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Abstract

The goal of this study was to define profiles of secreted neuropeptide and catecholamine 

neurotransmitters that undergo co-release from sympathoadrenal chromaffin cells upon 

stimulation by distinct secretagogues. Chromaffin cells of the adrenal medulla participate in the 

dynamic responses to stress, especially that of ‘fight and flight’, and, thus, analyses of the co-

release of multiple neurotransmitters is necessary to gain knowledge of how the stress response 

regulates cell-cell communication among physiological systems. Results of this study 

demonstrated that six different secretagogues stimulated the co-release of the neuropeptides Met-

enkephalin, galanin, NPY, and VIP with the catecholamines dopamine, norepinephrine, and 

epinephrine. Importantly, the quantitative profiles of the secreted neurotransmitters showed 

similarities and differences upon stimulation by the different secretagogues evaluated, composed 

of KCl depolarization, nicotine, carbachol, PACAP, bradykinin, and histamine. The rank-orders of 

the secreted profiles of the neurotransmitters were generally similar among these secretagogues, 

but differences in the secreted amounts of each neurotransmitter occurred with different 

secretagogues. Epinephrine among the catecholamines showed the highest level of secretion. 

(Met)enkephalin showed the largest levels of secretion compared to the other neuropeptides 

examined. Levels of secreted catecholamines were greater than that of the neuropeptides. These 

data support the hypothesis that profiles of secreted neuropeptide and catecholamine 

neurotransmitters show similarities and differences upon stimulation by distinct secretagogues. 

These results illustrate the co-release of concerted neurotransmitter profiles that participate in the 

stress response of the sympathoadrenal nervous system.
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Introduction

Neurotransmitters are released from neurons to mediate cell-cell communication in the 

nervous system for the regulation of brain and peripheral physiological functions. Neurons 

have been classically viewed to secrete a predominant neurotransmitter that defined the 

transmitter phenotype of the indicated neuron (e.g., adrenergic, cholinergic, 

neuropeptidergic, and others). Subsequently, the dual release of two classical small molecule 

neurotransmitters has been demonstrated in numerous neuronal systems (Hnsako and 

Edwards, 2012; Gutierrez, 2009). Importantly, findings of multiple neurotransmitters within 

secretory vesicles, such as that of the large dense core secretory vesicles (LDCSV) of 

neuronal-like chromaffin cells (Njus et al., 1985; Laslop and Mahata, 2002; Gupta et al., 

2010), predict the corelease of multiple neurotransmitters in an activity-dependent, regulated 

manner. While many of these neurotransmitters have been studied individually with respect 

to their secretory properties, analyses of the ‘profile’ of multiple neurotransmitters released 

simultaneously has not been extensively studied. Therefore, this study evaluated the co-

release of quantitative profiles neuropeptides and catecholamines from adrenal medullary 

chromaffin cells to assess similarities and/or differences in secreted profiles of these 

neurotransmitters when stimulated by different secretagogue agents.

Chromaffin cells of the sympathoadrenal medullary system are key regulators of the body's 

responses to emergency ‘fight or flight’ reactions and mediate stress responses by releasing 

neurotransmitter and neurohumoral chemical molecules targeted at regulating multiple 

physiological systems (Burgoyne, 1995; Aunis 1998; Arun, 2004; Eisenhofer et al., 2004;; 

Kvetnansky et al., 2009; Purves et al., 2001). Epinephrine is a key stress neurotransmitter 

released from the adrenal medulla for the regulation of of metabolic, cardiac, lung, and 

related physiological functions, as well as emotions, memory, and related behaviors (Joels et 

al., 2011; Shannsky et al., 2013). Stress responses involve sympathetic nerve activation of 

the adrenal medulla via multiple secretagogues (Arun et al., 2004; Carmichael and Winkler, 

1985; Fulop et al., 2005; Smith and Eiden, 2012; Stroth et al., 2013) that stimulate the 

secretion of epinephrine with peptide neurotransmitters (neuropeptides) and other 

catecholamines in an activity-dependent manner (Holman et al., 1994).

Epinephrine is present in adrenal medulla together with the catecholamines dopamine and 

norepinephrine, as well as with numerous neuropeptides (Eisenhofer et al., 2004; 

Kvetnansky et al., 2009, Purves et al., 2001). These neurotransmitters are secreted from 

chromaffin cells in a regulated manner from secretory vesicles upon stimulation by 

sympathetic activation. Secretion of these catecholamine and neuropeptide transmitters (ie., 

enkephalin, NPY, galanin, and others) have been studied individually from chromaffin cells 

(Zhang et al., 2006; Hook et al., 2008; Smith and Eiden, 2012; Ges et al., 2013) and other 

neuronal cell types (Eiden, 2013). But characterization of the secreted profiles of co-released 
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neurotransmitters in response to stimulation by different secretagogues has not yet been 

fully defined. Therefore, the goal of this study was to assess the quantitative profiles of 

neuropeptides and catecholamines co-secreted from chromaffin cells upon stimulation by 

different secretagogues that were composed of KCl depolarization, nicotine, carbachol, 

PACAP, bradykinin, and histamine (Toneff et al., 2013; Taylor et al., 2000; Stroth et al., 

2013; Kuwashima et al., 2000; Wallace et al., 2002).

Results showed that quantitative profiles of secreted neuropeptide and catecholamine 

neurotransmitters show similarities and differences upon stimulation by distinct 

secretagogues. These findings demonstrate that specific profiles of secreted 

neurotransmitters, with similarities and differences, are released from chromaffin cells by 

distinct secretagogues. These data illustrate the co-release of multiple neurotransmitter 

profiles from adrenal medullary chromaffin cells related to stress responses.

Materials and Methods

Chromaffin cells of the adrenal medulla in primary culture

Primary cultures of bovine adrenal chromaffin cells were prepared using a modification of a 

method described previously (O'Connor et al., 2007; Hook et al., 2008). Ten fresh bovine 

adrenal glands received from a local slaughterhouse were placed onto ice and trimmed of 

excess fat. The glands were sterilized by brief immersion in 70% ethanol prior to washing of 

the glands’ lumen by washing with standard release medium (SRM was composed of 188 

mM NaCl, 4.6 mM KCl, 10 mM D-Glucose, 25 mM HEPES pH 7.3, 2.2 mM CaCl2, 1.2 

mM MgSO4, 100 units/ml penicillin, 100 μg/ml streptomycin). The chromaffin cells were 

dissociated by washing the gland lumens with collagenase (1.5 mg/ml) at 37°C for 20 

minutes, repeated three times. Adrenal glands were dissected to obtain the adrenal medulla 

tissue, placed into SRM, and dissociated cells were collected as the supernatant after 

centrifugation (500 × g, 30 sec). The pellet of undissociated tissue was subject to another 

incubation with collagenase solution at 37°C for 30 minutes, and dissociated cells were 

collected as the supernatant after centrifugation (500 × g, 30 sec). The resultant pellet was 

washed with SRM another two times and the supernatants (obtained by centrifugation) 

pooled with the previous supernatant fractions. The collagenase activity of the supernatant 

was neutralized by the addition of SRM containing 1% BSA. The cell suspension was 

passed through filters with progressively smaller pore sizes (surgical gauze of 1 sheet, 2 

sheets, and 4 sheets followed by cell strainer (Falcon) of 100 μm and then 70 μm). The 

filtered cell suspension was subjected to centrifugation (550 × g, 5 mins) and the pellet was 

washed with SRM/1%BSA three times. The final pellet was resuspended in cell culture 

medium (Dulbecco's Modified Eagle's Medium containing 10% FCS, cytosine 

arabinofuranoside (10 μM) and antibiotics) and seeded onto fibronectin-coated (2.5 μg/cm2) 

6 well plates at a density of 1.5 million cells/well. Cells were kept at 37°C in 95%humidified 

air/5% CO2. Chromaffin cells in primary culture have been shown to be stable in 

neurotransmitter content up to 2-3 weeks in culture (Kilpatrick et al., 1980).
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Secretagogue stimulation of neurotransmitter secretion from chromaffin cells

Chromaffin cells were maintained in culture for 7 days prior to stimulation with a variety of 

secretagogues. Culture media was aspirated from the cells and replaced with 1ml SRM-B 

(SRM plus 0.5 μg/ml BSA). Following incubation for 15 min at 37°C the SRM-B was 

aspirated and replaced with 1 ml incubation media (i.e. SRM-B containing secretagogues). 

Secretagogues evaluated were high KCl (50 mM) that produces depolarization, nicotine (up 

to 10 μM), carbachol (1 mM), PACAP (100 nM), bradykinin (300 nM), and histamine 10 

μM). Cells were incubated with each secretagogue for 15 min at 37°C, and the secretion 

media was collected and was centrifuged (500 × g, 5 min) to remove residual cells. The 

collected media was stored at - 70° C for measurement of secreted neurotransmitters.

Isolation of chromaffin granules (large dense core secretory vesicles, LDCSV)

Chromaffin granules (large dense core secretory vesicles, LDCSV) were purified from fresh 

bovine adrenal medulla by differential sucrose density gradient centrifugation, as described 

previously (O'Connor et al., 2007; Wegrzyn et al., 2010), involving extensive wash steps 

(five washes) to obtain purified chromaffin granules. We have documented the high purity 

of this preparation of isolated secretory vesicles by electron microscopy (Wegrzyn et al., 

2010) and biochemical markers (Wegrzyn et al., 2010). The sucrose gradient purification 

results in a preparation of purified, intact chromaffin secretory vesicles that lack biochemical 

markers for the subcellular organelles of lysosomes (acid phosphatase marker), cytoplasm 

(lactate dehydrogenase marker), mitochondria (fumarase and glutamate dehydrogenase 

markers), and endoplasmic reticulum (glucose-6-phosphatase marker) (Smith and Winkler, 

1967; Gratzl et al., 1981; Wegrzyn et al., 2010). These results have established the high 

purity of the chromaffin granule preparation.

Neuropeptide and catecholamine assays

The secretion media was analyzed for levels of the neuropeptides (Met)enkephalin, galanin, 

NPY, and VIP were measured by radioimmunoassays (Peninsula Laboratories, CA). The 

catecholamines dopamine, norepinephrine, and epinephrine were each assayed as described 

previously (Kennedy and Ziegler, 1990). Measurements were conducted in triplicate for 

each sample, and each experiment utilized triplicate wells of cells treated under identical 

conditions. Further, experiments were repeated at least three times. Statistical significance of 

data was assessed by student's t-test and one-way ANOVA analyses (p < 0.05) (using Prism 

Graphpad program).

Analyses of the purified chromaffin granules measured levels of the catecholamine and 

neuropeptide neurotransmitters. Protein content of the purified chromaffin granules was 

measured by the Bio-Rad DC protein assay kit (Biorad, Hercules, CA). The content of 

catecholamines and peptide neurotransmitters were expressed as fmol per μg protein.

Results

Regulated secretion of neuropeptides and catecholamines from chromaffin cells was 

evaluated for several different secretagogues. This study assessed six types of secretagogues 

(KCl, nicotine, carbachol, PACAP, bradykinin, and histamine) for their abilities to stimulate 
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the release of several neuropeptides ((Met)enkephalin galanin, NPY, and VIP) and the 

catecholamines (dopamine, norepinephrine, and epinephrine). These experiments used 

secretagogues at concentrations known to stimulate secretion of catecholamines (dopamine, 

norepinephrine, and epinephrine). The distinct secretagogues and resultant profiles of 

secreted neurotransmitters were quantitatively compared to assess their similarities and/or 

differences.

Regulated co-secretion of enkephalin, galanin, NPY, and VIP neuropeptides from 
chromaffin

cells

The co-release of these neuropeptides was assessed by stimulation with nicotine (appendix, 

figure A.1). Secretion of these neuropeptides was stimulated by nicotine in a concentration-

dependent manner. The EC50 values for nicotine stimulation of enkephalin, galanin, VIP, 

and NPY was 4.3, 2.4, 3.5, and 5.2 μM nicotine, respectively (appendix, table A.1). These 

EC50 values are similar to those reported for nicotine-stimulated secretion of epinephrine 

and norepinephrine from chromaffin cells (Molloy et al., 1995; Mizobe et al., 1979), 

indicating that neuropeptides undergo stimulated secretion by nicotine at concentrations 

similar to those for stimulating catecholamine secretion.

To assess the levels of neuropeptides secreted above basal levels upon stimulation of 

chromaffin cells by different secretagogues, secretagogues of different mechanisms for 

stimulation of regulated secretion were evaluated. High KCl (50 mM KCl in the media) 

represents a model of activity-dependent depolarization-mediated stimulation of 

neurotransmitter secretion (Hwang et al., 2007; Toneff et al., 2013). Nicotine and carbachol 

were assessed as nicotine cholinergic receptor agonists (Efthimiopoulos et al., 1996; Evinger 

et al., 1994). PACAP (pituitary adenylyl cyclase activating polypeptide), a co-transmitter of 

acetylcholine, controls adrenal medullary catecholamine secretion and stress responses 

(Smith and Eiden, 2012; Stroth et al., 2013). Bradykinin and histamine both evoke 

catecholamine release from chromaffin cells (Nostramo et al., 2013; Choi et al., 1993).

Results showed that the profiles of secreted neuropeptides – enkephalin, galanin, NPY, and 

VIP – showed generally similar patterns of relative amounts released by the different 

secretagogues (figure 1). The KCl, nicotine, and carbachol secretagogues stimulated 

secretion of the four neuropeptides above basal levels (figure 1). Carbachol (1 mM), a non-

hydrolysable analogue of acetylcholine, stimulated the greatest secretion of the four 

neuropeptides. Nicotine and KCl also stimulated secretion of the neuropeptides. Nicotine 

stimulation of release was similar to that of KCl for galanin, NPY, and VIP; somewhat 

greater stimulation of enkephalin release was observed for nicotine compared to KCl 

secretagogues.

But differences in amounts of secreted neuropeptides were also observed among the 

secretagogues. PACAP was effective at inducing significant secretion above basal for 

(Met)enkephalin, galanin, and VIP, but not for NPY. Bradykinin and histamine stimulated 

the secretion of galanin and VIP above basal levels; and these secretagoguges did not 

substantially increase the release of (Met)enkephalin or NPY above basal levels.

Hook et al. Page 5

Mol Cell Neurosci. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Differences and similarities in secreted profiles of neuropeptides induced by 
secretagogues

The amounts of secreted neuropeptides caused by secretagogue stimulation was evaluated 

by subtraction of the basal levels of secretion measured in the media samples collected after 

secretagogue treatment of cells. The data show similarities and differences among the 

profiles of neuropeptides secreted (figure 2). Carbachol and nicotine stimulated the greatest 

amounts of secreted neuropeptides; but NPY was an exception since carbachol, but not 

nicotine, stimulated the greatest levels of secreted NPY. PACAP, bradykinin, and histamine 

similarly stimulated secretion of galanin and VIP at levels less than that of carbachol. 

Compared to nicotine and carbachol, PACAP, bradykinin, and histamine stimulated lower 

levels of of secreted enkephalin and NPY.

Comparison of differences and similarities among pairs of secretagogues was conducted (by 

one-way ANOVA statistics), which indicated significant differences among the pairs of 

secretagogues shown (figure 2). The pattern of secretagogue differences in amounts of 

neuropeptides secreted appeared similar for (Met)enkephalin and NPY, which differed from 

that of galanin and VIP. Furthermore, the pattern of secretagoguge differences in secreted 

amounts of neuropeptides appeared similar for galanin and VIP, but these differed from that 

of enkephalin and NPY.

Regulated co-secretion of dopamine, norepinephrine, and epinephrine from chromaffin 
cells

The effects of the secretagogues to stimulate secretion of the catecholamines dopamine 

(DA), norepinephrine (NE), and epinephrine (Epi) from chromaffin cells were assessed 

(figure 3). The relative increases in stimulated secretion (above basal control) for each of 

these catecholamines was similar for the different secretagogues. High KCl, nicotine, and 

carbachol secretagogues prominently stimulated corelease of the catecholamines well above 

basal control secretion. The other secretagogues – PACAP, bradykinin, and histamine - 

stimulated more moderate increases in co-release of the three catecholamines.

Differences and similarities in secreted profiles of catecholamines induced by 
secretagogues

The amounts of secreted catecholamines caused by secretagogue stimulation was evaluated 

by substraction of the basal levels measured in the experimental media samples collected 

after secretagogue treatment of cells. The data show similarities and differences among the 

profiles of catecholamines secreted (figure 4). Carbachol and nicotine similarly stimulated 

the greatest amounts of the three catecholamines. KCl was the next best stimulator of 

catecholamine secretion. Lower levels of the catecholamines were secreted by PACAP, 

bradykinin, and histamine secretagogues.

Comparison of differences and similarities among pairs of secretagogues was conducted (by 

one-way ANOVA statistics, shown in figure 4). The pattern of secretagogue differences in 

amounts of the catecholamines secreted appeared quite similar. But differences among 

PACAP-, bradykinin-, and histamine-stimulated secretion of the catecholamines were 
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smaller, due to the lower levels of catecholamine secretion induced by these three 

secretagogues.

Comparison of the patterns of secretagogue differences for catecholamine and 
neuropeptide

secretion

Evaluation of paired secretagogue differences in stimulated secretion of the catecholamines 

(figure 4) compared to neuropeptides (figure 2) showed similarities and differences (shown 

by the asterisks of paired comparisons in figures 2 and 4). The pattern of secretagogue 

differences in secretion of the three catecholamines (figure 4) appeared similar to that of the 

enkephalin and NPY neuropeptides, but not to that of galanin and VIP (figure 2).

Profiles of neuropeptide and catecholamine neurotransmitters co-released from 
chromaffin cells by different secretagogue agents

Evaluation of the quantitative profiles of neurotransmitters co-released upon stimulation by 

each of the secretagogues showed similarities in the rank-orders of the profiles of 

neurotransmitters co-released by each secretagogue (figure 5). Comparison among the 

neurotransmitters showed that epinephrine showed the greatest release upon stimulation by 

KCl, nicotine, carbachol, PACAP, bradykinin, and histamine compared to basal release 

(shown as relative 100% compared to stimulated secretion of neurotransmitters above the 

basal, normalized 100% level). Epinephrine secretion was stimulated by 25-fold to 95-fold 

above basal levels by the six secretagogues. Dopamine and norepinephrine secretion were 

stimulated by up to ~10-fold above basal secretion. Secretagogue stimulation of the 

neuropeptides (above basal levels) was greatest for VIP, followed by (Met)-enkephalin and 

galanin, and NPY.

The secreted levels of each neurotransmitter induced by the different secretagogues (above 

basal secretion levels) was also assessed (figure 6). The extent of the stimulated secretion of 

each neurotransmitter induced by the different secretagogues were generally similar. 

Carbachol stimulated the greatest increase in the co-release of the neuropeptide and 

catecholamine neurotransmitters. Nicotine and KCl were also excellent stimulators of 

neurotransmitter co-release. The other secretagagues (PACAP, bradykinin, and histamine) 

induced more moderate increases in the secretion of these neurotransmitters.

Molar ratios of secreted neurotransmitter profiles among the different secretagogues

Based on the amounts of each neurotransmitter secreted, normalized molar ratios of secreted 

neuropeptide and catecholamine neurotransmitters were computed for each of the 

secretagogues (tables 1 and 2). For the neuropeptides, the molar ratios of secreted VIP/NPY/

Galanin/Enkephalin (normalized to VIP as ‘1’) displayed similar rank orders for each of the 

secretagogues (table 1). For the six secretagogues, the rank order from lowest to highest 

amount of neuropeptide secreted was VIP/NPY/Galanin/Enkephalin with average molar 

ratios of 1.0/1.02/5.7/250.

For the catecholamines, the molar ratios of secreted dopamine/norepinephrine/epinephrine 

(DA/NE/Epi) for each of the secretagogues are shown in table 2. The molar ratios of 
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secreted DA/NE/Epi displayed similar rank orders of reach of the secretagogues. For the six 

secretagogues, the rank order from lowest to highest amount of catecholamine secreted was 

DA/NE/Epi with average molar ratios of 1.0/20.5/50.5.

Large dense core secretory vesicles (LDCSV) of chromaffin cells: content of neuropeptide 
and catecholamine neurotransmitters

The presence of catecholamines with neuropeptide transmitters in LDCSV isolated from 

chromaffin cells was measured (table 3). The LDCSV were found to contain the enkephalin, 

galanin, NPY, and VIP neuropeptides and the catecholamines dopamine, norepinephrine, 

and epinephrine. Their concentrations (fmol neurotransmitter per μg protein) showed that 

the neuropeptide levels from lowest to highest were indicated by VIP, galanin, NPY and 

(Met)enkephalin (highest level). The catecholamine levels from lowest to highest were 

found to be DA, NE, and Epi. These findings illustrated the co-storage of different levels of 

neuropeptides and catecholamines in the LDCSV, which provides secretion in stress 

responses.

Overall, results of this chromaffin cell study demonstrate similarities and differences in 

quantitative profiles of secreted neurotransmitters upon stimulation by different 

secretagogues.

Discussion

This study evaluated the profiles of catecholamine and neuropeptide neurotransmitters 

secreted from sympathoadrenal chromaffin cells upon stimulation by distinct secretagogues 

that induce regulated secretion. Results demonstrated that six different secretagogues 

stimulated the co-release of the neuropeptides (Met)-enkephalin, galanin, NPY, and VIP 

with the catecholamines dopamine, norepinephrine, and epinephrine. Importantly, the 

quantitative profiles of the secreted neurotransmitters showed similarities and differences 

upon stimulation by the different secretagogues evaluated, composed of KCl depolarization, 

nicotine, carbachol, PACAP, bradykinin, and histamine. The rank orders of the secreted 

profiles of the neurotransmitters were generally similar among these secretagogues, but 

differences in the secreted amounts of each neurotransmitter occurred with different 

secretagogues. These data support the hypothesis that profiles of secreted neuropeptide and 

catecholamine neurotransmitters show similarities and differences upon stimulation by 

distinct secretagogues.

More specifically, the different secretagogues stimulated similar rank orders of relative 

levels of secreted neuropeptides and catecholamine neurotransmitters that were above basal 

unstimulated secretion. The three catecholamines of dopamine, norepinephrine, and 

epinephrine were secreted at the greatest levels, with epinephrine secreted at the highest 

level among the catecholamines. Amounts of secreted catecholamines for each secretagogue 

were greater than the neuropeptides enkephalin, galalnin and NPY; the VIP neuropeptide, 

however, was secreted at similar or greater levels compared to dopamine and 

norepinephrine.
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Furthermore, for each neurotransmitter investigated, the six secretagogues stimulated similar 

profiles of secreted neurotransmitters. Nicotine and carbachol provided the largest degrees 

of stimulated neurotransmitter release. KCl was similar or a more modest stimulator of 

neurotransmitters secreted compared to nicotine and carbachol, depending on the particular 

neurotransmitter. The stimulated secretion by PACAP, bradykinin, and histamine occurred 

at lower levels than nicotine, caraboachol, or KCl secretagogues.

The co-release of multiple neurotransmitters from chromaffin cells of the adrenal medulla 

indicates that responses to stress and emergency ‘fight or flight’ situations, involve the co-

release of profiles of neurotransmitters, leading to regulation of multiple target physiological 

systems in stress responses. Secreted epinephrine controls metabolic processes and 

cardiovascular functions, epinephrine and NPY regulate vasoconstriction, enkephalin 

functions as an endogenous opioid for analgesia, PACAP regulates neuroendocrine stress 

circuits (Smith and Eiden, 2012; Stroth et al., 2013), galanin controls metabolism (Lang et 

al., 2015; Fang et al., 2012; Steiner et al., 2001), and VIP regulates metabolism and 

neuroendocrine regulation. The response to stress by the adrenal medulla involves the co-

release of multiple neurotransmitters and, thus, the profiles of co-released neurotransmitters 

together coordinate the multiple physiological functions participating in stress responses.

The release of neurotransmitter profiles provides opportunities for fine controls of targeted 

cellular and physiological functions. Moreover, changes in the quantitative composition of 

profiles of neurotransmitters can provide fine-tuning of controls among physiological 

systems. As example, nicotine and carbachol, nicotinic cholinergic receptor agonists, 

induced the co-release of similar profiles of the catecholamine and neuropeptides examined. 

In comparison, the secretagogues PACAP, bradykinin, and histamine stimulated the co-

release of lower levels of the neurotransmitters (compared to nicotine and carboachol). 

These findings show that differences in relative quantities of co-released neurotransmitter 

profiles occur with different secretagogues. In vivo, the spectrum of endogenous 

secretagogue stimulators of adrenal chromaffin cell secretion are predicted to participate in 

regulating various stress responses. It will be of interest in future investigations to examine 

the dynamics of potential changes in neurotransmitter profiles co-released in a variety of 

stress conditions.

It has been viewed traditionally that neurons release one neurotransmitter, but more recent 

investigations, including this study, demonstrate the co-release of neurotransmitters from 

neuronal systems. Several examples of the co-release of classical neurotransmitters have 

been illustrated in the field, as reviewed recently (Hnasko and Edwards, 2012; Gutierrez, 

2009). Evidence for co-release of neurotransmitter profiles leads to the hypothesis that 

multiple secreted neurotransmitters function together as chemical regulators of neuronal and 

cell-cell communication for the regulation of target systems.

The hypothesis that profiles of secreted neurotransmitters are regulated in sympathoadrenal 

chromaffin cells may involve the different epinephrine and norepinephrine cell types in the 

adrenal medulla (Moro et al., 1990; Ciolkowski et al., 1992; Koval et al., 2001; O'Connor et 

al., 2007). The majority of adrenomedullary chromaffin cells store and release primarily 

epinephrine (~50% of the cells), and a smaller portion of cells contain norepinephrine 
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(~30%). Evidence in the field also suggests the presence of chromaffin cells containing both 

epinephrine and norepinephrine (~20%). Enrichment of these three different cell populations 

has been described in the literature (Moro et al., 1990; O'Connor et al., 2007) but it seems 

that isolation to homogeneity has not yet been achieved. Specific analyses of the 

neurotransmitter profiles in each of these three different cell types will be important in the 

future to understand the cellular source of neurotransmitters released from the adrenal 

medulla in stress responses. However, the analyses in this study of endogenous chromaffin 

cells of the adrenal medulla represents the in vivo cell composition and, therefore, illustrates 

how the adrenal medulla can be regulated by different secretagogues for co-release of 

multiple neurotransmitters.

The finding of similar and different profiles of neurotransmitters secreted from chromaffin 

cells implicates the presence of subpopulations of secretory vesicles that produce and store 

neurotransmitters for their release. Indeed, studies in chromaffin cells (bovine) show that 

secretory vesicles segregate into distinct populations of new and old vesicles (Duncan et al., 

2003). The newly formed secretory vesicles are docked at the plasma membrane and 

undergo regulated release of its contents, known as the readily releasable pool (RRP). But 

the older vesicles are located within the cytoplasm and are less accessible for secretion. 

Furthermore, different secretagogues may selectively induce secretion of the RRP or from 

the deeper cytoplasmic pool (Duncan et al., 2003).

These findings about chromaffin cell secretion of neuropeptides and catecholamines involve 

the large dense core secretory vesicle (LDCSV) within these cells, because the LDCSV 

participate in the biosynthesis, storage, and regulated secretion of neurotransmitters and 

neurohumoral factors. Neurons of the brain and other regions of the nervous system contain 

LDCSV, and also contain synaptic vesicles for the regulated secretion of small classical 

neurotransmitters (Kim et al., 2006; Wegrzyn et al., 2010; Hnansko and Edwards, 2012; 

Sudhof 2013). It will be of interest in future studies to compare profiles of neurotransmitters 

secreted from neurons that are released from LDCSV and synaptic vesicles.

Studies in the field illustrate the plasticity of neurons to possess the ability to switch 

neurotransmitters utilized in an activity-dependent manner (Spitzer, 2012; Guemez-Gamboa 

et al., 2014). Opportunities for switching of neurotransmitter phenotypes may readily be 

achieved with alterations in profiles of neurotransmitters released in an activity-dependent 

manner. It will be of interest to examine whether profiles of neurotransmitters undergo 

switching, providing new mechanisms for plasticity and modified neurotransmitter-mediated 

responses.

Future analyses of neurotransmitter profiles will benefit from unbiased profiling by mass 

spectrometry (MS/MS) approaches to provide quantitative profiling. Profiling by MS/MS 

approaches have the advantage over focused assays in being able to identify multiple 

transmitters in an objective manner, and being able to identify multiple neurotransmitters in 

a single experiment. Ongoing research in the field is developing neuropeptidomics mass 

spectrometry technology for defining the structural profiles of endogenous neuropeptides 

(Amare et al., 2006; Gupta et al., 2010; Svensson et al., 2007; Yin et al., 2011; Zhang et al., 

2012), and metabolomics approaches are being applied for profiling the classical small 
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molecule neurotransmitters including the catecholamines (Falus, 2003). These emerging 

neurotechnologies will greatly facilitate investigations of the neurotransmitters profiles 

mediating cell-cell communication in the nervous and endocrine systems.

Conclusions

Findings of this study demonstrate that profiles of secreted neuropeptide and catecholamine 

neurotransmitters show similarities and differences upon stimulation by distinct 

secretagogues. The profiles of secreted neurotransmitters has been illustrated in this study by 

the co-release of the catecholamines dopamine, norepinephrine and epinephrine, together 

with several neuropeptide transmitters of (Met)-enkephalin, galanin, NPY, and VIP from 

chromaffin cells of the adrenal medulla. A generally similar profile of these 

neurotransmitters were secreted when stimulated by different secretagogues, along with 

some differences in quantities of co-released neurotransmitter profiles.

More specifically, with respect to neurotransmitter profiles secreted upon induction by the 

different secretagogues, the results showed that (1) epinephrine among the catecholamines 

was released at the highest levels upon secretagogue stimulation, (2) enkephalin was 

secreted in larger amounts than the other neuropeptides studied, and (3) catecholamines 

were generally secreted in greater amounts than neuropeptides. With respect to the effects of 

different secretatogues on neurotransmitters secreted, (1) nicotine and carbachol stimulated 

high levels of the neurotransmitters compared to more modest levels of secretion induced by 

PACAP, bradykinin, and histamine, and (2) KCl stimulated levels of neurotransmitters that 

were generally intermediate in amounts compared to the other secretagogues.

These findings show that profiles of secreted neurotransmitters may be controlled for 

participation in the adrenal medulla's response to stress.
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Highlights

• Quantitative profiles of secreted neuropeptide and catecholamine 

neurotransmitters.

• Distinct secretagogues show similarities and differences in secreted profiles of 

neurotransmitters.

• Secretagogues stimulated epinephrine secretion at greater levels than other 

catecholamines

• Stimulated enkephalin secretion occurred at higher levels than other 

neuropeptides

• Co-release of neurotransmitter profiles related to the adrenal medullary stress 

response.
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Figure 1. Co-release of neuropeptides stimulated by secretagogues: basal and stimulated 
secretion
Chromaffin cells were treated with (and without) the secretagogues of high KCl (50 mM), 

nicotine (10 μM), carbachol (1 mM), PACAP (0.1 μM), bradykinin (0.3 μM), and histamine 

(10 μM) for 15 minutes and the media was collected for measurements of Met-enkephalin, 

galanin, NPY, and VIP neuropeptides (panels A, B, C, and D, respectively). Graphs show 

plots of average secreted neuropeptide values among replicate cellular samples (x ± s.e.m., 

replicates of n=3). Secretagogue stimulation of released neuropeptides was compared to 

control (no secretagogue) conditions (*statistically significant, p < 0.05).
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Figure 2. Secretagogue differences in stimulated amounts of neuropeptides secreted
Differences between pairs of secretagogues for stimulation of different amounts of secreted 

neuropeptides are shown for (Met)enkephalin, galanin, NPY, and VIP in panels A, B, C, and 

D, respectively. Secretagogue-stimulated neuropeptide amounts were calculated from the 

measured levels in the media of secretagogue treated chromaffin cells, with subtraction of 

the basal levels of neuropeptide secretion occurring in the absence of secretagogue. One-

way ANOVA analyses indicated significant differences among pairs of secretagogues for 

stimulated neuropeptide secretion, shown by the lines with *p < 0.05.
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Figure 3. Co-release of dopamine, norepinephrine, and epinephrine catecholamines stimulated 
by secretagogues: basal and stimulated secretion
Chromaffin cells were treated with (and without) the secretagogues of high KCl (50 mM), 

nicotine (10 μM), carbachol (1 mM), PACAP (0.1 μM), bradykinin (0.3 μM), and histamine 

(10 μM) for 15 minutes and the media was collected for measurements of dopamine (DA), 

norepinephrine (NE), and epinephrine (Epi) (panels A, B, and C, respectively). Graphs show 

average secreted neuropeptide values among replicate cellular samples (x ± s.e.m., replicates 

of n=3). Secretagogue stimulation of released catecholamines was compared to control (no 

secretagogue) conditions (*statistically significant, p < 0.05).
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Figure 4. Secretagogue differences in stimulated amounts of catecholamines secreted
Differences between different secretagogues for stimulation of different amounts of secreted 

catecholamines are shown for dopamine (DA), norepinephrine (NE), and epinephrine (Epi) 

in panels A, B, and C, respectively. Secretagogue-stimulated catecholamine amounts were 

calculated from the measured catecholamine levels in the media of secretagogue-treated 

chromaffin cells, with subtraction of the basal levels of catecholamines secreted in the 

absence of secretagogue. One-way ANOVA analyses indicated significant differences 

among pairs of secretagogues for stimulated catecholamine secretion, shown by the lines 

with *p < 0.05.
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Figure 5. Profiles of neurotransmitters co-released by each secretagogue
Experiments assessed profiles of neuropeptide and catecholamine neurotransmitters co-

released upon stimulation of chromaffin cells by each of the different secretagogues 

composed of KCl, nicotine, carbachol, PACAP, bradykinin, and histamine. Data are shown 

as percent of control basal release of neurotransmitter (without secretagogue control) in the 

left y-axis for the neuropeptides, DA, and NE. The right y-axis represents secretion for Epi. 

All experiments were conducted in triplicate and the mean ± s.e.m. are graphed. 

*Statistically significant compared to basal control secretion (p < 0.05 by student's t-test).
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Figure 6. Effects of secretagogues on stimulated secretion of each neuropeptide and 
catecholamine from chromaffin cells
Co-release of neuropeptides and catecholamines stimulated by secretagogues was evaluated. 

Data are shown as percent of control release of neurotransmitter (without secretagogue 

control) in the left y-axis for the neuropeptides, DA, and NE; the right y-axis represents that 

for Epi. All experiments were conducted in triplicate and the mean ± s.e.m. are graphed. 

*Statistically significant compared to basal control secretion (p < 0.05 by student's t-test).
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Table 1

Molar Ratios of Neuropeptides Released by Secretagogue Stimulation

Secretagogue (Met)enkephalin Galanin NPY VIP Molar Ratio.

fmol/well VIP/NPY/Gal/Enk

KCl 2064.9 ± 577.9 45.2 ± 9.9 13.4 ± 1.3 10.0 ± 0.7 1.0/1.3/5.0/207

Nicotine 3899.8 ± 451.6 49.1 ± 5.8 11.2 ± 0.8 8.3 ± 2.3 1.0/1.3/6.0/471

Carbachol 4655.8 ± 780.7 68.8 ± 6.8 30.7 ± 2.0 13.3 ± 2.1 1.0/2.0/5.0/350

PACAP 1055.1 ± 447.0 36.9 ± 12.9 3.3 ± 0.6 5.4 ± 1.1 1.0/0.6/7.0/196

Bradykinin 538.3 ± 450.7 33.3 ± 13.0 3.9 ± 1.4 7.3 ± 1.1 1.0/0.5/5.0/74

Histamine 1196.8 ± 664.4 34.6 ± 15.7 2.0 ± 1.6 5.9 ± 0.9 1.0/0.4/6.0/204

Secretagogue stimulation of neuropeptide secretion from chromaffin cells was measured for (Met)enkephalin, galanin, NPY and VIP (stimulated 
amounts of neuropeptides released into the culture media minus basal secretion of each of these neuropeptides). Results are shown as mean ± s.e.m. 
(n = 3). Molar ratios of secreted neuropeptides are illustrated for VIP/NPY/Gal/Enk (Gal, galanin; Enk, (Met)enkephalin). The average molar ratio 
for all secretagogues was 1.0/1.02/5.7/250.
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Table 2

Molar Ratios of Catecholamines Released by Secretagogue Stimulation

Secretagogue Dopamine Norepinephrine Epinephrine Molar Ratio

. pmol/well DA/NE/Epi

KCl 216.8 ± 25.5 4736.0 ± 424.7 8 753.5 ± 846.4 1/22/40

Nicotine 314.2 ± 21.1 6026.6 ± 338.4 12373.5 ± 666.5 1/19/40

Carbachol 404.5 ± 13.6 7092.2 ± 141.4 15294.6 ± 696.5 1/17/38

PACAP 113.5 ± 11.9 2373.9 ± 207.7 5324.6 ± 311.1 1/20/50

Bradykinin 48.1 ± 10.8 1497.0 ± 185.9 4074.3 ± 295.1 1/31/84

Histamine 117.4 ± 11.9 1592.5 ± 159.3 6039.9 ± 252.3 1/14/51

Secretagogue stimulation of catecholamine secretion from chromaffin cells was measured for dopamine (DA), norepinephrine (NE), and 
epinephrine (Epi) (stimulated amounts of neuropeptides released into the culture media minus basal secretion of each of these catecholamines). 
Results are shown as mean ± s.e.m. (n = 3). Molar ratios of secreted catecholamines are illustrated for DA/NE/Epi. The average molar ratio for all 
secretagogues tested was 1.0/20.5/50.5.
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Table 3

Content of neuropeptide and catecholamine neurotransmitters in large dense core secretory vesicles (LDCSV) 

isolated from bovine adrenal medulla.

A. Neuropeptides

Neuropeptide Concentration (fmol/μg) Molar Ratio, Normalized

Met-enkephalin 375 ± 30.7 123,333

Galanin 0.13 ± 0.006 43

NPY 63 ± 9.3 27,000

VIP 0.004 ± 0.0009 1

B. Catecholamines

Catecholamine Concentration (fmol/μg) Molar Ratio, Normalized

Dopamine 7.5 ± 8.9 1.0

Norepinephrine 27.0 ± 2.0 3.6

Epinephrine 35.5 ± 5.6 4.7

LDCSV were isolated from chromaffin cells of bovine adrenal medulla and neurotransmitters were assayed as described in the methods, for 
neuropeptides (panel A) and catecholmines (panel B). Neurotransmitter concentrations were determined in three preparations of isolated LDCSV, 
and averages ± s.e.m. are expressed as fmol neurotransmitter per μg protein. Molar ratios of neuropeptides were calculated by normalization to VIP 
as ‘1’. Molar ratios of catecholamines were calculated by normalization to dopamine as ‘1.0.’
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