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Abstract
In nerve-smooth muscle preparations β-nicotinamide adenine dinucleotide (β-NAD) has emerged
as a novel extracellular substance with putative neurotransmitter and neuromodulator functions.
Thus, β-NAD is released along with noradrenaline and adenosine 5'-triphosphate (ATP) upon
firing of action potentials in blood vessels, urinary bladder and large intestine. At present it is
unclear whether noradrenaline, ATP and β-NAD are stored in and released from common
populations of synaptic vesicles. This matter is unattainable to study in complex systems such as
nerve-smooth muscle preparations. Adrenal chromaffin cells are used here as a single-cell model
to examine mechanisms of concomitant neurosecretion. Using high-performance liquid
chromatography techniques with electrochemical and fluorescence detections we simultaneously
evaluated secretion of dopamine (DA), ATP, adenosine 5'-diphosphate, adenosine 5'-
monophosphate, adenosine, and β-NAD and its immediate metabolites ADP-ribose and cyclic
ADP-ribose in superfused nerve growth factor-differentiated rat pheochromocytoma PC12 cells.
β-NAD, DA, and ATP were released constitutively and upon stimulation with high-K+ solution or
nicotine. Botulinum neurotoxin A tended to increase the spontaneous secretion of all substances
and abolished the high K+-evoked release of β-NAD and DA but not of ATP. Subcellular
fractionation by continuous glycerol and sucrose gradients along with immunoblot analysis of the
vesicular marker proteins synaptophysin and secretogranin II revealed that β-NAD, ATP and DA
are stored in both small synaptic-like vesicles and large dense-core-like vesicles. Yet, the three
substances appear to have different preferential sites of release upon membrane depolarization
including sites associated with SNAP-25 and sites non-associated with SNAP-25.
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Introduction
In the peripheral sympathetic nervous system noradrenaline (NA) and adenosine 5'-
triphosphate (ATP) are assumed to be primary cotransmitters (Burnstock, 1990; Todorov et
al., 1996). We have recently found that β-nicotinamide adenine dinucleotide (β-NAD) is also
released along with NA and ATP upon nerve stimulation in blood vessels (Smyth et al.,
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2004), urinary bladder (Smyth et al., 2004; Breen et al., 2006), and large intestine
(Mutafova-Yambolieva et al., 2007). In these nerve-smooth muscle preparations the release
of β-NAD correlates with neural activity and requires intact neural fast Na+ channels, N-
type voltage-operated calcium channels, and the 25-kDa synaptosomal associated protein
SNAP-25 (Smyth et al., 2004; Smyth et al., 2006b; Breen et al., 2006; Mutafova-
Yambolieva et al., 2007; Smyth et al., 2009). Exogenous β-NAD reduces the release of NA
in blood vessels (Smyth et al., 2004), inhibits spontaneous contractions in the bladder (Breen
et al., 2006), induces vasodilatation or vasoconstriction in the mesenteric vasculature (Smyth
et al., 2009) and causes membrane hyperpolarization and relaxation in the murine colon
(Mutafova-Yambolieva et al., 2007). Therefore, β-NAD is likely a novel neurotransmitter
and a novel neuromodulator. Moreover, in some systems β-NAD, but not ATP, may be the
purine neurotransmitter (Mutafova-Yambolieva et al., 2007) and hence, the release of ATP
and β-NAD might occur at different sites or be mediated by different mechanisms.
Understanding these mechanisms will forward our knowledge of the roles of extracellular β-
NAD in the context of adrenergic-purinergic cotransmission and may suggest new
possibilities for synaptic regulation. At present only a few studies in nerve-smooth muscle
preparations provide fairly indirect information about possible co-storage and co-release of
β-NAD with either NA or ATP (i.e., Bobalova and Mutafova-Yambolieva, 2006; Mutafova-
Yambolieva et al., 2007; Smyth et al., 2009).

Nerve-smooth muscle preparations contain multiple cell types including smooth muscle
cells, nerve endings, endothelial cells, and fibroblasts that make studies on vesicular storage
and release of neurotransmitters in smooth muscles a challenging task. Instead, we
employed cultured rat pheochromocytoma PC12 cells, a single cell-type model commonly
utilized for elucidating basic mechanisms of neurosecretion. These cells phenotypically
resemble sympathetic neurons and contain both small vesicles and dense core granules
(Greene and Tischler, 1976). ATP is stored together with catecholamines (mainly dopamine,
DA) in secretory vesicles and the contents are released by Ca2+-dependent exocytosis
(Wagner, 1985). To the best of our knowledge no information is available about storage and
secretion of β-NAD in adrenal chromaffin cells. Here we show that in nerve growth factor-
differentiated PC12 cells β-NAD, ATP, and DA are all present in small synaptic-like
vesicles (SSVs) and large dense-core-like vesicles (LDCVs). All compounds, including β-
NAD, are subject to spontaneous and regulated release. Yet, disruption of SNAP-25 by
botulinum neurotoxin A (BoNT/A) abolished the high K+-evoked release of β-NAD and
DA, but not of ATP, suggesting that the two purines β-NAD and ATP might have different
preferential sites of release upon membrane depolarization.

Materials and Methods
Cell culture

PC12 (rat adrenal pheochromocytoma) cells were obtained from the American Type Culture
Collection (ATCC, Manassas, VA; #CRL-1721) and grown on 225 cm2 collagen-coated cell
culture flasks in F12K medium (ATCC, #30-2004) supplemented with 2 mM L-glutamine,
5% fetal bovine serum (FBS), 10% horse serum, 100 units/ml penicillin, and 100 units/ml
streptomycin until 75–80% confluence. To induce differentiation, cells were incubated in
F12K medium supplemented with 0.1% FBS and 50 ng/ml murine nerve growth factor
(NGF, 2.5S, G514, Promega Corporation, Madison, WI): incubation continued for 7 days
with change of culture medium every second day.

Overflow experiments
PC12 cells (3×106) were applied under suction onto Whatman GF/B filter paper (3 mm
diameter) which was placed in a 0.45 μm Cameo 3N syringe filter serving as a perfusion

Yamboliev et al. Page 2

Eur J Neurosci. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



chamber (modification of a method described by Todorov et al., 1996). The cells in the
chamber were perfused with a superfusion solution at a rate of 0.8 ml/min. The composition
of the superfusion solution was as follows (mM): NaCl, 140; KCl, 4.7; MgCl2, 1.2; CaCl2,
2.5; dextrose, 11; HEPES, 10, pH 7.4. After an equilibration period of 30 min, 800 μl of
superfusate were collected as pre-stimulation samples. The cells were then stimulated for 20
min with 60 mM KCl. The high-potassium-containing solution was prepared by substituting
NaCl for an equal amount of KCl to maintain isotonicity. Samples of superfusate
(approximately 800 μl) were collected at 1', 2', 5', 10' and 20' time intervals in ice-cold
Eppendorf tubes. Each sample was divided into two parts for measuring the content of
catecholamines and purines as previously described (Mutafova-Yambolieva et al., 2003;
Smyth et al., 2004). In some experiments stimulation with either 25 mM KCl or 100 μM
nicotine was also performed.

Treatment with BoNT/A
Cells grown to 80% confluence were exposed to 30 nM botulinum neurotoxin A (BoNT/A,
List Biological Laboratories, Campbell, CA) for 16 h before performing either overflow
experiments or western immunoblot analysis of SNAP-25. BoNT/A was dissolved in BSA
(1 mg/ml) as recommended by the manufacturer and further diluted in cell culture medium.

Fractionation of synaptic vesicles by glycerol and sucrose gradient centrifugation
For velocity sedimentation, we applied a modified method by Clift-O'Grady et al., 1990 and
Melikian and Buckley, 1999 summarized in Fig. 1. Differentiated cells were scraped into
homogenization buffer A containing (mM): NaCl, 150; HEPES 10, pH 7.4; EGTA 1.0;
MgCl2 0.1, pelleted (300xg, 5 min, room temperature) and resuspended in 2 ml buffer A
containing protease inhibitors (1.0 mM PMSF and 1.0 μg/ml each leupeptin, aprotinin, and
pepstatin). The cells were then homogenized (20 strokes up-and-down) in a teflon/glass
homogenizer and postnuclear supernatant was obtained after centrifugation at 1000xg for 7
min at 4°C. The pellet was rewashed and centrifuged again, and the two postnuclear
supernatants were pooled together. The sample was centrifuged at 10,000xg for 5 min at 4°C
to obtain LDCVs in the P2 pellet, and SSVs in the S2 supernatant. S2 supernatant was then
layered onto a continuous 5–25% glycerol gradient over a 1-ml 60% (1.75 M) sucrose pad,
and SSVs were fractionated by centrifugation at 220,000xg for 1 hour at 4°C (SW41 Ti
rotor, on a Beckman L8-70M Ultracentrifuge, Beckman Coulter, Inc., Fullerton, CA). P2
pellet was resuspended in 1 ml buffer containing 10 mM HEPES/KOH, pH 7.4, 0.3 M
sucrose, and protease inhibitors, and layered onto a continuous 0.3–1.5M sucrose gradient
over a 1-ml 60% (1.75 M) sucrose pad. LDCVs were fractionated by centrifugation at
85,000xg for 3 hours at 4°C (SW41 Ti rotor, on a Beckman L8-70M Ultracentrifuge,
Beckman Coulter, Inc., Fullerton, CA). After centrifugation, tubes were punctured with 18-
gauge syringe needles just above the sucrose pads, and 0.5-ml fractions were collected from
the glycerol and sucrose gradients. Each sample was sonicated 3×15 sec, vortexed and then
centrifuged at 15,000xg for 15 min at 4°C to remove insoluble material. Glycerol and
sucrose concentrations were determined by measuring the refractive index of each fraction
and converting to percentage glycerol or moles sucrose using a glycerol or sucrose standard/
calibration curves. Four hundred μl aliquots were processed for HPLC analysis of purines
(80 μl), catecholamines (60 μl) and HPLC fractions (260 μl) as described in Preparation of
samples for purine detection, HPLC assay of etheno-purines, HPLC fraction analysis,
Preparation of samples for catecholamine detection, and HPLC assay of catecholamines,
The remaining samples (~ 100 μl) were for analysis of vesicular markers by
immunoblotting.
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Preparation of samples for purine detection
A modified method of Levitt et al., 1984 was employed to detect 1,N6-etheno-derivatives of
the endogenous purines present in the cell superfusates as described previously (i.e.,
Bobalova et al., 2002). Briefly, 100 μl of a citrate phosphate buffer (pH 4.0) was added to
200 μl of the superfusate sample in Eppendorf tubes. Ten μl of 2-chloroacetaldehyde was
added to the samples in a fume hood; the samples were then heated for 40 min at 80°C in a
dry bath incubator (Fisher Scientific, USA). Using this procedure endogenous ATP, ADP,
AMP, and adenosine (ADO) are derivatized to 1,N6-etheno-ATP (eATP), 1,N6-etheno-ADP
(eADP), 1,N6-etheno-AMP (eAMP), and 1,N6-etheno-ADO (eADO), respectively
(Bobalova et al., 2002). The endogenous β-NAD, ADP-ribose (ADPR) and cyclic ADPR
(cADPR) are derivatized to 1,N6-etheno-ADP-ribose (eADPR) as described previously
(Smyth et al., 2004). The reactions were stopped by placing samples on ice.

HPLC assay of etheno-purines
The HP1100 liquid chromatography module system (Agilent Technologies, Wilmington,
DE) was used throughout this study and has been previously described (Bobalova et al.,
2002). The mobile phase consisted of 0.1 mol/L KH2PO4 (pH 6.0) as eluent A; eluent B
contained of 35 % methanol and 65 % eluent A. Gradient elution was employed according
to the following linear program: time 0, 0 % eluent B; 18 min, 100 % eluent B. Flow rate
was 1 ml/min and run time was 20 min. Column temperature was ambient while the
autosampler temperature was 4°C. The fluorescent detector recorded signals at an excitation
wavelength of 230 nm and emission wavelength of 420 nm, which are the optimum
conditions for detecting etheno-derivatives of nucleotides and nucleosides (Bobalova et al.,
2002). The amounts of purines in each sample were calculated from calibration curves of
purine standards run simultaneously with every set of unknown samples. Results were
normalized for sample volume and cell count and the overflow of purines was expressed in
pmol/106 cells.

Sample concentration and HPLC fraction analysis
As aforementioned β-NAD, ADPR and cADPR elute as a single peak of eADPR at 11.2
min. To identify the ratio of β-NAD:ADPR:cADPR forming eADPR we carried out an
HPLC fraction analysis as described previously (Smyth et al., 2004). Briefly, in some
overflow experiments 2.4-ml cell superfusate samples containing either 5 mM KCl (pre-
stimulation sample) or 60 mM KCl for 5 min (stimulation sample) were collected in
Eppendorf tubes and were immediately immersed in liquid N2. Control samples from
solutions containing either 5 mM KCl or 60 mM KCl with no contact with cells were also
collected. The samples were then concentrated by Speed Vacuum (Savant SVC100, Thermo
Electron Corp., Westmont, IL) to 1 ml volume. Nine hundred μl of each concentrated
sample were injected into the HPLC system and 400 μl-fractions corresponding to the
retention times of cADPR (7.0–7.4 min, “7.2-min fraction”), ADPR (8.3–8.7 min, “8.5-min
fraction”), and β-NAD (10.3–10.7 min, “10.5-min fraction”) were collected in Eppendorf
tubes containing 180 μl citric buffer. The exact retention times for the three nucleotides were
determined by injecting authentic β-NAD, cADPR and ADPR standards (20 nmol/injection)
in the same sequence prior to the concentrated superfusate samples. The HPLC fractions
were further subjected to etheno-derivatization with 20 μl 2-chloroacetaldehyde as described
in Preparation of samples for purine detection. The derivatized samples were injected into
the HPLC and analyzed for eADPR content. HPLC-fraction analysis was also performed
with samples collected during glycerol and sucrose fractionation. Since these experiments
were carried out with larger number of cells (>50×106 cells) there was no need of
concentrating the samples prior collecting HPLC fractions. For these experiments 240 μl of
each glycerol or sucrose fraction was injected in the HPLC system and the samples were
processed further as described above.
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Preparation of samples for catecholamine detection
One hundred and fifteen μl of superfusate solution was acidified to pH 2.6 with 3 μl 1 N
perchloric acid and the samples were filtered through 0.22 μm Cameo 3N syringe filters.

HPLC assay of catecholamines
The overflow of catecholamines was assayed as described previously (Mutafova-
Yambolieva et al., 2003). Briefly, 115-μl aliquots from the samples were acidified with 3 μl
1 M perchloric acid to pH 2.6 and injected (70 μl) into an isocratic HP1100 HPLC system
equipped with an HP1049A electrochemical detector (Agilent Technologies, Wilmington,
DE, USA) and a MD-150 column (ESA Inc., Chelmsford, MA, USA). The mobile phase for
separation consisted of the following (mmol/L): 50 Na2PO4; 0.2 EDTA; 3.0 l-
heptanesulfonic acid, 10 LiCl, and methanol 3 % v/v in deionized water (pH 2.6). The
HPLC systems were controlled, and data collected, by a Dell computer equipped with HP
ChemStation (A.10.02) software from Agilent Technologies (Wilmington, DE, USA). The
amounts of DA in each sample were calculated from calibration curves of catecholamine
standards run simultaneously with every set of unknown samples. Results were normalized
for sample volume and cell count and the overflow of DA was expressed in pmol/106 cells.

Western immunoblot analysis of SNAP-25 in total PC12 cell extracts
PC12 cells from control and BoNT/A-treated groups were washed 3×5 ml cell culture
medium, scraped, solubilized in 200 μl RIPA buffer, sonicated 3×30 s, incubated on ice,
vortexed, and centrifuged at 15,000xg for 20 min at 4°C. Total protein concentration of the
supernatant was determined by the Bradford assay (BioRad kit, Hercules, CA) using bovine
serum albumin (BSA) for standards. Cell homogenates were reduced with Laemmli sample
buffer and equal amounts of total protein (10 μg) were resolved by SDS-PAGE (15%
acrylamide) and transferred onto nitrocellulose membranes for 1.5 hours at 24V and 4°C
(Genie blotter, Idea Scientific Company, Minneapolis, MN). Membranes were blocked for 1
hour with LI-COR blocking buffer (LI-COR, Inc., Lincoln, NE) and probed for 18 hours at
4°C with a SNAP-25 primary mouse monoclonal antibody (Sternberger Monoclonals Inc.,
Lutherville, MD), diluted 1000-fold in LI-COR buffer. After removal of excess primary
antibody, membranes were incubated for 45 min at room temperature with a secondary
mouse antibody coupled to IR800 infrared marker (emission wavelength 800 nm, Rockland
Immunochemicals, PA), diluted 100,000-fold in LI-COR buffer. Images were obtained with
an infrared Odyssey scanner (LI-COR, Inc., Lincoln, NE). For positive controls on immune
blots we used 30 μg of total protein, obtained from rat brain tissue homogenized in RIPA
buffer.

Western immunoblot analysis of vesicular protein markers and SNAP-25 in glycerol and
sucrose gradient fractions

Cell fractions were prepared as described in Fractionation of synaptic vesicles by glycerol
and sucrose gradient centrifugation. Proteins from equal fraction volumes were resolved by
SDS-PAGE and transferred onto nitrocellulose membranes. Membranes were blocked and
incubated with mouse anti-synaptophysin (Chemicon International, Tamecula, CA,
MAB368, dilution 1:1000) as an SSV marker (Jahn et al., 1985; Cutler and Cramer, 1990),
rabbit anti-secretogranin II (Santa Cruz Biotechnologies, Santa Cruz, CA, sc-50290, dilution
1:100) as a LDCV marker (Fischer-Colbrie et al., 1995; Cutler and Cramer, 1990), and
mouse anti-SNAP25 (Sternberger Monoclonals Inc., Lutherville, MD, SMI-81, dilution
1:1000) as a marker of plasma membranes (Sollner et al., 1993; McMahon and Sudhof,
1995; Sorensen, 2005) and were further processed as described in the Western immunoblot
analysis of SNAP-25 in total PC12 cell extracts section.
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Statistics
Data are presented as means ± SEM. One-way ANOVA with Bonferroni's multiple
comparison post test was performed using GraphPadPrism v. 3 for Windows (GraphPad
Software, San Diego, CA) when three or more groups of data were compared. Unpaired
two-tailed Student's t-test was performed using the same software when two groups of data
were compared. A probability value of less than 0.05 was considered significant.

Results
Spontaneous secretion of catecholamines and purines in NGF-treated PC12 cells

Differentiated PC12 cells perfused with normal K+ solution (5 mM KCl) spontaneously
secreted DA (1.93±0.48 pmol/106 cells), ATP (0.106±0.03 pmol/106 cells), ADP
(1.023±0.16 pmol/106 cells), AMP (0.752±0.134 pmol/106 cells), and ADO (0.467±0.075
pmol/106 cells), n=13–21. Figs. 2 and 3 show the values of spontaneously secreted DA and
purines (at KCl 5 mM) in the controls for BoNT/A-treated cells, discussed below.
Spontaneous release of a mixture of β-NAD, ADPR and cADPR was also detected; due to
etheno-derivatization at 80°C, the components of this cocktail elute as one peak of eADPR
with a retention time of 11.2 min (Fig. 3A, KCl 5 mM). Thus, the superfusates collected
before stimulation contained 0.410±0.061 pmol/106 cells, n=21, of the mixture; these
amounts were calculated based on the assumption that β-NAD is the major component of the
peak (see results from fraction analysis shown in Distribution of β-NAD, ADPR and cADPR
in cell superfusates determined by HPLC fraction analysis). Total purines (ATP+ADP
+AMP+ADO+β-NAD+ADPR+cADPR) secreted in the superfusates were 3.00±0.42 pmol/
106 cells, n=21. Noradrenaline was not detected in the samples collected during perfusion of
the PC12 cells with 5 mM KCl solution, likely due to concentrations of noradrenaline below
detection limits.

Secretion of catecholamines and purines evoked by 60 mM KCl and effects of BoNT/A
Perfusion of PC12 cells with 25 mM KCl for 20 minutes caused no additional release of DA
and purines (data not shown), suggesting that higher concentrations of KCl are necessary to
evoke measurable effects in these cells. Therefore, in the majority of the study 60 mM KCl
was used to stimulate the PC12 cells. The high-K+ (60 mM KCl) solution evoked additional
release of DA and purines with greatest release occurring within 2 min of contact with the
cells (Fig. 2A,C-control and Fig. 3A, C–H-control). Secretion of DA and purines returned to
basal (pre-stimulation) levels by about the 5th minute of superfusion of 60 mM KCl. Thus,
DA was 3.045±0.971 pmol/106 cells before stimulation, 10.391±2.615 pmol/106 cells at 2'
(P<0.01, t=4.184, F=4.857), and 4.335±0.661 pmol/106 cells at 5' (P>0.05), one-way
ANOVA, followed by Bonferroni's multiple comparison posttest, n=5. ATP was
0.128±0.026 pmol/106 cells before stimulation, 0.324±0.064 pmol/106 cells at 2' (P<0.05,
t=3.363, F=4.021), and 0.192±0.041 pmol/106 cells at 5' of stimulation with high K+

solution (P>0.05, t=1.092), one-way ANOVA, followed by Bonferroni's test, n=5. ADP and
AMP greatly exceeded the amounts of ATP in the superfusate samples collected before and
during stimulation, which is in agreement with previously published results in bovine
chromaffin cells (i.e. Todorov et al., 1996; Kasai et al., 1999). The chromatographic peaks
formed by β-NAD+ADPR+cADPR appear small due to the very low fluorescence
coefficient of β-NAD generating eADPR (see Fig. 3 inset). However, when compared to
standards the amounts of β-NAD+ADPR+cADPR (which comprises mainly β-NAD, see
below) is much greater than other purines, including ATP (Fig. 3C,F). Thus, the overflow of
β-NAD was 0.379±0.071 pmol/106 cells before stimulation, 0.975±0.147 pmol/106 cells at
1' (P<0.05, t=3.351), 0.994±0.210 pmol/106 cells at 2' of stimulation (P<0.05, t=3.459), and
0.627±0.102 pmol/106 cells at 5' of stimulation with KCl 60 mM (P>0.05, t=1.457), one-
way ANOVA, followed by Bonferroni's test. At 10' and 20' of KCl stimulation the overflow
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of ATP and β-NAD was not significantly different from pre-stimulation values (P>0.05),
Fig. 3.

We next examined whether disruption of SNAP-25 with BoNT/A would affect the
spontaneous and evoked by 60 mM KCl release of DA and purines. Immunoblot analysis of
PC12 cells revealed a single immunoreactive band with molecular size of ~25 kDa,
representing intact SNAP-25 (Fig. 2D, lane 1). Incubation of PC12 cells with BoNT/A
produced a secondary immunoreactive band with apparent molecular size of ~24 kDa (lane
2), which was not found in control cell protein extracts (lane 1). The 24-kDa band likely
represents degradation product(s) of SNAP-25 owing to cleavage by BoNT/A (Blasi et al.,
1993). BoNT/A tended to increase the spontaneous secretion of DA and all purines (see pre-
stimulation samples at KCl 5 mM in Figs. 2 and 3, controls vs. BoNT/A-treated, P<0.05 for
ADP, AMP, and total purines, P>0.05 for DA, ATP, β-NAD and ADO, unpaired t-test, two-
tailed. The high K+-evoked release of DA (Fig. 2C), ADP, AMP, ADO and the mixture of
β-NAD, ADPR and cADPR (Fig. 3D–H) was significantly attenuated and shortened within
1 minute of perfusion with 60 mM KCl in BoNT/A-treated cells. The amount of released
ATP was not significantly changed in BoNT/A-treated cells (Fig. 3B, C): thus, in BoNT/A-
treated cells ATP overflow was 0.154±0.006 pmol/106 cells before stimulation and
0.318±0.049 pmol/106 cells at 1' of stimulation (P<0.05, t=3.387, one-way ANOVA,
followed by Bonferroni's posttest). However, the overflow of β-NAD in the same samples
was 0.528±0.123 pmol/106 cells before stimulation, 0.616±0.015 pmol/106 cells at 1'of
stimulation (P>0.05, t=0.674), and 0.565±0.03 pmol/106 cells at 2' of stimulation with 60
mM KCl (P>0.05, t=0.284). Continuous stimulation of the PC12 cells for 10 minutes and 20
minutes led to reduced levels of DA. Thus, DA overflow was 3.673±0.028 pmol/106 cells at
5', 3.510±0.175 pmol/106 cells at 10', and 3.657±0.431 pmol/106 cells at 20' of stimulation,
which was significantly lower than the overflow of DA at 1' of stimulation reaching
6.087±0.658 pmol/106 cells (P<0.05, one-way ANOVA, followed by Bonferroni's posttest).
Likewise, in BoNT/A-treated cells the overflow of β-NAD, AMP, and total purines at 10'
and 20' was significantly lower than the spontaneous overflow in pre-stimulation samples
(Fig. 3 E,F,H).

Secretion evoked by nicotine 100 μM
Similar to the effects of high-K+ solution, nicotine 100 μM transiently increased the
secretion of both ATP and β-NAD (Fig. 4A, D). In some cases secretion of purines at 5–20
min was significantly lower than secretion at 1' of stimulation, which was not significantly
different from pre-stimulation values. DA secretion was increased from 0.396±0.058 pmol/
106 cells before nicotine to 0.583±0.060 pmol/106 cells at 1' (P>0.05, t=1.239), 0.858±0.16
pmol/106 cells at 2' (P <0.05, t=3.055, F=4.116), and 0.82±0.114 pmol/106 cells at 10'
(P>0.05, t=2.823) of stimulation with nicotine, one-way ANOVA, followed by Bonferroni's
test, n=8. Secretion of ATP was increased from 0.097±0.023 pmol/106 cells at 0' to
0.649±0.246 pmol/106 cells at 1' of stimulation (P<0.05, t=3.347, F=3.188, one-way
ANOVA, followed by Bonferroni's test). Secretion of ATP at 2', 5', 10', and 20' was not
significantly different from secretion of ATP before stimulation (P>0.05). Likewise,
secretion of β-NAD was increased from 0.552±0.074 pmol/106 cells at 0' to 1.629±0.471
pmol/106 cells at 1' (P<0.05, t=3.187, F=3.411), whereas no significant increase was
observed at 2–20' of stimulation with nicotine (P>0.05), one-way ANOVA, followed by
Bonferroni's posttest. No significant increase of ADP, AMP, adenosine or total purines was
observed at 1–20' of stimulation with nicotine, P>0.05 (Fig. 4). In general, the results with
KCl 60 mM simulation and nicotine stimulation were qualitatively similar, although under
these experimental conditions the effect of nicotine seemed more transient than the effect of
KCl.
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Distribution of β-NAD, ADPR and cADPR in cell superfusates determined by HPLC fraction
analysis

β-NAD, ADPR and cADPR co-elute as 1,N6-etheno-ADPR at ~11.2 min due to conversion
of β-NAD and cADPR to ADPR during the etheno-derivatization at 80°C (Smyth et al.,
2004; Breen et al., 2006). HPLC fraction analysis of the 11.2-min peak showed that β-NAD
is the predominant compound, comprising 83.56±2.47% of purines in the samples collected
before stimulation (KCl 5 mM) (Fig. 5C) and 95.72±2.9% during stimulation (KCl 60 mM),
n=4, P=0.02, t=3.143, df=6, unpaired t-test, two-tailed. ADPR comprised 16.34±2.47% and
4.277±2.93% of the mixture before and during stimulation, respectively (n=4, P=0.02,
t=3.141, df=6, unpaired t-test, two-tailed). Thus, during stimulation with 60 mM KCl the
release of β-NAD+ADPR+cADPR was increased (Fig. 3A, F) mainly due to increased
secretion of β-NAD and not of ADPR or cADPR (Fig. 5B,C, KCl 60 mM). It is reasonable,
therefore, to refer to the compound released during stimulation with high-K+ solution as β-
NAD.

Fractionation of synaptic vesicles by glycerol gradient: neural markers, content of DA and
purines, HPLC fraction analysis of β-NAD, ADPR, and cADPR

Aliquots of samples collected from glycerol gradient centrifugation were processed for
Western immunoblot analysis of synaptophysin and secretogranin II. Aliquots of the
samples were also processed for analysis of purine and catecholamine contents.
Synaptophysin, an SV marker, labeled vesicle population in the fractions containing ~12–
25% glycerol (Fig. 6A, top row, F11–F20), whereas the immunoreactive bands of
secretogranin II, a LDCV marker, were negligible in all glycerol fractions (Fig. 6A, bottom
row). Synaptophysin-like immunoreactivity was also present in F1, which may be due to the
presence of synaptophysin in membranes of very small low-density vesicles such as small
synaptic-like microvesicles (SLMV), which fractionate at the top of the gradient. Parallel
HPLC measurements of content of neurotransmitter substances in the glycerol fractions
showed that all fractions contained DA and purines, but in different proportions. Fractions
with low glycerol (<6%) concentrations (e.g., F1–F6) contained the largest amounts of ATP
and β-NAD+ADPR+cADPR. Then the concentrations of ATP and β-NAD+cADPR+ADPR
gradually declined as the glycerol concentrations raised from ~ 6 % to ~ 20 % (F6–F14), and
increased again at F17–19 (~22–25% glycerol). A similar pattern of distribution was
observed with ATP, ADP, AMP, and adenosine (data not shown). An HPLC fraction
analysis of the peak representing β-NAD+ADPR+cADPR in selected samples from the
glycerol gradient samples showed that β-NAD is the prevailing compound in all fractions.
Thus, F3 comprised of 99.49% β-NAD, 0.36% ADPR and 0.15% cADPR. Likewise, F9 was
composed of 99.40% β-NAD, 0.32% ADPR and 0.29% cADPR. F13–20 contained 92% β-
NAD, 8% ADPR and no detectable amounts of cADPR. DA was not detected in the low-
glycerol fractions (F1–F5, Fig. 6D). However, DA was detected in fractions with higher
glycerol levels and peaked in F15–F19.

Fractionation of synaptic vesicles by sucrose gradient: neural markers, content of DA and
purines, HPLC fraction analysis of β-NAD, ADPR, and cADPR

Aliquots of samples collected from sucrose gradient centrifugation (presumably containing
LDCVs) were also processed for Western immunoblot analysis of synaptophysin and
secretogranin II expression and for HPLC analysis of contents of purines and
catecholamines. Synaptophysin labeled the fractions containing 0.4–1.0 M sucrose (F12–
F18), whereas secretogranin II labeled mainly the fractions with 0.9–1.4 M sucrose (F16–
F21), Fig. 7A. Similar to glycerol gradient fractions, F1 showed high expression of
synaptophysin, possibly due to greater amounts of microvesicles in this fraction. Low-
sucrose fractions (F1–F8) showed similar amounts of ATP (Fig. 7B). Likewise, the content
of β-NAD+cADPR+ADPR was similar in F1–F8 fractions (Fig. 7C). Fractions F9–F15
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showed declining concentrations of ATP and β-NAD+cADPR+ADPR, whereas the content
of ATP and β-NAD+cADPR+ADPR increased again in the high-sucrose fractions and
peaked in F17–F20, the fractions with highest expression of secretogranin II. HPLC fraction
analysis showed that the distribution of β-NAD, ADPR and cADPR in F3 was 100% β-NAD
and no ADPR and cADPR. F9 contained 94.7% β-NAD, 0% ADPR, and 5.3% cADPR,
whereas F11-16 contained 98.2% β-NAD and 1.8% ADPR. F19–20 contained 94.7% β-
NAD, 4.4% ADPR and 0.9% cADPR. Therefore, β-NAD was the major compound in all
examined fractions. DA was almost absent in the low-sucrose fractions (F1–F9, Fig. 7D).
However, DA was detected in fractions with higher sucrose levels and peaked in F16–F20.

Western immunoblot analysis of SNAP-25 in glycerol and sucrose gradient centrifugation
fractions

Fig. 8 shows the presence of SNAP-25 in all fractions with increasing concentrations of
glycerol (6–25%) and sucrose (0.4–1.4 M). It appears that the SNAP-25 bands are stronger
in the sucrose gradient fractions (compare Fig. 8A and 8B) taking into account that equal
fraction volumes were loaded in the immunoblots.

Discussion
Studies in rat tail artery suggest that ATP and NA are likely stored in the same vesicles
within the sympathetic nerve varicosity and are released in parallel by vesicular exocytosis
(Stjarne, 1989; Stjarne et al., 1994; Brock and Cunnane, 1999). Likewise, ATP and
catecholamines appear released in parallel in adrenal chromaffin cells (Wagner, 1985; Njus
et al., 1986; Todorov et al., 1996) and hence are likely released from the same vesicles. In
contrast, functional and overflow studies in the rodent vas deferens have suggested that ATP
and NA are released differentially (e.g., Trachte, 1985; Ellis and Burnstock, 1989; Ellis and
Burnstock, 1990; Todorov et al., 1996) and thus may originate from different synaptic
vesicles. These and other studies illustrate decades-long controversy about the sources of
storage and release of cotransmitter substances. Understanding mechanisms of co-storage
and co-release of neurotransmitters is important for understanding mechanisms of synaptic
integration and plasticity. It may raise the potentials for selective external control of synaptic
events and may thus have potential clinical significance. This becomes particularly
important when a novel neurotransmitter substance is discovered.

Work in our laboratory has contributed to the recent notion that, in addition to its well-
known role in intracellular processes, β-NAD is also an extracellular molecule involved in
cell-to-cell communications (Ziegler and Niere, 2004; Billington et al., 2006) and may
function as a novel neuromodulator (Smyth et al., 2004; Breen et al., 2006) and a novel
neurotransmitter (Mutafova-Yambolieva et al., 2007). β-NAD is released concomitantly
with NA and ATP in blood vessels, urinary bladder, vas deferens, large intestine (Smyth et
al., 2004; Breen et al., 2006; Smyth et al., 2006a; Smyth et al., 2006b; Bobalova and
Mutafova-Yambolieva, 2006; Mutafova-Yambolieva et al., 2007; Smyth et al., 2009), and
brain (Mutafova-Yambolieva et al., unpublished observations). In a number of smooth
muscles the release of NA and β-NAD is regulated in parallel (i.e., Bobalova and Mutafova-
Yambolieva, 2006; Smyth et al., 2009), suggesting that the two substances may originate
from the same synaptic vesicles. The release of ATP and β-NAD, however, often appear
differentially regulated (i.e., Mutafova-Yambolieva et al., 2007; Smyth et al., 2009).
Therefore, ATP and β-NAD may originate from different release sites including different
nerves or different secretory vesicles. The present study provides a thorough analysis of
simultaneous release of catecholamines and purines in NGF-differentiated PC12 cells. The
major novel finding is that differentiated PC12 cells exhibit constitutive and evoked release
of not only DA and ATP, but also of β-NAD. This represents a significant advance in
knowledge over previously published works limited to secretion of catecholamines and ATP
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in chromaffin cells. β-NAD, ATP, and DA appear to be co-stored in multiple vesicles with
no well-defined distinction in the primary distribution of these substances. Nonetheless, β-
NAD, ATP, and DA appear to have different preferential sites of secretion.

We employed a small-volume superfusion assay for collecting neurotransmitters secreted at
rest and upon stimulation with high-K+ solution or nicotine from NGF-differentiated rat
PC12 cells. This technique allowed examining the time course of neurotransmitter release
under constant flow. NGF-treated PC12 cells showed constitutive release of DA, ATP,
ADP, AMP, adenosine, β-NAD, and ADPR. Stimulation of cells with high-K+ solution (and
hence causing Ca2+ influx due to membrane depolarization) elicited release of DA and the
purines listed above. Importantly, the maximum evoked release of all substances was
achieved within the first 2 minutes of stimulation and returned to basal levels by the 5th

minute of stimulation even though the stimulation lasted for 20 minutes. Thus, studies
assaying mass release of neurotransmitters in PC12 cells during stimulation with high-K+

stimulation for longer than 5 minutes may underestimate the evoked release of
neurotransmitters at the expense of measuring basal release and more degradation products.
As aforementioned, differentiated PC12 cells exhibited constitutive and evoked release of β-
NAD. Small amounts of ADPR were also found in tissue superfusates. ADPR is the major
direct metabolite of β-NAD, since 98 % of β-NAD is degraded to ADPR by NAD
glycohydrolase and ~ 2% of β-NAD is degraded to cADPR by ADP-ribosyl cyclase (Lee,
2001). In samples collected in normal-K+ solution the β-NAD:ADPR ratio was 6:1, whereas
the high-K+ (60 mM)-evoked release of β-NAD:ADPR was 70:1. Activation of nicotinic
acetylcholine receptors with nicotine also caused a transient increase in secretion of DA,
ATP and β-NAD as did the high K+-solution.

Synaptic-like microvesicles (SLMVs) are present in PC12 cells (Liu and Edwards, 1997;
Varoqui and Erickson, 1998) and the biogenesis and composition of SLMV is similar to the
SSVs in presynaptic nerves in the central and peripheral nervous systems (Navone et al.,
1989; Llona, 1995). Synaptophysin is a component of the SLMV and SSV membrane
(Navone et al., 1986; Cutler and Cramer, 1990; Jahn and Sudhof, 1994; Llona, 1995) and to
a smaller content is also present in the LDCV membranes (Marxen et al., 1997). To isolate
SSVs and LDCVs, after removing nuclei, mitochondria, lysosomes, proxyosomes, and other
large particles, we applied the samples onto continuous glycerol and sucrose gradients,
respectively. In agreement with previous studies (Melikian and Buckley, 1999; Liu and
Edwards, 1997;Varoqui and Erickson, 1998) synaptophysin labeled the SSV population in
the fractions containing 10–23% glycerol. As shown earlier (Marxen et al., 1997),
synaptophysin was present in fractions containing 0.7–1.3 M sucrose, presumably enriched
in LDCVs. Synaptophysin was also present in membranes of SLMV, which fractionated at
the top (F1) of the two gradients. To label LDCVs we used secretogranin II (Fischer-Colbrie
et al., 1995; Cutler and Cramer, 1990). As anticipated secretogranin II fractionated through
the sucrose gradient with maximum occurrence in fractions with sucrose concentrations
above 0.9 M. These observations are also in agreement with previous findings (e.g.,
Melikian and Buckley, 1999; Liu and Edwards, 1997; Yao and Hersh, 2007). Secretogranin
II did not label well the glycerol fractions suggesting that no major pool of LDCVs was
present in these samples. We concluded, therefore, that the glycerol and sucrose
fractionation centrifugations led to isolation of fractions enriched in SSVs/SLMVs and
LDCVs, respectively.

We next determined the content of purines and catecholamines in SSVs/SLMVs and LDCVs
isolated as described above. Previous studies have shown that ATP and catecholamines are
stored in and concomitantly released from large secretory vesicles in chromaffin cells and
PC12 cells (Wagner, 1985; Kasai et al., 2001), although these studies did not examine the
role of small synaptic vesicles in the release of ATP and DA. In the present study we also
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found that ATP and DA are co-stored in LDCVs: the high-sucrose fractions that labeled for
secretogranin II showed high amounts of ATP, β-NAD and DA. β-NAD comprised >95% of
the mixture β-NAD+ADPR+cADPR in the high-sucrose fractions. Low-sucrose fractions,
presumably representing the cytosol, contained large amounts of ATP and β-NAD, but
almost no DA. Likewise, fractions with low glycerol concentrations contained the largest
amounts of ATP and β-NAD, but no DA. Based on immunoblot analysis of the distribution
of synaptophysin and secretogranin II we assume that these glycerol-free fractions largely
represented the cytosol. Thus, a fraction of the neurotransmitter substances detected in F1–
F6 may be the neurotransmitters synthesized in the cytoplasm “waiting” to be packaged into
synaptic vesicles. Another fraction may comprise neurotransmitters already transported into
SLMVs. The content of β-NAD is greater than ATP (and DA) in the glycerol-free fractions.
Moderate increase in glycerol concentrations led to isolation of fractions containing low
concentrations of ATP and β-NAD. However, the concentrations of ATP and β-NAD
increased again in the fractions with highest glycerol concentrations, presumably containing
SSVs. In all fractions β-NAD represented the major compound of the β-NAD+ADPR
+cADPR mixture comprising 92–99% of the mixture. The high glycerol fractions also
contained DA. Therefore, ATP, DA and β-NAD are likely stored not only in LDCVs but
also in SSVs.

Neuronal release of noradrenaline and ATP is generally believed to occur via exocytosis.
The release of β-NAD evoked by electrical field stimulation is severely disrupted by
SNAP-25 cleavage in mesenteric blood vessels and large intestine, and hence, in these
systems, β-NAD appears released primarily by vesicular exocytosis (Smyth et al., 2006b;
Mutafova-Yambolieva et al., 2007). We next tested whether in differentiated PC12 cells, β-
NAD, ATP, and DA are secreted by SNAP-25 mediated mechanisms. SNAP-25 is present in
synaptic membranes and transport vesicles and is involved in the docking and fusion of
synaptic vesicles (Sollner et al., 1993). Biochemical and cellular fractionation studies have
suggested that SNAP-25 is a part of the SNARE complex, which represents a critical step in
synaptic exocytosis (Sollner et al., 1993; McMahon and Sudhof, 1995). In support of this, in
the present study SNAP-25 showed parallel distribution in the fractions from glycerol and
sucrose centrifugation gradients. Interestingly, samples collected before stimulation of
treated with BoNT/A PC12 cells contained higher levels of DA and purines than samples
collected before stimulation of non-treated cells. Therefore, spontaneous release of
neurotransmitters might be a regulated process that requires intact SNAP-25. Continuous
stimulation with high-K+ solution caused a progressive decrease in the levels of secreted
catecholamines and purines in the BoNT/A-treated cells, suggesting that disruption of
SNAP-25 may lead to depletion of pool(s) of secretory vesicles that are available for release
upon membrane depolarization and Ca2+ influx. This is in accordance with a previous study
showing that in hippocampal slice cultures 5–10 min high-K+ stimulation causes progressive
depletion of synaptic vesicles and redistribution of SNAP-25 from the plasma membrane to
membrane-bound tubulo-vesicular structures in the axoplasm (Tao-Cheng et al., 2000). It
should be pointed out that the high-K+-evoked release of ATP remained unchanged by
BoNT/A, whereas the evoked release of β-NAD and DA was abolished. Therefore, despite
similar distribution of ATP, β-NAD and DA in SSVs and LDCVs, there may be differences
in the preferential sites of evoked secretion of neurotransmitter substances in the NGF-
differentiated PC12 cells: the predominant release of β-NAD and DA appears to be from
SNAP-25-associated sources, whereas the release of ATP seems to occur predominantly
from sources not associated with SNAP-25, but still dependent on membrane depolarization.
As some studies show, ATP can also be released through native or overexpressed
hemichannels (Ebihara, 2003; Belliveau et al., 2006; Huang et al., 2007) or secretion of ATP
can occur independently of vesicular exocytosis (Hussl et al., 2007). However, these
mechanisms cannot explain the results of the present study since these mechanisms usually
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occur independently of membrane depolarization. Further studies are warranted to determine
the exact sources of differential secretion of β-NAD, DA, and ATP in these cells.

In summary, we demonstrate here that β-NAD, a putative neurotransmitter and a
neuromodulator, is subject to constitutive and regulated release in NGF-differentiated PC12
cells. β-NAD, ATP, and DA are present in both SSV and LDCV populations of secretory
vesicles with no definite distinction in the primary distribution of the three substances.
SNAP-25-mediated mechanisms may be involved in the constitutive release of
catecholamines and purines. Membrane depolarization-evoked release of DA, β-NAD and
ATP is differentially affected by disruption of SNAP-25, suggesting that the three
neurotransmitter substances may have different preferential sites of release, including sites
associated with SNAP-25 (i.e., DA and β-NAD) and sites non-associated with SNAP-25
(i.e., ATP).
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Figure 1. Protocol for isolation of SSVs and LDCVs from cultured NGF-differentiated rat PC12
cells
Different velocities of cold ultracentrifugation and glycerol and sucrose gradient purification
were used to obtain fractions enriched in SSVs or LDCVs. RT, room temperature; WB,
Western blot analysis; HPLC, high performance liquid chromatography; LDCV, large
debse-cord-like vesicles; SSV, small synaptic-like vesicles.
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Figure 2. Spontaneous and high-K+-evoked secretion of DA in NGF-treated PC12 cells
(A) PC12 cells secrete DA in a solution containing 5 mM KCl. Superfusion of the cells with
60 mM KCl evokes additional secretion of DA, which is maximum at 2 minutes of
superfusion. (B) Pretreatment of cells with BoNT/A (30 nM for 16 h) reduces the evoked
release of DA. Note also that DA amounts in superfusates are significantly reduced at 5–20'
below the initial levels in non-stimulated cells. (C) Quantified data from 4–5 experiments
expressed as the mean ± SEM. *P<0.05 vs. controls at 0' (KCl 5 mM), xP<0.05 vs. the
highest value in BoNT/A group at 1'. One-way ANOVA followed by Bonferroni's multiple
comparison tests. (D) Immunoblot analysis of SNAP-25 shows a single band at 25 kDa in
homogenates from control PC12 cells. An additional 24-kDa band appears in BoNT/A-
treated cells indicating cleavage of SNAP-25 induced by BoNT/A.
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Figure 3. Spontaneous and high-K+-evoked release of adenine purines in NGF-treated PC12 cells
(A) Original chromatograms from samples collected during perfusion of the PC12 cells with
either 5 mM KCl (pre-stimulation sample) or in the presence of 60 mM KCl for different
time periods. KCl 60 mM evoked overflow of ATP, ADP, AMP, adenosine (ADO) and a
mixture of β-NAD, cADPR, and ADPR. Inset: chromatographic peaks generated by etheno-
derivatized purine standards (1 pmol each). Note that β-NAD has significantly lower
fluorescence coefficient in generating eADPR than ATP, ADP, ADPR, AMP and ADO in
generating corresponding e-purines. (B) Excerpts of original chromatograms of superfusates
from BoNT/A-pretreated cells with an emphasis on ATP and the mixture of β-NAD, ADPR,
and cADPR. (C) Quantified data from 4–5 experiments expressed as the mean ± SEM. Data
are averaged for each individual purine as well as for the sum of all purines (total purines).
*P<0.05 vs. controls at 0' (KCl 5 mM). One-way ANOVA followed by Bonferroni's
multiple comparison tests. #P<0.05 vs. 0' in controls. Unpaired Student's t-test. BoNT/A
increased the spontaneous release of ADP, AMP, and total purines. The evoked release of
most purines, except for ATP, was significantly reduced by BoNT/A. In BoNT/A-treated
cells secretion of AMP, β-NAD+ADPR+cADPR, and total purines at 5–20' was below the
initial purine levels.
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Figure 4. Spontaneous and nicotine (100 μM)-evoked release of adenine purines in NGF-treated
PC12 cells
Quantified data from 6–10 experiments expressed as the mean ± SEM. Data are averaged for
each individual purine as well as for the sum of all purines (total purines). *P<0.05 vs.
controls at 0' (KCl 5 mM). xP<0.05 vs. 1'. One-way ANOVA followed by Bonferroni's
multiple comparison test. Note that nicotine induced a transient secretion of purines, which
was statistically significant for ATP and β-NAD+ADPR+cADPR. Although secretion of
ADO and total purines did not show statistically significant increase at 1', the values of these
purines at 5–20' of stimulation showed significantly lower levels than at 1'.
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Figure 5. HPLC fraction analysis of the mixture of β-NAD, ADPR and cADPR
(A) Original chromatograms of the 7.2-min (cADPR-containing) fraction, the 8.5-min
(ADPR-containing) fraction and the 10.5-min (β-NAD containing) fraction of cell
superfusate samples collected in the first 5 min of superfusion with 60 mM KCl and etheno-
derivatized with 2-chloroacetaldehyde at 80°C, pH 4.0 for 40 min. (B) Averaged data. The
pre-stimulation sample (5 mM KCl) contained mainly β-NAD and small amounts of ADPR,
but no detectable amounts of cADPR. Stimulation with 60 mM KCl caused increase in the
β-NAD content in the cell superfusate. (C) Distribution of β-NAD, ADPR and cADPR in
pre-stimulation (5 mM KCl) samples and in samples collected during stimulation with 60
mM KCl. In both samples β-NAD is the primary purine nucleotide in the 11.2-min fraction.
The ratio β-NAD:ADPR increases in the samples collected during stimulation with a high-
K+ solution. *P<0.05 vs. KCl 5 mM, unpaired t-test, two-tailed.

Yamboliev et al. Page 19

Eur J Neurosci. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Fraction separation of small synaptic vesicles (SSV) by glycerol gradient centrifugation
(A) Fractionation of synaptic vesicles was evaluated by the immunoreactivity of the
vesicular markers synaptophysin (for SSV and SLMV) and secretogranin II (for LDCV)
using equal fraction volumes. Synaptophysin-immunoreactive SSVs (top row) were present
mostly in fractions with 10–23% glycerol, F13–F20. Secretogranin II immunoreactivity was
faint (bottom row) or absent, indicating lack of LDCV in the glycerol fractions. (B, C, D)
Contents of ATP, β-NAD+ADPR+cADPR, and DA in fractions separated by glycerol
gradient centrifugation. Averaged data (means ± SEM), n=4. (E) Concentrations of glycerol
in fractions isolated by glycerol gradient centrifugation. Averaged data (means ± SEM),
n=4.
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Figure 7. Fraction separation of large dense-core vesicles (LDCVs) by sucrose gradient
centrifugation
(A) Fractionation of LDCV was evaluated by the immunoreactivity of the vesicular markers
synaptophysin (top row) and secretogranin II (bottom row) using equal fraction volumes.
Synaptophysin focused in fractions (F13–18) with 0.7–1.3 M sucrose (E). Secretogranin II-
labeled LDCVs in fractions with sucrose concentrations above 0.9M (F15–21), A and E.
(B,C,D) Contents of ATP, β-NAD+ADPR+cADPR, and DA in fractions separated by
sucrose gradient centrifugation. Averaged data (means ± SEM), n=3. (E) Concentrations of
sucrose in fractions isolated by sucrose gradient centrifugation. Averaged data (means ±
SEM), n=3.
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Figure 8. Western immunoblot analysis of SNAP-25 in fractions isolated by glycerol and sucrose
gradient centrifugation
Expression of SNAP-25 was analyzed by immunoblotting using equal fraction volumes. (A)
SNAP-25 was expressed in fractions containing >5% glycerol and peaked in fractions
containing 10–25% glycerol. (B) SNAP-25 was also expressed in fractions containing >0.32
M sucrose and peaked in fractions containing 0.7–1.12 M sucrose.

Yamboliev et al. Page 22

Eur J Neurosci. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


