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Abstract

Adrenomedullary chromaffin cells respond to splanchnic (sympathetic) nerve stimulation by 

releasing stress hormones into the circulation. The signal for hormone secretion is encoded in 

the neurotransmitters – especially acetylcholine (ACh) and pituitary adenylate cyclase activating 

polypeptide (PACAP) – that are released into the splanchnic-chromaffin cell synapse. However, 

functional differences in the effects of ACh and PACAP on the chromaffin cell secretory response 

are not well defined. Here, selective agonists of PACAP receptors or nicotinic and muscarinic 

acetylcholine receptors were applied to chromaffin cells. The major differences in the effects 

of these agents were not on exocytosis, per se, but rather on the steps upstream of exocytosis. 

In almost every respect, the properties of individual fusion events triggered by PACAP and 

cholinergic agonists were similar. On the other hand, the properties of the Ca2+ transients evoked 

by PACAP differed in several ways from those evoked by muscarinic and nicotinic receptor 

stimulation. A defining feature of the PACAP-stimulated secretory pathway was its dependence 
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on signaling through exchange protein directly activated by cAMP (Epac) and PLCε. However, 

the absence of PLCε did not disrupt Ca2+ transients evoked by cholinergic agonists. Accordingly, 

inhibition of Epac activity did not disrupt secretion triggered by acetylcholine or specific agonists 

of muscarinic and nicotinic receptors. Thus, PACAP and acetylcholine stimulate chromaffin cell 

secretion via separate and independent pathways. This feature of stimulus-secretion coupling may 

be important for sustaining hormone release from the adrenal medulla under conditions associated 

with the sympathetic stress response.
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1 ∣ INTRODUCTION

The “fight-or-flight” response encapsulates a range of physiological changes designed to 

prepare an individual to respond to a stressor.1,2 In the periphery, a key effector of the 

sympathetic nervous system and the flight-or-flight response is the adrenal medulla.3

Secretion of catecholamines, peptides, and bioactive molecules from the medulla is 

dependent on input from preganglionic, sympathetic fibers which pass into the gland via 

the splanchnic nerves.4,5 The finding that acetylcholine (ACh) – released from splanchnic 

nerves onto chromaffin cells in the adrenal gland – causes the subsequent release of 

catecholamines, was first made by Feldberg and colleagues.6 We now appreciate that 

splanchnic neurons also house a variety of peptide neurotransmitters which may be 

coreleased with ACh to regulate chromaffin cell secretion.7 Recent evidence suggests that, 

of these peptides, PACAP may have the most important role.8-11

Chromaffin cells express multiple types of nicotinic and muscarinic receptors, in addition to 

receptors for synaptically-released PACAP. Messenger RNAs for multiple α and β subunits 

of nicotinic receptors have been identified in the medulla of several model species, with 

the α3β4 receptor being the predominant form.12 The nicotinic receptor conducts Na+, 

K+, and Ca2+, although the permeability to Ca2+ is probably quite low.13 ACh-triggered 

membrane depolarization activates fast, voltage-gated Na+ (Nav) channels to initiate the 

action potential.14 Chromaffin cells also express a variety of plasma membrane Ca2+ 

channels.14,15 These channels open during the action potential and provide an entry pathway 

for the Ca2+ necessary for exocytosis.

Transcripts for all five subtypes of muscarinic receptors have also been identified 

in chromaffin cells in various species (M1–M5).16 In the mouse, secretion is most 

heavily dependent on M1 receptor expression.17 Activation of M1 receptors stimulates 

phospholipase C and mobilizes Ca2+ via a pathway involving IP3 and caffeine-sensitive 

internal stores.18,19 Muscarinic receptor activation has also been linked to changes in 

membrane potential, resulting in membrane depolarization and even the firing of action 

potentials, which causes Ca2+ influx through plasma membrane Ca2+ channels.19-21

Chen et al. Page 2

J Neuroendocrinol. Author manuscript; available in PMC 2024 January 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The molecular mechanisms by which PACAP acts to stimulate secretion are not as well 

understood. The identity of at least part of the PACAP signaling pathway is encoded 

in its name – pituitary adenylate cyclase activating polypeptide. Indeed, there is strong 

evidence that, in the chromaffin cell, stimulation of the PAC1 receptor leads to activation of 

adenylate cyclase and production of cAMP, leading to increase in Ca2+ and fusion.9-11,22,23 

An important difference between the signaling pathways coupling muscarinic receptors and 

PAC1 receptors to fusion, is that Ca2+ entry, rather than mobilization from internal stores, is 

thought to underlie the secretory response to PACAP in chromaffin cells.24

The goal of this study was to elucidate differences in the actions of cholinergic agonists from 

those of PACAP in the pathways that lead to fusion. To that end, the specific exocytosis-

related responses of “wild-type” and PLCε −/− (or KO) chromaffin cells to bethanechol 

(a non-selective muscarinic receptor agonist) and dimethylphenylpiperazinium (DMPP; a 

nicotinic receptor agonist) were compared to PACAP. The “responses” of interest here were 

those that related to changes in intracellular Ca2+ that precede membrane fusion, and fusion 

itself. Ca2+ signals in the subplasmalemmal were monitored using a membrane-targeted 

Lck-GCaMP5G fusion protein.22,25

The data show PACAP-stimulated elevations in intracellular Ca2+, which increased and 

decreased with a variable time course, had some resemblance to those evoked by 

bethanechol. The similarity of the Ca2+ responses to stimulation by these agonists likely 

reflects their common reliance on intracellular signaling pathways coupled to GPCR-

activation. The responses to DMPP, on the other hand, had a vastly different form and 

time course. In most cases, DMPP caused a rapid increase in intracellular Ca2+ that decayed 

slowly over time. Membrane fusion was monitored in TIRF, by measuring release duration 

of a false fluorescent neurotransmitter (FFN511) packaged in vesicles, or by carbon fiber 

amperometry.26,27 Although PACAP and DMPP were more effective secretagogues than 

bethanechol, the biophysical properties of exocytosis in all other respects, were similar. 

Importantly, only the effects of PACAP stimulation on intracellular Ca2+ and fusion were 

disrupted by the absence of PLCε. Thus, PACAP and acetylcholine stimulate chromaffin 

cell secretion via separate and independent pathways. This feature of stimulus-secretion 

coupling, in which secretory pathways are operationally segregated, is likely to be important 

for the function of the adrenal medulla, in situ.

2 ∣ MATERIALS AND METHODS

2.1 ∣ Animals

C57BL/6J (“wild-type” or WT) mice were obtained from Jackson Laboratories, Bar 

Harbor, ME. HA-PLCε and PLCε −/− (also referred to as “KO”) mice were generated 

by Smrcka and colleagues.28,29 Animals were group housed with 2–5 per ventilated cage 

with a 12-h dark/12-h light cycle with full access to food and water. Animal proce-dures 

and experiments were conducted in accordance with the respective University of Toledo 

(400138) and Rowan University (2017-039) IACUC protocols.
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2.2 ∣ Mouse chromaffin cell preparation and transfection

Mouse chromaffin cells were isolated and cultured as described previously.22 Briefly, 2–4-

month-old male or female mice were gas anesthetized using an isoflurane beaker technique 

and sacrificed by cervical dislocation. A total of 2–4 adrenal glands were used for one 

35 mm glass bottom dish (14 mm glass diameter; MatTek, cat no. P35G-1.5-14-C) to 

ensure proper cell density and health of chromaffin cells. Adrenal glands were extracted 

and moved to dishes containing ice-cold mouse buffer (148 mM NaCl, 2.57 mM KCl, 2.2 

mM K2HPO4•3H2O, 6.5 mM KH2PO4, 10 mM glucose, 5 mM HEPES free acid, 14.2 mM 

mannitol). The cortex was carefully removed, and the medullae were rinsed three times in 

100 μl drops of papain enzyme solution (450 units/mL Papain; Worthington Biochemical, 

cat no. LS003126), 250 μg/ml bovine serum albumin (BSA; Sigma-Aldrich, cat no. A7906), 

and 75 μg/ml dithiothreitol (Roche, cat no. 10708984001) in mouse buffer). The medullae 

were then transferred to a 15-ml falcon tube containing 0.5 ml of papain solution and 

placed in a water bath shaker for 15 min at 37°C shaking at 140 rpm. After 15 min, the 

digesting solution was mostly removed and replaced by 0.5 ml of collagenase enzyme 

solution (250 μg/ml BSA, 0.375% collagenase (Sigma-Aldrich, cat no. C0130), and 0.15 

mg/ml DNase I (Sigma-Aldrich, cat no. DN25) in mouse buffer). Digestion was continued 

for another 15 min at 37°C shaking at 140 rpm. The digested medullae were then transferred 

to antibiotic-free culture medium (Dulbecco's Modified Eagle's Medium/F12 (DMEM/F12; 

ThermoFisher Scientific, cat no. 11330-032) supplemented with 10% fetal bovine serum 

(FBS) (ThermoFisher Scientific, cat no. 11403-028). The medullae were then triturated by 

push-pull movement using a 1000 μl pipette tip. The suspension was then centrifuged at 

1300× g for 2.5 min. The supernatant was discarded and the pellet was resuspended in 

300 μl of antibiotic-free medium supplemented with 10% FBS. If transfection was desired, 

the pellet was instead resuspended in 110 μl of R buffer (Invitrogen, cat no. MPK10096). 

The desired plasmid was added to the mixture (1.25 μg/gland). The suspended cells were 

transiently transfected by electroporation with a single pulse (1050 mV, 40 ms) using the 

neon transfection system (Invitrogen, cat no. MPK5000 and cat no. MPK10096). Before 

the start of the cell preparation, MatTek 35 mm glass bottom dishes were precoated with 

Matrigel (Corning, cat no. 356230) diluted in DMEM/F12 (1:7) for 1–1.5 h after which 

the dishes were washed with DMEM/F12. After electroporation, 200 μl of antibiotic-free 

medium was added to the cells and all the mixed cell suspension was deposited in the coated 

dish (at least 2 dishes per condition). The cells were cultured in an incubator (37°C, 5% 

CO2) for approximately 4 h. A culture medium with antibiotics was then added to a final 

volume of 2 ml (DMEM/F12 supplemented with 10% FBS, 9.52 unit/ml penicillin, 9.52 

μg/ml streptomycin, and 238 μg/ml gentamicin (ThermoFisher Scientific, cat no. 15140-122 

and cat no. 15710-064)). The media was replaced the day after plating and experiments were 

conducted between 24 and 48 h after plating.

The Lck-GCaMP5G plasmid was obtained from Addgene (cat no. 34924). The PLCε-

FLAG-P2A-mCherry plasmid was synthesized and cloned into a pCMV-script EX vector by 

GenScript company. For rescue experiments in the PLCε KO chromaffin cells in which the 

PLCε-FLAG was overexpressed, transfected cells were identified based on their mCherry 

fluorescence.
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2.3 ∣ TIRF microscopy

A two-line (488 nm/561 nm) Olympus cellTIRF microscope system (Olympus) was used to 

perform TIRF imaging. The microscope utilizes TIRF oil-immersion objectives (NA 1.49, 

60×, and 100×) with an additional 2× lens in the emission path between the microscope and 

the camera (Andor Technology, iXon 897). The final pixel size of the images was 80 nm.

All TIRF experiments were performed between 35 and 37°C by placing the dish on the 

temperature controller platform (Warner instruments, cat no. TC-324C). Physiological salt 

solution (PSS) buffer was prepared (145 mM NaCl, 5.6 mM KCl, 2.2 mM CaCl2, 0.5 

mM MgCl2, 5.6 mM glucose, and 15 mM HEPES, pH 7.4) and prewarmed to 37°C 

before experiments were performed. The culture medium was replaced with PSS before 

the experiment and changed after each stimulation. Chromaffin cells were individually 

stimulated using a needle (100-μm inner diameter, ALA Scientific Instruments, cat no. 

ALA QTP) connected to a positive-pressure perfusion system (ALA Scientific Instruments, 

ALA-VM4). Acetylcholine was purchased from Sigma (cat no. A6625). For experiments in 

which 1,1-Dimethyl-4-phenylpiperazinium iodide (DMPP; Sigma-Aldrich, cat no. D5891), 

bethanechol (TCI Chemicals, Cat# B4828), and pituitary adenylate cyclase-activating 

polypeptide 1–38 (PACAP; Tocris, cat no. 1186; or synthesized at University of Iowa by 

J. Galpin and C. Ahern [see below]) were applied sequentially, cells were exposed to PSS 

for 5 s and then stimulated either with 1 μM PACAP or 100 nM bethanechol for 60 s first, 

washed with PSS for 30 s and then stimulated with 1 μM DMPP for 60 s. Where indicated, 

cells were incubated with 100 μM FFN511 (Abcam, cat no. ab120331) in PSS buffer for 

30 min at 37°C and washed with PSS prior to imaging on the TIRF microscope. ESI-09 

(Tocris, cat no. 4773) was added to the bath to a final concentration of 1 μM for at least 10 

min prior to stimulation with agonist. Where used, 10 μM 8-(4-Chlorophenylthio)-2‱-O-

methyladenosine-3′, 5′-cyclic monophosphate acetoxymethyl ester (cpTOME-AM; Tocris, 

cat no. 4853) was applied directly to cells via a perfusion pipet while secretion was 

monitored in TIRF.

2.4 ∣ Synthesis of PACAP peptide HSDGI FTDSY SRYRK QMAVK KYLAA VLGKR YKQRV 
KNK

The peptide PACAP 1–38 was synthesized on a Liberty Blue peptide synthesizer (CEM 

Corp.) as a C-terminal amide at 0.025 mM scale using standard Fmoc synthetic methods 

and piperidine deprotection. The peptide was cleaved from resin and deprotected using a 

trifluoroacetic acid cocktail at 37°C for 30 min and precipitated using ice-cold diethyl ether. 

The crude peptide was purified on a Waters 1525 HPLC and Sunfire semi-prep C18 column, 

fitted with a 2998 photodiode array detector, using a linear gradient of water/acetonitrile, 

each containing 0.2% trifluoroacetic acid. Fractions containing the peptide were combined 

and lyophilized overnight. The fluffy white residue was analyzed by a Waters QToF Premier 

spectrometer in positive ion mode. Strong peaks for M +3, +4, +5 … +8 were observed, for 

a deconvoluted mass of 4515 Da (calculated mass 4534 Da), indicating a loss of water in the 

spectrometer. The HPLC trace at 220 nm absorbance indicates two peaks at 10.9 and 14.6 

min which may indicate the folded and unfolded forms of the peptide.
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2.5 ∣ Immunohistochemistry and immunocytochemistry

Two to four month old HA-PLCε transgenic mice (male and female) were gas anesthetized 

using an isoflurane beaker technique and sacrificed by cervical dislocation. The mice were 

immediately exposed to cardiac perfusion using 30 ml of ice-cold PBS (ThermoFisher, cat 

no. 10010-023) followed by 10 ml of 4% paraformaldehyde (PFA) (Electron Microscopy 

Sciences, cat no. 19208). Adrenal glands were removed. Fat and connective tissues 

surrounding the glands were trimmed off. Glands were then kept in 5 ml of 4% PFA for 

2 h and then immersed in a series of sucrose solutions (10%, 15%, and 30% in PBS) until 

they sink to the bottom of the conical tube. After that, they were individually transferred 

to a mold containing optimal cutting temperature (O.C.T) media (Fisher HealthCare, cat 

no. 23-730-571) and snap-frozen using dry ice. Slices were then obtained using a cryostat 

with a section thickness of 8 μm. Upon staining, slices were fixed with 4% PFA for 

10 min and washed 3× with PBS at room temperature. Following fixation, slices were 

permeabilized using 0.2% Triton X-100 (Sigma-Aldrich, cat no. T8787) in PBS for 15 

min. Slices were then blocked with 20% horse serum (ThermoFisher Scientific, cat no. 

26050088) in PBS for 1 h at room temperature. After blocking, slices were incubated with 

recombinant rabbit monoclonal HA antibody (Thermo Fisher Scientific, cat no. MA5-27915, 

RRID:AB 2,744,968, clone RM305, dilution 1:500) and mouse monoclonal KDEL antibody 

(Enzo Life Sciences, cat no. ADI-SPA-827, RRID:AB_10618036, clone 10C3, dilution 

1:200) at 4°C overnight. On the following day, slices were washed 3× for 15 min each with 

PBST (PBS+ 0.1% Tween-20, Fisher bioreagents, cat no. BP337) with gentle shaking and 

incubated with secondary antibodies diluted in blocking buffer for 1 h at room temperature. 

Fluorescently conjugated secondary antibodies, Alexa Fluor 488-donkey anti-rabbit IgG 

(H + L) (Thermo Fisher Scientific, cat no.A-21206, RRID:AB_2535792, dilution 1:500) 

and Alexa Fluor 568-donkey anti-mouse IgG (H + L) (Thermo Fisher Scientific, cat 

no. A10037, RRID:AB_2534013, dilution 1:500) were used. Secondary antibodies were 

washed three times with PBST for 15 min each and mounted with DAPI Fluoromount G 

(SouthernBiotech, cat no. 0100-20).

For immunocytochemistry, freshly dissociated chromaffin cells were cultured in 35 mm 

MatTek glass bottom dishes for 24–48 h after which the culture medium was removed. Cells 

were then washed 3× with PBS. Cells were fixed with 4% PFA for 10 min and washed 

3× with PBS. Following fixation, cells were quenched with 50 mM NH4Cl for 15 min 

and washed with PBS for 5 min. After that, cells were permeabilized using 0.2% Triton 

X-100 in PBS for 10 min and blocked with 20% horse serum in PBS for 1 h at room 

temperature. Cells were incubated with rabbit polyclonal anti-PLCE1 antibody (Thermo 

Fisher Scientific, cat no. PA5-100856, RRID:AB_2850354, dilution 1:100) at 4°C overnight. 

The following day, cells were washed 3x for 15 min each with PBST and incubated with 

Alexa 594 conjugated donkey anti-rabbit IgG (H + L) antibody (Thermo Fisher Scientific, 

cat no. A-21207, RRID:AB_141637, dilution 1:500) for 1 h at room temperature. Cells were 

washed 3× with PBST for 15 min each and mounted with DAPI Fluoromount G.

All confocal images were taken using the Leica TCS SP5 multiphoton laser scanning 

confocal microscope, equipped with a 63× oil immersion objective. An additional zoom-in 

strength of 3x was applied to the field of interest using the microscope's software. All 
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images were taken in a sequential scan mode according to the laser channels. Excitation was 

accomplished using 405-, 488-, 568, and 594-nm lasers. All images were further processed 

using ImageJ Fiji software.

2.6 ∣ Colocalization analysis

The JACoP plugin on ImageJ was used to obtain Manders coefficients of green (Alexa 

488) and red (Alexa 568) areas of interest which correspond to antibody-labeled PLCε-HA 

and KDEL proteins, respectively. Because PLCε is only expressed in adrenomedullary 

chromaffin cells, and not in cells of the adrenal cortex, the Manders coefficient analysis 

was only performed on regions of interest from the adrenal medulla. Each selected cell was 

then exposed to a thresholding setting using the JACoP ImageJ plugin, described in detail 

by Bolte et al. (2006).30 The M1 and M2 coefficients were automatically calculated by the 

plugin.

2.7 ∣ Image analysis of FFN511 fusion events

Fusion events were visually identified. Regions of interest (ROIs) of 480 nm were then 

selected using the Time Series Analyzer version 3.0 plugin on Fiji software. A nearby ROI, 

where no fluorescent punctum was evident, was used for background subtraction. Images 

were acquired at approximately 48 Hz. The duration of FFN511 release was measured with 

a program custom-written in Interactive Data Language (IDL; ITT, Broomfield, CO). Details 

of how the program works are described elsewhere.22

2.8 ∣ Analysis of Ca2+ responses

The fluorescence intensity versus time (F vs. t) response to agonists is usually irregular 

in shape, varying both between different agonists and run-to-run on different cells with 

the same agonist. The variability is due to: (a) photon shot noise (along with camera 

readout noise and dark noise), which adds noise equally at all frequencies (i.e., white 

noise); (b) a slowly varying background, probably due to optical scattering from outside the 

observation zone, cell motion; (c) variable release and dissipation rates of fluorophore from 

multiple releases within the region of interest (ROI); and (d) cell biological variability. To 

characterize the diverse responses in a manner in which a robust comparison of different 

agonists can be made, several features of the F versus t curves are analyzed. These features 

are not completely independent, but neither are they identical, and together they combine to 

make different agonist responses quite distinct.

2.8.1 ∣ Spike times and widths—The response is a composite of individual “spikes”, 

which partially superimpose to produce maxima in F versus t. To measure the height of 

each, we smooth out the shot noise, and then find an appropriate local “baseline” on the 

basis of which heights and widths can be measured. With a program custom written in IDL 

the smoothing is accomplished by convolution with a Gaussian shape of user-input width. 

The width should be as wide as possible to overcome shot noise, but not so wide as to 

distort the overall shape of the F versus t response. We chose a half-width of 200 time-bins 

(10 s) at the e−2 height of the convolving Gaussian; it produces a smoothed response curve 

that follows the original data well (Figure 1A). Next, the time locations of all the extrema 

(maxima and minima) are identified in the smoothed response. For each maximum (shown 
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in green), the two surrounding minima are identified, and a straight line connecting the two 

minima is drawn, the “local baseline” (shown as a black dashed line). The fluorescence 

intensity “height” ℎ of the surrounded maximum is then defined as the F  ordinate distance 

from the smoothed maximum vertically down to the local baseline.

Many of the maxima are very small and indistinguishable from possible noise. Therefore, 

we impose a criterion for accepting a maximum: it must have a height ℎ that is at least half 

as big as its local baseline height b. Of those maxima that pass this acceptance test, the time 

duration of the maximum is defined as its full width at height ℎ ∕ 4 as measured up from 

its local baseline (blue double arrow). The “average duration” is simply the mean of the 

durations of all the acceptable maxima. The “%ΔF/F Max” is the maximum amplitude of the 

record above the local baseline.

2.8.2 ∣ Autocorrelation—The responses to some agonists appear qualitatively more 

“jittery” than do others: their fluctuations appear more rapid. To quantitatively characterize 

the overall rapidity of fluctuations, we generate the autocorrelation function G(τ) of the 

fluorescence versus time. In its full mathematical generality,

G(τ) ≡ ∫
0

∞
ΔF (t)ΔF (t + τ)dt

(Equation 1)

where ΔF (t) ≡ F (t) − 〈F〉 and 〈F〉 is the mean of F (t) over all time. G(τ) reports how rapidly 

the deviation of a function from its mean, ΔF (t), “forgets” what its value had been at time τ
earlier. For example, G(0) is just the integral of (ΔF )2, an integrand which is always positive. 

But as τ becomes larger, some of the integrand products become negative and the integral 

becomes smaller. The more rapid the fluctuations (on average), the more rapidly G(τ) decays 

with τ.

If the fluctuations were composed of superimposed individual spikes, and these spikes 

occurred at random times, then the autocorrelation function of the whole trace would have 

the same shape as the autocorrelation function of an individual spike. However, since we do 

not know how the occurrence of individual spikes might be time-correlated with each other, 

the overall shape of the autocorrelation function cannot be so overinterpreted. However, its 

initial slope can be useful, as discussed below.

The autocorrelation function is mathematically related to another measure of fluctuation 

rapidity, the Fourier transform. However, use of G(τ) has a big advantage in this application. 

Much of the fluctuation is instrumental in origin: shot noise, and camera readout and dark 

noise. These sources produce an intrinsically random number of observed photons around 

a mean, even at constant light intensity. A fluctuation in the signal above the mean does 

not predict at all whether the next time bin will be above the mean or below the mean. 

Instrumental noise has essentially zero memory. Therefore, its contribution to G(τ) is entirely 

confined to the τ = 0 channel. On the other hand, the negative initial slope of G(τ) as τ

Chen et al. Page 8

J Neuroendocrinol. Author manuscript; available in PMC 2024 January 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increases from 0+ is proportional to the rapidity of fluctuations in ΔF (t) that is intrinsic to its 

underlying intensity and is not biased by instrumental noise.

Actual computer calculations of G(τ) cannot use Equation 1 directly because the duration of 

the signal is finite, not infinite, and because the time scale is broken into uniform (but small) 

discrete time bins. For finite-sized and discrete time bins, Equation 1 can be rewritten:

G(L) = 1
N ∑

k = 0

N − L − 1
(Fk − 〈F〉)(Fk + L − 〈F〉)

(Equation 2)

where L is an integer number of “time lag” bins analogous to the continuous τ time delay 

argument. In these studies, N is usually in the thousands. We are interested only in the 

time behavior of G(L). We do not want it affected by the absolute size of Fk. Therefore, Fk

is understood to be the pre-normalized fluorescence (normalized to the mean) and so the 

normalized 〈F〉 = 1.

To avoid the shot noise peak at L = 0, an extrapolation of G toward L = 0 +, called Gfit(0 + )
here, can be obtained by least-squares fitting the first few (here, 10) non-zero L points 

(i.e., L = 1, 2, … 10) in G to a second-degree polynomial (i.e., a parabola) and evaluating the 

parabola's value at (L = 0). Also, the initial slope Gfit
′ ( = dGfit ∕ dL) can be calculated directly 

from that fitted parabola by taking its derivative and evaluating it at L = 0. This procedure is 

illustrated in Figures 1B,C.

Since the original data is of finite duration, G(L) at larger L is not reliable: the calculation 

for G does not see enough slow fluctuations to get a good estimate of their average behavior. 

However, the downward initial (i.e., small L) slope of the green line fit is based on far more 

fluctuations and is a reliable measure of average fluctuation rapidity.

The initial slope as reported here must be appropriately normalized so it is a function only of 

the average rapidity of ΔF (t) and not of absolute ΔF (t) size. We hereby report the following 

normalized initial slope, with the variables identified on Figure 1B.

gfit
′ (0) = − Gfit

′ (0)
Gfit(0)

(Equation 3)

2.9 ∣ Carbon fiber amperometry

Amperometry data was collected using 5 μm diameter carbon fiber electrodes (CFE-2; 

ALA Scientific Instruments) (for detailed description see31). A potential of +700 mV was 

applied to the electrode and data recorded using a VA-10X amplifier (NPI Electronic, 

GmbH), connected to a 16-bit BNC-2090 analog to digital converter (National Instruments), 

and WinEDR software written by Dr John Dempster (Strathclyde University, Glasgow, 

Scotland). Data were filtered at 2 kHz and sampled at 10 kHz. The carbon fiber electrodes 
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were used multiple times and carefully cut back between every cell to reveal a fresh 

oxidation surface and to minimize electrode fouling. The recording bath (volume ~300 μl) 

was continuously perfused with fresh extracellular solution from gravity fed reservoirs at 

a rate of ~3 ml/min. The extracellular recording solution contained (in mM): 145 NaCl, 

2 KCl, 1 MgCl2.6H2O, 10 glucose, 10 HEPES, 2 CaCl2, pH 7.3 and osmolarity ~305 

mOsm. Secretion was stimulated either by bath application of carbachol (100–300 μM, a 

non-selective cholinergic agonist), DMPP (10 μM), or PACAP (100 nM). Amperometric 

spikes were detected and analyzed using the Quanta Analysis macros written by Dr. Eugene 

Mosharov32 in IgorPro software (Wavemetrics Inc.) as previously described.31 Detection 

criteria were: amplitude ≥3pA; rise time <10 ms; foot amplitude >1pA; foot duration >1 ms. 

To count the number of spikes evoked by each agonist all spikes meeting these criteria were 

included unless they overlapped by >50% (determined in the analysis macro). To calculate 

individual spike and foot parameters, only non-overlapping spikes were included (defined as 

<10% overlap in the spike detection software). All detected spikes were confirmed by visual 

inspection.

2.10 ∣ Statistical analysis for amperometry

For statistical comparisons in amperometry experiments the median values for each spike 

parameter (as detailed in results section) were calculated for each cell and these cell 

averages were pooled for statistical comparison using the Kruskal-Wallis test followed by 

Dunn's test for multiple pairwise comparisons. This approach means that each cell has the 

same statistical weight in the analysis (for further discussion see32,33). The number of spikes 

was compared using one-way ANOVA with Tukey's test for multiple pairwise comparisons.

2.11 ∣ Statistical analysis for imaging

GraphPad Prism was used for all statistical analysis. Curve fitting was performed on Origin 

2020b or IDL as described in the Methods. The distribution of values for a particular data 

set were first assessed for normality with a Shapiro–Wilk test. Differences in means of 

normally distributed data were subsequently compared using a t-test with Welch's correction. 

A Mann–Whitney test was used to compare data sets whose individual values were not 

normally distributed.34 For multiple comparisons, either a One-way ANOVA (normally 

distributed data) with Tukey's test or Kruskal-Wallis with Dunn's test was used to compare 

data sets. Values reported are means ± standard deviations (SD) for normally distributed 

data, or medians with 25th and 75th percentile values for non-normally distributed data. 

Exact p-values are reported, except in the case where p > .99. Within figures, the symbol ns 

means p > .05, * means p ≤ .05, ** means p ≤ .01, *** means p ≤ .001, and **** means p ≤ 

.0001. In a few cases within the study, the number of asterisks might not match the scheme 

described here. This is because the p-value was obtained by rounding up or rounding down. 

p-values are reported to 1 significant digit. All other values are reported to 2 or 3 significant 

digits.
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3 ∣ RESULTS

3.1 ∣ Chromaffin cell Ca2+ responses to PACAP, DMPP, and bethanechol

PACAP and acetylcholine represent two of the most important secretagogues in the adrenal 

medulla. To differentiate the effects of these agents on the fusion pathway within chromaffin 

cells, we first characterized the Ca2+ signals evoked by PACAP stimulation (Figure 2B). 

Then, we quantified the differences between these signals and others caused by cholinergic 

agonists. In all cases, changes in intracellular Ca2+ were studied using the genetically-

encoded Ca2+ indicator, GCaMP5G, fused to the N-terminal domain of Lck.25,35 Lck causes 

membrane targeting of GCaMP5G, greatly improving the signal within the region of the cell 

best imaged by TIRF (Figure 2A).

PACAP caused a complex pattern of Ca2+ transients, an example of which is presented in 

Figure 2A. In some cases, as in the example provided in Figure 2B, Ca2+ levels fluctuated 

rapidly, peaking then collapsing to a short-lived plateau, or back to baseline. In other cases, 

transients climbed to a long-lived plateau of a variable amplitude. The heterogeneous pattern 

of Ca2+ responses to PACAP were more remarkable when juxtaposed with those caused by 

the selective nicotinic agonist, DMPP. While PACAP caused Ca2+ responses that, as a rule, 

varied, DMPP usually caused a large and slowly desensitizing Ca2+ transient (Figure 2D). A 

third agonist, bethanechol, produced changes that were visually similar to those caused by 

PACAP. As the example in Figure 2E shows, bethanechol caused elevations in intracellular 

Ca2+ that exhibited a variable time course and amplitude. The smoothed records, convolved 

with a Gaussian of a defined width (used for maxima detection), are shown in Figure 2C, or 

in the inset of Figures 2D,E. The location of automatically identified maxima are indicated 

by the green solid lines.

Important features of the fluorescence intensity (%ΔF/F) versus time records were extracted 

and presented in Figures 3A,E. The maximum amplitude of the Ca2+ transient evoked 

by DMPP, bethanechol, or PACAP was identified, and registered on the graph in Figure 

3A as an open square, circle, or triangle, respectively. On average, the peak amplitude of 

the response to DMPP and PACAP was significantly greater than it was to bethanechol. 

The average duration of the individual agonist-evoked Ca2+ maxima within a record was 

shorter when PACAP or bethanechol was applied to cells, than DMPP (Figure 3B). The 

average number of maxima within a record was greater for PACAP and bethanechol than 

for DMPP, reflecting the variable nature of the Ca2+ responses in cells stimulated by 

these agonists (Figure 3C). Finally, the pattern of the Ca2+ response to the agonists was 

captured in quantitative terms. Some of the fluorescence records were clearly more “jittery” 

or exhibited more fluctuations than others. This jitteriness was described using the initial 

slope of the autocorrelation function (see Methods). On average, the values resulting from 

this calculation were significantly greater for PACAP and bethanechol, than they were for 

DMPP (Figure 3D). This validates, in quantitative terms, the observation that the fluorescent 

responses to PACAP and bethanechol were more heterogenous with more rapid fluctuations 

than the responses to DMPP.
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3.2 ∣ Effects of PACAP compared to cholinergic agonists on secretion

Next, the secretory responses of chromaffin cells to stimulation by either PACAP, or the 

cholinergic agonists, was monitored with TIRF microscopy. For these studies, chromaffin 

cells were briefly incubated with the fluorescent compound FFN511 to label secretory 

vesicles.22,26 Cells were subsequently stimulated by DMPP, bethanechol, or PACAP for 60 

s. Two examples of exocytotic events in which FFN511-labeled vesicles fused and released 

their fluorescent cargos, are shown in Figure 4A. The corresponding fluorescence intensity 

versus time curves for the events can be found to the right of the image series. Overall, 

no difference in the release duration of FFN511 was observed in cells exposed to either of 

the three agonists used in these studies (Figure 4B). Differences in the number of fusion 

events stimulated by DMPP, bethanechol, and PACAP was also assessed. Because more 

fusion events might be expected to occur in a larger cell, the number of fusion events was 

normalized to the surface area of the cell footprint and reported as events per square micron 

(Figures 4C,D). DMPP and PACAP caused significantly more fusion events per unit area 

than bethanechol.

While TIRF microscopy has excellent spatial resolution, it lacks the time resolution of some 

other non-optical methods. A method with substantially better time resolution than TIRF – 

carbon fiber amperometry – was used to validate imaging studies and to obtain additional 

information, not accessible to TIRF, regarding the characteristics of the early fusion pore. 

The carbon fiber electrode was positioned immediately adjacent to a chromaffin cell (Figure 

5A). Secretion was evoked by perfusing the cell with carbachol (a non-selective cholinergic 

agonist), DMPP, or PACAP. Each upward “spike” on the current trace reflects oxidation of 

catecholamines released from a single secretory vesicle fusion event.27,36,37

Amperometry showed PACAP and DMPP to cause significantly fewer spikes per cell (i.e., 

fusion events) than carbachol (Figure 5B, Table 2). The amount and kinetics of transmitter 

release from individual fusion events was also compared (Figure 5C). For each cell, the 

median charge, amplitude, duration, and slope of the spikes was calculated. The charge 

(area) of the spikes is directly proportional to the number of catecholamine molecules 

released during the vesicular fusion event and was not significantly different in cells 

stimulated with PACAP compared to either carbachol or DMPP (Figure 5C, Table 2). There 

was also no significant difference in the amplitude, rising slope, or duration of the spikes at 

half maximal amplitude (half-width) when comparing PACAP with the cholinergic agonists 

(Figure 5C, Table 2).

It is well-documented that a prespike “foot” is discernible before the rising phase of 

some amperometric spikes (Figure 5D), and this is thought to be due to the release of 

catecholamine through the initial, narrow fusion pore prior to expansion of the pore and 

more rapid transmitter release seen during the main spike.36,38,39 The frequency with which 

a foot was documented, varied as a function of the secretagogue (Table 3). However, there 

were no statistically significant differences between any of the groups when comparing the 

spike parameters (charge, amplitude, half-width, slope) (Table 3) or the characteristics of the 

foot itself (charge, duration, amplitude) (Figure 5D, Table 3).
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3.3 ∣ Immunolocalization of phospholipase C epsilon (PLCε) in chromaffin cells

We previously reported that PLCε was expressed in chromaffin cells and had a key role in 

regulating exocytosis stimulated by PACAP. Here, we elaborated on the role of PLCε, by 

investigating, first, its localization, and then its role in the fusion pathways associated with 

cholinergic and PACAP stimulation.

Adrenal glands from transgenic hemagglutinin-tagged PLCε (HA-PLCε) were used to 

investigate the subcellular localization of PLCε.28 As Figure 6A shows, abundant PLCε 
expression was detected in the adrenal medulla, but interestingly, not in the adrenal cortex. 

Much of the PLCε expression within chromaffin cells appeared to be perinuclear (Figures 

6A,B). To validate this supposition, adrenal sections were exposed to antibodies not only 

for HA – to visualize PLCε – but also KDEL (Lys-Asp-Glu-Leu). The KDEL antibody 

recognizes proteins housed within the endoplasmic reticulum.40 Colocalization of KDEL 

and PLCε was evaluated with an ImageJ plugin (see Methods). This analysis showed that 

anti-HA fluorescence did frequently overlap with anti-KDEL fluorescence, consistent with a 

distribution to organelles, such as the endoplasmic reticulum, near the nucleus (Figure 6C).

Some of the immunofluorescence associated with anti-HA appeared to originate from 

plasma membrane of chromaffin cells. However, the process of sectioning made it difficult 

to preserve the plasma membrane for imaging studies. Therefore, immunostaining for 

endogenous PLCε in dissociated chromaffin cells was also performed. These experiments 

showed PLCε frequently had a perinuclear distribution (Figure 6D, arrow), which was 

similar to its distribution in adrenal sections. In other instances, PLCε-positive fluorescence 

appeared to ring the outside of the imaged cell, consistent with a plasma membrane 

localization (Figure 6E, arrows).

3.4 ∣ Ca2+ signals and fusion in PLCε KO cells

We previously reported that intracellular Ca2+ responses to PACAP stimulation were 

severely disrupted in cells that lacked expression of PLCε.22 However, a potential role 

of PLCε in regulating Ca2+ responses to either DMPP or bethanechol has not been 

studied. Therefore, WT and PLCε KO chromaffin cells expressing Lck-GCaMP5G were 

sequentially stimulated with either PACAP and DMPP, or bethanechol and DMPP (Figure 

7). In WT cells, PACAP-evoked Ca2+ responses exhibited their characteristic fluctuations. 

And, consistent with results reported in Figure 2, Ca2+ responses to DMPP increased to 

a peak, and then decayed slowly (Figure 7B). A “wash” interval of 30 s was imposed 

during the period that preceded DMPP stimulation. However, Ca2+ signals consistent with 

continued PACAP stimulation were frequently observed during this period. This suggests 

that PACAP was not readily “washed out” prior to application of DMPP, and/or the 

underlying mechanisms causing Ca2+ changes inactivate slowly (Figure 7B). When the 

amplitudes of the Ca2+ responses to DMPP and PACAP were averaged, it was evident that 

only the responses to PACAP were compromised in the KO (Figure 7F). This paradigm 

was repeated, with bethanechol replacing PACAP in the initial phase of stimulation. The 

Ca2+ signals elicited by bethanechol resembled those elicited by PACAP; and, similar 

to PACAP, small fluctuations in fluorescent Ca2+ signals were observed during the wash 
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interval (Figure 7D). However, unlike PACAP, the bethanechol-stimulated ΔF/F signal was 

not deleteriously affected by the absence of PLCε (Figures 7E,G).

Finally, we compared the secretory responses of WT and PLCε KO cells to PACAP and 

cholinergic agonists. PACAP-stimulated exocytosis in WT cells was strongly suppressed 

in cells exposed to 1 μM ESI-09 – a membrane permeable Epac inhibitor (Figure 8A). 

This result was not unexpected, given the known dependence of PLCε on Epac activity.41 

However, ESI-09 did not inhibit secretion in cells stimulated by bethanechol, DMPP, or 

acetylcholine. (Figures 8A,B). The secretory responses of WT and PLCε KO chromaffin 

cells to cpTOME – a cAMP analog that stimulates Epac activity – was also measured 

(Figure 8C). We previously reported that cpTOME application increases intracellular Ca2+ 

levels in WT chromaffin cells.22 Data reported in Figure 8C show that the ability of 

cpTOME to trigger secretion is severely compromised in cells that lack PLCε. Evidently, 

functional communication between Epac, PLCε, and downstream elements of this signaling 

pathway are necessary for optimal cpTOME-triggered release. Although rare excytotic 

events were observed in KO cells stimulated by PACAP, their frequency was not different 

to WT cells “stimulated” by a basal solution (Figure 8C). Thus, such events are most likely 

spontaneous (spnts) and not triggered specifically by PACAP application (Figure 8C). To 

show that the disruption of PACAP-stimulated release in KO cells was due specifically to the 

absence of endogenous PLCε, release was rescued by overexpression of exogenous PLCε 
(see PACAP resc. lane in Figure 8C).

4 ∣ DISCUSSION

We previously reported that chromaffin cell secretion caused by PACAP, but not 

acetylcholine, was sensitive to the expression of PLCε.22 The major implication of that 

study was that the secretory pathways defined by PACAP and acetylcholine stimulation were 

independent of one another. However, we did not attempt to differentiate between the roles 

of nicotinic and muscarinic receptors, whose dependence, or lack of dependence, on PLCε 
may not be equivalent. In this study, properties of PACAP and selective nicotinic (DMPP) 

and muscarinic (bethanechol) agonists on the secretory pathway in chromaffin cells were 

systematically investigated using a combination of TIRF microscopy, amperometry, and 

novel image analysis routines. The results reported herein substantiate the idea that PACAP 

and cholinergic agonists regulate secretion through distinct, non-overlapping signaling 

pathways.

4.1 ∣ Pathways coupling receptor activation to increases in Ca2+ and fusion

The pattern of Ca2+ signals evoked by DMPP (this study) and ACh22 are similar. This 

suggests that the major effects of exogenous ACh on chromaffin cells are mediated by 

nicotinic receptors. On the other hand, the similar appearance of Ca2+ signals evoked 

by bethanechol and PACAP (Figures 2, 7) belie deep differences in the pathways they 

activate. The M1 receptors, presumed to be most highly expressed in the medulla, couple 

to Gαq to stimulate PLC activity and produce IP3.42 The subsequent increase in Ca2+ 

that causes exocytosis is thought to originate from caffeine-sensitive internal stores.43 We 

recently showed that PACAP-stimulated release in chromaffin cells requires PLCε. This 
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requirement suggests its reliance on a Gαs-coupled pathway, that signals through cAMP 

and Epac (Figure 8). Indeed, when Epac activity was inhibited with ESI-09, or when PLCε 
KO cells were stimulated with cpTOME, little to no secretion was detected (Figure 8). 

Here, we provide further evidence that the pathways coupling muscarinic receptors and 

PAC1 receptors to secretion must be regulated through different effectors. While the Ca2+ 

response to PACAP was severely disrupted in PLCε KO cells, no appreciable effect on the 

bethanechol-stimulated Ca2+ response was observed (Figure 7). Operational independence 

of the nicotinic/muscarinic-stimulated pathways and PACAP-stimulated pathways for 

secretion is also demonstrated by Figures 8B,C. These data show that neither the secretory 

responses to DMPP nor ACh depend on signaling through Epac and PLCε.

On average, the fluorescent Ca2+ signals stimulated by bethanechol were of a smaller 

amplitude than those stimulated by PACAP or DMPP (Figure 3A). Notably, the amplitude of 

the Ca2+ signal bethanechol stimulates was not increased by raising its concentration from 

100 nM to 1 μM (Average %ΔF/F Max ± SEM for 1 mM bethanechol = 61 ± 15; 100 nM 

bethanechol = 72 ± 12). On the other hand, the maximum amplitude of the PACAP-evoked 

ΔF/F was similar to the DMPP-evoked ΔF/F. One can speculate that at least part of the 

reason for the difference in amplitudes between bethanechol versus PACAP/DMPP, is that 

both PACAP and DMPP pathways draw from a deeper reservoir of Ca2+ (the external 

medium) than bethanechol, with also more pathways for entry into the cytosol.

We recently reported that a brief exposure of chromaffin cells to PACAP causes a long-

lasting increase in cytosolic Ca2+ that at least partially depends on Ca2+ influx through 

voltage-gated channels.22 However, the pattern of the Ca2+ change caused by PACAP, its 

fluctuations and variable time course, do suggest that an additional Ca2+ source might 

be involved. In cardiac myocytes, Ca2+-induced Ca2+ release (CICR) is an important 

contributor to the overall Ca2+ signal.41 A similar pathway could be important in chromaffin 

cells.

Signaling through PLCε may gate Ca2+ release from internal stores. A potential role 

for PLCε in such a pathway is supported by previous studies,44 and immunolabeling 

experiments (Figure 6). Based on the fluorescent profile of PLCε immunolabeling, much, if 

not most, of the protein is localized to perinuclear regions of the cell, including, possibly, the 

Golgi and the endoplasmic reticulum. In the chromaffin cell, the endoplasmic reticulum is a 

rich storage depot for Ca2+.15 The localization of PLCε to the endoplasmic reticulum, might 

provide opportunities for spatially localized (i.e., compartmentalized) signaling, allowing for 

efficient and rapid release of Ca2+ into the cytosol.45

The genetically-encoded Ca2+ indicator employed here is most useful for monitoring 

qualitative rather than quantitative changes in Ca2+. However, it is probably true that PACAP 

and DMPP cause greater increases in [Ca2+]i than does bethanechol. Accordingly, the fusion 

“density” of cells – reported as events/μm2 – stimulated by bethanechol is lower than it 

is in cells stimulated by PACAP or DMPP (Figure 4). The number of fusion events (i.e., 

spikes) in cells stimulated by carbachol and detected by amperometry, however, was higher 

than it was in cells stimulated by either PACAP or DMPP (Figure 5). Ca2+ imaging studies 

with carbachol were not performed. We presume the greater number of fusion events evoked 
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by carbachol is directly related to a greater and more long-lasting increase in intracellular 

Ca2+. Otherwise, no difference in any other parameter related to fusion or fusion pore 

expansion was observed in cells stimulated by PACAP, DMPP, bethanechol, or carbachol. 

This suggests that the major differences in the actions of these agents are on steps upstream 

of the increase in Ca2+.

4.2 ∣ The physiological roles of PACAP and acetylcholine in the adrenal medulla

The notion that some other “non-cholinergic substance” released from splanchnic neurons 

may be responsible for maintaining tonic release of catecholamines during high rates 

of neural activity was first articulated by Wakade.46 This was based on experiments 

showing catecholamine secretion rapidly desensitized when splanchnic input to the medulla 

was stimulated at high frequencies or when the medulla was continually perfused with 

acetylcholine. Remarkably, catecholamine release recovered if the stimulation frequency 

were suddenly decreased to 3 Hz from 10 Hz. The release stimulated by 3 Hz stimulation 

was insensitive to block by hexamethonium, a ganglionic blocking agent, and atropine, a 

classic muscarinic receptor antagonist. Catecholamine release stimulated at 3 Hz was even 

potentiated by phorbol esters. The known mechanisms by which PACAP operates makes it 

possible, if not likely, that it is this “non-cholinergic substance.”

Recently, arguments have been made that PACAP not only complements, but can even 

supplant acetylcholine as the dominant driver of chromaffin cell secretion. There is now 

convincing evidence that at higher rates of splanchnic activity, after nicotinic receptors are 

desensitized, PACAP can “take oved’ to sustain catecholamine release when the demand 

for secretion is high.10,11 One of the major counterpoints to these arguments appears to be 

that, compared to acetylcholine, PACAP is a weaker secretagogue.46,47 Our study does not 

address this issue directly. What it does provide is evidence that independently regulated 

pathways for secretion have evolved in the adrenal medulla. One presumes that such 

pathways, controlled as they are by different agonists, are very likely to serve physiological 

roles that are also not entirely overlapping.

The idea that peptides and small molecule neurotransmitters are released under different 

synaptic conditions has support in the literature (for an excellent review on this topic, see48). 

Peptide neurotransmitters may require higher stimulation frequencies for release. Other 

reports suggest that their release may depend on the precise pattern of activity.49 While none 

of this helps us to “know” the conditions under which acetylcholine or PACAP are released 

from sympathetic nerve endings, it does suggest there are rules underpinning their release 

profiles. Going forward, it will be important to learn precisely what those rules are, and how 

this relates to the physiological function of the adrenal medulla.
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FIGURE 1. 
Image analysis of Ca2+ responses. (A) Measurement of spike height and width based on 

local baselines. Explanation of lines, colors, and variables is in the text. (B) Autocorrelation 

G(L) of ΔF (t) vs. t. (C) The bottom panel is an expansion of the top to feature the smallest 

L. The data used here for illustrative purposes is the same unsmoothed curve that is shown 

in (A), but with one change: simulated (white) shot noise was added to the data to show 

the consequent appearance of a distinct discontinuous peak in the autocorrelation at L = 0
(shown here in red). The second degree polynomial fit to the first 10 points is shown in 

green.
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FIGURE 2. 
Exemplar responses of mouse adrenal chromaffin cells expressing Lck-GCaMP5G to 

DMPP, bethanechol, and PACAP. (A) Cartoon depicting the Lck-GCaMP5G protein in the 

absence and presence of Ca2+. The cartoon was created on BioRender and used here with 

permission. Right panel. Images of a cell expressing Lck-GCaMP5G prior to stimulation 

(time 0) and during stimulation with 1 μM PACAP. (B) %ΔF/F versus time record for the 

cell in (A). The green circles above the record correspond to times at which images in (A) 

were acquired. (C) Record in (A) was convolved with a Gaussian for smoothing. Green lines 

indicate fluorescent maxima detected by analysis algorithm. Many, but not all, maxima were 

automatically detected by the program. (D) Exemplar %ΔF/F versus time record for a cell 

stimulated by 1 μM DMPP. A smoothed curve with green line, indicating the position of a 

fluorescent maximum, is shown in inset. (E) Exemplar %ΔF/F versus time record for a cell 

stimulated by 100 nM bethanechol. Smoothed curve with green lines, indicating position of 

fluorescent maxima, is shown in inset. Scale for all records is: x = 20 s; y = 20%ΔF/F.
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FIGURE 3. 
Analysis of Ca2+ responses triggered by DMPP, bethanechol, and PACAP. All statistical 

values are reported in Table 1; circle (bethanechol), square (DMPP), or triangle (PACAP). 

(A) The maximum amplitude measured in the record is indicated. Each symbol on the 

scatter plot represents a maximum value from a different record. The black line denotes 

mean, whiskers the standard deviation. (B) The time duration of the maximum is defined as 

its full width at height h/4 as measured up from its local baseline. Thus, the average duration 

represents the mean of the durations of all the acceptable maxima. The black line denotes 

means, whiskers the standard deviation. (C) Number of maxima detected that pass criterion 

test for maxima detection (described in Methods). The black line denotes median, whiskers 

the interquartile range. (D) Initial slope of the autocorrelation function values for DMPP 

are tightly clustered as the responses are highly regular with little variation. The values for 

PACAP, and especially bethanechol, exhibit a wide distribution; this reflects a “jitteriness” 
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in the ΔF/F records that is greater for PACAP and bethanechol than DMPP. The black line 

denotes mean, whiskers the interquartile range.
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FIGURE 4. 
Imaging of chromaffin cell secretory responses. (A) Two examples of fusion events, one 

stimulated by 1 μM PACAP, and the other, stimulated by 1 μM DMPP are shown. Time 

0 is arbitrarily chosen as some time interval prior to fusion and release of FFN511. Circle 

diameter is approximately 1 μm. The corresponding intensity versus time records are on 

the right of the image series. A least-squares fitting procedure22 is used to generate the fit 

indicated by the black dashed lines. (B) Time durations for the release of FFN511. Each 

symbol represents the release duration for single fusion event. n's = 84, 48, 46 (PACAP, 

DMPP, bethanechol). Black line denotes median, whiskers the interquartile range (25th, 75th 

percentile): PACAP = 0.086 (0.038, 0.24); DMPP = 0.065 (0.021, 0.14); bethanechol = 

0.070 (0.029,0.19). Kruskal-Wallis statistic 2.9, p = .2; bethanechol versus PACAP, p > .99; 

bethanechol versus DMPP, p > 0.99; DMPP versus PACAP, p = .2. (C) A chromaffin cell 

in which vesicles are loaded with FFN511. The footprint of the cell, used for measuring the 

surface area, is demarcated by a white line. (D) The number of fusion events/μm2 of the 

cell footprint as a function of agonist stimulation. The black line denotes mean, whiskers the 

SD: PACAP = 0.076 ± 0.028, n = 15; DMPP = 0.12 ± 0.051, n = 9; bethanechol = 0.044 ± 

0.011, n = 10. One-way ANOVA F = 14.8, p = .0002; bethanechol versus PACAP, p = .003; 

bethanechol versus DMPP, p = .006; DMPP versus PACAP, p = .11.
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FIGURE 5. 
The secretory response of mouse chromaffin cells detected with carbon fiber amperometry. 

(A) Secretion was evoked in mouse chromaffin cells using the non-selective cholinergic 

receptor agonist carbachol (n = 26), the nicotinic receptor agonist DMPP (n = 18) or 

PACAP (n = 21) and detected using carbon fiber amperometry. Representative traces are 

shown for cells stimulated with either DMPP or PACAP. The insert shows exemplary spikes 

from the cell stimulated with PACAP on an expanded scale. (B) The numbers of spikes 

(vesicle fusion events) evoked for each cell over a 3-min stimulation period are shown. Line 

denotes mean and whiskers the standard deviation. Statistical significance was determined 

using a one-way ANOVA (F = 11.65, n < .001) and Tukey's test for multiple pairwise 

comparisons as indicated on the graph (ns, not significantly different; *p < .05; ****p 
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< .0001). (C) All non-overlapping individual spikes were analyzed to determine average 

(median) values of spike charge, duration at half maximal amplitude (half-width), peak 

amplitude, and rising slope for each cell. Symbols represent individual cell values, line 

indicates the median, and whiskers the interquartile range (25th–75th percentile). Statistical 

significance was determined using a Kruskal-Wallis test followed by Dunn's test for multiple 

pairwise comparisons. There were no statistically significant differences between PACAP 

and either cholinergic agonist. The spike amplitude and slope were significantly smaller in 

cells stimulated with DMPP compared to carbachol (see Table 2 for a summary of spike 

parameters and statistical comparisons). (D) Some amperometric events display a prespike 

foot (see exemplary spike on left panel). There were no statistically significant differences 

in the median charge, duration, or amplitude of the pre-spike foot from cells stimulated 

with the different agonists (Kruskal-Wallis test; pairwise comparisons as indicated using 

Dunn's test) (see Table 3 for summary of spike parameters, foot parameters, and statistical 

comparisons).
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FIGURE 6. 
Immunolocalization of PLCε in the mouse adrenal medulla. (A) Adrenal frozen sections 

taken from a HA-PLCε mouse labeled with DAPI, and with antibodies to HA and KDEL. 

(B) Region in square within (A) is expanded. (C) Manders colocalization coefficients were 

derived from JACoP ImageJ plugin. M1 represents the fraction of HA-PLCε colocalized 

with KDEL. M2 represents the fraction of KDEL colocalized with HA-PLCε. The black 

line denotes mean, whiskers the SD: M1 = 0.44 ± 0.10; M2 = 0.37 ± 0.11. Each symbol, 

circle or square, represents the Manders colocalization coefficient for one selected cell in 

the medulla. A total of 24 cells were used for analysis from 13 slices taken from five mice. 

Welch's t-test used for comparisons. M1 versus M2, p = 0.02. (D, E) Dissociated chromaffin 

cells labeled with an anti-PLCε antibody and with DAPI. Arrow in (D) represents a 

perinuclear region of the cell with abundant PLCε expression. Arrows in (E) indicate 

PLCε-labeling in what is likely the plasma membrane. Scale bars are 10 μm in all images.
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FIGURE 7. 
Ca2+ responses of WT and PLCε KO cells to DMPP, bethanechol, and PACAP. (A) A 

series of images showing an Lck-GCAMP5G-expressing WT chromaffin cell, sequentially 

stimulated with 1 μM PACAP and then 1 μM DMPP. Time after start of acquisition, in 

seconds, is indicated above each image. (B) Intracellular Ca2+ levels fluctuate in response to 

PACAP. DMPP causes a sudden increase in Ca2+ that reaches a peak and then monotonically 

decays. Arrows indicate periods when the PACAP, basal PSS wash, or DMPP were 

applied. (C) Agonists were applied in the same sequence to PLCε KO cells. Little to no 

response to PACAP was observed. (D) WT chromaffin cells were stimulated with 100 nM 

bethanechol, then a basal PSS wash, and then DMPP. (E) PLCε KO cells were stimulated 

with bethanechol and then DMPP. (F) Means ± SD for PACAP %ΔF/F max: WT cells, 280 

± 120, n = 9; KO cells, 27 ± 24, n = 5. Means ± SD for DMPP %ΔF/F max: WT cells, 180 

± 110, n = 9; KO cells, 190 ± 110. Welch's t-test comparisons: PACAP WT versus KO, p 
= .0002; DMPP WT versus KO, p = .8. (G) Means ± SD for bethanechol %ΔF/F max: WT 

cells, 110 ± 31, n = 8; KO cells, 190 ± 110, n = 6. Means ± SD for DMPP %ΔF/F max: WT 
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cells, 280 ± 64, n = 8; KO cells, 160 ± 32, n = 6. Welch's t-test comparisons: Bethanechol 

WT versus KO, p = .1; DMPP WT versus KO, p = .1. Scale for all records in Figure 7: x 
= 50 s, y = 100%ΔF/F. In all graphs, the black line denotes means, whiskers the standard 

deviation.
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FIGURE 8. 
Secretory responses of WT and PLCε KO cells in the presence of select agonists and 

antagonists. (A, B) PACAP-evoked secretion is blunted when 1 μM ESI-09 is included in the 

extracellular solution. However, secretory responses to 100 μM ACh, 100 nM bethanechol 

(beth.), and 1 μM DMPP were not disrupted by ESI-09. Black line denotes median, whiskers 

the interquartile range. Median (25th, 75th) values are as follows: PACAP, 0.14 (0.094,0.27), 

n = 8; PACAP + ESI-09, 0.0092 (0,0.037), n = 10; DMPP, 0.19 (0.071, 0.22), n = 6; DMPP 

+ ESI-09,0.15 (0.077, 0.20), n = 5; beth., 0.11 (0.056, 0.14), n = 8; beth. +ESI-09, 0.055 

(0.049, 0.090), n = 5; ACh, 0.078 (0.069, 0.099), n = 8; ACh + ESI-09, 0.064 (0.045, 0.097), 

n = 8. Mann–Whitney comparisons: PACAP versus PACAP+ESI-09, p = .00005; Beth. 

versus Beth. +ESI-09, p = .3. Welch's t test comparisons: DMPP versus DMPP + ESI-09, p 
= .7; ACh versus ACh + ESI-09, p = .6. (C) (left) The secretory response to cpTOME (cpT) 

is disrupted in PLCε KO cells. Black line denotes median, whiskers the interquartile range. 

Median (25th, 75th) values are as follows: cpT in WT, 0.087 (0.049, 0.11), n = 8; cpT in 

KO, 0 (0, 0.017), n = 12. Mann–Whitney, p = .00003. (right) PACAP-stimulated release in 

KO cells is not different that spontaneous (“spnts”) release in WT cells. PACAP-stimulated 

release in KO cells is rescued when PLCε is overexpressed (“PACAP resc.”). Black line 
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denotes median, whiskers the interquartile range. Median (25th, 75th) values are as follows: 

spnts, 0 (0, 0.0075), n = 9; PACAP in KO, 0 (0, 0.011), n = 19; PACAP rescue, 0.79 (0.054, 

0.11), n = 9. Kruskal-Wallis statistic 23, p = 7.4 × 10−6. PACAP (KO) versus spnts (WT), p 
> .99; PACAP (WT) versus PACAP rescue, p = .00001; spnts (WT) versus PACAP rescue, p 
= .0002.
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