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Abstract

ANP is a peptide released by cardiac myocytes that regulates blood pressure and natriuresis.
However, the molecular mechanisms controlling ANP release from cardiac myocytes are not defined.
We now identify three components of the exocytic machinery that regulate ANP release from atrial
myocytes. We found that cardiac myocytes express N-ethylmaleimide sensitive factor (NSF), soluble
NSF attachment protein (a-SNAP), and SNAP receptors (SNAREs). Additionally we found that
specific SNARE molecules, VAMP1 and VAMP-2, both co-sediment and co-localize with ANP.
Also, one SNARE molecule, syntaxin-4, partially co-sediments and partially co-localizes with ANP.
Furthermore, these three SNARES, sytntaxin-4 and VAMP-1 and VAMP-2 form a SNARE complex
inside cardiac myocytes. Finally, knockdown of VAMP1, VAMP-2 or syntaxin-4 blocks regulated
release of ANP. In contrast, silencing of VAMP-3 did not have an effect on ANP release. Our data
suggest that three specific SNARES regulate cardiac myocyte exocytosis of ANP. Pathways that
modify the exocytic machinery may influence natriuresis and blood pressure.

Introduction

ANP Synthesis

Atrial natriuretic peptide (ANP) isa polypeptide hormone produced, stored and secreted mainly
by adult atrial cardiac myocytes.[1,2] ANP plays a critical role in regulating blood volume and
blood pressure by promoting natriuresis and vasodilation.[3-9] In atrial myocytes of adult
hearts, ANP is synthesized as a 151 amino-acid pre-pro-hormone (pre-pro-ANP), which is then
processed to a 126 amino acid pro-hormone (pro-ANP) and stored in atrial granules.[10] During
exocytosis of these atrial granules, enzymatic cleavage of pro-ANP by corin generates the
biologically active 28 amino acid peptide ANP that is released into the circulation.[11]

Corresponding Author: Charles Lowenstein, Department of Medicine, The University of Rochester Medical Center, Rochester, NY
14534, Telephone: 585-276-5077, charles_lowenstein@urmc.rochester.edu.

Disclosures. The authors declare no conflicts of interest.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ferlito et al. Page 2

Regulation of ANP Release

ANP is constitutively released at a slow rate at low levels, but it also can be secreted rapidly
and at high concentrations after agonist stimulation. The major physiological activator of ANP
release from atrial myocytes is increased atrial stretch. Other extracellular activators include
catecholamines, prostaglandins, glucocorticoids, angiotensin Il and endothelin-1.[12] The
intracellular pathways that mediate the exocytosis of ANP containing granules are not well
understood. Calcium (Ca2+), protein kinase C (PKC), and G-proteins play a role in exocytic
pathways in atrial myocytes. [13-18] The cyclic nucleotides cGMP and cAMP may also inhibit
ANP release.[19,20] However, the precise exocytic pathways regulated by these messenger
molecules are not defined.[12]

Exocytic Machinery

The exocytic machinery that mediates ANP granule release is not well characterized. However,
cardiac myocytes may share the same sets of exocytic proteins that regulate exocytosis in other
cell types, such as neurons, pancreatic acinar cells, and endothelial cells. Intracellular
membrane trafficking and exocytosis are controlled by several superfamilies of proteins,
including N-ethylmaleimide sensitive factor (NSF) and its co-factor, soluble NSF attachment
protein (a-SNAP), SNAP receptors (SNARES), Sec/Munc18 (SM) and small GTP-binding
proteins of the Rab super-family.[21-23] Rab members regulate upstream steps such as
budding, delivery, tethering and transport. SNARESs and SM-proteins are involved in fusion
events at a later stage of exocytosis. NSF and its cofactors are involved in SNARE complex
disassembly. Only a few prior reports has examined the expression of SNARE molecules in
cardiac myocytes: a subset of SNARE molecules are expressed in atrial myocytes [24—26].
Although some SNARE molecules have been identified in atrial myocytes, the precise SNARE
isoforms that regulate ANP exocytosis are unknown.

Despite the importance of ANP in cardiovascular physiology, several key aspects of ANP
biology are not understood. In particular, the molecular machinery that modulates ANP
secretion is virtually unknown. Here, we show that exocytosis of ANP granules from neonatal
cardiac myocytes is regulated by a set of specific SNARE molecules. Silencing of VAMP1,
VAMP?2 or Syntaxin-4 by siRNA, resulted in inhibition of ANP release from stimulated cardiac
myocytes, while VAMP-3 knockdown did not affect ANP release.

Materials and Methods

Primary culture of neonatal rat cardiac myocytes

Neonatal rat cardiac myocytes (NRCMs) were isolated from the whole heart of 1-2 day old
rats as described previously [27]. In brief, the hearts were minced, digested with trypsin
overnight at 4°C. The day after, tissue was dissociated by stepwise collagenase treatment for
a few minutes at 37°C. Cells were pre-plated twice for 60 minutes to eliminate fibroblasts and
enrich the culture for cardiac myocytes. The non adherent myocytes were then plated at a
density of 1200 cells/mm? in plating medium consisting of 199 medium supplemented with
HEPES, MEM non-essential amino acids, glucose, glutamine, 10% FBS, vitamin B1,,
penicillin, streptomycin, on fibronectin coated plates. The next day cells are washed and fresh
medium with 2% FCS is added. The cells are maintained at 37°C in the presence of 5% CO,
in a humidified incubator.

Transfection

After isolation myocytes were transfected using an electroporator (Nucleofector, Amaxa,
Gaithersburg, MD) following the protocol for neonatal rat myocytes (transfection efficiency,
measured by GFP expression using FACS analysis was 62% + 2.9). Cells were stimulated with

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ferlito et al.

ANP assay

Page 3

ET-1after 2 or 3 days after transfection with commercial available siRNA for Syntaxin-4 (Santa
Cruz, CA), VAMP1, VAMP2, VAMP-3 or control (Applied Biosystems/Ambion, TX).

Sequences of the siRNA used are the following (5’ to 3'):
For Syntaxin-4 the siRNA used was a pool of three different siRNA duplexes
#1, Sense: CAACACAAGGAUGAAGAAALt
Antisense: UUUCUUCAUCCUUGUGUUGtt
#2, Sense: GUGAGGUGUUUGUGUCUAALt
Antisense: UUAGACACAAACACCUCACTt
#3, Sense: CCCUAGAGAAUCAGAAGAALt
Antisense: UUCUUCUGAUUCUCUAGGGtt
VAMP1, sense: GCAAGAAUAGUUGGGAAGULL,
antisense: ACUUCCCAACUAUUCUUGCHt.
VAMP2, sense: GGGUGAAUGUGGACAAGGULt,
antisense: ACCUUGUCCACAUUCACCCtc.
VAMP3, sense: GGAUCUUCUUCGAGACUUUTT,
antisense: AAAGUCUCGAAGAAGAUCCTG.

Myocytes were stimulated with endothelin-1 (ET-1) for 1 h and ANP in the supernatant was
measured by an ELISA (Peninsula Laboratories Bachem, King of Prussia, Pennsylvania).

Western Blotting

Immunoblotting was performed as described previously.[28] In brief, total cell lysates were
separated on SDS-PAGE. Proteins were transferred on PVDF membrane, blocked with 5%
milk in PBS and primary antibody was incubated in the same solution overnight at 4°C. Up to
150 pg of proteins were loaded and primary antibodies were used at the following dilutions:
SNAPE-25, Syntaxin-1, VAMP3, a-SNAP, Rab3, Rab4 and Rah8 at 1:200 (Santa Cruz, CA).
Antibodies for SNAP23, Syntaxin4, VAMP1 and VAMP2 were used at dilution of 1:2000
(Synaptic System, Germany). Antibodies against NSF (BD Pharmingen Inc. San Diego, CA),
Synaptotagmin, Munc13 and Munc18 (Synaptic System, Germany) were used at 1:1000
dilution. Antibodies for ANP, 14-3-3 and cadherin were used at 1:500 (Santa Cruz, CA).
Antibody against tubulin was used at 1:5000 dilution (Abcam Inc. MA). After washing,
membranes were incubated with the secondary horseradish peroxidase-conjugated antibody
for 1 hour, washed again, incubated with SuperSignal West Dura (Pierce) and exposed to film.

Cell Fractionation

Cells were placed on ice and then lysed by 15 passages through a cell cracker (H & Y
Enterprises, Redwood City, CA) with a 15 um difference between outer diameter of the ball
bearing and inner diameter of the barrel.

After centrifugation at 900 g for 10 min, postnuclear supernatants are centrifuged at 5500 g
for 15 min and the resulting supernatant centrifuged at 25000 g for 20 min to obtain in the
pellet the granule fraction. The supernatant is centrifuged at 100000 g for 1 h and the
supernatant represents the cytoplasmic fraction. All of the steps were carried out at 4°C. Plasma
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membranes are obtained from the postnuclear pellet which is resuspended and centrifuged at
116000 g for 1 h mixed in a solution of 0.25 M and 2 M sucrose buffer.

Immunocytochemistry

Cells were plated on cover slips coated with fibronectin. Myocytes were fixed in cold methanol
for 5 minutes, blocked in 10% FCS for 1 hour at room temperature, and incubated with
antibodies at 4°C overnight in PBS containing 5% FCS and 0.1% Tween. After washing,
fluorescent label secondary antibody was added for 1 hour at room temperature. Cells were
washed again, mounted, and fluorescence was observed with a confocal microscope. Pearson’s
correlation coefficient was calculated from the confocal images using Volocity software
(Improvision, Coventry, England).

NEM treatment and Immunoprecipitation

Myocytes plated on 10-mm coated dish were washed and incubated with 1mM NEM for 15
min on ice, followed by addition of 10 mM DTT to quench NEM. Control cells were incubated
with NEM and DTT at the same time for 30 min on ice. At the same time, some plates were
incubated with medium alone for 30 min followed immunoprecipitation.

Myocytes were scraped in immunoprecipitation (IP) buffer (20 mM Tris-HCI, 150 mM NacCl,
1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM b-
glycerophosphate) with protease and phosphatase inhibitors on ice.

After centrifugation, samples were pre-cleared for 1 hour at 4°C with protein A agarose beads.
Samples were then centrifuged and supernatant was incubated with 10 ul of antibody against
synatxin-4 overnight at 4°C. Then, protein A agarose beads was added and further incubation
was carried for 1 hour at 4°C. Samples were then centrifuged and washed three time with IP
buffer, loading buffer was added and sample boiled. Western blotting was then performed as
previously described.

Statistical Analysis

All the data in this study are expressed as mean + standard deviation (SD). Differences in data
between two groups are compared with Student’s 2-tailed t test and between more than two
groups with one-way analysis of variance (ANOVA).

Results

SNARESs are expressed in cardiac myocytes

We first characterized the expression of SNARE proteins in neonatal cardiac myocytes.
Neonatal cardiac myocytes were selected for this study for two reasons: (1) neonatal rat hearts
express equal levels of ANP in both atria and ventricles between 0-3 d after birth [29]; (2)
adult cardiac myocytes are difficult to transfect and culture for more than 48 h. Accordingly,
cardiac myocytes were harvested from 1-2 d old neonatal rats, plated for 48 h, then lysed, and
cell lysates were fractionated by PAGE and analyzed by immunaoblotting. Mouse brain was
used as a positive control. SNAP-23, Syntaxin-4, VAMP-1, VAMP-2 and VAMP-3 are
expressed in cardiac myocytes (Fig. 1A). However, other SNARESs such as SNAP-25 and
syntaxin-1 are absent from myocytes (Fig. 1A).

We found that other proteins involved in vesicle trafficking are also expressed in myocytes.
Cardiac myocytes express NSF and its co-factor a-SNAP, the calcium sensor synaptotagmin,
and the GTPases Rab8 and Rab4 (Fig. 1B).
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ANP is expressed in isolated neonatal cardiac myocytes

Neonatal myocytes were analyzed for ANP expression by Western blotting analysis and by
immunostaining where ANP appears in a granular pattern (Fig. 2A). To validate the use of
neonatal cardiac myocytes as an experimental model, we also compared the expression of ANP
and SNAREs between adult atria and adult ventricles. The same amount of proteins were loaded
for atria and ventricle. Only atria express ANP (Fig. 2B). Atria express more VAMP-1 and
VAMP-2 than ventricles; both atria and ventricles express roughly equivalent levels of
syntaxin-4 (Fig. 2B).

Co-localization of ANP and SNAREs

To analyze the subcellular distribution of ANP and SNARE proteins, we performed
ultracentrifugation. Cardiac myocyte lysates were fractionated by ultracentrifugation into three
main fractions: 1) granules (Gran), 2) plasma membrane (PM), 3) cytoplasm (Cyto). Fractions
were collected and immunoblotted.

ANP is found in the granular compartment, but not in the plasma membrane or cytoplasm (Fig.
3A). VAMP-1 and VAMP-2 are also found entirely in the granular fraction. In addition,
syntaxin-4 is present in part in the granular fraction with ANP and in part in the plasma
membrane fraction. None of these SNAREs are found in the cytoplasm. Cadherin and 14-3-3
proteins were used as markers of plasma membrane and cytosol fractions respectively.

We also performed confocal immunocytochemistry to visualize the distribution of ANP and
SNARE proteins (Fig. 3B). ANP is distributed in cardiac myocytes in a punctate perinuclear
pattern, matching prior reports.[26,30] [31]. VAMP-1 partially overlaps with ANP, with a
Pearson’s correlation coefficient of 0.52 + 0.07 (Fig. 3B, top). VAMP-2 also co-localizes with
ANP, with a Pearson’s coefficient is 0.81 + 0.04 (Fig. 3B, second row). The presence and
localization of VAMP-3 was also examined. VAMP-3 appears in a punctuate fashion around
the nuclei and in the cytoplasm. Only a small portion of VAMP-3 localizes with ANP with a
Pearson’s coefficient of 0.14 +£0.05 (Fig. 3B, third row).

SNAP-23 is also expressed in cardiac myocytes and localizes in the periphery of cells with the
plasma membrane. SNAP-23 is also visible also within the cardiac myocyte associated with
linear structures of the cells (Fig. 3B fourth row). Although SNAP-23 is a plasma membrane
protein, it has also been shown to associate with the cytoskeleton in adipocytes [32]. Syntaxin-4
is distributed mainly at the periphery of the cardiac myocyte to the plasma membrane with
some presence in the perinuclear region; the majority of syntaxin-4 does not overlap with ANP,
with a Pearson’s correlation coefficient of 0.35 + 0.01 (Fig. 3B, bottom).

Taken together these sedimentation and imaging data suggest that ANP co-localizes with a
subset of SNARE molecules.

SNARE interactions in cardiac myocytes

SNARE molecules interact to form SNARE complexes composed of three SNARES necessary
for membrane fusion. We hypothesized that syntaxin-4, VAMP-1, and VAMP-2 form a ternary
SNARE complex inside cardiac myocytes. To test this idea, we immunoprecipitated
syntaxin-4, and then probed precipitants for VAMP-1 and VAMP-2. Our initial studies showed
that syntaxin-4 does not interact with VAMP-1 and VAMP-2 (Fig. 3C, lane B). Although
SNARE molecules can assemble into a complex, the protein N-ethylmaleimide sensitive factor
(NSF) can associate with SNARESs and rapidly disassemble the complex into separate SNARE
components. We therefore treated cardiac myocytes with N-ethylmaleimide to block NSF, and
then searched again for an interaction between SNAREs. After NSF inhibition, syntaxin-4
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forms a complex containing both VAMP-1 and VAMP-2 (Fig. 3C, lanes C and D). Thus three
specific SNAREs form a complex inside cardiac myocytes.

Endothelin Induces ANP Release

We confirmed that endothelin activates cardiac myocyte exocytosis of ANP in vitro.[12,33,
34] We added increasing concentrations of endothelin-1 (ET-1) for 1 h to cardiac myocytes
and measured ANP release by an ELISA. ET-1 induces ANP release in a dose-dependent
manner (Fig. 4A). Cardiac myocytes continue to release ANP after exposure to ET-1 over 60
min (Fig. 4B).

SNAREs Regulate ANP Release

Syntaxin-4 is expressed mostly on the plasma membrane of cardiac myocytes, as well as the
perinuclear region (Fig. 3B). In other cells, syntaxin-4 interacts with vesicle associated SNARE
proteins, leading to exocytosis of the granules. We used RNA silencing to assess the role of
syntaxin-4 in ANP exocytosis. We transfected cardiac myocytes with oligonucleotides directed
against syntaxin-4. In cardiac myocytes, increasing amounts of siRNA against syntaxin-4
decreases syntaxin-4 expression without affecting ANP intracellular expression (Fig. 5A). We
then stimulated these transfected cardiac myocytes with ET-1. Silencing of syntaxin-4
decreases ANP release in a dose-dependent manner (Fig. 5B). These data support the idea that
syntaxin-4 regulates ANP release from cardiac myocytes.

In other cell types, VAMP-1 or VAMP-2 or VAMP-3 is present on the surface of granules and
interact with specific SNARE proteins on the plasma membrane, such as syntaxin-4, leading
to membrane fusion. Since we found that VAMP-1, VAMP-2 and VAMP-3 are expressed in
cardiac myocytes, we next explored the role of these proteins in the release of ANP from cardiac
myocytes. We transfected cardiac myocytes with a control scrambled oligonucleotide or with
an oligonucleotide directed against VAMP-1 (Fig. 6A). RNA silencing decreases VAMP-1
expression only in the cells transfected with the specific SiRNA and does not affect the
expression of VAMP-2 nor the expression of intracellular content of ANP (Fig. 6A). We then
stimulated these transfected cells with ET-1. Silencing of VAMP1 decreases stimulated ANP
release (Fig. 6B). These data suggest that VAMP1 mediates cardiac myocytes exocytosis.

The same approach was used to study the role of VAMP-2 and VAMP-3 in ANP release from
stimulated cardiac myocytes. Transfection of cardiac myocytes with siRNA directed against
VAMP-2 decreased VAMP-2 expression but not VAMP-1 or ANP expression (Fig. 6C), and
control siRNA did not have any effect on expression of these proteins. Cells were then
stimulated with ET-1 and ANP release in the extracellular medium assessed by ELISA. Knock-
down of VAMP-2 in cardiac myocytes resulted in reduced ANP release from stimulated cells
to basal level (Fig. 6D).

In contrast to VAMP-1 and VAMP-2, the SNARE protein VAMP-3 does not play any role in
stimulated exocytosis of ANP in cardiac myocytes (Fig. 6E and F). Instead, silencing of
VAMP-3 did not change the levels of ANP released from cardiac myocytes after stimulation
with ET-1.

Discussion

Our major finding is that three SNAREs molecules that regulate cardiac myocyte exocytosis
of ANP: VAMP-1, VAMP-2, and syntaxin-4. VAMP-1 and VAMP-2 partially co-localize with
ANP granules. Knockdown of VAMP-1 or VAMP-2 decreases ANP release after stimulation
with endothelin-1. Cardiac myocytes also express another SNARE, syntaxin-4; syntaxin-4 is
found mainly in the plasma membrane, and knockdown of syntaxin-4 also inhibits ANP
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secretion. Finally, these three SNARE molecules VAMP-1, VAMP-2, and syntaxin-4 form a
complex. These results suggest that VAMP-1, VAMP-2 and syntaxin-4 modulate exocytosis
of ANP from cardiac myocytes.

Identification of SNARES that regulate ANP release

We identified VAMP-1, VAMP-2 and syntaxin-4 as three potential SNARESs regulating ANP
release. Although others have found that VAMP-1 and VAMP-2 are associated with ANP
secretory granules,[26] our data extend these findings by demonstrating the functional
importance of VAMP-1, VAMP-2 and syntaxin-4 in exocytosis of ANP. The role of these
proteins inside cardiac myocytes was previously unknown, and the identity of proteins
controlling ANP exocytosis was also previously unknown..

VAMP-2 regulates secretion of neurotransmitters from neurons and GLUT4 trafficking in
muscle and adipose cells.[35-37] Our study adds ANP granule trafficking as another process
controlled by VAMP-2. Previous work suggest an important role for VAMP-3 in general
receptor recycling from endosome compartment to the plasma membrane and in phagocytosis
[38-40]. Conflicting results have emerged regarding the role of VAMP-3 on platelet secretion
[41,42]. Our studies show that VAMP-3 does not play a role in ANP release. We found that
syntaxin-4 is a third SNARE that regulates ANP secretion from cardiac myocytes. Others have
found that syntaxin-4 regulates vesicular transport of the glucose transporter 4 (GLUT4) [43,
44], and trafficking of membrane-type 1 matrix metalloproteinase (MT1-MMP) to the plasma
membrane [45].

Components of the exocytic machinery in cardiac myocytes

Intracellular

In addition to the SNARE molecules, we found that cardiac myocytes express additional
components of the exocytic machinery, including NSF and its adaptor molecule alpha-SNAP,
synaptotagmin, and rab4 and rab8 (Fig. 1B). These proteins and related isoforms regulate
exocytosis from a variety of other cells such as neurons, platelets, and endothelial cells.
Therefore NSF and specific rab proteins may also mediate ANP release.

localization of ANP granules

Our immunostaining shows that ANP granules are present mostly in the perinuclear area of
cardiac myocytes (Fig. 3). This result confirms previous findings from other investigators
[26,30,31,46,47]. However, in other secretory cell types, granules are more widely distributed
throughout the cell, in the perinuclear area, the cytoplasm, and in proximity of the plasma
membrane. Why is ANP granule distribution in myocytes different compared to granule
distribution in other cell types? One possibility is that a structural difference between cardiac
myocytes and other exocytic cells accounts for differing localization of granules. Cardiac cells
contain a transverse-axial tubular system to control calcium influx. In ventricular myocytes,
this is a well developed system of transverse tubules (T-tubules) that play an important role in
spreading uniform depolarization in the cell with Ca2* release from the sarcoplasmic reticulum
(SR). Atrial cells as well as rat neonatal myocytes do not posses a well developed T-tubules
system but they contain a form of transverse oriented tubules formed from the internal SR
[48-52]. It is possible that this system of internal invaginations and compartments can play a
functional role in docking of ANP granules that are found in the perinuclear region of the cells.
(In this study we used neonatal cardiac myocytes, and the structure of T-tubules is very similar
between adult atrial myocytes and neonatal cardiac myocytes [53].)

The location of the ANP granules in the center of the cell suggests a solution to the problem:
how does normal calcium cycling within a cardiac myocyte cause contraction without
exocytosis? Calcium sparks localized to the periphery of atrial myocytes can stimulate
contraction [50,54]. Since calcium can also trigger exocytosis, sequestering granules in the
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center of the cell away from calcium sparks at the periphery of the cell might prevent continuous
granule secretion.

How do external triggers activate ANP exocytosis?

ANP exocytosis can be triggered by a variety of physiological stimuli such as atrial distension
or ischemia.[7,12] Paracrine factors such as endothelin and angiotensin Il can directly activate
atrial myocytes to release ANP; other neurohormonal factors such as vasopressin or some
catecholamines can also activate ANP secretion, perhaps directly or indirectly through
hemodynamic changes. All of these various agents trigger unique signal transduction pathways,
but our studies suggest that VAMP-1, VAMP-2 and Syntaxin-4 are part of exocytic machinery
that is responsible for the final step of ANP release.

One second messenger that many of these pathways have in common is CaZ*. The role of
Ca?* in atrial myocyte exocytosis is complex.[12] Ca?* may be involved in many steps along
the pathway of myocyte exocytosis, including transduction of stretching of the myocytes,
intracellular signaling, and exocytosis. Ca2* plays a role in exocytosis by regulating the
Ca?* sensor synaptotagmin. Recent studies suggest that the SNARE complex by itself can drive
membrane fusion. However, the accessory molecule complexin serves as a clamp around the
SNARE complex to block membrane fusion. During stimulation, synaptotagmin removes the
complexin clamp, permitting membrane fusion and exocytosis.[55-57] Thus the many
different activators of exocytosis might ultimately converge on the exocytic machinery by
regulating synaptotagmin and complexin.

Regulated vs. constitutive ANP exocytosis

Our data show that three specific SNAREs control regulated ANP release. Although silencing
each of these SNARESs decreases stimulated ANP release, it does not affect constitutive ANF
release (Figs. 5-6). These results suggest that ANP can be secreted through two distinct
pathways, and that these pathways do not share SNARES syntaxin-4, VAMP-1, and VAMP-2.
These results are similar to studies in other systems that note distinct constitutive and regulated
secretory pathways. For example, platelets from VAMPS8 knockout mice release fewer dense
and lysosomal and secretory granules than platelets from wild-type mice after stimulation, but
platelets from both VAMPS8 knockout and wild-type mice release the same levels of granules
in the absence of stimulation [58].
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Figure 1. Cardiac myocytes express SNAREs and other proteins involved in vesicle trafficking
Neonatal rat cardiac myocytes (M) and mouse brains (B) lysates were immunoblotted for (A)
SNARE proteins and (B) associated proteins that regulate trafficking.
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Figure 2. ANP is expressed in primary cardiac myocytes in a perinuclear granular pattern

(A) Cell lysates from neonatal rat cardiac myocytes (M), HeLa cells (H), and mouse brain (B)
were immunoblotted with antibody against ANP. Neonatal cardiac myocytes were stained with
antibody to ANP and a secondary antibody conjugated to Cy3 (red), and counter-stained with
DAPI before imaging with a confocal microscope. (B) Adult rat atria and ventricles were
homogenized and immunoblotted for ANP and SNARE proteins.
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Figure 3. Co-localization of ANP and SNARESs
(A) Sucrose density centrifugation. Co-sedimentation in the granular fraction of ANP,
VAMP-1, and VAMP-2. Syntaxin-4 partially sediments with ANP. The proteins 14-3-3 and
cadherin were used as control for cytosolic and plasma membrane fractions respectively.
Granular fraction: Gran, plasma membrane fraction: PM, and cytoplasmic fraction: Cyto. (B)
Confocal microscopy of ANP with SNARE molecules in cardiac myocytes. (C) Co-
immunoprecipitation of Syntaxin-4 with SNARE molecules. Left panel: Lysates (A) were
immunoprecipitated with an antibody against synatxin-4 (IP: Syn4), and precipitants were
immunoblotted (WB). Cardiac myocytes were pre-treated with buffer (B), or with NEM and
DTT simultaneously for 30 min (C), or with NEM for 15 min followed by DTT for 15 min

(D).
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Figure 4. Endothelin-1 induces ANP release

(A) Primary cardiac myocytes were incubated with media alone or increasing concentrations
of endothelin-1 (ET-1) for 1 h. Supernatants were harvested and ANP measured by ELISA (n
=4+ S.D. and repeated twice with similar results; *P = 0.01 vs. 0 nM). (B) Primary cardiac
myocytes were incubated with media alone (white) or with 1 nM endothelin-1 (black) for 15,
30 and 60 minutes. Supernatants were harvested and assessed for ANP by ELISA (n=4+S.D.
and repeated twice; *P = 0.05 vs. control; **P < 0.001 vs. control).
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Figure 5. Syntaxin-4 regulates ANP release

(A) Cardiac myocytes were transfected with an oligonucleotide directed against syntaxin-4,
and cell lysates were immunoblotted for syntaxin-4 or ANP. Densitometry was used to quantify
the immunoblot (n = 3—4) (right panel). (B) Knockdown of syntaxin-4 in cardiac myocytes
blocks ANP exocytosis. Neonatal cardiac myocytes were transfected with 0, 1, 2 or 3 pg of
SiRNA directed against syntaxin-4. After 48 h cells were stimulated with ET-1 for 1 h and the
release of ANP was measured (n=3; *P = 0.05 vs. 0 SiRNA; **P < 0.01 vs. siRNA).
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Figure 6. VAMP-1 and VAMP-2 regulate ANP release

(A) Knockdown of VAMP-1 in cardiac myocytes. Neonatal cardiac myocytes were transfected
with 1 nM siRNA directed against VAMP-1 or a control siRNA and cultured for 72 hours. Cell
lysates were immunoblotted for VAMP-1, VAMP-2, tubulin and ANP. Densitometry with n
=3 (right panel). (B) Knockdown of VAMP-1 in cardiac myocytes. Neonatal cardiac myocytes
were transfected with 1 nM oligonucleotide directed against VAMP-1 or a control
oligonucleotide for 72 hours. Cells were then stimulated with medium alone (Control) or ET-1
for 1 hour and ANP released in the medium was assessed by ELISA (n=3; *P < 0.01 vs. control/
ET-1). (C) Knockdown of VAMP-2 decreases VAMP-2 but not VAMP-1, tubulin or ANP.
Densitometric analysis (right panel, n = 3). (D) After transfection cells were stimulated with
ET-1 for 1 hour and ANP measured in the medium by ELISA (n=3). (E) Knockdown of
VAMP-3 does not affect ANP exocytosis. After transfection with siRNA for VAMP-3 or
control siRNA proteins were immunoblotted for VAMP-3 or tubulin (representative
immunoblot in left panel) and densitometric analysis is shown on the right (n=3). (F) After
transfection, cells were stimulated with ET-1 for 1 hour before the assessment of ANP in the
media (n = 3 P > 0.05 for ET-1 treatment comparing control siRNA vs. VAMP-3 siRNA).
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