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Abstract 36 

 37 

Altered neurosecretion is a common feature of diverse pathophysiological conditions, including 38 

central nervous system disorders, hypertension, and tumorigenesis, where chromogranin A 39 

(CgA) is widely used as a biomarker, and both phosphatidic acid (PA) synthesis and 40 

catecholamine (CA) secretion are dysregulated. Here, we identify a direct interaction between 41 

CgA and PA at the plasma membrane of living cells using a newly developed synthetic PA 42 

fluorescent probe and Förster’s resonance energy transfer (FRET) combined with fluorescence 43 

lifetime imaging microscopy (FLIM). Confocal microscopy and transmission electron 44 

microscopy (TEM) further reveal that this interaction is spatially confined to exocytic sites. 45 

Using Total Internal Reflection Fluorescence microscopy (TIRF-M), we show that expression 46 

of a CgA variant lacking the PA-binding domain (PABD) in COS-7 cells increases the 47 

frequency of exocytic events and accelerates CgA release kinetics. In chromaffin cells, 48 

amperometry and live tracking of exocytosis-endocytosis demonstrate that CgA overexpression 49 

enhances granular CA content, extends fusion pore opening, and accelerates exocytosis-50 

endocytosis coupling, effects that are abolished upon expression of CgA variant. Together, 51 

these findings unveil a new role of CgA/PA interaction in fine-tuning neurohormone secretion, 52 

suggesting unexplored avenues for restoring neurosecretion in disease-relevant contexts. 53 
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Introduction 54 

 55 

Neurosecretion is frequently disrupted in neuroendocrine tumors and in metabolic or 56 

neurodegenerative diseases, reflecting alterations in hormone and neurotransmitter release from 57 

neurons and neuroendocrine cells. This process relies on the regulated secretory pathway 58 

(RSP), which governs the packaging and stimulus-dependent release of hormones, 59 

neuropeptides, and neurotransmitters to sustain intercellular communication and numerous 60 

physiological functions. In neuroendocrine cells, the RSP is orchestrated by dense-core 61 

secretory granules (SG) that bud from the trans-Golgi network (TGN) and then accumulate in 62 

large numbers within the cytoplasm, where they support rapid, activity-dependent secretion. 63 

Chromaffin cells of the adrenal medulla have served as a central model to establish the 64 

molecular mechanisms underlying regulated exocytosis1. Their SG are enriched in 65 

catecholamines (CA), granins such as chromogranin A (CgA), neuropeptides including 66 

neuropeptide Y, ATP, and divalent cations. Circulating CgA levels are increased in several 67 

pathologies and its expression is commonly upregulated in neuroendocrine tumors2, 68 

establishing CgA as a clinically used biomarker3. However, this also raises the question of 69 

whether this glycoprotein plays roles beyond disease association. 70 

Functionally, CgA is a multifaceted protein. It interacts with SG components to stabilize the 71 

dense-core matrix, it is proteolytically processed into bioactive peptides with endocrine, 72 

paracrine, and autocrine actions, while also contributing to SG biogenesis at the TGN4,5. 73 

Remarkably, expression of CgA in non-endocrine COS-7 cells, lacking endogenous SG, is 74 

sufficient to drive the formation of SG-like organelles in a manner dependent on its terminal 75 

regions6,7. Studies in neuroendocrine cells have underscored the importance of these domains, 76 

whose helical motifs are thought to favor interactions with biological membranes7,8. 77 

Among these structural regions, we recently identified a dedicated phosphatidic acid (PA)-78 

binding domain (PABD) within CgA that may participate in the remodeling of TGN 79 

membranes9. Elevated local PA concentrations, a conical lipid known to promote membrane 80 

negative curvature, have been implicated in shaping chromaffin cell membranes10,11. We 81 

therefore proposed that PA clustering, driven by CgA accumulation at specific TGN sites, could 82 

generate the membrane curvature required to initiate SG budding and maturation9. 83 
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Resulting SG are routed to the plasma membrane, where they are sequestered within the cortical 84 

actin network. Under stressful conditions, sympathetic stimulation increases cytosolic Ca²⁺, 85 

triggering docking and fusion of SG and resulting in partial or complete discharge of their cargo. 86 

Depending on physiological demand and the extent of Ca²⁺ influx, regulated exocytosis can 87 

proceed through at least three distinct modes12,13. In the “kiss and run” mode, a transient fusion 88 

pore opens, allowing selective release of small molecules such as CA while retaining 89 

macromolecules within the SG. The “kiss and stay” mode supports partial release of 90 

neuropeptides while maintaining the characteristic omega-shaped granule profile. In contrast, 91 

“full fusion” enables complete emptying of SG content and flattening of the SG membrane 92 

upon merger with the plasma membrane14. Despite extensive work, the molecular control of 93 

these exocytic modes and their transitions remains incompletely understood. 94 

 95 

CgA has also emerged as a contributor to late stages of neurosecretion. Indeed, it interacts with 96 

the Soluble N-ethylmaleimide-sensitive-factor Attachment protein REceptor (SNARE) protein 97 

syntaxin 1A and the calcium sensor synaptotagmin-1, both core components of the minimal 98 

fusion machinery governing regulated exocytosis15. In addition, interactions between CgA and 99 

CA within the SG lumen have been demonstrated to modulate SG matrix expansion, therefore 100 

also tuning exocytosis16,17. Moreover, CgA has also been shown to control fusion pore 101 

expansion during regulated secretion in chromaffin cells18. More recently, we demonstrated 102 

that CgA specifically binds specific monounsaturated and polyunsaturated PA species9, which 103 

themselves have been reported to regulate SG docking and fusion pore dynamics, 104 

respectively19. Together, these observations suggest that, through its capacity to interact with 105 

membrane PA and reshape membrane topology, as well as its engagement with the fusion 106 

machinery, CgA may act as a modulator of fusion pore stability and dynamics, thereby fine-107 

tuning SG content release and their mode of exocytosis. 108 

 109 

To evaluate this hypothesis, we used fluorescence lifetime imaging microscopy (FLIM) 110 

combined with Förster’s resonance energy transfer (FRET) to monitor the interaction between 111 

CgA and PA at the plasma membrane of living cells. With the advent of highly sensitive and 112 

photon-efficient FLIM instrumentation, this approach has become particularly suited to 113 

detecting fast changes in FRET that report transient molecular interactions. Such dynamics are 114 

characteristic of regulated exocytosis in neuroendocrine cells, where SG fusion occurs rapidly 115 

upon stimulation and SG membranes are subsequently retrieved to preserve plasma membrane 116 

homeostasis. Using this strategy, we found that CgA interacts with PA through its PABD at 117 
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exocytic sites in chromaffin cells. Total Internal Reflection Fluorescence microscopy (TIRF-118 

M) experiments further revealed that CgA/PA interaction shapes the dynamics of CgA secretion 119 

in COS-7 cells. Moreover, carbon fiber amperometry demonstrated that this interaction controls 120 

CA release kinetics and fusion pore expansion in primary chromaffin cells. Finally, confocal 121 

imaging showed that it alters the speed of SG membrane reuptake, thereby potentially 122 

regulating exocytosis-endocytosis coupling. Collectively, these findings establish CgA/PA 123 

interaction as a key determinant in the fine control of neurosecretion and suggest that targeting 124 

this interaction may provide opportunities to modulate altered neurosecretion across diverse 125 

pathophysiological contexts. 126 

 127 

 128 

Results 129 

 130 

CgA interacts with PA at the plasma membrane during regulated exocytosis  131 

 132 

In a previous study, we showed that CgA interacts with PA in non-cellular systems, and that 133 

this interaction contributes to TGN membrane remodeling and budding, ultimately promoting 134 

SG biogenesis in neuroendocrine cells9. Here, we used FLIM-FRET to probe this interaction at 135 

the plasma membrane of living COS-7 cells. To this end, we engineered plasmids encoding 136 

CgA or a CgA mutant lacking its PABD (CgAΔPABD) fused to mKate2 as the fluorescence 137 

donor, and combined them with a novel synthetic PA probe labeled with ATTO647N20, serving 138 

as a fluorescence acceptor. It is of note that this synthetic form of PA was recently extensively 139 

characterized and shown to fully recapitulate the function of natural PA20. The lifetime of 140 

mKate2 fluorescence was recorded in COS-7 cells overexpressing CgA- or CgA∆PABD-141 

mKate2 following BaCl2 stimulation and incubation with PA-ATTO647N (Figure 1a). When 142 

donor and acceptor are in close proximity, FRET occurs and the donor fluorescence’s lifetime 143 

decreases (Figure 1b). Importantly, the FLIM-FRET approach relies solely on donor 144 

fluorescence lifetime, which remains independent of fluorophore concentration, thereby 145 

enabling accurate interaction quantification despite local fluctuations.  146 

 147 

As a control, mKate2 lifetime in stimulated COS-7 cells expressing CgA- or CgA∆PABD-148 

mKate2 was comparable prior to PA-ATTO647N addition (≈ 2.3 ns; Supplemental Figure 1a, 149 

b). Likewise, adding PA-ATTO647N to resting COS-7 cells expressing either construct did not 150 

alter donor lifetime (Supplemental Figure 1c, d). Following stimulation, PA-ATTO647N 151 



 6

incorporated into both plasma membrane and endomembrane structures, but not into SG 152 

(Figure 1c), in agreement with previous observations20. Interestingly, the overall lifetime 153 

distribution differed between CgA- and CgA∆PABD-expressing cells (Figure 1d, e, f), owing 154 

to a significant lifetime decrease for CgA-mKate2 at the plasma membrane (Figure 1d, e). 155 

Because CgA∆PABD-mKate2 was not detected at the plasma membrane (Figure 1c), no 156 

lifetime change was measured in this compartment (Figure 1d, f). 157 

 158 

Subcellular quantification across plasma membrane regions revealed a marked decrease in 159 

CgA-mKate2 lifetime following PA-ATTO647N addition (from 2.47 ± 0.19 ns to 2.08 ± 0.09 160 

ns), indicating robust FRET and thus direct proximity between CgA and PA (Figure 1g). No 161 

significant lifetime modification was detected within SG (from 2.63 ± 0.21 ns to 2.55 ± 0.09 162 

ns) (Figure 1g). Similarly, no change was detected for CgA∆PABD-mKate2 in SG (from 2.59 163 

± 0.24 ns to 2.58 ± 0.17 ns) (Figure 1g), and absence from the plasma membrane prevented 164 

lifetime assessment in that compartment. Together, these findings indicate that CgA interacts 165 

with PA through its PABD specifically at the plasma membrane during regulated exocytosis. 166 

To our knowledge, this is the first study to apply FLIM-FRET to monitor protein-lipid 167 

interactions in a dynamic context, as this method has been primarily used to probe protein-168 

protein interactions21. 169 

 170 

CgA is localized at exocytic sites 171 

 172 

Stimulation of SG exocytosis induces release of soluble cargos together with insertion of SG 173 

membrane proteins into the plasma membrane. Lumenal proteins thus transiently contact the 174 

extracellular environment upon fusion pore expansion. Using the approach described 175 

previously to visualize dopamine-β-hydroxylase (DBH) associated to SG membrane after 176 

regulated exocytosis22, primary cultured bovine chromaffin cells were stimulated during 5 min 177 

with 40 μM acetylcholine (ACh) in presence of anti-CgA antibody and subsequently fixed and 178 

permeabilized before secondary antibody application (Figure 2a). Confocal microscopy 179 

revealed a significant increase in CgA-labelled puncta, compared with unstimulated chromaffin 180 

cells (Figure 2b). This observation suggests that a fraction of intragranular CgA that was 181 

transiently accessible to anti-CgA antibodies remained associated to the cell surface after SG 182 

fusion and is recycled by compensatory endocytosis.  183 

To further define their spatial organization, we performed a colocalization study with vesicular 184 

monoamine transporter 2 (VMAT2), a granular transmembrane protein (Figure 2c), and 185 
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observed a significant increase of CgA colocalization with VMAT2-positive structures after 186 

cell stimulation consistent with exocytic sites (Figure 2d). These data indicate that cell surface-187 

bound CgA arises from SG membrane fusion during regulated exocytosis. 188 

 189 

We next examined the ultrastructural organization of CgA at the plasma membrane using 190 

immunogold labeling on plasma membrane sheets, as previously described23,24. Resting or 191 

nicotine-stimulated chromaffin cells were incubated with anti-CgA and anti-DBH antibodies to 192 

label fused SG membranes22,25, followed by secondary antibodies coupled to 10 nm and 15 nm 193 

gold particles, respectively. DBH positive clusters, corresponding to fused SG with the plasma 194 

membrane after cell stimulation, frequently contained CgA labelling (Figure 2e). Together 195 

these data showed the presence of CgA at exocytic sites after SG fusion in primary 196 

neuroendocrine cells, similar to DBH22. 197 

 198 

CgA/PA interaction regulates dynamics of CgA secretion 199 

 200 

To investigate the functional consequences of CgA/PA interaction at exocytic sites, CgA 201 

secretion was monitored by TIRF-M in COS-7 cells overexpressing CgA- or CgA∆PABD-202 

pHluorin and CgA- or CgA∆PABD-EGFP, before and after cell stimulation with a 2 mM BaCl2 203 

solution. Because pHluorin fluorescence increases upon luminal pH neutralization, exocytic 204 

events could be readily tracked. While inducing a non-significant increase before stimulation 205 

(Supplemental Figure 2), overexpression of CgA∆PABD-pHluorin significantly increased the 206 

amount of regulated exocytosis events compared to CgA-pHluorin (from 25 ± 6 to 131 ± 35 207 

events/cell/µm²/s x 106) (Figure 3a, b) (Videos 1 and 2). 208 

 209 

Tracking EGFP-tagged CgA proteins by TIRF-M, as it has been previously performed in 210 

HEK293 and PC12 cells using CgA-EGFP17, revealed that PABD deletion accelerated and 211 

completed CgA release (Figure 3c, d) (Videos 3 and 4). Indeed, area under curve analysis 212 

highlighted a significant faster secretion kinetics for CgA∆PABD (2.86 ± 0.30 to 0.65 ± 0.06 213 

AU) (Figure 3e), while identical Imax values indicated comparable expression levels across 214 

condition (Supplemental Figure 3). These results indicate that CgA’s PABD constrains 215 

secretion dynamics following stimulation. 216 

 217 

  218 
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CgA/PA interaction regulates individual fusion events and the subsequent catecholamine 219 

release 220 

 221 

To further dissect the role of CgA/PA interaction at the plasma membrane during 222 

neurosecretion, catecholamine release was assessed by carbon fiber amperometry, an 223 

electrochemical approach that allows to study individual fusion events in a precise and highly 224 

sensitive manner26. Chromaffin cells overexpressing EGFP (Figure 4a), CgA-EGFP (Figure 225 

4b) or CgA∆PABD-EGFP (Figure 4c) were stimulated with a 100 mM K+ solution. 226 

Overexpression of CgA-EGFP did not alter the total number of exocytic events compared to 227 

control EGFP transfected cells (15.16 ± 1.08 to 12.45 ± 0.90 spikes), consistent with previous 228 

observations17, whereas overexpression of CgA∆PABD-EGFP significantly decreased the total 229 

number of spikes (8.51 ± 0.57 spikes) (Figure 4d). 230 

 231 

Analysis of individual fusion parameters (Figure 4e; Supplemental Table 1) revealed that 232 

CgA-EGFP increased spike charge (1.97 ± 0.05 pC) relative to both EGFP and CgA∆PABD-233 

EGFP (1.61 ± 0.04 and 1.61 ± 0.05 pC, respectively) (Figure 4f), indicating enhanced granular 234 

CA loading dependent on CgA/PA interaction. CgA overexpression also slowed down pore 235 

expansion, increasing spike half-life (68.33 ± 1.02 ms) compared to control (55.31 ± 0.69 ms), 236 

with a similar effect seen for CgA∆PABD-EGFP (66.28 ± 1.21 ms) (Figure 4g), consistent 237 

with potential membrane independent influences on granular matrix expansion. The same 238 

effects were also observed when analyzing spike time to peak (Supplemental Figure 4a). 239 

Hence, the increase of spike charge and decrease of its release dynamic impaired spike maximal 240 

intensity only for CgA∆PABD-EGFP overexpression (Supplemental Figure 4b). 241 

 242 

Finally, as reported previously18, CgA overexpression also prolonged fusion pore lifetime 243 

increasing prespike foot duration from 29.72 ± 1.96 ms (EGFP) to 41.12 ± 4.46 ms (CgA-244 

EGFP) whereas CgA∆PABD-EGFP failed to reproduce this increase (27.04 ± 2.72 ms) (Figure 245 

4h). Foot amplitude remained unchanged, leading to increased foot charge in CgA-EGFP 246 

expressing cells (Supplemental Figure 4c, d). Altogether these results demonstrate that 247 

CgA/PA interaction is necessary for an appropriate number of fusion events, enhances CA 248 

release, and prolongs fusion pore stability, while also revealing PA-independent CgA functions 249 

on CA release kinetics. 250 

 251 

  252 
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CgA/PA interaction regulates exocytosis-endocytosis coupling 253 

 254 

TEM analysis of plasma membrane sheets of stimulated chromaffin cells revealed dense 255 

vesicular structures double labelled with anti-CgA and anti-DBH antibodies (Figure 5a). In 256 

parallel, stimulated living chromaffin cells incubated with anti-CgA and chased for 5 min 257 

displayed increased intracellular CgA-positive vesicles (Figure 5b, c). Given CgA/PA 258 

interaction at the plasma membrane after exocytosis (Figure 2d), we tested whether these 259 

structures reflected exocytosis-endocytosis coupling. 260 

Exocytic spots were labeled using anti-DBH antibody on living chromaffin cells 261 

overexpressing EGFP, CgA- or CgA∆PABD-EGFP in resting and stimulated conditions and 262 

internalization was quantified after different chase times (Figure 6). In resting cells, DBH 263 

signal was comparable across conditions (Figure 6a, c). However, stimulation with 59 mM K⁺ 264 

for 3 min markedly increased DBH signal in EGFP (19.35 ± 1.32 AU) and CgA-EGFP 265 

transfected cells (16.56 ± 0.92 AU), while the increase was significantly lower in CgA∆PABD-266 

EGFP transfected cells (12.57 ± 1.14 AU) (Figure 6b, c), consistent with the reduction in fusion 267 

events observed previously (Figure 4d). 268 

 269 

We next assessed DBH internalization in transfected cells after 3 min stimulation followed by 270 

different chase times (Figure 6d, e, f). After 0 min chase, CgA-EGFP overexpression 271 

significantly enhanced DBH internalization (53.07 ± 2.29 %) relative to EGFP and 272 

CgA∆PABD-EGFP (36.42 ± 1.85 and 41.52 ± 1.79 %, respectively) (Figure 6d, f), whereas 273 

this difference disappeared after 5 min chase (Figures 6e, f). This increase in internalization 274 

indicates that CgA promotes exocytosis-endocytosis coupling through its interaction with PA 275 

via its PABD. 276 

 277 

 278 

Discussion 279 

 280 

The RSP represents a fundamental cellular pathway that relies on precise membrane dynamics 281 

to sustain exocytosis in neurosecretory cells. We previously identified a direct interaction 282 

between CgA and PA using in vitro models and showed that this interaction contributes to SG 283 

biogenesis at the TGN, as evidenced by the reduction of SG number and the dense-core 284 

diameter decrease upon overexpression of CgA lacking its PABD9. Other studies further 285 

demonstrated that CgA modulates fusion pore behavior and governs CA release17,18. 286 
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 287 

In the present work, we extend these findings by showing that SG membrane-associated CgA 288 

interacts with PA at the plasma membrane to fine-tuning of CA storage and release, fusion pore 289 

expansion, and exocytosis-endocytosis coupling. Using complementary approaches including 290 

FLIM-FRET, TIRF-M, TEM, confocal microscopy, and carbon fiber amperometry, we 291 

analyzed CgA/PA interaction during regulated secretion and linked it to specific functional 292 

outcomes. Endogenous CgA was detected at exocytic sites after stimulation, and FLIM-FRET 293 

demonstrated that this localization reflects direct interaction with PA through the CgA PABD, 294 

marking this the first report of protein-lipid interaction monitored by FLIM-FRET in living 295 

cells using a relevant biocompatible probe20. Functionally, CgA-EGFP seems to be released 296 

slowly, consistent with previous observations in HEK293 and PC12 cells17, whereas deletion 297 

of the PABD led to markedly faster, more complete release. This difference suggests that CgA 298 

lacking PABD behaves more like a soluble neuropeptide, similar to neuropeptide Y27. The 299 

slower, partial evacuation of CgA-EGFP compared with the rapid, complete discharge of 300 

CgA∆PABD-EGFP demonstrates direct control of CgA exocytosis kinetics by CgA/PA 301 

interaction. 302 

 303 

Interestingly, while PABD deletion increased the number of CgA exocytic events in COS-7 304 

cells, it decreased the total number of CA spikes in chromaffin cells, consistent with a 305 

previously reported role for CgA composition in SG exocytosis18. While chromaffin cells co-306 

expressed several granins that are known to compensate the granulogenic function of CgA28, 307 

we propose that, in non-endocrine COS-7 cells, CgA overexpression drives SG biogenesis, 308 

whereas CgA∆PABD expression may generate leakage through the constitutive secretory 309 

pathway, as we previously demonstrated in this cell model in the absence of the granulogenic 310 

actor myosin 1b29, leading to increased CgA release in basal conditions. Alternatively, 311 

CgA∆PABD expression may also generate abnormal SG. Altered CgA/PA interaction may 312 

therefore reshape granule molecular composition, as CgA enrichment could favor PA 313 

accumulation, lipid remodeling, and SG formation. Supporting this view, CgA- and PLD1-314 

deficient mice display fewer and morphologically altered SG in chromaffin cells30,31. Thus, 315 

CgA/PA interaction likely regulates not only fusion dynamics but also CA release by 316 

modulating SG amount, size, and potentially the presence of transporters such as VMAT2 317 

involved in CA loading. 318 

 319 
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Consistent with this, carbon fiber amperometry revealed increased spike charge upon CgA-320 

EGFP overexpression, suggesting enhanced CA storage, in agreement with previous findings17. 321 

Importantly, CgA∆PABD overexpression failed to increase charge and reduced maximal spike 322 

amplitude. These findings suggest that CgA/PA interaction facilitates CA loading, possibly by 323 

influencing recruitment or activity of CA transporters like VMAT2. Moreover, CgA prolonged 324 

fusion pore lifetime, an effect that is absent with CgA∆PABD, showing that CgA/PA 325 

interaction also governs pore expansion. This observation aligns with a role for polyunsaturated 326 

PA species in establishing the initial fusion pore and defining release characteristics19,32. We 327 

propose that CgA/PA interaction stabilizes the omega-shaped intermediate during exocytosis, 328 

thereby enabling adaptive control of neuropeptide and CA release according to physiological 329 

demand33. In line with previous hypotheses18, our findings support a hypothetical model in 330 

which CgA (i) interacts with the highly curved fusion pore, (ii) engages inner leaflet lipids of 331 

the SG membrane, and (iii) shapes SG composition during biogenesis, mechanisms that likely 332 

coexist in neurosecretory cells expressing CgA. 333 

 334 

Because SG membrane components remain clustered after fusion and are selectively retrieved 335 

through compensatory endocytosis25,34, we further investigated the role of the CgA/PA 336 

interaction in exocytosis-endocytosis coupling. In chromaffin cells, we detected membrane 337 

associated CgA with multiple makers of exocytic spots and observed stimulation dependent 338 

CgA internalization. Moreover, following CgA-EGFP overexpression, DBH internalization is 339 

increased only during the 3 min cell stimulation, but quickly caught up after 5 min chase, this 340 

effect was not observed with the PABD deleted CgA-EGFP mutant. Hence, this suggests that 341 

CgA/PA interaction promotes coordinated retrieval. This interpretation is supported by reports 342 

that clathrin and dynamin interact with mono- and polyunsaturated PA14,20. Thus, CgA/PA-343 

dependent coupling may be essential to preserve plasma membrane homeostasis, regulate 344 

secretion kinetics, and recycle SG components for subsequent rounds of fusion. 345 

 346 

Together, our findings identify CgA as a central regulator of membrane dynamics through its 347 

interaction with PA, spanning SG biogenesis at the TGN to exocytosis-endocytosis coupling at 348 

the plasma membrane. This proteo-lipid interaction orchestrates the fine control of SG content 349 

release during neurosecretion and provides mechanistic insights into pathological contexts 350 

characterized by altered CgA levels, PA synthesis, and/or CA secretion, including 351 

neurodegenerative diseases35,36 and tumorigenesis37,38. Future work should unravel how CgA, 352 
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PA and associated membrane components dynamically cooperate to regulate neurosecretion, 353 

paving the way toward novel targeted therapeutic strategies. 354 

 355 

 356 

Methods 357 

 358 

Cell culture  359 

Primary culture of bovine chromaffin cells 360 

Chromaffin cells were obtained from adrenal glands of bovines aged 6 to 24 months, collected 361 

from a local slaughterhouse (according to authorization n°1069/2009 DDPP76/SPAE). After 362 

removing the surrounding fat and connective tissue from these glands, they were rinsed with 363 

75% ethanol and then placed in cold Dulbecco's Modified Eagle's Medium (DMEM, Gibco, 364 

Thermo Fisher Scientific) with a mix of antibiotics and fungicids (Anti-Anti, Gibco, Thermo 365 

Fisher Scientific). The adrenal vein was first perfused with approximately 30 mL of Hank's 366 

Balanced Salt Solution (HBSS, Gibco, Thermo Fisher Scientific) to remove blood from the 367 

vasculature. Then, each gland was digested with an enzymatic solution containing Clostridium 368 

histolyticum Collagenase P (Roche), DNAse (Gibco, Thermo Fisher Scientific) and trypsin 369 

(Sigma-Aldrich) (0.75 mg/0.62 mg/22.5 U per ml respectively), for 30 min at 37°C, with 370 

stirring, before being dissected in order to separate the cortical and medullary parts. The adrenal 371 

medulla was then dissociated mechanically via aspirations / repressions. A last incubation of 372 

the minced adrenal medulla with the enzymatic solution was carried out for 10 min at 37°C 373 

with stirring. A further dissociation was carried out by filtration through a 1 mm sieve, followed 374 

by the suppression of the enzymatic solution by centrifuging for 8 min at 500 g. The obtained 375 

cell pellet was taken up in DMEM containing 1 % Anti-Anti and filtered through a sieve of 217 376 

μm in diameter mesh and then through a 100 μm filter (Cell Strainers, Dutscher) to remove 377 

residual cell aggregates. Deletion of remaining red blood cells was permitted by their hypotonic 378 

bursting using cold water during 10 s, followed by immediate addition of 30 mL of DMEM 379 

supplemented with 1% Anti-Anti at 37°C, before another centrifugation of the cell suspension 380 

for 5 min at 500 g. After removing the supernatant, chromaffin cells were taken up in complete 381 

DMEM medium containing 5% Fetal Bovine Serum (FBS, Sigma-Aldrich), 2.5% sterile-382 

filtered HyClone Donor Equine serum (GE Healthcare, Life Sciences), 4 mM L-glutamine 383 

(Gibco, Thermo Fisher Scientific) and 100 μg/mL primocin (InvivoGen), distributed in T75 384 

flasks and incubated for at least 1 h (37°C, 5% CO2). This seeding allows for the isolation of 385 



 13

chromaffin cells from other cell types of the adrenal medulla such as fibroblasts, endothelial 386 

and cortical cells. Indeed, “non-chromaffin” cells adhere much more quickly than chromaffin 387 

cells to plastic substrates39–41. Then, the chromaffin cells-containing fraction was recovered and 388 

centrifuged, the pellet was taken up in 10 mL of complete DMEM and cells were counted using 389 

a Neubauer cell. Chromaffin cells were then distributed at a rate of 100 000 cells per well in 390 

24-well plates containing glass coverslips previously coated with a mixture of poly-L-Lysine 391 

(20 μg/mL, 1h) and collagen I (200 μg/mL, overnight) for immunofluorescence studies. For 392 

CgA externalization and internalization studies, 10 000 000 cells were distributed in T75 flasks 393 

previously coated with poly-L-lysine (20 μg/mL, 1 h). Cultures were maintained for 24 h at 394 

37°C, 5% CO2 and then the medium was renewed with complete DMEM supplemented with a 395 

mixture of antimitotics (10 μM of cytosine arabinoside and 10 μM of 5-fluoro-cytarabine, 396 

Sigma-Aldrich). The experiments were performed between 3 and 6 days after chromaffin cell 397 

seeding. For CgA overexpressing chromaffin cells (carbon fiber amperometry and exocytosis-398 

endocytosis coupling experiments), cells were isolated and cultured as previously described 399 

prior to nucleofection20. 400 

 401 

Culture of COS-7 cell line 402 

African green monkey kidney fibroblast-derived COS-7 cells (American Type Culture 403 

Collection; CRL 1651) were cultured in Dulbecco's Modified Eagle's Medium (DMEM, Gibco, 404 

Thermo FisherScientific) supplemented with 5% fetal bovine serum (FBS, Sigma-Aldrich), 100 405 

U/mL penicillin, 100 µg/mL streptomycin (Gibco, Thermo FisherScientific). Cells were 406 

maintained at 37°C in 5% CO2. For FLIM-FRET and TIRF-M experiments, 35 000 cells were 407 

plated in 35-mm glass bottom dishes (P35G-1.5-20C; MatTek Corporation) coated with 3% 408 

poly-L-lysin (Sigma-Aldrich). 409 

 410 

Antibodies 411 

For immunofluorescence, primary antibodies used were rabbit monoclonal anti-CgA (MA5-412 

14536; Thermo Fisher Scientific) (1:150 for living cells and 1:250 for fixed cells), rabbit 413 

polyclonal anti-CgA (WE-14)42 (1:500), mouse monoclonal anti-VMAT2 (sc-374079, Santa 414 

Cruz Biotechnology) (1:100). Secondary antibodies used were Alexa-488-conjugated donkey 415 

anti-rabbit IgG; Alexa-594-conjugated donkey anti-mouse IgG (Invitrogen) (1:500). For 416 

electron microscopy, primary antibodies used were mouse monoclonal anti-DBH (clone 417 

4F10.2, EC.1.14.17.1: DBH, Merck Millipore) (1:50) and rabbit polyclonal anti-CgA (WE-14) 418 

(1:100). Same antibodies against DBH were also used for exocytosis-endocytosis coupling 419 
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(1:200) and revealed using goat anti-mouse Alexa-555 (1:1000) conjugated secondary 420 

antibodies (Invitrogen). 421 

 422 

Plasmids and transfection 423 

CgA-EGFP plasmid (pCgA-EGFP-N2) was provided by M.Courel (UPMC, Paris, France). 424 

PABD deletion (pCgA∆PABD-EGFP) was performed as described previously 9. Concerning 425 

the pCgA- and pCgA∆PABD-pHluorin, the original expression vectors are pCgA-EGFP and 426 

pCgA∆PABD-EGFP already mentioned where the EGFP encoding sequence has been removed 427 

and replaced by a superecliptic pHluorin sequence synthetized and cloned between SacII and 428 

NotI restriction sites by Genscript. pMAX-EGFP plasmids used as a control. For pCgA-mKate2 429 

and pCgA∆PABD-mKate2 plasmids, EGFP was removed from pCgA-EGFP and 430 

pCgA∆PABD-EGFP with the specific enzymes (NotI and SacII). Gblocks® sequence coding 431 

for mKate2 was synthesized by IDT®. Ligation of mKate2 Gblocks® sequence with plasmids 432 

were done with a 1:3 ratio with a T4 ligase to transform Top10 bacteria. Plasmid purifications 433 

were done with the Macherey-Nagel NucleoSpin Plasmid® kit. All constructs were verified by 434 

restriction enzyme digestion and DNA sequencing. 435 

COS-7 cells have been transfected with 0.8 µg of DNA plasmids coding for the human CgA 436 

coupled with EGFP (CgA-EGFP) or mKate2 (CgA-mKate2) or for the human CgA devoid of 437 

the PABD domain and coupled with GFP (CgA∆PABD-EGFP) or mKate2 (CgA∆PABD-438 

mkate2), and 1.6 µL of Lipofectamine 2000 (Invitrogen) per petri dishes according to the 439 

manufacturer’s protocol. Five hours after transfection, cell medium was replaced by 37°C 440 

DMEM supplemented with 5% FBS. Cells were maintained for two days at 37°C and 5% CO2 441 

before experiments. 442 

Bovine chromaffin cells were directly transfected after their isolation. 8,000,000 cells per 443 

transfection point were resuspended in a DMEM low glucose medium without antimitotics and 444 

antibiotics supplemented with 1 mM L-glutamine and 10% FBS. Nucleofection was performed 445 

by using the primary-neuron AMAXA transfection kit (Lonza) according to the manufacturer’s 446 

protocol using program X-001. 5 µg of CgA-EGFP or CgA∆PABD-EGFP and 3 µg of GFP 447 

encoding plasmid were used. After electroporation, cells were resuspended in DMEM low 448 

glucose medium without antimitotic and antibiotic supplemented with 1 mM L-glutamine and 449 

10% FBS and dispatched in bovine fibronectin (Sigma-Aldrich) coated 12 mm coverslips with 450 

1/8 of the total volume per coverslip for DBH internalization experiments, or 35 mm petri 451 

dishes with 20 mm glass diameter (MatTek). Following seeding, medium was supplemented 452 

after 5 h with a twice concentrated antimitotic and antibiotic medium (1:1 v/v ratio). The 453 
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following day, medium was replaced with classical chromaffin cell culture medium (low 454 

glucose DMEM supplemented with 1 mM L-glutamine, 10% FBS, 10 µM fluorodesoxyuridine, 455 

10 µM cytosine arabinoside and 100 µg/mL primocin) to remove dead cells (around 70-80% 456 

mortality rate), then cells were maintained for 24-48 h at 37°C and 5% CO2 before experiments. 457 

 458 

Immunofluorescence studies 459 

Chromaffin cells were rinsed twice with Locke's solution (140 mM NaCl, 4.7 mM KCl, 2.5 460 

mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, 11 mM glucose and 15 mM HEPES, pH 7.4) 461 

then incubated for 5 min at 37°C in Locke's solution (control) or with Locke's solution 462 

containing 40 μM ACh (stimulated). After rinsing with Locke's solution, living cells were 463 

incubated for 45 min at 4°C with anti-CgA in Locke's solution containing 0.2% fatty acid free 464 

BSA (Sigma-Aldrich). Following the incubation, cells were rinsed twice with Locke's solution 465 

and then fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich) in PBS for 15 min at 4°C 466 

before two 5 min with PBS rinses. Then, cells were permeabilized and blocked for 30 min with 467 

0.3% Triton X-100 (Thermo Fisher Scientific), in PBS containing 5% of normal donkey serum 468 

(Sigma-Aldrich) (1:50) and 1% of BSA. Cells were then incubated for 2 h, at room temperature, 469 

with anti-VMAT2 antibodies, and for 1 h with secondary antibodies. Nuclei were stained with 470 

DAPI (4′,6-diamidino-2-phenylindole, Molecular probes) (1 µ/mL). To verify the specificity of 471 

the immunoreactions, primary or secondary antibodies were substituted with PBS. 472 

Immunocytochemistry experiments were observed with an upright confocal microscope TCS-473 

SP8 equipped with a 63X oil immersion objective (NA = 1.4; Leica, Microsystems). Alexa-488 474 

was excited at 488 nm and observed in a 505-540 nm window. Alexa-594 was excited at 594 475 

nm and observed in a 600-630 nm window. 476 

 477 

Plasma membrane sheets 478 

To label DBH and CgA present at the surface of cells undergoing exocytosis, cells were 479 

stimulated for 5 min with 20 µM nicotine and fixed with 2% PFA in PBS during 10 min at 4°C. 480 

After washing with PBS and blocking in PBS with 1% BSA and 1% acetylated BSA 3 h at 481 

37°C, cells were incubated with anti-CgA and anti-DBH overnight at 4°C. Then the samples 482 

were washed 6 times with PBS and incubated 3 h with 10 nm gold particle-conjugated goat 483 

anti-rabbit IgG and 15 nm gold particle-conjugated goat anti-mouse IgG (Aurion). After 6 484 

washes with PBS, plasma membrane sheets were prepared and processed as previously 485 

described23. Briefly, carbon coated Formvar films on nickel electron grids were inverted onto 486 

labelled cells, pressure was applied to the grids with a cork for 20 s, then the grids were lifted 487 
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so that the fragments of the upper cell surface adhered to the grid. These membrane fragments 488 

were fixed in 2.5% glutaraldehyde in PBS, post-fixed with 0.5% OsO4, dehydrated in a graded 489 

ethanol series, treated with hexamethyldisilazane (Sigma-Aldrich), air-dried and observed 490 

using a Hitachi 7500 transmission electron microscope. 491 

 492 

FLIM-FRET 493 

COS-7 cells were transfected with plasmids coding for CgA-mKate2 or CgA∆PABD-mKate2. 494 

The media was replaced by a Dulbecco’s Modified Eagle's Medium without phenol red (Gibco, 495 

Thermo Fisher Scientific) supplemented with 5% FBS (Sigma-Aldrich) and HEPES (Cytiva) 496 

one hour before the beginning of the experiments. Cells were stimulated with a 2 mM BaCl2 497 

solution for 5 min at 37°C. After rinsing, cells were incubated with a 3x30 s sonicated solution 498 

of 3 µM ATTO647N-coupled PA 36:1 probe20 during 5 min at 37°C. Then, the medium was 499 

removed to avoid the cell saturation with the PA probe, and cells were observed using a Stellaris 500 

8 inverted confocal laser scanning microscope (STELLARIS 8 FALCON, Leica Microsystems, 501 

Nanterre, France) equipped with a white light laser (WLL) (440-790 nm), hybrid detectors HyD 502 

type X (HyDX), an 86X objective (HC PL APO 86x/1,20 W CORR CS2) for living cell 503 

acquisition, a conventional scanner (600 Hz and 512x512) and Airy 1 pinhole. A full bold line 504 

Okolab chamber (Ottaviano, Italy) installed on the inverted microscope was used to keep the 505 

temperature at 37°C and CO2 at 5% during image acquisition. The fast integrated FLIM module, 506 

so called FAst Lifetime CONtrast (FALCON, Leica Microsystems), was used for FRET-FLIM 507 

analysis as it allows to democratize the study of molecular interactions43. The donor’s lifetime 508 

was measured from Phasor plot mode, after WLL activation with 6% power at 570 nm, and 509 

HyDX detector was set in a 580 nm-641 nm window in photon counting mode. FLIM module 510 

was activated for the determination of fluorescence lifetime with 1-3 lines repetition to reach a 511 

minimum of 50 000 photons per image. The mean life-time has been measured at the whole 512 

cell, as well as at regions of interest (ROI) drawn at the level of the plasma membrane and 513 

secretory granules. For classical confocal imaging, WLL was set at 6% at 570 nm and HyDX1 514 

detector was set in a 580 nm-641 nm window, and WLL was set at 0.5% at 647 nm and HyDX4 515 

detector was set in a 660 nm-712 nm window. As a control, the acceptor’s (PA-ATTO647N) 516 

lifetime has also been measured to make sure that it doesn’t overlap with that of the donor 517 

(Supplemental Figure 5). For image acquisition, appropriate zoom factor and pixel size were 518 

set in coherence with samples.  519 

 520 

  521 
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TIRF-M 522 

Cell medium was replaced at least 3 h before experiments by a Dulbecco’s Modified Eagle's 523 

Medium without phenol red (Gibco, Thermo Fisher Scientific) supplemented with 5% FBS 524 

(Sigma-Aldrich) and HEPES (Cytiva). Cells were stimulated after the beginning of recording 525 

with a 2 mM BaCl2 solution. Cells were observed using a Leica DMI6000B inverted 526 

microscope, in a thermostat-controlled chamber at 37°C, coupled with a 100X apochromatic 527 

oil immersion lens with a large numerical aperture (1.46) (HCX PL APO; Leica), EM-CCD 528 

(Electron Multiplying Charge-Coupled Device) C9100 with a 512x512 pixels resolution, and a 529 

488 nm laser. The TIRF angle was set to obtain an evanescent field with a 90 nm penetration 530 

depth. The acquisition speed was set at 1 image each 250 ms (4 Hz). Photobleaching controls 531 

have been carried out (Supplemental Figure 6). Videos were analyzed through the FIJI 532 

software with a homemade macro and data were converted and normalized with a homemade 533 

Rstudio software macro. Areas under curves have been calculated with the GraphPad Prism 8 534 

software. 535 

 536 

Carbon fiber amperometry 537 

CA secretion was quantified 48 to 72 h post electroporation. Chromaffin cells were washed 538 

twice with ascorbate free Locke’s medium (140 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 539 

mM KH2PO4, 1.2 mM MgSO4, 11 mM glucose, 10 µM EDTA and 15 mM HEPES, pH adjusted 540 

to 7.5). Transfected cells were detected using their EGFP signal with a 490 nm LED 541 

illumination (CoolLED). Upon finding a transfected cell, a 5 mm carbon fiber electrode (ALA 542 

scientific instruments) was positioned next to the individual recorded cell. Redox potential of 543 

the fiber was held at +650 mV compared to an Ag/AgCl reference electrode immersed in the 544 

medium. CA secretion was induced with a 10 s puff from a Femtotips micropipette (Eppendorf) 545 

containing a 100 mM K+ solution (44 mM NaCl, 100 mM KCl, 2.5 mM CaCl2, 1.2 mM 546 

KH2PO4, 1.2 mM MgSO4, 11 mM glucose, 10 µM EDTA and 15 mM HEPES, pH adjusted to 547 

7.2). Cells were recorded for 60 s with an AMU130 amplifier (Radiometer Analytical), 548 

calibrated at 5 kHz, and digitally low pass filtered at 1 kHz. Analysis of individual exocytosis 549 

events was performed on Igor (WaveMetrics) using a macro as reported previously32. Only cells 550 

having produces at least 2 analyzable spikes were considered. All identified spikes with an 551 

amplitude over 5 pA were visually inspected for overlap or irregular shape. Non-analyzable 552 

spikes were not considered for individual spike parameters but counted for total spikes per cell. 553 

Feet parameters were obtained by quantifying the initial inflexion of spikes following a 50 Hz 554 

filtration, only feet with an amplitude of at least 2 pA were taken into consideration. 555 
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 556 

Exocytosis-endocytosis coupling experiments 557 

For the study of CgA internalization, chromaffin cells were washed twice with Locke’s 558 

solution. Cells were incubated for 5 min with 37°C, 40 µM ACh solution (stimulated) or 559 

Locke’s solution. Then, cells were incubated at 4°C for 45 min with anti-CgA antibody. Cells 560 

were then washed with Locke’s solution once and incubated for 5 min at 37°C in Locke’s 561 

solution. Coverslips were fixed with a 4% PFA in PBS during 15 min. After fixation, cells were 562 

permeabilized and blocked for 25 min at 37°C using 1% BSA in PBS containing 5% of normal 563 

donkey serum (Sigma-Aldrich) and 0.3% Triton X-100 before a 1 h incubation at 37°C with a 564 

donkey anti-rabbit-Alexa-488 in 1% BSA in PBS. Nuclei were stained with DAPI (1 µg/mL). 565 

To verify the specificity of the immunoreactions, primary or secondary antibodies were 566 

substituted with PBS. Immunocytochemistry experiments were observed with an upright 567 

confocal microscope TCS-SP8 equipped with a 63X oil immersion objective (NA = 1.4; Leica, 568 

Microsystems). Alexa-488 was excited at 488 nm and observed in a 505-540 nm window. 569 

For the study of DBH internalization, transfected chromaffin cells were washed twice with 570 

Locke’s solution. Then, cells were incubated for 3 min with 37°C, 59 mM K+ solution (85.7 571 

mM NaCl, 59 mM KCl, 2.5 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, 11 mM glucose, 572 

560 µM ascorbic acid, 10 µM EDTA and 15 mM HEPES, pH adjusted to 7.2) (stimulated) or 573 

Locke’s solution (resting) containing anti DBH antibody. Following stimulation, cells were 574 

washed once with Locke’s solution and immediately fixed with a 4°C PBS-PFA 4% solution 575 

(Electron Microscopy Sciences) for 12 min. Then cells were permeabilized for 10 min with a 576 

0.1% Triton X-100 PBS-PFA 4% solution at room temperature, followed by five PBS washes. 577 

All samples were blocked at 37°C for 1 h using in PBS containing 3% BSA and 10% goat 578 

serum (Sigma-Aldrich) before a 1 h incubation at 37°C with a goat anti-mouse-Alexa-555 in 579 

PBS containing 3% BSA. Cortical actin was stained with a 20 min incubation of phalloidin-580 

ATTO647N (ThermoScientific) and coverslips were mounted on microscopy slides using a 581 

Mowiol 4-88 mounting medium (MilliporeSigma). 582 

Cells were observed using an inverted confocal SP5II equipped with a 63X oil immersion 583 

objective (NA = 1.4; Leica, Microsystems) via the LAS AF software in sequential scanning, 584 

resolution was set at 512x512 pixels, a bit rate of 8, a sixfold zoom and a pinhole of 1 Airy 585 

Unit. EGFP (transfection control, CgA-EGFP and CgAΔPABD-EGFP) was stimulated with a 586 

490 nm emitting laser, Alexa-555 (DBH staining) was stimulated with a 561 nm laser and 587 

ATTO647N was visualized with a 633 nm laser. Images were analyzed on the ICY software 588 

with a homemade macro to detect a peripherical zone of 800 nm width from the actin cortex44. 589 
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For external DBH signal, the mean pixel intensity was measured in the peripheral area was 590 

measured. Finally, quantification of DBH internalization was performed by calculating the 591 

proportion of internalized DBH vs the total amount of DBH per cell. 592 

 593 

Statistical analysis, graphic presentation and illustrations 594 

Statistical analysis was performed on Graphpad Prism 8 software by performing non-parametric 595 

Kruskall-Wallis test or Mann-Whitney test. Graphs were produced on the same software. All 596 

plots and described data represent mean ± SEM. 597 

Figures 1a, 2a and c, 5b and Figure 7 were produced on Biorender.com. 598 

 599 

Code availability 600 

All the codes used for analyzing TIRF-M data are deposited in 601 

https://github.com/berarcar/CodeMacros 602 

 603 
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Figure legends 761 

Figure 1. CgA interacts with PA at the plasma membrane after regulated exocytosis 762 

(a) Schematic showing the experimental plan for CgA/PA interaction monitoring in living cells 763 

by the FLIM-FRET technique. Following the overexpression of CgA- or CgA∆PABD-mKate2 764 

in COS-7 cells, their secretion was induced during 5 min using a BaCl2 solution. Then cells 765 

were washed and incubated 5 min with PA-ATTO647N. (b) Principle of FLIM-FRET technique 766 

to track the lifetime of the fluorescence donor (mKate2) without or with CgA/PA-ATTO647N 767 

interaction. The more CgA-mKate2 interacts with PA, the more the lifetime of mKate2 768 

decreases due to its energy transfer to the acceptor fluorophore (ATTO647N). (c) Confocal 769 

observations of COS-7 cells overexpressing CgA-mKate2 or CgA∆PABD-mKate2 (green) 770 

after secretion stimulation and incubation with the PA-ATTO647N probe (magenta). Scale 771 

bars: 10 µm. The regions delimited by a white square on left images are enlarged to show the 772 

distribution of each fluorescent molecule. Scale bars: 2 µm. (d) Confocal observations of COS-773 

7 cells overexpressing CgA-mKate2 or CgA∆PABD-mKate2, after cell incubation with PA-774 

ATTO647N, showing the intensity of mKate2 fluorescence (grey), and mKate2 lifetime 775 

between 3 and 1.8 ns (rainbow color bar). The regions delimited by a white square are enlarged 776 

to show mKate2 lifetime at the plasma membrane. Scale bars: 5 µm. (e) Representative phasor 777 

plots showing the CgA-mKate2 lifetime at the level of the whole image and at the plasma 778 

membrane zone. Green line corresponds to 2.4 ns and yellow line to 2 ns, used as visual 779 

landmarks. (f) Representative phasor plot showing the CgA∆PABD-mKate2 lifetime at the 780 

level of the whole image. Green line corresponds to 2.4 ns and yellow line to 2 ns, used as 781 

visual landmarks. (g) Quantification of CgA-mKate2 or CgA∆PABD-mKate2 lifetime at the 782 

level of the plasma membrane (PM) or secretory granule (SG) without (-) or with (+) PA-783 

ATTO647N. nd: not detected. Kruskall-Wallis test * p<0,05, each point representing the mean 784 

mKate2 lifetime in a ROI at the PM or SG level of 2 to 3 cells. 785 

 786 

Figure 2. CgA is localized at exocytic sites after regulated secretion 787 

(a) Schematic showing the experimental procedure for the incubation of living chromaffin cells 788 

with anti-CgA antibody, then fixed and processed for immunofluorescence with Alexa-488-789 

conjugated secondary antibody to examine CgA at the plasma membrane. (b) Representative 790 

confocal images of chromaffin cells in resting condition (CTL) or stimulated (STIM) with 791 

acetylcholine (40 µM) for 10 min. Plasma membrane images are shown and were used to 792 

automatically quantify the number of CgA-positive exocytic sites. Values for this number are 793 

plotted as the means ± SEM (n=6, 90 cells per condition). Each point represents one analyzed 794 
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cell and are color coded according to experimental repeat. ***p < 0.0001, Mann-Whitney test. 795 

Scale bars: 10 µm. (c) Schematic showing the experimental procedure for the incubation of 796 

living chromaffin cells, in resting condition (CTL) or stimulated (STIM) conditions, with anti-797 

CgA antibody, then fixed and processed for immunofluorescence with VMAT2 antibody. Anti-798 

CgA antibody was revealed with Alexa-488-conjugated secondary antibody, and anti-VMAT2 799 

antibody was revealed with Alexa-594-conjugated secondary antibody. (d) Observations using 800 

confocal microscopy of chromaffin cells in resting (CTL) or stimulated (STIM) conditions. 801 

White arrows show representative CgA and VMAT2 colocalized exocytic sites. Values for the 802 

number of CgA/VMAT2 positive exocytic sites are plotted as mean ± SEM (n=4 independent 803 

experiments with a total of 59 cells in resting condition and n=5 independent experiments with 804 

a total of 63 analyzed cells in stimulated condition). Each point is one analyzed cell and each 805 

color is an independent experiment. ****p < 0.0001, Mann-Whitney test. Scale bars: 10 µm. 806 

The regions delimited by a white square on left images are enlarged to show the distribution of 807 

each fluorescent molecule. Scale bars: 5 µm. (e) Electron microscopy of dual staining of CgA 808 

(10-nm gold beads, red arrows) and DBH (15-nm gold beads, purple arrows) on the outer face 809 

of the plasma membrane sheets obtained from nicotine-stimulated bovine chromaffin cells. 810 

Quantification of CgA/DBH and DBH/CgA colocalizations at exocytic sites are plotted as a 811 

percentage of the plasma membrane staining (65 cells analyzed from 3 independent 812 

experiments). Each point in the plot is one analyzed cell and each color is an independent 813 

experiment. Scale bars: 100 nm. 814 

 815 

Figure 3. CgA interaction with PA through its PABD governs its regulated secretion 816 

(a) TIRF-M imaging of COS-7 cells overexpressing and secreting CgA- and CgA∆PABD-817 

pHluorin after 2 mM BaCl2 stimulation. SG leading to exocytic events on whole cells are 818 

surrounded and indicated by yellow arrows. Scale bars: 10 µm. Below are represented typical 819 

images of CgA- or CgA∆PABD-pHluorin exocytosis events. (b) Quantification of the number 820 

of exocytosis events in COS-7 cells overexpressing CgA-pHluorin and CgA∆PABD-pHluorin 821 

after their stimulation. (n=4 independent experiments; 8 cells in CgA condition and 7 cells in 822 

CgA∆PABD condition). Data are represented as mean ± SEM. Each point is one analyzed cell 823 

and each color is an independent experiment. **p < 0.01, Mann-Whitney test. (c) Typical 824 

images of CgA-EGFP or CgA∆PABD-EGFP exocytosis events. Scale bar: 500 nm. (d) Curves 825 

represent the normalized variation of the fluorescence intensity of single exocytic events during 826 

10 s from CgA-or CgA∆PABD-EGFP overexpressing COS-7 cells after 2 mM BaCl2 827 

stimulation. The mean ± SEM of 75 exocytosis of 5 different CgA-EGFP overexpressing cells 828 
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in 3 independent experiments and the mean of 65 exocytic events of 7 different CgA∆PABD-829 

EGFP overexpressing cells in 3 independent experiments. Data have been normalized between 830 

0 (before exocytosis) and 1 (maximum intensity). (e) Plot representing the mean ± SEM of area 831 

under curves from CgA-EGFP or CgA∆PABD-EGFP secretion kinetic. Each point represents 832 

one exocytosis event, and one color represents one analyzed cell. ****p < 0.0001, Mann-833 

Whitney test.  834 

 835 

Figure 4. CgA/PA interaction controls catecholamine secretion 836 

(a-c) Representation of a typical amperometrical trace obtained from chromaffin cells 837 

transfected with EGFP (a), CgA-EGFP (b) or CgAΔPABD-EGFP (c). Cells were stimulated 838 

with a puff of 100 mM depolarizing K+ solution indicated by the black bar under each recording. 839 

Only the first 30 s of the 60 s recordings are shown. (d) Plots representing the mean ± SEM of 840 

total spikes produced per cell (n>60 cells analyzed per condition from 3 independent cultures). 841 

(e) Description of the different individual spike parameters measured during individual spike 842 

analysis. (f-h) Plots representing the mean ± SEM of spike charge (f), spike half-life (g) (n>415 843 

spikes analyzed per condition from 3 independent cultures) and feet duration (h) (n>60 feet 844 

analyzed per condition from 3 independent cultures) of cells overexpressing EGFP, CgA-EGFP 845 

or CgA∆PABD-EGFP. For all plots, ns: non-significant, *p<0.05, **p<0.01 ****: p<0.0001, 846 

Kruskall-Wallis followed by Dunnett’s multiple comparisons test. Each dot on the plots 847 

represents an individual measure from a cell, spike or feet. Dots are colored according to 848 

experimental repeat. 849 

 850 

Figure 5. Plasma membrane-interacting CgA is internalized after regulated exocytosis 851 

(a) Electron microscopy of membrane sheets from bovine chromaffin cells stimulated with 20 852 

µM nicotine showing dual labelled DBH (15-nm gold beads, purple arrows) and CgA (10-nm 853 

gold beads, red arrows) vesicular structures with distinct size associated to plasma membrane. 854 

Scale bars: 100 nm. (b) Experimental protocol used for monitoring CgA internalization in living 855 

chromaffin cells. (c) Representative confocal images of chromaffin cells in resting condition 856 

(CTL) or stimulated (STIM) with 40 µM acetylcholine, incubated with anti-CgA antibody at 857 

4°C during 45 min and then maintained at 37°C during 5 min. Cells were then fixed and 858 

processed for immunofluorescence with Alexa-488-conjugated secondary antibody to examine 859 

CgA recapture. Scale bars: 10 µm. Plot represents the quantification of endocytosed CgA-860 

positive structures (analysis of 92 cells for the resting condition and 94 cells for the stimulated 861 
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condition from 7 independent experiments). Each point is one analyzed cell and each color is 862 

an independent experiment. ****p < 0.0001, Mann-Whitney test.  863 

 864 

Figure 6. CgA/PA interaction impacts exocytic spots and their internalization 865 

(a-b) Representative confocal images of chromaffin cells overexpressing EGFP, CgA-EGFP or 866 

CgA∆PABD-EGFP: cells were kept in resting (a) or stimulated (59 mM K+) (b) conditions with 867 

anti-DBH antibody for 3 min at 37°C. Cells were stained with phalloidin to segment their 868 

periphery (green: EGFP; magenta: DBH; blue: actin). (c) Plots representing the mean DBH 869 

intensity in the peripheral region (800 nm from the actin cortex) of resting and stimulated cells. 870 

Data are represented as mean ± SEM, and each dot represents a measure from a single cell, dots 871 

are also colored depending on experimental repeat (n>57 cells analyzed per condition from 3 872 

independent cultures). ns: non-significant, **p<0.01 ****: p<0.0001, Kruskall-Wallis followed 873 

by Dunnett’s multiple comparisons test. (d-e) Representative confocal images of chromaffin 874 

cells overexpressing EGFP, CgA-EGFP or CgA∆PABD-EGFP: cells were stimulated with 59 875 

mM K+ for 3 min with anti-DBH antibody and left for 0 min (d) or 5 min (e) in Locke’s solution 876 

at 37°C. (f) Quantification of the proportion of internalized DBH signal compared to the total 877 

DBH signal in cells (at least 800 nm inwards from the cortical actin cortex). Data are 878 

represented as mean ± SEM, and each dot represents a measure from a single cell, dots are 879 

colored depending on experimental repeat (n>43 cells analyzed per condition from 3 880 

independent cultures). ns: non-significant, **p<0.01 ****: p<0.0001, Kruskall-Wallis followed 881 

by Dunnett’s multiple comparisons test. Scale bars: 10 µm. 882 
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