signaling on cardiac
sympathetic transmission and excitability. We found that BNP reduces [Ca?*]; transients in
a concentration-dependent manner and also decreases the calcium current in primary
cultured stellate cells. This translated into a reduction in neurotransmitter release and heart
rate responsiveness to direct sympathetic nerve stimulation in vitro. The inhibitory action of
BNP on the [Ca2*]; transient is regulated by the NPR-A/cGMP/PKG pathway, where PDE2
modulates the hydrolysis of cGMP that is synthesized by the addition of BNP (Figure 8).
Where PDE2A activity is elevated in stellate neurons, it is conceivable that it provides a
brake against the inhibitory action of BNP on sympathetic transmission.

BNP Suppresses Cardiac Sympathetic Nerve Activity

Our findings agree with the generally held view that NPs afford beneficial cardiac and
hemodynamic effects.18 NPs have been viewed as a compensatory neurohormonal system
that is upregulated in the setting of heart failure3? and hypertension.3! Specifically, infusion
of BNP decreases norepinephrine spillover in patients with heart failure,1” and in
experimental animal models, atrial NP produces a direct depressant action on sympathetic
nerve function by reducing both cardiac output and arterial blood pressure.32 Atrial NP also
augments cardiac parasympathetic nerve activity in humans33 and rats,3* and of interest, NP
mimic the action of the nitric oxide—cGMP pathway in facilitating acetylcholine release.3°
Moreover, elevating cGMP levels with nitric oxide inhibits calcium transients and
sympathetic neurotransmission, indicating a pivotal role for this cyclic nucleotide in the
modulation of neurotransmission.21:22:29 |n this work, we found that BNP decreased
norepinephrine release from atrial preparations in response to field stimulation and also
significantly reduced the heart rate responses to sympathetic nerve stimulation in vitro.
Taken together, these studies would suggest a potentially positive synergistic effect on
sympathovagal signaling that might be beneficial in the setting of chronically increased
sympathetic and decreased parasympathetic drive.

BNP Inhibition of [Ca?*]; Transient Are Regulated by NPR-A/cGMP/PKG Pathway

Although BNP reduces the calcium current and [Ca2*]; transients in stellate cells during
depolarization, it is unlikely that the [Ca2*]; transient is only affected by membrane calcium
entry. The endoplasmic reticulum and mitochondria also regulate intracellular calcium (ie,
also sensitive to nitric oxide—cGMP levels) after cellular depolarization with KCI.29:36
Whether BNP directly affects these subcellular organelles has not been established.

The receptor for BNP, NPR-A ,is expressed on cells in many different tissues of various
organ systems.3” NPR-A is linked to particulate guanylate cyclase, a unique intracellular
guanylate cyclase-catalytic domain for this receptor that mediates the biological actions
through the production of cGMP as a second messenger.38 This was confirmed by direct
measurement of cGMP levels that were increased with BNP in stellate ganglia tissue. Our
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finding that NPR-A blockade prevents BNP-mediated reductions in peak [CaZ*]; gives
functional evidence for NPR-A binding mediating the effects of BNP. Failure of BNP to
reduce Ca?* transients when the PKG blocker was added confirmed that BNP evoked
reductions in [Ca2*]; transients were most likely dependent on PKG-mediated inhibition of
voltage-gated Ca2* channels. This is consistent with the proposal that BNP activates a PKG
signaling pathway involved in the inhibition of neurotransmission in the dorsal root
ganglion.3?

PKG is known to be activated by cGMP, the activity of which is also regulated by
phosphodiesterases.28 Our results differ from a previous study that highlights a pivotal role
for protein kinase in mediating the paradoxical proadrenergic effects of BNP. Here, it was
shown that PKG-mediated inhibition of CAMP hydrolysis by PDE3 caused a subsequent
Ca?*-dependent release of norepinephrine.2? This conclusion was based on experiments
performed on a PC12 cell line in the absence of neuronal membrane depolarization. In
contrast, our results in depolarized cardiac sympathetic neurons showed that inhibition of
PDE3 and protein kinase did not disrupt the effect of BNP on the [Ca2*]; transient.
Moreover, BNP had virtually no effect on the FRET measured cAMP under either basal
conditions or during periods of stimulation. In addition, the inhibitory effect of BNP on the
[CaZ*]; transient was augmented by blocking PDE2, but prevented by inhibition of PKG.
This result is consistent with others who report that in primary neuronal cultures (from the
brain), inhibition of PDE2 enhances cGMP levels, whereas cAMP levels are unaffected.40

The Role of PDE2 in Cardiac Neural Signaling

PDE2A has been shown to play important roles in many signal transduction pathways as a
regulator of both cGMP and cAMP levels.0-43 PDE2 is markedly upregulated in heart
failure and blunts B-adrenergic responses by hydrolysis of CAMP in cardiomyocytes.2444
This provides a negative crosstalk mechanism between cAMP and cGMP signaling
pathways. In cardiac stellate ganglia, we observed that the action of BNP is regulated by
PDE2A activity. We also show that PDE2A activity is upregulated in the SHR stellate
ganglia. This in turn depletes cGMP and reduces PKG activity, resulting in decreased
inhibition of voltage-gated calcium channels and intracellular calcium transients. Our results
agree with others that PDE2 predominantly hydrolyses cGMP rather than CAMP in
neurons.#546 The difference between the myocyte and neuron may well be related to the
microdomain organization of PDE2A splice variants (PDE2A1-3) expressed in difference
species. 4’

The inhibitory action of BNP on the calcium current/[Ca?*]; and neurotransmission was
prevented by overexpression of PDE2A. This was associated with ~60% reduction in
cGMP, suggesting that PDE2A plays a key role in modulating the efficacy of BNP.
Furthermore, blockade of overexpressed PDE2A re-established the action of BNP. Our data
suggest a possible site of regulation on PDE2A signaling, where BNP might fail in
hypertension, resulting in excessive sympathetic activity.
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Perspectives

Plasma levels of BNP increase because of chronic stretch in heart failure3 and can rise by
<30-fold in severe cases.*8 The finding that BNP reduced sympathetic outflow from
stimulated stellate ganglion neurons is suggestive of a compensatory protective role against
sympathetic overactivity, implicated in the pathophysiology of both hypertension*® and
heart failure.5% Our findings suggest that contrary to the proposal of Chan et al, 20 the lack of
clinical efficacy of BNP is not attributable to the proexocytotic nature of the BNP pathway.
Instead, we propose that the usual ability of BNP to modulate Ca%* signaling and
neurotransmission in sympathetic neurons is via a cGMP-PDE2A pathway. BNP has a
diverse action and thus an integrative view of this neurohormone at a systemic level must
also be taken into account if it is to be viewed as a targeted therapy in vivo. Moreover,
whether the BNP-cGMP-PDE2A pathway is actually impaired in hypertensive and heart
failure models remains to be firmly established.
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Acknowledgments

We thank Dr Andreas Koschinski, Dr Carolina Garciarena for technical assistance, and Dr Natalia Nikiforova for
providing the empty virus.

Sources of Funding

This work was supported by a project grant from the British Heart Foundation (BHF). D. J. Paterson and N. Herring
also acknowledge support from the BHF Centre of Research Excellence, Oxford.

References

1. Rosenkranz AC, Woods RL, Dusting GJ, Ritchie RH. Antihypertrophic actions of the natriuretic
peptides in adult rat cardiomyocytes: importance of cyclic GMP. Cardiovasc Res. 2003; 57:515—
522. [PubMed: 12566124]

2. Tremblay J, Desjardins R, Hum D, Gutkowska J, Hamet P. Biochemistry and physiology of the
natriuretic peptide receptor guanylyl cyclases. Mol Cell Biochem. 2002; 230:31-47. [PubMed:
11952095]

3. Potter LR, Abbey-Hosch S, Dickey DM. Natriuretic peptides, their receptors, and cyclic guanosine
monophosphate-dependent signaling functions. Endocr Rev. 2006; 27:47-72. doi: 10.1210/er.
2005-0014. [PubMed: 16291870]

4. Wada A, Tsutamoto T, Matsuda Y, Kinoshita M. Cardiorenal and neurohu-moral effects of
endogenous atrial natriuretic peptide in dogs with severe congestive heart failure using a specific
antagonist for guanylate cyclase-coupled receptors. Circulation. 1994; 89:2232-2240. [PubMed:
7910118]

5. Abassi Z, Karram T, Ellaham S, Winaver J, Hoffman A. Implications of the natriuretic peptide
system in the pathogenesis of heart failure: diagnostic and therapeutic importance. Pharmacol Ther.
2004; 102:223-241. doi: 10.1016/j.pharmthera.2004.04.004. [PubMed: 15246247]

6. Maruyama K, Shiga T, lijima M, Moriya S, Mizuno S, Toi S, Arai K, Ashihara K, Abe K,
Uchiyama S. Brain natriuretic peptide in acute ischemic stroke. J Stroke.Cerebrovasc Dis. 2014;
23:967-972. doi: 10.1016/j.jstrokecerebrovasdis.2013.08.003. [PubMed: 24119617]

7. Macheret F, Heublein D, Costello-Boerrigter LC, et al. Human hypertension is characterized by a
lack of activation of the antihypertensive cardiac hormones ANP and BNP. J Am Coll Cardiol.
2012; 60:1558-1565. doi: 10.1016/j.jacc.2012.05.049. [PubMed: 23058313]

Hypertension. Author manuscript; available in PMC 2015 July 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Lietal.

Page 9

8. Lee CY, Burnett JC Jr. Natriuretic peptides and therapeutic applications. Heart Fail Rev. 2007;
12:131-142. doi: 10.1007/s10741-007-9016-3. [PubMed: 17440808]

9. Chinkers M, Garbers DL, Chang MS, Lowe DG, Chin HM, Goeddel DV, Schulz S. A membrane
form of guanylate cyclase is an atrial natriuretic peptide receptor. Nature. 1989; 338:78-83. doi:
10.1038/338078a0. [PubMed: 2563900]

10. Castro LR, Schittl J, Fischmeister R. Feedback control through cGMP-dependent protein kinase
contributes to differential regulation and compartmentation of cGMP in rat cardiac myocytes. Circ
Res. 2010; 107:1232-1240. doi: 10.1161/CIRCRESAHA.110.226712. [PubMed: 20847310]

11. Omori K, Kotera J. Overview of PDEs and their regulation. Circ Res. 2007; 100:309-327. doi:
10.1161/01.RES.0000256354.95791.f1. [PubMed: 17307970]

12. Sodi R, Dubuis E, Shenkin A, Hart G. B-type natriuretic peptide (BNP) attenuates the L-type
calcium current and regulates ventricular myocyte function. Regul Pept. 2008; 151:95-105. doi:
10.1016/j.regpep.2008.06.006. [PubMed: 18616964]

13. Abraham WT, Lowes BD, Ferguson DA, Odom J, Kim JK, Rabertson AD, Bristow MR, Schrier
RW. Systemic hemodynamic, neurohormonal, and renal effects of a steady-state infusion of
human brain natriuretic peptide in patients with hemodynamically decompensated heart failure. J
Card Fail. 1998; 4:37-44. [PubMed: 9573502]

14. Kasama S, Furuya M, Toyama T, Ichikawa S, Kurabayashi M. Effect of atrial natriuretic peptide
on left ventricular remodelling in patients with acute myocardial infarction. Eur Heart J. 2008;
29:1485-1494. doi: 10.1093/eurheartj/ehn206. [PubMed: 18490430]

15. Moltzau LR, Aronsen JM, Meier S, Skogestad J, @rstavik @ , Lothe GB, Sjaastad I, Skomedal T,
Osnes JB, Levy FO, Qvigstad E. Different compartmentation of responses to brain natriuretic
peptide and C-type natriuretic peptide in failing rat ventricle. J Pharmacol Exp Ther. 2014;
350:681-690. doi: 10.1124/jpet.114.214882. [PubMed: 25022512]

16. Molkentin JD. A friend within the heart: natriuretic peptide receptor signaling. J Clin Invest. 2003;
111:1275-1277. doi: 10.1172/JC118389. [PubMed: 12727915]

17. Brunner-La Rocca HP, Kaye DM, Woods RL, Hastings J, Esler MD. Effects of intravenous brain
natriuretic peptide on regional sympathetic activity in patients with chronic heart failure as
compared with healthy control subjects. J Am Coll Cardiol. 2001; 37:1221-1227. [PubMed:
11300426]

18. Schwartz PJ. Cardiac sympathetic denervation to prevent life-threatening arrhythmias. Nat Rev
Cardiol. 2014; 11:346-353. doi: 10.1038/nrcardio.2014.19. [PubMed: 24614115]

19. Luchner A, Schunkert H. Interactions between the sympathetic nervous system and the cardiac
natriuretic peptide system. Cardiovasc Res. 2004; 63:443-449. doi: 10.1016/j.cardiores.
2004.05.004. [PubMed: 15276469]

20. Chan NY, Seyedi N, Takano K, Levi R. An unsuspected property of natriuretic peptides:
promotion of calcium-dependent catecholamine release via protein kinase G-mediated
phosphodiesterase type 3 inhibition. Circulation. 2012; 125:298-307. doi: 10.1161/
CIRCULATIONAHA.111.059097. [PubMed: 22158783]

21. Schwarz P, Diem R, Dun NJ, Férstermann U. Endogenous and exogenous nitric oxide inhibits
norepinephrine release from rat heart sympathetic nerves. Circ Res. 1995; 77:841-848. [PubMed:
7554131]

22. Choate JK, Paterson DJ. Nitric oxide inhibits the positive chronotropic and inotropic responses to
sympathetic nerve stimulation in the isolated guinea-pig atria. J Auton Nerv Syst. 1999; 75:100-
108. [PubMed: 10189110]

23.Li D, Wang L, Lee CW, Dawson TA, Paterson DJ. Noradrenergic cell specific gene transfer with
neuronal nitric oxide synthase reduces cardiac sympathetic neurotransmission in hypertensive rats.
Hypertension. 2007; 50:69-74. doi: 10.1161/HYPERTENSIONAHA.107.088591. [PubMed:
17515453]

24. Mehel H, Emons J, Vettel C, et al. Phosphodiesterase-2 is up-regulated in human failing hearts and
blunts B-adrenergic responses in cardiomyocytes. J Am Coll Cardiol. 2013; 62:1596-1606. doi:
10.1016/j.jacc.2013.05.057. [PubMed: 23810893]

25. Pardini BJ, Lund DD, Schmid PG. Organization of the sympathetic postganglionic innervation of
the rat heart. J Auton Nerv Syst. 1989; 28:193-201. [PubMed: 2628461]

Hypertension. Author manuscript; available in PMC 2015 July 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Lietal.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42

Page 10

Lugnier C. Cyclic nucleotide phosphodiesterase (PDE) superfamily: a new target for the
development of specific therapeutic agents. Pharmacol Ther. 2006; 109:366—398. doi: 10.1016/
j.pharmthera.2005.07.003. [PubMed: 16102838]

Bender AT, Beavo JA. Cyclic nucleotide phosphodiesterases: molecular regulation to clinical use.
Pharmacol Rev. 2006; 58:488-520. doi: 10.1124/pr.58.3.5. [PubMed: 16968949]

Gesellchen F, Stangherlin A, Surdo N, Terrin A, Zoccarato A, Zaccolo M. Measuring
spatiotemporal dynamics of cyclic AMP signaling in real-time using FRET-based biosensors.
Methods Mol Biol. 2011; 746:297-316. doi: 10.1007/978-1-61779-126-0_16. [PubMed:
21607864]

Li D, Nikiforova N, Lu CJ, Wannop K, McMenamin M, Lee CW, Buckler KJ, Paterson DJ.
Targeted neuronal nitric oxide synthase transgene delivery into stellate neurons reverses impaired
intracellular calcium transients in prehypertensive rats. Hypertension. 2013; 61:202-207. doi:
10.1161/HYPERTENSIONAHA.111.00105. [PubMed: 23172925]

Dries DL. Process matters: emerging concepts underlying impaired natriuretic peptide system
function in heart failure. Circ Heart Fail. 2011; 4:107-110. doi: 10.1161/CIRCHEARTFAILURE.
111.960948. [PubMed: 21406676]

Machowska A, Juszczak K, Novak P, Thor P. The natriuretic peptide neurohormonal system
modulation by vasopeptidase inhibitors—the novel therapeutical approach of hypertension
treatment. Folia Med Cracov. 2009; 50:35-42. [PubMed: 21853869]

Bergey JL, Much DR, Kratunis V, Asaad M. Effects of human ANF-(99-126) on sympathetic
nerve function, hemodynamic parameters and plasma cGMP levels in anesthetized, ganglion-
blocked dogs. Eur J Pharmacol. 1989; 159:103-112. [PubMed: 2565241]

Zeuzem S, Olbrich HG, Haak T, Jungmann E. In vivo evidence that human atrial natriuretic factor-
(99-126) (hANF) stimulates parasympathetic activity in man. Eur J Clin Pharmacol. 1990; 39:77-
79. [PubMed: 2148912]

Ackermann U, Khanna J, Irizawa TG. Atrial natriuretic factor alters autonomic interactions in the
control of heart rate in conscious rats. Can J Physiol Pharmacol. 1988; 66:930-936. [PubMed:
2975192]

Herring N, Zaman JA, Paterson DJ. Natriuretic peptides like NO facilitate cardiac vagal
neurotransmission and bradycardia via a cGMP pathway. Am J Physiol Heart Circ Physiol. 2001,
281:H2318-H2327. [PubMed: 11709398]

Li D, Lee CW, Buckler K, Parekh A, Herring N, Paterson DJ. Abnormal intracellular calcium
homeostasis in sympathetic neurons from young prehypertensive rats. Hypertension. 2012;
59:642-649. doi: 10.1161/HYPERTENSIONAHA.111.186460. [PubMed: 22252398]

Kong X, Wang X, Xu W, Behera S, Hellermann G, Kumar A, Lockey RF, Mohapatra S,
Mohapatra SS. Natriuretic peptide receptor a as a novel anti-cancer target. Cancer Res. 2008;
68:249-256. doi: 10.1158/0008-5472.CAN-07-3086. [PubMed: 18172317]

Lucas KA, Pitari GM, Kazerounian S, Ruiz-Stewart |, Park J, Schulz S, Chepenik KP, Waldman
SA. Guanylyl cyclases and signaling by cyclic GMP. Pharmacol Rev. 2000; 52:375-414.
[PubMed: 10977868]

Zhang FX, Liu XJ, Gong LQ, Yao JR, Li KC, Li ZY, Lin LB, Lu YJ, Xiao HS, Bao L, Zhang XH,
Zhang X. Inhibition of inflammatory pain by activating B-type natriuretic peptide signal pathway
in nociceptive sensory neurons. J Neurosci. 2010; 30:10927-10938. doi: 10.1523/JNEUROSCI.
0657-10.2010. [PubMed: 20702721]

Suvarna NU, O’Donnell JM. Hydrolysis of N-methyl-D-aspartate receptor-stimulated cCAMP and
cGMP by PDE4 and PDE2 phosphodiesterases in primary neuronal cultures of rat cerebral cortex
and hippocampus. J Pharmacol Exp Ther. 2002; 302:249-256. [PubMed: 12065724]

Hu F, Ren J, Zhang JE, Zhong W, Luo M. Natriuretic peptides block synaptic transmission by
activating phosphodiesterase 2A and reducing pre-synaptic PKA activity. Proc Natl Acad Sci U S
A. 2012; 109:17681-17686. doi: 10.1073/pnas.1209185109. [PubMed: 23045693]

. Reinecke D, Burhenne H, Sandner P, Kaever V, Seifert R. Human cyclic nucleotide

phosphodiesterases possess a much broader substrate-specificity than previously appreciated.
FEBS Lett. 2011; 585:3259-3262. doi: 10.1016/j.febslet.2011.09.004. [PubMed: 21920362]

Hypertension. Author manuscript; available in PMC 2015 July 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Lietal.

43.

44,

45.

46.

47.

48.

49.

50.

Page 11

Maurice DH, Ke H, Ahmad F, Wang Y, Chung J, Manganiello VC. Advances in targeting cyclic
nucleotide phosphodiesterases. Nat Rev Drug Discov. 2014; 13:290-314. doi: 10.1038/nrd4228.
[PubMed: 24687066]

Mongillo M, Tocchetti CG, Terrin A, Lissandron V, Cheung YF, Dostmann WR, Pozzan T, Kass
DA, Paolocci N, Houslay MD, Zaccolo M. Compartmentalized phosphodiesterase-2 activity blunts
beta-adrenergic cardiac inotropy via an NO/cGMP-dependent pathway. Circ Res. 2006; 98:226—
234. doi: 10.1161/01.RES.0000200178.34179.93. [PubMed: 16357307]

Boess FG, Hendrix M, van der Staay FJ, Erb C, Schreiber R, van Staveren W, de Vente J,
Prickaerts J, Blokland A, Koenig G. Inhibition of phosphodiesterase 2 increases neuronal cGMP,
synaptic plasticity and memory performance. Neuropharmacology. 2004; 47:1081-1092. doi:
10.1016/j.neuropharm.2004.07.040. [PubMed: 15555642]

Xu'Y, PanJ, Chen L, Zhang C, Sun J, Li J, Nguyen L, Nair N, Zhang H, O’Donnell JM.
Phosphodiesterase-2 inhibitor reverses corticosterone-induced neurotoxicity and related
behavioural changes via cGMP/PKG dependent pathway. Int J Neuropsychopharmacol. 2013;
16:835-847. doi: 10.1017/S146114571200065X. [PubMed: 22850435]

Russwurm C, Zoidl G, Koesling D, Russwurm M. Dual acylation of PDE2A splice variant 3:
targeting to synaptic membranes. J Biol Chem. 2009; 284:25782-25790. doi: 10.1074/
jbc.M109.017194. [PubMed: 19632989]

Nakao K, Mukoyama M, Hosoda K, Suga S, Ogawa Y, Saito Y, Shirakami G, Arai H, Jougasaki
M, Imura H. Biosynthesis, secretion, and receptor selectivity of human brain natriuretic peptide.
Can J Physiol Pharmacol. 1991; 69:1500-1506. [PubMed: 1723349]

Schroeder EB, Liao D, Chambless LE, Prineas RJ, Evans GW, Heiss G. Hypertension, blood
pressure, and heart rate variability: the Atherosclerosis Risk in Communities (ARIC) study.
Hypertension. 2003; 42:1106-1111. doi: 10.1161/01.HYP.0000100444.71069.73. [PubMed:
14581296]

Thomas JA, Marks BH. Plasma norepinephrine in congestive heart failure. Am J Cardiol. 1978;
41:233-243. [PubMed: 203177]

Hypertension. Author manuscript; available in PMC 2015 July 01.



Lietal. Page 12

Hypertension. Author manuscript; available in PMC 2015 July 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Lietal. Page 13

:y — Control _ - %
A 150,() = BNP(250nmol/L) E 80 (ii)
- a
£ 2 60
£100 5
& 40
& .
£ 507 T %0 -O- Control (n=10)
2 © -@- BNP(250nmol/L)
2 (n=10)
0- —F W T —30s g0
1Hz 3Hz 5Hz 7THz (8] 1Hz 3Hz 5Hz 7Hz
SNS frequency SNS frequency
B . ‘O-Control . -O-Control 8
o 5 (i) (n=4) 5/ (i)  @BNP@250nmolL) & 257 (iii)
@ 1 g1 (n=6) °
34 S2 4 2.0
[
w3 3 s2 215
z % £
Z2 2 2 1.0
I o
21 1 E 0.5
= 0! G 0.0 -” E
0 6 121824 30364248 0 6 1218 24 30 36 4248 > n= n=6
Time (min) Time (min) CControl EBNP(250nmol/L)

Figure 1.

A, Representative raw data traces (i) and grouped data (ii) showing the heart rate responses
to sympathetic nerve stimulation (SNS) at 1, 3, 5 and 7 Hz for 30 s with 250 nmol/L B-type
natriuretic peptide (BNP) compared with control. *P<0.05, **P<0.01, paired t test. B,
Grouped data showing the time control (i) and with addition of 250 nmol/L BNP (ii) on
[3H]-norepinephrine release from isolated atria. The atria were stimulated at 5 Hz for 1
minute at the 16th (S1) and 40th (S2) minutes. (iii) Group mean data show BNP caused a
significant decrease in 5-Hz stimulation evoked [3H]-norepinephrine release (n=6 *P<0.05,
1-way ANOVA). NE indicates norepinephrine.
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Figure 2.
A, Bright field and immunofluorescence staining image of a cultured cardiac sympathetic

neuron derived from a stellate ganglion which was stained with the catecholamine neuronal
marker antityrosine hydroxylase (TH, red) and costained with the nuclear marker 4,6-
diamidino-2-phenylindole (DAPI, blue). Scale bar represents 20 um. B, (i) Representative
whole cell calcium current density traces obtained with or without 100 nmol/L B-type
natriuretic peptide (BNP, 10 minutes) and after wash out. Currents were evoked by test
pulses to —10 mV from a holding potential of =90 mV. (ii) Mean current density—voltage
relations in the presence and absence of 100 nmol/L BNP. Wash off data were only recorded
at —10mV as the quality of the recordings deteriorates over time. *P<0.05, paired t test, n=6
neurons. I, indicates calcium current; pA, picoampere; and pF, picofarad. C, (i) An
example recording calcium transient in a single cardiac sympathetic neuron. Neuron was
exposed to KCI for 30 s to depolarize the neuron with (S2) or without (S1) BNP. (ii)
Statistical data showing that concentration—effect relationship of BNP (1-250 nmol/L)
changed KCI evoked increase in [Ca2*]; expressed as a ratio (%) of S2 compared with S1.
**P<0.01, compared with control, unpaired t test. Numbers shown in the bars indicate the
number of the neurons. (iii) BNP (100 and 250 nmol/L) did not affect basal [Ca%*]; in the
cardiac sympathetic neurons (n=4).
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Figure 3.
NP-cGMP pathway inhibitors action on the intracellular calcium transient. A,

Depolarization of the neuron with 50 mmol/L KCI for 30 s at 1 minute (S1, without drug)
and 17 minutes (S2, with drug and 100 nmol/L BNP). B, Data showing the effect on the
[CaZ*]; of the natriuretic peptide receptor A (NPR-A) antagonist Isatin (10 pmol/L), the
protein kinase G (PKG) inhibitor RP-8-Br-PET-cGMP (5 umol/L), and the protein kinase A
inhibitor (PKI; 1 pmol/L) with or without BNP; (C) nonspecific phosphodiesterase inhibitor
3-isobutyl-1-methylxanthine (IBMX; 100 and 500 pmol/L) with or without BNP; and (D)
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Phosphodiesterase 3 (PDE3) inhibitor Milrinone (10 pmol/L) or the PDE2 inhibitor
Bay60-7550 (1 pmol/L) with or without BNP. *P<0.05, **P<0.01, ***P<0.001, compared
with control, unpaired t test. 1P<0.05, 1P<0.01, 1-way ANOVA. Numbers shown in the
bars indicated the number of neurons. BNP indicates B-type natriuretic peptide.
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Figure 4.

CAMP measurements in isolated cardiac sympathetic neurons. A, Dynamic changes on
emission intensity in the cyan fluorescent protein (CFP) channel (cyan) and yellow
fluorescent protein (YFP) channel (yellow). Black arrows indicate depolarization of the
neuron with 50 mmol/L KCI for 1 minute at 10 minutes (S1) and 30 minutes (S2). B-type
natriuretic peptide (BNP) was introduced at 20 minutes. B, Representative kinetics of
cAMP-induced fluorescence resonance energy transfer (FRET) changes by ratiometric
recording of CFP and YFP emission in response to depolarization. C, Mean absolute values
of FRET change during depolarization in the presence or absence of BNP. D, BNP was
slightly reduced basal cAMP concentration in cardiac sympathetic neurons (n=4). E,
Phosphodiesterase 2 inhibitor Bay60-7550 (1 umol/L) and 100 nmol/L BNP did not
significantly affect basal FRET (n=4). Nonspecific inhibition of phosphodiesterases with 3-
isobutyl-1-methylxanthine (IBMX, 100 pmol/L) enhanced the intracellular cAMP levels.
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Figure 5.

A, Phosphodiesterase 2 (PDEZ2) activity in stellate ganglia tissue from prehypertensive
spontaneously hypertensive rats (SHR) and normotensive Wistar-Kyoto (WKY) rats (i),
normal Sprague Dawley rats transduced with empty and Ad.PDE2A (ii). PDE2 activity was
measured by colorimetric assay and defined as the production of 5’-GMP inhibited by 1
pumol/L Bay60-7550. B, Western blot showing PDE2A.mCherry expression (127 KDa) in
transduced empty and PDE2A stellate ganglia tissue (with anti-PDE2A antibody). Band
optical density was normalized to that of B-actin (42 KDa). C, Effect of 250 nmol/L B-type
natriuretic peptide (BNP) on cGMP concentration in transduced empty and PDE2A stellate
ganglia tissue. *P<0.05, **P<0.01, unpaired t test.
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A, Representative calcium current traces (left) and mean current density—voltage relations
(right) obtained before and after exposure to 100 nmol/L BNP (i and ii) or B-type natriuretic
peptide (BNP) with 1 umol/L Bay60-7550 (iii) in the transduced empty (i) and Ad.PDE2A
(ii and iii) cardiac sympathetic neurons. *P<0.05, paired t test. I, indicates calcium current;
pA, picoampere; and pF, picofarad. B, Images of single stellate neurons transfected with
empty/Ad.PDE2A after 12 hours for patch clamping. The yellow arrows point to the patch
pipette attached to the transduced mCherry (red) neuron. Scale bar represents 20 um. C,
Ratio data traces (i) and statistical data (ii) showing 50 mmol/L KCI evoked intracellular
calcium transient ([Ca2*];) in the transduced empty and Ad.PDE2A cardiac sympathetic
neurons. (iii) Group data showing KCI evoked peak [Ca2*]; changes in response to 100
nmol/L BNP and the phosphodiesterase 2 (PDE2) inhibitor Bay60-7550 (1 umol/L).
*P<0.05, unpaired t test; TP<0.05, 11P<0.01, unpaired t test, compared with control within

same group.
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Figure 7.
A, Representative raw data traces (i and ii) and group data (iii) showing [3H]-norepinephrine

release during 5-Hz field stimulation from percutaneous gene transfer to right atria with
empty virus (i) or Ad.PDE2A (ii). Norepinephrine release was significantly enhanced in the
Ad.PDE2A transduced group when compared with the empty control (S1 vs S1; iii). B-type
natriuretic peptide (BNP, 250 nmol/L) significantly reduced norepinephrine release (S1 vs
S2) in empty (i), but not in transduced Ad.PDE2A group (ii). *P<0.05, unpaired t test.
Numbers indicate the number of neurons. B, Representative Western blot showing
PDE2A.mCherry expression (127KDa) in percutaneous gene transfer to right atria with
Ad.PDE2A or empty virus (with antimCherry antibody). Band optical density was
normalized to that of B-actin (42KDa) as a loading control. *P<0.05, unpaired t test.
Numbers indicate the number of atria. PDE2A indicates phosphodiesterase 2A; and NE,
norepinephrine.
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Figure 8.

Diagram illustrating the potential signal transduction pathways mediated by B-type
natriuretic peptide (BNP) in depolarized stellate neurons. BNP binds to the natriuretic
peptide receptor A (NPR-A) and stimulates particulate guanylyl cyclase (pGC). Newly

- !
© o0 Norepincphrinc\l’

Page 21

synthesized cGMP activates phosphodiesterase 2 (PDE2) to degrade cGMP, but not cAMP,
and thus limits the increase in protein kinase G (PKG) activity. Moreover, PKG inhibits
calcium current by phosphorylating voltage-gated calcium channels (VGCCs) and reduces

the intracellular calcium transient. This in turn decreases norepinephrine release from

synaptic vesicles and reduces the heart rate response to sympathetic stimulation. In addition,

elevated intracellular calcium triggers the activation of adenylate cyclase (AC) via

calmodulin (CaM) and produces cAMP. cAMP activates CAMP-dependent protein kinase

(PKA), thus phosphorylation of calcium channel.
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