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Catestatin regulates vesicular quanta through modulation of cholinergic
and peptidergic (PACAPergic) stimulation in PC12 cells

Bhavani Shankar Sahu1,2
& Sumana Mahata3 & Keya Bandyopadhyay2 & Manjula Mahata2 & Ennio Avolio4

&

Teresa Pasqua4 & Chinmayi Sahu1
& Gautam K. Bandyopadhyay2 & Alessandro Bartolomucci1 &

Nicholas J. G. Webster2,5 & Geert Van Den Bogaart6 & Reiner Fischer-Colbrie7 & Angelo Corti8 & Lee E. Eiden9
&

Sushil K. Mahata2,5

Received: 27 July 2018 /Accepted: 30 October 2018 /Published online: 22 November 2018
# Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
We have previously shown that the chromogranin A (CgA)-derived peptide catestatin (CST: hCgA352–372) inhibits nicotine-
induced secretion of catecholamines from the adrenal medulla and chromaffin cells. In the present study, we seek to determine
whether CST regulates dense core (DC) vesicle (DCV) quanta (catecholamine and chromogranin/secretogranin proteins) during
acute (0.5-h treatment) or chronic (24-h treatment) cholinergic (nicotine) or peptidergic (PACAP, pituitary adenylyl cyclase
activating polypeptide) stimulation of PC12 cells. In acute experiments, we found that both nicotine (60 μM) and PACAP
(0.1 μM) decreased intracellular norepinephrine (NE) content and increased 3H‐NE secretion, with both effects markedly
inhibited by co-treatment with CST (2 μM). In chronic experiments, we found that nicotine and PACAP both reduced DCV
andDC diameters and that this effect was likewise prevented by CST. Nicotine or CSTalone increased expression of CgA protein
and together elicited an additional increase in CgA protein, implying that nicotine and CST utilize separate signaling pathways to
activate CgA expression. In contrast, PACAP increased expression of CgB and SgII proteins, with a further potentiation by CST.
CST augmented the expression of tyrosine hydroxylase (TH) but did not increase intracellular NE levels, presumably due to its
inability to cause post-translational activation of TH through serine phosphorylation. Co-treatment of CST with nicotine or
PACAP increased quantal size, plausibly due to increased synthesis of CgA, CgB and SgII by CST. We conclude that CST
regulates DCV quanta by acutely inhibiting catecholamine secretion and chronically increasing expression of CgA after nicotinic
stimulation and CgB and SgII after PACAPergic stimulation.
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Introduction

Stimulation of the splanchnic nerve of the adrenal medulla
causes release of both acetylcholine and pituitary adenylate
cyc lase -ac t iva t ing po lypept ide (PACAP) a t the
splanchnicoadrenomedullary synapse, stimulating the release
of catecholamines from chromaffin cells (Cheung et al. 1993;
Eiden et al. 2018; Gayen et al. 2009a; Livett andMarley 1993;
Mahata et al. 1997; Malhotra et al. 1989; Smith and Eiden
2012; Taupenot et al. 1998; Wakade 1988). It is becoming
increasingly evident that acetylcholine and PACAP control
catecholamine secretion at different levels of neuronal activity.
Acetylcholine stimulates the secretion of norepinephrine (NE)
and epinephrine (EPI) at a low frequency to supply catechol-
amines at a modest rate to set the homeostatic Brest and
digest^ state, whereas PACAP, the Bstress transmitter,^ pre-
dominantly stimulates the secretion of EPI at higher rates of
splanchnic nerve stimulation (Guo and Wakade 1994; Smith
and Eiden 2012; Stroth et al. 2013). Upon binding to the
nicotinic acetylcholine receptor, acetylcholine activates
voltage-dependent sodium channels. The entry of sodium ions
causes depolarization of the cell membrane and opens
voltage-gated calcium channels in primary chromaffin cells
and adrenal medulla (Douglas et al. 1967; Douglas and
Rubin 1961; Wakade and Wakade 1982). Entry of calcium
ions results in calcium-dependent exocytosis of large dense-
core vesicles containing catecholamines, dopamine β-
hydroxylase (DBH), chromogranin A (CgA) (Eiden 1987;
Winkler 1993; Winkler et al. 1986) and neuropeptides includ-
ing enkephalins, neuropeptide Y (NPY), galanin and others
(Anouar and Eiden 1995; Fischer-Colbrie et al. 1988;
Waschek et al. 1987). In contrast, PACAP evokes catechol-
amine secretion from chromaffin cells through a rapid influx
of extracellular Ca2+ (O'Farrell andMarley 1997; Tanaka et al.
1996) which does not depend upon the opening of voltage-
gated sodium channels (Mustafa et al. 2007; Mustafa et al.
2010; Tanaka et al. 1996; Vandael et al. 2015).

When chromaffin cells secrete catecholamines and co-stored
proteins/peptides, resynthesis mechanisms are activated to re-
plenish secretory vesicles with the just-secreted components.
Tyrosine hydroxylase (TH), the rate-limiting enzyme in catechol-
amine synthesis, is transcriptionally activated by both cholinergic
and peptidergic signaling to allow compensatory repletion of
catecholamine stores (stimulus-secretion-synthesis coupling) in
chromaffin cells and sympathetic neurons (Braas and May
1999; Corbitt et al. 1998; Gueorguiev et al. 2006; Gueorguiev
et al. 2004; Gueorguiev et al. 2000; Haycock 2002a; Haycock
2002b; Hiremagalur et al. 1993; Ishiguro et al. 1997; Isobe et al.
1996; Stroth et al. 2013; Tonshoff et al. 1997). PACAP also
activates synthesis of other catecholamine biosynthetic enzymes
like DBH (Isobe et al. 1996) and phenylethanolamine N-methyl
transferase (PNMT) (Tonshoff et al. 1997). Likewise, biosynthe-
sis of secreted proteins and peptides, such as CgA (Tang et al.

1997; Tang et al. 1996), proenkephalin A (Suh et al. 1995) and
NPY (Hiremagalur et al. 1994), can be activated by nicotinic
stimulation. Similar to cholinergic stimulation, peptidergic stim-
ulation also exhibits stimulus-secretion-synthesis coupling and
induces synthesis of CgA (Taupenot et al. 1999; Taupenot et al.
1998), secretogranin II (SgII) (Turquier et al. 2001) and met-
enkephalin (Fischer-Colbrie et al. 1988; Hahm et al. 1998).

Catestatin (CST: hCgA352–372) is a 21 amino acid peptide
(human sequence: SSMKLSFRARAYGFRGPGPQL) proteo-
lytically derived from the C-terminal region of CgA (Mahata
et al. 2010; Mahata et al. 1997). CST is established as a pleiotro-
pic peptide exhibiting diverse cardiovascular, metabolic and en-
docrine functions. These include inhibiting nicotine-evoked cat-
echolamine secretion from the adrenal medulla and cultured cells
(Mahata et al. 2003; Mahata et al. 1999; Mahata et al. 2000;
Mahata et al. 2004; Mahata et al. 1997; Wen et al. 2004); de-
creasing blood pressure (Biswas et al. 2012; Fung et al. 2010;
Kennedy et al. 1998; Mahapatra et al. 2005), improving barore-
flex sensitivity (BRS) (Gayen et al. 2009b), increasing heart rate
variability (HRV) (Dev et al. 2010) improving insulin sensitivity
in diet-induced obese mice (Ying et al. 2018), providing
cardioprotection by inhibiting inotropy and lusitropy (Angelone
et al. 2008; Angelone et al. 2012; Imbrogno et al. 2010; Mazza
et al. 2008), stimulating reperfusion injury salvage kinase (RISK)
and survivor activating factor enhancement (SAFE) pathways
(Bassino et al. 2015; Perrelli et al. 2013), preventing
macrophage-driven atherosclerosis (Kojima et al. 2018) and
modulating cardiomyocyte Ca2+ levels (Ottesen et al. 2017).

CSTand PACAP are well-known modulators of DCV con-
tent and function as described above. However, ultrastructural
evidence for correlative changes in the morphology of DCVs
in CST/PACAP-treated chromaffin cells is not available and
limited biochemical evidence prompted further studies. In the
present study, we demonstrate in PC12 cells originating from
rat pheochromocytoma, which are a model system for chro-
maffin cell secretion (Greene and Tischler 1976; Westerink
and Ewing 2008), that acute CST treatment restores DCV
quanta by inhibiting nicotine or PACAP-induced secretion
of catecholamines. Further, chronic stimulation experiments
to understand the resynthesis of DCV quanta provide novel
ultrastructural and biochemical evidence for how CST and
PACAP modulate DCV quanta by regulating the expression
of major granulogenic proteins, contributing to secretory gran-
ule resynthesis.

Materials and methods

PC12 cell culture and treatments

Rat pheochromocytoma (PC12) cells were obtained from
David R. Schubert (Salk Institute for Biological Studies, La
Jolla, CA, USA) and grown in T25 flasks (Nunc, USA) in
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DMEM GlutaMAX (Invitrogen), supplemented with 10%
heat-inactivated horse serum, 5% heat-inactivated fetal bovine
serum, 100 units/ml penicillin G and 100 μg/ml streptomycin
(Gibco, USA). Before all experiments, PC12 cells were treat-
ed with ascorbic acid (100 μM; to induce synthesis of norepi-
nephrine) for 18–24-h (Schubert and Klier 1977; Tischler
et al. 1983; Westerink and Ewing 2008). Cells were treated
with secretion buffer containing either nicotine (60 μM),
PACAP (0.1 μM), CST (2 μM), Nicotine+CST, or PACAP+
CST for acute experiments for 0.5-h, whereas chronic treat-
ments lasted for 18–24-h. For experiments where gene expres-
sion was analyzed, secretogogue treatments were carried out
for ~ 18-h, while for experiments in which proteins and cate-
cholamines were measured, treatments were carried out for ~
24-h.

Intracellular norepinephrine (NE) measurements

PC12 cells grown to 80% confluence in poly-l-lysine coated
6-well plates were washed once with release buffer (150 mM
NaCl, 5 mM KCl, 2 mM CaCl2, 10 mM HEPES pH 7) and
incubated for 0.5-h at 37 °C in release buffer with none (basal)
or with various secretogogues (nicotine, PACAP, CST, CST +
nicotine, or CST + PACAP). In a second set of experiments,
cells were treated with the above secretogogue stimuli in reg-
ular culture media for 24-h. After the treatments, cells were
washed with PBS and lysed with lysis buffer (150 mM NaCl,
5 mMKCl, 2 mMCaCl2 and 10mMHEPES pH 7, 0.1% (v/v)
Triton X-100). The amounts of NE were quantified by a high
sensitivity ELISA KIT (Rocky Mountain Diagnostics,
Colorado Springs, Colorado, USA). In brief, NE was extract-
ed using a cis-diol-specific affinity gel, acylated to N-
acylnorepinephrine and eluted in 200 μl 0.025M hydrochloric
acid. The eluted samples were then converted enzymatically
to N-acylnormetanephrine and detected by ELISA as per the
manufacturer’s protocol. A series of standards were run along
with the samples to estimate the absolute amounts of the cat-
echolamines in the samples and the results were expressed as
nM and normalized to the protein content estimated by BCA
assays.

Tritiated norepinephrine (3H-NE) secretion
experiments

3H-NE secretion experiments were carried out as previously
described (Mahata et al. 1996; Sahu et al. 2017). PC12 cells
grown to 80% confluence in poly-l-lysine–coated six-well
plates were incubated with 1 μCi [3H] l-NE for 3-h, washed
twice with release buffer (150 mM NaCl, 5 mM KCl, 2 mM
CaCl2,10 mM HEPES pH 7) and incubated for 0.5-h at 37 °C
in release buffer with none (basal) or with various
secretogogues (nicotine, PACAP, CST, CST + nicotine or
CST + PACAP). The supernatants were then collected and

the cells were lysed in lysis buffer. Both the supernatants
and the lysates were mixed with liquid scintillation cocktail
and radioactivity was quantified using a Beckman liquid scin-
tillation counter. Results were expressed as % of total.

Transmission electron microscopy

PC12 cells were fixed with 2.5% glutaraldehyde in 0.15 M
cacodylate buffer and postfixed in 1% OsO4 in 0.1 M
cacodylate buffer for 1-h on ice, followed by staining en bloc
with 2–3% uranyl acetate for 1-h on ice as described previ-
ously (Patra et al. 2016). The cells were dehydrated in graded
series of ethanol (20–100%) on ice followed by one wash with
100% ethanol and two washes with acetone (15 min each) and
embedded with Durcupan. Ultrathin (50 ∼ 60 nm) sections
were cut on a Leica UCT ultramicrotome and picked up on
Formvar and carbon-coated copper grids. Sections were
stained with 2% uranyl acetate for 5-min and Sato’s lead stain
for 1-min. Grids were viewed using a JEOL JEM1400-plus
TEM (JEOL, Peabody, MA) and photographed using a Gatan
OneView digital camera with 4k × 4k resolution (Gatan,
Pleasanton, CA).

Morphometric analysis

Samples were blinded and two people performed measure-
ments randomly from different cells. The line segment tool
in ImageJ was used to measure diameters of dense core vesi-
cles (DCV) and the dense core (DC) inside the DCV. The free-
hand tool was also used to measure areas by manually tracing
around the DCV membrane and outer boundary of DC as
described previously (Mahata et al. 2016; Pasqua et al. 2016).

Real-time RT-PCR assay for measurement of target
mRNAs

After the respective treatments for 18-h, RNA was obtained
from single wells of a 12‐well plate per condition by using an
RNA isolation kit from Qiagen Inc. (Valencia, CA). Total
RNA was digested with DNase I using a DNA removal kit
water (Ambion, Austin, TX) and tested for the presence of
DNA contamination using PCR. Total RNA concentration
and purity were then determined by a spectrophotometer at
260 nm (NanoDrop 2000 UV–Vis Spectrophotometer,
Thermo Scientific, USA). 500 ng of RNAwas converted into
cDNA using the iScript cDNA Synthesis Kit (Bio-Rad
Laboratories, Hercules, CA) and relative quantification of
mRNAs was performed with 3.5 μl of cDNA used in each
11.5 μl real-time-RT-PCR reaction using a C1000 thermal
cycler™ (Bio-Rad Laboratories, Hercules, CA). The PCR re-
actions were carried out using IQ™ SYBR Green Supermix
(Bio-Rad). Thermal cycling parameters were as follows: an
initial denaturing step (95 °C for 10 min), followed by
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40 cycles of denaturing, annealing and extending (95 °C for
45 s, 58 °C for 45 sec and then 60 °C for 1 min, respectively)
in a 96-well BioRad plate. cDNA samples were amplified by
using PERFECTA SYBR FASTMIX L-ROX 1250
(Quantabio, Beverly, MA) and analyzed on an Applied
Biosystems 7500 Fast Real-Time PCR system (ABI, Foster
City, CA). All PCRs were normalized to Gapdh and Rplp0
and relative expression levels were determined by the ΔΔCt

method. Primer sequences are provided in Table 1.

Western blotting

After the respective treatments for 24-h, cells were
washed with PBS twice and harvested in RIPA lysis buff-
er (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM
EDTA, 1% Triton X-100, 0.1% SDS and 0.2% sodium
azide). The following primary antibodies were used:
anti-VS1 mouse monoclonal antibody (epitope hCgA54–

57) (Ratti et al. 2000) at a dilution of 1:1000 that cross-
reacts with murine CgA (Colombo et al. 2002); anti-CgA
polyclonal antibodies including anti-pancreastatin (PST:
rabbit polyclonal; epitope hCgA269–286) at a dilution of
1:1000; anti-WE14 (rabbit polyclonal; epitope hCgA324–

337) at a dilution of 1:500, anti-CST (rabbit polyclonal
made by a commercial vendor Sdix Inc., Newark, DE;
epitope hCgA352–372) at a dilution of 1:1000 (Vaingankar
et al. 2010); anti-CT-CST (rabbit polyclonal; epitope
hCgA368–373) at a dilution of 1:500 (Bianco et al. 2016);
anti-SPN (rabbit serpinin, rabbit polyclonal; epitope
hCgA410–439) at a dilution of 1:500; anti-PE-11 (rabbit
polyclonal; epitope rCgB552–562) (Kroesen et al. 1996) at
a dilution of 1:1000; anti-secretoneurin (rabbit polyclonal;
epitope rSgII154–186) (Kirchmair et al. 1993) at a dilution
of 1:1000; anti-TH (rabbit polyclonal from Abcam,
Cambridge, MA); anti-β-actin (mouse monoclonal from
Sigma Aldrich, St. Louis, MO) at a dilution of 1:5000;
anti-phospho-CREB (rabbit polyclonal from Fisher
Scientific, Hampton, NH) at a dilution of 1:500 and
anti-total CREB (mouse monoclonal from Fisher
Scientific, Hampton, NH) at a dilution of 1:1000.

Data presentation and statistical analysis

Data are expressed as mean ± SEM. Statistical analyses were
performed with GraphPad Prism 7 software. Data were ana-
lyzed by 1-way or 2-way ANOVA followed by multiple com-
parison tests where appropriate. Individual pair-wise compar-
isons were performed using unpaired Student’s t tests. Size
distribution data were analyzed by Kolmogorov-Smirnov
tests. Statistical significance was defined as p < 0.05.

Result

Acute stimulation experiments

We first addressed the effect of CST on NE release by
PC12 cells. Both nicotine and PACAP decreased cellular
(i.e., vesicular) NE content after 0.5-h of treatment.
Although CST had no effect, it inhibited the nicotine
and PACAP-induced decreases in vesicular NE content
(Fig. 1a). Radiolabeled 3H-NE secretion experiments in-
dicated that nicotine and PACAP-induced NE release
was blocked by CST, without altering basal secretion
(Fig. 1b). This blockade was also apparent from EM
imaging. Under basal conditions, chromaffin vesicles in
PC12 cells were distributed throughout the cytoplasm
(Fig. 1c). Treatment with nicotine or PACAP for 0.5-h
resulted in the movement of vesicles from the cytoplasm
to the plasma membrane, where the majority of them
were docked (Fig. 1d, e). The cytoplasmic location of
the vesicles was comparable in CST-treated cells (Fig.
1c, f). Co-treatment with CST blocked the vesicle move-
ment to the plasma membrane induced by nicotine or
PACAP (Fig. 1g, h). These findings demonstrate that

Table 1 Primer sequences for genes used in the real-time PCR analysis

Description Sequence 5′-3′

Chga-FP CGGCAGCATCCAGTTCTCA

Chga-RP AGCCCCTGTCTTTCCATTCA

Chgb-FP AGCTCCAGTGGATAACAGGGA

Chgb-RP GATAGGGCATTTGAGAGGAC
TTC

Scg2-FP CCAATGGTCATGGTATTGACA

Scg2-RP TTTGCTCCAGAACTCCACAA

Th-FP CCAAGGTTCATCGGACGGC

Th-RP CTCTCCTCAAATACCACAGCC

Dbh-FP GGACCCTGAAGGGACTTTAGA

Dbh-RP CCATCTCACCTCGATCCGACA

Vamp1-FP GGGTTTCCATTGTGTCTGTC

Vamp1-RP ATCTGTCACATGCCTTTGGT

Vamp2-FP TGCACCTCCTCCAAATCTTA

Vamp2-RP CGATCATCCAGTTCCGATAG

Snap25-FP TTGTTGATCACCATTTCCCT

Snap25-RP CAGAGGAGACAGGAGGGATT

Stx1a-FP TACAACGCCACTCAGTCAGA

Stx1a-RP GAGTCCATGATGATCCCAGA

Gapdh-FP AGGTCGGTGTGAACGGATTTG

Gapdh-RP TGTAGACCATGTAGTTGAGGTCA

Rplp0-FP AGATTAGGGACATGCTGCTGGC

Rplp0-RP TCGGGCCCCAGACCGGTGTTC
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CST blocks NE release induced by both nicotine and
PACAP.

CST blocks the reduction in DCV and DC size
after acute stimulation

Next, we determined whether CST would affect the refor-
mation of DCV and DC following acute stimulation. In
untreated PC12 cells, the median diameter of DCVs was
150 nm and that of DCs was 100 nm (Fig. 2a–f). Both
nicotine and PACAP treatment for 0.5-h resulted in shifts
in the DCV and DC size distributions toward smaller di-
ameters (Fig. 2a–d). CST alone had no effect on either
DCV or DC size distributions (Fig. 2e, f) but blocked
the nicotine and PACAP-induced shift in DCV and DC
diameter distribution (Fig. 2g–j). This effect was also ap-
parent when the areas of the DCV and DC were used as a
measure of DCV/DC size. Both the mean DCV and DC
area and diameter were decreased after nicotine or

PACAP treatment and both reductions were blocked by
CST co-treatment (Fig. 2k–n).

CST prevented nicotine and PACAP-induced docking
of chromaffin vesicles

We then examined the docking of vesicles at the plasma
membrane. Consistent with previous reports (Mahata
et al. 1997; Taupenot et al. 1998), both nicotine and
PACAP caused profound increases (> 70%) in docking
of DCVs (Fig. 3a–d, g, h). In contrast, co-treatment with
CST profoundly (> 80%) blocked secretagogue-induced
docking of DCVs for full fusion, which accounts for ~
95% of docked vesicles (Fig. 3e, f, i, j). From these data,
we conclude that CST blocks both nicotine and PACAP
induced release of NE by inhibiting vesicle docking and
fusion. The TEM also allowed us to differentiate different
stages of secretion. Under basal conditions, the closest
DCVs were located between 3.7 and 50 nm away from

Fig. 1 Intracellular NE content,
3H-NE secretion and distribution
of DCV in PC12 cells by TEM. a
PC12 cells were treated with
vehicle, nicotine, PACAP, CST,
nicotine+CST or PACAP+CST
for 0.5-h (n = 8). b 3H-NE-
prelabeled PC12 cells were
treated with none, nicotine,
PACAP, CST, nicotine+CST and
PACAP+CST for 0.5-h (n = 3).
*p < 0.05; **p < 0.01; ***p <
0.001. c–h TEM photographs of
PC12 cells after 0.5-h of
treatment. c Basal. d Nicotine.
e PACAP. f CST. g CST +
Nicotine. h CST + PACAP. Inset
shows a higher magnification of a
single representative vesicle for
the respective condition. Inset
shows a higher magnification of a
single representative vesicle for
the respective condition. Dashed
maroon lines indicate the plasma
membrane (PM)
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the plasma membrane (Fig. 4a, m). Nicotine treatment
resulted in movement of DCVs toward the plasma mem-
brane and DCVs could be seen between 10.2 and 22 nm
away from the plasma membrane (Fig. 4b) or docked with
the plasma membrane (Fig. 4c, d, m). We observed that in
~ 5% of the DCVs, the vesicle membrane opened with a di-
ameter of 21 nm but the plasma membrane was still intact
(Fig. 4e), possibly representing the first stage in membrane
fusion leading to a Bkiss-and-run^ mechanism of exocytotic
release (Albillos et al. 1997; Alvarez de Toledo et al. 1993;
Henkel et al. 2001). This mechanism appeared to be complete-
ly blocked by CST. Figure 4(f) shows DCV with a 91 nm
exocytotic pore where the vesicular quanta remained intact.

Once the exocytotic pore reached a width of 106 nm, the
release of vesicular quanta was observed (Fig. 4g, h).
Following the release of vesicular quanta, the exocytotic pore
is squeezed and the pore diameter narrowed successively
(down 61 and 18 nm, Fig. 4i, j, respectively) before closure
of the exocytotic pore and endocytic vesicle movement away
from the plasma membrane (Fig. 4k, i) (Bittner et al. 2013;
Creutz and Harrison 1984; Kakhlon et al. 2006). It should be
noted that PC12 cells also contain a fraction of vesicles that do
not contain a dense core (~10% of 100–150 nm-sized vesi-
cles), so we cannot exclude the possibility that the empty
vesicles in Fig. 4(j–l) are not DCV but indicate other exo- or
endocytic events in this analysis.

Fig. 2 Morphometric measurements of DCV and DC after 0.5-h
treatments with nicotine or PACAP in absence or presence of CST. a–j
Histograms showing DCV and DC diameters (n = 650). Basal versus
nicotine-treated DCV (a) and DC (b). Basal versus PACAP-treated
DCV (c) and DC (d). Basal versus CST-treated DCV (e) and DC (f).

Nicotine versus nicotine+CST-treated DCV (g) and DC (h). PACAP ver-
sus PACAP+CST-treated DCV (i) and DC (j). k–n Mean DCV and DC
area and diameter (n = 650). (k), DCVarea (l), DC area, (m), DCV diam-
eter and (n), DC diameter. **p < 0.01; ***p < 0.001
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CST inhibits chronic nicotine and PACAP-induced
vesicular movement and NE release

In the following set of experiments, We next determined
whether the effects of NE release by CST were also present
following chronic stimulation with nicotine of PACAP. As
observed in the acute experiments, nicotine and PACAP de-
creased vesicular NE content after 24-h of treatment and CST
alone had no effect on vesicular NE content but it reversed
nicotine and PACAP-induced decreases in vesicular NE con-
tent (Fig. 5a).

Chronic stimulation of chromaffin cells results in transcrip-
tional upregulation of of genes encoding proteins involved in
biosynthesis of DC and DCV. In line with this, CST increased

expression of TH protein (Fig. 5b, d). Since the Th gene has a
cAMP-response element (CRE) in its proximal promoter re-
gion, we assessed CREB phosphorylation. Nicotine, PACAP
or CST increased phosphorylation of CREB on Ser133 (Fig.
5e, g). The nicotine and PACAP effects are consistent with the
known activation of cAMP signaling by these ligands; how-
ever, it is not known if CST activates this pathway. Co-
treatment of CSTwith nicotine or PACAP did not show addi-
tive effects on CREB phosphorylation (Fig. 5g). Thus, CST
may increase expression of TH protein through increased
phosphorylation of CREB.

We also visualized the distribution of DCVs by TEM to
elucidate the effects of CST on intracellular vesicle distribu-
tion. Nicotine and PACAP-treated DCVs appeared to be

Fig. 3 TEM micrographs after
0.5-h treatment with nicotine or
PACAP in absence or presence of
CST. a, b Basal: a low
magnification and b high
magnification. c, d Nicotine: c
low magnification and d high
magnification of the area marked
by dashed white rectangle in c.
Note the docked vesicles. e, f
CST + nicotine: e low
magnification and f high
magnification of the area marked
by dashed white rectangle in e.
Note vesicles are distributed
throughout the cytoplasma and
only a few vesicles are docked. g,
h PACAP: g low magnification
and h high magnification of the
area marked by dashed white
rectangle in g. Note docked
vesicles. i, j CST + PACAP: i low
magnification and j high
magnification of the area marked
by dashed white rectangle in (i).
Note vesicles are distributed
throughout the cytoplasm.
Dashed maroon lines indicate the
plasma membrane (PM)
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Fig. 4 High-magnification DCVs showing different stages of exocytosis
and endocytosis under basal and after 0.5-h treatment with nicotine. a
Basal showing vesicles are located 50 nm away from the plasma
membrane. b Nicotine-treated PC12 cells. Vesicles moved closer to the
plasma membrane (22 nm apart). c, d Docked vesicles after nicotine. e
Tethering of vesicle membrane only (21 nm pore diameter) where plasma
membrane remained intact. f Exocytotic pore (91 nm) with intact vesic-
ular quanta. g Widened exocytotic pore (106 nm) with substantially

released quanta. h Widened exocytotic pore (106 nm) with almost
completely released quanta. i Shrinkage of exocytotic pore (61 nm). j
Further shrinkage of exocytotic pore (18 nm). k Resealed endocytic ves-
icle. l Endocytic vesicle moved away (38 nm) from the plasma mem-
brane. m Distribution of DCVs in the cytoplasm in basal and nicotine-
treated (0.5-h of stimulation) cells with respect to the distance from the
plasma membrane. Maroon arrows indicate the plasma membrane (PM)
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smaller than their basal counterparts and were localized away
from the plasma membrane (Fig. 5h–m). CST-treated DCVs
appeared larger than basal DCVs and were distributed
throughout the cytoplasm when either nicotine or PACAP
treatment was accompanied by co-treatment with CST (Fig.
5k–m).

CST blocks the reduction in DCV and DC size
after chronic stimulus

We performed morphometric analyses to determine the effect
of CSTon DCVand DC size. Similar to the acute stimulation,
both nicotine and PACAP treatment for 24-h resulted in a shift
in the distribution of DCVand DC diameters to smaller sizes
(Fig. 6a–d). No marked change in DCVor DC diameter was

noticeable after CST treatment (Fig. 6e, f) but CST co-
treatment blocked the reduction in DCV and DC size by
chronic nicotine or PACAP stimulation (Fig. 6g–j). The aver-
age DCVarea did not change after nicotine, PACAP, or CST
treatments for 24-h (Fig. 6k). In contrast, CST, in combination
with nicotine decreased the DCVarea in comparison to either
nicotine or CST (Fig. 6k) The mean DC area showed a de-
crease after nicotine or PACAP treatment (Fig. 6l), whereas
CST, either alone or in combination with secretogogues, had
no effect on DC area (Fig. 6l). The mean DCVand DC diam-
eters were found to be decreased after nicotine or PACAP
treatment (Fig. 6m, n). Although CST alone had no effects
on those parameters per se, CST in combination with nicotine
or PACAP inhibited decrease of DCVand DC diameters (Fig.
6m, n). Overall, these results show a similar effect of CST on

Fig. 5 Intracellular NE content,
TH expression, CREB signaling
and intracellular DCV
distribution. a Intracellular NE
content. PC12 cells were treated
with none, nicotine, PACAP,
CST, nicotine+CST and PACAP+
CST for 0.5-h (n = 8). b–g
Western blot (n = 4) data showing
expression of TH and CREB
proteins after 24-h treatments
with nicotine, PACAP, CST, nic-
otine + CST and PACAP+CST.
b Western blot showing expres-
sion of TH with a polyclonal an-
tibody and f the corresponding
densitometric values. c Western
blot with a monoclonal β-actin
antibody. d Western blot of
phospho-CREB at Ser133 with a
polyclonal antibody and g the
corresponding densitometric
values. e Western blot with a
monoclonal total CREB antibody.
**p < 0.01; ***p < 0.001. h–m
TEM micrographs after 24-h
treatment with nicotine, PACAP
in absence or presence of CST. h
Basal. i Nicotine. j PACAP. k
CST. l Nicotine+CST. m
PACAP+CST. Inset shows a
higher magnification of a single
representative vesicle for the
respective condition. Dashed ma-
roon lines indicate the plasma
membrane (PM)

Cell Tissue Res (2019) 376:51–70 59



DCV and DC size upon chronic nicotine or PACAP stimula-
tion as we previously observed for acute stimulation and we
conclude that CST blocks the PACAP or nicotine-mediated
reduction of DCVand DC size.

Effect of CST on expression of genes associated
with secretory granules

In order to identify the molecular mechanism underlying the
effect of CST on DCVand DC secretion, we investigated the
expression of proteins associated with secretory granules.
First, we focused on genes involved in catecholamine biosyn-
thesis. Since Th and Dbh are the predominant catecholamine

biosynthetic enzymes in PC12 cells, we looked at the expres-
sion of those genes. Nicotine, PACAP or CST increased
mRNA levels of Th (Fig. 7a). CST exerted no effect on nico-
tine or PACAP-induced increase in Th mRNA levels.
Likewise, Dbh mRNA levels were increased by nicotine,
PACAP, or CST, and CST exerted no effect on increased
Dbh mRNA levels induced by nicotine or PACAP (Fig. 7a).
We also investigated CgA, CgB and SgII, as these are the
major vesicular proteins in the DCV of chromaffin cells.
Nicotine, PACAP or CST augmented steady-state mRNA
levels of Chga (Fig. 7b). CST when co-treated with either
nicotine or PACAP exhibited no additional mRNA expression
of theChga gene (Fig. 7b). In contrast,Chgb and Scg2mRNA

Fig. 6 Morphometric measurements of DCV and DC after 24-h treat-
ments with nicotine or PACAP in absence or presence of CST. a–j Size
distribution of DCV and DC diameters (n = 650). Basal versus nicotine-
treated DCV a and DC b Basal versus PACAP-treated DCV c and DC d

Basal versus CST-treatedDCVe andDC fNicotine versus nicotine+CST-
treated DCV g and DC h PACAP versus PACAP+CST-treated DCV i and
DC j. k–nMean DCVand DC area and diameter (n = 650). kDCVarea, l
DC area,m DCV diameter and n DC diameter. **p < 0.01; ***p < 0.001
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levels were increased by PACAP, which did not show any
additive expression in the presence of CST (Fig. 7b).
Finally, we tested for the levels of SNARE proteins involved
in the fusion of secretory granules with the plasma membrane.
Although there were no changes in steady-state mRNA levels

of Vamp1, nicotine and PACAP increased mRNA levels of
Vamp2 (Fig. 7c). While CST alone had no effect on the ex-
pression of Vamp2, it inhibited nicotine or PACAP-induced
increase (Fig. 7c). PACAP increased Snap25 mRNA levels,
which was inhibited by CST (Fig. 7c). In contrast, nicotine is

Fig. 7 Effect of CST on
expression of genes involved in
DCVand DC secretion by qRT-
PCR. Cells were stimulated for
18-h with nicotine or PACAP in
absence or presence of CST. a
Expression of genes (n = 6)
encoding catecholamine
biosynthetic enzymes: Th and
Dbh. b Expression of genes
encoding vesicular proteins:
Chga, Chgb and Scg2. c
Expression of genes encoding
SNARE proteins: Vamp1, Vamp2,
Snap25 and Stx1a. *p < 0.05;
**p < 0.01; ***p < 0.001
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the only secretogogue that caused an increase of Stx1amRNA
levels and such an increase was inhibited by CST (Fig. 7c).
Overall, we conclude that CST increases the mRNA expres-
sion levels of certain catecholamine biosynthesis and secreto-
ry proteins (especiallyChga), whereas it blocks the increase in
SNARE expression upon PACAP/nicotine stimulation.

We further investigated the effect on CST on CgA pro-
tein and CgA-derived peptide expression by Western blot.
In contrast to qPCR, Western blot allows resolution of dif-
ferent bioactive cleavage products of CgA. Consistent with
increased Chga mRNA, Western blot data with α-VS1, α-
WE14 and α-CST revealed an increase in CgA protein after
24-h of treatment with nicotine (Fig. 8a, j, c, i, d, m).
Although PACAP increased Chga mRNA levels, it did
not alter expression of full-length CgA protein (Fig. 8a–f,
j–o). We also studied expression of CgB and SgII. As op-
posed to the expression of CgA protein, neither nicotine nor
CST changed expression of the CgB (Fig. 8g, p) and SgII
proteins (Fig. 8h, q). Consistent with increased mRNA
levels, PACAP increased expressions of CgB and SgII pro-
teins, that were unaffected by the presence of CST (Fig. 8g,
h, p, q). Chga, Chgb and Scg2 genes also contain CRE in
their proximal promoter regions. It is noteworthy that the
pattern of pCREB activation corroborates with the in-
creased mRNA and protein levels of granins suggesting
an important role for CREB in regulating granulogenesis.

Accumulation of dense cores in the trans-Golgi
apparatus upon CST treatment

In the final set of experiments, we studied the effects of CST
on the morphology of the Golgi apparatus by EM, as this
compartment plays a critical role in the biosynthesis of DC
and DCV. Golgi apparatuses are abundant in PC12 cells
(Fig. 9a). Surprisingly, dense cores (possibly representing ac-
cumulation of proteins) were observed in the middle (Fig. 9b)
as well as at the tip (Fig. 9c) of the trans-Golgi cisterna. This
was particularly prominent after 24-h of CST treatment, where
dense cores in Golgi cisternae were observed in ~63% of cells.
Although we are not in a position to explain this interesting
observation, it does suggest that CST may play a role in effi-
cient packaging of secretory proteins in the trans-Golgi. A
DCV budded off from the trans-Golgi cisterna is shown in
Fig. 9(d).

Discussion

The present study uncovers an important role for CST in
the regulation of vesicular quanta, especially upon interaction
with cholinergic and peptidergic stimulation of PC12 cells.
Our previous studies focused on the role of CST in regulating
catecholamine secretion induced by nicotine (cholinergic

agonist), KCl (membrane depolarization), BaCl2 (alkaline
earth), A23187 (calcium ionophore), chloroquine (vesicle
core alkalinizing agent) and ATP (P2x purinergic agonist)
where CST inhibited catecholamine secretion induced by nic-
otine only (Mahata et al. 1997). Decreased vesicular NE con-
tent after 0.5-h of treatment with nicotine corresponds to in-
creased secretion as shown by 3H-NE secretion studies. Co-
treatment of nicotine and CST did not change vesicular NE
content, in agreement with our previous secretion studies
(Mahata et al. 2000; Mahata et al. 1997). Although we did
not perform secretion assays after 24-h of treatment, vesicular
NE content remained low even after 24-h of secretogogue
treatment, indicating prolonged secretion in response to nico-
tine or PACAP (Taupenot et al. 1999).

Although several studies implicate CSTaction through a G
protein-coupled receptor (GPCR) (Angelone et al. 2008;
Angelone et al. 2015; Angelone et al. 2012), the effects of
CSTon PACAP-induced catecholamine secretion has not pre-
viously been examined. In the present study, we found that
CST also inhibited PACAP-induced decrease of vesicular
quanta as reflected by decreased 3H-NE secretion after 0.5-h
of treatment. We have previously shown that CST inhibited
nicotine action by inhibiting the first and second steps in nic-
otinic signaling cascade, i.e., uptake of Na+ (inhibition of
membrane depolarization) and Ca2+ ions (inhibition of exocy-
tosis) (Mahata et al. 1997). Since PACAP acts through the
PAC1 receptor in PC12 cells, as in chromaffin cells (Eiden
et al. 2018; Taupenot et al. 1998), we suggest that CST
inhibited PACAP action by inhibiting PACAP’s actions im-
mediately downstream of the PAC1 receptor. Like nicotine,
PACAP treatment for 24-h also exhibited decreased vesicular
NE content, indicating prolonged secretion, which is consis-
tent with our previous findings.

It has been reported previously that, as with nicotine or
PACAP-induced secretion of catecholamines from adrenal

�Fig. 8 Effect of CST on cellular levels of CgA and cleavage products by
Western blot. Cells were stimulated for 24-h with nicotine or PACAP in
the absence or presence of CST. a Western blot with a monoclonal anti-
body against VS1 (hCgA54–57) detecting full-length CgA and j the cor-
responding densitometry values (n = 4). bWestern blot with a polyclonal
antibody against PST (hCgA269–286) detecting processed CgA and k the
corresponding densitometry values. c Western blot with a polyclonal
antibody against WE14 (hCgA324–337) detecting full-length CgA and l
the corresponding densitometry values. dWestern blot with a polyclonal
antibody against full-length human CST (hCgA352–372) detecting full-
length CgA andm the corresponding densitometry values. eWestern blot
with a polyclonal antibody against the C-terminal CST domain
(hCgA368–373) detecting processed CgA and n the corresponding densi-
tometry values. fWestern blot with a polyclonal antibody against serpinin
domain (hCgA410–439) detecting full-length CgA and o the corresponding
densitometry values. g Western blot with a polyclonal antibody against
PE-11 (rCgB552–562) detecting full-length CgB and p the corresponding
densitometric values. h Western blot with a polyclonal antibody against
secretoneurin (rSgII154–186) and q the corresponding densitometric
values. i Western blot with a monoclonal antibody against β-Actin
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medullary chromaffin cells, increased splanchnic nerve activ-
ity results in compensatory pathways to replenish endogenous
catecholamine stores diminished by secretion (Haycock
1996). Increased TH activity is the biochemical endpoint of
these pathways. While brief or intermittent increases in sym-
pathetic activity have been known to produce episodic in-
creases in TH activity, presumably via phosphorylation/
dephosphorylation of existing TH molecules, more sustained
sympathetic activation leads to a persistent increase in TH
activity via an increase in the number of TH molecules
through increased transcription and translation (Haycock
1996; Zigmond et al. 1989). Previous reports revealed that
TH is transcriptionally activated by both the cholinergic and
peptidergic signals to chromaffin cell exocytosis including
PC12 cells (Braas and May 1999; Corbitt et al. 1998;
Gueorguiev et al. 2006; Gueorguiev et al. 2004; Gueorguiev
et al. 2000; Haycock 2002a, b; Hiremagalur et al. 1993;
Ishiguro et al. 1997; Isobe et al. 1996; Stroth et al. 2013;
Tonshoff et al. 1997). Consistent with the above reports, we
found increased expression of Th gene after cholinergic or
peptidergic stimulations. However, the increased Th mRNA
level after nicotine or PACAP was not translated into protein.

It is quite possible that both nicotine and PACAP can still
increase TH activity by phosphorylating one or more serine
residues in TH protein, as the phosphorylation of serine resi-
dues 8, 19, 31 and 40 are critical for TH activity. Although
CST increased expression of both Th gene and TH protein, it
did not increase synthesis of catecholamines. One possible
explanation could be that CST does not phosphorylate TH
protein at serine residues. Of note, Ser8, Ser19, Ser31 and
Ser40 residues of TH protein are phosphorylated by cell
cycle-associated protein kinase cdc2 (Hall et al. 1991), type
II calcium/calmoduin-dependent protein kinase (Ca/CaM-
PKII) (Haycock et al. 1998; Vulliet et al. 1985), the
mitogen-activated protein kinases ERK1/2 (Haycock et al.
1992) and numerous protein kinases (cAMP-dependent pro-
tein kinase PKA, protein kinase C and even Ca/CaM-PKII)
(Halloran and Vulliet 1994; Haycock et al. 1992; Haycock and
Wakade 1992; Lindgren et al. 2002; Sutherland et al. 1993;
Zigmond et al. 1989), respectively. It remains to be deter-
mined whether CST activates cdc2, CaM-PKII, ERK, or
PKA and the findings will either confirm or refute our pro-
posed hypothesis. The increased DCV area and diameter that
we observed at the ultrastructural level after 24-h treatment

Fig. 9 Golgi apparatus in PC12
cells treated with CST for 24-h
showing a dense core in the trans-
Golgi apparatus. a Golgi
apparatus in control cell. CCV:
clathrin-coated vesicles. b Golgi
apparatus in CST-treated cells
showing a dense core (red arrow)
in the middle of a trans-Golgi
cisterna. c Golgi apparatus in
CST-treated cells showing a dense
core at the tip of a trans-Golgi
cisterna. d Golgi apparatus in
CST-treated cells showing bud-
ded off DCV
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with CST, CST + nicotine or CST + PACAP are presumably
not due to increased synthesis of catecholamines but probably
due to the increased synthesis of CgA in case of CST + nico-
tine; CgB and SgII in case of CST + PACAP.

Nicotinic or peptidergic stimulation increases expression of
Th, Dbh, Chga, Chgb and Scg2 genes via cAMP signaling.
These genes contain a CRE site (TGACGTCA or
TGACGTAA) in their proximal promoter and are activated
with increased phosphorylation of CREB (Gueorguiev et al.
2006; Gueorguiev et al. 2004; Hiremagalur et al. 1993;
Mahapatra et al. 2000; Wu et al. 1995). Thus, in the present
study, the increased phosphorylation of CREB at Ser133 by
nicotine or PACAP confirms the previous findings in PC12
cells. The induction of CgB and SgII proteins and mRNA by
PACAP alone was consistent with this receptor being a very
strong inducer of cAMP signaling and CREB phosphoryla-
tion. Nicotine is a weaker Gnas agonist and therefore produces
a less robust CREB phosphorylation, which might be suffi-
cient to activate the CREs in the Chgb and Scg2 genes. In
contrast, Chga is induced by all ligands in correspondence
with threshold activation/phosphorylation of CREB.

CREB is a target for cAMP signaling through PKA but
other kinases also phosphorylate and activate CREB
(Delghandi et al. 2005) and transcription factors oher than
CREB may activate the CRE (Hai and Curran 1991). CST
may modulate transcription of CRE/CREB activated genes
through these additional pathways. In addition, promoter ele-
ments in the Chga gene other than the CRE may strengthen
the response to other pathways, such as Ca2+ or ERK, which
contribute to differential regulation at the gene level. These
factors may explain why CgA protein regulation seems most
sensitive to CST, whereas a relatively pure Gs-coupled acti-
vator of cAMP elevation, such as PACAP, does not induce
CgA protein. The induction of CgB and SgII protein and their
cognate mRNAs under various conditions of secretogogue
stimulation and co-treatment with CST are highly correlated,
and PACAP is the only ligand that causes induction of Chgb
and Scg2. PACAP is a very strong inducer of cAMP signaling
and causes strong phosphorylation of CREB (Ser133).
Nicotine is a weaker Gs agonist and CREB phosphorylation
is correspondingly weaker and, again, likely insufficient to
activate the CREs in the Chgb and Scg2 genes. In contrast,
Chga is induced by all ligands and its induction correlates well
with the activation/phosphorylation of CREB.

Decreased presence of 100, 150 and 200 nm DC diameter
vesicles and increased presence of 50 nm vesicles after 0.5-h
of nicotine treatment indicate release of vesicular contents.
Likewise, decreased presence of 150 and 200 nm DC vesicles
and increased presence of 50 nm vesicles after 0.5-h of
PACAP treatment also indicate increased exocytosis. Co-
treatment of nicotine with CST inhibited nicotine-induced de-
crease of 100, 150 and 200 nm DC diameter vesicles, which
fits with the catecholamine data as well as with our previous

findings. Unlike nicotine, co-treatment of PACAP with CST
resulted in an increased presence of 150 and 200 nm diameter
DC vesicles. It is unclear why PACAP alone or in combina-
tion with CST had no effect on 100 nm DC diameter vesicles.
Con s i s t e n t w i t h t h e ma j o r s t imu l a t o r s a t t h e
splanchnicoadrenomedullary synapse, the vast majority (>
80%) of the vesicles were shown to be docked after 0.5-h
treatments with nicotine or PACAP. While most vesicles ap-
pear to fuse fully with the plasma membrane (Burgoyne et al.
2001; Dhara et al. 2018; Holz and Axelrod 2008; Lopez-Font
et al. 2010; Sugita 2008), we observed that in ~5% of cases,
the DCVmembrane opened first before opening of the plasma
membrane. This may represent an intermediate stage or pos-
sibly the Bkiss-and-run^ method of exocytosis (Albillos et al.
1997; Alvarez de Toledo et al. 1993; Henkel et al. 2001).
While the fusion pore in the Bkiss-and-run^ method of exocy-
tosis has been reported to be < 3 nm in diameter (Albillos et al.
1997), we observed here that the widest exocytotic pore in full
fusion in PC12 DCV is ~ 106 nm. We reported that CST
inhibited nicotine-induced uptake of Ca2+ (Mahata et al.
1997) and high intracellular Ca2+ has been reported to be
reported to be responsible for shifting the Bkiss-and-run^ exo-
cytosis to Bfull fusion^ exocytosis (Elhamdani et al. 2006).
Our present observation of reduced full fusion (> 70%) and
increased Bkiss-and-run^ exocytosis by CST are consistent
with these previous reports (Biswas et al. 2012; Mahata
et al. 1997).

The term Bvesicular cocktail^ coined by Winkler and
colleagues (Winkler and Fischer-Colbrie 1992; Winkler
et al. 1987) refers to the high concentrations of catechol-
amines (0.5-1 M), ATP (~150 mM), Ca2+ (~ 40 mM) and
CgA (~ 1.8 mM) and the modulation of secretory compo-
nent ratios under various physiological conditions
(Winkler and Westhead 1980). Acute stimulation of
PC12 cells with nicotine and PACAP restored the vesicu-
lar quanta as evident by electron microscopy and support-
ed by intracellular catecholamine and 3H-NE secretion
experiments. It is interesting to note that CST increased
expression of steady-state mRNA as well as protein levels
of CgA, the precursor of CST. This effect also should lead
to an increase in vesicular quanta. The additional increase
in CgA protein after co-treatments of nicotine and CST
indicate that nicotine and CST signal through divergent
pathways to activate expression of CgA protein leading
to an additional increase in vesicular quantal size. The
increased DCV area and diameter that we have observed
at the ultrastructural level after 24-h treatment of CST +
nicotine strengthens and supports the above hypothesis.
Increased CgA expression by nicotine and CST is ob-
served with various anti-CgA antibodies, except for the
anti-PST and CT-CST. Considering that the anti-CT-CST
antibody can recognize CgA cleaved at residues 372/373
but not the full-length CgA (Bianco et al. 2016), these
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data suggest that nicotine and CST induce the expression
of CgA but not its fragmentation at the 372/373 residues.
Thus, it is unlikely that nicotine induced CST production
in these conditions. In contrast, although PACAP in-
creased expression of the Chga mRNA level, such in-
creased mRNA was not translated into more CgA protein.
Interestingly, PACAP increased expression of both Chgb
and Scg2 mRNA levels as well as CgB and SgII protein
levels, indicating a differential regulation of CgB and SgII
proteins by cholinergic and peptidergic stimulation (vide
supra). The increased CgB and SgII levels by PACAP
may also lead to an increase in vesicular quanta.
Increased DCV area and diameter as documented by our
ultrastructural findings after 24-h of CST+PACAP
strengthens and supports the above hypothesis. Thus, the

increased DCV area and diameter seen in CST+nicotine
treatment is due to an increase in CgA protein induced
both by CST and nicotine; the increased DCV area and
diameter seen after PACAP is due to an increase in syn-
thesis of CgB and SgII proteins. Figure 10 depicts the
overall proposed model for the role of CST in regulation
of vesicular quanta. In summary, our results suggest that
CST modulated DCV quanta both in response to chronic
and acute stimulations of cholinergic and PACAPergic
nature. Acutely, CST appears to inhibit augmented exocy-
tosis by nicotine and PACAP. Chronically CST appears to
modulate expression of DCV proteins including CgA,
CgB and SgII. In future studies, we plan to follow up
our observations and dissect the molecular events contrib-
uting to the cholinergic- and PACAPergic regulation of

Fig. 10 Schematic diagram showing a model for CST’s role in
the regulation of vesicular quanta in response to acute and chronic
cholinergic/peptidergic stimuli. Nicotine, after binding with nicotinic-
acetylcholine receptor (nAChR), activates influx of sodium ions into
the cytoplasm causing depolarization of PC12 cell membrane, which
results in influx of calcium ions through voltage-gated calcium channels.
The increased calcium ion concentration inside the cytosol results in
exocytosis and phosphorylate CREB through activation of PKC and
ERK. Phospho-CREB then enters the nucleus and binds with the Chga-
CRE site (TGACGTAA) and phospho-CBP to stimulate transcription of
the Chga gene followed by translation and trafficking to catecholamine

storage vesicles. Upon binding to PAC1 receptor, PACAP induces exo-
cytosis as well as phosphorylates CREB through Gsα→AC→ cAMP
→ PKA→CREB. Phospho-CREB enters the nucleus and binds with the
Chgb-CRE (TGACGTCA) and phospho-CBP to stimulate transcription
of theChgb gene followed by translation and trafficking to catecholamine
storage vesicles. Upon binding to a putative GPCR, CST can phosphor-
ylate CREB through Gsα→AC→ cAMP→ PKA→CREB. Phospho-
CREB enters the nucleus and binds with the Chga-CRE (TGACGTAA)
and phospho-CBP to stimulate transcription of the Chga gene followed
by translation and trafficking to catecholamine storage vesicles
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vesicular quanta, and modulation by CST in both adrenal
and other endocrine organs.
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