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Abstract. 

 The catestatin fragment of chromogranin A is an endogenous inhibitor of nicotinic cholinergic 

transmission, functioning in negative-feedback control of catecholamine secretion. We explored 

naturally occurring polymorphism in the amino acid sequence of catestatin. Three human 

variants were identified: Gly364Ser, Pro370Leu, and Arg374Gln. Variants were tested for ability 

to inhibit four nicotinic processes. The rank order of potency for inhibition of catecholamine 

secretion was Pro370Leu > wild type > Gly364Ser > Arg374Gln. Decrease in potency was 

paralleled by decline in Hill slope, suggesting that negative cooperativity at ascending dose 

might underlie loss of potency. Several lines of evidence indicated that each variant acted as a 

nicotinic antagonist: potency to inhibit secretion paralleled inhibition of agonist-triggered 22Na+ 

uptake (r=0.986); variants inhibited secretion with similar potency when triggered by several 

nicotinic agonists, though not by agents utilizing other secretory pathways or bypassing the 

nicotinic receptor; and blockade of secretion was non-competitive with agonist. Variants also 

inhibited desensitization of secretion after prior agonist exposure, and stimulation of secretory 

protein biosynthesis by agonist. Rank order of variant inhibitory potency for all four nicotinic 

processes was identical (Pro370Leu > wild type > Gly364Ser > Arg374Gln), suggesting 

mediation by similar combinations of receptor α/β subunits, and that crucial catestatin residues 

are likely to be identical across the four processes. When catestatin variants were mixed in likely 

heterozygotic (1:1 molar ratio) combinations, the inhibitory curve was left-shifted onto that of the 

more potent variant in the combination, suggesting phenotypic dominance. The results have 

quantitative implications for inter-individual variations in human nicotinic signaling. 
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Introduction. 

 

  Chromogranin A (CGA), a 48 kDa acidic polypeptide, is the major soluble protein in the 

core of catecholamine storage vesicles (O'Connor et al., 1984; Winkler and Fischer-Colbrie, 

1992). After nicotinic cholinergic stimulation, CGA is co-released by exocytosis along with 

catecholamines from storage vesicles in adrenal medulla and sympathetic axons, and its co-

release documents exocytosis as the mode of physiologic catecholamine release in 

experimental animals and in humans (Takiyyuddin et al., 1990). CGA is also a pro-protein giving 

rise to biologically active peptides such as the dysglycemic hormone pancreastatin (Tatemoto et 

al., 1986), the vasodilator vasostatin (Aardal et al., 1993), and catestatin (human CGA352-372) 

that inhibits catecholamine release in negative feedback fashion (Mahata et al., 1997). We 

established catestatin antagonism of nicotine-evoked catecholamine secretion in vitro in PC12 

and bovine chromaffin cells (Mahata et al., 2000; Mahata et al., 1997), ex vivo in the perfused 

rat adrenal gland (Mahata et al., 2000), and in vivo in mice expressing a CGA 

promoter/luciferase reporter transgene (Mahata et al., 2003). If the catestatin catecholamine-

release-inhibitory system operates in vivo in human, this system may present a novel target for 

intervention in the process of catecholamine release.   

  CGA is overexpressed by chromaffin cells in rodent models of both genetic 

(spontaneously hypertensive rat) (O'Connor et al., 1999; Schober et al., 1989) and acquired 

(renovascular) (Takiyyuddin et al., 1993) hypertension, and twin studies demonstrate the 

heritability of plasma CGA concentration in humans (Takiyyuddin et al., 1995). In human 

essential (hereditary) hypertension, the plasma concentration of catestatin is diminished in not 

only established cases, but also in the still-normotensive offspring of patients with hypertension 

(FH+), (O'Connor et al., 2002) suggesting that an early deficiency of this catecholamine release 

inhibitory peptide might play a pathogenic role in the subsequent development of the disease.  

  To understand how heredity controls CGA formation and catestatin release in humans, 

we undertook systematic polymorphism discovery at the human CHGA locus (Wen et al., 2004). 

In the catecholamine release-inhibitory (catestatin; human CGA352-372) region, 3 novel amino 

acid substitution (non-synonymous) single nucleotide polymorphisms (cSNPs) were discovered 

(Table 1): Gly364Ser, Pro370Leu, and Arg374Gln. As many as ~4% of human chromosomes 

encoded one or another of these catestatin amino acid variants. Gly364Ser represents a change  
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to an amino acid (Ser364) not previously seen at this sequence position in any mammal; 

Pro370Leu is a reversion of the wild-type human amino acid Pro370 to the amino acid Leu370 

seen in all non-primate mammals; and Arg374Gln disrupts the usual dibasic processing site 

(Arg373Arg374) flanking the carboxy-terminus of catestatin.  

 Here these naturally occurring catestatin variants were synthesized and their ability to inhibit 

multiple nicotinic cholinergic-stimulated processes was evaluated in chromaffin cells. We found 

substantial (>60-fold) differences in potency among the variants, with two variants displaying 

loss of potency and one variant actually gaining potency over the wild-type peptide. The results 

have quantitative implications for nicotinic cholinergic signaling in vivo. 
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Methods. 

 

Catestatin SNP discovery: resequencing the human CHGA gene.  

 Genomic DNA from 180 individuals belonging to 4 ethnic ancestry groups (European, sub-

Saharan African, east Asian, and Mexican-American) was resequenced at the CHGA locus, as 

previously described (Wen et al., 2004). Each exon, exon/intron border, and proximal promoter 

was resequenced. Relatively unusual (<5% minor allele frequency) SNPs were confirmed by re-

sequencing in multiple individuals and/or from the reverse direction.  

 

Synthesis of human catestatin variants. 

  Amino acid positions are numbered according to the mature CGA protein, after excision 

of the amino-terminal signal peptide. Particular CGA regions, including linear, human catestatin 

CGA352-372 (S352SMKLSFRARGYGFRGPGPQL372), or its point variants (Gly364Ser, Pro370Leu, 

or Arg374Gln), were synthesized by the solid-phase method, using FMOC protection chemistry, 

as previously described (Mahata et al., 2000) (Tables 1 and 2). Variant Arg374Gln disrupts the 

usual dibasic processing site (Arg373Arg374) flanking the carboxy-terminus of catestatin. Since 

this processing site is normally utilized in catestatin biosynthesis (Lee et al., 2003; Taylor et al., 

2000), we synthesized a catestatin variant 

(SSMKLSFRARAYGFRGPGPQL[RQ374]GWRPSSREDSLEAGLPLQVRGYPEE) which included 

the 25 amino acids flanking the carboxy-terminus of catestatin, up to (but not including) the next 

dibasic site used in processing (Lys400Lys401). Peptides were purified to >95% homogeneity by 

preparative reverse-phase HPLC (RP-HPLC) on C-18 silica columns. Authenticity and purity of 

peptides were further verified by analytical chromatography (RP-HPLC), and electrospray-

ionization or MALDI mass spectrometry. 

 

Agonist stimulation of catecholamine secretion: effect of catestatins. 

  Rat PC12 pheochromocytoma cells were grown at 37°C with 6% CO2, in 6-well plates, in 

DME / high glucose medium supplemented with fetal bovine and horse serum, and 

penicillin/streptomycin. After cell splitting to ~50% confluence on the day prior to each 

experiment, cells were then studied at ~80% confluence. Each experimental point is derived 

separately from studies of a particular condition (basal versus stimulation) in 3 wells of a 6-well 

plate. Norepinephrine secretion from PC12 cells was monitored as previously described 
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(Mahata et al., 1996).  Briefly, cells were labeled for 3 hours with 1 µCi [3H]-L-norepinephrine 

(71.7 Ci/mmol, DuPont/NEN, Boston, MA) and then incubated for 30 minutes with or without the 

secretagogue nicotine (60 µM), in the presence or absence of peptide antagonists (0.1 to 40 

µM). In separate experiments, other nicotinic agonists (epibatidine, anatoxin) were tested at 

their optimal stimulatory concentrations (Mahata et al., 1999). Release medium and cell lysates 

were assayed for [3H]-L-norepinephrine by liquid scintillation counting. Net secretion is 

calculated as nicotine-stimulated release minus basal catecholamine release; in each case, 

mean values (± one SEM) for 3 separate wells are reported, for each experimental condition.  

 To establish the specificity of secretory inhibition by catestatin (Mahata et al., 1997), in some 

experiments catecholamine release was triggered with other classes of chromaffin cell 

secretagogues: membrane depolarization (55 mM KCl), ATP P2x (100 µM ATP), K+ channel 

blockade (BaCl2, 2 mM, in the absence of extracellular Ca2+), Ca2+ ionophore (1 µM ionomycin), 

or peptidergic (PACAP, 200 nM). 

 

Agonist desensitization of nicotinic cholinergic stimulated catecholamine release: effect 

of catestatins. 

 Catestatin also inhibits desensitization of catecholamine release by prior nicotinic 

cholinergic stimulation (Mahata et al., 1999). Cells were preloaded with [3H]-L-norepinephrine 

and exposed to nicotinic agonists (30 µM) for periods of 10 minutes (incubation I). Cells were 

then washed twice (5 minutes each) in secretion buffer as described above and rechallenged 

with nicotinic agonists (30 µM) for a period of 10 minutes (incubation II) after which the cells 

were harvested for measurement of norepinephrine release from cells and medium.  

 

Nicotinic cholinergic stimulated transcription of CGA: effect of catestatins. 

 Nicotinic stimulation also triggers the biosynthesis of CGA at the transcriptional level, 

representing an example of stimulus-transcription (stimulus-secretion-synthesis) coupling (Tang 

et al., 1996).  

Plasmid pHJLD5, in which a functional 1133 bp mouse CGA promoter drives expression 

of a luciferase reporter, has been described (Wu et al., 1991). The mouse CGA promoter region 

in this plasmid extends from –1133 bp upstream of the transcription initiation (cap) site, to +42 

bp downstream of the cap site. This transfected promoter responds to nicotinic cholinergic 
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stimulation (Tang et al., 1996). Supercoiled plasmids were prepared on Qiagen columns 

(QIAGEN Inc., Valencia, CA). 

 One day before transfection, PC12 cells were split onto poly-D-lysine- (Sigma) coated 6 

cm plastic plates at 40-50% confluence and transfected with 1 µg of supercoiled luciferase 

reporter plasmid DNA per plate, using the efficient liposome (Mahapatra et al., 2003) method 

(Superfect, [QIAGEN Inc., Valencia, CA]) 

 After transfection, nicotinic cholinergic effects on the transfected CGA promoter were 

established by adding nicotine (1 mM; Sigma, St. Louis, MO) (or vehicle) to PC12 cells; 1 mM 

nicotine is the dose eliciting maximal CGA transcription in this system, and the effect is receptor-

specific (Tang et al., 1996). 18-20 hours after transfection, cell were harvested and lysed (100 

µl/plate) for assay of luciferase (light units) and protein (Tang et al., 1996).  

 

Nicotinic cholinergic signal transduction: 22Na+ uptake by chromaffin cells. 

  22Na+ uptake was performed as previously described (Mahata et al., 1997) with minor 

modifications. Before experiments, PC12 cells were washed twice with 50 mM Na+/sucrose 

medium containing 50 mM NaCl, 187 mM sucrose, 5 mM KCl, 2 mM CaCl2, and 5 mM Hepes 

adjusted to pH 7.4 with NaOH. To measure 22Na+ influx, this medium was then supplemented 

with 5 mM ouabain (to prevent active extrusion of newly taken up 22Na+ from cells) and 1 µCi/ml 

of 22NaCl (PerkinElmer, Boston, MA, specific activity: 868.37 mCi/mg). Incubation was carried 

out at 22°C for 5 min in the presence or absence of secretagogues, and then the cells were 

washed within 10 sec with three changes (1 ml each) of 50 mM Na+/sucrose medium with 5 mM 

ouabain. The cells were lysed (see above), and 22Na+ taken up into the cell lysate was 

measured in a gamma counter (LKB 1274 RIAGAMMA; Wallac Inc., Gaithersburg, MD). The 

data were expressed as dpm/well, minus background (uptake in the absence of agonist). 

 

Statistical analysis. 

 Experiments with catestatin variants were repeated at least three times, with three wells 

per condition in each experiment. Curve fitting was accomplished in the program Kaleidagraph 

(Synergy Software, Reading, PA), using the Stineman function, which applies a geometric 

weight ± 10% of the data range, to arrive at a smoothed curve. The IC50 value of a catestatin 

variant is interpolated as the concentration that achieved 50% inhibition of nicotinic-stimulated 

catecholamine release or desensitization. Slopes, intercepts, IC50 values, and error terms were 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on August 23, 2004 as DOI: 10.1124/mol.104.002139

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL2139 

 9 

computed in Prism 2.0 (GraphPad Software, San Diego, CA). Results are expressed as the 

mean value ± SEM. When only two conditions (e.g., control and experimental) are compared, 

the data are evaluated by unpaired t tests. When multiple conditions (e.g., several catestatin 

variants) are compared, one-way ANOVA is used, followed by Dunnett’s multiple comparison 

post-hoc tests, if appropriate. Descriptive and inferential statistics are performed with the 

program InStat (GraphPad Software, San Diego, CA). Significance is determined at the P ≤ 0.05 

level. 
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Results. 
 
Identification of non-synonymous single nucleotide polymorphisms (cSNPs) in the 

catestatin sequence.  

  To identify human genetic variants in catestatin that might alter its function, we 

resequenced the gene from 180 ethnically diverse subjects (Wen et al., 2004), as well as a non-

human primate species (chimpanzee). Three non-synonymous (amino acid replacement) 

polymorphisms (Gly364Ser, Pro370Leu and Arg374Gln; codon positions in the mature CGA 

protein; minor allele frequencies, 0.3-3.1%) were discovered as human variants in the catestatin 

peptide region (human CGA352-372) (Table 1).   

Alignment of catestatin sequences at human codon 364 (Table 1) revealed that Gly364 is 

conserved among 7 mammalian species for which sequence is available, but heterozygous 

substitution to Ser364 occurred in 11 of 180 human subjects. The Gly364Ser variant is distributed 

across three ethnic groups (5/88 Asians, 5/102 whites, 1/56 Hispanics), but absent from the 

African-American samples (0/114, p<0.01 by χ2).  

Although Leu370 is the normal allele in all reported non-primate mammals, codon 370 

specifies Pro370 in primates (human and chimpanzee). Reversion of Pro370 � Leu370 (in 

Pro370Leu) occurred in 2 of 180 subjects, both African-American.  

The dibasic site Arg373Arg374 is conserved across all species, including primates (Table 

1). This dibasic site is used in the formation of catestatin (Herrero et al., 2002; Lee et al., 2003; 

Taylor et al., 2000). In 1 of 180 human subjects (i.e., 1 of 360 chromosomes), Arg374 becomes 

Gln374. Since replacement of Arg374 by Gln374 disrupts the usual dibasic processing site 

(Arg373Arg374) at the carboxy-terminal side of catestatin (CGA352-372), the Arg374Gln variant is 

likely to disrupt proteolytic excision of active catestatin from CGA, resulting in generation of a 

longer catestatin peptide (Herrero et al., 2002; Lee et al., 2003; Taylor et al., 2000), perhaps 

extending to the next dibasic site typically utilized, Lys400Lys401 (Herrero et al., 2002) (Table 2).  

 

Relative potencies of human catestatin variants on nicotinic cholinergic-evoked 

catecholamine secretion. 

All 4 human catestatins (wild-type and 3 variants) inhibited nicotine (60 µM) -stimulated 

catecholamine release from chromaffin cells, though their potencies (IC50 values) varied widely 

(Figure 1A). Compared to wild type (IC50 0.82±0.02 µM), Pro370Leu actually had increased 

potency (IC50 0.37±0.03 µM), while Gly364Ser displayed moderate (IC50 3.65±0.11 µM) and 
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Arg374Gln severe (IC50 22.5±4.05 µM) decreases in potency. The potency rank order was thus: 

Pro370Leu > wild type > Gly364Ser > Arg374Gln. 

In addition to nicotine, the variants were tested for ability to inhibit the effects of two other 

nicotinic cholinergic agonists on catecholamine secretion: anatoxin (10 µM; Figure 1B) and 

epibatidine (1 µM; Figure 1C). The rank order of peptide inhibitory potencies was identical for 

the three nicotinic agonists (nicotine, anatoxin, epibatidine; Figure 1D), and the peptides’ IC50 

values for nicotine predicted their IC50s for both anatoxin (r=0.999) and epibatidine (r=0.999). 

The 4 peptides’ IC50 values did not differ among the 3 agonists (ANOVA F=0.077, p=0.926). 

Since these different nicotinic agonists (Badio and Daly, 1994; Mahata et al., 2002; 

Mahata et al., 1999) might also differ in potency and efficacy, we present data on these 

parameters for each agonist (nicotine, anatoxin, epibatidine) in our experimental system, PC12 

chromaffin cells (Table 3). While the potencies of these three agonists were quite different (from 

0.015 to 8.4 µM), their maximal effects on catecholamine secretion were generally similar (from 

24.4 to 40.4%). In these secretion experiments on catestatin effects (Figure 1), we used agonist 

concentrations ~5-10-fold higher than the EC50 values (Table 3), so as to achieve substantial 

baseline values for catestatin inhibition. 

 

Efficacies (maximal or ceiling effects) of catestatin variants on nicotine-induced 

catecholamine release. 

Since the catestatin variants displayed such a wide (~60-fold) range of inhibitory 

potencies (IC50 0.37-22.5 µM) we probed the ceiling effect of these variants. At very high dose 

(40 µM; Figure 2), three of the catestatins (Pro370Leu, wild-type, and Gly364Ser) showed 

virtually complete (~100%) inhibition of nicotine-triggered catecholamine secretion. The least 

potent version (Arg374Gln, IC50 22.5 µM) achieved only ~60% inhibition at 40 µM, but greater 

doses of Arg374Gln were not practical in this system. 

 
Specificity of human catestatin variants: effects on different mechanisms of 

secretagogue-induced catecholamine secretion. 

 In addition to the nicotinic-cholinergic stimulation, we tested secretagogues that act at 

stages in the secretory pathway later than the nicotinic receptor (Mahata et al., 1997), including 

membrane depolarization (by K+) to open voltage-gated calcium channels, an alkaline earth 

(Ba2+) to block cell surface K+ channels and thereby depolarize the cell membrane, or a Ca2+ 
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ionophore (ionomycin) to admit extracellular Ca2+ to the cytosol. In addition, we used 

secretagogues that function on different targets from the nicotinic-cholinergic receptor, such as 

ATP acting on the P2x purinergic receptor, or PACAP acting on the PAC1 G-protein-coupled 

receptor (Taupenot et al., 1999; Taupenot et al., 1998). Catestatin and its variants suppressed 

norepinephrine release only when triggered by nicotine (Figure 3), but not when secretion was 

caused by agents acting later (i.e., distal to the receptor) in the nicotinic secretory pathway, or 

acting on other receptor classes. 

 

 

Effect of human catestatin variants on initial nicotinic cationic signal transduction. 

 Since the initial step in nicotinic cholinergic signal transduction is receptor-mediated entry 

of extracellular Na+ into the cell, we predicted that each variant should inhibit this process. 

Nicotine resulted in translocation of 22Na+ into chromaffin cells, and the process was inhibited by 

all 4 of the catestatin variants (Figure 4A), establishing each as an antagonist at the nicotinic 

receptor.  The variants’ rank order of inhibition of 22Na+ uptake paralleled their potencies for 

inhibition of catecholamine secretion (Figure 4B; r=0.986): Pro370Leu > wild type > Gly364Ser > 

Arg374Gln. 

 

Nicotinic antagonism by catestatin variants: competitive versus non-competitive with 

agonist. 

 To probe the receptor site of the variants’ nicotinic inhibition, we tested whether very high 

doses of nicotinic agonist could overcome the inhibition (Figure 5). We treated PC12 cells with 

log10-ascending doses of nicotine (10 to 1000 µM) either alone or with ascending doses of 

catestatin variants (0.1 to 10 µM) for 30 min, after which cells were harvested for measurement 

of norepinephrine release. Even very high doses of nicotine (1000 µM) could not overcome the 

catestatin variants’ inhibition of norepinephrine release at high catestatin dose (10 µM) (Figure 

5), thereby functionally establishing the variants as non-competitive nicotinic antagonists, at 

least under the conditions tested here.  

 

Testing the phenotypically dominant/recessive nature of the human catestatin variants. 

 Noting the very wide spectrum of inhibitory potencies (IC50 ~0.37 µM to 22.5 µM), we 

wondered about the consequences of co-expression of the wild-type catestatin with a variant in 
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heterozygotes; in particular, we wondered if one variant is phenotypically dominant over another 

in its actions on catecholamine release. Since the variants are relatively uncommon (minor allele 

frequencies 0.3-3.1%; Table 1), compound variant heterozygotes are unlikely to occur 

frequently; thus, we tested each variant in combination with the wild-type version. When two 

different catestatins (wild-type plus variant) were tested together, a 50:50 molar mixture was 

used, to achieve the same final concentration as pure, unmixed control (wild-type) peptide. 

 In each case, the more potent catestatin displayed phenotypic dominance over the less 

potent version (i.e., the mixture curve was left-shifted onto the more potent curve): wild type 

dominant over Gly364Ser (Figure 6A) or Arg374Gln (Figure 6B); and Pro370Leu (Figure 6C) 

dominant over wild-type. 

 

Role of cooperativity in the catestatin variants’ inhibition of secretion.  

Hill plots assessed the fractional effect of catestatin to inhibit nicotinic-stimulated 

catecholamine secretion as a function of peptide dose (Figure 7). For each catestatin variant, 

the plots were linear over a wide range of catestatin concentrations (2 orders of magnitude). Hill 

slopes were near unity for the wild type (slope=1.06±0.163; Figure 7A) and more potent variant 

(Pro370Leu, slope=0.997±0.072; Figure 7C), but fell for the less potent versions (Gly364Ser, 

slope=0.73±0.036 [Figure 7B]; Arg374Gln, slope=0.55±0.044; Figure 7D). Indeed, fall in potency 

paralleled fall in Hill slope (r=0.989; Figure 7E), suggesting that relatively negative cooperativity 

at ascending dose might, at least in part, underlie the loss of potency in particular variants, 

especially for Arg374Gln. 

 

Effect of catestatin variants on desensitization of catecholamine release. 

 Nicotinic cholinergic processes are subject to desensitization after repeated exposure to 

agonist, and catestatin can block this phenomenon (Mahata et al., 1999). Here we found that 

each catestatin variant blocked agonist induced desensitization of catecholamine secretion in 

dose-dependent fashion (Figure 8), in rank order of potency (IC50): Pro370Leu > wild type > 

Gly364Ser > Arg374Gln.  

 

Catestatin variants and secretory protein transcription. 

 Nicotinic cholinergic agonists trigger not only release of catecholamines, CGA, and 

catestatin, but also resynthesis of the just-released transmitters, by the process of stimulus-
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secretion-synthesis (i.e., stimulus-transcription) coupling (Tang et al., 1996). Using nicotine, we 

triggered transcription of a CGA promoter/luciferase reporter transfected into chromaffin cells 

(Figure 9), achieving 2.9-fold activation over basal transcription. The variants each dose-

dependently inhibited the transcriptional activation (Figure 9), with IC50 values in this rank order: 

Pro370Leu > wild type > Gly364Ser > Arg374Gln.  

  

Catestatin variants: parallel potencies to inhibit several nicotinic agonist-triggered 

processes: catecholamine secretion, desensitization of secretion, and secretory protein 

transcription.  

 The catestatin variants’ inhibitory potencies displayed similar rank orders (Figure 10) for 

the three nicotinic processes affected. Secretion potency paralleled desensitization potency 

(r=0.997), as well as transcription potency (r=0.999). Desensitization potency also paralleled 

transcription potency (r=0.999). The IC50 values of the 4 peptides for the 3 processes (secretion, 

desensitization, transcription) did not differ (ANOVA F=0.071, p=0.932). 
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Discussion. 
 

 Here we find that 3 naturally occurring human variants of the catecholamine release-

inhibitory (catestatin) fragment of CGA (CGA352-372) differ markedly in functionality, with some 

variants (Ser364Gly, Arg374Gln) suffering a loss in potency, while one variant (Pro370Leu) 

actually gained potency to inhibit several nicotinic cholinergic responses in chromaffin cells 

(Figures 1, 8, 9). 

  Based on previous studies in vitro with chromaffin cells (Mahata et al., 1999; Mahata et 

al., 2000; Mahata et al., 1997), ex vivo with the superfused rat adrenal gland (Mahata et al., 

2000) and in vivo with mice (Mahata et al., 2003), we previously concluded that the CGA 

fragment catestatin acts as a potent and specific nicotinic-cholinergic antagonist. In human 

essential (hereditary) hypertension, the plasma concentration of catestatin is diminished in not 

only established cases, but also in the still-normotensive offspring of patients with hypertension 

(FH+), (O'Connor et al., 2002) suggesting that an early deficiency of this catecholamine release 

inhibitory peptide might play a pathogenic role in the subsequent development of the disease. 

Plasma catestatin concentration is bimodally distributed, with a lower mode occupied entirely by 

FH+ subjects, suggesting a major gene effect on this biochemical “intermediate phenotype” for 

hypertension (O'Connor et al., 2002). This viewpoint is strengthened by two consonant 

observations in the same subjects: biochemically, the FH+ already had increased adrenal 

epinephrine production and renal epinephrine excretion; and physiologically, subjects with lower 

plasma catestatin had greater pressor responses to environmental stimuli. Hence, catestatin 

concentration predicts (and may control) both biochemical and physiological consequences of 

efferent sympathoadrenal outflow (O'Connor et al., 2002).  

 We used exogenous [3H]-norepinephrine to label PC12 cells’ chromaffin granule 

catecholamine stores, as previously described extensively (Mahata et al., 1996; Mahata et al., 

1997; Takiyyuddin et al., 1990). PC12 endogenous catecholamine vesicular stores include, in 

rank order: dopamine > norepinephrine > epinephrine (Greene and Tischler, 1976; Li et al., 

2003; Tischler et al., 2004). In the adrenal medulla, separate chromaffin cells store and release 

epinephrine and norepinephrine (Bartlett and Smith, 1974); however, PC12 cells are a 

homogeneous, clonal cell population (Greene and Tischler, 1976; Tischler et al., 2004). 

Alterations in endogenous secretion of both norepinephrine and epinephrine have been 

implicated in the pathogenesis of such disease states as human essential hypertension 
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(Rumantir et al., 2000) (DeQuattro and Feng, 2002), and catestatin inhibits catecholamine 

release from not only PC12 cells, but also chromaffin cells in primary culture (Mahata et al., 

1997), in vivo/in situ rodent chromaffin cells (Mahata et al., 2000), noradrenergic neurites 

(Mahata et al., 1997), and perhaps even human chromaffin cells in vivo (O'Connor et al., 2002). 

Thus, the differential catestatin variant effects we have observed here (Figure 10) are likely to 

have functional consequences for both epinephrine and norepinephrine release in hypertension. 

 

Nicotinic cholinergic specificity of catestatin variant action. 

 Consistent with our previous results on bovine catestatin (Mahata et al., 1999; Mahata et 

al., 2000; Mahata et al., 1997) we found that human catestatin variants displayed specific 

antagonism for the nicotinic cholinergic receptor, without inhibition of agents that act either on 

different receptors or bypass the nicotinic-cholinergic receptor (Figure 3). Blockade of nicotinic 

agonist-triggered entry of 22Na+ into the cytoplasm (Figure 4), coupled with the close parallel 

(r=0.986) between variant potencies to inhibit agonist-activated 22Na+ entry and catecholamine 

secretion, further established the site of action of the catestatin variants directly on the nicotinic 

receptor. 

The inability of nicotinic agonists to overcome the catestatin variants’ secretory inhibition, 

even at very high agonist doses, is consistent with non-competitive nicotinic inhibition (Figure 5), 

though we do not yet know the precise site at which catestatin interacts with the nicotinic 

receptor. 

 Hill plots, showing the fractional effect of catestatin to inhibit nicotinic-stimulated 

catecholamine secretion (Figure 7), appeared to be linear over a wide range of catestatin 

concentrations (~2 orders of magnitude), and Hill slopes near unity for wild-type catestatin 

(slope=1.06±0.163; Figure 7A) or Pro370Leu (slope=0.997±0.072; Figure 7C) indicates non-

cooperativity during nicotinic inhibition. Decline in Hill slope for the less potent variants (Figure 

7B & D) suggests that, at ascending peptide doses (especially for Arg374Gln, 

slope=0.55±0.044; Figure 7D), such catestatins might actually exhibit negative cooperativity. 

The structural basis for this phenomenon is not clear, though catestatins do exhibit amphiphilic 

beta sheet character in solution, with alternating cationic and hydrophobic amino acid residue 

side chains (Preece et al., 2004; Tsigelny et al., 1998), wherein the hydrophobic domains may 

contribute to formation a hairpin (β-strand/loop/β-strand) structure by intra-molecular (strand-to-

strand) hydrophobic collapse; inter-molecular hydrophobic interactions might result in self-
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association and hence diminution in the effective local concentration of the monomeric peptide. 

 

Multiple nicotinic cholinergic responses inhibited by the catestatin variants. 

 Desensitization (also called tolerance, refractoriness, subsensitivity, or down-regulation) 

refers to loss of cell or tissue responses after repeated or prolonged application of a stimulus 

(Mahata et al., 1999). Consistent with previous findings (Mahata et al., 1999), we noted that 

catestatin variants not only blocked nicotine-evoked catecholamine release but also dose-

dependently antagonized the typical effect of prior nicotinic agonist exposure to desensitize the 

effect of a subsequent nicotinic challenge to induce secretion (Figure 8); indeed, the rank order 

of potencies to block these two nicotinic processes (secretion and desensitization) was identical 

(Pro370Leu > wild-type > Gly364Ser > Arg374Gln; Figure 10), and the IC50 values correlated 

well (r=0.997). 

 Similarly, the variants also blocked nicotinic stimulation of transcription of CGA in 

chromaffin cells (Figure 9), thus modulating, in negative feedback fashion, the physiological 

process of stimulation-secretion-synthesis (i.e., stimulus-transcription) coupling (Tang et al., 

1997; Tang et al., 1998; Tang et al., 1996). Once again, the rank order of potencies to block two 

nicotinic processes (secretion and transcription) was identical (Pro370Leu > wild-type > 

Gly364Ser > Arg374Gln; Figure 10), and the IC50 values correlated well (r=0.999). Since CGA is 

the precursor of catestatin (Mahata et al., 1997), nicotinic cholinergic control of both secretion 

and transcription in chromaffin cells seems to be regulated in autocrine, negative feedback 

fashion by catestatin. (Figure 11) 

 Finally, variant potencies to inhibit all three nicotinic processes (secretion, 

desensitization, and transcription) displayed the same rank order (Pro370Leu > wild-type > 

Gly364Ser > Arg374Gln; Figures 4 and 10). The variant potencies did not systematically differ 

among the nicotinic processes of secretion, desensitization, and transcription (ANOVA F=0.071, 

p=0.932), and variant inhibitory potencies correlated well across processes (secretion versus 

signaling, r=0.986; secretion versus desensitization, r=0.997; secretion versus transcription, 

r=0.999; desensitization versus transcription, r=0.999). Hence, these four chromaffin cell 

nicotinic processes are likely to be mediated by similar (if not identical) combinations of neuronal 

nicotinic receptor α/β subunits, and the crucial amino acid residues within catestatin are likely to 

be similar across the four processes of nicotinic inhibition, at least for CGA residues 364, 370, 

and 374. In chromaffin cells, likely neuronal nicotinic subunit combinations include “ganglionic” 
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type (α3)2(β4)3 heteropentamers (Lopez et al., 1998; McLane et al., 1990; Watson S, 1995). The 

present experiments cannot distinguish among these receptor target possibilities. 

 The time courses of our nicotinic process stimulation experiments ranged from 5 minutes 

(Na+ cellular uptake; Figure 4), to 30 minutes (secretion; Figures 1-3 & 5-8), and finally 18 hours 

(transcription/translation; Figure 9). Such experimental timing was governed by the cell biology 

of the process under investigation; i.e., coupled transcription/translation, to a luciferase reporter 

activity, necessarily takes many hours of agonist exposure. However, nicotinic cholinergic 

processes are also subject to time-dependent, agonist-induced desensitization (Mahata et al., 

1999); indeed, for some nicotinic receptor isoforms, such as (α7)5 homopentamers, the time 

course for desensitization may be quite rapid (on the order of 1 second or less) (Herrero et al., 

2002; Lopez et al., 1998). Thus, even though we clearly demonstrated substantial effects of the 

catestatin variants on nicotinic responses in three functional realms (Figure 10; signal 

transduction, secretion, and transcription/translation), as well effects on agonist-induced 

desensitization (Figure 8), at least some nicotinic processes could desensitize so rapidly 

(Herrero et al., 2002; Lopez et al., 1998) that we might be unable to define a catestatin influence 

on such events. 

 While catestatin’s initial inhibition of nicotinic cationic signaling (Figure 4) diminished 

catecholamine release (Figures 1-3 & 5-8), the peptide’s blockade of agonist-induced 

desensitization (Figure 8) ultimately enhanced catecholamine release. Thus catestatin’s net 

effects on catecholamine secretion are likely to be dependent upon the prevailing degree of 

endogenous nicotinic cholinergic preganglionic tone to chromaffin cells and sympathetic axons; 

during circumstances of heightened sympathetic outflow, catestatin might actually function to 

sustain catecholamine release (Mahata et al., 1999). 

 

Genetic mechanisms: dominant/recessive phenotypes. 

 The minor allele frequencies for the catestatin variants range from 0.3-3.1% (Table 1), 

such that the ~4% of humans with such variants are likely to be heterozygotes (expressing one 

copy of the variant allele and one copy of the wild-type allele) in a randomly mating population at 

Hardy-Weinberg equilibrium (Falconer and Mackay, 1996); indeed, in the n=180 individuals 

subjected to CGA resequencing for SNP discovery, there were no homozygotes for the minor 

alleles found.  

What are the functional consequences of such heterozygosity? We attempted to answer 
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this question by in vitro co-expression of the likely allelic combinations. In each case, the more 

active (more favorable/lower IC50) allele seemed to exert phenotypic dominance over the less 

active allele (Figure 6): Pro370Leu over wild type; and wild type over either Gly364Ser or 

Arg374Gln. These results yield intriguing predictions for future in vivo studies of CGA genotype 

� phenotype effects. 
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Legends for Figures. 
 
Figure 1. Potency of catecholamine secretion inhibition by human catestatin variants, 

when secretion is triggered by nicotinic cholinergic agonists.  

 (A) Peptide inhibitory potency during secretory stimulation by nicotine (60 µM). (B) 

Peptide inhibitory potency during secretory stimulation by anatoxin (10 µM). (C) Peptide 

inhibitory potency during secretory stimulation by epibatidine (1 µM). [3H]-L-norepinephrine-

prelabeled PC12 cells were incubated with 60 µM nicotine (or other agonist), either alone or in 

combination with logarithmically ascending doses of each catestatin variant (0.1 to 10 µM) for 30 

min. Each data point (including control) represents mean data from 3 separate wells. Control 

(100%) net norepinephrine release is that in the presence of nicotine (60 µM) stimulation alone, 

without catestatin or its variants. (D) Correlation of peptide inhibitory potencies during secretory 

stimulation by the nicotinic cholinergic agonists nicotine (60 µM), with stimulation by anatoxin 

(10 µM; r=0.999), or epibatidine (1 µM; r=0.999). The peptide IC50 rank order was also parallel 

for anatoxin and epibatidine (r=0.999).  

 
Figure 2. Efficacy (maximal or ceiling effect, at high dose) of catestatin variants to inhibit 

catecholamine secretion. PC12 cells were pre-labeled with [3H]-L-norepinephrine, and then 

incubated with 60 µM nicotine, either alone or in combination with logarithmically ascending 

doses of each catestatin variant (0.1 to 40 µM) for 30 min. Control (100%) net norepinephrine 

release is that in the presence of nicotine (60 µM) stimulation alone, without catestatin variants. 

Each data point (including control) represents mean data from 3 separate wells. 

 

Figure 3. Catestatin variants’ inhibitory effect on catecholamine secretion is specific for 

nicotinic cholinergic stimulation. PC12 cell vesicular catecholamine stores were pre-labeled 

with [3H]-L-norepinephrine, and were then treated with one of several secretagogue classes 

(nicotinic cholinergic stimulation by nicotine [60 µM]; membrane depolarization by extracellular 

K+ [55 mM]; P2x receptor activation by ATP [100 µM]; K+ channel blockade by Ba2+ [2 mM]; 

calcium ionophore ionomycin [1 µM]; or peptidergic [PAC1] stimulation by PACAP [0.2 µM]), 

either alone or in combination with catestatin variants (10 µM), and harvested after 30 min for 

measurement of norepinephrine secretion. Each data point (including control) represents mean 

data from 3 separate wells. 
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Figure 4. Effect of catestatin variants on initial nicotinic cholinergic signal transduction 

(agonist-triggered entry of extracellular Na+ into the cell). The effect of the variants was tested 

on nicotine (60 µM) –stimulated uptake of 22Na+ by PC12 cells over 5 minutes. Results are 

plotted as inhibition of 22Na+ uptake by 10 µM peptide versus secretory inhibitory potency (IC50) 

for the same peptide (A). Catestatin variant effects on the two processes paralleled each other 

(r=0.986) (B). Each data point (including control) represents mean data from 3 separate wells. 

 

Figure 5. Mechanism of nicotinic cholinergic secretory inhibition by the catestatin 

variants: competitive versus non-competitive with agonist. To test the receptor site of 

nicotinic cholinergic inhibition by the peptide variants, [3H]-norepinephrine-loaded PC12 cells 

were treated for 30 minutes with increasing doses of agonist (nicotine, 10-1000 µM), in the 

presence or absence of increasing doses of each catestatin variant (0.1-10 µM). After 30 

minutes, cells were harvested to quantitate norepinephrine release. Each data point (including 

control) represents mean data from 3 separate wells. 

 

Figure 6. Phenotypic dominant/recessive actions of catestatin variants on catecholamine 

secretion. PC12 cells were treated with nicotine (60 µM), in the presence or absence  of 

ascending doses (0.1-10 µM)  of wild-type catestatin, variant catestatin (Pro370Leu, Gly364Ser, 

or Arg374Gln), or the two (wild-type plus variant) in 1:1 molar ratio. During mixing of wild-type 

and variant, the total molar concentration was kept the same as for the isolated catestatins (0.1, 

1, or 10 µM). 

 

Figure 7. Role of cooperativity in the catestatin variants’ inhibition of secretion: Hill plots. 

The plots assess the fractional effect of ascending doses (0.1-1 µM) of catestatin variants to 

inhibit catecholamine release triggered by 60 µM nicotine from PC12 cells (A-D). The slope is 

the Hill coefficient. The final panel plots the secretion inhibitory potency of each variant versus 

its Hill slope (r=0.989) (E). Each data point (including control) represents mean data from 3 

separate wells. 

 

Figure 8. Desensitization of nicotinic cholinergic triggered catecholamine release: effect 

of catestatin variants. PC12 cells were pre-treated (Incubation I) with an initial dose of nicotine 

(30 µM, x10 minutes), in the presence or absence of ascending doses (0.1-10 µM) of catestatin 
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variants. Cells were then washed twice (5’ each) times with buffer, and then exposed to a 

second secretory challenge (Incubation II) with nicotine (30 µM, 10 minutes), this time in the 

absence of catestatins, after which medium and cells were harvested for measurement of [3H]-

norepinephrine release. Each data point (including control) represents mean data from 3 

separate wells. P values compare each peptide point to the desensitized value, by nicotine, in 

the absence of peptide. 

 

Figure 9. Catestatin variants and secretory protein transcription after nicotinic 

cholinergic stimulation. PC12 cells were transfected with a chromogranin A 

promoter/luciferase reporter plasmid (mouse chromogranin A 1133 bp proximal promoter). After 

4 hours, cells were exposed to 1000 µM nicotine for an additional 18 hours, in the presence or 

absence of ascending doses (0.1-10 µM) of catestatin variants. At the conclusion of this 

exposure, cells were harvested for measurement of luciferase reporter activity. Results are 

expressed as % of luciferase activity stimulated by nicotine alone, minus blank (no nicotine). In 

this experiment, the agonist signal/noise (nicotine/mock) ratio was 2.9/1. Each data point 

(including control) represents mean data from 3 separate wells. 

 

Figure 10. Parallel inhibition of nicotinic cholinergic-triggered secretion, desensitization, 

and transcription by catestatin variants. IC50 values for catestatin variants’ inhibition of 3 

nicotinic processes are plotted on logarithmic scales. The rank order of potencies for catestatin 

variants was the same for each process: Pro370Leu > wild-type > Gly364Ser > Arg374Gln. IC50 

values correlated for secretion versus desensitization (r=0.997), secretion versus transcription 

(r=0.999), and desensitization versus transcription (r=0.999). 

 

Figure 11. Autocrine, negative feedback regulation of nicotinic cholinergic processes by 

catestatin variants. The diagram illustrates nicotinic cholinergic receptor activation in 

chromaffin cells by the endogenous agonist, acetylcholine (Ach), with subsequent mobilization 

of signal transduction (initially ligand-gated extracellular Na+ entry; then Ca2+ entry through 

voltage operated calcium channels (VOCC). Further downstream activation of secretion and 

transcription (“stimulus transcription coupling”) is also illustrated. Agonist stimulation of receptor 

activation (opening of the cation pore formed by the � and �subunits), followed by receptor 

desensitization (closing of the cation pore) is depicted. Finally, the actions of catestatin, co-
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released by exocytosis with catecholamines, are shown on several nicotinic cholinergic 

processes: receptor activation, initial cationic signaling, subsequent signaling to secretion and 

transcription, and finally receptor desensitization. 
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Tables. 
 
Table 1. 

Sequence variants in human catestatin (human chromogranin A352-372): inter-
species homologies in humans and other mammals. Amino acids at positions variant in 
human catestatin are shown in bold type. CgA: chromogranin A. The typical dibasic proteolytic 
cleavage site at the carboxy-terminal side of catestatin is given in brackets, [RR]. For human 
chromogranin A, this [RR] site is Arg373Arg374. 
 
Species  Amino acid sequence   Variant   Catestatin  
       (frequency)  region in CgA 
 
Mouse  RSMRLSFRTRGYGFRDPGLQL[RR] -   CgA364-384 
Rat  RSMRLSFRARGYGFRDPGLQL[RR]  -   CgA367-387 
Cow  RSMRLSFRARGYGFRGPGLQL[RR]  -   CgA344-364 
Pig  RSMRLSFRAPAYGFRGPGLQL[RR]  -   CgA343-363 
Horse  RSMKLSFRARAYGFRGPGLQL[RR]  -   CgA343-363 
Chimp  SSMKLSFRARAYGFRGPGPQL[RR]  -   CgA354-374 
Human   
  Wild-type SSMKLSFRARAYGFRGPGPQL[RR]  -   CgA352-372 
  Variant SSMKLSFRARAYSFRGPGPQL[RR] Gly364Ser (3.1%)  
  Variant SSMKLSFRARAYGFRGPGLQL[RR] Pro370Leu (0.6%) 
  Variant SSMKLSFRARAYGFRGPGPQL[RQ]  Arg374Gln (0.3%) 
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Table 2.  
Human catestatin variant synthetic peptides. Variant amino acid residues are given in 

bold type. The position of the dibasic processing site at wild-type residues [R373R374] is given in 
brackets in the variant Arg374Gln, as [RQ374]. Peptide Arg374Gln bears a carboxy-terminal 
extension up to the residue (E399) adjacent to the next dibasic processing site (K401K401). 

 
Human catestatin 

variant 

Primary structure of the synthetic variant peptide 

Wild-type (CgA352-372) SSMKLSFRARAYGFRGPGPQL 
Gly364Ser SSMKLSFRARAYS364FRGPGPQL 
Pro370Leu SSMKLSFRARAYGFRGPGL370QL 
Arg374Gln (CgA352-399) SSMKLSFRARAYGFRGPGPQL[RQ374]GWRPSSREDSLEAGLPLQVRGYPEE 
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Table 3. 
 Differential potencies (EC50 values) and efficacies (maximal or “ceiling” responses) of 
three nicotinic agonists to stimulate catecholamine secretion from PC12 chromaffin cells. 
Results are shown as the mean value (± one SEM) for three replicate experiments. 
 
Agonist  Maximal secretion response  EC50 (µM) 
    Dose (µM) % (± SEM)   
Nicotine  100  24.4±0.64   8.4 
Epibatidine 0.1  38.6±0.2   0.015 
Anatoxin  10  40.4±0.9   1.4 
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