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encadré pendant 4 ans et tu m’as suivi pas a pas dans mon apprentissage de la recherche 

avec tes qualités scientifiques et humaines. Je veux bien profiter de cette occasion pour 

t’exprimer mes sincères remerciements pour ta confiance et les libértés que tu m’as 
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Valérie CALCO, pour ton aide à la culture des cellules PC12. 
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Introduction 

Chapter 1: The V-ATPase 

 

1.1 A short historical point on V-ATPase 

 
The fact that some compartments of the eukaryotic cell are acidic is known since the 

60’s. The chemo-osmotic theory established that this accumulation of protons on one 

side of a biological membrane is a source of free energy [Mitchell, 1961]. This energy 

can be used for example by the F-ATPase of the inner membrane of mitochondria to 

produce ATP or by co-transporters, for the accumulation of solutes against their 

concentration gradient. However, the molecular aspects of proton transport against 

their concentration gradient were little known at that time. 

 

It is through pharmacological approaches that different ATPases capable of 

transporting protons through a lipid membrane against their concentration gradient 

have been identified. F-ATPase, also known as ATP-synthase or V-complex of the 

electron transfer chain of mitochondria, is capable of hydrolyzing ATP. However, its 

main role is to use proton transport through the inner membrane of mitochondria to 

produce ATP. A second subgroup of H+-ATPase was revealed by its sensitivity to the 

phosphatase inhibitor vanadate. These proton pumps were called pH-ATPases and a 

member of this family is, for example, the H+/K+ -ATPase of secretory cells of the 

stomach.  

 

Finally, a class of vacuolar ATPases has been identified through their sensitivity to 

Bafilomycin-A [Bowman et al., 1988]. They are expressed in all eukaryotic cells and are 

essential for survival. V-ATPases are present in the membrane of many cellular 

compartments allowing proton accumulation in their lumen, forming an 

electrochemical gradient of protons between interior and exterior of acidic organelles. 
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1.2 Structure and function 
The Vacuolar-type H+-ATPase or V-ATPase is a multi-protein complex that forms a 

highly conserved evolutionarily enzyme in eukaryotic organisms [Nelson et al., 2000]. 

V-ATPases have remarkably diverse functions as they acidify many intracellular 

organelles. Indeed, the V-ATPase forms a proton pump that crosses membranes and 

translocate proton into intracellular organelles after the hydrolysis of ATP.  

 

V-ATPases are found at the membranes of many organelles, such as lysosomes, 

endosomes and secretory vesicles in different tissues, where they play a variety but 

important roles for their functions. For example, an H+/Ca2+ antiporter system drives 

calcium uptake into the vacuole in yeast by the proton gradient across the yeast 

vacuolar membrane that is generated by V-ATPases [Ohya et al., 1991]. In synaptic 

transmission in neuronal cells, V-ATPase acidifies synaptic vesicles in order to the 

filling of neurotransmitters [Wienisch and Klingauf, 2006]. V-ATPases are also found in 

the plasma membranes of various cells such as osteoclasts, intercalated cells of the 

kidney, neutrophils, macrophages, sperm, and certain tumor cells [Izumi et al., 2003]. 

V-ATPases are involved in processes of pH homeostasis, coupled transport, and tumor 

metastasis. The translocation of protons onto the bone surface produced by V-ATPases 

in the osteoclast plasma membrane is needed for bone resorption. In the intercalated 

cells of the kidney, protons are pumped into the urine by V-ATPase, in order to allow 

bicarbonate reabsorption into the blood. The acidification produced by V-ATPase in the 

acrosomal membrane of sperm activates proteases that is required for drilling through 

the plasma membrane of the egg (Figure 1). 

 

As multi-protein complexes, the V-ATPases are constituted by two major domains; 

a transmembrane domain called V0, directly responsible for the translocation of 

protons and another domain V1 that hydrolyses ATP, providing the energy needed for 

proton translocation across membranes (Figure 2). Each of these two domains is 

actually constituted by the assembly of several different sub-units (Figure 2, Table 1). 
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Figure 1: Physiological role of V-ATPase (from Pamarthy et al., 2018) a) Bone resorption: V-ATPase 
located on the plasma membrane of osteoclasts mediates extracellular acidification for bone 
demineralization during bone resorption. b) Renal function: In the kidney, intercalated cells maintain 
systemic acidosis and achieve urinary acidification by proton pumping activity of V-ATPases expressed 
on apical membrane. c) Sperm maturation: In the epididymis, V-ATPase expressing in the clear cells 
acidify the lumen, a process that is crucial for the proper maturation and motility of spermatozoa. d) 
Innate immune responses: V-ATPases mediated vesicular acidification has an important role in 
trafficking and exocytosis of neutrophil granules. V-ATPase is constitutively expressed on the plasma 
membrane of monocytes and activated lymphocytes and contributes to pH related inflammatory 
responses. e) Neurotransmission: V-ATPase provides the crucial proton gradient force necessary for the 
acidification of synaptic vesicles and subsequent accumulation of neurotransmitters. V-ATPase also 
provides the crucial electrochemical potential necessary for accumulation of neurotransmitters during 
the replenishment of recycling secretory synaptic vesicles after fusion. 
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Figure 2: Structure and function of the V-ATPase complex (from Stransky et al. 2016). The V-ATPase is 

composed of a peripheral V1 domain that hydrolyzes ATP and an integral V0 domain that translocates 

protons. ATP hydrolysis occurs at nucleotide binding sites located at the interface of the A and B subunits 

and drives rotation of a central rotary complex composed of subunits D and F of V1 and subunit d and the 

ring of proteolipid subunits (c and c”) of V0 relative to the remainder of the complex. Rotation of the 

proteolipid ring relative to subunit a drives unidirectional proton transport from the cytoplasm to the 

lumen (see text for details). The A3B3 catalytic head is held fixed relative to subunit a by peripheral 

stalks composed of three EG heterodimers that connect to subunits C and H and the NH2-terminal 

cytoplasmic domain of subunit a. 
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Table 1: Characteristics of V-ATPase subunits (adapted from Masashi et al. 2011) 

Subunit Mammalian Isoforms Subunit function 

V1 domain Tissue / cell type Alternative splicing 
 

A 
  

ATP hydrolytic site, regulation via 

non-homologous domain, 

B B1 (renal, epididymis, olfactory 

epithelium); 

B2 (ubiquitous) 

 
Non-catalytic ATP site, binds actin and 

aldolase, 

C C1 (ubiquitous); 

C2 (lung, renal, epididymis) 

C2a (lung) 

C2b (renal) 

Regulatory, stator subunit, binds actin 

D 
  

Rotary subunit 

E E1 (testis, olfactory epithelium); 

E2 (ubiquitous) 

 
Stator subunit, binds RAVE and aldolase 

F 
  

Rotary subunit 

G G1 (ubiquitous); 

G2 (neural); 

G3 (renal, epididymis) 

 
Stator subunit, binds RAVE 

H 
 

SFD-α, SFD-β Regulatory, stator subunit, binds NEF 

V0 domain Tissue / cell type Alternative splicing 
 

a a1 (neural); 

a2 (endothelial, neurons); 

a3 (osteoclasts, pancreatic β-cells, 

premature melanosomes); 

a4 (renal, epididymis) 

a1-I (brain, neurons), a1-II (ubiquitous), a1-III 

(ubiquitous),  

a1-IV (neurons), a3-I (ubiquitous), a3-II 

(ubiquitous), 

a3-III (heart, lung), a4-I (kidney, heart, lung, 

skeletal muscle, testis),  

a4-II (kidney, lung, liver, testis) 

H+ transport, targeting, binds aldolase, 

stator subunit 

d d1 (ubiquitous) 

d2 (renal, epididymis, osteoclast, dendritic 

cells) 

 
Coupling, rotary subunit 

e 
  

Unknown 

c 
  

H+ transport, rotary subunit 

c′ No mammalian gene 
 

H+ transport, binds Vma21 assembly factor, 

rotary subunit 

c″ 
  

H+ transport, rotary subunit 

Ac45 Ac45 

Ac45LP (Xenopus) 

 
unknown 



6 

 
 
 

 

1.2.1 V0 domain 

1.2.1.1 The a subunit  

 
In yeast, all the V-ATPase subunits are encoded by single genes but the a subunit is 

encoded by two genes (VPH1 and STV1) [Manolson et al., 1994]. In mammalian cells the 

a subunit has four isoforms (a1, a2, a3, and a4) and in humans, the four isoforms 

display 47-61% identity at the amino acid level [Wagner et al., 2004].  

 

The a1 and a2 isoforms are mostly found in cells originating from the neuronal 

crest and displaying neurosecretory activity with a1 isoform found in both presynaptic 

membranes and synaptic vesicles [Morel et al., 2003]. V-ATPase complexes containing 

a1 acidify synaptic vesicles, but the early discovery of the presence of a1 in both 

synaptic vesicle and synaptic plasma membrane, has long suggested that V0 may also 

play a more direct role in membrane fusion during neurotransmitter release [Hiesinger 

et al., 2005]. Accordingly, the a1 subunit is also implicated in fusion between 

phagosomes and lysosomes during phagocytosis in the brain [Peri and Nüsslein-Volhard, 

2008], suggesting that a1 may play a role in the endocytic pathway. 

 

The a2 isoform also expresses in apical endosomes of proximal tubule cells of the 

kidney to provide a low pH necessary, in order to release endocytosed peptides from 

the receptors megalin and cubulin that are involved in their absorptive uptake from the 

renal fluid [Hurtado-Lorenzo et al., 2006]. 

 

The a3 isoform is heavily expressed in osteoclasts where it is involved in bone 

resorption [Toyomura et al., 2003]. It has also been found on insulin-containing 

secretory vesicles in pancreatic islet cells in order to contributes the acidic 

environment which is required for proteolytic processing of insulin. Interestingly, a3 

gene knock-out in mice, does not impair insulin process but alters insulin secretion 

[Sun-Wada et al., 2006]. Another study suggests that the a2 isoform can replace a3 for 
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acidification of insulin-containing compartments but that a2 is unable to replace the 

role of a3 for insulin secretion [Sun-Wada et al., 2007]. 

 

The a4 isoform is expressed almost exclusively in renal cells [Wagner et al., 2004]. 

Dysfunction of a4 induces defective urinary acid secretion associated with renal tubular 

acidosis [Smith et al., 2000]. Interestingly, a4 is also fund in epididymal clear cells, 

required for acidification of the epididymal lumen [Pietrement et al., 2006]. There exist 

two types of the mouse a4 subunit, a4-I and a4-II, which show distinct tissue and 

developmental expression patterns. The a4-I expresses strongly in kidney and is 

detected in skeletal muscle, heart, lung and testis. The a4-II is detected in liver, lung and 

testis. During development, a4-I expression begins with the early embryonic stage, and 

a4-II is expressed from day 17 [Kawasaki-Nishi et al., 2007]. The a3 and a4 isoforms 

were also shown to be involved in tumor cells development. MB231, a highly invasive 

human breast tumor cell line, expresses much more of both a3 and a4 isoforms than 

MCF7, a poorly invasive cell line, and the knock-down of a3 and a4 gene can inhibit the 

invasiveness of MB231 cells [Hinton et al., 2009]. 

 

1.2.1.2 The c, c' and c” subunits 

 
The c subunit of the Vo sub-domain forms the main transmembrane subunit of the 

V-ATPase. Three isoforms (c, c′ and c′′) form what is called the proteolipid domain of 

the V-ATPase that is part of the proton-conducting pore, each containing a buried 

glutamic acid residue that is essential for proton transport, and together they form a 

hexametric ring spanning the membrane [Inoue and Forgac, 2005; Jones et al., 2003]. 

The c-subunit has also been shown as a critical component of the mitochondrial 

permeability transition pore [Bonora et al., 2013]. 
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1.2.1.3 The d subunit 
 

There are two isoforms of d (d1 and d2) that are both non-integral necessary 

membrane component of V0 domain [Toei et al., 2010]. In human and mouse, d1 is 

expressed ubiquitously whereas d2 is expressed in osteoclasts in addition to kidney 

and epididymis [Smith et al., 2002; Sun-Wada et al., 2003; Smith et al., 2005]. Due to 

defects of multinucleated osteoclasts, d2 knockout mice may develop osteopetrosis [Lee 

et al., 2006], suggesting that the d2 could play a specific role in osteoclast fusion. Both 

d1 and d2 have been demonstrated to directly associate with subunits D and F of the 

central stalk, suggesting that the d subunit could be part of the central rotor [Smith et 

al., 2008]. 

 

1.2.1.4 The e subunit  

 
The e subunit is a membrane sector-associated protein of V –ATPase. Although it was 

identified in the 1990s [Ludwig et al., 1998], almost nothing is known about its function 

up to now. 

 

1.2.2 The V1 sub domain 

 
The V1 domain is made from eight different subunits (A-H) and its most appreciated 

function is the hydrolyzation of ATP [Forgac, 2007; Kane,2006]. The sites of ATP 

hydrolysis are located at the interface of A and B subunits [Liu et al., 1996; Liu et al., 

1997]. The V1 and V0 domains associate by multiple stalks: a central stalk that is made 

by subunits D, F and d and three peripheral stalks constituted by subunits C, E, G and H 

[Zhang et al., 2008] (Figure 1).  
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1.2.2.1 The A and B subunits 
 

In each V-ATPase, three copies of A and B form the site for ATP hydrolysis. Two isoform 

of subunit B have been identified. B1 isoform is expressed in renal cells, epididymal 

cells and hair cells of the inner ear [Karet et al., 1999]. Mutations of B1 have been 

shown to lead to renal tubular acidosis deafness. In contrast, B2 is expressed in all cells 

and predominantly localize at intracellular compartments, suggesting that B1 and B2 

may have different functions [Paunescu et al., 2004]. However, some studies revealed 

that B2 can at least compensate some functional consequences in B1 knock out mice 

[Da Silva et al., 2007; Brown et al., 2009]. In the mouse olfactory epithelium, B1 localizes 

to the apical membrane and subapical region of olfactory cells while B2 is cytoplasmic. 

Once B1 is knocked-out, B2 expression is upregulated but B2 cannot be found in the 

apical membrane [Paunescu et al., 2008]. 

 

1.2.2.2 The C subunit 
 

As a part of V1 domain, subunit C localizes at the interface between V0 and V1 domain 

and plays an essential role in the assembly of V-ATPase as a flexible stator that connects 

V0 and V1 domain together [Dorey et al., 2004]. The structure of V1C reveals two 

slightly twined, long α-helices that provide flexibility and enable movement of the 

‘head' in relation to the ‘foot' domain. Indeed, the structure that was solved from the 

sitting-drop crystals shows a remarkable movement of the ‘head' domain in relation to 

the ‘foot' domain (Figure 3 A, B). Whereas minor structural changes were detected in 

the ‘foot' domain, most of the structural changes took place in the middle of the ‘neck' 

and in the ‘head' domains. The free movement of about 12° to both sides may provide 

the flexibility required for the smooth operation of the ATP-dependent proton 

transport by V-ATPase [Drory et al., 2004]. Also, subunit C was shown to have the 

property of actin binding in mammalian and insect V-ATPases, respectively [Holliday et 

al, 2000; Vitavska et al, 2003]. 
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Figure 3: Elasticity of Vma5p (from Dory et al., 2004). A) Superposition of the two conformations of 

Vma5p. The movement of the ‘head' is indicated. A 1.75 AÅ structure is in red and a 2.9 AÅ structure in blue. 

B) Top view of possible interaction between the catalytic sector (modeled as F-ATPase) with subunit C in 

the two conformations. C) Salt bridges in the high-resolution structure of Vma5p. The protein is colored 

according to the secondary structures. Blue, α-helix; red, βsheet; green, turns; cyan, loops. Negatively 

charged amino acids are in red, and positively charged in blue. The only salt bridge that connects the two 

long α-helices is indicated. 

 

1.2.2.3 The D and F subunits 
 

The subunits D and F form the central rotor axle of V1 domain [Kitagawa et al., 2008]. 

The central stalk formed by D and F subunits bridges and stabilizes V1/ V0 interaction 

and thus the formation of the holocomplex of V-ATPase. This stalks also couples the 

energy released from A3B3 to proton translocation in V0 [Tomashek et al., 1997a]. 

Additionally the F subunit interacts with both the V0 sector and other subunits of the 

V1 sector and is thus crucial in coupling ATP hydrolysis with rotation [Tomashek et al., 

1997b]. 
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1.2.2.4 The E and G subunits 
 

As for A and B subunits, three copies of E and G subunits are needed for the assembly of 

a functional V1 domain of V-ATPase. These subunits are important for the assemblage 

of V-ATPase and its activity as the rotary motor V1 is stabilized by three peripheral 

stalks constituted by three E-G heterodimers that connect the N-terminal domain of a 

subunit of the V0 sub-domain (V0a) to the A3B3 hexamer via subunits H and C [Zhao et 

al., 2015]. 

 

1.2.2.5 The H subunit 
 

The H subunit plays an important role in the regulation of V-ATPase since it is located 

at the interface of V1 and V0. H subunit is needed for the ATPase activity in 

holo-V-ATPase and also for stabilizing the Mg-ADP-inhibited state in 

membrane-detached V1. The deletion of the N-terminal region of H subunit abolishes 

ATPase activity while proton-pumping activity requires the C-terminal part of H 

subunits [Ho et al., 1993; Maxfield and McGraw, 2004]. 

 

1.3 V-ATPase and organelle function 
 

V-ATPase is present in many intracellular organelles such as lysosome, endosome, 

autophagosome, Golgi and secretory vesicles, where it plays one or several roles for the 

normal function of these organelles. 

 

Lysosomes constitute the main catabolic compartments of eukaryotic cells and 

play a key role in the degradation of the extracellular matrix (ECM) [Saftig and 

Klumperman, 2009]. V-ATPase is required for the function of lysosomes as it is 

responsible for the acidification of lysosome [Saftig and Klumperman, 2009]. But is also 
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important to note that V-ATPase contributes to lysosomal trafficking. Indeed, the 

lysosomal maturation could be inhibited at an early endosomal stage in presence of 

V-ATPase inhibitors (Figure 4) [Mindell, 2012; Hurtado-Lorenzo et al., 2006]. 

 

 
Figure 4: The Lysosomal System (from Colacurcio and Nixon, 2016). The lysosomal system refers to the 

autophagic pathway and the endocytic pathway, and mediates the transport and proteolytic degradation 

of cellular waste. In the endocytic pathway, early endosomes (EE) mature into late endosomes (LE) prior 

to full acidification (Lysosome). In the autophagic (macroautophagy) pathway, a preautophagosomal 

structure (PAS) is formed, enveloping an area of cytoplasm or a selected substrate, before developing into 

a double-membrane autophagosome (AP). Lysosomes fuse with autophagosomes, generating 

single-membrane autolysosomes (AL), and ultimately lysosomes. Upon fusion with autophagosomes, 

lysosomes introduce proteolytic enzymes to carry out the degradation of substrates as the compartment 

becomes more acidic. The acidification of these compartments is mediated by the V-ATPase. 

Chaperone-mediated autophagy (CMA) is another type of autophagy, during which a chaperone protein 

complex (Hsc70 complex) recognizes a cytoplasmic target protein via a KFERQ motif, and shuttles the 

target protein to the lysosomal lumen for digestion via interaction with the LAMP2 protein complex, 

which serves as the lysosomal CMA receptor [Nixon, 2013; Colacurcio and Nixon, 2016]. 
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V-ATPase activity is also required for neurotransmitter fill-in of synaptic vesicles 

in neurons and secretory granules in neuroendocrine cells. As a proton pump, V-ATPase 

translocates proton from cytoplasm across vesicle membrane to acidify the vesicles. 

Subsequently different neurotransmitters are loaded into the vesicles by different 

transporters that use this electrochemical gradient (proton gradient) [Sandoval et al., 

2006]. In consequence, V-ATPase activity was shown to be primordial for transmitter 

loading in secretory and synaptic vesicles. Of note this activity is operating both after 

vesicles biogenesis from the Golgi apparatus but also after the recycling of the 

constituents of synaptic and secretory vesicles by compensatory endocytosis following 

fusion with the plasma membrane. 

 

1.4 Regulation of V-ATPase activity 
 

Cells can temporally regulate pH in different cell compartments, such as the endocytic 

pathway and the secretary vesicle production. The luminal pH decreases from early 

endosomes through late endosomes to lysosomes [Forgac, 2007], which is essential for 

the regulation in the endocytic process [Maxfield and McGraw, 2004]. Similarly, the 

trans-Golgi network is less acidic than late endosomes, the pH of other Golgi 

compartments is higher than in late endosome [Kim et al., 1996]. In addition, the 

translocation of proton across the plasma membrane without changing pH is also 

sometimes needed by cells. In conclusion, since different proton transports produced 

by V-ATPase are necessary for various cell functions, the regulation mechanism of 

V-ATPase activity must be diverse. 

 

1.4.1 Regulation of V-ATPase by reversible disulfide formation 
 

The first identified mechanism for regulating V-ATPase activity is the reversible 

disulfide bond between conserved cysteine residues at the catalytic site of the V-ATPase 
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[Feng and Forgac,1992; Feng and Forgac,1994]. The V-ATPase activity is reversibly 

inhibited by a disulfide bond formed between a highly conserved cysteine of the 

catalytic A subunit and a second highly conserved cysteine residue located in the 

C-terminal domain of the same subunit. 

 

1.4.2 Regulation of V-ATPase by modification of density 
 

V-ATPase activity is also controlled by pump density. Particularly this is important for 

V-ATPase-dependent proton transport occurring across the plasma membrane of 

epithelial cells. Both in renal alpha intercalated cells and epididymal clear cells, the 

proton translocation across the apical membrane is controlled by reversible fusion with 

the apical membrane of intracellular vesicles with a high density of V-ATPases 

[Pietrement et al., 2006]. 

 

1.4.3 Regulation of V-ATPase by reversible disulfide formation 
 

Another important mechanism of controlling V-ATPase activity is the reversible 

dissociation of the complex between V1 and V0 domains (Figure 4), which was first 

defined in yeast and insect cells [Kane, 2006; Beyenbach and Wieczorek, 2006] and is 

also present in mammalian cells. V-ATPase dissociation in yeast responds to glucose 

depletion from the media and its assembly in renal cells is thus directly responsive to 

glucose levels [Sautin et al, 2005]. The acidification of lysosome is necessary for normal 

antigen processing and an increase of assembly of V-ATPase has been detected when 

dendritic cells are active to process antigen [Trombetta et al., 2003], and it is likely that 

reversible dissociation will be shown to control V-ATPase activity in others cell process 

(Figure 5). 
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Figure 5: Regulation of the V-ATPase (Daniel et al. 2008). V-ATPases are regulated by a number of 

different mechanisms including: A, reversible disulfide bond formation between conserved cysteine 

residues that prevent the catalytic site from cycling between the open and closed conformations required 

by the binding change mechanism; B, changes in pump density through fusion of vesicles containing a 

high number of V-ATPase; C, changes in either Cl- or H+ conductance through distinct channels; D, 

reversible dissociation into inactive V1 and V0 domains; and E, changes in coupling efficiency. 

 

In yeast the dissociation is fast, reversible and does not need new protein 

synthesis [Kane, 1995; Parra and Kane, 1998; Qi and Forgac, 2007]. The ATP hydrolysis 

and passive proton translocation are inhibited following the dissociation of V1 and V0 
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domain, to prevent deleterious effects of releasing an uncoupled ATP hydrolytic domain 

into the cytosol or an uncontrollable passive proton translocation. ATP hydrolysis at V1 

can be inhibited by a conformational change [Diab et al., 2009], subunit H [Parra et al., 

2000], or by bridging of peripheral and central stalks [Jefferies and Forgac, 2008]. 

Dissociation and association use different mechanism to be controlled. Thus 

dissociation needs an intact microtubular network [Xu and Forgac, 2001], whereas 

association needs the protein RAVE (regulator of acidification of vacuoles and 

endosomes) [Seol et al., 2001], which is a complex of three proteins (Rav1p, Rav2p and 

Skp1) that was shown to bind to subunits V1C, V1E and V1G [Smardon et al., 2002; 

Smardon and Kane, 2007]. In both glucose-regulated process and normal biosynthetic 

pathway, the dissociated V1 domain could be stabilized by RAVE [Smardon et al., 2002].  

 

In yeast, the glucose-dependent association of V1 and V0 domain is activated by 

the Ras/cAMP/protein kinase A pathway [Bond and Forgac, 2008]. The Ras GAPs Ira1p 

and Ira2p are inhibited by raising glucose levels, leading to an increase of GTP-bound 

Ras and Ras levels, which activates adenylate cyclase resulting in a raising cellular 

cAMP level. Hence the catalytic subunits of kinase A are activated by dissociation of its 

regulatory subunits caused by high cAMP level. In insect cells, kinase A has been 

demonstrated to promote assembly of the V-ATPase and then to phosphorylate subunit 

V1C, which is otherwise not phosphorylated in V-ATPase [Voss et al., 2007]. In renal 

epithelial cells, glucose-dependent association has been shown to be regulated by 

phosphatidylinositol 3-kinase (PI-3 kinase) [Sautin et al., 2005], and may also be 

regulated by other signaling pathways. 

 

There is a “non-homologous” region at the catalytic V1A subunit, which is 

important for the reversible association/dissociation of V-ATPase and this region is 

highly conserved in different species [Wilkens et al., 1999]. Mutations in this region 

have been shown to potentially prevent the glucose-dependent dissociation of 

V-ATPase without affecting catalytic activity [Shao et al., 2003]. Moreover, a binding of 

the non-homologous region (using a separate epitope-tagged construct) to V0 has been 
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detected in a glucose-dependent manner in case of absence of other subunits of V1 

domain [Shao and Forgac, 2004]. This means that interaction between the 

non-homologous region of V1A and V0 domain, probably the N-terminal domain of 

subunit V0a, may regulate the association/dissociation of V-ATPase. 

 

Reversible dissociation of the V-ATPase is also sensitive to the cellular 

environment. V-ATPases containing Stv1p, which is localized to the Golgi apparatus and 

does not dissociate, can dissociate if this type of V-ATPase is re-located to the vacuole 

by directed overexpression [Kawasaki-Nishi et al., 2001]. Although the environmental 

factor(s) responsible for this phenomenon has not been identified, it has been shown 

that luminal pH affects dissociation of V-ATPase [Shao and Forgac, 2004].  

 

1.4.4 Other regulatory mechanisms of V-ATPase activity. 

 

Change in chlorine or proton conductance of specific channels may also lead to the 

regulation of the pumping activity of V-ATPase by indirectly affecting charge gradient in 

organelles. Finally, the coupling efficiency of the V-ATPase switch from active to inactive 

form can also modulated leading modulation of pumping activity. 

 

1.5 Genetic diseases related to the V-ATPase 
 

Since V-ATPase is involved in many basic cellular functions, defaults of V-ATPase could 

in theory result in many diseases. Accordingly, genetic disease such as osteopetrosis, 

distal renal tubular acidosis, X-linked myopathy with excessive autophagy (XMEA) and 

Cutis laxa autosomal recessive type II have been attributed to mutations in genes 

encoding V-ATPase subunits or regulators (Figure 6). 
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Figure 6: V-ATPase defects and associated neurodegenerative diseases (from Colacurcio et al. 2016). 

Shown in the left column are disease-associated mutations in the genes encoding for individual V-ATPase 

subunits (bold). Shown in the right column are changes in V-ATPase-related proteins (bold) and 

corresponding neurodegenerative diseases. *ATP13A2, while not directly linked to V-ATPase function, is 

shown due to its suspected role in lysosomal acidification and its implication in both Kufor-Rakeb 

Syndrome and Parkinson Disease. 

 

1.5.1 Osteopetrosis 
 

Osteopetrosis is an extremely rare inherited disorder whereby the bones harden, 

becoming denser. Osteopetrosis can cause bones to dissolve and break [Lam et al., 

2007]. Default in one of at least ten genes can lead to various types of osteopetrosis. For 

example, mutations in the CLCN7 gene cause about 10-15% of cases of autosomal 

recessive osteopetrosis, most cases of autosomal dominant osteopetrosis and all known 

cases of intermediate autosomal osteopetrosis. More importantly, mutations in the 

TCIRG1 gene (V0a3) cause about 50% of cases of autosomal recessive osteopetrosis 

[Stark and Savarirayan, 2009; Sobacchi et al., 2001]. 

 

The V0a3 isoform is highly expressed in osteoclasts and the V-ATPase containing 
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V0a3 locate at plasma membrane of these cells, where it is involved in bone resorbtion. 

Osteoclasts use V-ATPase to acidify extracellular compartment between the bone 

surface and the ruffled border membrane [Kornak et al., 2000; Baron et al., 1985]. The 

low pH is required for both optimal function of proteases that degrade the organic bone 

matrix and dissolving inorganic bone material [Blair, 1998]. In pre-osteoclast cells, 

V0a3 is localized to lysosomes and is likely re-directed to the plasma membrane when 

these cells differentiate into mature osteoclasts [Sobacchi et al., 2001; Baron et al., 

1985]. 

 

1.5.2 Autosomal recessive cutis laxa (ARCL) type II 

 
ARCL is a genetic disease with three phenotypes [Morava et al., 2009]. ARCL type I is a 

fatal form occurring at an early age that leads to cardiopulmonary complications. ARCL 

type II is a spectrum of connective tissue disorders characterized by the association of 

wrinkled, redundant and sagging inelastic skin with growth and developmental delay, 

and skeletal anomalies. ARCL Type III, also known as De Barsy syndrome, has a 

progeroid appearance with corneal clouding and athetoid movements. Patients with 

ARCL type II can be divided in two major groups – children with ARCL type II 

associated without the presence of metabolic disorder and with a combined N- and 

O-linked glycosylation defect. So far, mutations on both alleles of V0a2 gene have been 

detected in all ARCL II cases with combined glycosylation defect [Kornak et al., 2008; 

Rajab et al., 2008]. 

 

1.5.3 Distal renal tubular acidosis (dRTA) 

 
Distal RTA is the classical form of RTA and characterized by a failure of acid secretion by 

the alpha intercalated cells of the cortical collecting duct of the distal nephron, resulting 

in an inability to acidify urine to a pH bellow 5.3 [Batlle and Haque, 2012]. About 90% 
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secretion of protons over the apical membrane produce by Na+-H+ exchanger isoform 3 

(NHE3) that exchanges sodium for protons over the apical membrane and the 

remaining 10% of protons secretion is carried out by V-ATPase present in the distal 

tubule. Mutations of V1B and V0a4 are usually responsible for patients with autosomal 

recessive dRTA [Batlle and Haque, 2012]. Indeed 12 different mutations of V1B1 and 24 

different mutations of V0a4 have been shown to lead to dRTA [Karet et al., 1999; Stover 

et al., 2002]. In some case dRTA caused by V0a4 mutations could also be associated with 

deafness produced by anomal acidification at the endolymph of the inner ear 

[Stehberger et al., 2003]. 

 

1.5.4 X-linked myopathy with excessive autophagy (XMEA) 

 
XMEA is a rare childhood onset disease characterized by slow progressive vacuolation 

and atrophy of skeletal muscle. It is a myopathy with onset of slowly progressive 

proximal weakness and elevated serum creatine kinase in the first decade of age. 

Mutations in the vacuolar ATPase assembly integral membrane protein (VMA21) gene, 

have be shown to increase lysosomal pH, thereby reducing degradative ability of 

lysosomes by reducing lysosomal hydrolase activity and ultimately inhibiting autophagy. 

The VMA21 protein actually regulates the assembly of V0 domain of V-ATPase required 

to acidify the lysosome. To summarize increased lysosomal pH and poor degradation of 

cellular debris resulting from VMA21 mutation may secondarily stimulate autophagy 

and lead to accumulation of autophagolysosomes with sarcolemmal features [Dowling 

et al., 2015]. 

 

1.6 Autophagy and V-ATPase: Aging and neurodegenerative 

disease 
 

Autophagy and endocytosis deliver useless cellular materials to lysosomes for 
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degradation, which is needed for various pathways of nutrient homeostasis and 

intracellular metabolism. The low range of intraluminal pH produced by V-ATPase is 

important for these pathways. V-ATPase activity and lysosomal pH dysregulation are 

involved in cellular aging, longevity and adult-onset neurodegenerative diseases, 

including Parkinson Disease and Alzheimer Disease. More and more genetic defects of 

V-ATPase subunits or proteins related with V-ATPase have been found in familial 

neurodegenerative diseases [Colacurcio and Nixon, 2016]. 

 

Mutations in the brain-specific subunit V1B of V-ATPase are found in two very 

rare genetic disorders, dominant deafness-onychodystrophy syndrome and 

Zimmermann-Laband syndrome [Kortum et al., 2015]. Mutations of accessory proteins 

required for v-ATPase function also induce severe congenital disorders associated with 

neurodegeneration. X-linked Parkinson Disease with Spasticity (XPDS) is an extremely 

rare progressive Parkinsonism with a disease onset varying between age of 14 and 58 

years old [Poorkaj et al., 2010]. It was shown that a point mutation in the ATP6AP2 gene 

induces altered splicing of ATP6AP2 in XPDS [Korvatska et al., 2013]. ATP6AP2 is a 

V-ATPase-interacting protein essential for V-ATPase assembly, specifically for the 

assembly of the V0 domain [Korvatska et al., 2013; Malkus et al., 2004]. Ablation of 

ATP6AP2 in cells reduces expression of several V0 subunits, impairs V-ATPase function, 

de-acidifies intracellular compartments and increases the amount of autophagic 

vacuoles [Kinouchi et al., 2011; Kinouchi et al., 2013]. This mutation is also involved in 

another neurological condition, the X-linked Mental Retardation Hedera type (MRXSH), 

a congenital form of mental retardation with epilepsy and sometimes ataxia [Hedera et 

al., 2002]. 

 

V-ATPase involvement was long time ago shown in the early onset 

neurodegenerative disease: the childhood disorder Wolfram syndrome [Venzano et al., 

1980], an autosomal-recessive neurodegenerative disease related with broad sensory, 

autonomic nervous system deficits and childhood-onset diabetes mellitus, which is 

often fatal [Rigoli and Di Bella, 2012]. It also induces brain stem atrophy, optic atrophy, 
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seizures and peripheral neuropathy [Genis et al., 1997; Urano, 2016]. Wolfram 

Syndrome is caused by mutations in WFS1 gene, which encodes a nine-pass 

transmembrane protein of the endoplasmic reticulum (ER) membrane [Inoue et al., 

1998; Strom et al., 1998]. Although WFS1 is not involved directly in lysosomal 

acidification, it is needed to stabilize the V1A subunit. This process occurs via 

interaction between the cytosolic N-terminus of WFS1 and cytosolic V1A subunits, 

which prevents the degradation of V1A subunits through an unknown 

proteasome-independent mechanism [Gharanei et al., 2013]. 

 

Alzheimer Disease (AD) is the most prevalent neurodegenerative disease in old 

age but in about 5% of all cases, an “early onset” form of familial AD induced by 

mutations of Presenilin-1 (PS1), Presenilin-2 (PS2), or amyloid precursor protein (APP) 

genes have been described. In the most common form of early-onset AD, mutations of 

Presenilin-1 prevent proteolysis and lysosomal acidification. PS1 holoprotein is a 

specific ligand of V0a1, required for proper N-glycosylation, stability, and targeting to 

lysosomes [Lee et al., 2010; Wolfe et al., 2013]. Cells from AD patients with PS1 

mutations exhibit defective V0a1 maturation and increased lysosomal pH. Cells lacking 

PS1 or both PS1 and PS2 show even greater elevations of lysosomal pH and AD-like 

autophagic vacuole pathology. Lysosomes isolated from PS1-KO cells have just about 30% 

of V0a1 subunit compared with wild type cells [Wolfe et al., 2013]. 

 

1.7 V-ATPase and regulation of signaling pathways 

 

The signaling pathways to be associated with V-ATPase namely Notch, Wnt and TGF-β, 

have similar expression patterns and cellular functions during both development and 

disease. However, there are other steps of the signaling pathways known to be pH 

dependent, which warrant future investigation. Maturation of Notch and TGF-β by 

glycosylation in Trans Golgi Network (TGN) activates their signaling pathways. 

Further a1 and a2 subunits of V-ATPase are important for the protein glycosylation that 
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is a key role of the TGM (triple glycosylation mutant) [Marshansky and Futai, 2008]. We 

and others have shown that surface expression of V-ATPase modulates MMPs thereby 

leading the proliferation of cancer cells [Fan et al., 2015; Kulshrestha et al., 2015]. 

However, V-ATPase dependent activity of TRACE/ADAM 17 has not been explored and 

might hold important clues for V-ATPase and signaling crosstalk mechanism. 

Furthermore, enzymes like γ-secretase that activate signaling pathway mediators are 

efficient at acidic pH [Pasternak et al., 2003]. Similarly, the involvement of V-ATPase in 

activation of acid proteases during lysosomal degradation to regulate signal turnover 

cannot be ignored [Kissing et al., 2017] (Figure 7). V-ATPase could have profound effects 

on cell fate by influencing signaling molecules that depend on pH. The research on 

V-ATPase regulation of signaling pathways is a field waiting to be explored that will 

have a tremendous impact in physiology and pathology. 

 

1.8 V-ATPase and cancer 
 

Induction of apoptosis by V-ATPase inhibition has been reported in many tumor types 

[Stransky et al., 2016]. As V-ATPases play essential roles in fundamental cellular 

processes (Figure 7), it is not surprising that inhibition of V-ATPase activity is fatal to 

cells. However, cancer cells are particularly reliant on the V-ATPase for survival but 

more sensitive to V-ATPase inhibition than normal cells [Damaghi et al., 2013].  

V-ATPase was found on the plasma membrane of invasive breast cancer cells and 

participates in control of cytoplasmic pH [Sennoune et al., 2004]. The V-ATPase has 

since been found located on the plasma membranes in many different invasive cancer 

cells, including melanoma, breast, Ewing sarcoma, lung, liver, esophageal, prostate, 

ovarian, and pancreatic cancers [Damaghi et al., 2013]. Moreover, particular V-ATPase 

subunits have been found to be overexpressed in both human cancer cell lines and 

human tumor samples. For instance, V1C is overexpressed in oral squamous cell 

carcinoma samples [García-García et al., 2012], and V0c is overexpressed in human  
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Figure 7: V-ATPase and cellular signaling (Pamarthy et al., 2018). V-ATPase (orange) acidifies 

intracellular vesicles thereby regulating Notch signaling and other pathways like Wnt and TGF-β, 

which depend on endolysosomal system for sustenance. In Notch Signaling, the Notch receptor 

(dark pink) is cleaved in Golgi and translocated to the plasma membrane where further cleavage of 

the receptor occurs in response to Notch ligand (light pink) binding. Cleaved Notch intracellular 

domain is translocated to nucleus activating Notch target genes. TGF-β (dark green) protein is 

glycosylated in the Golgi to form mature TGF-β and secreted into the extracellular space. TGF-β 

bound to its receptor (TGF-βR) (bright green) results in endocytosis and phosphorylation of Smad2 

(olive green), which in turn activates TGF-β target genes. During canonical Wnt signaling, the 

binding of ligands to the Wnt receptor complex (bright yellow) inhibits the phosphorylation of 

β-catenin (dark yellow) by GSK-3β and directs the translocation of β-catenin into the nucleus where 

it activates the transcription of target genes Cyclin D1 and oncogene c-Myc. V-ATPase-mediated 

acidification can affect signaling in the following ways: a) Maturation of signaling molecules Notch 

receptor and TGF-β by furin glycosylation in the golgi vesicles. b) Cleavage and activation of 

pathway mediators by acid-dependent enzyme like matrix metallo proteinases (MMPs) and 

γ-secretase. c) Maintenance of basal signaling by recycling endocytosis of both ligand and 

receptor. d) Degradation of signaling molecules in lysosomes. 
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hepatocellular carcinoma samples [Xu et al., 2012] and pancreatic cancer samples [Ohta 

et al., 1998]. V1E and V1A are also increased in pancreatic cancer and gastric cancer. 

Overexpression of V-ATPase subunits has also been detected in lung, breast, and 

esophageal cancer tissues [Hendrix et al., 2013; Huang et al., 2012; Lu et al., 2013]. The 

V0a exist in four isoforms in mammalian cells allowing localization to specific 

membranes in cell and each of these V0a isoforms are overexpressed in many different 

cancer cells. 
 

The presence of the V-ATPase on the plasma membrane of invasive cancer cells 

and the overexpression of V-ATPase subunits in human cancer samples has suggested a 

possible role for the V-ATPase in cancer cell migration and invasion. Several studies 

have demonstrated that both in vitro invasion and migration of human breast cancer 

cells is dependent on V-ATPase activity. Treatment of highly invasive MB231 and 

MCF10CA1a human breast cancer cells with the specific V-ATPase inhibitors 

concanamycin A and bafilomycin results in a significant decrease in in vitro invasion as 

measured by transwell assays [Sennoune et al., 2004]. Similar results have been 

obtained with other cancer cell types. 
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Chapter 2: Regulated Exocytosis 

 

2.1 Exocytosis 

 
Exocytosis is an evolved process by which cells bring molecules such as channels and 

receptors to the plasma membrane or release molecules such as neurotransmitters, 

hormones and proteins to the extracellular space in order to communicate with other 

cells even at distance in the organism. Exocytosis and its counterpart, endocytosis, are 

used by all cells since most chemical substances important are large polar molecules 

that cannot pass through the cell membrane by passive means. In exocytosis, molecules 

stored in secretory vesicles are carried to plasma membrane, and their contents are 

secreted into the extracellular environment after merging of plasma and vesicular 

membranes. For instance, neurons release neurotransmitters stored in synaptic 

vesicles into the synaptic cleft after a rise of Ca2+ in the cytoplasm and therefore called 

regulated exocytosis. 

 

2.1.1 Constitutive exocytosis 
 

Constitutive exocytosis is a mechanism by which cells are able to locate molecules into 

plasma membrane such as ion channels, cell receptors, lipids, and other components. It 

is required by all type of cells and also serves the release of extracellular matrix after 

the fusion of the transport vesicle. 

 

2.1.2 Regulated exocytosis 
 

In specialized secretory cells, there is a second secretory pathway in which soluble 

proteins and other substances are initially stored in secretory vesicles for later release. 
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This release mechanism is tightly controlled and is generally triggered by a rise in 

intracellular calcium levels after cell stimulation and is thereby called “regulated 

exocytosis”. It is found mainly in cells specialized for devoted to rapid secretion of 

informative molecules on demand—such as hormones, neurotransmitters, or digestive 

enzymes. I will in the following sections give more details about the molecular aspects 

of this complex process. 

 

In the nervous system, neurons are highly specialized cells capable in response to a 

stimulus of generating a nerve impulse that will propagate up to its connecting units 

with other neurons called synapses. Neurons are composed of dendrites, a cell body 

and an axon. A synapse includes the presynaptic compartment (endings of the axon), 

the synaptic cleft, and the postsynaptic compartment (either a dendrite or a neuron cell 

body). Along the axons propagates an electrical message in the form of action potentials 

(APs). These APs reach the presynaptic compartment where they cause the opening of 

voltage-dependent calcium channels on the presynaptic membrane. As calcium is more 

concentrated outside the cell it enters the presynapse according the gradient of 

concentration. The more action potentials reaching the presynaptic compartment, the 

higher the calcium concentration in the presynaptic compartment will be. This increase 

in calcium concentration will affect several calcium sensitive proteins (including 

synaptotagmins, calmodulin, and NCS-1) allowing the release of neurotransmitters into 

the synaptic cleft by exocytosis of synaptic vesicles filled with neurotransmitters. 

 

2.2 The life cycle of a secretory vesicle: from Golgi to plasma 

membrane  
 

The secretory pathway is a fundamental cellular process that requires synthesis, 

modification, sorting and release of secretory proteins/molecules to the extracellular 

milieu or delivery of different components to the cell surface. These proteins are 

synthesized on endoplasmic reticulum (ER)-bound ribosomes and translocated into the 
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ER lumen where they are folded, assembled and glycosylated [Braakman and Bulleid, 

2011]. Cargo proteins are transported from ER exit sites to the entry side of the Golgi 

complex by the tubulo-vesicular components of the ER-Golgi complex intermediate 

compartment and successively pass through the different Golgi stacks, where proteins 

undergo further processing and maturation [Wilson et al., 2010]. At the most distal 

region of the Golgi complex, the trans-Golgi network (TGN), proteins are sorted into 

different vesicular carriers for trafficking and delivery to their final destinations, such 

as endo-lysosomal system and plasma membrane, by constitutive or regulated exocytic 

pathway. In the constitutive pathway, newly synthesized proteins are packaged into 

constitutive secretory vesicles that are transported directly to the cell surface and 

secreted without any extracellular or intracellular stimuli [Burgessand Kelly, 1987]. In 

contrast, the regulated pathway is a hallmark of specialized secretory cells such as 

neurons, exocrine and endocrine cells, and requires the concentration and 

condensation of the secretory products into secretory granules. These granules are 

transported in the cytoplasm towards the cell periphery to await exocytosis stimulated 

by cell surface signal [Burgessand Kelly, 1987] (Figure 8a). 

 

2.3 The different steps of exocytosis  

 
Like for most, if not all, complex cellular processes, biologists have divided the 

successive sequences that lead to exocytosis in several specific steps (Figure 9).  
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Figure 8: Model of life cycle of secretory granule from biogenesis to fusion (Tanguy et al, 2016)..(a) 

The regulated secretory pathway from the Golgi apparatus to the plasma membrane. Immature secretory 

granules (ISG) are transported along microtubules from the trans-Golgi network (TGN) up to the cortical 

actin. During their active transport they are converted into mature secretory granules (MSG). (b) Lipids 

involved in the journey of secretory granules. Specific minor lipids directly control directionality and 

functionality of the regulated secretory pathway. Conical lipids include cholesterol, diacylglycerol, 

phospha- tidic acid, and phosphatidylethanolamine. Inverted conical lipids include lysophospholipids 

and PI(4,5)P2. Omega-6 and omega-3 forms of polyunsaturated fatty acids (PUFA) are released in the 

cytosol by phospholipases. Membrane microdomains enriched in cholesterol, gangliosides, and 

sphingolipids are highlighted at the budding membrane of the TGN and at the exocytotic sites of the 

plasma membrane. 
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Figure 9: The different stages of exocytosis in secretory cells (Dı́az et al., 2010). Regulated 

exocytosis requires the SNARE machinery (colored lines) and for the ultimate and penultimate steps 

calcium ions. (a) Formation of vesicles, (b) vesicle "docking," (c) the transformation of vesicles into 

fusion-competent vesicles ("priming"), and (d) fusion.  

 

2.3.1 Production of secretory vesicles  
 

Neuronal synaptic vesicles are organelles of the presynaptic compartment filled with 

neurotransmitters, whereas secretory granules of neuroendocrine cells in addition to 

neurotransmitters also contain large proteins such as members of the granin family and 

neuropeptides. Both synaptic vesicles and secretory granules are produced at the TGN 

levels, but they are also actively recycled and reused after exocytosis and after 

maturation steps.  

 

Since most neurotransmitters are synthesized in the cytoplasm, their accumulation 

in the vesicle lumen is achieved by a transporter located in the vesicle membrane 

[Edwards, 2007]. Each carrier is specific to one neurotransmitter. For instance, the 

transporter of glutamate is VGLUT whereas that of acetylcholine is VACHT. These 

carriers exchange the proton output of the lumen of the vesicle against the 
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neurotransmitters input. It is therefore necessary that the vesicular lumen is acidic to 

allow their loading in neurotransmitters. As determined by quantitative mass 

spectrometry this acidification of the synaptic vesicular luminal medium is achieved by 

one or two molecules of V-ATPase per vesicle inserted into membrane [Takamori et al., 

2006]. It must be noted however that this analysis was performed on purified rat brain 

synaptic vesicles that by essence are not homogenous and thus those numbers may 

vary significantly for synaptic vesicles with different origin or for larger secretory 

granules. 

 

2.3.2 The docking of the vesicle  
 

Neurotransmitter-loaded synaptic vesicles are specifically directed to a domain of the 

presynaptic membrane called the active zone [Neher and Sakaba., 2008]. Therefore, 

there is mutual recognition of the vesicle membranes and the active zone promoting the 

exocytosis of the vesicles in this zone. This recognition involves members of the exocyst 

complex as well as Rab proteins and coincides with the step of attaching the vesicle to 

the target membrane, also known as tethering [Stenmark 2009]. Rab proteins are small 

GTPases. There are more than 60 identified Rab genes in humans. As a result, among 

the proteins involved in intracellular trafficking, they are the most diverse [Stenmark 

2009]. Rab proteins are reversibly associated with lipid membranes by hydrophobic 

geranylgeranyl groups. The distribution of each Rab is specific, giving each 

compartment a surface identity [Stenmark 2009]. For example, synaptic vesicle 

membranes are associated with Rab3 proteins. 

 

 After this tethering step, the initial assembly of the SNARE complex allows for 

docking if synaptic vesicles or secretory granules to the exocytotic sites (Figure 9). It is 

indeed believed that the SNARE complex is partially zipped during the docking stage. 

 

2.3.3 Getting ready for secretion  
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Once the vesicle is attached to the target membrane, it is stapled by a closer association 

of SNAREs complexes. It should be noted that the borderline between docking and 

stowage is unclear and that these steps are likely to be very close in time [Karatekin et 

al., 2008]. It is also of notice that the concept of docking may not represent the exact 

same steps of exocytosis when studied by electronic microscopy, dynamic live imaging 

(TIRF), or by electrophysiological means such as capacitance recording. 

 

2.3.4 Release of contents of vesicle 
 

The next step corresponds to the priming of vesicles for release. It is known for a long 

time that this steps is ATP-dependent and involves the phosphoinositide PI(4,5)P2. It is 

likely that this step also involves rearrangements in the structure and organization of 

the SNARE complexes allowing vesicles to get closer to the plasma membrane. Further 

zippering of the SNARE complex is thought to provide the needed energy to overcome 

the repulsion between the two membranes allowing for the formation of a hemifusion 

intermediate where the cytosolic leaflets of the two membranes have fused. The next 

step represents the complete merging of the proximal membranes and the formation of 

a fusion pore. At this stage vesicles can release their contents by at least two different 

modes of release. The first is classical mode of exocytosis where the secretory vesicle 

fully inserts into the plasma membrane allows for the complete release of vesicle 

content. The second mode of exocytosis consists in a transient opening of a pore 

between vesicular and plasma membranes allowing a direct connection of the vesicular 

lumen and the extracellular medium and partial release of vesicle content (He and Wu, 

2007). This later mode is also known as the “kiss and run”. Regardless of the type of 

membrane fusion, there is a formation of membrane fusion pore that requires the 

formation of the complex SNAREs. 
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2.4 Factors involved in membrane fusion 

2.4.1 Lipids 

 
Membrane fusion consists above all of the merging of two membrane bilayers. It is thus 

rather logical to speculate that lipids also play an important role. First neglected this 

aspect has been more intensely studied over the last two decades [Ammar et al., 2013]. 

These studies have led to models where specific lipid organize exocytotic sites whereas 

other lipids present fusogenic capacities. Following is a review I contributed too, that 

recapitulates the different roles that were established for lipids in exocytosis [Tanguy et 

al., 2016]. 

 

     Some lipids, such as cholesterol, PI(4,5)P2, and sphingolipids are clustered to 

microdomains in plasma membrane. Biochemical and high-resolution imaging 

observations have shown that these microdomains serve to concentrate and regulate 

SNARE proteins activity, in order to active exocytotic sites [Salaun et al., 2005]. 

Furthermore, it has been demonstrated that PI(4,5)P2-enriched microdomains 

co-localize with SNARE clusters that is docked on secretory granules, from analysis of 

immunogold labeled plasma membrane sheets obtained from chromaffin cells 

[Umbrecht-Jenck et al., 2010]. Recent work from our group has further shown that 

annexin A2 generates lipid domains sites by connecting cortical actin and docked 

secretory granules to active fusion sites [Gabel et al., 2015]. These findings suggest that 

exocytotic sites may be defined by specific lipids, such as cholesterol and PI(4,5)P2, and 

orchestrated by the cytoskeleton that altogether contribute to sequestering and/or 

stabilizing components of the exocytotic machinery (Figure 8b) 

This chapter is further detailed in a review I contributed to and that was 

published in the Journal of Neurochemistry. 
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Abstract
The regulated secretory pathway begins with the formation of
secretory granules by budding from the Golgi apparatus and
ends by their fusion with the plasma membrane leading to the
release of their content into the extracellular space, generally
following a rise in cytosolic calcium. Generation of these
membrane-bound transport carriers can be classified into three
steps: (i) cargo sorting that segregates the cargo from resident
proteins of the Golgi apparatus, (ii) membrane budding that
encloses the cargo and depends on the creation of appropriate
membrane curvature, and (iii) membrane fission events allow-
ing the nascent carrier to separate from the donor membrane.

These secretory vesicles then mature as they are actively
transported alongmicrotubules toward the cortical actin network
at the cell periphery. The final stage known as regulated
exocytosis involves the docking and the priming of the mature
granules, necessary for merging of vesicular and plasma
membranes, and the subsequent partial or total release of the
secretory vesicle content. Here, we review the latest evidence
detailing the functional roles played by lipids during secretory
granule biogenesis, recruitment, and exocytosis steps.
Keywords: exocytosis, lipid, membrane, microdomain,
secretion, secretory granule budding.
J. Neurochem. (2016) 137, 904–912.

This article is part of a mini review series on Chromaffin cells (ISCCB Meeting, 2015).

The secretory pathway is an essential cellular activity that
requires synthesis, modification, sorting, and release of
secretory proteins/molecules outside cells, as well as trans-
port of cell surface components. These proteins are first
created on endoplasmic reticulum (ER)-bound ribosomes and
translocated into the ER lumen, where they are folded,
assembled, and N-glycosylated (Braakman and Bulleid
2011). Cargo proteins (either membrane associated or
soluble) are conveyed from the ER exit sites to the entry
side of the Golgi apparatus and then successively pass
through the different Golgi stacks, where the proteins
undergo maturation and processing (Wilson et al. 2011).
At the trans-Golgi network (TGN), proteins are sorted into
specific vesicular carriers for transport and distribution to
their ultimate destinations, including the endolysosomal
system and the plasma membrane, by the constitutive or
regulated exocytosis pathway (Gerdes 2008). On one side, all
cell types recycle membranes, proteins, and extracellular
matrix components through constitutive secretory vesicles
that are transported directly to the cell surface where they
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fuse with the plasma membrane in the absence of any kind of
stimuli. On the other side, the regulated pathway is a
trademark of specialized secretory cells, such as neurons,
endocrine, and exocrine cells, and requires the accumulation
of the secretory material into dedicated organelles, the
secretory granules (V�azquez-Mart�ınez et al. 2012). The latter
are transported through the cytoplasm toward the cell
periphery, where they are exocytosed after stimulation of
the cell (Burgess and Kelly 1987).
In addition to the function of important protein players in

the journey of a secretory granules, lipids also contribute to
key steps. Cell membranes are indeed composed of a broad
spectrum of lipids with specific properties that can directly
influence membrane topology, dynamics, and tasks. In
addition, the lipid composition and transbilayer arrangement
vary strikingly between organelles and there is compelling
evidence that the collective properties of bulk lipids
profoundly define organelle identity and function (Holthuis
and Menon 2014). Of particular interest are changes in the
physical properties of the membrane that are directly under
the control of lipids, and mark the transition from early to late
organelles in the secretory pathway. These include bilayer
thickness, lipid packing density, and surface charge. Here,
we highlight the latest evidence supporting the notion that in
addition to the collective action of bulk lipids, specific minor
lipids directly control directionality and functionality of the
secretory pathway.

Lipids and biogenesis of secretory granules

Lipids involved in formation of budding sites at the TGN
membrane

The biogenesis of secretory granules destined for the
regulated secretory pathway begins like other transport
vesicles by active budding at the TGN membrane. This
process needs several concomitant events: the sorting of
cargo and membrane components, the membrane curvature,
and the recruitment of cytosolic proteins. A role for lipids
in the formation of post-Golgi carriers has long been
proposed, including their interactions with enzymes and
other membrane-associated proteins. The development of
cellular lipidomic approaches (especially mass spectrome-
try) has revealed (i) that the Golgi membrane of the
mammalian cell contains the same lipids as those found in
the plasma membrane, but in different proportions and (ii)
that the two leaflets of the Golgi membrane bilayers
display specific lipid compositions, sphingolipids being
enriched in the lumenal leaflet, whereas phosphatidylserine
(PS) and phosphatidylethanolamine are concentrated in the
cytosolic leaflet (van Meer and de Kroon 2011). Beside
these lipids, the recruitment of enzymes at the cytosolic
face of the TGN membrane contributes to its remodeling
through the generation of lipid metabolites, such as
diacylglycerol (DAG), phosphatidic acid (PA), and phos-

phoinositides (Ha et al. 2012). These lipids play a central
role in the formation of secretory granules. For instance,
the accumulation of PA in the TGN membrane is a key
factor for the budding of secretory granules (Siddhanta and
Shields 1998). At low pH and high calcium concentrations,
PA adopts a conical shape that favors changes in
membrane topology (Kooijman et al. 2003). DAG also
exhibits a conical shape and its accumulation in the TGN
membrane has been found to facilitate membrane curvature
leading to the budding of secretory granules (Asp et al.
2009).
The Golgi membrane also exhibits a dynamic lipid

asymmetry, with the ability of cholesterol, DAG, and other
glycerophospholipids to translocate spontaneously or in P4-
ATPase-stimulated manner (Tang et al. 1996). Flippases
generally maintain lipid asymmetry, but their lipid transfer
activity between the two leaflets can also potentially lead to
membrane curvatures that drive the budding of post-Golgi
vesicles (Leventis and Grinstein 2010).
Cells are able to maintain differences in lipid composition

between their organelles despite the lateral diffusion of lipids
in cellular membranes. The physical differences between
glycerolipids and sphingolipids make them segregate in the
presence of cholesterol (Marsh 2009). In the Golgi mem-
brane, for example, domains with different lipid composi-
tions are targeted with unique transmembrane proteins into
separate secretory vesicles. This segregation of lipids and
proteins forms the sorting mechanism which cells use to
maintain the specific composition of their membranes (van
Meer et al. 2008). Originally, lipid self-organization was
considered to be the major driving force behind lateral
membrane organization. The formation of such functional
lipid micro- or nano-domains in the bilayer remains difficult
to visualize because of the lack of effective lipid probes to
study molecule dynamics in living cells. Although this self-
organization plays an essential role, it is plausible that
membrane proteins influence lipid organization, and con-
versely that protein function and clustering are under the
control of lipids. Notwithstanding the so-called ‘lipid rafts’ in
Golgi membrane have been predicted to regulate the function
and clustering of proteins involved in the budding of
secretory granules (Surma et al. 2012).

Lipids involved in protein recruitment at the budding sites

The enrichment of secretory granule membrane in sphin-
golipids and cholesterol suggests their participation in the
formation of functional microdomains involved in the
budding of these organelles from the Golgi membrane
(Wang and Silvius 2000). Lipid microdomains are implicated
in the sorting of proteins destined for the regulated secretory
pathway (Tooze et al. 2001), as they possess the ability to
attract peripheral proteins such as carboxypeptidase E
(Dhanvantari and Loh 2000), prohormone convertase PC2
(Bl�azquez et al. 2000), and secretogranin III (Hosaka et al.
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2004). These proteins act as chaperones by tethering soluble
or aggregated proteins to the secretory granule membrane
(Dikeakos and Reudelhuber 2007). In secretory cells, lipid
microdomains also attract aquaporins (AQP), which are
transmembrane proteins that remove water, thereby allowing
the condensation of aggregated granule proteins in the TGN
(Arnaoutova et al. 2008). In the low pH and high calcium
conditions found in the Golgi compartment, members of a
family of soluble proteins called chromogranins induce
aggregation of proteins destined to the regulated secretory
pathway (Montero-Hadjadje et al. 2008). TGN acidification
is achieved by proton pumps of the vacuolar H-ATPase (V-
ATPase) family (Schapiro and Grinstein 2000). Interestingly,
Li et al. (2014) have demonstrated that the signaling lipid
phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2) is a sig-
nificant regulator of V-ATPase assembly and activity.
Furthermore, phosphoinositides on the cytosolic surface
recruit organelle-specific effector proteins of vesicle traffick-
ing and signal transduction (Di Paolo and De Camilli 2006).
For example, the serine/threonine protein kinase D (PKD) is
recruited by binding to DAG and the GTPase ARF1, and this
promotes the production of phophatidylinositol 4-phosphate
(PI(4)P) by activating the lipid kinase PI(4)-kinase IIIß. At
the TGN, PI(4)P can recruit lipid transfer proteins, such as
oxysterol-binding protein 1 and ceramide transport protein
that control sphingolipid and sterol levels, respectively.
Ceramide transport protein-mediated transport of ceramide to
the TGN has been proposed to increase the local production
of DAG, which is converted into PA and lysophosphatidic
acid; all these lipids being necessary for fission of secretory
vesicles. PKD also regulates the recruitment of Arfaptin-1 (a
Bin/amphiphysin/Rvs domain protein) to PI(4)P at the TGN
membrane (Cruz-Garcia et al. 2013). In this study, Arfaptin-
1 also appears important for the sorting of chromogranin A, a
member of the chromogranin family, to the regulated
secretory pathway in human BON carcinoid tumor cells.
These results suggest that DAG-dependent PKD recruitment
is crucial for the biogenesis of secretory granules. Indeed,
PKD-mediated Arfaptin-1 phosphorylation is necessary to
ensure the fission of secretory granules at the TGN of
pancreatic b cells (Gehart et al. 2012). Such a role is
compatible with previous reports showing that other cellular
components, such as chromogranin-induced prohormone
aggregates are important for driving TGN vesicle budding
after their association with membrane rafts (Gondr�e-Lewis
et al. 2012).

The journey of secretory granules begins

Hormone precursors, along with other proteins of the
regulated secretory pathway in neuroendocrine cells, are
sorted and packaged into immature secretory granules that
bud off from the TGN. These organelles are rapidly
conveyed to the cell periphery through their interaction
with microtubules via kinesin motors (Park et al. 2009).

The maturation process comprises an acidification-depen-
dent processing of cargo, condensation of the secretory
granule content, and removal of lipids and proteins not
destined for mature secretory granules. The acidification
process occurs along the regulated secretory route resulting
in a decrease in pH from the TGN (6.5–6.2), to immature
secretory granules (6.3–5.7), and finally to mature secre-
tory granules (5.5–5.0). In chromaffin cells, an increase in
the proton pump density and a diminution in proton
permeability of the granule membrane allow a pH drop
(Apps et al. 1989). Moreover, the selective V-ATPase
inhibitor bafilomycin A1 demonstrated the role of acidifi-
cation on trafficking of specific granule proteins through
the regulated secretory pathway in PC12 cells (Taupenot
et al. 2005), a process potentially under the control of
phosphoinositide levels.
During maturation in endocrine and exocrine cells,

granules decrease in size as their content undergoes
condensation, along with the concomitant efflux of Na+,
K+, Cl�, and water from the granules. Water removal is
ensured by the lipid microdomain-associated AQP. AQP1 is
found in secretory granules of pituitary and chromaffin cells,
as well as in synaptic vesicles and pancreatic zymogen
granules, whereas AQP5 is found in parotid gland secretory
vesicles (Ishikawa et al. 2005; Arnaoutova et al. 2008).
They facilitate condensation of granular content during
maturation. Upon their arrival at the cell periphery, secretory
granules are trapped in the dense cortical actin network.
Myosin Va together with Rab3D regulate distinct steps of
the granule maturation, with an essential role of myosin Va
in membrane remodeling (K€ogel and Gerdes 2010) and a
crucial function of Rab3D in the cargo processing (K€ogel
et al. 2013). Interestingly in yeast, oxysterol-binding protein
Osh4p-recruited PI(4)P and Rab proteins are in association
with a myosin V type (Myo2p) in the membrane of secretory
compartments and are implicated in vesicle maturation
(Santiago-Tirado et al. 2011).
Membrane remodeling also induces a decrease of the size

of secretory granules. The presence of a clathrin coat on
patches of secretory granule membrane causes shrinkage of
material, mediated by the clathrin adaptator protein (AP)-1
(Dittie et al. 1996). As a result, membrane proteins like
vesicle-associated membrane protein 4 (VAMP4), furin, and
mannose 6-phosphate receptors, which have a canonical AP-
1-binding site in their cytosolic domain, are present in
immature secretory granules, but not anymore in mature
secretory granules (Klumperman et al. 1998; Teuchert et al.
1999; Hinners et al. 2003). AP-1 accumulates at the
cytosolic face of TGN membrane likely through PI(4)P
interaction (Wang et al. 2003). Their transport along micro-
tubules toward the cortical actin, a step that has not been
linked to lipid yet, and the concomitant granular modifica-
tions result in the maturation and storage of secretory
granules, competent for exocytosis.
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Lipids and exocytosis of secretory granules

And the journey of secretory granules ends

The final stage of the secretory pathway is regulated
exocytosis, a well-defined multistep process triggered by an
exocytotic stimulus (Pang and S€udhof 2010). The molecular
machinery underlying regulated exocytosis involves assem-
bly of a tripartite soluble N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) complex between
plasma and granular proteins as well as accessory proteins
(Jahn and Fasshauer 2012). Extensive work over the last two
decades has also shed light on the importance of lipids in the
exocytosis process. In the following sections, the major
contributions of membrane lipids for each step of secretory
granule exocytosis will be described.

Lipids involved in formation of exocytotic sites and the

docking step
Mature granules, once tethered, are recruited to exocytotic
sites and this represents the initial contact between secretory
granules and plasma membrane. Some lipids, such as
cholesterol, phosphatidylinositol 4,5-bisphosphate (PI(4,5)
P2), and sphingolipids are clustered in ordered microdomains
in plasma membrane, also called membrane rafts. Biochem-
ical and high-resolution imaging observations indicate that
these detergent-resistant microdomains serve to concentrate
and regulate SNARE proteins, arguing for the constitution of
active exocytotic sites (Sala€un et al. 2005). Spatial definition
of exocytotic sites is cholesterol dependent, as depletion of
cholesterol from the plasma membrane negatively affects
cluster integrity and results in reduced secretory activity by
neuroendocrine cells (Lang et al. 2001). Furthermore, we
have demonstrated that PI(4,5)P2-enriched microdomains
co-localize with SNARE clusters and docked secretory
granules from analysis of immunogold labeled plasma
membrane sheets (Umbrecht-Jenck et al. 2010).
PI(4,5)P2 plays a critical role in translocating secretory

vesicles to the plasma membrane (Wen et al. 2011), but also
binds and regulates a large subset of proteins involved in the
docking step, and therefore plays an essential role in granule
recruitment at exocytotic sites (recently reviewed by Martin
2015). For instance, by modulating actin polymerization, PI
(4,5)P2 controls actin-based delivery of secretory vesicles to
exocytotic sites (Trifar�o et al. 2008). Moreover, PI(4,5)P2
clusters organized by syntaxin-1A could act as a platform for
granule docking in membrane rafts (Honigmann et al. 2013).
Studies in chromaffin cells have demonstrated that generation
of microdomains is positively regulated by recruitment of
annexin A2, a calcium- and PI(4,5)P2-binding protein
present at docking sites near SNARE complexes (Chas-
serot-Golaz et al. 2005; Umbrecht-Jenck et al. 2010). Using
3D electron tomography, we have recently shown that
annexin A2 generates lipid domains sites by connecting
cortical actin and docked secretory granules to active fusion

sites (Gabel et al. 2015). The actin-bundling activity of
annexin A2 promotes the formation of ganglioside GM1-
enriched microdomains, increases the number of morpho-
logically docked granules at the plasma membrane, and
controls the number and the kinetic of individual exocytotic
events.
Altogether, these findings raise the possibility that exocy-

totic sites are defined by specific lipids, such as cholesterol
and PI(4,5)P2, that contribute to sequestering or stabilizing
components of the exocytotic machinery. There are also
indications that other lipids contribute to the establishment of
exocytotic sites. For instance, PS resides mostly in the
cytosolic leaflet of plasma membrane in unstimulated
conditions. However, during exocytosis of secretory granules
in numerous secretory cell types, notably neuroendocrine
cells, PS translocates to the outer leaflet (Vitale et al. 2001).
An ultrastructural analysis has recently demonstrated that PS
is externalized in the vicinity of the docking sites of secretory
granules, although the functional relevance of this PS
externalization for fusion is still under debate (Ory et al.
2013). Another lipid implicated in regulated exocytosis is
PA. Silencing of the PA-producing enzyme phospholipase
D1 (PLD1) and the ectopic expression of a catalytically dead
PLD1 form in chromaffin cells affected the number of
exocytotic events, as revealed by capacitance recordings and
carbon fiber amperometry (Zeniou-Meyer et al. 2007). In
line with these observations, PA has recently been proposed
to regulate docking in sea urchin eggs (Rogasevskaia and
Coorssen 2015). Finally, analysis of plasma membrane
SNARE microdomains in chromaffin cells by total internal
reflection fluorescent microscopy suggests that exogenous
addition of the polyunsaturated fatty acid arachidonic acid
(AA) enhances docking of granules (Garc�ıa-Mart�ınez et al.
2013). Thus, investigations using novel high-resolution
imaging techniques combined with acute modifications of
individual lipid composition in a given membrane will
probably further elucidate the contribution of lipids to the
organization of the exocytotic platform.

Lipids regulating molecular mechanisms of priming steps

Priming steps depend on molecular events, essentially
involving SNARE complex assembly, and are necessary to
render vesicles fusion competent (Klenchin and Martin
2000). There is also growing evidence that lipids are
implicated in priming, as indicated by lipid reorganization
provoked by inositol kinases and lipases during this step.
Phosphoinositides such as PI(4,5)P2 seem to be key
regulators of secretion, not only by regulating the docking
step but also by controlling the size and refilling rate of the
readily releasable pool of granules. Electrophysiological
studies modulating PI(4,5)P2 levels and using over-
expressed PI(4,5)P2 fluorescent probes revealed that a high
level of PI(4,5)P2 in chromaffin cells positively modulates
secretion by increasing the size of the primed vesicle pool,
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whereas the constants of the fusion rate were not affected
(Milosevic et al. 2005). In agreement with this concept, we
recently found that the HIV protein Tat sequesters plas-
malemmal PI(4,5)P2 in neuroendocrine cells and subse-
quently reduces the number of exocytotic events, without
significantly affecting the kinetics of fusion (Tryoen-Toth
et al. 2013). Moreover, in vitro experiments using liposomes
have previously reported that PI(4,5)P2 can recruit priming
factors such as calcium-activator protein for secretion
(CAPS), which facilitates SNARE-dependent fusion (James
et al. 2008). However, it seems that a well-regulated balance
between plasmalemmal PI(4,5)P2 synthesis and breakdown
is mandatory for exocytosis. Indeed, DAG production
through hydrolysis of PI(4,5)P2 by phospholipase C is
crucial for exocytosis in mast cells (Hammond et al. 2006).
As for PI(4,5)P2, DAG formation is essential for priming,
leading to activation of protein kinase C and Munc-13, which
then modulate the function of syntaxin-1A (Sheu et al. 2003;
Bauer et al. 2007).
On the granule membrane, phosphoinositides have also

been implicated in priming. For instance, experiments on
permeabilized chromaffin cells have shown that synthesis of
phosphatidylinositol-3-phosphate (PI(3)P) on secretory gran-
ules positively regulates secretion. Formation of PI3P is
mediated by an isoform of phosphatidylinositol 3-kinase
(PI3K), PI3K-C2a, particularly enriched on chromaffin
granule membranes, suggesting that PI3K-C2a production
of PI(3)P has a specific role in the ATP-dependent priming
phase of exocytosis (Meunier et al. 2005). Genetic and
pharmalogical inhibition of PI3K-C2a activity resulted in a
complete inhibition of secretion, suggesting that PI(3)P
synthesis is necessary for exocytosis to occur (Meunier et al.
2005). This notion has been validated by experiments
showing that stimulation of exocytosis up-regulated PI(3)P
levels on granules, whereas enzymatic conversion of PI3P in
PI(3,5)P2 negatively affected exocytosis (Osborne et al.
2008; Wen et al. 2008). A similar effect on insulin secretion
has been reported in pancreatic b cells with impaired PI3K-
C2a activity (Dominguez et al. 2011). Taken together, PI(3)
P production by PI3K-C2a on chromaffin granule membrane
can be proposed to act as an essential priming signal for
secretory granules, although the effectors directly involved
remain to be characterized. Altogether these observations
suggest that phosphoinositide metabolism is finely regulated
to control the number of fusion-competent granules.
Other lipids have recently emerged as additional modula-

tors of the priming step. AA, a polyunsaturated fatty acid of
the omega-6 family has been described to potentiate
exocytosis from chromaffin cells (Vitale et al. 1994, 2010;
Latham et al. 2007). In vitro assays on protein interactions
have revealed that AA can directly interact with SNAREs,
like syntaxin-1a or syntaxin-3, and potentiate their assembly
with SNAP-25 (Darios and Davletov 2006). Interestingly,
this effect of AA on SNARE complex formation in vitro can

be reproduced by other omega-3 and omega-6 fatty acids,
suggesting that polyunsaturated lipids may physiologically
regulate SNARE complex assembly by targeting syntaxin
isoforms (Darios and Davletov 2006). Along this line, work
with snake phospholipase acting as neurotoxin substantiates
the notion that free fatty acids and lysophopholipids promote
neurosecretion (Rigoni et al. 2005). Furthermore, production
of sphingosine, via hydrolysis of vesicular membrane
sphingolipids, also facilitated SNARE complex assembly
by activating the vesicular SNARE synaptobrevin (Darios
et al. 2009). Finally, in vitro fusion assays have demon-
strated that PA binds syntaxin-1 and promotes SNARE
complex assembly (Lam et al. 2008; Mima and Wickner
2009).

‘Fusogenic lipids’ for membrane merging and release of

content

Many observations are in agreement that lipids have also a
crucial role in the fusion reaction. Thus, the most widely
accepted lipidic model for membrane fusion is the stalk pore
model, defined by the merging of cis-contacting monolayers,
leading to a negatively curved lipid structure called a stalk
(Chernomordik and Kozlov 2008). During exocytosis, the
outer leaflet of the granule and the inner leaflet of the plasma
membrane seemingly form the stalk. As a result of differ-
ences in the geometry of lipids, lipid composition of
membranes presumably influences the structure of the stalk
and subsequently efficacy of exocytosis. Theoretically, cone-
shaped lipids such as cholesterol, DAG, or PA, which have
intrinsic negative curvatures when found in the inner (cis)
leaflets of contacting bilayers could promote fusion. On the
contrary, inverted cone-shaped lipids (PS, gangliosides, or
lysophospholipids) are supposed to be present in the outer
(trans) leaflets. This concept has been partially validated
using reconstituted fusion assays and directly by adding
lipids to cell cultures. These results indicate that PA, DAG,
and cholesterol, may promote fusion by changing the
spontaneous curvature of membranes (Ammar et al. 2013).
PA is present in the inner leaflet of the plasma membrane,

but presumably in very small quantities in resting conditions.
Based on the pivotal role of this lipid in exocytosis (Bader
and Vitale 2009), the visualization of local formation of PA
has been a recurring issue. Use of PA-specific probes
coupled to ultrastructural analysis allowed us to visualize PA
accumulation at the plasma membrane in stimulated chro-
maffin cells, near morphological docking sites (Zeniou-
Meyer et al. 2007). Moreover, silencing of PLD1 has
suggested that PA production is necessary to facilitate
membrane fusion after early steps of exocytosis, probably by
modifying membrane topology in the proximity of docking
sites. In favor of this model, extracellular lyso-phosphati-
dylcholine (LPC) application partially rescued secretion from
PLD1-depleted cells (Zeniou-Meyer et al. 2007). PLD1
activity at the plasma membrane, and subsequently PA
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synthesis during exocytosis, is itself regulated by PI(4,5)P2
(Du et al. 2003). As PA is also an essential co-factor of
PI5K, which produces PI(4,5)P2, a positive feedback loop
for the synthesis of these two lipids may be activated during
exocytosis (Cockcroft 2009).
In conclusion, the local accumulation of different fuso-

genic lipids, such as PA, PI(4,5)P2, DAG, and cholesterol at
or near granule docking sites may have a synergistic effect on
membrane curvature and thereby promote fusion. However,
the precise localization of these lipids during the course of
the fusion pore formation, expansion, and closure remains
elusive and requires significant advances in imaging tech-
niques and lipid sensors. Finally, a novel mass spectrometry
method has recently revealed that saturated free fatty acids

are actively generated in stimulated neurosecretory cells and
neurons (Narayana et al. 2015), but at present it is not known
if these fatty acids have a direct role in exocytosis or if they
are degradation products of fusogenic lipids.

Ending the journey or a new beginning?
Membrane fusion during exocytosis can occur through three
different modes in secretory cells, depending on the phys-
iological demand: kiss and run, cavicapture, or full-collapse
fusion. After full-collapse fusion of the granules upon
stimulation, the secretory granule membrane components
can be entirely recycled by a clathrin-mediated compensatory
endocytotic process (Ceridono et al. 2011). Molecular
mechanisms underlying the preservation of granule mem-

Fig. 1 Model highlighting the importance of lipids from secretory
granule biogenesis to fusion. (a) The regulated secretory pathway from

the Golgi apparatus to the plasma membrane. Immature secretory
granules (ISG) are transported along microtubules from the trans-Golgi
network (TGN) up to the cortical actin. During their active transport they
are converted into mature secretory granules (MSG). (b) Lipids

involved in the journey of secretory granules. Specific minor lipids
directly control directionality and functionality of the regulated secretory

pathway. Conical lipids include cholesterol, diacylglycerol, phospha-
tidic acid, and phosphatidylethanolamine. Inverted conical lipids

include lysophospholipids and PI(4,5)P2. Omega-6 and omega-3
forms of polyunsaturated fatty acids (PUFA) are released in the
cytosol by phospholipases. Membrane microdomains enriched in
cholesterol, gangliosides, and sphingolipids are highlighted at the

budding membrane of the TGN and at the exocytotic sites of the
plasma membrane.
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brane identity after fusion with plasma membrane remains
unclear, but it has been proposed that specific lipid
microdomains might contribute to prevent diffusion of
granular components. Hence, exo-endocytosis coupling leads
then to recycling of post-exocytotic internalized granule
membrane back to the Golgi apparatus, starting a new life for
the secretory granule (Houy et al. 2013). Recently lipids
generated upon exocytosis have been proposed to contribute
to the exo-endocytosis coupling (Yuan et al. 2015).

Conclusion

Lipids undoubtedly appear to contribute to almost every step
along the regulated secretory pathway from the biogenesis of
secretory granules to the exocytosis process (Fig. 1). How-
ever, despite the important advances in our understanding,
many important answers remain far beyond our reach. The
contribution of individual molecular lipid species is not
known. Addressing this issue will require following the
dynamics of individual lipid species at the nanometric scale,
an aspect that may be achieved through the development of
mass spectrometric imaging. Clearly this remains one of the
most challenging issues in modern cell biology, given the
large number of lipid molecules to analyze. Probing the
physiological relevance of these lipids in different secretory
processes is another challenging aspect for the near future.
Indeed there is no doubt that an alteration of the fine cellular
lipid balance, either as a consequence of an alteration of lipid
metabolism or a bad diet, could contribute to dysfunction of
the secretory pathway. On the other hand, determining the
influence of lipid shape to membrane topology during the
different steps of membrane remodeling across the secretory
pathway will probably require better in vitro modeling of the
different steps involved.
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2.4.2 SNARE proteins 
 

SNAREs are small, abundant, sometimes tail-anchored proteins which are often 

post-translationally inserted into membranes by a C-terminal transmembrane domain. 

There are at least 24 different SNAREs in yeasts and more than 60 in mammalian cells 

[Burri and Lithgow, 2004]. The SNAREs that mediate docking of synaptic vesicles with 

the presynaptic membrane in neurons are best studied. As mentioned previously one 

important role of SNARE proteins is to mediate synaptic and secretory vesicle fusion. 

 

Two categories of SNAREs have been defined: vesicle or v-SNAREs, which are 

incorporated into the membranes of vesicles during budding, and target or t-SNAREs, 

which are associated with nerve terminal membranes and form stable subcomplexes 

that help v-SNARE to complete the SNARE complex [Malsam and Söllner, 2011]. 

Accounting by structural features, SNAREs were later divided into R-SNAREs and 

Q-SNAREs. Usually, R-SNAREs act as v-SNAREs and Q-SNAREs act as t-SNAREs. 

R-SNAREs are proteins that contribute an arginine (R) residue in the formation of the 

zero ionic layer in the assembled core SNARE complex. Q-SNAREs are proteins that 

contribute a glutamine (Q) residue in the formation of the zero ionic layer in the 

assembled core SNARE complex (see below and figure 11). Q-SNAREs include syntaxin 

and SNAP-25, whereas VAMP-2 is a member of the R-SNARE family. For some SNAREs, 

such as SNAP-25, a transmembrane domain is not present and lipid modifications such 

as palmitoylation are responsible for membrane anchoring [Hong and Lev, 2014].  

 

2.4.2.1 Structure and interaction of SNAREs 
 

Although SNAREs vary in structure and size, they all share a segment in the cytosolic 

domain that contains heptad repeats, which is able to form coiled-coil structures. 

v-SNAREs and t-SNAREs can assemble reversibly into a four-helix bundles called 

trans-SNARE complexes. In synaptic vesicles these complexes are formed by three 
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SNAREs: two t-SNAREs (syntaxin 1 and SNAP-25) and synaptobrevin (also referred to 

as vesicle-associated membrane protein or VAMP-2), a v-SNAREs. 

 

In neuronal exocytosis, syntaxin and synaptobrevin are moored in membranes by 

their C-terminal domains, whereas SNAP-25 is tethered to the plasma membrane via 

several cysteine-linked palmitoyl chains. The core trans-SNARE complex is a 

four-ɑ-helix bundle, where syntaxin 1 and synaptobrevin contribute one by each, and 

SNAP-25 contributes two [Sutton et al., 1998] (figure 10). The interacting amino acid 

residues that zip the SNARE complex can be grouped into layers. Each layer has 4 amino 

acid residues - one residue per each of the 4 ɑ-helices. In the center of the complex is 

the zero ionic layer that compose one arginine and three glutamine residues, and it is 

flanked by leucine zippering. At the center of the complex, most closely layers as '-1', 

'+1' and '+2', follow ideal leucine-zipper geometry and amino acid composition 

[Fasshauer et al., 1998]. The zero ionic layer is composed of Q226 from syntaxin-1A, 

R56 from VAMP-2, Q174 from Sn2 and Q53 from Sn1, and is completely buried within 

the leucine-zipper layers. The positively charged guanidino group of the arginine 

residue interacts with the carboxyl groups of each of the three glutamine residues 

(figure 11). 

 

2.4.3 SNAREs and membrane fusion 

 
During membrane fusion, v-SNARE and t-SNARE proteins on separate membranes 

combine to form a trans-SNARE complex. After fusion the membranes merge and 

SNARE proteins are then referred to as a cis-SNARE complex, which is then bound and 

disassembled by an adaptor protein, alpha-SNAP. Then, the SNARE complex unfolds in 

an ATP-dependent reaction, which is catalyzed by the hexametric AAA-ATPase NSF, in 

order to release them for recycling. 

 

SNAREs are proposed to be the key components of the fusion machinery and can 
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work independently. This was demonstrated by engineering flipped SNAREs, disposing 

the SNARE domains facing the extracellular space. When these engineered cells 

expressing flipped t-SNAREs contact cells with flipped v-SNAREs, trans-SNARE 

complexes form and cell-cell fusion ensues [Hu et al., 2003].  

 

2.4.3.1 Assembly of the SNARE complex 
 

To provide the force that is required for vesicle fusion, SNARE proteins must assemble 

into trans-SNARE complexes. The rate-limiting step in the assembly of complexes is the 

association of the syntaxin SNARE domain, since its ability of interacting with other 

SNARE proteins is generally blocked by a closed state [Burkhardt et al., 2008]. When 

syntaxin 1 transits towards an open state, the four SNARE domains begin associating 

together at their N-terminal. The SNARE domains proceed in forming a coiled-coil motif 

in the direction of the C-termini of their respective domains. 

 

Figure 10: The SNARE 

complex. The core SNARE 

complex is formed by four 

α-helices contributed by 

synaptobrevin, syntaxin and 

SNAP-25, synaptotagmin 

serves as a calcium sensor 

and regulates intimately the 

SNARE zipping [By Danko 

Mimchev Georgiev]. 
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Figure 11: Structure of the neuronal SNARE complex [Fasshauer et al., 1998]. Structure of the 

four-helical bundle of the cis-SNARE (postfusion) core complex, with the syntaxin 1a coil in red, VAMP-2 

in blue, and the two SNAP-25 coils in green. The central black polygons denote the 15 hydrophobic layers 

of the complex, with the central red ionic layer referred to as the zero layer. a) A cross section of a typical 

(the −5) hydrophobic layer, with ball and stick structures representing the indicated amino acids. b) The 

ionic layer with its three glutamines, Q226 from syntaxin, Q53 from SNAP-25 N-terminal coil, and Q174 

from SNAP-25 C-terminal coil, and the arginine R56 of VAMP. The dotted lines indicate the three 

hydrogen bonds formed between these residues in the wild-type complex. c) Examples of electrostatic 

surface interactions (dotted lines) between the SNARE coils. 

 

The SM protein (Sec1/Munc18 protein) is thought to act on the assembly of the 

SNARE complex, although its mechanism of action remains controversial. However it is 

well admitted that Munc18 acts as a chaperone protein for syntaxin 1 allowing its 

transport from the TGN to the plasma membrane. It is also well known that the clasp of 

Munc18 locks syntaxin in a closed conformation by binding to its alpha-helix SNARE 

domain, which inhibits the entry of synaptic fusion proteins into the SNARE complex 

[Burkhardt et al., 2008]. One hypothesis suggests that during the assembly of the 

SNARE complex, the Munc18 clasp releases the closed syntaxin remains associated with 

the N-terminal peptide of syntaxin and is then relegated to the newly formed four-helix 

SNARE complex [Südhof and Rothman, 2009]. It was more recently shown by single 
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molecule tracking by super-resolution that Munc18 regulates the formation of 

nanoclusters of syntaxin [Kasula et al., 2016]. 

 

 
Figure 11: Structure of SNARE and SM proteins and some proteins that grapple with them (from 

Südhof and Rothman, 2009).A) SNARE complex (also called cis-SNARE complex) of 

VAMP/synaptobrevin-2 (blue helix), Syntaxin-1A (red helix), and SNAP-25 (green and yellow helices for 

the N- and C-terminal domains, respectively). The Habc domain of Syntaxin-1A (brown helices) is 

positioned arbitrarily. B) An SM protein, highlighting its arch-like structure (Munc18). C) Complexin, 

bound to the SNARE complex (Complexin-1, shown in magenta), has a helical region that binds at the 

interface of v- and t-SNARE in an anti-parallel orientation. D) Synaptotagmin, the calcium sensor for 

synchronous synaptic transmission (Synaptotagmin-1), with its membrane-proximal (C2A) and 

membrane-distal (C2B) C2 domains labeled and the position of critical bound calcium ions (orange) 

shown. All proteins are at the same scale and the bilayer thickness is approximately on the same scale. 

 

This possible dissociation mechanism and subsequent recombination with the 

SNARE domain may be calcium-dependent [Jahn and Fasshauer, 2012]. This supports 

the notion that Munc18 plays a key regulatory role in vesicle fusion. Under normal 

conditions the SNARE complex is blocked by Munc18, but when exocytosis is triggered, 
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Munc18 assists the SNARE-complex assembly, thereby acting as a fusion catalyst 

[Südhof and Rothman, 2009] (Figure 11). Recent work shows that two mutations in the 

vesicle-anchored v-SNARE selectively impair the ability of Munc18-1 to promote 

trans-SNARE zippering, whereas other known Munc18-1/SNARE-binding modes are 

unaffected. And these v-SNARE mutations strongly inhibit spontaneously as well as 

evoked neurotransmitter release, providing genetic evidence for the 

trans-SNARE-regulating function of Munc18-1 in synaptic exocytosis [Shen et al., 2015]. 

 

2.4.3.2 Membrane fusion 
 

Membrane fusion is an energy-demanding event that requires translocation of proteins 

in the membrane, formation of highly curved membrane structure, before disruption of 

the lipid bilayer. The process of combining two membranes requires an input of energy 

to overcome the repulsive electrostatic forces between the membranes. The mechanism 

by which the movement of membrane-associated proteins away from the membrane 

contact zone is adjusted before fusion is unknown, but a local increase in membrane 

curvature is believed to contribute to the process. SNARE produces energy through 

protein-lipid and protein-protein interactions as a driving force for membrane fusion. 

 

One model assumes that the force required to bind the two membranes together 

during fusion comes from the conformational change of the trans SNARE complex to 

form a cis SNARE complex. The assumption that currently describes this process is 

known as the SNARE "zipper." [Chen and Scheller, 2001] 

 

When the trans SNARE complex is formed, the SNARE protein is still found on the 

opposite membrane. As the SNARE domains continue to coil during the spontaneous 

process, they form a tighter, more stable four-helix bundle. During this "zippering" of 

the SNARE complex, it is believed that a portion of the released energy from the bond is 

stored as molecular bending stress in each SNARE motif. It is assumed that this 
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mechanical stress is stored in the semi-rigid connection between the transmembrane 

domain (known as the stalk) and the SNARE helical beam [Kiessling and Tamm, 2003; 

Wang et al., 2001]. When the composite moves to the film fusion site on the periphery, 

the energy-favorable bending is minimized. As a result, the relief of stress overcomes 

the repulsive force between the vesicle and the cell membrane and presses the two 

membranes together [Risselada et al., 2011]. Following the "zippering" hypothesis, 

when the SNARE complex is formed, the tightening of the helical bundle exerts a 

torsional force on the transmembrane domain of synaptic vesicle proteins and synaptic 

fusion proteins [Fang and Lindau, 2014]. This causes the transmembrane domain to tilt 

within a separate membrane because the protein is more tightly entangled.  

The unstable configuration of the transmembrane domain ultimately leads to the 

fusion of the two membranes, and the SNARE proteins cluster together in the same 

membrane, which is called the "cis"-SNARE complex. Due to lipid rearrangement, the 

fusion pores open and allow the chemical components of the vesicles to leak into the 

external environment (Figure 12). 

Molecular simulations indicate that the proximity of the membrane enables the lipid to 

unfold, with a population of lipids inserting their hydrophobic tail into the adjacent 

membrane - effectively maintaining a "foot" in each membrane. The resolution of the 

unfolded lipid state proceeds spontaneously to form a stem structure. In this molecular 

view, the unfolded intermediate state of the lipid is the rate determining barrier rather 

than the formation of the stem, which now becomes the free energy minimum (Figure 

13). The energy barrier to establish an expanded lipid conformation is proportional to 

the membrane spacing. Thus, the SNARE complex and its pressing of the two 

membranes together provide the free energy required to overcome the barrier 

[Risselada and Grubmüller, 2012]. The energy input required for SNARE-mediated 

fusion comes from the complex disassembly of SNARE. The suspected source of energy 

is an ATPase associated with membrane fusion, N-ethylmaleimide sensitive factor (NSF). 

The NSF homo hexamer, together with the NSF cofactor α-SNAP, binds and dissociates 

the SNARE complex by coupling this process to ATP hydrolysis [Söllner et al., 1993]. 

This process allows for the uptake of synaptic vesicle proteins for further use in vesicles, 
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while other SNARE proteins are still associated with cell membranes. 

 

 
Figure 12: SNARE zippering model (Südhof and Rothman, 2009). A) The zippering model for 

SNARE-catalyzed membrane fusion. Three helices anchored in one membrane (the t-SNARE) assemble 

with the fourth helix anchored in the other membrane (v-SNARE) to form trans-SNARE complexes, or 

SNARE pins. Assembly proceeds progressively from the membrane-distal N-termini towards the 

membrane-proximal C-termini of the SNAREs. This generates an inward force vector (F) that pulls the 

bilayers together, forcing them to fuse. Complete zippering is sterically prevented until fusion occurs, so 

that fusion and the completion of zippering are thermodynamically coupled. B) Therefore, when fusion 

has occurred, the force vanishes and the SNAREs are in the low energy cis-SNARE complex      

 

The dissociated SNARE protein has a higher energy state than the more stable cis 

SNARE complex. It is believed that the energy that drives the fusion comes from a 

transition to a lower energy cis-SNARE complex. The ATP hydrolysis coupled 

dissociation of the SNARE complex is an energy investment that can be compared to a 

"warp gun" so that once the vesicle fusion is triggered, the process spontaneously 

occurs at an optimal rate. A similar process occurs in the muscle where the myosin 

head must first hydrolyze ATP to accommodate the necessary conformation with actin 

interaction and subsequent power stroke. 
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Figure 13: Energetics of stalk formation [Risselada and Grubmüller, 2012].  

(a) Unfused bilayers. (b) At a constant inter-membrane distance, the free energy of the splayed lipid (DG) 

is not expected to depend on the head-group type (spontaneous curvature). (b), (c) and (e) The free 

energy of the stalk itself, however, depends on both the spontaneous curvature (plotted cone) and 

separation distance and these will determine whether a formed stalk is metastable or not [31_]. (c) At 

such an inter-membrane distance, the stalk formed between two DOPC membranes is an unstable 

transient intermediate. (d) The stalk is metastable when its free energy is lower than both the 

dissociation barrier and expansion barrier. (e) In the HII-phase the formed hourglass-shaped 

(rhombohedral) stalk structure is unstable (no expansion barrier) and the stalk will continuously 

elongate to maximize its energetically favorable negatively curved perimeter. The barrier of stalk 

formation is determined by the free energy of the stalk intermediate (DG). However, this barrier 

excludes the additional energy that is required to bring the two membranes within such proximity 

(inter-membrane repulsion). This inter-membrane repulsion includes the known relation between 

spontaneous curvature and fusogenicity. Hence, an intrinsic negative curvature reflects the inability of 

the lipid head-group to sufficiently shield its hydrophobic moiety when arranged in a planar 

conformation. As a result the membrane surface becomes more hydrophobic which lowers the energetic 

cost of leaflet approach. 
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2.5 After Membrane fusion 
 

Membrane fusion during exocytosis can occur through three different modes in 

secretory cells, depending on the physiological demand: kiss and run, cavicapture, or 

full-collapse fusion [Tanguy et al., 2016]. After full-collapse fusion of the synaptic 

vesicles or secretory granules upon stimulation, the vesicular membrane components 

can be entirely recycled by a clathrin-mediated compensatory endocytotic process for 

secretory granules [Ceridono et al. 2011] and by ultrafast, bulk or clathrin-mediated 

endocytosis for synaptic vesicles [Maritzen and Haucke, 2018]. It is of note that these 

processes allow cells to maintain membrane size homeostasis despite intensive 

membrane addition by exocytosis. Molecular mechanisms underlying the preservation 

of granule membrane identity after fusion with plasma membrane remains unclear, but 

it has been proposed that specific lipid microdomains might contribute to prevent 

diffusion of membrane components for secretory granules. Hence, exo-endocytosis 

coupling leads then to recycling of post-exocytotic internalized granule membrane back 

to the Golgi apparatus or to a recycling pool of vesicles, starting a new life for the 

secretory vesicle [Houy et al. 2013]. Recently lipids generated upon exocytosis have also 

been proposed to contribute to the exo-endocytosis coupling [Yuan et al. 2015]. 

 

2.6 Regulation of the SNARE complex 

 

A) Regulation via SNAP-25 palmitoylation 

 

The Q-SNARE protein synaptosome associated protein 25 (SNAP-25) consists of two 

alpha-helical domains joined by a randomly coiled linker. The most striking aspect of 

the random coil junction region is its four cysteine residues [Bock et al., 2010]. The 

α-helical domain binds to synaptic fusion proteins and synaptic vesicle proteins (also 

known as vesicle-associated membrane proteins or VAMP) to form a 4-α-helical 
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coiled-coil SNARE complex that is essential for effective exocytosis. 

 

Although both syntaxin and synpatobrevin contain transmembranes domain that 

allows for docking to the target membrane and vesicle membrane, the function of 

SNAP-25 is dependent on palmytoylation of these cysteine residues found in the 

random coiled region. Acylation of SNAP-25 allows its docking to the target membrane. 

Some studies have shown that the association of SNARE interactions with synapses 

precludes the need for such docking mechanisms. However, synaptic knockdown 

studies failed to show a decrease in membrane-bound SNAP-25, suggesting the 

existence of alternative docking means [Greaves et al., 2010b]. Thus, covalent 

attachment of a fatty acid chain to SNAP-25 by attachment of a thioester to one or more 

cysteine residues provides for the regulation of docking and eventual SNARE-mediated 

exocytosis. This process is mediated by a specialized family of enzymes called DHHC 

palmitoyl transferases [Greaves et al., 2010a]. The cysteine-rich SNAP-25 domain also 

appears to be weakly associated with the plasma membrane, possibly localizing it near 

the enzyme for subsequent palmitoylation. The reversal of this process is carried out by 

another enzyme called palmitoyl thioesterase. 

 

The availability of SNAP-25 in the SNARE complex is also theoretically likely to be 

spatially regulated by the localization of lipid domains in the target membrane. The 

palmitoylated cysteine residue can be localized to the desired target membrane region 

by a favorable lipid environment (possibly rich in cholesterol) complementary to the 

fatty acid chain to which the cysteine residue of SNAP-25 is bound [Greaves et al., 

2010b]. 

 

When the action potential reaches the end of the axon, the depolarization event 

stimulates the opening of the voltage-gated calcium channel (VGCC), allowing calcium 

to flow rapidly to lower its electrochemical gradient. Calcium major stimulation action 

of exocytosis occurs through binding to synaptotagmin-1. However, surprisingly 

SNAP-25 has been shown to negatively regulate VGCC function in glutamatergic 
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neuronal cells. SNAP-25 causes a decrease in current density through VGCC, and thus a 

decrease in the amount of calcium bound to synaptotagmin, resulting in a decrease in 

neuronal glutamatergic vomiting. In contrast, low expression of SNAP-25 increases 

VGCC current density and increases exocytosis [Condliffe et al., 2010]. 

 

Further studies suggest that there may be a link between SNAP-25 expression 

levels and various brain diseases. In the attention deficit/ hyperactivity disorder 

(ADHD), the polymorphism of the human SNAP-25 locus is associated with the disease 

[Corradini et al., 2009], which is further demonstrated by a heterogeneous SNAP-25 

knockout study of the coloboma mutant mice model. This led to the phenotypic 

characteristics of ADHD [Hess et al., 1992]. Studies have also shown a correlation 

between SNAP-25 expression level and the onset of schizophrenia [Thompson et al. 

1998; Gabriel et al., 1997]. 

 

B) Syntaxin and Habc domains 

The synaptic fusion protein consists of a transmembrane domain (TMD), an 

alpha-helical SNARE domain, a short linker region, and a Habc domain consisting of 

three alpha-helix regions. The SNARE domain in syntaxin serves as a target site for 

docking of SNAP-25 and synaptic vesicle proteins to form a SNARE complex and a 

four-helix bundle necessary for subsequent fusion. However, the Habc domain acts as 

an autoinhibitory domain in syntaxin. It has been shown to fold and associate with the 

SNARE domain of the syntaxin to induce a "closed" state, thereby forming a physical 

barrier to the formation of the SNARE motif. In contrast, the Habc domain can again 

dissociate from the SNARE domain, allowing syntaxin to bind freely to SNAP-25 and 

synaptic vesicle proteins [MacDonald et al., 2010]. 

 

C) Syntaxin interaction with lipids 

The juxtamembrane domain adjacent to the TMD of syntaxin 1 was shown to bind to 

anionic lipids such as phosphoinositides and phosphatidic acid [Lam et al., 2008]. 
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Mutations in this domain reduced the number of exocytotic events in bovine chromaffin 

cells, but also affected the fusion pore stability arguing that the interaction of syntaxin 1 

with specific lipids is important for proper membrane fusion [Lam et al., 2008]. 

 

        D) Syntaxin 1B and an easily released vesicle pool 

There is a huge diversity of syntaxin subtypes, and there are 15 variants in the human 

genome [Teng et al., 2001]. It has been suggested that syntaxin1B plays a role in 

regulating the number of synaptic vesicles prepared by exocytosis in the axon terminal. 

This is called readily releasable pool (RRP). A knockout study in 2014 showed that the 

lack of syntaxin1B led to a significant decline in RRP size [Mishima et al., 2014]. Many 

neurotoxins directly affect the SNARE complex. These toxins, such as botulinum and 

tetanus toxins, act by targeting the SNARE component. These toxins prevent proper 

vesicle recirculation, leading to poor muscle control, paralysis, paralysis, and even 

death (figure 14). 

 

 2.7 Exocytosis and V-ATPase 

 
V-ATPase is a protein essential for cell survival by its proton pump activity. Accordingly 

studying an additional role of V-ATPase independent of proton transport has been 

difficult by approaches involving robust depletion of V-ATPase such as knockdown or 

knockout. Moreover, since V-ATPase is involved in neurotransmitter loading of synaptic 

vesicles, it is very difficult to study an independent role of this protein in exocytosis. 

Indeed, disrupting V-ATPase by conventional approaches, including the use of drugs 

inhibiting V-ATPase, will inevitably disrupt the loading of vesicles into 

neurotransmitters. Despite these difficulties, several teams have demonstrated in 

various organisms the role of V-ATPase, and more specifically of its V0 domain, in 

exocytosis independently of its role of proton transport. 
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Figure14: Target SNARE proteins of botulinum neurotoxin (BoNT) and tetanus neurotoxin (TeNT) 

in the axon terminal [Barr et al., 2005]. 

 

2.7.1 V-ATPase and fusion of yeast vacuoles 
 

The presence of the V0 domain of V-ATPase in the yeast vacuole membrane is required 

for their fusion [Peters et al., 2001, Bayer et al., 2003]. This role of V0 appears 

independent of proton transport by V-ATPase since it is conserved under conditions 

where domain VI is absent [Peters et al., 2001]. These authors also observed that 

trans-dimers of V0 domains are formed during the fusion reaction after the formation 

of SNARE complexes. Finally, by double immunoprecipitation experiments, the authors 

have shown that the V0 trans-dimer interacts with the Q-SNARE proteins. These 

experiments, therefore, lead to a yeast vacuole fusion model in which the binding of the 

vacuoles by the SNAREs complexes allows the formation of a protein fusion pore 

formed by a trans-dimer of V0 domains. However, the fusion of yeast vacuoles remains 
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possible if V-ATPase V0 domains are present in at least one of the two vacuoles [Takeda 

et al., 2008; El Far and Seagar, 2011]. The presence of a V0 domain is necessary for the 

fusion of yeast vacuoles but the trans-dimer of V0 is not an obligatory step of the fusion. 

 

2.7.2 Role of V0 in exocytosis 
 

Many researches showed that v-ATPase had a role in exocytosis independent of its role 

as a proton pump. For instance, drosophila-carrying mutations of the gene encoding the 

a1 subunit lose their sight [Hiesinger et al., 2005]. Interestingly, it has been shown by 

electrophysiology that the amplitude of the spontaneous postsynaptic potentials is not 

modified in the mutants of this gene while their frequency is decreased. An 

interpretation of these observations is that the secretory vesicles are well filled with 

neurotransmitters, but that their release seems to be hampered. The absence of the 

a-subunit must therefore probably be compensated by another isoform of the a subunit 

to allow the acidification, and thus the loading of NTs into the vesicles. Moreover, the 

amplitude of the post-synaptic potentials evoked is very small in the mutants, reflecting 

a decrease in the number of vesicles released. These mutations thus seem to prevent 

the a1 subunit from playing a role in the exocytosis of the secretory vesicles. 

 

     In 2006, the role of the V0 domain of V-ATPase in exocytosis was also shown in 

Caenorhabditis elegans [Liegeois et al., 2006]. The authors followed the release of 

morphogenic factors leading to the formation of a structure called Alae on the surface 

of the worm. The secretion of these factors is made from multi-vesicular bodies (MVB), 

which are acidic organelles. It had been found that some mutations of the subunit α-5 

isoform affect proton transport and the role of V0 domain in exocytosis of MVB. The 

phenotypes associated with these two perturbations are: 1) transport of protons 

alteration: The excretory canal, the equivalent of the urine collecting tube in mammals, 

has an increased surface compensating for the least good transport of protons by the 

v-ATPases containing vha-5 2) exocytosis alteration: a defect of formation of Alae. Some 
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mutations of vha-5 have no effect on the excretory canal but prevent the formation of 

Alae. These mutations, therefore, disrupt the role of V0 in the exocytosis of MVBs. 

Interestingly, in these mutants, the absence of other malformations of the epidermis 

shows that the role of vha-5 in proton transport can be compensated by another 

isoform of the a: vha-7 subunit (not expressed in the excretory duct). On the other hand, 

the role of the V0 domain in exocytosis seems to be specific to V0 containing the 

isoform vha-5 of the subunit a. Indeed, vha-7 expressed in this fabric doesn’t allow its 

compensation. 

 

     In a search for mutants defective in insulin secretion in response to glucose 

administration, a decrease of insulin level in the blood had been measured in mice not 

expressing the a3 subunit of V-ATPase [Sun-Wada et al., 2006; Xiong et al., 2017]. 

However, secretory vesicles were well loaded with mature insulin in these mutants. 

Maturation of insulin occurs only in an acid compartment. It was shown that these 

mutants expressed the isoform a2, which compensated for the absence of a3 and 

allowed the acidification of these vesicles, but could not compensate for exocytosis. 

This suggests that the a3 subunit is involved in the release of insulin regardless of its 

role in proton transport. 

 

     It has been also proposed that the V-ATPase membrane domain is a sensor of 

granular pH that controls the exocytotic machinery [Poëa-Guyon et al., 2013]. A rapid 

decrease in neurotransmitter release after acute photoinactivation of the V0 a1-I 

subunit in neuronal pairs was shown. Inactivation of the V0 a1-I subunit in chromaffin 

cells resulted in a decreased frequency and prolonged kinetics of amperometric spikes 

induced by depolarization and dissipation of the granular pH gradient was associated 

with an inhibition of exocytosis and correlated with the V1–V0 association status in 

secretory granules. Thus it had been proposed that V0 serves as a sensor of 

intragranular pH that controls exocytosis and synaptic transmission via the reversible 

dissociation of V1 at acidic pH. Hence, the V-ATPase membrane domain would allow the 
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exocytotic machinery to discriminate fully loaded and acidified vesicles from vesicles 

undergoing neurotransmitter reloading. 

 

2.7.3 Interaction between V-ATPase and SNAREs 
 

It has been proposed early on that V0 could be a component of the fusion pore [Morel et 

al., 2001; Peters et al., 2001] and could favor lipid mixing and the formation of a lipidic 

fusion pore [El Far and Seagar, 2011; Strasser et al., 2011], but recent work shows that 

V-ATPase membrane V0 sector has no direct role in synaptic vesicle fusion [Bodzęta  

et al., 2017]. Indeed, V0 has been shown to interact with SNARE proteins in various 

models and may thus contribute to exocytosis by regulating the SNARE machinery 

rather than forming a pore by itself [Peters et al., 2001; Morel et al., 2003; Di Giovanni et 

al., 2010]. 

 

Some studies have shown that V-ATPase and more particularly its V0 domain 

interacts with SNARE proteins, so that interactions between VAMP2 and the V0 domain 

have been demonstrated in rat synaptosomes, as well as in PC12 cells [Galli et al., 1996; 

Morel et al., 2003]. This interaction occurs between VAMP2 and a subunit of V0 domain 

having lost its domain VI [Galli et al., 1996; Morel et al., 2003; Xiong et al., 2017]. 

Recently, this interaction has been characterized as a direct interaction between the 

subunit c of the V0 domain and the VAMP2 at the proximal domain, between the 

transmembrane domain and the SNARE motif [Di Giovanni et al. 2010]. 

 

     Other studies have demonstrated interactions between the V0 domain of 

V-ATPase and Q-SNAREs. In the yeast vacuole fusion model, an interaction between the 

V0 domain and yeast syntaxin was reported [Peters et al., 2001]. Thereafter, direct 

interactions between the a1 subunit of the V0 domain of Drosophila and 

syntaxin-1/SNAP25 have been demonstrated [Hiesinger et al., 2005]. The interaction 
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between syntaxin-1 and V0 seems to involve the proximal domain of syntaxin-1, as the 

interaction between VAMP2 and subunit c [Li et al., 2005]. 

 

     Moreover, the V-ATPase, which in the nerve terminal is essentially known for its 

localization to synaptic vesicles, has been demonstrated to be also present in the 

presynaptic membrane [Morel et al., 2003]. The interactions between the V0 domain 

and Q-SNAREs can therefore potentially occur in cis (all proteins in the presynaptic 

membrane), or in trans (V0 in the vesicle and Q-SNAREs in the presynaptic membrane). 

Finally, the interaction between SNAREs complexes and the V0 domain of V-ATPase was 

observed by immunoprecipitation using an antibody specifically recognizing assembled 

SNARE complexes [Morel et al., 2003]. 

 

     Altogether these results have thus shown that V-ATPase, in addition to its critical 

role in secretory vesicle acidification, also directly contributes to exocytosis as a 

constituent of the fusion machinery.  
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Chapter 3: Objectives 

 

3.1 V-ATPase and the regulation of exocytosis: Modulation of 

fusogenic lipid synthesis 
 

It was shown in several secretory cell model systems, including neuroendocrine cells, 

that the enzyme phospholipase D1 (PLD1) produces phosphatidic acid (PA) that favors 

one or several steps of the late stages of exocytosis (Tanguy et al., 2017). The PA 

produced in this specific location may favor the membrane curvatures necessary for the 

fusion and/or modulate the functions of the SNARE complex (Vitale et al., 2001; 

Zeniou-Meyer et al., 2007). It has also been shown that the activity of PLD1 during 

exocytosis is regulated by GTPase ARF6 and its GEF ARNO, both playing a positive role 

in regulated exocytosis (Caumont et al., 2000; Vitale et al., 2002; Béglé et al., 2009). 

 

Interestingly, ARNO interacts with the a2 subunit of the V-ATPase and Arf6 

interacts with the subunit c of V-ATPase on endosome from epithelial cells 

(Hurtado-Lorenzo et al., 2006). It was further shown that V0 recruits ARNO and Arf6 to 

endosomes in an acidification-dependent manner (Hurtado-Lorenzo et al., 2006)  

 

Since V-ATPase is present on secretory granules where Arf6 was also identified 

(Caumont et al., 2000), I wanted to probe the possibility that V0 could, in addition to its 

ability to regulate SNARE function, also control membrane fusion via the regulation of 

ARNO-Arf6-PLD1 triade. 

      

 

3.2 Is V-ATPase a sensor for fusion competence? 
 

The V-ATPase activity generates a large electrochemical proton gradient in synaptic 



53 
 

 
 
 

vesicles of neurons and in secretary granules of neuroendocrine chromaffin cells for an 

inter-vesicle pH between 5.2–5.5 [Michaelson and Angel, 1980; Füldner and Stadler, 

1982]. This electrochemical proton gradient energizes the filling of neurotransmitters 

in synaptic vesicles and secretory granules. A low intragranular pH is also required for 

catecholamine binding to chromogranins within the secretory granules [Camacho et al., 

2006]. 

 

Independently of its well-established role in proton translocation, V0 has also 

been implicated in neurotransmitter release [Hiesinger et al., 2005], in intracellular 

membrane fusion [Peters et al., 2001; Peri and Nüsslein-Volhard, 2008; Williamson et al., 

2010; Strasser et al., 2011], and in exocytosis [Liégeois et al., 2006], suggesting that V0 

could be directly involved in the fusion between two membrane compartments. The 

work of our team has shown that the trans-membrane domain of V-ATPase could be an 

intra vesicular pH sensor during exocytosis [Poëa-Guyon et al., 2013]. Although the 

dissociation of V1 and V0 domain could be a pH-depend process [Hurtado-Lorenzo et al., 

2006], the mechanism associated with pH sensing to regulate exocytosis is not clear. 

 

Thus, in the second party of my thesis I wanted to probe the notion that V0/V1 

association/dissociation could represent a sensor for vesicle replenishment in 

neurotransmitter. Indeed it is possible that the vesicle that will be used for release only 

represent the proportion of fully loaded vesicles in neurotransmitter. To probe this 

model I probed a) the relationship between intra vesicular pH and the dissociation of 

V1 and V0 domain, b) the dynamic of interaction between V0 domain and ARNO, and 

the relation between this interaction and intra vesicular pH. 
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Chapter 4: Results 

4.1 Results of part I 

Recent pioneer studies have shown that lipid compartmentalization is important at the 

exocytotic sites and validated the contribution of fusogenic lipids such as phosphatidic 

acid (PA) for membrane fusion. The V-ATPase is involved both in vesicle loading in 

neurotransmitters and vesicle fusion. Indeed the V1 and V0 subdomains were shown to 

dissociate during stimulation allowing subunits of the vesicular V0 to interact with 

different proteins of the secretory machinery. We show here that V0a1 interacts with 

the exchange factor ARNO and promotes Arf6 activation during exocytosis in 

neuroendocrine cells. Interfering with the V0a1-ARNO interaction prevented 

phospholipase D (PLD) activation, phosphatididic acid synthesis during exocytosis, and 

altered the kinetic parameters of individual fusion events. These results are shown here 

as a manuscript in preparation for publication.  
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Abstract 

Despite increasing evidence that lipids play 

key cellular functions and are involved in an 

increasing number of human diseases, little 

information is available on there exact 

function. This is especially the case in 

neurosecretion that relies on the fusion of 

specific membrane organelle with the plasma 

membrane for which relatively little attention 

has been paid to the necessary role of lipids. 

However recent pioneer studies have 

established the importance of lipid 

compartmentalization at the exocytotic sites 

and validated the contribution of fusogenic 

lipids such as phosphatidic acid (PA) for 

membrane fusion. Nevertheless the 

mechanisms allowing the regulation of the 

fine dynamics of these key lipids during 

neurosecretion remains poorly understood. 

The V-ATPase is involved both in vesicle 

loading in neurotransmitters and vesicle 

fusion seems to represent an ideal candidate 

to regulate the fusogenic status of secretory 

vesicles according to their replenishment 

state. Indeed the V1 and V0 subdomains 

were shown to dissociate during stimulation 

allowing subunits of the vesicular V0 to 

interact with different proteins of the 

secretory machinery. We show here that 

V0a1 interacts with the exchange factor 

ARNO and promotes Arf6 activation during 

exocytosis in neuroendocrine cells. 

Interfering with the V0a1-ARNO interaction 

prevented phospholipase D (PLD) activation, 

phosphatididic acid synthesis during 

exocytosis, and altered the kinetic parameters 

of individual fusion events. Altogether these 

data suggest that V1 dissociation from V0 



could represent the signal that triggers the 

activation of the ARNO-Arf6-PLD1 pathway 

and promotes PA synthesis needed for 

efficient exocytosis in neuroendocrine cells. 

 

Introduction 

 

Neurotransmitters, neuropeptides and 

hormones are released by neurons and 

neuroendocrine cells by calcium-regulated 

exocytosis of synaptic vesicle (SV) and large 

dense core vesicle (LDCV), respectively. 

This process can be divided into multiple 

steps including vesicle biogenesis, 

maturation and transport, followed by vesicle 

docking at the exocytotic site and priming, 

when vesicles fully acquire the ability to fuse 

and release their contents in response to Ca2+ 

influx (1). Ca2+ entry through voltage-gated 

channels is detected by Ca2+ sensor proteins, 

which ultimately trigger the membrane 

fusion machinery (2). A transient fusion pore 

connecting the vesicle lumen to the 

extracellular space opens allowing diffusion 

of neurotransmitters and hormones outside 

cells. Based on the “kiss and run” model, this 

pore can either close or expand to allow 

partial or full vesicle collapse into the plasma 

membrane (3). Ultimately partially or fully 

empty secretory vesicles are retrieved by 

endocytosis and recycled for a novel round 

of secretion after replenishment with 

neurotransmitters. 

The implication of SNARE proteins in 

vesicular transport is ubiquitous in 

eukaryotes. The classical SNARE complex 

responsible for neurosecretion involves the 

v-SNARE synaptobrevin (VAMP2), 

anchored in the vesicle membrane, and the t-

SNAREs syntaxin 1 and SNAP-25, which 

are predominantly inserted in the plasma 

membrane (4). It is generally accepted that 

SNAREs, assisted by the Ca2+-sensor 

synaptotagmin, can directly promote lipid 

bilayer fusion. The nature of the fusion pore 

is also a matter of debate and it seems likely 

that distinct modes of transmitter release 

reflect differences in the molecular 

organization of the membrane fusion 

machinery. Thus SNARE assembly might 

provide force to mix lipids mechanically or 

alternatively pin membranes together and 

provide scaffolding for proteins that act 

downstream to form a channel-like pore or 

catalyze rearrangements of lipid pore 

intermediates (5, 6). 

V-ATPases are large multimeric enzymes 

organized in two domains, V1 and V0. The 

cytosolic V1 domain contains eight different 

subunits (A-H) with subunits A responsible 

for ATP hydrolysis, thereby providing the 

energy for the V0 membrane domain to 

translocate protons. V0 contains a, c”, d and 

e subunits associated to five subunits c (7). 

V-ATPase is expressed in all eukaryotic 

cells, with the primary function of proton 

pumping. V-ATPase activity can be 



controlled by different means, including 

subcellular targeting of different isoforms, 

expression level and stability of the different 

subunits, coupling efficiency of ATP-

hydrolysis to proton transport, and reversible 

association of V0 and V1 subdomains (8). V-

ATPase is virtually found in all intracellular 

membrane compartments, including synaptic 

vesicles and secretory granules where it 

generates vesicular proton gradients and 

membrane potential.  Acidification of these 

organelles is required for many cellular 

processes (e.g. maturation or degradation of 

proteins, receptor-mediated endocytosis, 

proton-coupled transport of small molecules) 

(7). These gradient and potential are also 

needed for neurotransporter uptake by 

selective transporters in synaptic vesicles and 

secretory granules (9).  

Independent of its role in proton 

translocation, V0 has been more recently 

implicated in intra-cellular membrane fusion 

(10-13), neurotransmitter release (14-15) and 

exocytosis (16-17), suggesting that V0 is 

directly involved in the fusion between two 

membrane compartments. Exocytotic release 

of transmitter molecules packaged in 

synaptic vesicles or secretory granules is a 

highly regulated process that allows vesicles 

to fuse with the plasma membrane and it was 

originally proposed that V0 could be a 

component of the fusion pore (10, 18), or that 

it could favor lipid mixing and the formation 

of a lipidic fusion pore (13, 19). Indeed V0 

has been shown to interact with SNARE 

proteins (10, 14, 20-22). In addition V0 could 

also behave as a pH sensor (23, 24) that 

could participate in the priming steps that 

render secretory vesicles competent for 

exocytosis (21). The drawbacks of these 

earlier studies relying on genetic long-term 

invalidation of specific subunits are that 

these approaches do not allow excluding the 

possibility that the observed membrane 

fusion deficits indirectly result from 

alterations in the pH gradient. The use 

chromophore-assisted light inactivation 

(CALI) technique inserting a small 

tetracystein motif and allowing specific 

inactivation of V0 or V1 subunits upon light 

illumination more recently validated to 

notion that photo-inactivation of the V0c or 

V0a subunits leads to a rapid impairment of 

synaptic transmission in neurons and of 

catecholamine release in chromaffin cells 

(17, 25). 

Although the original idea that V0 could 

form the fusion pore between synaptic or 

secretory vesicles and the plasma membrane 

has been recently ruled out (26, 27), the exact 

mode of action by which V-ATPase regulates 

exocytosis remains elusive. Interestingly, a 

direct interaction between V0c and VAMP2 

has been observed in mammalian neurons, 

establishing a first link with SNARE-

dependent exocytosis. A second interesting 

lead comes from a fascinating study 

revealing an interaction between V-ATPase 



and the pair Arf6/ARNO in endosomes (23). 

Arf6 is a mall GTPase mainly involved in 

vesicular trafficking and control of signaling 

lipid synthesis, whereas ARNO is a guanine 

exchange factor (GEF) for Arf proteins 

including Arf6. As Arf6 and ARNO were 

shown to be essential regulators of 

exocytosis through the activation of 

phospholipase D1 (PLD1) and the synthesis 

of phosphatidic acid near exocytotic sites 

(28-37), we decided to explore the possibility 

that the V-ATPase could modulate this 

pathway. We report here that V0a1 interacts 

with ARNO in neuroendocrine cells. 

Overexpression of a GFP-tagged N-terminal 

V0 peptide, thereby inhibiting the interaction 

between V0 and ARNO, prevented both Arf6 

and PLD activation, and also strongly 

reduced exocytosis recorded from cells by 

carbon fiber amperometry, in a manner very 

similar to what was found after PLD1 

knockout, supporting the notion of interplay 

between V0 and the ARNO/Arf6/PLD 

pathway in regulated exocytosis. 

 

Results 

 

ARNO and V0a interact during exocytosis 

in neuroendocrine cells. Both co-

immunoprecipitation and pull-down 

experiments revealed an interaction of 

ARNO with the V0a2 subunit of the V-

ATPase along the endolysosomal pathway in 

epithelial cells (38). We used a FRET 

approach based on lifetime measurements by 

fluorescence lifetime imaging microscopy 

(FLIM) to investigate the interaction between 

ARNO and V0a1, the a subunit of V0 that is 

associated with secretory granules in 

chromaffin cells (Figure 1). In FLIM-FRET, 

the nanosecond-scale decay pattern of 

emission, known as fluorescence lifetime, is 

measured. Exciting the donor with an ultra-

short pulse of light and then measuring the 

photon distribution at the nanosecond scale 

provides information on fluorescence 

lifetime values. Quenching of donor emission 

by FRET interaction results in a decrease in 

the lifetime of the acceptor. Compared to the 

classical intensity-based FRET approaches, 

FLIM-FRET has many advantages as i) 

lifetime decay is not as sensitive to 

fluorescence intensity and does not require 

calibration, ii) no interference of possible 

spectral cross-talk between acceptor and 

donor, iii) it is internally calibrated and thus 

independent of donor and acceptor 

concentrations, iv) it enables the 

identification of fractions of molecules 

involved in FRET. However the major 

drawback of the technique is that since many 

photons need to be measured to achieve a 

high signal-to-noise ratio, acquisition times 

for conventional laser scanning FLIM are in 

the order of minutes. 

FLIM measurements of V0a1-

nowGFP revealed a significant reduction in 

the lifetime of nowGFP after 2 minutes of 



stimulation of exocytosis. Interestingly we 

noted a strong increase of FLIM signal 

between 1800 and 1950 ps (Figure 1, blue 

box) at the expense of the signal observed 

between 2100 and 2250 ps (Figure 1, red 

box). These observations suggest that a 

subpopulation of V0a1-nowGFP is probably 

getting in close proximity to ARNO-

shadowG after cell stimulation. It is of note 

that our FRET-FLIM measurements take 

around 60s, which does not allow to 

precisely follow individual V0a1 signal on 

individual secretory granules, of which most 

display significant motion during this time 

interval. Quantification analysis indicated 

that individual cells did not respond with 

similar kinetics, but that on average the most 

important drop in half-life appeared after 2 

minutes of stimulation and that the signal 

was close to the control non-stimulated 

condition, 5 minutes after stimulation (Figure 

1). 

 

Preventing V0a-ARNO interaction 

abolishes Arf6 activation during exocytosis 

in neuroendocrine cells. We previously 

reported that Arf6, a key regulator of PLD1 

for exocytosis (32), is activated by the GEF 

ARNO (36). Overexpression of the amino-

terminal domain of V0a1 was previously 

shown in vitro to prevent the GDP/GTP 

exchange activity of ARNO on Arf6 (23). 

Combining this approach by expressing this 

short competing peptide fused to GFP 

together with the expression of MT2-YFP, a 

reporter for GTP-loaded active Arf6 in cells 

(36, 39), we found that Arf6 activation 

observed when exocytosis is triggered in 

PC12 cells by a depolarizing potassium 

solution was severely impaired by GFP-V0a1 

N-terminus expression. Indeed in control 

untransfected cells or cells expressing GFP, 

MT2-YFP was recruited to the plasma 

membrane upon cell stimulation as revealed 

by an increase of colocalization with the 

plasma membrane marker SNAP-25 (Figure 

2). This plasma membrane recruitment of 

MT2 in stimulated cells is largely abolished 

in cells expressing GFP-V0a1 (Figure 2). 

These data suggest that V0a-ARNO 

interaction may be essential for proper 

activation of Arf6 during exocytosis. In other 

words V0a1 could be a regulator of the GEF 

activity of ARNO towards Arf6 during 

exocytosis. 

 

Preventing V0a-ARNO interaction 

abolishes PLD activation during exocytosis 

in neuroendocrine cells. An increase in 

PLD activity during exocytosis was reported 

in different cellular models including 

neuroendocrine chromaffin and PC12 cells 

and appears to predominantly depend on 

PLD1 activation (29, 40). Several regulators 

of PLD1 during exocytosis have been 

identified including the kinase Rsk2 (41) and 

several small GTPases, including RalA, 

Rac1, and Arf6 (36, 42-44). Accordingly 



PLD activity measured from cell extracts 

nearly doubled after exocytosis stimulation 

in control mock-transfected cells or in cells 

expressing GFP alone (Figure 3). Strikingly 

overexpression of V0a1-YFP strongly 

prevented this activity-dependent increase in 

PLD activity (Figure 3), suggesting that V0a-

ARNO interaction may be essential for 

optimal stimulation of PLD during 

exocytosis. These data also reveal that the 

Arf6 activation pathway represents a major 

contributor of PLD activity required for 

exocytosis. 

Preventing V0a-ARNO interaction 

abolishes PA synthesis at the exocytotic 

sites during exocytosis in neuroendocrine 

cells. Increased levels of phosphatidic acid 

(PA), the product of PLD activity, were 

reported in various secreting cells. The PA-

binding domain of the yeast protein Spo20p 

fused to GFP (Spo20p-PABD-GFP), acting 

as a PA sensor (45, 46) revealed particularly 

useful to visualize this increase of PA at the 

plasma membrane. Further morphometric 

electronic microscopy analysis revealed that 

this PA sensor was found to be enriched in 

portion of the plasma membrane were 

secretory granule appears morphologically 

docked, suggesting that PA is synthesized 

near exocytotic sites (47). Accordingly we 

found in control untransfected cells or in 

cells expressing GFP, that Spo20p-PABD-

YFP was recruited to the plasma membrane 

upon cell stimulation as revealed by an 

increase of colocalization with the plasma 

membrane marker SNAP-25 (Figure 4). This 

plasma membrane recruitment of Spo20p-

PABD-YFP in stimulated cells is largely 

abolished in cells expressing GFP-V0a1 

(Figure 4). These data suggest that V0a-

ARNO interaction is also critical for the 

synthesis of PA at the plasma membrane 

during exocytosis. 

Preventing V0a-ARNO interaction affects 

exocytosis in neuroendocrine cells. Carbon 

fiber amperometry represents an elegant and 

powerful approach to evaluate kinetic 

parameters of exocytosis from single cells 

secreting catecholamines, as it allows 

measuring various parameters of individual 

secretion events (see Figure 5A). A typical 

amperomtric profile shown in Figure 5B 

displays successive spikes each 

corresponding to the detection of single 

secretory granule fusion events. Interestingly 

expression of GFP-V0a1, compared to 

untransfected cells or cells expressing 

GFP alone, reduced the number of spikes per 

cells but also various spike parameter, 

including spike half-width and amplitude, 

but without significant effect on the charge 

(Figure 5), indicating that i) the total 

number of event is reduced, ii) the kinetic 

of individual fusion event is modified, and 

iii) the total amount of catecholamine 

released by event is not modified. 

More precisely an increase in the 



time to pick (rise time) observed upon GFP-

V0a1 expression most likely represents a 

slow-down in the speed of the fusion pore 

expansion. Spikes are often preceded by 

small increases in current amplitude called 

prespike foot that are believed to represent 

the detection of small amounts of 

catecholamine leaking through the initial 

fusion pore (48). Expression of GFP-V0a1 

significantly increased the amplitude and 

duration of prespike foot indicating V0a-

ARNO interaction affects the pore size and 

stability (Figure 6). Interestingly very similar 

change in these spikes and prespike 

parameters were observed when chromaffin 

cells were treated with PLD inhibitor FIPI 

(Figures 5, 6), highlighting the link between 

V0 and PLD activation during exocytosis. 

 

Discussion 

 

In neurosecretory cells the production of 

specific lipids at and near exocytotic sites 

appears to be an important regulatory 

element of the fusogenic status of secretory 

vesicles (49). Although the pathway 

involving the production of PA through PLD 

activation by Arf6 was shown to be an 

important trigger for exocytosis in different 

cell types (26-35), the exact signal that 

engages this pathway has remained elusive. 

The Arf6 GEF ARNO was reported to 

activate Arf6 in different membrane 

trafficking processes (50-52), but again the 

activation mechanism of ARNO was never 

clearly identified. The identification that 

different subunits of the V-ATPase, a known 

participant in exocytosis (10-22), interact 

with ARNO/Arf6 on early endosomes to 

regulate the endocytic degradative pathway 

in epithelial cells (23), prompted us to probe 

the possible involvement of the V-ATPase in 

the regulation of the ARNO-Arf6-PLD 

pathway in neuroendocrine cells. 

The c subunit of V0 was shown to 

specifically interact with Arf6 in epithelial 

cells, but the functional consequences of this 

interaction were not investigated and the 

domains involved in either protein were not 

identified (23). The same study further 

established by co-immunoprecipitation and 

pull-down experiments that the a2 subunit of 

V0 directly interacts with ARNO on early 

endosomes (23). In this case, the amino-

terminal domain of V0a2 is involved in the 

interaction with ARNO and the expression of 

the V0a2-Nt peptide fused to GFP was 

reported to act as competitor (23). Finally 

this interaction was reported to promote the 

GEF activity of ARNO and therefore led to 

Arf6 activation (23). Using a FLIM-FRET 

based approach we found here that V0a1 

expressed on chromaffin granules interacts 

with ARNO within 2 minutes after cell 

stimulation, suggesting that V0a1 could be 

an activator of the ARNO-Arf6-PLD 

pathway during exocytosis. It is of note that 

this timing is compatible with a previous 



study reporting by FRET that the highest 

Arf6 activation was detected nearly 2 

minutes after exocytosis stimulation in PC12 

cells (36). 

 We found that overexpression of 

V0a2-Nt-GFP in PC12 cells inhibited the 

activation of Arf6 as detected by a reduced 

recruitment of the active Arf6 sensor MT2, 

decreased the stimulation of PLD activity, 

and prevented the PA synthesis at the plasma 

membrane as visualized by a lower 

recruitment of the PA probe Spo20p-PABD. 

One possible interpretation of these 

observations is that V0a1 interaction with the 

plasma membrane associated ARNO occurs 

after granule tethering/docking at the 

exocytotic site. The association of Arf6 with 

V0c that we also detected by co-

immunoprecipitation in PC12 cells (data not 

shown) may also contribute to close contact 

between V-ATPase, ARNO, and Arf6 and 

the subsequent activation of Arf6 leading to 

PLD activation and PA synthesis to favor 

granule docking and ultimately fusion. 

 Hampering with V0a1-ARNO 

interaction dramatically reduced the number 

of events and affected the kinetics of single 

exocytosis events in chromaffin cells as 

reported by carbon fiber amperometry 

recordings, highlighting the importance of 

this interaction for granule docking and 

fusion. Overall the profile of the remaining 

single spike was smaller and broader, in 

agreement with a delay in the expansion of 

the fusion pore when V0a1-Nt-GFP is 

expressed. In line with this model the 

duration of prespike foot was found to be 

increased indicating a-greater fusion pore 

stability. Of importance similar observations 

were also found in cells treated with the PLD 

inhibitor FIPI, suggesting that a major 

outcome of V0a1-Nt-GFP expression is 

reminiscent of an alteration of PA synthesis. 

It is however also of note that V0a1-Nt-GFP 

expression uniquely affected prespike foot 

amplitude, raising the possibility that other 

targets of the V-ATPase might also be 

affected. Among those the SNARE protein 

VAMP2 that interacts directly with V0c is a 

prominent candidate (22). 

 We previously reported using co-

immunoprecipitation experiments that the 

V0/V1 assembly is dependent on 

intragranular pH (17). In line with our 

findings, fluorescence recovery after 

photobleaching (FRAP) of GFP-tagged V-

ATPase subunits indicated also that V0/V1 

assembly is correlated with intragranular pH, 

with most acidic synaptic vesicles displaying 

low amounts of V1 (53).  Furthermore an 

optogenetic approach revealed that 

incompletely filled synaptic vesicles fuse 

with lower release probability (54). We can 

thus propose that the V0/V1 association-

dissociation represents a mechanism 

allowing for preferential fusion of fully 

acidified and filled vesicles devoid of V1. 

This mechanism may thus provide a control 



step to avoid exocytosis of empty or 

incompletely filled vesicles. Clearly the V-

ATPase also plays an important role in 

synaptic vesicle recycling and refilling (53). 

Since most constituents of secretory granules 

from neuroendocrine cells are also recycled 

by compensatory endocytosis (55), the 

possible involvement of the pathway 

described here for secretory vesicle recycling 

remains to be explored. 

 

Material and methods 

 

Antibody and chemicals – Anti-SNAP-25 

was purchased from BioLegend (Cat #: 

836303) and Hoechst 33342 from 

ThermoFisher 

 

Plasmids – Oligonucleotides corresponding 

to the 19 residues of the N-terminal part of 

V0a1 were annealed and cloned into pEGFP-

N3 through BglII and BamHI restriction sites 

as described (23). NowGFP (Addgene 

plasmid #74749) was cloned into pV0a1 IV-

EGFP in KpnI and MunI restriction sites, 

whereas ARNO was cloned into CMV-

shadowG (Addgene plasmid #104620) in 

BglII and HindIII restriction sites, essentially 

as described previously (56).  

 

Chrommafin cell culture and catecholamine 

release - Freshly dissected primary bovine 

chromaffin cells were cultured in DMEM in 

the presence of 10 % fetal calf serum, 10 µM 

cytosine arabinoside, 10 µM 

fluorodeoxyuridine and antibiotics as 

described previously (57). Plasmid 

expressing GFP-V0a1-Nt was introduced 

into chromaffin cells (5 x 106 cells) by 

Amaxa Nucleofactor systems (Lonza) 

according to manufacturer’s instructions and 

as described previously (58). 48h/72h after 

transfection, catecholamine secretion was 

evoked by applying K+ (100 mM) in Locke’s 

solution without ascorbic acid for 10 s to 

single cells by mean of a glass micropipette 

positioned at a distance of 30-50 µm from the 

cell. Electrochemical measurements of 

catecholamine secretion were performed 

using 5 µm diameter carbon-fiber electrodes 

(ALA Scientific) held at a potential of +650 

mV compared with the reference electrode 

(Ag/AgCl) and approached closely to the 

transfected cells essentially as described 

previously (59). Amperometric recordings 

were performed with an AMU130 

(Radiometer Analytical) amplifier, sampled 

at 5 kHz, and digitally low-pass filtered at 1 

kHz. Analysis of amperometric recordings 

was done as described previously (60), 

allowing automatic spike detection and 

extraction of spike parameters. The number 

of amperometric spikes was counted as the 

total number of spikes with an amplitude > 5 

pA. 

 

PC12 cell culture and transfection - PC12 

cells were grown in Dulbecco's modified 



Eagle's medium supplemented with glucose 

(4500 mg/liter) and containing 30 mM 

NaHCO3, 5% fetal bovine serum, 10% horse 

serum, and 100 units/ml 

penicillin/streptomycin and 100 µg/ml 

Kanamycin as described previously (36). For 

immunofluorescence experiments, 

expression vectors were introduced into 

PC12 cells using lipofectamin 2000 on 

adherent cells according to the 

manufacturer’s instructions. Under these 

conditions, the transfection efficiency ranged 

from 60 to 75% and co-transfection rate was 

greater than 90%. 

 

FRET-FLIM imaging – Chromaffin cells 

expressing V0a1-nowGFP and ARNO-

shadowG (ShadowG is a mutation of GFP 

that be used as a dark acceptor in FRET 

experience) incubated in Locke’s solution in 

Ibidi plates were imaged using a homemade 

two-photon excitation microscopy. Cells 

were then stimulated by addition of 

concentrated nicotine solution to reach 20µM 

final concentration. All RAW data were 

treated by SPCImage (version7.4). 

 

Immunolabeling and confocal microscopy 

PC12 cells expressing YFP-MT2 or YFP-

PABD constructs together of not with GFP 

or V0a1-Nt-GFP were fixed with 4% 

paraformaldehyde in serum free medium for 

10 min at room temperature. Cells were then 

permeabilized in PBS containing 4% 

paraformaldehyde and 0.1% Triton-X100, for 

10 min at room temperature. SNAP-25 

(1:500 dilution) antibodies were used as 

markers for the plasma membrane and 

revealed with a goat-anti-mouse IgG-Alexa 

647 (1:1000 dilution, Molecular Probes, 

Thermo Scientific). Cell nuclei were also 

labeled with Hoechst. The cellular 

distributions of the Arf6-GTP and PA probes 

and markers were examined with a Leica 

SP5 II confocal microscope equipped with an 

oil immersion 63x objective (Plan 

Apochromat n.a.=1.4). Digital images were 

acquired in the equatorial and basal planes 

and quantification performed as described 

previously (36, 47). 

 

Statistical analysis - Number of experiments 

and repeats are indicated in figure legends. 

Normality of the data distribution was 

verified with ANOVA test and statistical 

analysis was performed with t-tests relative 

to the indicated control. 
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Figure legends 

 

Figure 1: Increased V0a1-ARNO interaction after chromaffin cell stimulation. A) 

Chromaffin cells expressing V0a1-nowGFP and ARNO-shadowG were stimulated for 

different time with 10 µM of nicotine and the half-life of nowGFP was measured by FLIM. 

Bar = 10 µm. B) Profile of the lifetime signal of cells images in A at the different time of 

stimulation. Blue and Red boxes at the t=2 min indicate and increase and a decrease in 

lifetime, respectively after cell stimulation. C) Quantification of lifetime signal obtained from 

n = 10 analysis performed from cells obtained from 2 independent cell preparation. Data are 

presented as box plot were plain bars represent median and scattered bars represent means. 

 

Figure 2: Interfering with V0a1-ARNO interaction reduces Arf6 activation after PC12 

cells stimulation. Distribution of MT2-YFP probe in mock-transfected PC12 cells or in cells 

co-expressing GFP or V0a1-GFP in resting (R) condition or after a-10 minutes stimulation 

with 59 mM K+ solution (S). After fixation cells were immunostained for SNAP25 and 

labeled with Hoechst. Bar = 10 µm. Colocalization levels of MT2-YFP and SNAP25 were 

measured and presented as mean ± SEM (n = 50 cells for each condition from two 

independent experiments). 

 



Figure 3: Interfering with V0a1-ARNO interaction reduces PLD activation after PC12 

cells stimulation. Mock-transfected cells or cells expressing GFP or V0a1-GFP were kept in 

Locke’s solution (Resting) or stimulated with 59 mM K+ solution for 10 minutes (Stimulated). 

Cells were lysed on ice and lysats were used to measure PLD activity. Data are mean values 

from triplicate values ± SD obtained from independent experiments (n = 3), each obtained 

from quadruplicates in individual experiments. 

 

Figure 4: Interfering with V0a1-ARNO interaction reduces PA synthesis at the plasma 

membrane after PC12 cells stimulation. Distribution of Spo20p-PABD-YFP probe in in 

cells co-expressing GFP or V0a1-GFP in resting (R) condition or after a-10 minutes 

stimulation with 59 mM K+ solution (S). After fixation cells were immunostained for 

SNAP25 and labeled with Hoechst. Arrows indicate a cell co-expressing Spo20p-PABD-GFP 

and V0a1-GFP in the stimulated condition. A cell only expressing Spo20p-PABD-GFP is also 

present on the picture. Bars = 10 µm. Colocalization levels of Spo20p-PABD-YFP and 

SNAP25 were measured and presented as mean  ± SEM (n = 75 cells for each condition from 

three independent experiments). 

 

Figure 5: Interfering with V0a1-ARNO interaction affects individual spike kinetic 

parameters from chromaffin cells. A) Schema showing the different parameter of 

amperometric spikes that were analysed. B-E) Chromaffin cells in culture expressing GFP 

(control) or V0a1-Nt-GFP or untransfected cells treated with 750 nM of FIPI were stimulated 

with a local application of 100 µM of nicotine for 10 s and catecholamine secretion was 

monitored using carbon fiber amperometry. B) The histogram illustrates the number of 

amperometric spikes recorded per cell. Parameters of individual spike include spike charge 

(C), half width (D), and spike amplitude (E). Data are expressed as means ± S.D. (n > 75 cells 

for each condition from three independent cell cultures). D) Average spike profile for cell 

expressing GFP (Control) or V0a1-Nt-GFP (V0a1) or treated with FIPI (FIPI). 

 

Figure 6: Interfering with V0a1-ARNO interaction affects prespike kinetic parameters 

from chromaffin cells. Parameters of individual prespike from cells recorded in figure 5 

include prespike duration (A), and prespike amplitude (B), and charge (C). Data are expressed 

as means ± S.D. (n > 75 cells for each condition from three independent cell cultures). D) 

Average prespike profile for cell expressing GFP (Control) or V0a1-Nt-GFP (V0a1) or treated 

with FIPI (FIPI). 
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4.2 Results of part II 

 
In the second part of this work, I wanted to answer if V-ATPase is sensing intravesicular 

pH to check for granule content in neurotransmitter to provide fusion competence to 

fully loaded granules. So FLIM was used as a major technique to measure intra vesicular 

pH and simultaneously evaluate the interaction between pairs such as V0a1-ARNO or 

V1-V0 domains. In this work, all FLIM experiences are performed with a two photons 

laser microscopy by time-correlated single-photon counting (TCSPC) method for 

measurement. 

 

4.2.1 Lifetime and pH 

 

Fluorescence-lifetime imaging microscopy or FLIM is an imaging technique for 

producing an image based on the differences in the exponential decay rate of the 

fluorescence from a fluorescent sample. When a fluorophore is excited by a photon it 

will drop to the ground state with a certain probability based on the decay rates 

through a number of different (radiative and/or nonradiative) decay pathways. Since 

the fluorescence lifetime of a fluorophore depends on both radiative (i.e. fluorescence) 

and non-radiative (i.e. quenching, FRET) processes, energy transfer from the donor 

molecule to the acceptor molecule will decrease the lifetime of the donor. Furthermore 

the lifetime of fluorescent protein such as GFP is also sensible to pH, which makes it 

possible to measure intra vesicular pH and interaction between two proteins at the 

same time. 

     Originally I had chosen a red fluorescent protein pHuji as a pH sensor to 

establisher the relationship between lifetime and pH. However after many experiences 

that were difficult to evaluate, we found that chromaffin granules display a significant 

red autofluorescence. At this level of autofluorescence it is impossible to isolate the 

pHuji signal.  
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CgA-EGFP was then used as the intravesicular pH sensor. The calibration curve of the 

EGFP fluorescence lifetimes at different pH is shown in figure 15. 

 

 

 
Figure 15: Calibration curve of the EGFP fluorescence lifetimes in different pH. Chromaffin cells 

were transfected with pCgA-EGFP and permeabilized with 10 µM nigericin in buffers having the desired 

pH between 5.0 and 7.5. 

 

4.2.2 Intra vesicular pH and the dissociation of V1 and V0 domain. 

 

Since we changed the intra vesicular pH sensor to CgA-EGFP, the FRET pair ECFP-EYFP 

could not be used. Thus I had generated another FRET pair based on the couple 

NowGFP-ShadowG. The ShadowG is a mutation of GFP that is be used as a dark 

acceptor in FRET experience. Although EGFP and NowGFP are both green, their lifetime 
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is totally different. Two GFP with different lifetime and a dark FRET acceptor of GFP, 

make it possible to measure pH and interaction between two proteins at the same time. 

In order to prevent the uncertainty of co-transfection by three plasmids, which is 

relatively high in chromaffin cells, I have generated a tricistronic plasmid including all 

three genes needed, CgA-EGFP, V0a1 IV-NowGFP and ARNO-ShadowG. Each gene has 

its own CMV promoter for expression in mammalian cells. These experiments are still 

in progress and will hopefully be done soon. 

 

4.2.3 Intra vesicular pH and the interaction between V0 domain and ARNO 

 

Also, to prevent the uncertainty of co-transfection, I have generated a plasmid including 

CgA-EGFP, V0a1 IV-NowGFP and V1C1-ShadowG. This allows us to evaluate the 

dynamic of V0a-ARNO interaction and the relationship between V0a-ARNO interaction 

and intra vesicular pH. 

These experiments are still in progress and will hopefully be done soon. 
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Chapter 5: Discussion and perspective 
 

In neurosecretory cells the production of specific lipids at and near exocytotic sites 

appears to be an important regulatory element of the secretion of secretory vesicles 

[Gasman and Vitale, 2017]. Among these lipids, PA appears to play a prominent role, as 

it seems to control several steps of the secretory pathway from the secretory vesicle 

biogenesis, to its transport, docking and fusion at the plasma membrane (see Tanguy et 

al., and Carmon et al., in the annex section, two manuscript currently under evaluation). 

The major pathway regulating PA synthesis in neuroendocrine cells seems to involve 

PLD1 activity [Vitale et al., 2001, Zeniou-Meyer et al., 2007]. Stimulation of PLD1 activity 

involves kinases such as RSK2 [Zeniou-Meyer et al., 2008], but also small GTPases, 

including RalA [Vitale et al., 2005], Rac1 [Momboisse et al., 2009], and Arf6 [Vitale et al., 

2002; Béglé et al., 2009]. Calcium, the main trigger of exocytosis was shown to promote 

RSK2 activity and PLD1 phosphorylation through the activation of the ERK pathway, 

but to date there is no information regarding the way calcium levels regulates the 

activity of RalA, Rac1, or Arf6.  

 

Some studies have shown that the Arf GEF ARNO activates Arf6 in different 

membrane trafficking processes [Hernández-Deviez et al., 2004; Eva et al., 2012; Zhu et 

al., 2017]. Similarly ARNO was shown to promote Arf6 activation and PLD activity during 

exocytosis in neuroendocrine cells (Caumont et al., 2000), but the activation mechanism of 

ARNO is remaining unclearly until now. Since different subunits of the V-ATPase, 

known to be key participant in exocytosis, could also interact with ARNO/Arf6 on early 

endosomes to regulate the endocytic degradative pathway in epithelial cells 

[Hurtado-Lorenzo et al., 2006], we speculated that some subunits of the V-ATPase could 

in part regulate exocytosis via the ARNO-Arf6-PLD pathway in neuroendocrine cells. 

Arf6 was shown to interact with c subunit of V0 in epithelial cells, but the 

functional implications of this interaction are not known [Hurtado-Lorenzo et al., 2006]. 

The same study further established that the amino-terminal domain of V0a2 is involved 
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in the interaction with ARNO and that the expression of the V0a2-Nt peptide fused to 

GFP could act as competitor to prevent the V0a-ARNO interaction [Hurtado-Lorenzo et 

al., 2006]. During my PhD work I found that V0a1 expressed on chromaffin granules 

interacts with ARNO within 2 minutes after cell stimulation by using a FLIM-FRET 

based approach, suggesting that V0a1 could be an activator of the ARNO-Arf6-PLD 

pathway during exocytosis. This timing is compatible with a previous study reporting 

by FRET that the highest Arf6 activation was detected around 2 minutes after 

exocytosis stimulation in PC12 cells [Béglé et al.,2009]. 

 

 The overexpression of V0a1-Nt-GFP in PC12 cells inhibits the activation of Arf6 as 

detected by a reduced recruitment of the active Arf6 sensor MT2. It also decreases the 

stimulation of PLD activity and prevents PA synthesis at the plasma membrane as 

visualized by a lower recruitment of the PA probe Spo20p-PABD. These observations 

suggest that the interaction between plasma membrane associated ARNO and the 

granule associated V0a could occurs after granule tethering/docking at the exocytotic 

site. We also detected that Arf6 associated with V0c subunit by 

co-immunoprecipitation in PC12 cells (data not shown). This interaction may also 

contribute to close contact between V-ATPase, ARNO, and Arf6 and the activation of 

Arf6 resulting in PLD activation and PA synthesis to favor granule docking and 

ultimately membrane fusion. 

 

 The inhibition of V0a1-ARNO interaction reduced the number of events and 

affected the kinetics of single exocytosis events in chromaffin cells, showing the 

importance of this interaction for granule docking and fusion. A similar result was 

observed in cells treated with the PLD inhibitor FIPI suggesting that a major outcome 

of V0a1-Nt-GFP expression is reminiscent of an alteration of PA synthesis by the 

activation of PLD1 via ARNO-Arf6-PLD1 pathway. 

 

 We previously reported that the V0/V1 assembly is dependent on intragranular pH 

[Poëa-Guyon et al., 2013]. Also fluorescence recovery after photobleaching (FRAP) of 
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GFP-tagged V-ATPase subunits indicated that V0/V1 assembly is correlated with 

intragranular pH, with most acidic synaptic vesicles displaying low amounts of V1 

[Bodzęta et al., 2017]. Furthermore an optogenetic approach revealed that incompletely 

filled synaptic vesicles fuse with lower release probability [Herman et al., 2018]. We can 

thus propose that the subdomain V0 of V-ATPase is an intragranular pH sensor that 

controls the V0/V1 association-dissociation, thus allowing the liberation of N-terminal 

of subunit V0a in order to interact with ARNO to product PA nearby exocytosis sites 

since PA synthesis at plasma membrane is regulated by Arf6 and its activator ARNO 

(Figure 16). This mechanism may thus provide a control step to avoid exocytosis of 

empty or incompletely filled vesicles since the fill-in of a secretory vesicle needs a 

certain gradient of protons, which makes the filled granule to show an acid pH around 

5.5. Since most constituents of secretory granules from neuroendocrine cells are also 

recycled by compensatory endocytosis [Ceridono et al., 2011] and the V-ATPase also 

plays an important role in synaptic vesicle recycling and refilling [Bodzęta et al., 2017], 

the possible involvement of the pathway described here for secretory vesicle recycling 

remains to be explored. 

 

The V-ATPase has since been found located on the plasma membranes in many 

different invasive cancer cells, including melanoma, breast, Ewing sarcoma, lung, liver, 

esophageal, prostate, ovarian, and pancreatic cancers [Damaghi et al., 2013]. Moreover, 

particular V-ATPase subunits have been found to be overexpressed in both human 

cancer cell lines and human tumor samples such as V1C [García-García et al., 2012], V0c 

[Xu et al., 2012; Ohta et al., 1998]. Overexpression of V-ATPase subunits has also been 

detected in lung, breast, and esophageal cancer tissues [Hendrix et al., 2013; Huang et 

al., 2012; Lu et al., 2013]. The V0a exist in four isoforms in mammalian cells allowing 

localization to specific membranes in cell and each of these V0a isoforms are 

overexpressed in many different cancer cells. This shows us the possibility that the 

interaction between subunits of V0 sector of V-ATPase and ARNO could be also a key 

regulator for the survival of certain cancer cells, which is interestingly to be explored. 

Indeed many cancer cells, show elevated PLD activity and PA synthesis that favor 
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survival and cell proliferation through the activation of multiple signaling pathway, 

among which the mTor pathway is the most prominent one. 

 

Figure 16: How V-ATPase regulate exocytosis: A) V-ATPase is functional with V0 associated with V1 
allowing the filling of secretory granule that requires granule acidification. B) Once the granule is filled 
with neurotransmitter V1 and V0 domains dissociate allowing an interaction between the N terminal 
part of V0a and ARNO. C) Before stimulation the filled secretory vesicle can be tethered to the plasma 
membrane. D) The stimulation of exocytosis allows filled vesicle to further dock with plasma membrane 
and the subsequent interaction between ARNO and V0a triggering PA synthesis at exocytotic site by 
activating Arf6 to stimulate the activity of PLD1. Note that in this model we don’t know when Arf6 and 
V0c interact. 

C 

D 

Ready for exocytosis Filling 
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Chapter 6: Materials and Methods 

6.1 Molecular biology 
 

The following plasmids were used to direct the expression of recombinant proteins. 

All inserted coding sequences and the junctions with the vectors were verified by 

sequencing. All plasmids in this work were generated in our laboratory and were 

amplified according to a standard protocol, including transformation and bacterial 

culture, followed by purification of the recombinant plasmids by the Qiagen 

endotoxin-free kit. All plasmids that I had generated in this work are shown below: 

 

pV0a1 
IV-EGFP 

pV0a1 
IV-ECFP 

pV0a1 
IV-EYFP 

pV0a1 IV Nt-EGFP pV0a1 II 
Nt-EGFP 

pV0a1 II-EGFP pV0a1 II-ECFP pV0a1 
II-EYFP 

pV0a2-EGFP pV0a2-ECFP 

pV0a2-EYFP pV0c-EGFP pV1C1-EGFP pV1C1-ECFP pV1C1-EYFP 
pV1C2-EGFP pV1C2-ECFP pV1C2-EYFP pECFP-ARNO(WT

) 
pECFP-ARNO(M
) 

pArf6-EYFP pARNO-ShadowG pV0a1 IV-NowGFP 
pARNO-ShadowG-V0a1IV-NowGFP-CgA-E
GFP 

pV1C1-ShadowG-V0a1IV-NowGFP-CgA-E
GFP 

pARNO-ShadowG-V0a1IV-NowGFP pCgA-pHuji 
 

6.2 Cell culture and transfection 

6.2.1 Primary culture of bovine chromaffin cells (BCC) 

The cells were seeded on fibronectin-coated glass slides at 250,000 cells/coverslip 

and used within three days of culture for immunofluorescence experiments. To induce 

exocytosis, intact chromaffin cells were washed twice with Locke's solution (140 mM 

NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, 11 mM glucose, 

0.56 mM ascorbic acid, 0.01 mM EDTA and 15 mM Hepes, pH 7.5), and then stimulated 

with Locke's solution containing 20 µM nicotine or a depolarising Locke solution 

containing K+ 59mM.  
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    6.2.2 PC12 cell line (rat pheochromocytoma) 

The PC12 line is an adherent cell line obtained in rats from pheochromocytoma, a 

tumor of the adrenal gland. We use these cells in parallel with the primary culture of 

chromaffin cells because they have the advantage of being able to be transfected more 

efficiently. 

  PC12 cells are cultured in 10 cm diameter dishes in DMEM medium 

containing 4.5 g/L of glucose and 30 mM of NaHCO3 (Sigma, D5796), supplemented 

with 5% fetal calf serum (FBS) and 10% horse serum (HS) to obtain complete medium. 

During the weekly passage, the confluent cells are dissociated from the support by 

incubation for a few minutes with trypsin at room temperature (Gibco). After adding 

complete medium in order to inactivate the trypsin, the cell suspension is centrifuged 

for 5 minutes at 800 rpm and the pellet is resuspended in complete medium. The cells 

are inoculated at a dilution of 1/40 in complete medium and are then placed at 37°C in 

a humid atmosphere containing 5% of CO2. Renewal of the medium is carried out 4 

days after the passage. To carry out the experiments, PC12 cells are seeded in 8-well 

microplates (IBIDI) at a level of 70,000 cells / well for immunofluorescence or 50,000 

cells/well for transfection. The supports are previously coated with poly-L-lysine at 10 

μg / ml (PLL, Sigma). 

 

6.2.3 Transfection of cells by lipofection 

Lipofection or transfection by lipidic agent consists in including nucleic acids in 

micellar structures, liposomes, which by virtue of their structural properties 

analogous to those of cell membranes can then fuse with them and release their 

contents into the cell. 

Transfection of PC12 cells is performed the day after seeding when the cells     

have reached 70-90% confluency. One hour before transfection, the medium is   

replaced by serum-depleted Opti-MEM medium (Gibco). For each transfection, the 
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DNA is complexed with Lipofectamine 2000 (Invitrogen). DNA and Lipofectamine are 

first diluted separately in Opti-MEM at a rate of 4 μg plasmid/250μl and 10 μl of 

Lipofectamine/250μl. The two solutions are then mixed and incubated for 5 to 10 

minutes at room temperature. The nucleic acid-lipofectamine complex is added to the 

cells. The cells are then incubated at 37°C in a humid atmosphere containing 5% CO2, 

and the Opti-MEM medium is replaced 4-6 hours after transfection. The cells are used 

24 to 48 hours after the transfection. The transfection efficiency varied between 30 

and 70%. 

 

    6.2.4 Transfection of cells by nucleofection 

Isolated bovine chromaffin cells were transfected by electroporation using Basic 

NucleofectorTM Kit for Primary Mammalian Neurons (Lonza, Catalog #: VPI-1003). 

The device used for electroporation is NucleofectorTM 2b (Lonza, Catalog #: 

AAB-1001) 

 

6.3 Confocal microscopy acquisitions 

Acquisitions are performed using a confocal laser-scanning microscope (Leica 

TCS SP5 II) with the LAS-AF (Leica Application Suite Advanced Fluorescence) 

program. The virtual sections are made at the median plane of the cell with an 

objective x63, numerical aperture 1.4. In order to compare several conditions, all 

images were acquired with the same settings. Fluorescent markings are visualized 

using different lasers capable of exciting fluorophores.  

 

 

 

6.4   Amperometry  
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     Bovine chromaffin cells were washed with Locke’s solution and processed for 

catecholamine release measurements by amperometry. Carbon-fiber electrode of 5 

µm diameter (ALA Scientific) was held at a potential of +650 mV compared with the 

reference electrode (Ag/AgCl) and approached closely to GFP expressing cells. 

Catecholamine’s secretion was induced by 10 seconds pressure ejection of 100 µM 

nicotine in Locke’s solution or 100 mM K+ solution from a micropipette positioned at 

20 µm from the cell and recorded for 60 seconds. Amperometric recordings were 

performed with an AMU130 (Radiometer Analytical) amplifier, sampled at 5 kHz, 

and digitally low-passed filtered at 1 kHz. Analysis of amperometric recordings was 

done with a macro (obtained from Dr. R. Borges laboratory; 

http://webpages.ull.es/users/rborges/) written for Igor software (Wavemetrics), 

allowing automatic spike detection and extraction of spike parameters. The number 

of amperometric spikes was counted as the total number of spikes with an 

amplitude >5 pA within 60 seconds. The spike parameters analysis was restricted to 

spikes with amplitudes of 5 pA. Quantal size (Q) of individual spike is measured by 

calculating the spike area above the baseline. For foot-signal, the analysis was 

restricted to spikes with foot amplitudes of 1.5 pA. 

 

6.5   FLIM of intragranular pH sensor 

 

For pH calibration, cells transfected with CgA-EGFP (vector pEGFP-N2) were 

incubated in buffers containing 15 mM MES, 15 mM Hepes, 140 mM KCl, and 10 µM 

nigericin at pH ranging from 5 to 7.5. Time-resolved, laser-scanning, time-correlated 

two photon counting microscopy was performed on a homemade setup based on a 

microscope (TE2000; Nikon) equipped with a 60×, 1.2 NA water immersion 

objective. The FLIM setup allows real-time monitoring of EGFP lifetime variations 

and provides highly reproducible results (Poëa-Guyon et al., 2013). 
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6.6   FLIM-FRET 

In a FRET experiment the potential binding partners are labeled with spectrally 

distinct fluorophores in such a way that the emission spectrum of the donor molecule 

overlaps the excitation spectrum of the acceptor molecule. If both interaction 

partners are in close contact at a distance of only a few nanometers, the excited 

donor can transfer its energy to the acceptor. In turn, the acceptor emits a 

fluorescence photon and the fluorescence lifetime of the donor molecule decreases. 

In this study the FRET pair is V0a1 IV-NowGFP-ARNO-ShadowG and V0a1 

IV-NowGFP-V1C1-ShadowG, the ShadowG is a mutation of GFP that be used as a dark 

acceptor in FRET experience. The bovine chromaffin cells or PC12 cells were 

transfected with plasmids expressing FRET pair and observed after 48 hours. To 

determine the FRET, the lifetime of V0a1 IV-NowGFP was measured in resting or 

stimulated condition. All RAW data were treated by SPCImage (version7.4). 
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ABSTRACT	

Previous	 studies	 demonstrated	 that	 chromogranin	 A	 (CgA)	 mediates	 the	 biogenesis	 of	

secretory	 granules	 at	 the	 level	 of	 the	 trans-Golgi	 network	 but	 the	 mechanisms	 involved	

remains	 obscure.	 Here,	 we	 investigate	 the	 possibility	 that	 CgA	 acts	 synergistically	 with	

specific	membrane	 lipids	 to	 trigger	 the	 formation	 of	 secretory	 granules.	We	 observe	 that	

Golgi	 PA	 is	 involved	 in	 the	 biogenesis	 of	 CgA-containing	 granules	 in	 secretory	 cells.	

Moreover,	CgA	preferentially	 interacts	with	 immobilized	PA	and	a	bioinformatic	analysis	of	

CgA	sequence	predicted	a	PA-binding	domain	(PABD).	We	identify	PA	(36:1)	and	PA	(40:6)	as	

predominant	species	 in	Golgi	and	granule	membranes	of	secretory	cells	by	LC-MS/MS.	We	

show	 that,	 through	 its	 predicted	 PABD,	 CgA	 is	 able	 to	 bind	 PA-enriched	 liposomes,	 to	

promote	 membrane	 deformation	 and	 remodeling,	 and	 to	 regulate	 secretory	 granule	

biogenesis.	 Furthermore,	 we	 demonstrate	 that	 depletion	 of	 CgA	 PABD	 or	 PLD1	 activity	

significantly	alters	secretory	granule	biogenesis	in	secretory	cells.	These	results	suggest	that	

CgA	controls	secretory	granule	biogenesis	by	directly	interacting	with	PLD1-generated	PA	to	

induce	membrane	remodeling	and	curvature	necessary	for	secretory	granule	budding.	 	
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INTRODUCTION	

Secretory granules are vesicular and membrane-surrounded organelles which materialize the 

regulated secretory pathway in secretory cells, allowing hormone release in endocrine and 

neuroendocrine cells, but also in most neurons. Secretory granules are formed by budding 

from the trans-Golgi network (TGN) membrane. It is well established that molecular 

remodeling at this level is an important process for secretory granule budding (Tanguy et al, 

2016), but the identity of the molecular actors, the sequence of their intervention and their 

mechanisms of action are not elucidated to date. In addition to different important proteins, 

the TGN membrane is composed of a broad spectrum of lipids with specific properties that 

profoundly define its identity and function (Holthuis & Menon 2014). Membrane proteins are 

known to influence lipid organization, and conversely protein function and clustering are 

under the control of lipids, leading to the formation of TGN membrane microdomains that 

have been predicted to regulate the function and clustering of proteins involved in the budding 

of secretory granules (Surma et al, 2012). As an example, the regulated production and 

organization of sphingomyelin, which assembles with cholesterol to generate microdomains 

in the membranes, has been demonstrated to be crucial for the biogenesis of transport carriers 

at the Golgi membranes (Duran et al, 2012). Besides the TGN membrane components, 

luminal and cytosolic molecular components also influence membrane organization. Among 

the luminal components, chromogranin A (CgA) is a soluble glycoprotein known as a key 

actor of the regulated secretory pathway involved in hormone aggregation and the biogenesis 

of secretory granules (Kim et al, 2001; Carmon et al, 2017). The Chga gene knockout led to 

decreased secretory granule number and associated metabolic complications such as 

hypertension and obesity in mice (Mahapatra et al, 2005; Bandyopadhyay & Mahata 2017), 

thus arguing for an important role of this glycoprotein in hormone storage and release. In 

previous studies, we have shown that CgA can induce the formation of secretory granule-like 
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structures in a model of non-endocrine cells, confirming its important role in granulogenesis 

(Montero-Hadjadje et al, 2009; Elias et al, 2012). However, whether and how CgA acts at the 

level of the TGN membrane to trigger the formation of secretory granules is still unknown. 

The first indication for a role of CgA at the TGN level is related to the acidic nature of the 

protein that confers to this protein the ability to aggregate with neuropeptides and hormones 

in the TGN lumen (Chanat & Huttner 1991). Besides these soluble aggregates, a fraction of 

CgA was found to be tightly associated with the membrane of secretory granules (Kang & 

Yoo 1997), suggesting that CgA/hormone aggregates might interact with the TGN membrane.  

In vitro and in vivo studies revealed that depletion of cholesterol alters secretory 

granule biogenesis (Dhanvantari & Loh 2000; Gondre-Lewis et al, 2006). Moreover, 

cholesterol has been shown to interact notably with another granin family member 

secretogranin III (SgIII) (Hosaka et al, 2005), which has been shown to interact with CgA, 

and then targets CgA aggregates to the regulated secretory pathway (Hosaka et al, 2002, 

2004). However, the CgA domain of interaction with SgIII (CgA41–109) is not fully conserved 

through evolution and SgIII is not expressed in all cell types displaying secretory granules, 

indicating that various mechanisms of hormone sorting mediated by CgA remain to be 

elucidated. In a previous study, we showed that CgA controls the biogenesis of secretory 

granules and CgA sorting to the Golgi apparatus through its conserved N and/or C-terminal 

regions (Montero-Hadjadje et al, 2009). Interestingly, these regions exhibit a conserved α-

helical organization (Elias et al, 2010) and a recent study revealed that CgA regulates fusion 

pore expansion (Abbineni et al, 2019), suggesting a potential interaction of CgA with 

membranes. Supporting this hypothesis, CgA-derived peptides with such α-helical 

conformation have been demonstrated to interact with membrane lipids. For instance, the 

conserved N-terminal peptide vasostatin I (hCgA1-76) interacts with phosphatidylserine in 

phospholipid monolayers (Blois et al, 2006) and cell surface (Dondossola et al, 2010), 
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whereas catestatin (hCgA352-372) binds to phosphatidylcholine micelles (Sugawara et al, 

2010). As it is now well established that membrane lipid properties define organelle identity 

and function, we hypothesized that an interaction between CgA and certain lipid(s) of the 

TGN membrane could promote secretory granule biogenesis. In this study, we observed that 

overexpression of a cytosolic probe for Golgi phosphatidic acid (PA) impairs the formation of 

CgA-containing granules in secretory cells. Moreover, we found that CgA specifically 

interacts with few PA species enriched in purified Golgi and secretory granule membranes in 

vitro, through a predicted PA-binding domain (PABD). Using giant unilamellar vesicles 

(GUV) enriched with Golgi and secretory granule PA species, we observed that CgA 

interaction induces GUV membrane remodeling and deformation in a dose-dependent 

manner. Interestingly, deletion of the predicted PABD in the CgA sequence significantly 

reduced secretory granule biogenesis in CgA-expressing cells. Finally, genetic and 

pharmacological evidence reveal that phospholipase D1 (PLD1) is a major source of PA 

production for secretory granule formation in endocrine cells.  

	

Results	

Golgi	PA	is	involved	in	the	biogenesis	of	CgA-containing	secretory	granules		

To probe the importance of PA in the formation of CgA-induced secretory granules in 

secretory cells, we overexpressed the PABD of cytosolic phosphodiesterase PDE4A1, that 

was previously shown to specifically interact with PA at the TGN in COS1 cells (Huston et 

al, 2006) and RAW264.7 macrophages (Kassas et al, 2017). We found that PDE4A1(PABD)-

GFP (PDE4A1 WT) not only exhibited an expected Golgi-confined localization, but also 

significantly reduced secretory granule biogenesis (Fig. 1A). Moreover, mutations that 

abolished in vitro binding of PDE4A1(PABD)-GFP to PA (PDE4A1 Mut) prevented the 

recruitment of this PA sensor to the Golgi apparatus and did not impact the number of CgA-
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induced granules (Fig. 1A), reinforcing the crucial role of Golgi PA in the biogenesis of 

secretory granules. 

 

Chromogranin	A	interacts	preferentially	with	PA	through	a	putative	PA-binding	domain		

Due to the presence of two helicoidal motives in its N- and C-terminal conserved regions 

(Elias et al, 2010), we analyzed the capacity of CgA to interact with membrane lipids. A lipid 

overlay assay was performed by incubating recombinant CgA with a nitrocellulose sheet 

where different membrane lipids were adsorbed. Using an antibody raised against CgA 

(Montero-Hadjadje et al, 2002), this overlay assay revealed that CgA interacts with PA and 

phosphoinositides (PIP, PIP2 and PIP3) (Fig. 1B). Quantification of the CgA-lipid interaction 

signals revealed that CgA preferentially interacts with PA (Fig. 1B). To further characterize 

the PABD of CgA, we compared the CgA helicoidal motifs with that of proteins with known 

PABD, notably the Golgi PA sensor PDE4A1. This analysis revealed a potential PABD 

within residues 352-381 of CgA, a sequence of positively charged and hydrophobic amino 

acids (Fig. 1C). Indeed, a bioinformatics analysis using Heliquest software (Gautier et al, 

2008) further refined this PABD to residues 364 and 381 (Fig. 1C) that shares the 

characteristics of typical PABDs (Tanguy et al, 2018). It is predicted that this PABD adopts 

an amphipathic α-helical conformation with five positively charged residues (arginines) 

sequestered in one side of the helix, which could interact with negatively charged PA, and 

three surface exposed hydrophobic residues (tryptophane, phenylalanine, leucine) on the other 

side of the helix which could insert CgA within membranes and interact with the fatty acid 

chains of PA (Fig. 1D). Interestingly, a model of CgA PABD confirmed that this domain 

displays an alpha helix when its structure was examined using MacPyMol software (shown as 

a ribbon, Fig. 1E). Using a semi-quantitative in vitro assay with NBD-labeled liposomes 

(Kassas et al, 2017), we investigated the PA binding capacity of three different GST fusion 
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proteins containing the C-terminal helicoidal motif of CgA or parts of it: CgA352-381, CgA352-

372 and CgA373-381. Thus, we found that GST-CgA352-381 linked to GSH-Sepharose very 

efficiently bound PA-containing liposomes, while the binding of CgA352-372 was greatly 

reduced and that of CgA373-381 was negligible (Fig. 1F). These data not only indicate that the 

whole sequence corresponding to PABD is important for PA binding but also that CgA 

proteolysis generating catestatin (Fig. 1C) amends this functionality. 

 

Specific	 PA	 species	 are	 predominant	 and	 common	 to	 Golgi	 and	 secretory	 granule	

membranes	from	CgA-expressing	cells	

We analyzed and compared the PA composition of Golgi and secretory granule membrane 

fractions purified from COS7-CgA and PC12 cells (Elias et al, 2012), and their purity was 

evaluated by western blotting (Fig. S1). Detailed lipidomics analysis of these fractions 

revealed that over the 44 distinct species potentially detected, few specific PA species are 

predominantly detected in secretory granule and Golgi membranes of COS7-CgA cells, i.e. 

PA (36:1), PA (38:2), PA (38:6) and PA (40:6) (Fig. 2A). Furthermore, we compared the 

Golgi membrane of COS7-WT and COS7-CgA cells to examine the potential impact of CgA 

expression on the PA content. We found that the Golgi membrane of COS7-WT and COS7-

CgA cells exhibit the same predominant PA species, i.e. PA (36:1), PA (38:2) and PA (40:6), 

but we also noticed a significant increase in PA (36:1) and PA (36:2) enrichment in Golgi 

membranes after CgA expression, mainly at the expense of PA (40:6) (Fig. 2B). The presence 

of the same major PA species, i.e. PA (36:1), PA (38:2) and PA (40:6), was also found in 

secretory granule membranes isolated from neuroendocrine PC12 cells, but with a major 

contribution of PA (40:6) in PC12 cells (Fig. 2C).  
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Chromogranin	A	 interacts	with	Golgi/secretory	granule	PA	species	 included	 in	 liposomes	

and	induces	membrane	deformation	of	PA-enriched	GUVs		

We used a liposome flotation assay to test the interaction between CgA from COS7-CgA cell 

extracts and the predominant PA species identified in Golgi and secretory granule membranes 

(Fig. 3A). Following the flotation assay, the different fractions were analyzed by western 

blotting using a CgA specific antibody (Montero-Hadjadje et al, 2002). This analysis revealed 

a specific interaction between CgA and liposomes enriched with PA species identified 

previously by lipidomics analysis, i.e. PA (36:1) and PA (40:6), with an apparent preference 

for the first one and less with PIP2-enriched liposomes (Fig. 3B). In contrast, no interaction 

was found with liposomes enriched with PC, PS, in accordance with the results obtained using 

lipid strips, or with PA (36:0) (Fig. 3B) (Fig. 1B). These results demonstrate that endogenous 

CgA interacts specifically with predominant PA species identified in Golgi and secretory 

granule membranes from CgA-expressing cells.  

To examine membrane dynamics following CgA and PA interaction, we developed a 

model of GUVs enriched in PA (36:1) or PA (40:6), whose formation is assisted by a 

polyvinyl alcohol gel. To analyze their morphology using confocal microscopy, we generated 

PA-enriched GUVs containing a fluorescent lipid, PE-NBD. We observed that the formed 

GUVs exhibit a diameter ranging between 5 and 50 µm. After image acquisitions during 1 

min, we observed that the fluorescence is homogeneously distributed around GUVs (Fig. 3C). 

Addition of 2 µM CgA to PA-enriched GUVs often provoked a marked fluorescence 

concentration in a confined membrane domain of several GUVs just before a budding event 

and the formation of a resulting small vesicle (Fig. 3D). The quantification of membrane 

deformations revealed that the number of budding events depends on CgA concentration (Fig. 

3E). After addition of 2 µM CgA-Alexa488 on non-fluorescent PA-enriched GUVs, CgA was 
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first rapidly and homogenously distributed in GUV membranes. Within a minute, budding 

events were detected from CgA-enriched membrane domains (Fig. 3F).  

	

Thermodynamic	 characteristics	 of	 CgA/PA	 interaction	 indicate	 that	 PA	 favors	 CgA	

incorporation	in	the	SUV	membrane		

To investigate the CgA/PA interaction in more details, we conducted an isothermal titration 

calorimetry (ITC) analysis, which quantifies the binding equilibrium directly by measuring 

the heat change resulting from the association of a ligand with its binding partner (Pierce et al, 

1999; Miao et al, 2019). ITC thermograms showed that injection of a water suspension of 

small unilamellar vesicles (SUV) composed of DOPC or DOPC/PA (36:1) induced an 

exothermic process resulting from the dilution process heat of SUV in water (Fig. 4A,B, 

upper panels). When we injected DOPC or DOPC/PA (36:1) SUV suspension into CgA 

solution, the ITC results showed sequential exothermic and endothermic processes (Fig 4A,B, 

lower panels). Enthalpy curves (Fig. 4C) were obtained from the integrated energy values 

obtained	from A and B traces in lower panels, using A and B traces in upper panels as blank, 

respectively. These curves were fitted using two simple one-site binding model to yield 

thermodynamic parameters (Table 1). Comparing the enthalpy curves obtained after DOPC 

and DOPC/PA (36:1) injection in CgA solution, we observed an increase due to an 

exothermic process related to the binding of CgA with DOPC that could result from hydrogen 

bonding and/or electrostatic force (Blois et al, 2006). We also noticed that the maximum of 

enthalpy is reached after 14 injections of DOPC SUV while it is reached after only 6 

injections of DOPC/PA (36:1) SUV (Fig. 4C). In addition, for the exothermic process, the 

calculated enthalpy ratio ΔH!"#$/!"!"!"# ΔH!"#$!"#  is close to 7, the enthalpy ratio 

ΔH!"!"/!"!#!"#$ ΔH!"#$!"#$  is equal to 12, and the stoichiometry (n) for both processes is lower 

with DOPC/PA (36:1) SUVs (Table 1). Moreover, the endothermic phase leads to the 
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enthalpy decrease (Fig. 4C) and the stoichiometric ratio, which is the ratio between the total 

number of lipids and the number of lipids on the outer surface of the SUV, is close to 1.8, 

suggesting a reorganization of the protein/lipid complex in the SUV membrane. Together, 

these results clearly show that PA favors the incorporation of CgA in the SUV membrane. 

 

Chromogranin	A	 induces	 the	 remodeling	of	 supported	membrane	bilayers	enriched	with	

Golgi/secretory	granule	PA	species		

Using atomic force microscopy, we studied the impact of CgA on supported bilayers 

composed of DOPC or DOPC/PA (36:1). Addition of 0.6 and 1.2 µM CgA during 15 min and 

75 min on a DOPC membranes revealed small alterations of their topographical profile 

corresponding to protrusions with a maximal height of 4 nm (Fig. 5A). After addition of CgA 

on DOPC/PA (36:1) membrane, analysis of images obtained showed a profile change of the 

membrane with a height above 4-16 nm (Fig. 5B). These results suggest that CgA interacts 

with PA-enriched lipid bilayers in a concentration and time-dependent manner and that this 

interaction modifies membrane topology. Of note, the grain size analysis of 11-15 images 

obtained with 1.2 µM CgA during 75 min revealed that the total number of CgA-induced 

domains increased by a factor of 3 after PA (36:1) addition in DOPC bilayers (41±23 domains 

per 100 µm2 DOPC bilayer (Fig. 6A) versus 120±41 domains per 100 µm2 DOPC/PA (36:1) 

bilayer (Fig. 6B)). Moreover, domains with an area greater than 20 µm2 were clearly more 

abundant in presence of PA (36:1) in the supported bilayer, and their height increased with 

their area to reach a mean of 21±3 nm (Fig. 6B).  

 

Chromogranin	A	PABD	is	required	for	secretory	granule	biogenesis	

COS7 cells stably expressing CgA display CgA-containing secretory granule-like structures 

(Delestre-Delacour et al, 2017; Elias et al, 2012; Montero-Hadjadje et al, 2009). To analyze 
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the role of the predicted CgA PABD on secretory granule formation, we deleted the PABD-

encoding region in CgA-GFP. After verifying this deletion did not affect CgA-GFP integrity 

(Fig. S2), we expressed CgAΔPABD-GFP in COS7 cells and we observed its accumulation 

within the Golgi associated with a significant decrease of the number of induced granules 

(Fig. 7). These results support the idea that the interaction of CgA with PA through the PADB 

is important for granule biogenesis and CgA export from the Golgi.  

	

Inhibition	of	PLD-mediated	PA	synthesis	alters	the	biogenesis	of	secretory	granules		

To identify the source of Golgi PA involved in the biogenesis of CgA-containing secretory 

granules, we altered PLD-mediated PA synthesis since PLD appears to be the most important 

provider of PA in the Golgi (Freyberg et al, 2001, 2003). First, secretory cells were treated 

with the pan-PLD inhibitor FIPI and we found a reduction in the number of CgA-induced 

granules in CgA-expressing COS7 cells (Fig. 8A) and in PC12 cells (Fig. 8B) without any 

apparent effect on the granin levels in COS7-CgA and PC12 cells (Fig. S3A and S3B). 

Interestingly, in mice lacking Pld1 gene, we observed by electron microscopy a significant 

reduction in the number of secretory granules (Fig. 8C,D) associated to an apparent granule 

deformation in chromaffin cells (Fig. 8C,E), consistent with the defects in granule biogenesis 

and morphology seen in chromaffin cells from CgA knockout mice (Pasqua et al, 2016). In 

conclusion, pharmacological and genetic invalidation of PLD activity and expression, 

respectively, supported the notion that PLD1 is an important provider of PA required for 

CgA-induced secretory granule biogenesis.  

	

DISCUSSION		

Although considerable efforts have been deployed to identify the molecular mechanism at the 

origin of secretory granule formation, many aspects of this fundamental process remain to be 
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elucidated. The biogenesis of secretory granules depends on TGN membrane dynamics that 

rely on interactions of luminal and cytosolic proteins with molecular components of the TGN 

membrane, such as microtubule-associated motor proteins and actin-based motors which are 

key factors in membrane deformation leading to the budding of post-Golgi carriers (Yamada 

et al, 2014; Carmon et al, 2017). Among luminal proteins, members of the granin protein 

family have been long considered as major actors of secretory granule biogenesis but direct 

mechanistic evidence in favor of this hypothesis is still lacking (Gondré-Lewis et al, 2012). 

The TGN soluble granin, SgIII, has been shown to interact with membrane cholesterol to 

control secretory granule biogenesis (Hosaka et al, 2005), but SgIII is not ubiquitously 

expressed in neuroendocrine cells. Another member of the granin family, CgB, has been very 

recently shown to penetrate into phospholipid membranes and to form anionic channels 

(Yadav et al, 2018). 

 Here, we first revealed the ability of the coiled-coil soluble glycoprotein CgA to bind 

acidic phospholipids, in particular PA, using a lipid-overlay. In silico identification of CgA364-

381 sequence as a PABD led us to confirm CgA/PA interaction using PA-enriched liposomes, 

as this sequence specifically binds PA. Interestingly, CgA PABD binds PA at level similar to 

that observed for PDE4A1, a bona fide PA sensor in Golgi membranes characterized 

previously (Kassas et al, 2017). In contrast, CgA352-372 and CgA373-381 shorter fragments, 

corresponding to the expected cleavage of CgA occurring during secretory granule maturation 

to generate catestatin, exhibited only a weak interaction with PA. We can therefore speculate 

that CgA/PA interaction might be regulated during secretory granule maturation and CgA 

processing. The CgA PABD sequence may allow hydrophobic residue insertion into lipid 

bilayers and direct ionic interaction between basic residues and several PA molecules. Thus, 

CgA may participate to TGN remodeling by interacting with TGN predominant PA species 

that could induce the formation of PA-enriched microdomains. Accumulation of the conical-
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shaped PA enables membrane bending (Kooijman et al, 2003), and this phenomenon could 

generate TGN membrane curvature preceding secretory granule budding. 

Since PA was suspected to play a role in secretory granule biogenesis (Siddhanta & 

Shields 1998), we overexpressed a cytosolic Golgi PA probe, PDE4A1, and we observed a 

decrease of CgA-containing secretory granules in PC12 cells, suggesting the occurrence of a 

link between TGN membrane PA and luminal CgA to generate secretory granules. Then, we 

analyzed and compared the PA composition in Golgi and secretory granule membranes from 

CgA-expressing COS7 cells by mass spectrometry, and found a close correlation in the PA 

species composition in these two membranes isolated from CgA-expressing COS7 cells. 

Among these PA species, we observed a predominance of several common PA species in 

secretory granule and Golgi membranes, including mono- and poly-unsatured forms, i.e. PA 

(36:1) and PA (40:6). Interestingly, these PA species were also identified in the membrane of 

secretory granules from neuroendocrine PC12 cells, but in significantly different ratios. The 

apparent differences in the ratio of PA (36:1) or PA (40:6) between COS7-CgA and PC12 

cells may actually result from different PA metabolic enzymes present at the TGN in these 

two cell types. It is of note that PC12 cells also express other granins such as CgB and SgII 

that may contribute to secretory granule biogenesis through alternative mechanisms. 

Together, these results suggest that synthesis of specific PA species occurs at the Golgi 

membrane of CgA-expressing cells to induce the biogenesis of secretory granules and that one 

or some of these species have a key role in this process. Using liposome models enriched with 

distinct phospholipids, we observed that CgA preferentially interacts with PA (36:1) and PA 

(40:6), and that CgA provokes membrane deformation of PA (36:1)- or PA (40:6)-enriched 

artificial membranes in a dose-dependent manner. The analysis of the thermodynamic 

characteristics of CgA/PA (36:1) interaction	by isothermal titration calorimetry consolidated 

the observation that CgA strongly interacts with PA (36:1)-enriched membranes and favors 
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membrane deformation. Atomic force microscopy on supported membrane bilayers revealed 

that PA (36:1) enrichment increased the number, the height and the surface of CgA-induced 

domains resulting from either CgA aggregation, membrane deformation, microdomain 

formation, or any combination of these. These data support a central role of PA in the 

formation of CgA-induced domains as observed by confocal microscopy and ITC. Altogether, 

these results support the idea that CgA/PA (36:1) or PA (40:6) interaction plays a key role in 

the membrane remodeling process necessary for secretory granule budding.  

In line with this model, we showed that expression of CgA deleted from the PABD led 

to a significant decrease of CgA granule number with a retention of the truncated CgA in the 

Golgi area in COS7 cells. Therefore, these data support the notion that CgA PABD region is 

involved in granule biogenesis and that CgA/PA interaction is critical for the initiation of the 

neurosecretory process in neuroendocrine cells. Interestingly, this CgA PABD region includes 

the C-terminal sequence of catestatin (CgA352-372) where several single nucleotide 

polymorphisms have been detected in humans that are associated with cardiovascular and 

metabolic disorders (Sahu et al, 2012; Kiranmayi et al, 2016). 

An important source of Golgi PA is the conversion of PC by the enzymatic activity of 

PLD. Pharmacological inhibition of PLD in COS7-CgA and PC12 cells, and Pld1 knockout in 

mice chromaffin cells both reduced secretory granule biogenesis. Interestingly, this reduction 

in secretory granule number was also accompanied by an alteration in the shape of these 

organelles, very similarly to what was found in CgA-knockout chromaffin cells (Pasqua et al, 

2016), showing that PLD1 depletion partially phenocopies CgA deficiency regarding the 

impact on secretory granule biogenesis. These observations strongly suggest that CgA and 

PLD1-generated PA are two cooperating molecular actors involved in the formation of 

secretory granules in neuroendocrine cells.  
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 Altogether, our data suggest that CgA binds to specific species of PA at the TGN to 

generate membrane remodeling and curvature in order to initiate secretory granule budding, 

concomitantly or prior to the recruitment of cytosolic proteins such as arfaptins (Cruz-Garcia 

et al, 2013), the acto-myosin 1b complex (Delestre-Delacour et al, 2017) or the membrane-

associated myristoylated protein HID1 (Hummer et al, 2017). Future studies are now needed 

to evaluate the role of CgA/PA interaction during secretory granule biogenesis in living 

neuroendocrine cells. 

	

Materials	and	Methods	

Cell	culture		

African green monkey kidney fibroblast-derived COS7 cells (American Type Culture 

Collection ; CRL 1651) stably expressing CgA developed previously (Elias et al, 2012) were 

maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, Thermo Fisher 

Scientific) supplemented with 5% heat-inactivated fetal bovine serum (Sigma - Aldrich), 100 

U ml-1 penicillin, 100 µg ml-1 streptomycin (Gibco, Thermo Fisher Scientific) and 300 µg ml-1 

geneticin (G-418 sulfate, Life Technologies, Inc, UK) to maintain gene resistance selection, at 

37°C in 5% CO2. Rat pheochromocytoma PC12 cells (American Type Culture Collection; 

CRL 1721) were routinely grown in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, 

Thermo Fisher Scientific) supplemented with 5% sterile-filtered fetal bovine serum (Sigma-

Aldrich), 10% sterile-filtered HyClone Donor Equine serum (GE Healthcare, Life Sciences), 

100 U ml-1 penicillin, 100 µg ml-1 streptomycin (Gibco, Thermo Fisher Scientific) and 1% L-

glutamine (Gibco, Thermo Fisher Scientific), at 37°C in 5% CO2. For IF experiments, COS7-

WT cells were transfected with 0.8 µg of DNA encoding GFP-tagged human CgA (CgA-

GFP), GFP-tagged human ∆PABD CgA (CgA∆PABD-GFP) or GFP-tagged rat PDE4A1-
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PABD (PDE4A1-GFP), and 2 µl Lipofectamine 2000 (Invitrogen) per well (24-well plate) 

according to the manufacturer’s protocol. Four or five hours after the beginning of 

transfection, the culture medium was replaced by supplemented DMEM, and cells were 

additionally cultured for 24–48 h. For WB experiments, COS7-WT cells were transfected 

with 4 µg of DNA encoding GFP-tagged human CgA (CgA-GFP) or GFP-tagged human 

∆PABD CgA (CgA∆PABD-GFP), and 8 µl Lipofectamine 2000 (Invitrogen) per well (6-well 

plate) according to the manufacturer’s protocol. Four or five hours after the beginning of 

transfection, the culture medium was replaced by supplemented DMEM, and cells were 

additionally cultured for 48 h.  

	

Plasmid	constructs	

Full-length CgA-GFP (pCgA-EGFP-N2) kindly provided by M. Courel (UPMC, Paris, 

France) was used to amplify the sequence of CgA encoding region by PCR cloning into a 

pGEM-T vector (Promega, Charbonnieres, France) using the sense primer (5’-

CTCGAGGCCACCATGCGCTCCGCCGCTGTCTCGGCTTCTT-3’), including an Xho1 

restriction site (underlined bases), and the antisense primer (5’-

CCGCGGGCGCCCCGCCGTAGTGCCTGCA-3’), including a SacII restriction site. Site-

directed mutagenesis was conducted by using the QuikChange® II XL Site-Directed 

Mutagenesis Kit (Agilent technologies, Les Ulis, France) and specific primers (sense: 5’- 

CTCTCCTTCCGGGCCCGGGCCTACGAGGACAGCCTTGAGGCGGGCCTG-3’; 

antisense: (5’-CAGGCCCGCCTCAAGGCTGTCCTCGTAGGCCCGGGCCCGGAAGGAG 

AG-3’) designed to remove the CgA PABD sequence. The amplified mutated CgA (with 

deleted CgA364-381 region was named CgAΔPABD) was digested with the appropriate 

enzymes (Xho1 and SacII) and subcloned into the eukaryotic expression vector pEGFP-N2. 

All the constructs were verified by restriction enzyme digestion and their nucleotide sequence 
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was verified by DNA sequencing. PDE4A1 WT - GFP and PDE4A1 Mut - GFP constructs 

were described previously (Kassas et al, 2017).  

	

Animals	

Pld1 knockout mice were described previously (Ammar et al, 2013; Ammar et al, 2015). 

They were housed and raised at Chronobiotron UMS 3415. All experiments were carried out 

in accordance with the European Communities Council Directive of 24th November 1986 

(86/609/EEC) and resulting French regulations. Accordingly, the CREMEAS local ethical 

committee approved all experimental protocols. Every effort was made to minimize the 

number of animals used and their suffering. 

 

Proteins	and	antibodies	

Recombinant CgA (human chromogranin A 19-457aa, His tag, E. coli, ATGP0323, Atgen 

global) was used for lipid strip and GUVs experiments. For CgA-Alexa488 coupling, all 

reactants and solvents were purchased from TCI-Chemicals and Alfa Aesar. CgA labeling 

was performed according to a modified version of protocol cited in Chevalier et al (2013). 

First, 82 µl (1 eq.) of Alexa488 solution (2 mg ml-1 in anhydrous DMF) were introduced into 

a 1 ml round-bottom flask. TSTU (70 µg, 1.2 eq.) and DIEA (0.04 ml, 1.2 eq.) were added, 

reaction medium was placed under argon, with magnetic stirring and at RT during 1 h, to 

obtain the NHS activated ester. A solution of 250 µg of CgA in PBS buffer (pH 7.2, 0.5 mg 

ml-1, 1 eq.) was then slowly added dropwise in reaction medium, for a ratio Alexa488/CgA 

10/1. Reaction was placed under argon, magnetic stirring and at RT overnight. Purification 

was performed using 10 kDa centrifugation filters (Spin-X® UF 500, CORNING) previously 

conditioned with PBS to remove glycerol and others biocidal compounds. Labeled protein 

was collected in PBS buffer following 3 centrifugations of 10 min at 7,500 rpm. Grafting rate 
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was evaluated by Western-blot and UV-Vis spectroscopy (λabs = 494 nm), with a maximum 

labeling rate of 5.6 Alexa488 molecules per protein.  

Primary antibodies used were goat polyclonal anti-CgA (Santa-Cruz Biotechnology inc.; sc-

23556) (1:200), rabbit polyclonal anti-CgA (WE-14; Montero-Hadjadje et al, 2002) (1:1,000), 

rabbit polyclonal anti-CgA (RV31.4; Montero-Hadjadje et al, 2009) (1 :1,000), rabbit 

polyclonal anti-SgII (EM66; Anouar et al, 1998) (1:1,000), goat polyclonal anti-CgB (Santa-

Cruz Biotechnology inc.; sc-1489) (1:1,000), mouse monoclonal anti-GM130 

(BDBiosciences) (1:1,000), mouse monoclonal anti-CALR (Sigma-Aldrich, clone 1G11-1A9) 

(1:1,000), mouse monoclonal ant-GLUD1 (Sigma-Aldrich; clone 3C2) (1:500), rabbit 

monoclonal anti-ZO-3 (Cell signaling; D57G7) (1:1,000), mouse monoclonal anti-PCNA 

(Santa-Cruz Biotechnology; sc-25280) (1:500), mouse monoclonal anti-α-tubulin (Sigma-

Aldrich; T5168) (1:5,000). For IF, secondary antibodies used were Alexa 488-conjugated 

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

For Western blotting, anti-rabbit, anti-mouse and anti-goat secondary antibodies conjugated to 

horseradish peroxydase (Thermo Fisher Scientific) (1:5,000) were used. 

 

Protein-lipid	binding	assay		

Membrane lipid strips (P-6002, Echelon Biosciences) were saturated in PBS-T buffer (0,1% 

v/v Tween 20 in PBS) supplemented with 3% fatty acid-free BSA for 1 h at room 

temperature, and then incubated with 500 ng ml-1 recombinant human purified CgA diluted in 

this buffer for an additional hour at room temperature. After several washes with PBS-T, the 

membranes were incubated with anti-WE-14 antibody (1:1,000) 1 h at RT in the saturation 

buffer. After washing with PBS-T, membranes were incubated with a secondary antibody 

coupled to horseradish peroxydase (Thermo Fisher Scientific) and visualized by enhanced 
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chemiluminescence. Densitometric analysis was performed to determine the relative affinity 

of CgA binding to various phospholipids. 

 

Subcellular	fractionation	

Cells were collected in PBS and sedimented by centrifugation at 400 g for 5 min at 4°C. The 

cell pellet was disrupted by 5 pulls/pushes through a 21- and then a 25-gauge needle attached 

to a syringe, in ice-cold buffer (0.32 M sucrose, 20 mM Tris-HCl, pH 8; 1 ml g-1 of cells). The 

resulting lysate was centrifuged at 800 g for 30 min at 4°C.  

 

Golgi	membrane	purification	

Pellets containing Golgi membranes were suspended in 1.4 M sucrose. The homogenate was 

deposited on a succession of 2 ml 1.6, 1.8, 2.0 and 2.2 M sucrose cushions and then covered 

with 2 ml 1.2 and 1 M sucrose cushions and 10 ml 0.32 M sucrose cushion, all sucrose 

cushions containing 10 mM Tris-HCl at pH 7.4. The extracts were then centrifuged at 10,000 

g for 18 h at 4°C. The different fractions were collected in hemolysis tubes and kept at -20°C. 

An aliquot of each fraction was used for the localization of Golgi apparatus by Western blot 

using specific plasma membrane, Golgi, nucleus, mitochondria and endoplasmic reticulum 

antibodies. 

Secretory	granule	purification	

Post-nuclear supernatants were centrifuged at 20,000 g for 20 min at 4°C. Pellets containing 

dense core granules were centrifuged on a multi-step gradient of 1 to 2.2 M sucrose (1, 1.2, 

1.4, 1.6, 1.8, 2 and 2.2 M sucrose; 5 ml steps), at 100,000 g for 12 h at 4°C. All gradient steps 

were collected from the top of the tube in 5 ml fractions, and analyzed by western blotting to 

check the granule-containing fractions and to verify their purity. The recovered granule 

fractions were used for liquid chromatography coupled to tandem mass spectrometry analysis. 
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Lipidomic	analysis		

Total lipids from cell samples were extracted by the method of Bligh and Dyer (1959). Lipid 

extracts were resuspended in 50µl of eluent A. LC-MS/MS (MRM mode) analyses were 

performed with a MS model QTRAP® 6500 (Sciex) coupled to an LC system (1290 Infinity 

II, Agilent). Analyses were achieved in the negative (PA); nitrogen was used for the curtain 

gas (set to 15), gas 1 (set to 20) and gas 2 (set to 0). Needle voltage was at − 4, 500 without 

needle heating; the declustering potential was adjusted set at − 180 V. The collision gas was 

also nitrogen; collision energy is set to − 50eV. Reversed phase separations were carried out 

at 50 °C on a Luna C8 150×1 mm column, with 100 Å pore size, 5 µm particles 

(Phenomenex). Eluent A was isopropanol/CH3OH/H2O+0.2 % formic acid+0.028 % NH3 and 

eluent B was isopropanol+0.2 % formic acid+0.028 % NH3. The gradient elution program 

was as follows: 0-5 min, 30-50 % B; 5 - 30 min, 50-80 % B; 31–41 min, 95 % B; 42–52 min, 

30 % B. The flow rate was set at 40 µl min-1; 3 µl sample volumes were injected. Quantitative 

PA analyses were made based on MS/MS multiple reaction monitoring (MRM) as described 

(Shui et al, 2010). Briefly, MRM transitions for individual PAs were determined using PA 

standards (Avanti Polar Lipids, Alabaster, AL). The predominant daughter fragment ions 

were then used for quantitative MRM analysis. MRM transitions and specific retention times 

were used to selectively monitor PA using MultiQuant software (v3.0, Sciex). 

 

Liposome	and	giant	unilamellar	vesicle	formation	

Liposome	flotation	and	binding	assays	

Lipids solubilized in chloroform were purchased from Avanti Polar Lipids (Alabaster, AL) 

and were used without further purification. Liposome mixtures were prepared in mass ratios 
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composed of 90% DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), 5% PE-NBD (1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)), and 5% 

PS (1,2-dioleoyl-sn-glycero-3-phospho-L-serine), PI(4,5)P2 (1,2-dioleoyl-sn-glycero-3-

phospho-(1'-myo-inositol-4',5'-bisphosphate)), egg PA mix or PA species (36:1 (1-stearoyl-2-

oleoyl-sn-glycero-3-phosphate), 36:2 (1-stearoyl-2-linoleoyl-sn-glycero-3-phosphate), 40:6 

(1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphate) or 36:0 (1,2-distearoyl-sn-glycero-3-

phosphate). Lipids were dried in a stream of nitrogen and kept under vacuum for at least 2 h. 

Dried lipids were then suspended in liposome-binding buffer (LBB: 20 mM HEPES, pH 7.4, 

150 mM NaCl, 1 mM MgCl2) by three freeze and thaw cycles and were extruded using a 

Mini-Extruder (Avanti Polar Lipids, Alabaster, Alabala, USA) through polycarbonate track-

etched membrane filters to produce liposomes of 200 nm in diameter. The liposomes were 

then diluted (1:10) and incubated with 30 µg of COS7-CgA extract during 20 min. Then 

samples were centrifuged at 200,000 g (1 h at 4°C) on a multi-step gradient sucrose. To 

determine the association of CgA with liposomes, the fractions were collected after 

centrifugation, and the presence of CgA was revealed using western blot analysis of the 

different fractions. 

To quantify liposome binding to GST-CgA-PABD linked to GSH-Sepharose beads, GST and 

GST-PABD constructs (330 pmol) bound to GSH beads were washed once with 1 ml of LBB 

medium before incubation for 20 min in the dark at room temperature and under agitation 

with liposomes containing a 10-fold molar excess of PA relative to the quantity of GST 

proteins in a final volume of 200 µl of LBB. Beads were washed three times with 1 ml of ice-

cold LBB and collected by centrifugation at 3,000 rpm for 5 min. Liposome binding to the 

PABD was estimated by measuring the fluorescence at 535 nm with a Mithras fluorimeter 

(Berthold). Triplicate measurements were performed for each condition. Fluorescence 
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measured with GST linked to GSH-Sepharose beads alone was between 3 and 4 A.U. and was 

subtracted from sample measurements. 

 

Giant	unilamellar	vesicle	preparation		

Giant unilamelar vesicles (GUVs) were prepared by polyvinyl acetate (PVA, MW 145000, 

purchased from VWR International, Fontenay-sous-Bois, France) – assisted swelling. Briefly, 

Teflon plate was cleaned twice with 99% ethanol. A 5% (w/w) solution of PVA was prepared 

by stirring PVA in water while heating at 90 °C. PVA-coated substrates were prepared by 

spreading 100–300 µl of PVA solution on a clean Teflon plate, and dried for 30 min at 80°C. 

10–20 µl of lipid mixture (96% of DOPC, 4% of PA (36:1) or (40:6) and 1% of PE-NBD) 

dissolved in chloroform (1 mg ml-1) was spread on the dried PVA film and placed under 

vacuum over-night at room temperature to evaporate the solvent. A chamber around the drops 

of lipids was formed with Vitrex and filled with 100 mM sucrose and 150 mM NaCl solution 

during 3 h at room temperature, allowing the formation of GUVs with a suitable size. Next, 

the buffer containing GUVs is recovered using a rib with a wide tip to not destroy the GUVs, 

and deposited in LabTek wells (LabTek I non-separable, on glass coverslip, 4 culture 

chambers, Nunc), which were previously coated with a 1 mg ml-1 BSA solution. To allow the 

sedimentation of GUVs, we added the same volume (100 µl) of a solution containing 90 mM 

glucose and 15 mM NaCl in LabTek wells. The sedimentation of the GUVs takes place for 

about 1 h at room temperature.  

To test the effect of CgA on the GUV membranes, we added CgA or CgA-Alexa488 in GUV-

containing Labtek wells at a final concentration of 2, 4 or 6 µM just before the beginning of 

confocal microscopy acquisitions. 

 

Small	unilamellar	vesicle	preparation	
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The lipid vesicles were prepared using the standard extrusion method as described previously 

for liposome formation. Liposome mixtures were prepared in mass ratios composed of 90% 

DOPC, 10% POPA (PA 36:1) were dissolved in a test tube with chloroform. Lipids were 

dried under argon gaz. The lipid film thus obtained was hydrated with 500 µl of water and the 

solution was subjected to vortex mixing for 1 h at room temperature. The multilamellar 

vesicles were extruded 27 times using the Mini-Extruder equipped with a polycarbonate 

membrane filter of 100 nm pore diameter to obtain SUVs. 	 	
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Atomic	force	microscopy	measurements	

Membrane	preparation	

Giant Unilamellar Vesicles (GUVs) were prepared by using 100% DOPC or a mix of 90% 

DOPC and 10% POPA. The vesicles were prepared in a 200 mM sucrose solution. GUV 

solution was diluted 100 times in 250 mM glucose solution to promote their sedimentation 

and to avoid multilayers. Final lipid concentration was 10 µM. The vesicle solution was 

injected in the AFM liquid cell and put in contact with freshly cleaved mica. After 2 minutes, 

the vesicle solution is replaced with 250 mM glucose solution in order to maintain the 

supported lipid bilayers hydrated at all times during imaging. To study protein/lipid 

interactions, the glucose solution was replaced with a CgA solution (0.6 or 1.2 µM), and the 

sample was imaged again. 

 

Microscopy	imaging	

AFM measurements were performed on a multimode atomic force microscope (Nanoscope 

IIIA, Veeco, USA). Supported lipid bilayers images were taken in tapping mode in the fluid 

cell. A soft cantilever with a typical spring constant of 0.06 N/m and equipped with a silicon 

nitride tip was used. The tip velocity was set between 5-10 µm/s by varying the scan rate 

according to the scan size. The cantilever oscillation was tuned to a frequency between 20 and 

30 kHz, and the amplitude was set between 0.8 V and 2 V. All the experiments were carried 

out at a temperature of 21°C. 

 

High-sensitivity	isothermal	titration	calorimetry	(ITC)	

Isothermal titration calorimetry was performed on an Affinity instrument (TA Instrument, 

New Castle, DE) equipped with a 185 µl reaction chamber. Solutions were degassed under 
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low pressure before use to avoid the formation of air bubbles while titrating. The CgA 

solution (5 µM) was placed in the calorimeter chamber and SUV suspension (10 mM) was 

injected in aliquots of 2.5 µl. The period between two successive injections was typically 200 

sec to allow the system to reach equilibrium. The solution was stirred continuously at 125 rpm 

and the experiments were carried out at a temperature of 10°C. The resulting heat changes 

after SUV injection were recorded as a function of time. The heat of reaction was obtained by 

integrating the area under each peak of heat flow tracings, using the heat of SUV dilution in 

water as blank sample. The data were acquired by using the Nanoanalyze software (v.3.10.0, 

TA Instrument). 

 

Immunofluorescence	labelling	

COS7-CgA cells were cultured in 24-well plates (Costar® 24 Well Clear TC-Treated 

Multiple Well Plates, Corning), onto glass coverslips and fixed with 4% paraformaldehyde 

(Sigma – Aldrich) in PBS at room temperature for 15 min. Cells were permeabilized and 

blocked for 30 min with 0.3% Triton X-100 (Thermo Fisher Scientific), in PBS containing 

5% normal donkey serum (Sigma – Aldrich) (1:50) and 1% BSA (Bovine Serum Albumin, 

Sigma – Aldrich)). Cells were then incubated for 2 h at room temperature with primary 

antibodies, and, after washing with PBS, for 1 h with secondary antibodies. Nuclei were 

stained with DAPI (4',6-diamidino-2-phénylindole, Molecular probes #D3571, 1 µg ml-1). To 

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

substituted with PBS. 

	

Protein	electrophoresis	and	Western	blotting	
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Cells were harvested by scraping, homogenized, and proteins were separated by SDS-PAGE 

followed by Western blotting. Membranes were incubated in a blocking buffer containing 5% 

non-fat dry milk in phosphate-buffered saline containing 0.5% Tween 20 (Sigma - Aldrich) 

(PBS-T) for 1 h at room temperature, and overnight with primary antibodies at 4°C. Then, 

membranes were washed for 45 min with PBS-T. Blots were subsequently incubated for 1 h 

with appropriate HRP (Horse Radish Peroxidase)-conjugated secondary antibody (Thermo 

Fisher Scientific) in blocking buffer. Membranes were washed for 45 min with PBS-T. 

Immunoreactive proteins were detected by chemiluminescence (BioRad Biotechnology). 

Quantification was performed using Image Lab software (5.0 build 18, 2013 version, Bio-Rad 

Laboratories). The mean intensity of each individual band of interest was calculated after 

background value subtraction.  

	

Image	acquisition	

For GUVs experiments, real-time videomicroscopy was carried out with an inverse confocal 

microscope TCS-SP5 AOBS (Acousto-Optical Beam Splitter), equipped with pulsed white 

light laser (WLL) and with a 63X oil immersion objective (Leica Microsystems). PE–NBD 

was excited at 463 nm and observed in a 510-550 nm window. Images were acquired at a 

speed of one frame per 2 s during 1 min.  

For immunocytochemistry experiments, confocal microscopy was carried out with a TCS-SP8 

upright confocal laser-scanning microscope equipped with 63X oil immersion objective 

(NA=1.4; Leica, Microsystems). Alexa 488 and GFP were excited at 488 nm and observed in 

a 505–540 nm window. Alexa 594 was excited at 594 nm and observed in a 600–630nm 

window. For dual color acquisition, images were sequentially acquired in line scan mode 

(average line = 2). Overlays were performed with post acquisition Leica Confocal Software 

functions to obtain the presented snapshots.  
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Transmission	electron	microscopy	of	WT	and	Pld1-/- chromaffin	cells	in	situ	

WT and Pld1-/- mice were anesthetized with a mixture of ketamine (100 mg kg-1) and xylazine 

(5 mg kg-1) and transcardiacally perfused with 0.1 M phosphate buffer, pH 7.3, containing 2% 

paraformaldehyde and 2.5% glutaraldehyde. The 2-mm-thick slices were cut from the adrenal 

glands and postfixed in 1% glutaraldehyde in phosphate buffer overnight at 4°C. The slices 

were then immersed for 1h in OsO4 0.5% in phosphate buffer. 1 mm3 blocks were cut in the 

adrenal medulla, dehydrated, and processed classically for embedding in Araldite and 

ultramicrotomy. Ultrathin sections were counterstained with uranyl acetate and examined with 

a Hitachi 7500 transmission electron microscope.  

	

Statistical	analysis	

Data were analyzed with the Prism program (GraphPad 6.04 Software). For the quantification 

of the number of CgA granules, statistical significance was determined by Mann-Whitney U 

test. Values are expressed as means ± s.e.m., and the level of significance is designated in the 

figure legend as follows: * P<0.05, ** P<0.001, *** P<0.0001. For the quantification of CgA 

signal in lipid strip experiments, statistical significance was determined by an Anova one-way 

analysis of variance test with Bonferroni’s comparison test. Values are expressed as means ± 

s.e.m., and the level of significance is designated in the figure legend as follows: *** 

P<0.0001. For the quantification of membrane deformation after CgA addition on GUVs, 

statistical significance was determined by Mann-Whithney U test. Values are expressed as 

means ± s.e.m., and the level of significance is designated in the figure legend as follows: *** 

P<0.0001.  

 

Post-acquisition	analysis	
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The following procedure was used to measure the number of CgA granules. The confocal 

section generated by the Leica TCS-SP8 confocal microscope was analyzed with Imaris and 

converted into an Imaris file. A broad region of interest (ROI) was defined around a cell. 

Then with the tool 'spots detection' on Imaris, the number of spots with a 500 nm diameter 

was quantified. Spots statistics are automatically computed for each spot object. It provides a 

procedure to automatically detect point-like structures, an editor to manually correct detection 

errors, a viewer to visualize the point-like structures as spheres, and statistics output.  

To analyze secretory granule density in wild type and Pld1 knock-out chromaffin cells, 

secretory granules were counted in 50 chromaffin cells from WT and Pld1 KO mice with a 

visible nucleus randomly selected in ultrathin sections from several blocks (1 section/block) 

from each mouse (n=3 mice per genotype). Dense core diameter was measured from 950 

randomly selected granules for each genotype using the line segment tool of Image J. To 

minimize the bias measurements, samples were blinded. 
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Figure	legends	

	

Figure	1.	Golgi	PA	 is	 involved	 in	CgA	secretory	granule	biogenesis	and	CgA	 interacts	with	

PA	through	a	putative	PABD.	

A	 	Involvement	of	Golgi	PA	 in	 the	 formation	of	CgA-containing	secretory	granules	 in	PC12	

cells.	 Cells	 expressing	 PDE4A1-GFP	 (PDE4A1	WT)	 or	 its	 PABD-deleted	 mutant	 (PDE4A1	

Mut)	were	 immunolabelled	with	anti-CgA	antibody.	Representative	confocal	microscopy	

sections	 throughout	 the	 cells	 are	 shown	 and	 were	 used	 to	 quantify	 automatically	 the	

granules	with	a	diameter	>	200	nm.	Values	for	the	number	of	granules	per	cell	are	plotted	

as	 the	means	 ± S.D.	 (n=2;	 40	 cells	 per	 condition).	 **P < 0.001,	Mann-Whitney	 test.	 The	

scale	bar	represents	20 µm.		

B	 	Protein–lipid	 overlay	 assay	 in	 the	 presence	 of	 recombinant	 CgA	 (500	 ng/ml)	 using	

commercial	membrane	strips	where	are	adsorbed	100	pmol/spot	of	the	following	lipids:	

triglyceride,	 diacylglycerol	 (DAG),	 phosphatidic	 acid	 (PA),	 phosphatidylserine	 (PS),	

phosphatidylethanolamine	 (PE),	 phosphatidylcholine	 (PC),	 phosphatidylglycerol	 (PG),	

cardiolipin,	 phosphatidylinositol	 (PI),	 phosphatidylinositol	 4-phosphate	 [PI(4)P],	

phosphatidylinositol	 4,5-bisphosphate	 [PI(4,5)P2],	 phosphatidylinositol	 3,4,5-

trisphosphate	 [PI(3,4,5)P3],	 cholesterol,	 sphingomyelin,	 or	 3-sulfogalactosylceramide	

(sulfatide).	 The	 resulting	 membrane	 was	 immunostained	 for	 CgA	 detected	 by	 a	 WE14	

antibody	and	revealed	using	a	chemiluminescence	kit.	Plotted	are	means	of	CgA	binding	

expressed	 as	 percentage	 normalized	 to	 control	 (blank)	 +	 s.e.m.	 (n	=	 3).	 ***P	<	 0.0001,	

Anova	one-way	analysis	of	variance	test	with	Bonferroni’s	comparison	test.	
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C	 Human	CgA	sequence	showing	a	region	of	18	amino	acids	(hCgA364-381),	encompassing	a	

positive	 charge	 cluster	 and	 hydrophobic	 residues	 that	 could	 adopt	 an	 α-helical	

conformation,	delimited	by	arrows,	suggesting	its	function	as	PA-binding	domain	(PABD).	

D	 PA	 binding	 profile	 of	 the	 putative	 human	CgA-PABD.	 Amphipathic	α-helix	 projection	 of	

the	 core	 18	 amino	 acids	 of	 the	 PABD	 of	 CgA	 obtained	with	 Heliquest	 software.	 Arrow	

indicates	hydrophobic	moment.	

E	 Model	 of	 the	 putative	 human	 CgA-PABD.	 Ribbon	 corresponds	 to	 the	α-helix.	 Structure	

was	examined	using	MacPyMOL	(v1.74).	

F	 Characterization	 of	 the	 PA	 binding	 capacity	 of	 human	 CgA	 through	 the	 putative	 PABD.	

Semi-quantitative	 fluorescent	 liposome	assays	with	PA-containing	 fluorescent	 liposomes	

(5%	 PE-NBD,	 85%	 DOPC,	 10%	 PA	 mix)	 and	 GST-CgA-PABD	 constructs	 linked	 to	 GSH-

Sepharose	beads.	The	binding	of	liposomes	with	CgA-PABD	constructs	was	monitored	by	

fluorimetry.	 Results	 are	 presented	 as	means	 ±	 S.D.	 (of	 triplicate	measurements	 pooled	

from	three	experiments).		

	

Figure	 2.	 Same	 predominant	 PA	 species	 are	 found	 in	 Golgi	 and	 secretory	 granule	

membranes	from	COS7-WT,	COS7-CgA	and	PC12	cells.			

A	 The	levels	of	distinct	PA	species	were	measured	in	fractions	of	secretory	granule	(SG)	and	

Golgi	membranes	from	COS7-CgA	cells	by	duplicate	UPLC/MS/MS	analysis	of	two	samples	

(each	 containing	 200	 µg	 of	 protein)	 from	 each	 fraction.	 The	 acyl	 chain	 composition	 of	

each	species	is	shown	on	the	x	axis.	The	y	axis	shows	the	abundance	of	each	species	as	a	

percentage	of	total	PA	in	the	sample.	
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B	 PA	 levels	were	measured	 in	 fractions	 of	Golgi	membranes	 from	COS7-WT	or	 COS7-CgA	

cells	 by	 duplicate	 UPLC/MS/MS	 analysis	 of	 two	 samples	 (each	 containing	 200	 µg	 of	

protein)	from	each	fraction.	The	acyl	chain	composition	of	each	species	is	shown	on	the	x	

axis.	The	y	axis	shows	the	abundance	of	each	species	as	a	percentage	of	total	PA	in	the	

sample.	

C	 PA	 levels	were	measured	 in	 secretory	 granule-containing	 fractions	 from	PC12	or	 COS7-

CgA	cells	by	duplicate	UPLC/MS/MS	analysis	of	 two	samples	 (each	containing	200	µg	of	

protein)	from	each	fraction.	The	acyl	chain	composition	of	each	species	is	shown	on	the	x	

axis.	The	y	axis	shows	the	abundance	of	each	species	as	a	percentage	of	total	PA	in	the	

sample.		

	

Figure	 3.	 CgA	 interacts	 with	 PA	 species	 identified	 in	 Golgi	 and	 secretory	 granule	

membranes	and	provokes	membrane	deformation	of	PA-enriched	GUVs.	

A	 Schematic	 representation	 of	 the	 liposome	 flotation	 assay	 approach	 used	 to	 study	 the	

interaction	of	CgA	from	COS7-CgA	cell	extracts	with	PA	species.		

B	 Detection	of	CgA	 in	 the	different	 fractions	 (Top	 (T),	Medium	 (M),	Bottom	 (B))	 obtained	

from	liposome	assays.	COS7-CgA	cell	extracts	were	incubated	with	liposomes	containing	

5%	 NBD-PE,	 85%	 of	 DOPC,	 and	 10%	 of	 the	 indicated	 phosphatidylcholine	 (PC),	

phosphatidylserine	 (PS),	 phosphatidylinositol-4,5-bisphosphate	 (PIP2),	 a	 commercial	

phosphatidic	acid	mix	(PA)	or	distinct	species	of	PA	(PA	36:0,	PA	36:1,	PA	40:6).	Thirty	µg	

of	protein	 from	each	fraction	were	run	on	SDS-PAGE	and	 immunoblotted	with	the	CgA-

derived	WE14	antibody.		
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C	 Formation	by	PVA-assisted	swelling	of	fluorescent	PA-containing	GUVs.	Stable	fluorescent	

GUVs	(96	%	DOPC,	10	%	PA	(36:1)	and	1	%	PE-NBD)	were	generated	and	observed	by	live	

confocal	 microscopy	 during	 1	 min.	 Representative	 confocal	 microscopy	 sections	

throughout	the	GUVs	are	shown.	The	scale	bar	represents	30 µm.	

D	 Effect	of	CgA	on	fluorescent	PA-containing	GUVs.	Fluorescent	GUVs	(96	%	DOPC,	10	%	PA	

(36:1)	or	PA	(40:6)	and	1	%	PE-NBD)	were	incubated	with	2	µM	CgA.	Deformation	of	GUV	

membrane	 was	 observed	 by	 live	 confocal	 microscopy	 during	 1	 min.	 Representative	

confocal	microscopy	sections	throughout	the	GUVs	are	shown.	The	scale	bar	represents	

30 µm.	

E	 Quantification	of	membrane	deformations	of	PA-containing	GUVs.	GUVs	(90	%	DOPC,	10	

%	 PA	 (36:1))	 were	 incubated	with	 2,	 4	 and	 6	 µM	 CgA	 (n=3;	 35	movies	 per	 condition).	

***P < 0.0001,	Mann-Whitney	test.	Means ± s.e.m.	are	plotted.	

F	 Distribution	of	CgA-Alexa488	on	PA-containing	GUVs.	GUVs	(90	%	DOPC,	10	%	PA	(36:1))	

were	 incubated	 with	 2	 µM	 CgA-Alexa488.	 Staining	 and	 budding	 (arrows)	 of	 GUV	

membrane	 was	 observed	 by	 live	 confocal	 microscopy	 during	 1	 min.	 Representative	

confocal	microscopy	sections	throughout	the	GUVs	are	shown.	The	scale	bar	represents	

20 µm.	

	

Figure	4.	ITC	analysis	reveals	that	PA	favors	membrane	incorporation	of	CgA.		

A	 DOPC	SUVs	and	CgA	binding	measured	by	titrating	5	μM	CgA	in	the	chamber	with	10	mM	

vesicle	suspension	in	the	syringe.	Top	panel,	raw	heating	power	over	time	obtained	with	

DOPC	SUV	injection	in	water;	bottom	panel,	raw	heating	power	over	time	obtained	with	

DOPC	SUV	injection	in	CgA	solution.		
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B	 DOPC/PA	 (36:1)	SUVs	and	CgA	binding	measured	by	 titrating	5	μM	CgA	 in	 the	chamber	

with	10	mM	vesicle	 suspension	 in	 the	syringe.	Top	panel,	 raw	heating	power	over	 time	

obtained	with	DOPC/PA	(36:1)	SUV	injection	in	water;	bottom	panel,	raw	heating	power	

over	time	obtained	with	DOPC/PA	(36:1)	SUV	injection	in	CgA	solution.		

C	 Fit	curves	of	the	integrated	energy	values	obtained	from	A	and	B	traces	in	bottom	panels	

using	A	and	B	traces	in	upper	panels	as	blank,	respectively.	Experiments	were	carried	out	

at	10	°C,	and	each	value	is	the	mean	of	at	least	three	independent	titrations.	

	

Figure	5.	CgA	induces	the	remodeling	of	PA-enriched	membrane	bilayers.	

A	 Atomic	 force	microscopy	 topographical	 images	of	mica	 supported	bilayer	 surfaces	 from	

DOPC	GUVs,	 incubated	without	or	with	0.6	and	1.2	µM	CgA,	during	15	min	 (T1)	and	75	

min	 (T2).	 The	 scale	 bar	 represents	 2	 µm.	 The	 scheme	 corresponds	 to	 a	 topographical	

profile	through	an	aggregate	(enlarged	view)	showing	a	difference	of	height	of	6	nm	with	

the	continuous	phase.	

B		 Atomic	 force	microscopy	 topographical	 images	of	mica	 supported	bilayer	 surfaces	 from	

DOPC/PA	 (36:1)	 (9:1,	mol	 ratio)	GUVs,	 incubated	without	 or	with	 0.6	 and	 1.2	 µM	CgA,	

during	15	min	(T1)	and	75	min	(T2).	Arrow	heads	indicate	aggregates	that	appeared	at	T1	

and	are	maintained	at	T2;	arrows	indicate	aggregates	that	appeared	between	T1	and	T2.	

The	scale	bar	represents	2	µm.	The	scheme	corresponds	to	topographical	profiles	through	

aggregates	(enlarged	views)	showing	a	difference	of	height	of	6	nm	(a)	and	17	nm	(b)	with	

the	continuous	phase.		
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Figure	6.	Number,	surface	and	height	of	CgA-induced	domains	depend	on	PA	enrichment	

of	membrane	bilayers.	

A	 Scatter	plot	showing	the	number,	area	and	height	of	domains	obtained	after	 incubation	

of	 supported	 bilayer	 surfaces	 from	DOPC	GUVs	with	 1.2	 µM	CgA	 during	 75	min.	 Insert	

corresponds	 to	 enlarged	 view	 of	 the	 delimited	 zone	 emphasizing	 domains	 with	 height	

below	4	nm	and	area	below	6000	nm2	(within	blue	surrounded	zone).	Analysis	of	domains	

was	performed	on	15	images	and	domains	detected	on	an	image	are	of	the	same	color.	

B	 Scatter	plot	showing	the	number,	area	and	height	of	domains	obtained	after	 incubation	

of	supported	bilayer	surfaces	from	DOPC/PA	(36:1)	(9:1,	mol	ratio)	GUVs	with	1.2	µM	CgA	

during	 75	min.	 Insert	 corresponds	 to	 enlarged	 view	 of	 the	 delimited	 zone	 emphasizing	

domains	 with	 height	 below	 4	 nm	 and	 area	 below	 6000	 nm2	 (within	 blue	 surrounded	

zone).	 Analysis	 of	 domains	was	 performed	 on	 11	 images	 and	 domains	 detected	 on	 an	

image	are	of	the	same	color.	

	

Figure	7.	CgA	PABD	and	PLD-derived	PA	are	required	for	secretory	granule	biogenesis.	

COS-7	 cells	 transfected	 with	 plasmids	 encoding	 full-length	 CgA-GFP	 or	 CgA	 PABD-

truncated	 form	 (CgAΔPABD)-GFP	 were	 examined	 for	 GFP	 fluorescence	 and	 GM130	

immunoreactivity	 using	 confocal	 microscopy.	 Representative	 confocal	 microscopy	

sections	 throughout	 the	 cells	 are	 shown	 and	 were	 used	 to	 quantify	 automatically	 the	

granules	with	a	diameter	>	200	nm.	Values	for	the	number	of	granules/cell	are	plotted	as	

the	means	± s.e.m.	(n=3;	65	cells	per	condition).	***P < 0.0001,	Mann-Whitney	test.	The	

scale	bar	represents	20 µm.	
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Figure	8.	PLD1	invalidation	alters	secretory	granule	biogenesis.		

A	 COS7-CgA	cells	were	treated	or	not	with	75nM	FIPI	for	6h,	fixed	and	immunolabelled	with	

anti-GM130	 and	 anti-CgA	 antibodies.	 Representative	 confocal	 microscopy	 sections	

throughout	the	cells	are	shown.	The	scale	bar	represents	17 µm.	Values	for	the	number	of	

CgA	 secretory	 granules	 are	 plotted	 as	 the	means ± s.e.m.	 (n=3;	 60	 cells	 per	 condition).	

***P < 0.0001,	Mann-Whitney	test.	

B	 PC12	cells	were	treated	or	not	with	75nM	FIPI	for	6h,	fixed	and	immunolabelled	with	anti-

GM130	and	anti-CgA	antibodies.	Representative	confocal	microscopy	sections	throughout	

the	 cells	 are	 shown.	 The	 scale	 bar	 represents	 17 µm.	 Values	 for	 the	 number	 of	 CgA	

secretory	granules	are	plotted	as	the	means ± s.e.m.	(n=3;	60	cells	per	condition).	Mann-

Whitney	test.	

C	 Electron	microscopy	analysis	of	chromaffin	cells	 from	WT	(control)	and	Pld1-/-	mice.	The	

scale	bars	represent	2	µm.	

D	 Quantification	of	the	number	of	secretory	granules	(SG)	shown	in	panel	(A)	(n=6	mice	per	

condition;	 50	 cells	 per	 mouse	 adrenal	 medulla).	 *P < 0.05,	 Mann-Whitney	 test.	

Means ± s.e.m.	are	plotted.	

E	 Quantification	of	the	dense	core	diameter	of	secretory	granules	(SG)	shown	in	panel	(A)	

(n=6	mice	per	condition;	950	granules).	*P < 0.05,	Mann-Whitney	test.	Means ± s.e.m.	are	

plotted.	

	

Figure	 S1.	 Purification	 of	 secretory	 granule	 and	 Golgi	 membranes	 by	 subcellular	

fractionation	using	centrifugation	on	sucrose	gradient.	Each	 fraction	was	collected	and	

analyzed	 using	 SDS-PAGE	 and	 several	 antibodies	 raised	 against	 ER	 (anti-CALR,	 70	 kDa),	
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mitochondria	(anti-GLUD1,	55	kDa),	nucleus	(anti-PCNA,	36	kDa),	plasma	membrane	(anti	

ZO-3,	140	kDa),	Golgi	(anti-GM130,	130	kDa)	and	SG	(anti-RV29.4,	70	kDa).	

	

Figure	S2.	Full-length	and	ΔPABD	Chromogranin	A	expression	in	COS7	cells.	

Upper	 panel	 shows	 a	 representative	Western	 blot	where	 immunoreactive	 bands	 between	

130	to	100	kDa	correspond	to	the	CgA-GFP	fusion	protein	are	detected.	Lower	panel	shows	

the	 same	 Western	 blot	 where	 an	 immunoreactive	 band	 of	 55	 kDa	 corresponding	 to	 α-

tubulin	is	detected.	Tubulin	was	used	as	a	loading	control.		

	

Figure	 S3.	 Conditions	 used	 for	 FIPI	 treatment	 of	 secretory	 cells	 do	 not	 alter	 granin	

expression.	

A	 Western	blot	analysis	of	CgA	content	from	COS7-CgA	cells,	treated	or	not	with	75nM	of	

FIPI.	Upper	panel	shows	a	representative	Western	blot,	where	immunoreactive	bands	of	

70	and	55	kDa	corresponding	 to	 the	CgA	protein	and	 tubulin	 respectively	are	detected.	

Lower	panel	shows	the	quantification	of	the	relative	amount	of	CgA	protein.	Tubulin	was	

used	 as	 a	 loading	 control.	 Means ± s.e.m.	 from	 three	 independent	 experiments	 are	

plotted	(Mann-Whitney	test).	

B	 Western	blot	analysis	of	CgA,	CgB	and	SgII	proteins	from	PC12	cells,	treated	or	not	with	

75nM	of	FIPI.	Upper	panel	shows	a	representative	Western	blot,	where	immunoreactive	

bands	of	70,	115,	85	and	55	kDa	corresponding	to	CgA,	CgB	and	SgII	proteins	and	tubulin	

respectively	are	detected.	Lower	panel	shows	the	quantification	of	the	relative	amounts	
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of	 granin	 proteins.	 Tubulin	 was	 used	 as	 a	 loading	 control.	 Means ± s.e.m.	 from	 three	

independent	experiments	are	plotted	(Mann-Whitney	test).	

Movie	S1.	Live	confocal	microscopy	observation	of	DOPC/PA/PE-NBD	GUVs	during	1	min	

without	CgA	highlighting	the	homogeneous	distribution	of	fluorescence	around	GUVs.	

Movie	S2.	Live	confocal	microscopy	observation	of	DOPC/PA/PE-NBD	GUVs	during	1	min	

with	2	µM	CgA	highlighting	GUV	membrane	deformation.	
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Table	1.			

Thermodynamic	parameters	for	CgA	binding	on	DOPC	and	DOPC/PA	SUVs.	The	values	are	
plotted	in	Fig.	4.	

	

 DOPC DOPC:POPA 

 exothermic endothermic exothermic endothermic 

Kd	(M) 1.5	10
-4
	±	0.5	10

-4
 2	10

-5	
±	1	10

-5
 1.16	10

-3
	±	0.03	10

-3
 3	10

-4
	±	0.1	10

-4
 

n 259	±	30 460	±	40 199	±	5 355	±	5 

ΔH	(kJ/mol) -1.82	±	0.09 0.640	±	0.06 -12.9	±	0.3 7.65	±	0.15 

ΔS	(J/mol.K) 67.3	±	3.2	 93.4	±	4.8 10.6	±	1.3 94.5	±	0.8	 

	

Experiments	were	carried	out	at	10	°C,	and	each	value	is	the	mean	and	standard	deviation	
from	the	fitted	data	of	three	independent	experiments.	Kd,	dissociation	constant;	n,	number	
of	binding	sites;	ΔH,	enthalpy	change;	ΔS,	entropy	change.		
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Abstract 

Specific forms of fatty acids are believed for a long time to have beneficial health effects, 

although their precise mechanism of action remains elusive. Among them, polyunsaturated 

fatty acids (PUFA) have been proposed to prevent cognitive decline and accordingly, they 

have recently been described as essential partners for the core protein machinery involved in 

neurotransmitter release. PA synthesized by PLD1 has been described to be crucial in 

regulated exocytosis both in neuroendocrine cells and in neurons. Here, using 

pharmacological and genetic approaches in neuroendocrine cells, we investigated the role of 

phosphatidic acid (PA) produced by phospholipase D1 (PLD1) in the docking and fusion of 

secretory granules. Secretory granule and plasma membranes display a distinct composition in 

PA as revealed by lipidomic analysis. We identified PA species that significantly increased in 

the plasma membranes prepared from stimulated cells. Using a specific probe for PA, PA was 

found to accumulate at granule docking sites in cells stimulated for secretion, suggesting a 

role for PA in the course of exocytosis. Finally, rescue experiments in cells depleted of PLD1 

activity reveal that monounsaturated PA contributes to granule docking while polyunsaturated 

PA regulates fusion pore stability and expansion. Altogether our work opens a novel 

comprehension of the cellular functions played by subspecies of the same phospholipid. 

 

 

Significance 

Despite increasing evidence that lipids play key cellular functions and are involved in an 

increasing number of human diseases, little information is available on their exact mechanism 

of action. This is especially the case for phosphatidic acid (PA) that has been shown to be 

involved in many normal and pathological cellular functions. PA lies in the middle of three-

enzymatic pathways, which makes it an ideal signaling integrator. We show here that mono- 

and polyunsaturated forms of PA are involved in different steps of the neurosecretory 

pathway. Intriguingly the polyunsaturated form of PA appears to control the lifetime of the 

initial vesicular fusion pore and its expansion before full vesicular fusion, suggesting that this 

form of PA may contribute to one aspect of the beneficial cognitive function of PUFA by 

optimizing neurotransmitter release. 
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Introduction 

 

Phosphatidic acid (PA) is a pleiotropic lipid playing an important structural role as a precursor 

of glycerophospholipids, but also considered as a key signal integrator in a variety of cellular 

functions (1-3). Three alternative biosynthetic pathways contribute to the production of 

signaling forms of PA. The first pathway involves phospholipase D (PLD), which catalyzes 

the hydrolysis of the distal phosphodiester bond in phosphatidylcholine (PC) to form PA and 

choline. The second involves diacylglycerol (DAG) kinase (DGK), which phosphorylates 

DAG, using ATP as a phosphate source, to produce PA. The third implicates acylation of 

lyso-PA (LPA) to form PA, by LPA-acyltransferases (LPAAT) (4). 

PA has been involved in a variety of membrane trafficking events, including endocrine and 

neuroendocrine exocytosis, synaptic neurotransmission, mast cell degranulation, insulin-

stimulated glucose transporter translocation, and phagocytosis (5-10). Yet, little information 

is still available about its dynamics and role along the secretory pathway. The diversity of the 

PA biosynthetic routes due to the complexity of the PLD, DGK and LPAAT families, 

together with the occurrence of many different PA species based on the fatty acyl chain 

composition opens the possibility for multiple roles in a given cellular function (11). For 

instance, PA is an important regulator in membrane trafficking, possibly because PA-enriched 

membranes tend to undergo fusion due to higher curvature, but PA might also serve for 

recruiting specific proteins or as an intermediate for lipid synthesis. Whether these different 

roles rely on specific PA subspecies remains unknown and unexplored. Given the awareness 

of the relevance of PA in a growing number of cellular functions and human diseases (12, 13), 

understanding the significance of the dynamics and roles of the diverse forms of PA is 

becoming an important research goal. 

In the present manuscript, we use pharmacological and genetic alteration of PLD expression 

and activity in neuroendocrine chromaffin cells to demonstrate the physiological importance 

of PA synthesis for stress hormone (catecholamine) secretion (14, 15). At the cellular level, 

we found that PA governs different steps of the chromaffin granule secretory pathway and we 

identified specific PA species enriched at the plasma membrane during exocytosis. Rescue 

experiments in chromaffin cells depleted of PLD activity reveal the specific contribution of 

monounsaturated PA in the docking of secretory granules and polyunsaturated PA in the 

lifetime of the fusion pore in the late stages of exocytosis. 
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Results 

 

Impairing PLD1 expression or activity affects exocytosis in chromaffin cells at distinct 

stages. We first estimated the role of the two major isoforms of mammalian PLD in 

catecholamine secretion using Pld1 or Pld2 knockout mice chromaffin cells. The 

physiological significance of PLD for catecholamine secretion was assessed by measuring 

catecholamine levels in the blood of newborn mice as a dramatic rise in adrenaline and 

noradrenaline levels after birth have been reported in several mammalian species including 

humans (16). In wild type mice (control), the blood adrenaline levels were indeed extremely 

high after birth but rapidly decreased afterwards (Fig. 1A). Pld1 knockout, but not Pld2, 

largely prevented this rise short after birth of adrenaline (Fig. 1A) and noradrenaline (SI 

Appendix, Fig. S1), confirming that PLD1 plays an important modulatory role for 

catecholamine secretion during stress responses. 

To investigate the role of PLD in catecholamine secretion at the cellular level, we used carbon 

fiber amperometry on cultured mice chromaffin cells to determine the frequency and kinetics 

of individual exocytotic events (17). Figure 1B shows representative amperometric traces 

recorded from wild type (control), Pld1-/-, and Pld2-/- chromaffin cells stimulated with 

nicotine. Whereas Pld2 knockout had no significant effect, Pld1 knockout decreased the 

frequency of the amperometric events by nearly 60%, indicating that PLD1 controls the 

number of secretory granules undergoing exocytosis.  

Thereafter, the shape of individual amperometric spikes was analysed. Each amperometric 

spike is believed to represent a single granule fusion event with the surface area or quantal 

size being proportional to the amount of catecholamine released per granule, the spike height 

(amplitude) reflecting the maximal flux of catecholamine, the half-width reflecting the 

duration of the exocytotic event and the rise time reflecting the kinetics of the fusion pore 

expansion (Fig. 1C). Pld1 knockout significantly affected some of these spike parameters, 

whereas Pld2 knockout had no effect (Fig. 1C). While the quantal size of the spikes was not 

affected (SI Appendix, Fig. S2), the spike half-width and amplitude were modified in cells 

depleted in PLD1 (Fig. 1C). Pld1-/- cells also displayed a reduced spike rise-time (SI 

Appendix, Fig. S2), indicating that the kinetic and duration of the exocytotic event was 

affected by the absence of PLD1 despite the fact that the total amount of catecholamines 

released per single granule was not modified. 

Amperometric spikes are often preceded by a pre-spike foot (PSF) current believed to reflect 

the slow catecholamine release through an initial narrow fusion pore before its rapid 
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expansion, giving rise to the spike. Pld1-/- chromaffin cells exhibited significantly longer PSF 

(Fig. 1C), but without significant modification in foot amplitude and charge (SI Appendix, 

Fig. S2). Pld1 knockout similarly affected chromaffin cell secretion stimulated by a high 

potassium depolarizing solution (data not shown), in support for a role for PLD1 activity in 

the recruitment of secretory granules (number of exocytotic events) and in the late stages of 

exocytosis (fusion pore stability and/or enlargement for full fusion). To strengthen these 

findings, we also performed selective silencing of PLD1 using plasmids co-expressing 

silencing hairpin-RNA together with human growth hormone (GH) as a reporter for the 

secretory activity of transfected cells (18). Silencing of PLD1 was found to reduce by nearly 

two-third the secretory activity (GH release) of primary bovine chromaffin cells and rat 

pheochomocytoma PC12 cells (Fig. 1D).  

Next, we compared the effect of genetic and pharmacological inhibition of PLD1 in 

chromaffin cells. Figure 1E illustrates the dose-dependent effect of the dual PLD1/PLD2 

inhibitor FIPI on chromaffin cell secretion stimulated by nicotine, high-potassium 

depolarization or direct rise of cytoplasmic calcium by streptolysin-O (SLO)-

permeabilization. FIPI induced a similar dose-dependent inhibition of catecholamine secretion 

triggered by the three secretagogues, indicating that PLD inhibition directly affected the 

intracellular calcium-dependent exocytotic machinery. PLD1 but not PLD2 is specifically 

required for efficient catecholamine secretion as illustrated by the use of isoform-specific 

inhibitors (CAY10593 for PLD1 and CAY10594 for PLD2) (Fig. 1F). Note that FIPI and 

CAY10593, but not CAY10594, modified amperometric spike parameters in a similar manner 

to that observed in Pld1-/- chromaffin cells (SI Appendix, Fig. S3). 

In neuroendocrine cells, hormone secretion is also associated with the release of various 

polypeptides, including chromogranins that constitutes the dense core matrix of the secretory 

granules (19). It is believed that only free catecholamines diffuse through the narrow initial 

fusion pore, whereas chromogranins requires fusion pore expansion and full collapse of 

secretory granules with the plasma membrane to be co-released with catecholamine (20). We 

examined the effect of the PLD inhibitors on chromogranin A (CgA) release (Fig. 1G). Both 

FIPI and CAY10593 reduced CgA secretion from cells stimulated by high-potassium 

depolarisation, whereas CAY10594 had no effect. These observations support the idea that 

PLD1 activity is required for full fusion of secretory granules with the plasma membrane to 

release both catecholamines and CgA. 
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Specific PA species are produced at the plasma membrane during chromaffin cell 

exocytosis. To compare the PA composition of secretory granule and plasmalemmal 

membranes under resting and stimulated conditions, we used rat PC12 cells to reproducibly 

obtain sufficient amount of material for comprehensive lipid analysis. PC12 cell secretory 

granules and plasma membranes were purified by subcellular fractionation on sucrose density 

gradients. Both granular and plasma membranes contained detectable levels of up to 40 

different PA species (SI Appendix, Fig. S4). Secretory granules were particularly enriched in 

polyunsaturated PA forms (especially PA 40:6 containing the omega-3 docosahexaenoïc 

(DHA) fatty acid) (SI Appendix, Fig. S4). Surprisingly, the total amount of PA present in the 

plasma membrane was around 12.5 ± 0.8 nmol/mg of protein, while the amount of PA found 

in secretory granule membranes was around 36.3 ± 1.1 nmol/mg of protein, and this excess 

was largely due to the polyunsaturated PAs including PA 40:6. Stimulation with high-

potassium decreased the total amount of secretory granules in PC12 cells by ∼25%, but the 

total level of PA per protein as well as the ratio of individual PA species in granule 

membranes were not significantly modified (data not shown). In contrast, K+- stimulation 

increased the level of PA found in the plasma membrane, by more than 6 fold compared to 

resting cells, to reach 76.5 ± 1.2 nmol/mg of protein. This increase of PA in the plasma 

membrane upon cell stimulation largely relied on PA containing long chain mono- and 

diunsaturated fatty acids (PA 36:1, 38:1 and 38:2) although several polyunsaturated PA 

species including DHA-containing forms were also found in large amounts (Fig. 2A and SI 

Appendix, Fig. S5).  

To visualize the precise distribution of PA at the docking site, we prepared native plasma 

membrane sheets (21) from resting or stimulated cells expressing the PA sensor Spo20p-GFP 

(18). When expressed in chromaffin cells, Spo20p-GFP is efficiently recruited to the plasma 

membrane upon nicotine or high-K+ stimulation, whereas the Spo20p-GFP mutant displaying 

reduced affinity for PA is not (SI Appendix, Fig. S6), in agreement with our lipidomic 

observations that secretagogues trigger an increase in plasma membrane PA level. As 

illustrated in Figure 2B by immunogold electron microscopy, native plasma membrane sheets 

prepared from resting cells displayed only very few gold particles revealing the presence of 

Spo20p-GFP in most cases found in the close vicinity of docked granules (Fig. 2B). Cell 

stimulation increased the number of docked secretory granules (Fig. 2B), but also the amount 

of gold particles found at the plasma membrane close to docked secretory granules (Fig. 2B). 

Numerical analysis of particle distribution relative to the granule docking site showed that 

nearly one third of the PA sensor was detected below the secretory granules, while a second 
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third was concentrated in a 50 nm zone from the edge of the granules and the last third was 

found equally more distantly distributed (Fig. 2C). Note that most of the gold particles that 

were not found below the granules appeared to be closely associated with filamentous actin 

structures anchoring secretory granules to the plasma membrane (21) (Fig. 2B, 2C). It is also 

worth to mention that our analysis most likely minimizes the amount of Spo20p-GFP detected 

below the secretory granules as gold particles were only seen by transparency in granules that 

have already at least partially released their content. To assess the specificity of the detection, 

control experiments were performed with chromaffin cells expressing GFP alone (Fig. 2B). 

Altogether, these findings reveal that various PA species are produced in chromaffin cells 

undergoing exocytosis both on actin anchors stabilizing docked granules and also below 

granules potentially close to the fusion pore. 

 

Distinct PA species rescue different steps of regulated exocytosis. Based on pioneer 

studies from Amatore et al. (2006) (22) showing the effect on secretion of lipid provision, we 

decided to undertake rescue experiments to identify the function of individual PA species in 

exocytosis. We first set up experimental conditions to probe that addition of exogenous PA 

could reach the inner leaflet of the plasma membrane using chromaffin cells expressing 

Spo20p-GFP. When a mixture of egg-PA or individual forms of PA were added to the 

medium of cultured chromaffin cells, Spo20p-GFP was rapidly recruited to the plasma 

membrane whereas a mutated form of the sensor remained in the nucleus (SI Appendix, Fig. 

S6). Note that the levels of Spo20p-GFP at the plasma membrane after exogenous PA 

provision was very similar to those observed after nicotine or high-potassium stimulation (SI 

Appendix, Fig. S6), suggesting that under our experimental conditions, provision of 

exogenous PA might increase the plasma membrane PA to levels similar to those reached in 

stimulated cells. 

Incubation of chromaffin cells with increasing amounts of a PA mixture did not significantly 

affect secretion (Fig. 3A). However, it largely rescued the inhibition of secretion induced by 

the PLD1 inhibitor CAY10593 (Fig. 3A) and FIPI (Fig. 3B). Additionally, mono- (PA 36:1) 

and di- (PA 36:2) unsaturated forms of PA also rescued the inhibitory effect of FIPI on 

secretion, whereas polyunsaturated PA 40:6 had little effect (Fig. 3B).  Note that PA 44:12, a 

form containing two DHA fatty acid chains and that was not found in our lipidomic analysis, 

had also no rescue effect on secretion (Fig. 3B). The effects of exogenous PA on individual 

granule exocytosis was further analyzed by amperometry (Fig. 3C). Provision of a mixture of 

PA in the cell incubation medium rescued the number of exocytotic events (spikes) and the 
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individual spike parameters in chromaffin cells having PLD1/PLD2 inhibited by FIPI (Fig. 

3C). Mono- and diunsaturated forms of PA (PA 36:1 and PA 36:2) were able by themselves 

to rescue the number of exocytotic events, whereas saturated (data not shown) or 

polyunsaturated forms of PA (PA 40:6, PA 44:12) were ineffective (Fig. 3C). However, 

despite restoring the number of spikes per cell, mono- and diunsaturated forms of PA (PA 

36:1 and PA 36:) could not prevent FIPI from increasing spike half width and foot duration, 

whereas the omega-3 form of PA (PA 40:6) specifically rescued these kinetic parameters  

(Fig. 3C). In other words, the various stages underlying catecholamine secretion i.e. granule 

docking and subsequent fusion pore formation and/or enlargement seem to implicate distinct 

PA species. 

 

Monounsaturated PA is involved in secretory granule docking. Figure 4A presents the 

effect of Pld1 and Pld2 knockout on the 10 most abundant PA species detected in the adrenal 

gland from wild type, Pld1-/-, and Pld2-/- mice. In agreement with previous analysis performed 

on mouse brain (23), Pld2 knockout did not induce important modifications in the level of the 

various PA species (Fig. 4A). In contrast, Pld1 knockout had a much more profound effect on 

many PA species (Fig. 4A). Notably the PA containing long mono- and diunsaturated fatty 

acids (PA 36:1 and PA 36:2), presumably implicated from the amperometry experiments in 

the number of release events, were reduced by nearly 50% in Pld1-/- mice (Fig. 4A). We then 

performed electron microscopy and morphometric analysis on slices from adrenal gland to 

estimate the number of secretory granules visually considered as docked at the plasma 

membrane. As illustrated in Figure 4B, Pld1 knockout reduced the number of docked granules 

by nearly 50%, in good correlation with the reduction in the number of secretory events seen 

by amperometry in Pld1-/- (Fig. 1B) or FIPI treated (Fig. 3C) chromaffin cells. Finally, we 

examined native plasma membrane sheets prepared from unstimulated or high-K+ stimulated 

chromaffin cells. PLD inhibition by FIPI treatment reduced the number of secretory granules 

found attached to the inner face of the plasma membrane in high-potassium stimulated cells 

(Fig. 4 C). Incubation of cells with a PA mixture almost completely prevented this inhibitory 

effect of FIPI on granule docking (Fig. 4C). Most interestingly, the monounsaturated PA 36:1 

also significantly restored the number of docked granules in stimulated PLD-depleted 

chromaffin cells whereas the omega-3 form PA 40:6 was without effect. Similar observations 

were obtained from immunostaining of extracellular dopamine β-hydroxylase (DBH), a 

granular enzyme which becomes accessible to external antibodies after granule fusion to the 

plasma membrane. FIPI treatment reduces the number of fusion sites, which can be rescued 
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by incubation with PA 36:1, confirming that the lack of docked granules is not due to an 

increase in the fusion process (SI Appendix, Fig. S7A,C). 

Altogether, our findings support the idea that docking of secretory granules requires mono- 

(and probably di-) unsatured forms of PA whereas polyunsaturated omega-3 PA 40:6 most 

likely contributes to the late fusion stages of exocytosis. 

 

Discussion 

 

Important progress in understanding the molecular mechanisms of secretion including 

hormonal and neurotransmitter release has been made through the discovery of the minimal 

protein machinery needed for fusion (24), but many regulatory aspects of vesicle release 

remain elusive (25). For instance there is increasing evidence that lipids play key cellular 

functions and are involved in many human diseases where secretion is altered but still little 

information is available on their exact contribution to secretion (26, 27). This is especially the 

case for phosphatidic acid (PA) that lies in the middle of three-enzymatic pathways, which 

makes it an ideal signaling integrator (4). Like all phospholipids, PA comes in different flavor 

based on its fatty acyl chain composition with up to 40 PA species found in mammals, 

offering to the same lipid family the possibility to support multiple functions. We show here 

for the first time that PLD1 activity promotes the synthesis of distinct PA species found in the 

close vicinity of the exocytotic sites and demonstrate that mono- and diunsaturated PA 

contribute to regulate secretory docking and thereby the number of secretory events, while the 

omega-3 polyunsaturated PA regulates fusion pore dynamics thereby potentially modulating 

the type and/or amount of molecules released per vesicle. 

The observation that different forms of PA seem to be involved in distinct stages along the 

secretory pathway suggests that these effects might involve different targets. PA can recruit 

and/or activate specific proteins to particular membrane locations (8). Among the nearly 50 

different proteins that have been shown to date to bind to PA (8), several ones are interesting 

candidates in regulating exocytosis. For instance, the SNARE protein syntaxin-1 has been 

shown to bind to several anionic lipids including phophoinositides and PA (28). In vitro 

experiments support the idea that PA directly affects SNARE complex assembly and/or 

zippering (29), although the function of the different PA forms has not been yet tested. 

Interestingly, mutations in the polybasic site abolishing the ability of syntaxin 1 to bind PA 

resulted in a reduction of the number of amperometric spikes and an increase in the PSF 

duration (28), very similarly to the amperometric response obtained in Pld1-/- chromaffin cells 



	 10	

or in cells with inhibited PLD activity. The cytoskeleton that plays a chief role in regulated 

exocytosis is also a major potential target of PA. Several actin-binding proteins have been 

shown to bind directly to PA, including small GTPases of the Rho family, which are key 

conductors of the cytoskeleton dynamics (4, 8). We found that PLD inhibition by FIPI 

treatment did not affect cortical actin depolymerization required for neuroendocrine secretion 

(SI Appendix, Fig. S7), but PA might modulate other subtle actin rearrangements that have 

been observed during exocytosis (21). For instance, annexin-A2, which binds to anionic lipids 

including PA, was recently shown to promote actin bundling required for efficient granule 

fusion (30). Of interest, we show here (Fig. 2) that the PA sensor Spo20p-GFP is found 

closely associated to the large annexin A2-mediated actin bundles that anchor secretory 

granules to the plasma membrane in stimulated chromaffin cells (21). Finally PA may also act 

as a lipid second messenger as it is an important regulator of phosphatidylinositol 4,5-

bisphosphate (PIP2) synthesis, another crucial lipid in particular for the priming steps of 

exocytosis (31). 

The observation that the omega-3 form of PA specifically regulates the late stages of 

exocytosis, most likely the fusion pore formation and dynamics, expands our knowledge on 

the key cellular function of polyunsaturated fatty acids (PUFA) in neurons or neuroendocrine 

cells. Indeed, it is well admitted that a high PUFA diet has cognitive beneficial effects, but the 

underlying cellular mechanisms remain elusive (32). A first hint came from the observation 

that secretory and synaptic vesicles are particularly enriched in PUFA (33). More recently, it 

was shown by various biophysical and cellular assays that PUFA increase the ability of 

dynamin and endophilin to deform membranes and support endocytosis, as compared to 

monounsaturated fatty acids (MUFA) (34). Due to the higher flexibility of their acyl chain, 

PUFA adapt their conformation to membrane curvature, thereby reducing the energetic cost 

of various membrane deformations and facilitating fission or fusion events (35). Furthermore 

the effect of PUFA on membrane packing is actually less disturbing than that of MUFA and 

phospholipids containing PUFA might soften various molecular stresses in the hydrophobic 

core of the membrane (36). PA is a cone-shaped lipid that is likely to modulate membrane 

topology by accumulating at curved membrane areas, resulting in the merging of the inner 

leaflet of the plasma membrane and the outer leaflet of the vesicular membrane, particularly 

in the presence of calcium (37). Thus, in the course of exocytosis, synthesis of PA containing 

a PUFA side chain might well regulate the dynamics of the fusion pore but also the formation 

of compensatory endocytic vesicles after full collapse of secretory granules in the plasma 

membrane. Interestingly, we observed on plasma membrane sheets a pool of PA distributed 
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below the granules after stimulation, that could be involved on fusion or compensatory 

endocytosis rather than docking step. 

One of the more exciting developments in understanding neuronal synaptic function has been 

the increasing interest in the role of lipids and among them PA appears to play a prominent 

role (38). We are only at the verge to fully appreciate the functional interconnection in 

neuronal function between PA, PIP2, and DAG all tightly intertwined in their multiple 

metabolic pathways (39). For instance, alteration of the tight PA/DAG equilibrium in neurons 

might be one of the main sources for the neuronal dysfunction in the Fragile-X disease (40), 

whereas PA synthesis was reported to be altered in the Coffin Lowry Syndrome, an 

intellectual disability disease (41), as well as in Alzheimer disease (23). The function of 

individual PA species in these pathologies remain however to be precisely established, but the 

possibility seen here to restore exocytosis by provision of the adequate PA to cells opens for a 

better understanding of the role of specific fatty acids in diet to improve human health. 
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Materials and Methods 

 

Ethics Statement and Mouse Lines. The Pld1-/- and Pld2-/- mouse lines were described 

previously (42, 43). They were housed and raised at Chronobiotron UMS 3415. All 

experiments were carried out in accordance with the European Communities Council 

Directive of 24th November 1986 (86/609/EEC) and resulting French regulations. 

Accordingly the CREMEAS local ethical committee approved all experimental protocols. 

Every effort was made to minimize the number of animals used and their suffering. 

 

Reagents and Plasmids. FIPI, CAY10593, CAY10594 were purchased from Cayman 

Chemicals. Lipids were obtained from Avanti Polar Lipids. Sequences used for the silencing 

experiments were described and validated previously (18). Anti-CgA antibodies were 

described previously (44). 

 

Culture of Chromaffin and PC12 Cells. Bovine and mouse chromaffin cells were isolated 

as previously described (45, 46). PC12 cells were cultured as described previously (47). See 

SI Appendix, Supplemental Materials and Methods for details. 

 

Transfection. PC12 cells were transfected at 50-70% confluence with the indicated plasmids 

using Lipofectamine 2000 according to the manufacturer’s protocol (Thermo Scientific) as 

described previously (47). Bovine chromaffin cells were electroporated (Amaxa Nucleofactor 

systems, Lonza, Levallois, France) as described previously (17). 

 

Amperometry. Mice or bovine chromaffin cells were washed with Locke’s solution and 

processed for catecholamine release measurements by carbon fiber amperometry after 

stimulation by 10 seconds pressure ejection of 100 mM K+ solution or 100 µM nicotine 

solution from a micropipette positioned at 30 µm from the cell and recorded during 60 

seconds as described previously (17, 21). See SI Appendix, Supplemental Materials and 

Methods for details. 

 

Secretion and catecholamine Elisa assays. Details for catecholamine and GH secretion 

assays can be found in SI Appendix, Supplemental Materials and Methods. Catecholamine 

levels from blood samples were measured using the 3-CAT research Elisa kit from LDN 

(Eurobio, Les Ulis, France) according to the manufacturer’s instructions. 
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Subcellular fractionation and PA lipidomic analysis. 400 x 106 PC12 cells grown in 100-

mm plates were washed twice with Locke’s solution and then incubated for 10 min with 

Locke’s solution (basal release) or stimulated with a 59 mM K+ solution. Medium was 

removed and cells immediately scrapped in 1 ml of sucrose 0.32 M (20 mM Tris pH 8.0). 

Cells were broken before plasma and secretory granule membranes were purified essentially 

as described previously (47). Adrenal glands were dissected from wild-type, Pld1-/- and Pld2-/- 

mouse, weighted, cut into small peace and mixed in 200 µL of sucrose 0.32 M (20 mM Tris 

pH 8.0). Total lipids were extracted by the method of Bligh & Dyer (48) before lipidomic 

analysis. Organic phase of lipid extracts were analysed by mass spectrometry essentially as 

described previously (11, 40). See SI Appendix, Supplemental Materials and Methods for 

details. 

 

Transmission electron microscopy of chromaffin cells in situ and secretory granule 

docking analysis. Wild-type, Pld1-/- and Pld2-/- mice were anesthetized with a mixture of 

ketamine (100 mg/kg) and xylazine (5 mg/kg) and transcardiacally perfused with 0.1 M 

phosphate buffer, pH 7.3, containing 2% paraformaldehyde and 2.5% glutaraldehyde. The 2-

mm-thick slices were cut from the adrenal glands and postfixed in 1% glutaraldehyde in 

phosphate buffer overnight at 4°C. The slices were then immersed for 1h in OsO4 0.5% in 

phosphate buffer. 1 mm3 blocks were cut in the adrenal medulla, dehydrated, and processed 

classically for embedding in Araldite and ultramicrotomy. Ultrathin sections were 

counterstained with uranyl acetate and examined with a Hitachi 7500 transmission electron 

microscope. Secretory granules were counted in 50 chromaffin cells from WT, Pld1-/-, and 

Pld2-/- mice each with a visible nucleus randomly selected in ultrathin sections from several 

blocks (1 section/block) from each mouse and were considered to be docked when being less 

than 50 nm from the plasma membrane. 

 

Plasma membrane sheet preparation, immunolabeling and transmission electron 

microscopy. Cytoplasmic face-up membrane sheets were prepared and processed as 

previously described (21). Cells expressing Spo20p-GFP were used <20h after transfection. 

After blocking in PBS with 1% BSA and 1% acetylated BSA, the immunolabeling was 

performed and revealed with 15 nm gold particle–conjugated secondary antibodies. 

Membrane sheets were observed using a Hitachi 7500 transmission electron microscope. The 
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number of granules and distances were determined manually using Adobe Photoshop. See SI 

Appendix, Supplemental Materials and Methods for details. 

 

Data Collection and Statistical Analysis. Data were analyzed using SigmaPlot 10 software. 

In the figure legends, n represents the number of experiments or the number of cells analyzed 

as specified. Statistical significance has been assessed using t-test or the Mann-Withney test 

when data did not fulfill requirements for parametric tests.  
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Supplemental Method section 

	

Primary Culture of Chromaffin and PC12 Cells. Bovine chromaffin cells were isolated 

from fresh bovine adrenal glands by retrograde perfusion with collagenase, purified on self-

generating Percoll gradients and maintained in culture. To induce exocytosis, intact 

chromaffin cells were washed twice with Locke's solution (140 mM NaCl, 4.7 mM KCl, 2.5 

mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, 11 mM glucose, 0.56 mM ascorbic acid, 

0.01 mM EDTA and 15 mM Hepes, pH 7.5), and then stimulated with Locke's solution 

containing 20 µM nicotine or depolarising solution, K+ 59mM. Exocytosis from 

permeabilized cells was performed as described previously (Vitale et al., 1994). Mouse 

adrenal glands from 8 to 12-week-old males were dissected and chromaffin cells purified 

from papain-digested medulla. Cells were seeded on collagen-coated coverslips and 

maintained at 37°C, 5% CO2 for 24 to 48 h before experiments. PC12 cells were grown in 

Dulbecco's modified Eagle's medium supplemented with glucose (4500 mg/liter) and 

containing 30 mM NaHCO3, 5% fetal bovine serum, 10% horse serum, and 100 units/ml 

penicillin/streptomycin and 100 µg/ml Kanamycine. 

 

Amperometry. Mice or bovine chromaffin cells were washed with Locke’s solution and 

processed for catecholamine release measurements by amperometry. Carbon-fiber electrode 

of 5 µm diameter (ALA Scientific) was held at a potential of +650 mV compared with the 

reference electrode (Ag/AgCl) and approached closely to GFP expressing cells. 

Catecholamine’s secretion was induced by 10 seconds pressure ejection of 100 µM nicotine in 

Locke’s solution or 100 mM K+ solution from a micropipette positioned at 20 µm from the 

cell and recorded during 60 seconds. Amperometric recordings were performed with an 

AMU130 (Radiometer Analytical) amplifier, sampled at 5 kHz, and digitally low-passed 

filtered at 1 kHz. Analysis of amperometric recordings was done with a macro (obtained from 

Dr. R. Borges laboratory; http://webpages.ull.es/users/rborges/) written for Igor software 

(Wavemetrics), allowing automatic spike detection and extraction of spike parameters. The 

number of amperometric spikes was counted as the total number of spikes with an amplitude 

>5 pA within 60 seconds. The spike parameters analysis was restricted to spikes with 

amplitudes of 5 pA. Quantal size (Q) of individual spike is measured by calculating the spike 

area above the baseline. For foot-signal, the analysis was restricted to spikes with foot 

amplitudes of 1.5 pA. 



Catecholamine, GH, and CgA secretion assays. Chromaffin cells maintained in 96-well 

plates (Thermo Fisher Scientific, France) were briefly washed twice with Locke and 

processed as stated in the figure legends. Aliquots of the medium were collected at the end of 

each experiment and cells were lysed with 1% (v/v) Triton X-100 (Sigma, UK). Both sets of 

samples were assayed fluorimetrically for catecholamine content. Briefly, 20 µl of sample 

were transferred to 96-well black-plates (Thermo Fisher Scientific, France), 150 µl of 

CH3COONa (1M, pH 6) and 15 µl of K3Fe (CN)6 (0.25%) were added to each well to oxidize 

catecholamines to adrenochrome. Next 50 µl of NaOH (5M) containing ascorbic acid (0.3 

mg/ml) were added, to convert adrenochrome to adrenolutin. The fluorescence emitted by 

adrenolutin (λex: 430 nm, λem: 520 nm) is measured with a spectrofluorometer (LB940 

Mithras, Berthold). For each experiment a standard curve was determined using known 

concentration of adrenaline and noradrenaline to demonstrate that the values obtained were in 

the linear range of detection of the assay. Amounts released were expressed as a percentage of 

the total amount of catecholamine present in the cells. Plotted data are representative of at 

least three independent experiments, each carried out in triplicate. PC12 cells (24-well plates, 

80% confluent) were transfected with the various siRNA using Lipofectamine 2000 according 

to the manufacturer’s instructions (Invitrogene). 72 h after transfection, cells were washed 

four times with Locke's solution and then incubated for 10 min in Locke's solution (basal 

release) or stimulated for 10 min with a depolarizing concentration of K+. Supernatants were 

collected and the cells were harvested by scrapping in 10mM phosphate buffered saline (cells 

were broken by three freeze and thaw cycles). The amounts of GH secreted into the medium 

or retained within the cells were measured using an ELISA assay (Roche Applied Science). 

GH secretion is expressed as a percentage of total GH present in the cells before stimulation. 

Total amount of GH present in cells prior to stimulation was not significantly different in the 

different condition tested. For CgA secretion assay bovine chromaffin cells were cultured in 

24-wells plate for 48-72 hr and then incubated for 60 min with the indicated PLD inhibitors, 

prior to stimulation in the presence or absence of the PLD inhibitors. 50 µL supernatants were 

collected and added to 10 µL of 10 x Laemmli buffer. 15 µL aliquots were run on 4-12% Bis-

Tris PAGE and CgA detected by Western blot using a rabbit CgA antibody at 1/5000 dilution 

followed by an anti-rabbit-HRP antibody at 1/50000 dilution and revealed. 

 

Subcellular fractionation. 400 x 106 PC12 cells grown in 100-mm plates were washed twice 

with Locke’s solution and then incubated for 10 min with Locke’s solution (basal release) or 

stimulated with an elevated K+ solution. Medium was removed and cells immediately 



scrapped in 1 ml of sucrose 0.32 M (20 mM Tris pH 8.0). Cells were broken and plasma and 

secretory granule membranes were collected in a Dounce homogenizer and centrifuged at 

800 x g for 15 min. The supernatant was further centrifuged at 20 000 x g for 20 min. The 

resulting supernatant was further centrifuged for 60 min at 100 000 x g to obtain the cytosol 

(supernatant) and microsomes (pellet enriched in endosomes). The 20 000 x g pellet 

containing the crude membrane fraction was resuspended in sucrose 0.32 M (20 mM Tris pH 

8.0), layered on a cushion sucrose density gradient (sucrose 1-1.6 M, 20 mM Tris pH 8.0) 

and centrifuged for 90 min at 100 000 x g to separate the plasma membrane from secretory 

granules. The upper fractions containing SNAP-25 (plasma membrane marker) and the pellet 

containing dopamine-β-hydroxylase (secretory granule markers) were collected and 

resuspended before lipid extraction. 

PA lipidomic analysis. Total lipids from cell samples were extracted by the method of Bligh 

& Dyer (35). Extracts were mixed with chloroform:methanol (4:1), vortexed for 10 sec and 

left under agitation for 1 hr at 4°C. After a 5 min centrifugation at 13,000 rpm, the organic 

phase (150 µL) was recovered and analyzed by mass spectrometry (UPLC/MS/MS) on an 

Acquity UPLC system Waters corp. (Milford, USA) coupled to a Quattro Premier XE triple 

Quadrupole MS system Waters Micromass. The sample (3 µL) was injected into an Acquity 

UPLC BEH HILIC Amide precolumn (2.1 mm x 5 mm, 1.7 µm particle size), coupled to a 

Waters Acquity UPLC BEH Amide column (2.1 mm x 100 mm, 1.7 µm particle size) and 

maintained at 28°C. The column was eluted with a mix of acetonitrile 99.5%, ammonium 

hydroxide 0.5% (A) and acetonitrile 80%, water 19.5%, ammonium hydroxide 0.5% (B). The 

flow rate was 0.4 mL.min-1 using the following elution protocol: 93% A for 2 min, followed 

by the gradient, 93% A to 60% A in 1 min, 60% A to 50 % A in 0.5 min, 50% A to 40 % A in 

1.5 min. The composition of the mobile phase was then returned to initial conditions as 

follows: 40% A to 50% A in 2 min, 50% A to 80% A in 2.5 min, 80% A to 93% A in 0.5 min 

and maintained in 93% A for 2 min. UV spectra were recorded from 200 to 500 nm. The 

system was run by Mass-Lynx software (version 4.0). The ESI source was used in positive 

and negative mode with a capillary voltage 3.4 kV; RF lens at 0 V, resolution (LM1, HM1, 

LM2, HM2) 15, ion energy 1 and 2:0.5. Source and desolvation temperatures were 135 and 

400°C. Flows rates of nitrogen for nebulizor and desolvation were 50 and 900 L.h-1. Pressure 

of the argon collision gas was 3.0 * 10-3 mbar. Full-scan, Selected Ion Recording and 

Daughter Scan mode were used for qualitative analyses. Quantitative PA analyses were made 

based on MS/MS Multiple Reaction Monitoring (MRM). Briefly, MRM transitions for 



individual PAs were determined using PA standards (Avanti Polar Lipids, Alabaster, AL, 

USA). The PAs were identified as deprotonated parent ions [M-H-], cone energy was 

optimised for each PA and set to 44 V. The predominant daughter fragment ions were then 

used for quantitative MRM analysis. After optimisation, the collision energy was set to 44V. 

MRM transitions and specific retention times were used to selectively monitor PA. 

	

Plasma membrane sheet preparation and scanning for electronic microscopy. Carbon-

coated Formvar films on nickel electron grids were spilled on unstimulated or nicotine-

stimulated chromaffin cells. To prepare membrane sheets, a pressure was applied to the grids 

for 20 s then grids were lifted so that the fragments of the upper cell surface adhered to the 

grid. These fragments were fixed in 2% paraformaldehyde for 10 min at 4°C immediately 

after cell stimulation and sheet preparation, which required less than 30 s. After blocking in 

PBS with 1% BSA and 1% acetylated BSA, the immune labelling was performed and 

revealed with 25 nm gold particles-conjugated secondary antibodies. These membrane sheets 

were fixed in 2.5% glutaraldehyde in PBS, postfixed with 0.5% OsO4, dehydrated in a graded 

ethanol series, treated with hexamethyldisilazane (Sigma-Aldrich, St. Louis, MO, USA), air-

dried and observed using a Hitachi 7500 transmission electron microscope. 

 

Confocal microscopy. For immunocytochemistry, chromaffin cells grown on fibronectin-

coated glass coverslips were fixed and labelled. Labelled cells were visualised using a Leica 

SP5II confocal microscope. The amount of Spo20p-GFP labelling associated with the plasma 

membrane and nucleus were measured using ROI of equivalent size with ICY software and 

expressed as the ratio of fluorescence intensity at the plasma membrane and the nucleus. 
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Figure	 1:	 PLD1	 activity	 is	 required	 for	 catecholamine	 and	 chromogranin	 A	 secretion.	 A)	
Adrenaline	 levels	were	measured	 from	blood	of	 new-born	wild-type	 (Control),	Pld1-/-	 or	Pld2-/-	
mice	1	hour	(1	hr),	6	hours	(6	hr)	or	24	hours	(24	hr)	after	birth.	Data	are	expressed	as	means	±	
S.D.	(n	>	9,	***	p<0.001).	B-C)	Chromaffin	cells	in	culture	were	stimulated	with	a	local	application	
of	 100	µM	of	nicotine	 for	 10	 s	 (green	bars)	 and	 catecholamine	 secretion	was	monitored	using	
carbon	 fiber	 amperometry.	 B)	 Typical	 amperometric	 recordings	 obtained	 from	 wild-type	
(Control),	 Pld1-/-,	 or	 Pld2-/-	 mice	 chromaffin	 cells.	 The	 histogram	 illustrates	 the	 number	 of	
amperometric	 spikes	 recorded	 per	 cell.	 C)	 Schema	 showing	 the	 different	 parameters	 of	 the	
amperometric	spike.	In	red,	the	three	parameters	affected	in	Pld1-/-	cells	namely	spike	half	width,	
amplitude	 I	max	and	 foot	duration.	Data	are	expressed	as	means	±	S.D.	 (n	>	100	cells	 for	each	
condition	from	four	independent	cell	cultures).	 



D)	PC12	or	chromaffin	cells	co-expressing	GH	and	the	indicated	siRNA	(control	=	scrambled	PLD1	
and	 PLD2	 target	 sequences)	 were	 incubated	 for	 10	 min	 in	 calcium-free	 Locke’s	 solution	 or	
stimulated	for	10	min	with	59	mM	K+.	The	net	GH	release	is	obtained	by	subtracting	amounts	of	
basal	GH	 release	 from	GH	 release	 after	 stimulation	 in	 each	 condition.	Of	 note,	 PLD1	 or	 PLD2	
silencing	did	not	significantly	modify	basal	GH	release	(not	shown).	E-G)	Chromaffin	cells	were	
treated	with	the	indicated	concentration	of	the	PLD	inhibitor	FIPI,	the	PLD1	inhibitor	CAY10593	
(C93)	 or	 the	 PLD2	 inhibitor	 CAY10594	 (C94)	 for	 1	 hour	 and	 stimulated	 for	 10	 min	 with	 the	
indicated	secretagogues	(nicotine	10	µM,	20	µM	free	Ca2+	for	streptolysin-O	(SLO)-permeabilized	
cells	or	K+	59	mM)	in	the	presence	of	PLD	inhibitors.	Catecholamine	release	was	estimated	using	
the	 adrenolutine	 assay	 and	 basal	 release	 was	 subtracted	 to	 obtain	 the	 net	 catecholamine	
secretion.	CgA	release	was	estimated	by	Western	blot	in	resting	(R)	and	stimulated	condition	(S)	
before	quantification.	Data	are	given	as	the	mean	values	±	S.D.	obtained	 in	three	experiments	
performed	on	different	cell	cultures	(n=3).	*	p<0.5,	**	p<0.01,	***	p<0.001.	
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Figure	2:	Different	PA	species	are	found	at	granule	docking	sites	during	exocytosis.	A)	Lipidomics	identifying	
the	10	most	abundant	PA	species	 in	 the	plasma	membrane	 from	PC12	cells	maintained	 in	 resting	condition	
(Resting)	 or	 stimulated	 for	 10	 min	 with	 59	 mM	 K+	 (Stimulated).	 Data	 are	 means	 ±	 S.D.	 (n=4).	 B)	 Electron	
micrograph	 of	 anti-GFP	 immunogold-labeled	 plasma	 membrane	 sheets	 prepared	 from	 chromaffin	 cells	
expressing	Spo20p-GFP	or	GFP	as	a	control.	Cells	were	stimulated	for	10	min	with	59	mM	K+.	Bar	=	100	nm.	
Red	 circles	 highlight	 gold	 particles.	 C)	 Zooms	 illustrating	 the	 presence	 of	 gold	 particles	 below	 secretory	
granules	and	close	to	actin	structures.	The	mean	number	of	gold	particles	found	in	the	area	corresponding	to	
500	nm	from	the	center	of	the	granule	was	quantified	(error	bars	indicate	±	S.E.M.;	n	>	65	images	from	two	
independent	experiments).	***	p<0.001.	Inset	shows	distribution	of	particles	under	the	granule.		
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Figure	3:	Different	PA	species	 rescue	distinct	stages	of	exocytosis.	A-B)	Chromaffin	cells	were	 treated	with	
the	PLD1	 inhibitors	CAY10593	50	nM	 (C93),	 FIPI	 750	nM	or	 vehicle	 (control)	 for	1h	and	 incubated	with	 the	
indicated	concentration	of	a	PA	mixture	or	10	µM	of	the	indicated	PA	species	for	15	min	prior	to	stimulation	
with	10	µM	nicotine.	Catecholamine	release	was	estimated	using	the	adrenolutine	assay	and	basal	release	was	
subtracted	to	obtain	the	net	catecholamine	secretion.	Data	are	given	as	the	mean	values	±	S.D.	obtained	 in	
three	experiments	performed	on	different	cell	cultures	(n=3).	*	p<0.05,	***	p<0.001.	C)	Chromaffin	cells	were	
treated	with	FIPI	750	nM	or	vehicle	 (control)	 for	1h	and	 incubated	with	 the	 indicated	PA	 for	15	min	before	
stimulation	with	a	local	application	of	Locke’s	solution	containing	100	mM	K+	for	10	s.	Catecholamine	secretion	
was	 monitored	 by	 carbon	 fiber	 amperometry.	 Data	 are	 expressed	 as	 means	 ±	 S.D.	 (n	 >	 75	 cells	 for	 each	
condition	from	three	independent	cell	cultures).	In	cells	treated	with	FIPI,	PA	mixture	rescues	the	number	of	
exocytotic	events	and	the	individual	spike	parameters	(spike	half-width	and	foot	duration).	Monounsaturated	
PA	 rescues	 only	 the	 number	 of	 events	 but	 not	 the	 spike	 parameters.	 At	 the	 opposite,	 polyunsaturated	 PA	
rescues	spike	parameters	but	not	the	number	of	events.	***	p<0.001.	
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Figure	4:	PA	modulates	 secretory	granule	docking.	A)	Lipidomic	 identification	of	 the	10	most	abundant	PA	
species	in	adrenal	glands	collected	from	wild-type	(WT),	Pld1-/-,	or	Pld2-/-	mice.	Data	are	means	±	S.D.	(n=4).	B)	
Representative	section	of	a	transmission	electron	micrograph	of	an	adrenal	medulla	slice	from	3	months	old	
wild-type	mice.	Number	of	morphologically	docked	secretory	granules	per	cell	 section	present	 in	 the	50	nm	
below	 the	plasma	membrane	 (red	 line)	were	 counted	 in	 the	adrenal	medulla	of	wild	 type	 (Control),	Pld1-/-,	
Pld2-/-	mice.	n	=	6	mice	per	genotype	from	which	50	slices	were	analyzed	per	mice.	***	p<0.001.	Bar	=	1	µm	C)	
Electron	 micrograph	 plasma	 membrane	 sheets	 prepared	 from	 resting	 or	 K+	 59	 mM	 stimulated	 (5	 min)	
chromaffin	 cells.	 Cells	 were	 pre-incubated	 in	 the	 presence	 or	 not	 of	 FIPI	 750	 nM	 with	 or	 without	 the	
application	of	the	indicated	PA	for	15	min	before	stimulation.	The	number	of	granules	morphologically	docked	
on	plasma	membrane	sheets	was	quantified	manually	on	random	fields.	Data	are	presented	as	means	±	S.E.M.	
n	>	60	images	from	three	different	cell	cultures	for	each	condition.	Bar	=	500	nm.	***	p<0.001	(Mann-Whitney	
test)	
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Supplemental Figure1: Noradrenaline levels were measured from blood of new-born wild-type  
(Control), Pld1-/-, or Pld2-/- mice 1 hour (-1 hr), 6 hours (-6 hr), or 24 hours (-24 hr) after birth. 
Data are expressed as means ± S.D. (n > 9, *p<0.05, *** p<0.001).  
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Supplemental Figure 2: Effect of Pld1 knockout on amperometric spike parameters. A) 
Schema showing the different spike parameters of the amperometric response measured 
from wild-type (control), Pld1-/-, and Pld2-/- mice chromaffin cells. In red are four parameters  
measured including spike rise time (B) spike charge (C), foot amplitude (D), and foot charge 
(E). Data are expressed as mean ± S.D. (n > 100 cells for  each condition from four 
independent cell cultures). ** p<0.01. 
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Supplemental Figure 3: Effect of PLD inhibition on amperometric spike parameters from 
bovine chromaffin cells. Bovine chromaffin cells were incubated 1 hr with or without FIPI 
750 nM and CAY93 50 nM and stimulated with a local application of 100 µM of nicotine for 
10 s with or without the PLD inhibitors. Catecholamine secretion was monitored using 
carbon fibre amperometry. The number of events and the indicated spike parameters are 
expressed as mean ± S.D. (n > 80 cells for each condition from four independent cell 
cultures). * p<0.05,  ** p<0.01, ***p<0.001. 



0 

500 

1000 

1500 

2000 

2500 

PA
30

:0
 

PA
30

:1
 

PA
32

:0
 

PA
32

:1
 

PA
32

:2
 

PA
32

:3
 

PA
34

:0
 

PA
34

:1
 

PA
34

:2
 

PA
34

:3
 

PA
36

:0
 

PA
36

:1
 

PA
36

:2
 

PA
36

:3
 

PA
36

:4
 

PA
36

:6
 

PA
38

:0
 

PA
38

:1
 

PA
38

:2
 

PA
38

:3
 

PA
38

:4
 

PA
38

:5
 

PA
38

:6
 

PA
40

:0
 

PA
40

:1
 

PA
40

:2
 

PA
40

:4
 

PA
40

:5
 

PA
40

:6
 

PA
42

:0
 

PA
42

:1
 

PA
42

:2
 

PA
42

:3
 

PA
42

:4
 

PA
42

:5
 

PA
42

:6
 

PA
44

:0
 

PA
44

:1
 

PA
44

:2
 

PA
44

:4
 

Resting              Stimulated 

Am
ou

nt
 o

f P
A 

sp
ec

ie
s 

(p
m

ol
/2

00
µg

 o
f p

ro
te

in
) 

Supplemental Figure 5: Total membranes from 400 x 106 resting or 59 mM K+ stimulated 
PC12 cells were subjected to ultracentrifugation on sucrose gradient to purify plasma 
membranes. PA species levels were measured by lipidomics from aliquots containing 200 
µg of  proteins each. PA amounts are expressed as pmol of PA per 200 µg  of proteins. 
Data are expressed as means ± S.D. (n=4 independent cell cultures).  
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Abstract

The cellular prion protein, a major player in the neuropathology of prion dis-
eases, is believed to control both death and survival pathways in central neurons. 
However, the cellular and molecular mechanisms underlying these functions remain 
to be deciphered. This chapter presents cytopathological studies of the neurotoxic 
effects of infectious prions and cellular prion protein-deficiency on cerebellar 
neurons in wild-type and transgenic mice. The immunochemical and electron 
microscopy data collected in situ and ex vivo in cultured organotypic cerebel-
lar slices indicate that an interplay between apoptotic and autophagic pathways 
is involved in neuronal death induced either by the infectious prions or by prion 
protein-deficiency.

Keywords: prion protein, Doppel, apoptosis, autophagy, cerebellum, mouse

1. Introduction

1.1 Prion diseases

Transmissible spongiform encephalopathies (TSEs) or “prion diseases” are 
fatal neurodegenerative disorders in humans (Creutzfeldt-Jakob disease (CJD), 
Gerstmann-Straüssler-Scheinker syndrome (GSS), variant CJD (vCJD), fatal famil-
ial insomnia (FFI) and kuru) and in animals (bovine spongiform encephalopathy 
(BSE), transmissible mink encephalopathy (TME), chronic wasting disease of 
cervids (CWD), camel prion disease (CPD), and scrapie of sheep and goats) [1–4]. 
Prevailing over a viral etiology, the conformational corruption of host-encoded cel-
lular prion protein (PrPc) by a pathogenic isoform (PrPTSE) is now widely accepted 
as underlying prion transmission and pathogenesis in TSEs [5–7].

1.2 PrPc functions

Prnp-knockout mice were generated in order to investigate the physiologi-
cal functions of PrPc. In either mixed C57BL/6 j x129/Sv(ev) (Zurich I, ZrchI, 
PrnpZH1/ZH1, [8]) or pure 129/Ola (Npu, Edinburgh, Edbg, [9]) or C57BL/6J 
(Zurich III, ZrchIII, PrnpZH3/ZH3, [10]) genetic backgrounds, the first Prnp null 
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mouse strains produced were viable with no clear abnormality except for their 
resistance to prion infection [11] and absence of obvious neurodegeneration. 
Similar absence of neurodegeneration or histopathology resulted from deple-
tion of neuronal PrPc in adult conditional Prnp-knockout NFH-Cre/tg37 mice 
[12]. Thus, a physiological function of PrPc that is essential for life seemed to be 
ruled out unless it is highly redundant or is compensated. Nevertheless, looking 
at different neuronal and other cell functions in PrPc-ablated mice has revealed a 
number of differences that can be attributed to the physiological functions of PrPc 
(see [13] for review).

PrPc has been implicated in neurotransmission, olfaction, proliferation and 
differentiation of neural precursor cells, neuritic growth, neuronal homeostasis, cell 
signaling, cell adhesion, myelin maintenance, copper and zinc transport, as well as 
neuroprotection against toxic insults, such as oxidative stress and excitotoxicity (see 
[14, 15] for reviews). Increasing evidence links prion protein misfolding and accu-
mulation to neurodegeneration in prion diseases. Accordingly, several nonexclusive 
mechanisms of prion-mediated neurotoxicity are currently under investigation (see 
[16] for review). PrPc has been localized in three major sites: enriched in lipid rafts, 
anchored in the outer plasma membrane leaflet by its GPI tail [17], and intracellularly 
in the Golgi apparatus early and late endosomes [18, 19]. Since lipid rafts are pivotal 
microdomains for signal transduction, PrPc is likely triggering intracellular signaling 
pathways [20, 21]. The first evidence that PrPc might mediate extracellular signals 
was the caveolin-1-dependent coupling of PrPc to the tyrosine-protein kinase Fyn 
[21]. From this pioneering work, accumulating data suggested that PrPc functions as 
a “dynamic cell surface platform for the assembly of signaling molecules,” partnering 
with other membrane proteins to transduce cellular signaling [22].

1.3 Synaptic PrPc

Whereas, PrPc is highly expressed in both neurons and glial cells of the CNS 
[19, 23, 24], it is preferentially localized in the pre- and postsynaptic terminals of 
neurons [19, 24, 25]. Immunocytochemical studies of primate and rodent brains 
[25, 26] including an EGFP-tagged PrPc in transgenic mice, showed that PrPc is 
enriched along axons and presynaptic terminals [27–29], and undergoes anterograde 
and retrograde transport [30, 31]. Such a synaptic targeting of PrPc suggests that it 
could be involved in preserving synaptic structure and function. Indeed, synaptic 
dysfunction and loss are early prominent events in prion diseases [32, 33]. However, 
a functional role of PrPc at synapses is not consistently supported by functional data 
and still remains contentious.

Insights into possible mechanisms by which PrPc modulates synaptic mecha-
nisms and neuronal excitability at a molecular level have been provided by the 
documented interactions of PrPc with several ion channels including the voltage-
gated calcium channels (VGCCs) [34], the N-methyl-D-aspartate glutamate 
receptors (NMDARs) [35] and the voltage-gated potassium channels Kv4.2 [36]. 
PrPc has been shown to regulate NMDARs due to its affinity for copper that leads 
to inhibition of glutamate receptors and excitotoxicity [37, 38]. While interac-
tion of PrPc with these channels may account for some of its functions, a toxic 
response can also be activated when PrPc misfolds. A structural change in cell 
surface PrPc has been proposed to simultaneously disrupt NMDAR function and 
plasma membrane permeability, leading to dysregulation of ion homeostasis and 
neuronal death [39, 40]. PrPc can also interact with kainate receptor subunits 
GluR6/7 [41], α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 
receptors subunits GluA1 and GluA2 [42, 43], and metabotropic glutamate 
receptors of group 1 mGluR1 and mGluR5 [44, 45]. PrPc can interact with the 
β-amyloid peptide (Aβ) and the later [45, 46] is believed to underlie the Aβ 
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oligomer-induced disruption of LTP in Alzheimer’s disease [47]. Thus, PrPc seems 
to behave as a cell surface receptor for synaptic oligomers of the Aβ peptide and, 
of other β-sheet-rich neurotoxic proteins [40].

1.4 PrPTSE-related neurotoxicity in prion diseases

The histopathological signature of TSEs notably relies on the aggregation of 
PrPTSE, vacuolation of the brain tissue, astrogliosis, and synaptic and neuronal loss. 
How neurons, the major targets of prions, die, remains a central question in prion 
diseases. The absence of neurodegenerative phenotypes after depletion of PrPc 
suggests that neurotoxicity is not due to a loss of PrPc function but rather results 
from a gain of toxicity upon its conversion to PrPTSE, which then acts on the central 
nervous system (CNS) [48]. Although PrPc is required for propagation of infectious 
prions and PrPTSE-mediated toxicity [49], the mechanisms by which prions are lethal 
for neurons remain mostly unknown. Nevertheless, the endogenous PrPc conversion 
has been shown to cause neuronal dysfunction and death, rather than PrPTSE itself 
which does not seem to be directly neurotoxic. A precise understanding of the factors 
leading to neurotoxicity in prion infections is crucial to developing targeted therapies 
and investigating the role of PrPc in neurons should provide insight.

The conformational conversion of PrPc begins on the neuronal surface, where 
PrPc interacts with exogenous PrPTSE, and then proceeds within endogenous 
compartments suggesting that neurotoxicity may be triggered by PrPc misfold-
ing both at the cell surface and inside the cell. In both acquired and genetic prion 
diseases, intracellular PrPc misfolding would ultimately alter synaptic proteostasis, 
either through an indirect unfolded protein response (UPR)-mediated mecha-
nism [50], likely arising either from an impairment of the neuronal ubiquitin-
proteasome system (UPS) [51], or a direct interference with secretory trafficking 
of PrPc-interacting cargoes [52]. Common features associated with prion infections 
include Ca2+ dysregulation, release of reactive oxygen species, and induction 
of endoplasmic-reticulum (ER) stress, which has been recently suggested as an 
important player in pathogenesis [53]. Prion-infected mice show brisk activation 
of the UPR and specifically of the PERK pathway, resulting in eIF2α phosphoryla-
tion and suppression of translational initiation. PERK inhibition protects mice 
from prion neurotoxicity, confirming an important pathogenic role of ER stress 
[50]. Since UPR activation and/or increased eIF2α-P levels as well as UPS impair-
ment are commonly seen in prion disorders and in Alzheimer’s and Parkinson’s 
diseases, translational control, and UPS stimulation strategies may offer a common 
therapeutic opportunity to prevent synaptic failure and neuronal loss in protein 
misfolding diseases [51, 54].

1.5 Loss of PrPc anti-inflammatory protective function in prion disease

A protective role of PrPc against a noxious insult mediated by the pro-inflamma-
tory cytokine tumor necrosis factor-α (TNFα) has recently been demonstrated [55].  
The α-secretase activity mediated by the TNFα-converting enzyme (TACE) was 
impaired at the surface of Fukuoka and 22L scrapie prion-infected neurons. 
Furthermore, the activity of 3-phosphoinositide-dependent kinase-1 (PDK1) which 
inactivates phosphorylation and caveolin-1-mediated internalization of TACE is 
increased in scrapie-infected neurons. PDK1 was shown to be controlled by RhoA-
associated coiled-coil containing kinases (ROCK) which favored the PrPTSE produc-
tion. In these neurons, exacerbated ROCK activity overstimulated PDK1 activity 
which canceled the neuroprotective α-cleavage of PrPc by TACE α-secretase, 
physiologically precluding PrPTSE production. Inhibition of ROCK lowered PrPTSE 
in prion-infected cells as well as in the brain of prion-diseased mice which had 
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extended lifespans [56]. Indeed, the dysregulation of TACE resulted in PrPTSE 
accumulation and reduced the shedding of TNFα receptor type 1 (TNFR1) from the 
neuronal plasma membrane. Inversely, inhibition of PDK1 in vitro promoted TACE 
localization at the plasma membrane, restoring TACE-dependent α-secretase activ-
ity and shedding of PrPc and TNFR1, thereby attenuating PrPTSE-induced neurotox-
icity. Similarly, inhibition or siRNA-mediated silencing of PDK1 extended survival 
and reduced motor impairment of scrapie-diseased mice [55]. Mechanistically, PrPc 
coupling to the NADPH oxidase-TACE α-secretase signaling pathway limits the sen-
sitivity of recipient cells to TNFα by promoting TACE-mediated cleavage of TNFα 
receptors (TNFRs) and the release of soluble TNFRs. PrPc expression was further 
shown to be necessary for maintaining TACE α-secretase at the plasma membrane 
and its TNFR shedding activity. The loss of PrPc provoked TACE internalization, 
canceling TACE-mediated cleavage of TNFR. This rendered PrPc-depleted cells and 
Prnp-knockout mice highly vulnerable to pro-inflammatory TNFα insult. Thus, 
abnormal trafficking and activity of TACE in prion diseases likely originates from a 
loss of PrPc cytoprotective function [57].

Synaptolysis is believed to initiate the neurodegeneration arising after a decrease 
in depolarization-induced calcium transients that progressively impairs glutamate 
release [34]. However, although cytoskeletal disruption in dendritic spines plays a 
major role in neuronal dysfunction, neither changes in postsynaptic densities and 
presynaptic compartment nor disruption of afferent innervation have been system-
atically observed, suggesting that even at terminal stages of the disease neuronal 
loss may not result from deafferentation as previously proposed in the hippocampus 
and cerebellum of scrapie-infected mice [33, 58, 59]. Thus, neuronal vulnerability 
to pathological protein misfolding appears to be more strongly dependent than 
previously thought, on the structure and function of target neurons.

Recent investigations of scrapie pathogenesis in the mouse cerebellum revealed 
an early upregulation of tumor necrosis factor-α receptor type 1 (TNFR1), a key 
mediator of neuroinflammation at the membrane of astrocytes enveloping Purkinje 
cell (PC) excitatory synapses already at the preclinical stage of the disease before 
PrP22L precipitation, GFAP astrogliosis, and PC death [59]. The contribution of 
perisynaptic astrocytes to prion pathogenesis through TNFR1 upregulation remains 
to be clarified and, although the cell types responsible for PrP22L production in the 
cerebellum are still uncertain, these data suggest a critical role for astrocytes in 
prion pathogenesis.

2. Mechanisms of neuronal death in prion diseases

Despite the overall advances made in this field during the last decades, the 
sequence of cellular and molecular events leading to neuronal cell demise in TSEs 
remains obscure. At present, neuronal cell death can be envisioned as resulting 
from several parallel, interacting, or sequential pathways involving protein process-
ing and proteasome dysfunction [60], oxidative stress [61], inflammation [55] 
apoptosis, and autophagy [62]. The repertoire of pathways that lead to neuronal 
death is however limited [63]. In TSEs, apoptosis is the most popular theory of cell 
death but is not convincingly documented. In all cases, the probable disruption of 
both neuronal metabolism and circuits generates a pro-apoptotic signal for neurons. 
In addition to disruption of cellular proteostasis, UPS dysfunction may lead to 
neurotoxicity by activating pro-apoptotic pathways. PrPTSE aggresomes can associ-
ate with pro-apoptotic factors such as vimentin and caspases [60]. On the other 
hand, autophagy has been reported in TSEs, but its role in prion disease pathology 
is not well established [64]. However, the extensive synaptic autophagy observed 
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in prion diseases [65] has been proposed to contribute to overall synaptic degenera-
tion, a major precocious pathological feature leading to neuronal death in TSEs. 
This chapter reports recent biochemical and cytopathological studies investigating 
the involvement of apoptosis and autophagy in neuronal loss induced by infectious 
prions as well as by PrPc-deficiency in the mouse cerebellum.

Among TSEs, scrapie is a natural ovine prion disease widely studied in mouse 
models using murine-adapted prion strains (22L, ME7) that, akin to natural prion 
strains, differ in their rate of disease progression (i.e., duration of the incubation 
period), as well as the extent and regional pattern of brain histopathology [66, 67]. 
For example, the characteristic of a prion strain mostly relies on specific biochemical 
properties related to PrPTSE misfolding. The variable susceptibility of neuronal types to 
prion infection also emerges as another critical parameter that underlies the complex 
mechanisms of prion pathogenesis [54, 68, 69] and affects PrPTSE progression along 
defined anatomical routes [70]. The cellular and molecular mechanisms involved in 
targeting PrPTSE to specific neuronal populations [33, 71, 72] and neuron-to-neuron 
spreading of prions in the CNS remain elusive [73].

In several prion diseases, the cerebellum is a preferential prion target for scrapie 
[74–78], also observed in Creutzfeldt-Jakob disease (CJD) cases [79–87]. Cerebellar 
circuits are exquisitely patterned and the expression patterns of zebrins in PCs define 
a topographical map of genetically determined zones controlling sensory-motor 
behavior [88, 89]. Subsets of PCs expressing zebrins alternate with subsets of zebrin-
free PCs, thus forming complementary stripes of biochemically distinct PCs [88]. The 
most comprehensively studied zonal marker is zebrin II/aldolase C (ZII/AldC) [90]. 
The expression of ZII/AldC by itself, however, is not sufficient to recapitulate the full 
complexity of the cerebellar cortex because of the many other PC subtypes [91, 92].

In a recent study [59], the parasagittal compartmentation of the cerebellar 
cortex restricted 22L scrapie pathogenesis, including PrP22L accumulation, PC 
neurodegeneration, and gliosis. Indeed, PCs displayed a differential, subtype-
specific vulnerability to 22L prions with zebrin-expressing PCs being more resistant 
to prion toxicity, whereas in stripes where PrP22L accumulated most zebrin-deficient 
PCs were lost and spongiosis was accentuated (Figure 1). Although this banding 
pattern of PrP22L accumulation is most likely delineated by structural constraints 
of compartmentation, different biochemical properties of PC subpopulations may 
well determine their differential resistance to scrapie prions.

2.1 Prion-induced apoptosis

2.1.1 Apoptotic pathways in prion-infected neurons

The mechanism of prion neurotoxicity requires neuronal expression of PrPc 
and is based on the subversion of its normal function triggered by an interaction 
with PrPTSE at the cell surface, thereby transducing a toxic signal into the cell. 
Nevertheless, this has been challenged by the discovery of a monomeric, highly 
α-helical form of PrPc with strong in vitro and in vivo neurotoxicity that elicits 
autophagy and apoptosis with a molecular signature similar to that observed in 
prion-infected animal brains [93]. This toxic PrP (TPrP) killed PrP-deficient 
neurons in vitro suggesting that a PrP-derived toxic signal can be generated within 
neurons independently of endogenous membrane-bound PrPc. Indeed, postnatal 
ablation of PrPc expression in neurons reversed neurodegeneration and affected 
disease progression in mice even though glial replication was maintained and PrPTSE 
accumulated [94]. Thus, prion pathogenesis is governed by both cell-autonomous 
mechanisms responsible for cellular dysfunction and neurodegeneration and 
noncellular-autonomous mechanisms propagating prion spread [95].
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Endoplasmic-reticulum stress has recently been implicated in an apoptotic 
regulatory pathway activated by changes in Ca2+ homeostasis or accumulation of 
aggregated proteins. In both these situations, Ca2+ is released and caspase-12 is 
activated [96]. ER stress and caspase-12 activation have been identified in prion-
infected N2a cells as well as in the brains of prion-diseased mice and CJD patients 
[97]. The synaptic dysfunction and neuronal death caused by PrPTSE accumulation 
via dysregulation of the Ca2+-sensitive phosphatase calcineurin (CaN) provides 
further evidence of the role of ER stress and Ca2+ homeostasis in prion-induced 
neurodegeneration [98]. The increase in Ca2+ cytosolic levels following hyperac-
tivation of CaN dysregulates the pro-apoptotic Bcl-2-associated death promoter 
(Bad), and the transcription factor cAMP response element-binding (CREB). 
Dephosphorylated Bad interacts with Bax causing mitochondrial stress and apopto-
sis while dephosphorylated CREB cannot translocate into the nucleus to regulate the 
transcription of synaptic proteins, resulting in synaptic loss [99].

2.1.2 Mitochondrial apoptosis in prion-infected cerebellar neurons

PrPc has recently been suggested to participate in anti-apoptotic and anti-
oxidative processes by interacting with the stress inducible protein 1 (STI-1) to 
regulate superoxide dismutase (SOD) activation [100]. The PrPc octapeptide repeat 

Figure 1. 
Banding pattern of PrP22L, EAAT4 zebrin and PC loss in the EAAT4-eGFP mouse cerebellum A–H. The 
pattern of PrP22L deposits (immunoperoxidase (immunoHRP) in A and E is artificially visualized in red in C 
and G) correlated with the banding pattern of the zebrin excitatory amino acid transporter 4 (EAAT4-eGFP, 
green in B, F) in merged PrP22L-EAAT4 images C and G in the cerebellar vermis (A–C) and hemispheres 
(E–G) infected with 22L ic. (clinical stage 145 dpi). D, H. EAAT4-eGFP PCs in the same regions of the vermis 
(D) and hemisphere (H) of a noninfected EAAT4-eGFP mouse as shown in the cerebellum of the 22L-infected 
EAAT4-eGFP mouse (A–G). The zebrin bands are numbered according to the current nomenclature in 
A–K and indicated by arrowheads in F. I–K. In the cerebellum infected icb. (preclinical stage), two bands of 
PrP22L deposits (6 and 7) are visualized by immunoHRP in I and artificially visualized in green in K. These 
cross crus2 and paramedian lobule (PM) and display a marked loss of CaBP-immunofluorescent PCs (red). 
Scale bars = 50 μm. L. Quantitative analysis of EAAT4-expressing and -nonexpressing PCs in the cerebellum 
of EAAT4-eGFP mice infected i.c. (clinical stage). The EAAT4-nonexpressing PCs are more sensitive to 22L 
toxicity. *p < 0.05. The number of mice analyzed is indicated on the bars in the graph.
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region contains a B-cell-lymphoma 2 (Bcl-2) homology domain 2 (BH2) of the 
family of apoptosis regulating Bcl-2 proteins involved in the anti-apoptotic function 
of Bcl-2. A direct interaction between PrPc and the C-terminus of anti-apoptotic 
Bcl-2 has also been found [101, 102]. In addition, the third helix of PrPc impaired 
the BAX conformation changes required for apoptosis activation suggesting that 
PrPc may assure the neuroprotective function of Bcl-2 [103]. Along this line, Prnp0/0 
neurons were more susceptible to apoptotic stimuli such as serum deprivation than 
their wild-type counterparts, whereas they were rescued by PrPc or Bcl-2 expression 
[104, 105]. PrPc also protected primary neurons against BAX-dependent apoptosis. 
Furthermore, transgenic expression of Bax or Bax and Prnp indicated that Prnp 
impairs Bax-dependent neuronal death [106].

Activation of the mitochondrial apoptotic pathway was observed when pri-
mary neurons were exposed to aggregated neurotoxic peptides like PrP106-126 or 
recombinant mutant PrP [107–109]. Apoptotic neuronal death demonstrated by 
activation of several caspases and DNA fragmentation is evident in natural prion 
diseases as well as in experimental models of TSEs [76, 110, 111]. In the cerebellum, 
apoptotic features have been observed in granule cells in CJD patients [112, 113] 
as well as in mice experimentally infected with CJD [111] and scrapie strains 301V, 
87V, 22A [76], 79A [110], M1000/Fukuoka-1 [114], 127S [115], 22L, 139A, and RML 
[116, 117]. More recently, activation of caspase-3 was found in PCs of 22L-infected 
mice [59]. However, cerebral upregulation of the pro-apoptotic factor BAX has been 
reported in some cases of scrapie-infected rodents [116, 118], whereas no changes in 
clinical illness and neuropathology could be detected in the brain of Bax-deficient 
mice infected with 6PB1 mouse-adapted BSE prions [119]. This suggested that 
BAX-mediated cell death is not involved in the pathological mechanism induced by 
BSE. Nevertheless, BAX is known to be involved in neuronal death in Tg(PG14) [120] 
and Ngsk PrnP0/0 [121] murine models of PrP-deficiency-linked diseases. In these 
cases, neuronal death is restricted to cerebellar neurons that are known to undergo 
BAX and BCL2-dependent apoptosis in other abnormal conditions [122, 123]. This 
led us to further investigate the involvement of intrinsic mitochondrial apoptotic 
pathways in a cerebellotropic prion disease such as the 22L scrapie. For this purpose, 
the pathogenesis of 22L scrapie in the brain of Bax-KO (Bax−/−) mice [124] and in 
mice expressing a human Bcl-2 transgene [125] was analyzed. Clinical signs of 22L 
scrapie (mainly ataxia) were similar to those previously described for C57Bl/6 mice 
[126]. Bax−/− and HuBcl-2 mice infected by either intraperitoneal (ip.) or intracer-
ebellar (icb.) route displayed ataxia 10–15 days sooner than wild-type mice. Survival 
times however, were similar in all genotypes (i.e., 223 dpi ip. and 129 dpi icb.). 
whereas 22L induced more severe cerebellar spongiosis via the icb. route than the ip. 
route, similar lesion profiles [71] were induced by 22L ip. in the brain of Bax−/− and 
wild-type mice and lesion profiles were not different in the brain of Bax−/−, HuBcl-2 
and wild-type mice infected with 22L icb. (Figure 2). Anatomopathological analysis 
of the cerebral and cerebellar cortices of the 22L-diseased Bax−/− and HuBcl-2 mice 
did not reveal any modified patterns of vacuolation, astrogliosis, and PrP22L deposits 
irrespective of the inoculation route. Synaptophysin and calcium-binding protein 
(CaBP) immunohistochemistry also revealed severe synapse and PC loss in all cases 
(Figure 3). Finally, quantitative analysis of the cerebellar granule cells immuno-
labeled for the nuclear marker NeuN revealed a significant loss of neurons in all 
genotypes infected by the icb. route (Figure 4). Surprisingly, no significant differ-
ence could be detected between Bax−/− and wild-type mice infected by the icb. route, 
whereas HuBcl-2 mice whose granule cells are rescued from developmental cell 
death [127] lost more granule cells than wild-type and Bax−/− mice (Figure 4). These 
data indicate that neither suppression of Bax nor overexpression of Bcl-2 protected 
cerebellar neurons from 22L scrapie-induced neurotoxicity. Thus, the granule cell 
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and PC death induced by 22L scrapie does not seem to involve BAX and cannot be 
counteracted by overexpression of the anti-apoptotic factor BCL-2. However, cleaved 
caspase-3 and -9 were observed in the brains of Bax−/− mice, suggesting that apop-
tosis may occur through (an) alternative mechanism(s) in TSEs of infectious origin. 
Indeed, apoptotic features have been reported in the brain of wild-type mice infected 
with RML, in the absence of Bax upregulation [116], while other proteins involved 
in cell death including those associated with the mitochondrial inner membrane, 
the UPS and the endoplasmic-reticulum-associated protein degradation (ERAD) 
pathway [128] were upregulated.

2.1.3 Prion-induced neuronal death in cerebellar organotypic slice cultures (COCS)

In the recently developed prion cerebellar organotypic slice culture (COCS) 
assay, progressive spongiform neurodegeneration that closely reproduce features of 
prion disease can be induced ex vivo [117, 129]. Infecting COCS with three different 
scrapie strains (RML, 22L, 139A) produced three distinct patterns of prion protein 

Figure 2. 
Spongiosis lesion profiles in the brain of wild-type (WT), Bax−/− and HuBcl-2 mice infected ip. and icb. with 
the 22L scrapie prion strain. A. Very similar lesion profiles were induced by 22L scrapie ip. in Bax−/− and WT 
mice. 22L induced more severe cerebellar spongiosis via the icb. route than via the ip. route. 1: cingulate and 2nd 
motor cortices, 2: lateral and medial septum, 3: caudate putamen, 4: retrosplenial cortex, 5: hippocampus, 6: 
thalamus, 7: hypothalamus, 8: superior colliculus, 9A: cerebellar molecular layer, 9B: cerebellar granular layer, 
9C: cerebellar white matter, 10: medulla. B. Very similar lesion profiles were induced by 22L scrapie icb. in 
Bax−/−, HuBcl-2 and WT mice.
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deposition accompanied by salient features of prion disease pathogenesis such as 
severe neuronal loss, a pro-inflammatory response, and typical neuropathological 
changes (spongiform vacuolation, tubulovesicular structures, neuronal dystrophy, 

Figure 3. 
Anatomopathology of 22L scrapie ip. and icb. in the cerebellum of WT, Bax−/− and HuBcl-2 mice. Neither 
Bax knockout nor HuBcl-2 overexpression modified vacuolation (Mason’s trichrome), astrogliosis (GFAP 
immunoHRP) and PrP22L accumulation (PrP immunoHRP) patterns in the cerebellar cortex of the 22L ip. and 
icb. infected Bax−/− and HuBcl-2 mice compared to the WT mice. Synaptophysin and CaBP reveal respectively 
synapse and PC loss in the cerebellum of all mice. Loss of Neun-immunostained GCs is also prominent in the 
cerebellum of the WT, Bax−/− and HuBcl-2 infected icb., yet seemed less pronounced in the mice infected ip.

Figure 4. 
Quantitative analysis of cerebellar GCs immunostained for the nuclear marker NeuN revealed a significant 
loss of neurons in all genotypes infected icb., but not ip. *p < 0.05; **p < 0.01. Whereas Bax−/− and WT mice lost 
a similar amount of GCs, the HuBcl-2 mice lost more GCs than the WT and Bax−/− mice. NIB, noninfected 
brain homogenate.
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and gliosis). Neurodegeneration did not occur when PrP was genetically removed 
from neurons and was abrogated by compounds known to antagonize prion replica-
tion. Also, calpain inhibitors, but not caspase inhibitors, prevented neurotoxicity 
and fodrin cleavage; whereas, prion replication was unimpeded indicating that 
inhibiting calpain uncouples prion replication and neurotoxicity. These data 
validate the COCS as a powerful model system that faithfully reproduces many 
morphological hallmarks of prion infections and shows that prion neurotoxicity in 
cerebellar granule cells is calpain-dependent but caspase-independent.

Furthermore, significant spine loss and altered dendritic morphology, analogous 
to that seen in vivo were induced by RML scrapie in COCS [130], while the deposi-
tion pattern and subcellular distribution of PrP22L (i.e., granular deposits associated 
with neurons, astrocytes, and microglia but not PCs in the neuropil of the PC and 
molecular layers [131]), closely resembled that observed in vivo [59].

Following infection of COCS from C57Bl6/J, ZH-I Prnp0/0, and Tga20 PrP-over-
expressing mice with brain homogenate from C57Bl6/J infected intracerebrally 
(ic.) with either 22L or 139A scrapie prions, PrP22L and PrP139A accumulation could 
be detected on histoblots from wild-type and Tga20 COCS, respectively, 30 and 
20 days post infection (dpi), but not on histoblots from ZH-I mice (Figure 5). 
Furthermore, quantitative analysis of PCs in these COCs indicated that a severe loss 
of neurons was induced by 22L prions in wild-type slices at 30 dpi (22 ± 2 surviving 
PCs/slice) and in Tga20 slices at 20 dpi (293 ± 68 surviving PCs) as well as by 139A 
prions in wild-type slices at 30 dpi (145 ± 63 surviving PCs/slice) and in Tga20 slices 
at 20 dpi (191 ± 31 surviving PCs/slice) compared to noninfected control COCS 
(220 ± 27 surviving PCs/slice in wild-type slices and 357 ± 71 surviving PCs/slice 
in Tga20 slices) (Figure 6). At 30 dpi, the trilaminar organization of the cerebellar 
cortex was evident in noninfected COCs, which did not exhibit any clear ultrastruc-
tural modifications (Figure 7). Nevertheless, numerous vacuoles, autophagosomes, 
and lysosomes had formed in granule cells infected by 22L and 139A (Figure 8). 
In diseased PCs, autophagosomes with double membranes and rough endoplasmic 
reticulum (Nissl bodies) formed compartmented organelles of various sizes (1–10 
compartments) resembling different stages leading to multivesicular vacuoles 
(Figure 9). Although further investigations are necessary, these ultrastructural 

Figure 5. 
Histoblots of cultured organotypic cerebellar slices (COCS) infected with the 22L and 139A scrapie strains. PrPc 
was detected in histoblots of noninfected (sham) COCS from WT C57Bl6/J (A) and Tga20 PrP-overexpressing 
(C), but not PrP-deficient ZH-I PrnP0/0 (B) mice. PrPc was completely digested by proteinase K (PK) in these 
COCS. After 30 and 20 days postinfection (dpi), PK revealed undigested PrP22L and PrP139A respectively in the 
WT and Tga20, but not ZH-I Prnp0/0 infected COCS.
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Figure 6. 
Mean numbers of CaBP-immunofluorescent PCs in WT and Tga20 COCS noninfected (sham) and infected 
with 22L and 139A scrapie prions at 30 dpi.

Figure 7. 
Ultrastructural features of the C57Bl6/J mouse cerebellar cortex in noninfected COCS after 30 DIV. A. Laminar 
organization of the cerebellar cortex with PC at the interface between internal granular layer (IGL) and 
molecular layer (ML). B. Granule cells in the IGL. C. IGL neuropil. D. PC dendrite (d) in the ML neuropil. 
E, F. Asymmetrical synapses (arrows) on interneurons dendrites (E) and PC spines (F). G. PC. N, PC 
nucleus. H. A smooth saccule (arrow) typically separates a mitochondrion from the plasma membrane in 
the PC neuroplasm. I. Nissl body in the PC neuroplasm. J. Degenerated cell with electron-dense vacuolated 
cytoplasm. K. Autophagic digestion of a mitochondrion (*). L. Autophagic profiles in a PC axon (*). Scale 
bars = 10 μm in A, 2 μm in B–D, G, J, 500 nm in E, F, H, I, K, L.
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Figure 8. 
Cytopathology of the C57Bl6/J mouse cerebellar cortex in COCS infected with 22L (A–F) and 139A (G–L) 
scrapie prions at 30 dpi. A. IGL. B–D. Autophagic profiles in the IGL neuropil. B. Magnification of the inset 
in A. D. Electron-dense lysosomes. E, F. Various stages of ER-derived reticulated organelles (arrows) in the 
neuroplasm of a PC. G. Neurodegenerating profiles (*) in the IGL neuropil. H, I. PC neuroplasm containing 
different stages of ER-derived reticulated organelles (arrows) and vacuoles. Scale bars = 2 μm in A–D, G–I, 
500 nm in E, F.

alterations were not observed in noninfected slices suggesting that a specific effect 
of prions links prion-induced ER stress to this morphological ER modification.

2.2 Prion-induced autophagy

Autophagy and apoptosis are activated in many neurodegenerative diseases 
featured by ubiquitinated misfolded proteins. In neurons, the degradation of 
abnormal proteins such as α-synuclein in Parkinson’s disease, β-amyloid peptide in 
Alzheimer’s disease (AD), or PrP in TSEs occurs by autophagy [14, 132–135]. These 
cardinal proteins contribute to synaptic dysregulation and altered organelles lead-
ing to apoptosis. The neurodegenerating neurons exhibit robust accumulation of 
cytosolic autophagosomes (see [14] for review, Figure 10) suggesting a dysregulation 
of the autophagic flux resulting from autophagic stress, due to an imbalance between 
protein synthesis and degradation [136]. Autophagy reduces intraneuronal aggre-
gates and slows down the progression of clinical disease in experimental models of 
AD [137–139] and prion diseases [140, 141]. Thus, dysregulation of the autophagic 
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flux impairs the elimination of misfolded proteins and damaged organelles which 
then accumulate in the cytoplasm and contribute to cell dysfunction and death [142].

Together, spongiform vacuolation of the neuropil, synaptolysis, accompanied 
by neuronal cell loss and gliosis constitute the classical neuropathological quartet 
of TSEs. The typical “spongiform vacuoles” are believed to result from autophagy 
and develop within neuronal elements, myelinated axons, and myelin sheaths 

Figure 9. 
Cytopathological formation and evolution of ER-derived profiles in PCs of COCS infected with 139A 
scrapie prions at 30 dpi. A, B. Reticulation and sequestration of neuroplasm by ER saccules forming small 
double-membrane vesicles (arrows) containing ribosome-like particles (arrowheads in B) on both external 
and internal faces. ER, endoplasmic reticulum. C, D. Large compartmented ER-derived organelles which 
still display membrane-bound ribosomes (arrowheads). C. High magnification of Figure 8H. D. See the 
enlargement between membranes (*). E. Fusion (arrows) of small ER-derived double-membraned vacuoles 
with lysosomes (L). F. Large ER-derived double-membraned vacuoles with enlarged intermembrane space (*) 
transforming into multivesicular vacuoles (arrows). Scale bars = 500 nm.
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[143, 144]. Autophagic vacuoles are increased in prion-diseased neurons [64, 65, 
145], and the scrapie responsive gene 1 (SRG1) protein is overexpressed and bound 
to neuronal autophagosomes in the brain of scrapie- and BSE-infected animals and 
CJD-diseased humans [146, 147]. In addition, LC3-II, a marker of autophagosomes 
is increased in the cytosol of neurons in scrapie-infected hamsters and CJD- and 
FFI-diseased patients.

Recent evidence indicated that PrPc, but not truncated PrP devoid of the 
N-terminal octapeptide repeat region, exerts a negative control on the induc-
tion of autophagy [148]. Thus, the loss or subversion of PrPc function resulting 
from prion infection may upregulate autophagy in diseased neurons [16]. While 

Figure 10. 
Autophagy in PCs of 4.5 (A–E) and 12 (F) month-old control Bax+/+; Prnp+/+ (E) and Bax−/−;Ngsk Prnp0/0 
(A–D, F) mice. Ultrastructural autophagic stages from phagophores to autolysosomes. A. Phagophore (*) and 
double-membraned autophagosome (arrowhead). B. Sequestration of two mitochondria in an autophagosome 
(arrowhead). Go, Golgi dichtyosome. C. Fusion of an autophagosome (arrowhead) with a lysosome (*). Ly, 
lysosomes. D. Autolysosomes (*). A–D. Scale bars = 500 nm. E. The somato-dendritic cytoplasm of this control 
Bax+/+; Prnp+/+ PC contains a few lysosomes and lipofuchsin bodies (arrowheads). N, nucleus; n, nucleolus. 
F. Autophagic PC with numerous autophagic organelles (arrowheads) accumulating in the neuroplasm. ML, 
molecular layer. IGL, internal granular layer. E, F. Arrows show PC axon. Scale bars = 2 μm.
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autophagy-inducing agents increased cellular clearance of PrPTSE [149–151], 
blocking the fusion of autophagosomes with lysosomes allowed visualization of 
PrPTSE in the autophagosomes suggesting that degradation of endosomal PrPTSE is 
by autophagy [134]. However, saturation of the autolysosomal degradation pro-
cess can release PrPTSE aggregates and degradation enzymes into the neuroplasm 
contributing to autophagy upregulation and neuronal death [134]. Nevertheless, 
although autophagy-inducing agents delayed disease onset and PrPTSE accumula-
tion in the CNS of mice [152], survival time was not modified [153]. Along this line, 
neither autophagy-inducing nor -inhibiting treatments altered the time course or 
amplitude of prion-induced neuronal death, strongly suggesting that autophagy 
in protein misfolding diseases is a secondary mechanism in the neurodegenerative 
process [141, 154].

3. Neuronal death in prion protein-deficient mice

3.1 Impaired autophagy in Zrch-1 prion protein-deficient mice

With the exception of the Prnp-knockout models in which ectopic expression 
of Doppel (Dpl) in the CNS leads to PC death, most other Prnp-knockout mouse 
models do not show gross abnormalities indicating that PrPc may be dispensable for 
embryonic development and adulthood. Nevertheless, PrP-deficient mice exhibit 
an increased predilection for seizures, motor and cognitive disabilities, reduced 
synaptic inhibition, and long term potentiation in the hippocampus. Also, altered 
development of the granule cell layer, dysregulation of the cerebellar network and 
age-dependent spongiform changes with reactive astrogliosis have been observed 
[155, 156]. In cultures of PrP-deficient hippocampal neurons, autophagy is upregu-
lated in the absence of serum or by hydrogen peroxide-induced oxidative stress 
[148, 157] suggesting that suppression of the protective effects of PrPc could impair 
the autophagic flux in PrP-deficient neurons in vivo. Indeed, ultrastructural exami-
nation of hippocampus and cerebral cortex of ZH-I Prnp0/0 mice revealed an accu-
mulation of autophagosomes containing incompletely digested material increasing 
from 3 to 12 months of age [158]. In addition, an ultrastructural examination of PCs 
in the cerebellum of ZH-I Prnp0/0 mice revealed significant autophagic accumula-
tion in the somato-dendritic compartment of these neurons from 6 to 14.5 months 
of age (Figure 11). Since autophagic cell death is known to induce neurodegenera-
tion [136, 159, 160], these signs of autophagy blockade could reflect a sustained, 
progressive autophagic neuronal loss in the CNS of the ZH-I Prnp0/0 mice.

3.2 Neuronal loss in Dpl-expressing Ngsk prion protein-deficient mice

Nagasaki (Ngsk) PrP-deficient mice which have a deletion of the entire Prnp 
gene [161–163] develop progressive cerebellar ataxia, which was later discovered to 
result from the absence of a splice acceptor site in exon 3 of Prnp [164]. This leads 
to the aberrant overexpression of the Prnd gene encoding the PrPc paralogue Dpl 
[165, 166] that causes selective degeneration of cerebellar PCs. Notably, the reintro-
duction of Prnp in mice overexpressing Prnd in the brain rescued the phenotype, 
suggesting a functional link between the two proteins [167]. Dpl has been shown 
to have intrinsic neurotoxic properties in cerebellar neurons [168] and has been 
proposed to interfere with PrPc and affect cell survival [100]. According to this 
hypothesis, PrPc and Dpl bind a common ligand LPrP, where PrPc binding induces a 
cell survival signal while Dpl binding activates a death signaling cascade. In PrPc-
deficient Prnp-knockout mice that do not express Dpl, the existence of a protein 
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Figure 11. 
Autophagy in ZH-I Prnp0/0 PCs. A. Mitophagy in the PC neuroplasm of a 4.5 months-old ZH-I Prnp0/0 mouse. 
Arrowhead shows the double membrane of an autophagic vacuole sequestrating a mitochondrion (m). Scale 
bar = 500 nm. B, C. 12 months-old ZH-I Prnp0/0 mice. PC layer. B. Autophagic PC containing numerous 
autophagosomes and autolysosomes (arrowheads). Scale bar = 2 μm. C. PC layer. Degenerating PC axons 
containing autophagosomes and lysosomes (*). Scale bar =500 nm.

π has been proposed to induce a cell survival signal when bound to LPrP [169]. 
For the moment, LPrP and π remain to be identified, as well as the neuronal death 
pathways involved in Dpl-induced PC loss.

Because Dpl neurotoxicity depends on PrPc-deficiency in PCs, investigating 
the underlying neurotoxic mechanism may provide important insight into the 
neuroprotective function of PrPc. The resistance of the PC population to neuro-
toxicity increased in the cerebellum of Ngsk mice, which were either deficient 
for the pro-apoptotic factor Bax [121] or over-express the anti-apoptotic factor 
Bcl-2 [170]. Although this suggests that an intrinsic apoptotic process is involved 
in the death of the Ngsk Prnp0/0 PCs, a significant PC loss still occurred in both 
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(Bax−/−; Ngsk Prnp0/0) and (HuBcl-2; Ngsk Prnp0/0) double mutants. Thus, the 
Ngsk condition, i.e., Dpl neurotoxicity and PrP-deficiency, could activate BAX-
independent mechanisms in the Ngsk Prnp0/0 PCs. These neurons exhibited 
robust autophagy well before significant neuronal death in the cerebellar cortex 
of the Ngsk Prnp0/0 mice [135, 171] suggesting that either “reactive” autophagy is 
initially induced as a neuroprotective response to Dpl neurotoxicity or impaired 
autophagy results from PrP-deficiency as in ZH-I Prnp0/0 mice (see above and 
[158]). Indeed, the increased expression of the autophagic markers SCRG1, 
LC3-II, and P62 proteins without any changes in mRNA levels, indicates that the 
ultimate steps of autophagic degradation are impaired in Ngsk Prnp0/0 PCs [135]. 
Probably due to this impairment of autophagic proteolysis, LC3-II-, and Lamp-1-
labeled autophagosomes and autolysosomes [172] accumulate in the Ngsk Prnp0/0 
PCs. How apoptosis and autophagy are involved in Ngsk Prnp0/0 PC death remains 
to be determined.

To further investigate the role of autophagy in the death of Ngsk Prnp0/0 PCs, 
a quantitative analysis of autophagic PCs was performed at the ultrastructural 
level in the cerebellum of Ngsk Prnp0/0, Bax−/−; Ngsk Prnp0/0, ZCH-I Prnp0/0 
and control Bax+/+;Prnp+/+ mice (Figure 12). At 4.5 months of age, equivalent 
amounts of autophagic somato-dendritic compartments and axons of PCs were 
found in the cerebella of Ngsk Prnp0/0 and Bax−/−; Ngsk Prnp0/0 mutants and 
were significantly more than those in ZCH-I Prnp0/0 and control Bax+/+;Prnp+/+ 
cerebella. Interestingly, the amounts of autophagic axons and somato-dendritic 
compartments of PCs in the ZCH-I Prnp0/0 and control Bax+/+;Prnp+/+ cerebella 
were not different. These data suggest that while autophagy induction is already 
visible in PCs with the Ngsk condition, it is not induced in control Bax+/+;Prnp+/+ 
PCs, nor in the absence of PrPc in the ZCH-I Prnp0/0 PCs. Thus, autophagy seems 
to be induced by Dpl neurotoxicity in the Ngsk condition whether BAX is present 
or not; whereas PrP-deficiency alone has no autophagy-inducing effect at this age 
(Figure 13).

At 6.5–7 months of age, the amount of autophagic somato-dendritic compart-
ments and axons of PC were significantly decreased in Bax−/−; Ngsk Prnp0/0 
cerebella compared with Ngsk Prnp0/0 cerebella. Consequently, the amount of 
autophagic PC profiles in the Bax−/−; Ngsk Prnp0/0 and ZH-I Prnp0/0 cerebella was 
equivalent, yet more than in the control Bax+/+;Prnp+/+ cerebella. Furthermore, 
autophagic PC somato-dendritic compartments and axons did not change from 4.5 
to 6.5–7 months of age in the Bax−/−; Ngsk Prnp0/0, whereas many more PCs were 
autophagic in the 6.5–7 month-old compared to the 4.5 month-old Ngsk Prnp0/0 cer-
ebella. This increase was also observed in ZH-I Prnp0/0 cerebella, while no autopha-
gic PCs were found in 6.5–7 month-old control Bax+/+;Prnp+/+ cerebella (Figure 13).

This suggests that BAX-deficiency modulates autophagy in Ngsk Prnp0/0 PCs 
after 4.5 months of age. Autophagy in the ZH-I Prnp0/0 PCs had increased to the 
same level as observed in the Bax−/−;Ngsk Prnp0/0 cerebella. Thus, the persistent 
autophagy in the PCs of the Bax−/−;Ngsk Prnp0/0 double mutants is likely related to 
PrP-deficiency. Also, autophagy- and Bax-dependent apoptosis are likely to occur in 
the same PCs that are rescued by Bax deletion.

At 12 months of age, the amount of autophagic somato-dendritic compart-
ments and axons of PCs in Bax−/−;Ngsk Prnp0/0 cerebella was equivalent to that 
found in 4.5 month-old cerebella suggesting that autophagy remains stable in this 
PC population, at a level similar to that maintained in the ZH-I Prnp0/0, and this 
likely results from PrP-deficiency. Indeed, many more autophagic PC somato-
dendritic compartments and axons were observed in ZH-I Prnp0/0 cerebella than 
in the cerebella of 12 month-old control Bax+/+;Prnp+/+ mice which did not contain 
autophagic PCs. However, the autophagic PC somato-dendritic compartments were 
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Figure 12. 
Quantitative analysis of autophagy in PCs of control Bax+/+;Prnp+/+ and PrP-deficient Bax+/+;Ngsk Prnp0/0, 
Bax−/−;Ngsk Prnp0/0 and ZH-I Prnp0/0 mutant mice. Autophagic somato-dendritic and axonal profiles 
were counted in 200 PCs in transverse cerebellar sections (50 PCs per hemisphere and hemivermis) from 
each mouse at 4.5, 6.5–7 and 12 months of age (n = 3 mice/age/genotype). PC soma, primary dendrite and 
axons were autophagic when containing three or more autophagic profiles (phagophore, autophagosome, 
autophagolysosome). Data are given as mean values ± standard deviation (SD). Statistical comparisons 
between ages and genotypes were performed using a two-tailed Student’s t test (Statistica). A. Mean 
percentages of autophagic PC somato-dendritic and axonal compartments. *, #, @, $, §: p < 0.01. B. Mean 
percentages of autophagic PC presynaptic boutons making symmetrical synapses on somato-dendritic profiles of 
deep cerebellar neurons. The PC presynaptic boutons were autophagic when containing at least one autophagic 
organelle. Autophagic PC presynaptic boutons were counted in 300 presynaptic boutons selected randomly in 
either left or right fastigial, interposed and dentate nuclei (100 boutons/nucleus) in three 12 month-old mice 
of each genotype. Statistical comparisons between genotypes were performed using a two-tailed Student’s t test 
(Statistica) and given as mean values ± standard deviation (SD). *, p < 0.01.
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still more in Ngsk Prnp0/0 cerebella (16.36 ± 7.9) compared with Bax−/−;Ngsk Prnp0/0 
(5.08 ± 5) cerebella, and there was a significant increase from 6.5–7 (14.38 ± 7.8) to 
12 months of age. The increased amount of autophagic PC axons in Bax−/−;Ngsk 
Prnp0/0 cerebella was stable during this same period (3.9 ± 5.6 at 6.5–7 months; 
5.08 ± 5.1 at 12 months), suggesting that the initiation of axonal autophagy peaks at 
6.5–7 months of age (Figure 12) [135, 171, 173–176]. In agreement, an examination 
of autophagy in the presynaptic terminals of PCs impinging on the somato-dendritic 
compartments of the deep nuclear neurons in the fastigial, interposed and dentate 

Figure 13. 
Autophagy in PCs of 7 (A, B) and 12 (C, D) month-old Bax−/−;Ngsk Prnp0/0 mice. A. PC-like somato-
dendritic profile containing numerous autophagic vacuoles and autolysosomes (arrowheads) in the PC layer. 
B. Autolysosomes (arrowheads) in a dystrophic PC-like, myelinated axonal profile in the internal granular 
layer. C. Autophagic vacuoles and autolysosomes in a PC-like somato-dendritic profile. D. Autophagic PC-like 
myelinated axon (*). Scale bars = 2 μm.
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Figure 14. 
Autophagy in the deep cerebellar nuclei of 13 month-old Ngsk (A, C–F) and 10 month-old ZH-I (B) Prnp0/0 
mice. A–E. PC presynaptic boutons establishing symmetrical synapses (arrowheads) with somato-dendritic 
profiles of deep cerebellar neurons (DCN) and containing different stages of double-membrane wraps 
sequestrating neuroplasm (* in A, B, D, E) and mitochondria (m in C, F). F. Myelinated PC-like axon with 
mitophagic profiles. Scale bars = 500 nm.

deep cerebellar nuclei, revealed a significantly greater amount of autophagic 
PC presynaptic boutons in the deep nuclei of all mutants compared to control 
Bax+/+;Prnp+/+ mice (Figure 14).
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The absence of BAX not only protected some PCs from neurotoxicity in the 
cerebellum of the Ngsk Prnp0/0 mice [121], but also decreased the number of 
autophagic neurons suggesting that the PCs rescued by Bax deficiency do not 
display activated autophagy, whereas the autophagic PCs in the Bax−/−;Ngsk Prnp0/0 
cerebellum are likely to result from PrP-deficiency as in the ZH-I Prnp0/0 cerebel-
lum. Nevertheless, the persistent loss of Bax−/−;Ngsk Prnp0/0 PCs could result 
from an increased sensitivity of these PCs to the Ngsk condition compared to ZH-I 
Prnp0/0 PCs.

The complex pattern of neuronal death observed in neurodegenerative 
diseases is believed to involve an extensive interplay between the major cell 
death pathways [177, 178]. This is likely the case in prion-infected, as well as 
PrP-deficient neurons such as PCs. We further investigated PC death in Ngsk 
Prnp0/0 and ZH-I Prnp0/0 COCS by measuring PC survival and development using 
morphometric methods [179] in COCS from these PrP-deficient mice. Similar 
timing and amplitude of PC growth impairment and death were observed in all 
PrP-deficient genotypes. Indeed, PC surface, perimeter, and dendritic extension 
increased between 7 and 21 DIV in the wild-type COCS, while no significant 
variation of surface and perimeter could be measured in the PrP-deficient mutant 
COCS during this period (Figure 15). Similarly, wild-type and PrP-deficient PCs 
displayed equivalent maximal dendritic extension after 7 days ex vivo, but wild-
type PCs continued to increase their maximal dendritic length until 21 DIV, while 
the dendrites of PrP-deficient PCs did not grow during this period [14, 180]. 
Thus, PrP-deficient PCs exhibit a similar developmental deficit which seems to be 
independent of Dpl expression in COCS.

The neurotoxic effects of PrP-deficiency were quantitatively analyzed by 
counting PCs at 3, 5, 7, 12, and 21 days in COCS from wild-type, Ngsk Prnp+/0, 
Ngsk Prnp0/0, and ZH-I Prnp0/0. Whereas, wild-type PCs’ numbers remained 
stable during the whole period, severe PC loss (68–69%) had occurred at 7 DIV 
and slightly increased up to 21 DIV in all PrP-deficient mutant COCS. PC loss 
displayed similar kinetics and amplitude in Ngsk Prnp+/0, Ngsk Prnp0/0, and ZH-I 
Prnp0/0 COCS suggesting that despite detectable levels of 15–20 kDa glycosylated 
form of Dpl in the Ngsk Prnp0/0 COCS (Figure 16), it may be not implicated in PC 
death in ex vivo cultures.

Furthermore, at the ultrastructural level, whereas autophagic organelles were rare 
in wild-type PCs after 7 and 12 DIV, Ngsk Prnp0/0 PCs contained numerous autopha-
gosomes and autophagolysosomes at different maturation stages (Figure 17). During 
the period of PC death in the Prnp0/0 COCS (i.e., 3, 5, and 7 DIV) Western blotting 
of apoptotic and autophagic markers revealed a 4- to 5-fold increase in markers of 
autophagosomal formation such as LC3B-II (at 5 DIV), p62, and beclin-1 (at 3 and 5 
DIV) in the ZH-I and Ngsk Prnp0/0 COCS and the lysosomal receptor LAMP-1 in the 
Ngsk Prnp0/0 COCS at 7 DIV (Figure 18). Increased amounts of activated caspase-3 
indicated the apoptosis in protein extracts of COCS from both Prnp0/0 genotypes as 
early as 3DIV [14].

This morphometric and quantitative analysis of COCS suggests that PrP-
deficiency, rather than Dpl neurotoxicity, is responsible for the neuronal growth 
deficit and loss ex vivo. Indeed, the neurotoxic properties of Dpl did not seem to 
contribute to Ngsk PC loss in the COCS, whereas Dpl-induced PC loss is detectable 
in 6-month-old Ngsk Prnp0/0 mice. A possible explanation for this difference is that 
COCS are not mature enough to model 6-month-old cerebellar tissue. Nevertheless, 
in Ngsk Prnp0/0 and ZH-I Prnp0/0 COCs, activation of autophagy and apoptosis is 
contemporaneous with the atrophy and death of PCs during the first week of cul-
ture suggesting that PrP-deficiency is solely responsible for neuronal death in this 
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ex vivo system and that PrPc is neuroprotective for cerebellar PCs. As ZH-I Prnp0/0 
PCs survive in vivo, PC death in ZH-I Prnp0/0 and Ngsk Prnp0/0 COCS could result 
from a noxious exacerbation of PrP-deficiency by ex vivo conditions.

Figure 15. 
PC growth deficits and loss in PrP-deficient COCS. A, B. PC area (A) and perimeter (B) of WT PCs 
increased from DIV7 to DIV21, whereas both dimensions in Ngsk Prnp+/0, Ngsk Prnp0/0 and ZH-I Prnp0/0 PCs 
did not change during the same period. A. At DIV7, WT PC area was larger than area of PrP-deficient PCs. 
C. While the longest dendrite of WT PCs had significantly grown from DIV7 to DIV21, the longest dendrite 
of PrP-deficient PCs displayed similar growth impairment suggesting that in both Ngsk and ZH-I conditions, 
PrP-deficiency is responsible for PC growth deficits. D–F. PC loss occurred progressively during the DIV7-DIV21 
period in WT COCS (40% at DIV21) while similar loss of PrP-deficient PCs had occurred in the Ngsk Prnp+/0, 
Ngsk Prnp0/0 (40%) and ZH-I Prnp0/0 (55%) COCS as early as DIV7. E. The Ngsk Prnp0/0 COCS had lost many 
more PCs than the WT COCS over the DIV3-DIV7 period indicating a neurotoxic effect during this period that 
is attributable to PrP-deficiency since the Ngsk and the ZH-I conditions induced similar neuronal loss at DIV7.



23

Prion Proteins and Neuronal Death in the Cerebellum
DOI: http://dx.doi.org/10.5772/intechopen.80701

Figure 16. 
Western blot of Dpl in Ngsk Prnp0/0 DIV7 COCS and 12 month-old mouse cerebellum. Dpl was detected in a 
Ngsk Prnp0/0 COCS at DIV7 and in situ in the cerebellar extract from a 12 month-old Ngsk Prnp0/0 mouse but 
not in the cerebellum of a wild-type (WT) mouse. Dpl migrates at 15–20 kDa after deglycosylation by peptide 
N-glucosidase (PNGase).

Figure 17. 
Autophagy in Ngsk Prnp0/0 PCs ex vivo. A. PC cytoplasm in a 12 DIV WT COCS. m, mitochondrion; l, 
lysosome. Scale bar = 500 nm. B–D. Autophagic PC cytoplasm in 7 DIV Ngsk Prnp0/0 COCSs. Asterisks 
indicate nascent autophagic vacuoles in B and different maturation stages of autophagolysosomes in C and D. 
n, nucleus. Scale bar = 2 μm.
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4. Conclusion

Although the contribution of apoptosis to prion-induced death of central neurons 
including cerebellar ones is strongly supported, our studies of scrapie-infected PCs 
show that although caspase-3 is activated, the pro-apoptotic BAX/BCL-2-dependent 
mitochondrial pathway is not involved in the prion-induced death of these neurons. 
This is also the case for BSE-induced death of hippocampal and thalamic neurons [119], 
suggesting that prions exert neurotoxicity through BAX-independent activation of 
caspase-3. Ultrastructural evidence of ER stress and robust autophagy in the scrapie-
infected cerebellar neurons both in vivo and ex vivo implicate them in these BAX-
independent neurotoxic mechanisms. Furthermore, the autophagic blockade resulting 
from prion protein-deficiency in ZH-I and Ngsk Prnp0/0 mice may contribute to neu-
ronal death in infectious prion-diseased cerebellar neurons. In Ngsk Prnp0/0 cerebellar 
neurons, Dpl neurotoxicity and PrP-deficiency contribute to neuronal death probably 
through an interplay between autophagic blockade and BAX-dependent apoptosis.

Figure 18. 
Western blot of autophagic markers p62, beclin-1 and LAMP-1. A. p62 and B. Beclin-1. The markers were 
weakly expressed in WT COCS, but increased in DIV3 and DIV5 COCS from PrP-deficient mice. C, D. 
LAMP-1 did not vary in WT and ZH-1 COCS from DIV3 to DIV7, but increased in DIV7 Ngsk Prnp0/0 COCS 
indicating increased lysosomal activity (p < 0.05; n = 3 mice/genotype and DIV).
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Among the cellular lipids, phosphatidic acid (PA) is a peculiar one as it is at the same
time a key building block of phospholipid synthesis and a major lipid second messenger
conveying signaling information. The latter is thought to largely occur through the
ability of PA to recruit and/or activate specific proteins in restricted compartments and
within those only at defined submembrane areas. Furthermore, with its cone-shaped
geometry PA locally changes membrane topology and may thus be a key player in
membrane trafficking events, especially in membrane fusion and fission steps, where lipid
remodeling is believed to be crucial. These pleiotropic cellular functions of PA, including
phospholipid synthesis and homeostasis together with important signaling activity, imply
that perturbations of PA metabolism could lead to serious pathological conditions. In
this mini-review article, after outlining the main cellular functions of PA, we highlight the
different neurological diseases that could, at least in part, be attributed to an alteration in
PA synthesis and/or catabolism.

Keywords: lipid signaling, neuron, neuropathology, phosphatidic acid, phospholipase D

INTRODUCTION

Phosphatidic acid (PA) is a low abundant phospholipid of membranes that, nevertheless,
constitutes the original building block from which most glycerophospholipids are synthesized,
thus plays an important structural task. Interestingly it was later shown that PA also acts to
transmit, amplify, and regulate a great number of intracellular signaling pathways and cellular
functions. In cells, PA can be synthesized through different enzymatic pathways (Ammar et al.,
2014). Structural PA results from two successive acylation reactions (Figure 1). Signaling PA
instead, results from three biosynthesis alternative pathways. The first pathway includes the
phosphorylation of diacylglycerol (DAG) by any of the 10 DAG-kinases (DGKs) in mammals
(Figure 1). Hydrolysis of the distal phosphodiester bond in phospholipids by phospholipases D
(PLD) constitutes the second pathway (Figure 1). Although six different PLDs have been identified
in mammals, only PLD1/2 and PLD6 have been shown to synthesize PA from phosphatidylcholine
(PC) and cardiolipin (CL), respectively (Jang et al., 2012). The third and final biosynthetic pathway
involves acylation of lyso-PA by lyso-PA-acyltransferase (LPAAT) enzymes (Figure 1).

Chemically, PA is composed of a glycerol backbone esterified with two fatty acyl chains at
positions C-1 and C-2, and with a phosphate at position C-3. The latter confers the specific features
of PA compared to the other diacyl–glycerophospholipids. Indeed, the small anionic phosphate
headgroup provides to PA a combination of unique cone-shaped geometry and negative charge
(Jenkins and Frohman, 2005). At the molecular level, these two characteristics enable PA both to
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FIGURE 1 | Enzymatic routes for structural and signaling PA metabolism. PA
is a major phospholipid for biosynthetic and signaling reactions. Enzymes
highlighted in orange are involved in biosynthetic reactions that produce
structural PA, whereas enzymes triggering the formation of signaling pools of
PA are shown in purple. Enzymes responsible for PA catabolism are shown in
green. ADR, Acyldihydroxyacetone-phosphate reductase; CDP, cytidyl
phosphatidate; CDS, CDP-diacylglycerol (DAG) synthase; CL, cardiolipin;
DHAP, dihydroxyacétone phosphate; DHAP AT, dihydroxyacétone phosphate
acyltransferase; G3P, glycerol 3-phosphate; GPAT, glycerol phosphate
acyltransferase; PAP, phosphatidic acid phosphatase; PC,
phosphatidylcholine; PG, phosphatidylglycerol; PE,
phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine;
PLA, phospholipase A; TG, triglyceride.

interact with different enzymes to regulate their catalytic
activity and/or their association with membrane compartments
and also to affect membrane geometry by creating
local negative curvatures (Kooijman et al., 2003). As a
consequence, PA has been involved in various important
cellular functions including membrane trafficking events
where membrane rearrangements are necessary (Bader
and Vitale, 2009). In this article, we will present some of
the most studied PA identified partners, summarize the
most well-described cellular processes that require PA
and discuss the potential involvement of an alteration in
PA synthesis and/or catabolism in different neurological
diseases.

PA INTERACTS WITH AND RECRUITS
NUMEROUS PROTEINS TO MEMBRANES

Having an overall view of the interaction network of a given
molecule is particularly helpful for deciphering the relationships
between the constituents of interactomes and characterizing
their function in cell signaling. Since the early description
of a handful of proteins that bind to PA, at least using the
minimal in vitro protein-lipid overlay assay, an extensive list
of PA interactors has only emerged more recently (Stace and
Ktistakis, 2006). For at least some of those, their interaction
with PA appears rather specific with little or no interaction
with other negatively charged lipids. The position of PA’s
phosphomonoester headgroup in proximity of the interface of
acyl chain headgroup was proposed to be important for binding

to specific proteins. Supporting the physiological importance
of interactions between PA and proteins, numerous proteins
have gained domains that display some level of binding
specificity for PA (Jang et al., 2012). Although no clear
PA-binding domain can be defined at the three dimensional or
secondary structural levels, different factors can influence PA
interaction with specific domains in target proteins (Tanguy
et al., 2018). For instance, we and others have found that
some PA-binding modules possess some levels of specificity for
the fatty acyl chains of PA (Kassas et al., 2017). In addition,
the local membrane environment surrounding PA also appears
to modulate PA binding to these modules (Kassas et al.,
2017). Finally, it is most likely that PA-binding domains act
first through positively charged residues that initially sample
for the negative charge of PA buried within the membrane.
This first step is probably followed by a docking state where
hydrophobic interaction between hydrophobic residues of the
module and the fatty acyl chains of PA stabilize the PA-protein
interaction (Potocký et al., 2014; Tanguy et al., 2018). At present,
more than 50 different proteins have been shown to directly
interact with PA, as extensively reviewed in Jang et al. (2012).
Briefly, these PA interactors can be classified in four major
families.

Nucleotide-Binding Proteins
Nucleotide (ATP, cAMP, GTP)-binding proteins are important
signaling proteins for which the activity is usually regulated
by nucleotide binding. Noticeably, the localization and/or
activity of many of those proteins are also controlled by
PA interaction. This is for instance the case for some of
the small GTP-binding proteins of the ADP ribosylation
factor (Arf) and Rho (Ras homologous) families that are key
players in cytoskeleton remodeling and membrane dynamics.
The minimal PA-binding regions of these small GTPases
remains however to be defined precisely. Several c-AMP specific
phosphodiesterases also interact with PA through their amino-
terminal regulatory domains leading to an increase of their
enzymatic activity and therefore to a reduction of cAMP
levels.

Regulators of GTP-Binding Proteins
The GTPase-activating proteins ArfGAP with GTPase Domain,
Ankyrin Repeat and PH domain 1 (AGAP1) and Regulator
of G protein Signaling 4 (RGS4) are negative regulators of
Arf and Gα GTP-binding proteins, respectively. Intriguingly,
while PA stimulates the GTP-hydrolysis activity of AGAP1, it
inhibits that of RGS4, highlighting the multiple and sometimes
opposite actions of PA on GTP-binding activity. Furthermore,
PA has also been shown to recruit and activate different
guanine nucleotide-exchange proteins for small GTPases, such
as DedicatOr of CytoKinesis 2 (DOCK2) and Son Of Sevenless
(SOS), promoting GTP-binding and activation of Rac and Ras,
respectively. It is therefore important to have in mind that
PA enrichment in particular sub-membrane domains could
influence in different and sometimes contradictory manners
a given signaling pathway involving GTP-binding proteins by
acting at different stages.
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Kinases
Protein kinases are among the main signaling regulators with
nearly 600 different genes. Among those, protein kinase C
(PKC) is one of the largest subgroup and PA modulates the
activity of several PKC isoforms. PA also promotes recruitment
and activation of the proto-oncogene kinase Raf, acting as a
gatekeeper in the ERK1/2 pathway. In addition, PA binding to the
FKBP12-rapamycin binding region of mTOR is in competition
with FKBP12/rapamycin complex of mTOR and is thus likely to
influence nutrient sensing and cell proliferation.

Furthermore, lipid kinases contribute to the great diversity of
lipids in cells. Among those, PA is capable to stimulate the action
of phosphatidylinositol (PI) 4-phosphate 5-kinase (PI4P5K), to
promote the synthesis of PI 4,5-bisphosphate (PI(4,5)P2), a key
signaling lipid (Stace and Ktistakis, 2006; Bader andVitale, 2009).
Finally, cytosolic sphingosine kinase that transforms sphingosine
into sphingosine-phosphate appears to translocate to the plasma
membrane under the control of PA levels, which most likely
affects the signaling pathways involving these two lipids. In
conclusion, PA binding modules are found in members of the
two major kinase families and consequently, the presence of PA
in local membrane composition is expected to influence crucial
signaling nodes and the various associated key cellular functions.

Phosphatases
In addition to kinases, phosphatases constitute the second
important family of signaling proteins that modulate protein
activity by removing the phosphate residues added by kinases.
The protein-tyrosine phosphatase SHP-1 that negatively
modulates signaling pathways involving receptor-tyrosine kinase
directly interacts with PA therefore triggering phosphatase
activity. Furthermore, PA inhibits the enzymatic activity of
protein phosphatase 1 (PP1), involved in many cellular activities
such as the metabolism of glycogen, the processing of RNA, and
the regulation of cell cycle. In conclusion, although not as well
described as for kinases, the regulation of several phosphatases
by PA offers the possibility of complex and often paradoxical
regulation of signaling pathway by a single lipid family.

THE PLEIOTROPIC CELLULAR
FUNCTIONS OF PA

Actin Cytoskeleton Dynamics
Most cellular functions are influenced by precise cell shapes
that are under the control of the cytoskeleton proteins network.
Among those the dynamics of the cytoskeleton depends on
the formation of actin filaments from a pool of cytosolic
monomers, and their subsequent association to each other or
to cell membranes, pursued by their depolymerization. Most
cellular functions actually depend on a permanent remodeling of
this actin network and this is orchestrated in large part by actin
binding proteins. Interestingly lipids such as phosphoinositides
modulate the affinity of these proteins for actin. PA, however,
has also been proposed to participate to this regulation (Ammar
et al., 2014).

In neurons, the Rho GTPases and related proteins, through
the control of the cytoskeleton, modulate various aspects of cell

shape including not only neurite outgrowth and differentiation,
axonal growth and targeting, but also dendritic spine formation
and maintenance (Ammar et al., 2014). As mentioned in
the sections ‘‘Nucleotide-Binding Proteins’’ and ‘‘Regulators of
GTP-Binding Proteins,’’ PA synthesized by either PLD or DGK
modulates the activity of some different Rho family of GTPases
and their regulators by promoting membrane association and/or
through the activation of their regulatory proteins (Chae et al.,
2008; Nishikimi et al., 2009; Faugaret et al., 2011; Kurooka et al.,
2011; Sanematsu et al., 2013). Alternatively, the p21 activated
kinases (PAKs) family that regulates various aspects of neuronal
development, through actin cytoskeleton reorganization, is also
known for being activated by PA (Daniels et al., 1998; Hayashi
et al., 2007). Furthermore, PI(4,5)P2 is a major lipid regulator of
the cytoskeleton and PA is an essential building block leading
to PI(4,5)P2 synthesis (Figure 1). In an alternative pathway,
PA stimulates the phospholipid kinase PI4P5K, leading to the
phosphorylation of the membrane phospholipid PI(4)P and the
formation of PI(4,5)P2 (Honda et al., 1999). In consequence, PA
potentially regulates the activity of the three mammalian PI4P5K
isozymes that have been described to control actin cytoskeleton
reorganization (van den Bout and Divecha, 2009; Roach et al.,
2012). Finally, PA levels regulate membrane localization and
activity of PKC isoforms α, ε and ζ, all of which are known
to affect the morphology of the actin cytoskeleton (Jose Lopez-
Andreo et al., 2003).

It is also worth noting that direct interaction of PA with actin-
binding proteins has been suggested. Among those potential
candidates, the actin-binding protein vinculin known to be
involved in neurite outgrowth is a good example (Ito et al.,
1982; Johnson and Craig, 1995), but the specificity of these
observations remains to be firmly established, since vinculin also
binds to other negatively charged lipids, such as PI(4,5)P2.

Membrane Remodeling Events
The secretory pathways have evolved through the establishment
of specialized subcellular compartments dedicated to specific
biochemical tasks. Membrane trafficking events between
these compartments enable particular cells of complex
organisms to secrete informative molecules such as hormones,
cytokines, and neurotransmitters, for long distance inter-cellular
communication. In addition to dedicated and specialized protein
machineries, trafficking events of the regulated exocytosis
and endocytosis steps also involve remarkable membrane
rearrangements that rely on specific lipids (Ammar et al.,
2013b). Hence, the first direct molecular data suggesting
a role for PLD1-generated PA in hormone release were
obtained in chromaffin cells, where overexpression of PLD1,
injection of a catalytically-inactive PLD1 mutant (Vitale et al.,
2001) or PLD1 silencing (Zeniou-Meyer et al., 2007) affected
catecholamine release rates. Using similar approaches, PA
synthesized by PLD1 was also shown to govern the regulated
secretion of insulin from β-pancreatic cells (Waselle et al.,
2005), of von Willebrand factor from endothelial cells (Disse
et al., 2009), and acrosomal exocytosis from sperm cells (Lopez
et al., 2012; Pelletán et al., 2015). An additional contribution
for PA in secretion has been established during the early phase
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of azurophilic granules release in neutrophils triggered by
anti-neutrophil cytoplasmic antibodies (Williams et al., 2007).
Ultimately, different enzymes controlling PA metabolism such
as PLDs, LPAATs and DGKs have been proposed to regulate
neurotransmission in several neuronal models, suggesting that
PA regulates synaptic vesicle release and cycle (Humeau et al.,
2001; Schwarz et al., 2011; Tabet et al., 2016a,b; Raben and
Barber, 2017).

Intense membrane remodeling also occurs in specialized
phagocytic cells, such as in macrophages. Indeed, the ingestion
of pathogens, cell debris, or any other solid particle through the
formation of phagosomes requires plasma membrane extension
and either local lipid synthesis, transfer, or vesicular fusion.
PA synthesis by PLD2 has been shown to be important
for this early step of phagocytosis, while PA synthesis by
PLD1 appears to be also important for the later step of
phagosome maturation (Corrotte et al., 2006, 2010). Of
note, PA transfer from the ER to plasma membrane during
‘‘frustrated phagocytosis,’’ a model where macrophages are
plated on IgG-coated plates, has also been suggested to occur
from experiments using a combination of lipidomic analysis
performed on subcellular fractions and novel PA sensors (Kassas
et al., 2017). Furthermore, PA is involved in the invasion
and exit of infected cells by apicomplexan parasites (Bullen
et al., 2016). It was shown that PA is required for the
release of adhesins, perforins and proteases from specialized
organelles from these parasites called micronemes (Bullen et al.,
2016).

Additional intracellular trafficking events involving intense
membrane remodeling have also been shown to require
modification in PA levels. To cite only a few, we can also
mention that PA critically regulates vesicle budding from the
Golgi (Yang et al., 2008), autophagy (Holland et al., 2016), and
exosome release (Ghossoub et al., 2014). The mechanisms by
which PA promotes membrane rearrangements remain however
an unsolved issue (Figure 2). The first proposed mode of action
of PA in membrane remodeling may depends on its ability to
inducemembrane curvature and promote fusion, but its ability to
specifically regulate the activity of different proteins involved in
the vesicle docking and/or recruit crucial fusion proteins has also
been proposed (Tanguy et al., 2016, 2018). In a simplified model
for membrane fusion a mixture of lipids and proteins appear to
be crucial at the fusion site (Tanguy et al., 2016). In principle
the intrinsic negative curvatures of accumulating cone-shaped
lipids, such as PA in the inner (cis) leaflets of contacting bilayers,
should facilitate fusion of merging membranes. But it is worth
noting that the promotion of membrane fusion through local
modification ofmembrane curvature also appears to hold true for
other cone-shaped lipids such as cholesterol and DAG (Tanguy
et al., 2016). Reconstituted membrane fusion assays have been
valuable to dissect the role of individual components and on
this instance it is important to highlight that PA was observed
playing a unique role among cone-shaped lipids in a yeast vacuole
fusion assay, suggesting a more complex mode of action of
this lipid (Mima and Wickner, 2009). Furthermore, PA could
locally accumulate and form microdomains highly negatively
charged, which potentially serve as membrane retention sites for

FIGURE 2 | Different models for signaling activity of PA. (A) Local
accumulation of PA in a single leaflet of membrane generates negative
membrane curvature. (B) Local accumulation of PA generates local buildup of
negative charges that recruit PA effector-containing positively charged
domains. (C) PAPs transforms PA into DAG, another signaling lipid with
specific activity. (D) PA stimulates the activity of phosphatidylinositol
4-phosphate 5-kinase (PI4P5K), producing PI 4,5-bisphosphate (PI(4,5)P2),
an additional important signaling lipid.

several proteins key for exocytosis, such as the SNARE protein
syntaxin-1 (Lam et al., 2008), or other membrane remodeling
processes (Jenkins and Frohman, 2005). Finally, as a precursor
for DAG and PI(4,5)P2, both known to contribute to numerous
membrane remodeling events, PA could also have indirect
effects. All these potential contributions of PA in membrane
fusion have been reviewed elsewhere (Chasserot-Golaz et al.,
2010; Ammar et al., 2013b, 2014; Tanguy et al., 2016), but
solving the issue of the mechanistic role of PA in a given
membrane remodeling process requires probing these different
scenarios (Figure 2), which is now in need for novel methods
and tools.

Apoptosis, Survival, Growth, Proliferation
and Migration
Many survival signals including hormones and growth
factors activate PA synthesis through the stimulation of PLD
activity. Similarly, mitogenic signals trigger cell proliferation,
suppression of cell cycle arrest, and prevention of apoptosis. The
PLD–PA–Rheb–mTOR and the PLD–PA–MAP kinase pathways
are the two main downstream pathways of PLD involved in
mitogenic signals and have been described extensively (Foster,
2009). Obviously, future solving of the complex imbrication
of these pathways and understanding of the spatiotemporal
relationships between PA-generating enzymes, PA-binding
partners and PA itself will require development of more specific
tools and extensive work.
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NEUROLOGICAL DISORDERS
POTENTIALLY LINKED TO AN
ALTERATION OF PA LEVELS

In all organisms from yeast to mammals, PA was shown to
possess signaling activity (Jenkins and Frohman, 2005) and
a recent review highlights the apparent mystery of the many
roles of PA in plants (Pokotylo et al., 2018). In addition,
various PA-generating enzymes were shown to be involved in
an increasing number of neuronal pathologies, suggesting a
fundamental role of PA in the outcome of these neurodiseases
(Tanguy et al., 2018). In the next chapter, we will describe
four neuronal pathologies that may be the consequence, at least
partially, of an alteration in PA dynamics.

Fetal Alcohol Spectrum Disorders
The damaging effects of alcohol drinking during gestation on
the developing fetus are extremely well documented (Ehrhart
et al., 2018). Fetal alcohol spectrum disorders (FASDs) is a
generic term used to define the birth deficiencies that result
from prenatal exposure to alcohol that range from mild to
severe. These developmental defects on unborn infants have
lifelong physical, behavioral, and cognitive disabilities. As alcohol
consumption avoidance during pregnancy is in theory easy
to achieve, FASD is in fact considered as one of the largest
preventable forms of non-genetic birth disabilities associated
with intellectual incapacity.

Although the main effort remains prevention of alcohol
consumption during pregnancy, it is also important to
understand the underlying pathological mechanisms involved
in these effects of ethanol. In addition to the well-recognized
ethanol and acetaldehyde toxicity, alcohol intensifies oxidative
stress causing consequent effects such as DNA, protein and
membrane damages. Additionally, it has been known for over
three decades that in the presence of 1%–3% of ethanol, the two
best characterizedmammalian isoforms PLD1 and PLD2 catalyze
a transphosphatidylation reaction. In this case alcohol replaces
water during PC hydrolysis, and phosphatidyl alcohols are
formed at the expense of PA (Jenkins and Frohman, 2005). Thus,
in presence of ethanol, phosphatidylethanol is synthesized while
PA is not. Since it is likely that phosphatidylethanol cannot
replace PA as a signaling molecule, this was used as a trick to
‘‘inhibit’’ PLD activity (actually prevent PA production), but also
in assays to quantify PLD activity (Ammar et al., 2014). It was also
shown that ethanol inhibits the mitogenic downstream actions
of PA on neuron progenitors (Klein, 2005). Furthermore, it was
recently shown that both PLD1 and PLD2 strongly contribute to
astroglial proliferation induced by IGF-1 (Burkhardt et al., 2014).
Therefore, the perturbation of the IGF1-PLD signaling pathway
could, at least in part, explain the teratogenic effects of ethanol
observed in FASDs.

Neurological Cancers
Glioblastoma is the most frequent and aggressive brain cancer,
with an estimated incidence of near five novel cases per
100,000 persons every year in the USA and Europe. Nearly
200,000 persons die from glioblastoma every year worldwide.

It is a relatively difficult cancer to diagnose, as the symptoms
are mainly non-specific, including headache and nausea, but
leading to alterations of neurological functions such as speech,
vision, behavior and memory. Like for many cancer tissues,
elevated PLD activity was found in glioblastoma, suggesting that
an increase in PA levels is a cause and/or consequence of the
pathology (Park et al., 2009). At least part of the survival effect
of increased PLD activity on glioblastoma appears to involve
the Akt pathway (Bruntz et al., 2014). Interestingly, lipidomic
analyses revealed that PA levels are altered in the regions
that attract glioblastoma cells, indicating that PA levels control
the homing process of glioblastoma (Wildburger et al., 2015).
Undoubtedly, a better understanding of the multiple functions
of PA in brain tumor development and progression may help to
improve treatments and subsequently get a better prognosis for
this aggressive cancer.

Intellectual Disability Diseases
Intellectual disability diseases are a common state defined by
significant restriction in intellectual capacities and adaptive
behavior that happen during childhood, with an overall
intelligence quotient bellow 70 together with associated
reduction in social, daily living and communication skills.
These heterogeneous disease conditions affect 1%–3% of all
populations and are thought to result from multiple causes,
including environmental, chromosomal and monogenetic
alterations. Among the several hundreds of genes involved, some
affect brain development, neurogenesis, neuronal migration, or
synaptic function (Humeau et al., 2009). Below we will briefly
describe the data that support the notion of an alteration of PA
levels and/or dynamics in the Fragile-X syndrome (FXS) and the
Coffin-Lowry syndrome (CLS).

FXS is a neurodevelopmental pathology accountable for
the most common inherited form of intellectual infirmity and
autism spectrum disorder. It is generally the consequence of the
hypermethylation of CGG expansion repeats (>200) in the 5′

untranslated region of the FMR1 gene leading to transcription
silencing. In a recent study, we pointed DGK kinase-κ (DGKκ)
mRNA as the foremost target of Fragile Mental Retardation
Protein and found an alteration in PA synthesis in neurons
cultured from Fmr1-knockout mice after group 1 metabotropic
glutamate receptor (mGluRI) stimulation (Tabet et al., 2016a).
Silencing DGKκ in CA1 pyramidal neurons modified the
immature over mature spine ratio and like in the Fmr1-knockout
mouse phenotype, reduced LTP and increased LTD (Tabet et al.,
2016a). Moreover, the typical Fmr1-knockout mouse phenotype
on dendritic spine morphology was restored back to normal
after overexpression of DGKκ (Tabet et al., 2016a). Finally,
DGKκ silencing by shRNA in the mouse reiterated autistic
behaviors, such as impaired social interaction, hyperactivity
and altered nest-building very much like those seen in the
Fmr1-knockout mouse model (Tabet et al., 2016a). Based on
these observations, it was proposed that a major molecular
consequence of the loss of FMRP expression in FXS is to prevent
DGKκ translation, leading to an alteration in DAG and PA levels
in neurons (Tabet et al., 2016b). A main consequence of this
imbalance would be the alteration of the downstream signaling
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of DAG and PA required for maturation of dendritic spines and
establishment of correct synaptic plasticity (Moine and Vitale,
2018).

Loss of function mutations in the gene encoding Ribosomal
S6 Kinase 2 (RSK2) lead to CLS, a rare syndromic form of
mental retardation that shows X-linked inheritance. However,
the molecular bases of the major neuronal alterations of CLS,
such as moderate to severe defect in neurodevelopment, remain
indefinable. In agreement with the notion that PLD1-generated
PA is key to neurite outgrowth, we observed significant delayed
in Pld1 knockout neuron maturation (Ammar et al., 2013a).
These observations were as well found in a mouse model for CLS
syndrome since Rsk2 knockout neurons exhibited developmental
delay (Ammar et al., 2013a). Furthermore, RSK2 phosphorylates
PLD1 at threonine 147 when exocytosis was triggered (Zeniou-
Meyer et al., 2008) or during neurite outgrowth (Ammar et al.,
2013a) in PC12 cells. A specific sensor for PA revealed an increase
in PA levels at the tips of growing neurites in neurons resulting
from PLD1 activation (Ammar et al., 2013a). Interestingly,
PLD1 was found to be associated with BDNF positive endosomes
(Ammar et al., 2015) and with vesicular structures derived
from the trans Golgi, co-labeled by the vesicular SNARE
VAMP-7/TiVAMP (Ammar et al., 2013a). The fusion efficiency
of these PLD1/VAMP-7 vesicles in the growth cone was
severely impaired by RSK2 and PLD1 inhibitors, suggesting
that both PLD1 and RSK2 are necessary for membrane
provision needed during neurite outgrowth (Ammar et al.,
2013a). Accordingly, co-immunoprecipitation and confocal
colocalization experiments indicated that RSK2 and PLD1 are
found in a complex at the tip end of growing neurites,
supporting the observation of an increased PA level at this
location (Ammar et al., 2013a). Altogether, these results
have highlighted the importance of PA-mediated membrane
trafficking in neurite outgrowth and a key role of RSK2 in
PA synthesis during this process, by phosphorylation and
subsequent activation of PLD1. In consequence, it has been
proposed that at least some of the clinical consequences of
the CLS might result from an inadequate PA production
during neuronal development and function (Zeniou-Meyer et al.,
2010).

Neurodegeneration
It is becoming more and more evident that human
neurodegenerative diseases such as Alzheimer disease (AD)
also have a critical lipidic feature in their outcome. This
aspect has been first pointed out by the susceptibility of the
ApoE4 allele to AD, but more recently PLDs have also been
proposed to contribute to the development of the pathology. It
was first shown that PLD1 is involved in the vesicular trafficking

of βAPP (Cai et al., 2006) and later that increased expression
of APP promoted PLD activity in human astroglioma cells
(Jin et al., 2007). Although highly debated, the observation
that a rare variant of PLD3 gene confers susceptibility to
AD has put PLD and PA on the spotlight (Cruchaga et al.,
2014; Heilmann et al., 2015; Lambert et al., 2015; van der Lee
et al., 2015). The most compelling evidence that defects in
PA production by PLDs are involved in AD comes from an
elegant study combining detailed lipidomics with behavioral
tests in mouse models. In this study, the authors found that
PLD2 knockout fully rescued AD-related synaptic dysfunction
and cognitive deficits in a model of AD (Oliveira et al., 2010).
The exact nature of the PA imbalance in AD awaits however
to be fully defined and the possibility to interfere with AD
condition by correcting this imbalance is probably very far from
reach.

CONCLUSION

The diversity of mechanisms of PA signaling and physiological
functions mostly relies on the fact that PA is synthesized
by a complex set of different enzymes involved in diverse
array of pathways. PLDs, DGKs, and LPAATs each constitute
a big collection of isoenzymes differently localized within
cells and displaying cell type specificity. In fact, the specific
subcellular distribution, regulation, and/or substrate preferences
of these enzymes probably account for the heterogeneity of PA
composition in membranes. These aspects, altogether with the
capacity of PA-binding modules in proteins to sense the local
membrane environment and the type of PA species, offer a hub
for the functional diversity of PA from molecular and cellular
to physiological functions. There is no doubt that advanced
lipidomics in combination with novel imaging tools to follow
PA’s dynamics will help to gain a better understanding of the
apparent paradox of the abundance of function of this simple
lipid. Further understanding of the biophysical side of PA’s
action on membranes is also critically needed to provide novel
ideas for the treatment of the growing number of neuronal
pathologies linked to the alterations of PA metabolism.
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Abstract
Lipids play a vital role in numerous cellular functions starting from a structural
role as major constituents of membranes to acting as signaling intracellular or
extracellular entities. Accordingly, it has been known for decades that lipids,
especially those coming from diet, are important to maintain normal physiologi-
cal functions and good health. On the other side, the exact molecular nature of
these beneficial or deleterious lipids, as well as their precise mode of action, is
only starting to be unraveled. This recent improvement in our knowledge is
largely resulting from novel pharmacological, molecular, cellular, and genetic
tools to study lipids in vitro and in vivo. Among these important lipids,
phosphatidic acid plays a unique and central role in a great variety of cellular
functions. This review will focus on the proposed functions of phosphatidic acid
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generated by phospholipase D in the last steps of regulated exocytosis with a
specific emphasis on hormonal and neurotransmitter release and its potential
impact on different neurological diseases.

Keywords
Exocytosis · Lipid · Neuroendocrine · Neuron · Phosphatidic acid ·
Phospholipase D

1 Introduction

Complex organisms have evolved through their capacity to maintain global homeo-
stasis. This is usually achieved by numerous cellular processes, of which some
require cells to get information from distant cells/organs. Hence, a specific mecha-
nism called regulated exocytosis allows cells to tightly control the release of
informative molecules in the extracellular space before they are transported to the
target cells/organs. Over the last three decades, considerable insight in this process
has been gained through the study of neurotransmitter and hormonal release from
neurons and neuroendocrine cells, respectively. As such, the chromaffin cell model,
largely described in this review, has been very valuable to delineate the different
steps of exocytosis (Bader et al. 2002). The regulated secretory pathway begins in
the Golgi apparatus with the formation of specific vesicular structures called
synaptic vesicles or dense-core secretory granules that are progressively filled with
neurotransmitters, hormones, or neuropeptides to be secreted. After their biogenesis,
these secretory vesicles are matured during their transport toward specific regions at
the cell periphery, where their journey ends by the fusion with the plasma membrane
and vesicular content release into the extracellular space, generally following a rise
in cytosolic calcium (Burgess and Kelly 1987). This final stage of the secretory
process, known as regulated exocytosis, implies successive docking and the priming
of mature granules before merging of vesicular and plasma membranes to enable
partial or total release of the secretory vesicle content.

It has been proposed that depending on physiological demand, at least three
distinct modes of release co-exist: (1) the so-called “kiss-and-run” mode, when
small molecules such as hormones and neurotransmitters are released through a
narrow fusion pore, while larger molecules such as neuropeptides are retained in the
vesicle; (2) vesicle cavity capture (cavicapture), in which dilation of the fusion pore
permits partial release of large molecules but the omega shape of the fusing granule
is maintained before closure; and (3) full collapse, wherein the vesicles flatten out in
the plane of the plasma membrane, losing their round shape and completely empty-
ing their contents (Taraska et al. 2003; Fulop and Smith 2006; van Kempen et al.
2011). It must be noted that the physiological importance of these different modes of
secretion remains to be established and the molecular mechanisms that control the
transition between these different modes identified.
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Most studies on calcium-regulated exocytosis have focused on the minimal
molecular machinery, which involves the formation of a tripartite soluble N-
ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex
between vesicular and plasma membrane proteins (Jahn and Fasshauer 2012).
However, since exocytosis ends by the fusion of two membrane compartments, it
is likely that lipids also play a leading role (Tanguy et al. 2016). In the following
sections, we review observations detailing the functional roles performed during
exocytosis by the simplest glycerophospholipid naturally existing in all-living
organisms, phosphatidic acid (PA), and consequently its potential implication in
neurological disease. Indeed, although it constitutes only a minor fraction of the total
cell lipids, PA has attracted considerable attention for being both a lipid second
messenger and a modulator of membrane shape.

2 The Different Sources of Phosphatidic Acid

The pleiotropic functions of PA are the direct consequence of its very simple
chemical structure, consisting of two acyl chains linked by ester bonds to glycerol,
whose remaining hydroxyl group is esterified with a phosphomonoester group.
Hence, the small phosphate headgroup of PA provides a cone-shaped structure
generating flexibility and negative curvatures in the context of a lipid bilayer. In
addition, the negatively charged phosphomonoester headgroup of PA can carry one
or two negative charges, depending on pH and surrounding lipids, and thus can assist
in the recruitment of positively charged molecules to membrane surfaces.

There are four major routes of cellular PA production in mammals. Structural PA
is synthesized through two acylation reactions: the glycerol 3-phosphate (G-3-P)
pathway and the dihydroxyacetone phosphate (DHAP) pathway leading to lysoPA
(LPA), a mono-acylated form of PA (Fig. 1a). LPA is subsequently transformed in a
second acylation step into PA (Vance and Vance 2004) (Fig. 1a). PA generated from
these de novo pathways is a key intermediate in the synthesis of all triacylglycerols
and glycerophospholipids, as it is rapidly converted by phosphatidic acid phospho-
hydrolase (PAP) to diacylglycerol (DAG), which represents a major source for the
biosynthesis of these lipids (Vance and Goldfine 2002) (Fig. 1a). Furthermore, PA
can be degraded by CDP-DAG synthetase into CDP-diacylglycerol, which is
directly used as substrate for the synthesis of phosphatidylinositol (PI), phos-
phatidylglycerol (PG), and cardiolipin (CL) (Fig. 1a). Finally, the many isoforms
of phospholipase A (PLA) can deacylate PA into LPA (Fig. 1a). Three alternative
biosynthetic pathways use distinct lipid precursors to produce what is called “sig-
naling” PA. The first pathway involves the phosphorylation of DAG using ATP as a
phosphate source by DAG kinase (DGK) to produce PA (Fig. 1a). Ten isoforms of
mammalian DGK (α, β, γ, δ, η, k, ε, ζ, ι, and θ) have been cloned, characterized, and
classified in five subtypes sharing a conserved catalytic domain and at least two
cysteine-rich domains (Topham 2006). The second pathway involves acylation of
LPA by specific lysoPA acyltransferases (LPAAT) to generate PA (Jenkins and
Frohman 2005) (Fig. 1a). Six human LPAAT isoforms have been cloned and
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characterized (Leung 2001), but more proteins displaying LPAAT activities have
been recently identified. For instance, the protein RIBEYE in synaptic ribbon
possesses LPAAT activity, providing PA for ultra-fast synaptic release (Schwarz
et al. 2011). The third pathway involves phospholipase D (PLD), which catalyzes the
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Fig. 1 PA synthesis modifies membrane topology. (a) Biosynthetic pathways of structural and
signaling PA. PA is a central phospholipid for biosynthetic and signaling reactions. Enzymes in
orange denote biosynthetic reactions that lead to structural PA synthesis, whereas enzymes involved
in formation of signaling pools of PA are shown in blue. Enzymes involved in PA catabolism are
shown in green. (b) Phosphatidylcholine hydrolysis by PLD and modification in lipid geometry.
The cylindrical PC is transformed into conical PA by enzymatic PLD activity. The accumulation of
cone-shaped PA creates regions of negative membrane curvature. Of note, PA exists in a single or a
double negative charge mode depending on the local pH environment
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hydrolysis of the distal phosphodiester bond in phosphatidylcholine (PC) to form PA
and choline (Fig. 1a). Six isoforms of PLDs have been identified based on sequence
homology, but PLD1 and PLD2 are the major isoforms characterized, while thus far
no direct PLD activity per se has been demonstrated for PLD3-5 (Frohman 2015).
The complexity and diversity of PLD, DGK, and LPAAT families suggest that they
are involved in various specific cellular functions and are probably not redundant. In
general, signaling PA generated from these enzymes is implicated in multiple cell
functions such as cytoskeleton organization, cell survival and proliferation, and
membrane and vesicle trafficking (Nelson and Frohman 2015). Intriguingly PC to
PA conversion by PLD transforms a cylindrical phospholipid into a conical one
(Fig. 1b). Furthermore PA has been shown to produce negative membrane curvature
through X-ray diffraction studies (Kooijman et al. 2005). Since biophysical models
have proposed that intermediates of the membrane fusion reaction require such cone-
or inverted cone-shaped lipid, a direct role of PA as a fusogenic lipid has been
proposed (Vitale 2010).

3 A Fusogenic Role of PLD-Generated Phosphatidic Acid
in Membrane Fusion

The first elements in favor of a role for PA in regulated exocytosis came from
experiments showing a correlation between PLD activation and secretory activity in
HL60 cells (Xie et al. 1991; Stutchfield and Cockcroft 1993). Furthermore
1-Butanol, an inhibitor of PA accumulation through the PLD pathway, also strongly
affects exocytosis in a number of different cell types (Xie et al. 1991; Stutchfield and
Cockcroft 1993; Caumont et al. 1998; Choi et al. 2002). Later, molecular tools
established that PLD1 is a key isoform responsible for PA synthesis during cate-
cholamine and insulin secretion (Vitale et al. 2001; Hughes et al. 2004; Huang et al.
2005; Waselle et al. 2005). Accordingly, capacitance recordings from chromaffin
cells injected with a dominant-negative form of PLD1 or expressing PLD1 siRNA
indicated that PLD1 controls the number of fusion-competent secretory granules
docked at the plasma membrane as well as the kinetics of individual fusion events
(Vitale et al. 2001; Zeniou-Meyer et al. 2007). Using similar tools, PLD1-generated
PA was also reported to contribute actively to the regulated secretion of von
Willebrand factor from endothelial cells (Disse et al. 2009). Phagocytosis is another
important physiological process that depends on exocytosis of intracellular vesicles.
Indeed macrophages engulf and degrade pathogens after generation of extensive
plasma membrane protrusions, coming in part from different intracellular membrane
compartments. This highly regulated process requires PLD2 activity at the plasma
membrane for PA synthesis at the phagocytotic cup, as well as PLD1 activation
required for the fusion of intracellular PLD1-positive vesicles with the plasma
membrane (Corrotte et al. 2006). Another documented role for PA in secretion
relates to the induction of neutrophil exocytosis of azurophilic granules by anti-
neutrophil cytoplasmic antibodies (Williams et al. 2007). In apicomplexan parasites,
such as Toxoplasma gondii and Plasmodium spp., specialized organelles termed
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micronemes release their contents including adhesins, perforins, and proteases in a
PA-dependent manner, critically contributing to invasion and egress from infected
cells (Bullen et al. 2016). Sperm acrosome exocytosis also appears to be regulated by
PA (Lopez et al. 2012). It must be noted, however, that in the latter case, it is rather
DGK-produced PA that is important than PLD-synthesized PA. Nevertheless these
results strongly support the notion that PLD-generated PA plays an important role in
the last stages of exocytosis but that other sources can also provide PA for efficient
secretion.

Many observations support the notion that lipids, in addition to localizing essen-
tial components of the exocytotic machinery, also directly contribute to the fusion
reaction. The most widely accepted model for membrane fusion involves a combi-
nation of protein and lipid elements at the fusion site. It entails the merging of
cis-contacting monolayers, leading to the formation of a specific negatively curved
lipid structure called the stalk (Chernomordik and Kozlov 2008). The stalk in this
case results from the merging of the inner leaflet of the plasma membrane with the
outer leaflet of the vesicle prior to fusion pore formation. Cone-shaped lipids, such as
PA, have been proposed to facilitate fusion through their intrinsic negative
curvatures when accumulated in the inner (cis) leaflets of the contacting bilayers
(Fig. 1b). Indeed the property of PA to generate non-bilayer hexagonal II phase
membrane domains, particularly in the presence of calcium ions, is well documented
(Jouhet 2013). This is important for exocytosis where vesicles have a large positive
curvature and the formation of non-bilayer phases may help to lower the energy
needed for fusion (Kozlovsky et al. 2002).

In addition to changing membrane topology, PA is unique among anionic lipids
because of its small and highly charged headgroup very close to the glycerol
backbone. PA tends to formmicrodomains through intermolecular hydrogen bonding
(Boggs 1987; Demel et al. 1992). A partial reduction in charge (e.g., upon divalent
cation interaction) reduces electrostatic repulsion between the PA headgroups and
increases attractive hydrogen-bonding interactions, possibly resulting in fluid-fluid
immiscibility and the formation of PA-enriched microdomains (Garidel et al. 1997).
These highly charged microdomains may induce conformational changes in
associated proteins (Iversen et al. 2015) and serve as membrane insertion sites for
numerous proteins important for exocytosis that tend to accumulate at regions of
membrane curvature (Jung et al. 2010; Martens 2010). More directly, PA has been
proposed to contribute tomany biological processes through its ability to interact with
the positively charged domains of numerous proteins (Jenkins and Frohman 2005).
PA can also directly serve as source for other lipids, such as DAG, that play positive
function in exocytosis. Finally PA stimulates PI kinase to produce PtdIns(4,5)P2,
another key lipid needed for exocytosis (Jones et al. 2000). In fact, it is likely that PA
is a critical lipid in any given physiological event through a combination of these
functions (Fig. 2).

The biophysical properties of PA also imply that it should rapidly disperse within
planar membranes. One possible explanation for the accumulation of PA at the
exocytotic site is the occurrence of a PA-binding site that prevents PA diffusion.
Such binding of PA to a protein with a highly basic motif has been reported for the
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plasma membrane-associated SNARE protein syntaxin-1 (Lam et al. 2008) and for
NSF (Jang et al. 2013). A mutation in the polybasic juxtamembrane region of
syntaxin-1, which prevents binding to acidic phospholipids such as PA, strongly
affects the exocytotic response of chromaffin and PC12 cells, suggesting that
PA-binding may be required for the function of syntaxin-1 (Lam et al. 2008).
Furthermore, the X-ray structure of this polybasic region of syntaxin-1 confirms
that it is important for SNARE complex assembly and that a lipid such as PA may
stabilize its orientation (Stein et al. 2009). This idea is further underscored by the
observation that cone-shaped lipids that promote negative membrane curvature
purify with active zone SNARE proteins (Lewis et al. 2014). Finally the strongest
evidence for a direct role of PA in membrane fusion derives from in vitro
reconstituted assays that revealed that PA present in a t-SNARE-containing
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Fig. 2 Model of how PA drives signaling events. (a) Local accumulation of PA generates negative
membrane curvature or (b) membrane-dependent enzymatic activity such as for interfacial activa-
tion of lipases. (c) Specific curvature-sensing proteins are recruited to PA-induced membrane
curved domains. (d) Clusters of PA create local negatively charged regions that recruit PA
effectors containing positively charged domains. (e) PA-phosphatases (PAP) convert PA into
DAG, another signaling lipid. (f) PA potentiates the activity of PI4P5-kinase, producing PtdIns
(4,5)P2, another key signaling lipid
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membrane promoted fusion with a v-SNARE-containing membrane (Vicogne et al.
2006) and studies involving a liposomal flotation assay for fusion with purified yeast
vacuolar SNARE chaperones Sec17p/Sec18p and the multifunctional HOPS com-
plex with the Sec1-Munc18 family. In the latter assay, PAwas one of the lipids shown
to be critical for SNARE complex assembly and fusion (Mima and Wickner 2009).

Intracellular PA levels are tightly controlled, i.e., PA is maintained at very low
levels under resting conditions. Visualization of the local formation of PA has
necessitated the design of a novel PA-specific sensor derived from the yeast homo-
logue of SNAP25. Ultrastructural analysis revealed PA accumulation near docking
sites at the plasma membrane during exocytosis in chromaffin cells (Zeniou-Meyer
et al. 2007). Supporting the notion that the intrinsic curvature of PA in the inner
leaflet of the plasma membrane contributes to the regulation of fusion pore formation
and/or expansion, extracellular application of the inverted cone-shaped lipid lyso-
phosphatidylcholine (LPC) partially rescued secretion from PLD1-depleted cells
(Zeniou-Meyer et al. 2007). Interestingly, low levels of PA before exocytosis are
probably maintained, since the major source of PA during exocytosis is low-level
basal activity PLD1 (Vitale et al. 2001; Hughes et al. 2004). In fact, a complex node
of GTPases including Arf6 (Vitale et al. 2002; Béglé et al. 2009), Ral A (Vitale et al.
2005), and Rac1 (Momboisse et al. 2009) and their own regulators (Audebert et al.
2004; Meyer et al. 2006), but also the kinase RSK2, involved in X-linked mental
retardation (Zeniou-Meyer et al. 2008), and PtdIns(4,5)P2 itself (Du et al. 2003),
appear altogether to control PLD1 activation for efficient exocytosis in chromaffin
cells. Similarly regulators such as Arf6, RalA, and PtdIns(4,5)P2 have also been
identified in the activation of PLD as required for insulin secretion (Grodnitzky et al.
2007; Ljubicic et al. 2009; Waselle et al. 2005).

In conclusion the local buildup of fusogenic lipids such as PA together with other
key lipids such as PtdIns(4,5)P2, DAG, and cholesterol presumably at the neck or
near the fusion pore may synergize by changing membrane curvature, together with
SNARE-mediated membrane apposition and destabilization, to promote fusion pore
formation and/or regulate its stability. The recent development of isoform-specific
inhibitors will most likely prove to be useful to define more precisely steps con-
trolled by PLD-generated PA. In addition, the precise localization of these different
fusogenic lipids during the short-lived fusion pore formation, expansion, and closure
is still unknown and needs important improvement in high-resolution imaging
techniques and lipid probes to be adequately addressed. It must be also noted that
the contribution of PA in early steps of the secretory pathway have not been as well
investigated (Gasman and Vitale 2017). For instance, recent findings suggest that
PLD-generated PA mostly affects docking and priming in sea urchin egg fusion
(Rogasevskaia and Coorssen 2015) and as well is involved in early steps of sperm
acrosomal exocytosis (Lopez et al. 2012).
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4 A Role for PLD-Generated PA in Neurological Diseases?

Numerous lipids have been shown to be involved in pre- and post-synaptic functions
and neurological diseases (Lauwers et al. 2016). PLD1 largely localizes to neurons
in the central nervous system but is also present in oligodendrocytes, while PLD2 is
largely found in astrocytes (Kim et al. 2010; Rohrbough and Broadie 2005; Zhang
et al. 2004). However, the expression of PLD isoforms in the brain has been
relatively controversial in regard to the cell type, isoform expression, and pattern
of expression throughout development (Klein 2005). In fact, only a few recent
papers have reported the time course of PLD1 expression in maturing neuronal
cell cultures, with optimal expression at DIV5-6, then decreasing by more than 50%
(Zhu et al. 2012) or 80% (Ammar et al. 2015). It is likely that the relative uncertainty
of the PLD isoform expression pattern relies from the limited quality of the anti-PLD
antibodies available and from the different types of neuronal culture used in these
studies. To date, the strongest evidence that PLD1 may be involved in neurotrans-
mission comes from experiments where injection of catalytically inactive PLD1
protein into presynaptic cholinergic neurons in the buccal ganglion of Aplysia
californica led to a fast and dose-dependent inhibition of acetylcholine release,
suggesting that a rapid exchange of inactive dominant-negative PLD1 for wild-
type PLD1 causes a dramatic decrease in the amount of exocytosis (Humeau et al.
2001). These results support the notion that PLD1 generates PA-rich microdomains
that recruit or activate proteins required for synaptic vesicle fusion with the plasma
membrane (Humeau et al. 2009). These PA-rich domains might also physically bend
the membrane to promote mixing of the lipids in the plasma and vesicle membranes
during fusion as described previously. Since null mutations in RSK2, a kinase that
regulates PLD1 activity, are responsible for the symptoms of the Coffin Lowry
Syndrome disease, it has been proposed that alteration of PLD1 activation could
explain the intellectual disabilities of patients through at least partially inhibiting
neurotransmitter exocytosis (Zeniou-Meyer et al. 2008, 2010). Conversely, PLD2
has been implicated in the modulation of glutamate transporter function (Mateos
et al. 2012) and the internalization of mGluR (Bhattacharya et al. 2004), both of
which could potentially affect synaptic activity. Alteration of the DAG-PA balance
could also be responsible for some of the cellular and behavioral symptoms observed
in a mouse model of fragile X disease (Tabet et al. 2016a, b).

In the presence of low amounts of ethanol, PLD produces phosphatidylethanol at
the expense of PA. So although ethanol does not inhibit PLD activity per se, it has
long been used as disruptor of signaling pathways that involve PLD activation
(Frohman 2015). As indicated above, PA is a lipid second messenger in its own
right, with several downstream targets that relate to cell proliferation. Ethanol, on the
other hand, has long been known to suppress proliferation of brain cells, especially
astrocytes in vitro and in vivo. Astrocytes are more sensitive than neurons to ethanol,
at least concerning proliferation. Thus, the inhibition of astroglial proliferation by
ethanol has been suggested to be responsible for some features of fetal alcohol
syndrome. Children born from heavy-drinking pregnant women have characteristic
facial features and reduced brain and body weights, with microcephaly indicating a
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delay in growth and maturation of the brain (Guerri and Renau-Piqueras 1997;
Guizzetti et al. 1997). As numerous studies have validated the activation of PLD
in the brain by mitogenic and growth factors, it is likely that PLD1/2-generated PA
plays an important role in normal brain development and that alteration of these PLD
activities is responsible for some of the brain developmental pathologies.

In addition to its effect on cell proliferation, PLD is also likely to play a role in
neuronal development by promoting extension of neurites. PLD activity has been
implicated in neurite outgrowth in various neuronal models for over two decades, but
most of the original findings relied on the use of ethanol as a non-specific inhibitor of
PA synthesis, and in most cases the PLD isoform involved was not identified (Klein
2005). Using a combination of knockout mice, a gene-silencing approach, and the
recently described isoform-specific PLD inhibitors, it has more recently been
demonstrated that PLD1 contributes to neurite outgrowth, dendrite branching, and
spine development (Ammar et al. 2013). It is also worth mentioning that the GTPase
RalB promotes neuronal branching through a pathway involving PLD (Lalli and Hall
2005). Conversely, however, using different methods to modulate protein levels and
neuronal type, PLD1 has been described to negatively regulate dendritic branching in
hippocampal neurons (Zhu et al. 2012). Interestingly, PLD1 was recently shown to
participate in the BDNF signaling pathway in cortical neurons, supporting the notion
of neuronal development regulation by PLD (Ammar et al. 2015).

The data discussed above implicate the PLD pathway in brain development, but
PLD-generated PA has also been shown to be involved in neurodegeneration. Indeed,
increased PLD activity has been found in Alzheimer brains postmortem (Kanfer et al.
1996), and other studies have noted that β-amyloid increases PLD expression and
activity (Klein 2005). Moreover, synucleins, which are present in amyloid plaques in
Alzheimer’s disease and in Parkinson’s disease, interact with and inhibit PLD (Jenco
et al. 1998; Ahn et al. 2002; Payton et al. 2004). However, mass spectrometry analysis
of Huntington’s disease mouse brains reveals modification of the levels of few PA
species (Vodicka et al. 2015). Of note, it was recently suggested that α-synuclein may
cross-bridge vesicular SNARE and acidic phospholipids such as PA to facilitate
SNARE-dependent vesicle docking, suggesting a possible link between these
diseases and alteration of vesicular trafficking regulated by PLD (Lou et al. 2017).
Furthermore both oxidative and antioxidative compounds have been reported to
modulate PLD activity in neuronal and glial cells (Oh et al. 2000; Servitja et al.
2000; Kim et al. 2004a, b). Interestingly, PLD1 appears to regulate the intracellular
trafficking of preselinin 1/γ-secretase (Liu et al. 2009), while the memory deficit in a
transgenic model of Alzheimer disease was rescued when the PLD2 gene was ablated
(Oliveira et al. 2010). In line with this finding, lipidomic analysis revealed that levels
of several PA species were modified in this mouse model and in Alzheimer’s disease
brain patients (Oliveira et al. 2010). PLD activities were also investigated in acute
neurodegeneration induced by brain ischemia. In vitro, acute hypoxia did not change
PLD activity in hippocampal slices (Klein et al. 1993), but global ischemia in vivo
diminished PLD activity in rat brain (Nishida et al. 1994). A massive increase in
PLD1 expression was observed in reactive astrocytes from the hippocampus at 7 to
10 days after forebrain ischemia in vivo (Lee et al. 2000). Increased PLD expression
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apparently accompanies astrogliosis, repair, and remodeling of tissue after ischemia,
and astrogliosis during inflammation could underlie increased PLD1 expression in
scrapie-infected mouse brain (Jin et al. 2005) and in sciatic neurons during experi-
mental autoimmune neuritis (Shin et al. 2002). Prenatal stress induces brain
abnormalities of the offspring, with disruption of dendritic profiles, spine distribution,
and adult neurogenesis, all of which can lead to pain hypersensitivity that is depen-
dent on PLD1 signaling (Sun et al. 2013). Finally, compression injury of rat spinal
cord (Jung et al. 2010), cryoinjury in rat cortex (Kim et al. 2004a), and kainate-
induced seizures in rat hippocampus (Kim et al. 2004c) lead to increased PLD activity
in astrocytes. Taken together, these pioneer studies contributed to the notion that PLD
expression and activity accompany normal brain development and remodeling and
that alterations of PLD-generated PA levels correlate and/or are directly responsible
for different human neurological diseases. It is evident that understanding the exact
role of PA in these pathologies remains the next challenge.

5 Conclusion

The last two decades have seen generation of substantial evidence that PA
synthesized by different enzymatic pathways contributes to normal and pathological
conditions. Among these strong indications is a direct contribution of PLD-generated
PA in the last steps of regulated exocytosis, a key process that allows cells to release
informative molecules such as hormones, neurotransmitters, and neuropeptides.
Despite our increased understanding, the exact molecular steps affected and targets
of PA action are still elusive. In addition, recent lipidomic analyses have revealed
that, based on their fatty acid composition, three to four dozen distinct species of PA
co-exist in most cells (Andreyev et al. 2010; Kassas et al. 2017; Oliveira et al. 2010).
The function of each of these PA species, however, remains completely unknown.
Therefore, the development of novel tools to further decipher the role of each PA
species in regulated exocytosis, neurological diseases, and many other key cellular
functions is now required. This is especially important as membrane-lipid therapies
are expected to become new efficient treatments for many human pathologies
(Escribá 2017).
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Abstract – Although originally restricted to their structural role as major constituents of membranes, lipids
are nowwell-defined actors to integrate intracellular or extracellular signals. Accordingly, it has been known
for decades that lipids, especially those coming from diet, are important to maintain normal physiological
functions and good health. This is especially the case to maintain proper cognitive functions and avoid
neuronal degeneration. But besides this empiric knowledge, the exact molecular nature of lipids in cellular
signaling, as well as their precise mode of action are only starting to emerge. The recent development of
novel pharmacological, molecular, cellular and genetic tools to study lipids in vitro and in vivo has
contributed to this improvement in our knowledge. Among these important lipids, phosphatidic acid (PA)
plays a unique and central role in a great variety of cellular functions. This article will review the different
findings illustrating the involvement of PA generated by phospholipase D (PLD) and diacylglycerol kinases
(DGK) in the different steps of neuronal development and neurosecretion. We will also present lipidomic
evidences indicating that different species of PA are synthesized during these two key neuronal phenomena.

Keywords: exocytosis / neuroendocrine / neuron / phospholipase D / phosphatidic acid

Résumé – Différentes formes d’acide phosphatidique sont produites au cours de la croissance
neuronale et la neurosécrétion. Bien qu’originalement restreints à leur rôle majeur de constituants
principaux des membranes, il est maintenant communément admis que certains lipides possèdent également
une fonction importante d’intégration des signaux intra- ou extra-cellulaires. En accord avec cette notion,
cela fait des décennies qu’il est reconnu que les lipides, principalement via l’alimentation, jouent un rôle
crucial dans le maintien de l’homéostasie de nombreuses fonctions physiologiques et dans la santé humaine
au sens large. Ceci est particulièrement le cas pour la conservation d’un niveau optimal des fonctions
cognitives et pour lutter contre la dégénérescence neuronale. Toutefois, malgré ces connaissances
empiriques, la nature exacte des lipides impliqués, ainsi que les mécanismes d’action mis en jeu peinent à
émerger. Le développement récent de nouveaux outils génétiques, moléculaires, et pharmacologiques pour
étudier les lipides in vitro et in vivo permettent à présent d’améliorer nos connaissances. Parmi ces lipides,
l’acide phosphatidique joue un rôle particulier et central dans diverses fonctions cellulaires essentielles. Cet
article résume les observations récentes qui illustrent que l’acide phosphatidique, produit par deux voies
enzymatiques distinctes impliquant les phospholipases D et les diacylglycérol-kinases, est impliqué dans le
développement neuronal et la neurosécrétion. Pour finir, nous présentons des résultats d’analyses
lipidomiques qui indiquent que différentes formes de l’acide phosphatidique sont produites au cours de ces
deux processus neuronaux majeurs.

Mot clés : acide phosphatidique / exocytose / neuroendocrine / neurone / phospholipase D
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1 Introduction

Normal brain function requires the establishment of
specific neuronal networks mediated by synapses (i.e.
structures allowing chemical or electrical communication
between neurons). Indeed, during their development, neurons
exhibit various morphological and structural changes includ-
ing axon and dendrite outgrowth, dendritic branching and
ramification and spine development that ultimately allow
synapse formation and maintenance, which are critical events
in the establishment of neuronal networks (Dotti et al., 1988).
Further, neuronal development and maturation require plasma
membrane expansion and rearrangement provided essentially
by two membrane trafficking mechanisms: exocytosis and
endocytosis (Gasman and Vitale, 2017). In a first part,
exocytosis supports intracellular membrane supply required
for the plasma membrane enlargement as well as neuro-
trophines receptor and neuronal adhesion molecules mem-
brane expression that insure synapse formation and
maintenance (Sytnyk et al., 2017). In a second part,
endocytosis insures intercellular signal integration required
as well for synaptic formation and specificity. Moreover,
membrane lipids composition has emerged as an important
player during membrane trafficking and cell signaling. Further,
it is tempting to speculate that specific lipids and their
dynamics are critically important for membrane reorganization
and neuronal development.

Among all the lipids, phosphatidic acid (PA) appears to
have a particular function in these membrane-related
phenomena’s. PA is the simplest glycerophospholipid and
plays a key structural role as a precursor of most
glycerophospholipids, but it is also considered as an important
player in the transmission, amplification and regulation of a
variety of intracellular signaling and cellular functions
(Ammar et al., 2014). At the molecular level, this signaling
PA could interact with various proteins to modulate their
catalytic activity and/or their membrane association including
GTPases, kinases, phosphatases, nucleotide binding proteins
and phospholipases (Ammar et al., 2013a, 2014). Furthermore,
many PA partners have been involved in the modulation of
actin dynamics and membrane trafficking as well as neuronal
development. In this article, we will describe and discuss our
observations suggesting that PA contributes to the cellular and
molecular mechanisms that govern neuronal development and
neurosecretion. Moreover, we will present our recent findings
suggesting that various PA species are differently synthetized
during neurite outgrowth and neurosecretion.

2 PA is involved in neurosecretion

The PA biosynthetic pathway involves mostly three
families of enzymes (Fig. 1): phospholipases D (PLD),
diacylglycerol kinases (DGK), and lysophosphatidic-acyl-
transferases (LPAAT), which has made difficult accurate
modulation of cellular PA to evaluate its contribution to
neuronal function. Use of ethanol as an inhibitor of PA
synthesis by PLD was at first probably the most used approach
and has led to the notion that PLD-generated PA plays a role in
various membrane trafficking events, especially during
endocytosis and regulated exocytosis in different cell types

including chromafin cells, neurons, epithelial and mast cells
(Caumont et al., 1998; Bader and Vitale, 2009; Ammar et al.,
2013a; Kassas et al., 2017; Tanguy et al., 2016,2018).
Molecular tools and pharmacological inhibitors of PLDs have
indicated that among PLDs, PLD1 is the isoform mostly
involved in membrane trafficking. It must be noted however,
that DGK-generated PA has been reported to be involved as
well in membrane trafficking (Lopez et al., 2012).

Chromaffin cells are neuroendocrine cells originating from
the neural crest and have taken a prominent place in the models
that have provided important insight into the molecular
machinery underlying the successive steps of neurosecretion
and exocytosis at large (Bader et al., 2002). Thus, by offering
the opportunity to combine the use of recent electrophysio-
logical and biophysical techniques allowing single-vesicle
resolution together with specific biochemical modifications in
the machinery involved in exocytosis, chromaffin cells
allowed the identification of most molecular players that
orchestrate the formation, targeting, docking, and fusion of
secretory granules. In fact, our early evidence obtained from
chromaffin cells injected with a dominant-negative PLD1
mutant supported a function for PLD1-generated PA in the late
steps of exocytosis, such as membrane fusion and/or pore
expansion (Vitale et al., 2001). Similarly, injection in Aplysia
neurons blocked ACh release by reducing the number of active
presynaptic releasing sites supporting evidence that PLD1 also
plays a major role in neurotransmission, most likely by
controlling the fusogenic status of presynaptic release sites
(Humeau et al., 2001). Later, PLD1 silencing experiments
reinforced this model as a decrease in the fusion rate of single
secretory granule release was observed (Zeniou-Meyer et al.,
2007). Interestingly, RSK2 was shown to be an important
regulator of PLD1 activity in neurosecretion (Vitale, 2010).
Since loss-of-function mutations of RSK2 are responsible for
the Coffin-Lowry syndrome (CLS), an X-linked inherited
mental retardation disease, the later observations suggest that
the symptoms of CLS could result from alteration of neuronal
development but also neuronal activity (Zeniou-Meyer et al.,
2008). Using similar tools, PLD1-generated PA was also
reported to contribute actively to the regulated secretion of
insulin from b-pancreatic cells (Waselle et al., 2005), and of
von Willebrand factor from endothelial cells (Disse et al.,
2009). Another established role for PA in secretion relates to

DAG 

 PC 

LPA 
LPAAT 

PLA 

PLD 
PAP 

DGK 

PA 

Fig. 1. Biosynthetic pathways of structural and signaling PA. PA is a
central phospholipid for biosynthetic and signaling reactions.
Enzymes in blue denote biosynthetic reactions that lead to structural
and signaling PA synthesis whereas enzymes involved in PA
catabolism are shown in grey.
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the induction of neutrophil exocytosis from azurophilic
granules by anti-neutrophil cytoplasmic antibodies (Williams
et al., 2007). Moreover, the ability of apicomplexan parasites
to invade and later exit infected cells relies on specialized
organelles termed micronemes that release their contents
including adhesins, perforins and proteases in a PA-dependent
manner (Bullen et al., 2016).

Yet, the mechanism(s) by which PA promotes membrane
fusion remains debated. It may be linked to its ability to
generate membrane curvature and facilitate fusion, modulate
specific protein activity involved in the docking of vesicles
and/or recruit key proteins required for the fusion process
(Tanguy et al., 2018). The most widely accepted model for
membrane fusion involves a combination of protein and lipid
elements at the fusion site. Cone-shaped lipids, such as PA,
have been proposed to facilitate fusion through their intrinsic
negative curvatures when accumulating in the inner (cis)
leaflets of contacting bilayers. Furthermore, PA forms highly
charged microdomains, which serve as membrane insertion
sites for numerous proteins important for exocytosis (Lam
et al., 2008) and could induce conformational changes in
associated proteins (Iversen et al., 2015). More directly, PA has
been proposed to contribute to many biological processes
through its ability to interact with positively charged domains
of numerous proteins (Jenkins and Frohman, 2005). Finally,
PA can also directly serve as source for synthesis of DAG, or
activate PI-5 kinase producing PtdIns(4,5)P2, both lipids
playing positive function in exocytosis.

3 PA is involved in neuronal outgrowth and
development

Ethanol as an inhibitor of PA synthesis by PLDs was also
widely used in the field of neuron development and has led to a
well-accepted model where PLD-generated PA is crucial to
neurite outgrowth in a variety of neuronal cell models (Kanaho
et al., 2009). In agreement with this model, we recently
observed that neuronal maturation was significantly delayed in
cortical Pld1 knockout neurons culture (Ammar et al., 2013b).
However, the mechanisms implicating PA in the underlying
membrane trafficking events remained elusive. Using the cell
culture models of PC12 cells treated by neuronal growth factor
(NGF), which have been widely used as a model to assess
neurite outgrowth, we found that the PA sensor Spo20p-GFP
accumulated at the plasma membrane following NGF
stimulation as well as at the tips of growing neurites.
Moreover, we found that PLD1 inhibition abolished PA
accumulation induced by NGF, suggesting that PLD1
activation mediates PA synthesis in this process (Ammar
et al., 2013b). Interestingly, we found that PLD1 is associated
to the trans Golgi-derived vesicular structures containing
VAMP-7/TiVAMP, a SNARE protein involved in neurite
outgrowth (Martinez-Arca et al., 2000). Moreover, we have
shown that PLD1 positive-vesicles move anterogradly and
retrogradly in the developing neurites and accumulate at the
growth cone (Ammar et al., 2013b). Furthermore, we found
that the specific PLD1 inhibitors dramatically reduced
membrane supply required for neurite outgrowth by reducing
the fusion rate of these VAMP-7 positive vesicles (Ammar
et al., 2013b). This appears as the first direct involvement of

PA-mediated membrane trafficking in neurite outgrowth
(Fig. 2). Of note, expression of the PA sensor Spo20-GFP in
PC12 cells strongly reduces the number and length of the NGF-
induced neurites most likely as a consequence of PA quenching
by the probe (Ammar et al., 2013b). It is thus tempting to
speculate that PA acts in part by recruiting key proteins at the
vesicle fusion site during neurite outgrowth (Fig. 2).

Pld1 knockout also affects a later step in neuronal
development with a specific reduction in the number of
secondary branching dendrites in cortical neurons. Addition-
ally, the density of the spines, the tiny protrusions (0.5mm
wide, 2mm long) on neuronal dendrites that receive the
majority of excitatory synaptic inputs, is significantly reduced
in Pld1-/- cortical neurons and this reduction in spine density
specifically affects mushroom and branched spines, which are
the forms of mature spines (Ammar et al., 2013b).
Accordingly, a previous report showed that the GTPase RalB
promotes branching through a pathway involving PLD (Lalli
and Hall, 2005). Altogether, these results imply critical
functions of PLD1-produced signaling PA in early stages of
neuronal growth and development, largely through an effect on
cytoskeleton organization (Fig. 2). Intriguingly we found that
neurons cultured from mice lacking ribosomal S6 kinase 2
(Rsk2), a model for the CLS (Humeau et al., 2009), exhibit a
significant delay in growth in a similar way to that shown by
neurons cultured from Pld1 knockout mice (Ammar et al.,
2013b). Furthermore, gene silencing of Rsk2 as well as acute
pharmacological inhibition of RSK2 in PC12 cells strongly
impaired NGF-induced neurite outgrowth like it was found
after Pld1 silencing or PLD1 inhibition (Ammar et al., 2013b).
Expression of phosphomimetic PLD1(T147D) or PLD1
(T147E) mutants rescued the inhibition of neurite outgrowth
in PC12 cells silenced for RSK2, revealing that PLD1 is a
major target for RSK2 in neurite formation and allowing us to
propose that the loss of function mutations in RSK2 that leads
to CLS and neuronal deficits are related to defects in neuronal
growth due to impaired RSK2-dependent PLD1 activity
resulting in a reduced vesicle fusion rate and membrane
supply. On the other hand, we also found that PLD1 regulates
BDNF signaling endosomes in cortical neurons via ERK1/2
and CREB. This effect could explain in part the reduction of
dendritic ramification observed in Pld1-/- cortical neurons
(Ammar et al., 2015).

PA generated by DGK also seems to modulate dendrite
ramification and spines maturation. For instance, overexpres-
sion of wild-type DGKb promotes dendrite outgrowth and
spine maturation in transfected hippocampal neurons, whereas
a kinase-dead mutant DGK has no effect (Hozumi et al., 2009).
Accordingly, reduced number of branches and spines was
found in primary cultured hippocampal neurons from DGKb
knockout compared to the wild type (Shirai et al., 2010).
DGKz has also been reported to be important for the
maintenance of dendritic spines and the regulation of the
PA/DAG balance at excitatory synapses (Kim et al., 2009,
2010) (Fig. 2). Indeed the C-terminal PDZ-binding motif of
DGKz interacts with the PDZ domains of the postsynaptic
density protein PSD-95, an abundant postsynaptic scaffolding
protein that regulates excitatory synaptic structure and
function. This interaction promotes synaptic localization of
DGKz. Functionally, DGKz overexpression increases spine
density in cultured hippocampal neurons in a manner that
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requires DGK catalytic activity but also PSD-95 binding,
whereas knockdown of DGKz decreases spine density.
Moreover, mice deficient for dgkz expression show a reduction
in spine density in hippocampal CA1 pyramidal neurons and
exhibit reduced excitatory synaptic transmission. Time-lapse
imaging of dgkz–deficient neurons revealed impaired spine
maintenance but not formation (Kim et al., 2009). Finally, it
was recently reported that Dgkk silencing in CA1 region of
mouse organotypic hippocampal slices causes a strong
increase of abnormally long and multi-headed spines and a
marked decrease of the proportion of mature spines whereas
spine density remains unaffected (Tabet et al., 2016a). In
addition, reduced Dgkk expression accelerated spine turnover,
as indicated by the increased rate of spine formation and
elimination, associated with spine instability (Tabet et al.,
2016a). Interestingly these structural defects are very similar to
those previously observed in the Fmr1-/y mice, a model for
fragile X syndrome (He and Portera-Cailliau, 2013), and it was
shown thatDgkk overexpression within Fmr1-/y neurons could
rescue the dendritic spine phenotype (Tabet et al., 2016a,b).
Taken together, these data also reveal a key role of DGK-
generated PA in dendritic ramification and spine formation and
maturation.

4 PA synthesis during neurosecretion and
neuronal growth

Like all phospholipids, PA comes in different flavors based
on the fatty acid composition. Indeed although in mammalian

cells only saturated fatty acids are found in sn1 position, in the
sn2 position fatty acids can be saturated, mono-unsaturated, or
poly-unsaturated. We performed a lipidomic analysis on
cultured PC12 cells stimulated for exocytosis by a 10-minute
incubation with a depolarizing Kþ solution to identify the
different PA species produced during neurosecretion. The
levels of medium and long carbon chains mono- and poly-
unsaturated forms of PA were increased after cell stimulation
(Fig. 3). These results highlight the potential importance of
different PA species in catecholamine secretion. In conclusion,
the local build-up of different PA species together with other
key lipids such PtdIns(4,5)P2, DAG, and cholesterol presum-
ably at the neck or near the fusion pore could contribute by
changing membrane curvature, together with SNARE mediat-
ed membrane apposition and destabilization, to promote fusion
pore formation and/or regulate its stability. It must also be
noted that the contribution of PA in early steps of the secretory
pathway has not been as well investigated (Gasman and Vitale,
2017).

Similarly, we performed a lipidomic analysis on cultured
PC12 cells treated with NGF for 3 days. Among the 10 most
abundant PA species detected, a specific increase in the long
carbon chain forms 38:1, 38:2 and 40:6 was found, whereas
levels of other PA especially saturated ones were not modified
(Fig. 3). This observation therefore suggests that mono-
unsaturated, bis-unsaturated, and/or the omega 3 poly-
unsaturated forms of PA contribute to neurite outgrowth and
neuronal development. In line with this finding, it has been
known for a long time that dietary omega 3 poly-unsaturated
lipids such as docosahexanoicacid (DHA) and eicosapentae-
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Fig. 2. PA is involved in axon and dendrite outgrowth, dendrite branching and spine formation. A) Schematic representation of growth cone and
dendritic spines with actin cytoskeleton (green) andmicrotubules (red) as well as trafficking vesicles. In dendrites, PA/DAG balance controls the
actin cytoskeleton dynamics whereas in growth cones, PA is involved in neurite outgrowth by controlling actin organization and vesicular
trafficking for membrane supply. B) Examples of potential molecular targets of PA involved in cytoskeleton dynamics and vesicular exocytosis.
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noic acid (EPA) have a beneficial cognitive effects (Cardoso
et al., 2016). Although many important functions for the brain
have been attributed to DHA for instance, the mechanism of its
incorporation into glycerophospholipids is unknown. Of
interest, lysophosphatidic acid acyltransferases 4 (LPAAT4)
has been recently suggested to play a role for maintaining
DHA in neural membranes (Eto et al., 2014). A combination of
lipidomic approach and specific inhibitors for the multiple
families of enzymes involved in the production and metabo-
lism of PAwill be helpful to define more precisely the nature of
distinct PA species involved in the different steps of neuronal
development and activity.

5 Conclusion

In this paper, we investigated the possibility that the fatty-
acyl chain composition affects the functions of PA in neuronal
development and exocytosis, an aspect of PA that has not been
investigated with care yet. For instance, do the various PAs
displaying saturated, mono-, bi- or poly-unsaturated fatty acids

have similar effects on membrane topology or recruit the same
proteins? These questions are especially relevant in the context
of neuronal development and degeneration, since many studies
have highlighted key functions of dietary lipids in human
cognitive activity (Tolias et al., 1998; Haast and Kiliaan 2015).
We indeed found that neurite outgrowth and neurosecretion
stimulation increased levels of multiple PA species. Interest-
ingly, however, some of these increased PA species are similar
and some others are not, suggesting that convergent and
divergent mechanisms involving these different PA forms are
present in these two important neuronal processes. The
numerous genetic models now available, the recent progress in
lipidomics, and some novel tools to study PA’s function will be
helpful to clarify the intriguing questions raised by these
findings.

This work also opens new avenue on the possible
contribution of PA and enzymes involved in PA synthesis in
various neuronal pathologies such as Alzheimer’s disease and
autism spectrum disorders. In line with this possibility, the
group of Gil di Paolo reported that PLD2 knockdown
efficiently prevented cognitive loss in a mice model of
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Fig. 3. Synthesis of different PA species during neurosecretion and neurite outgrowth. PC12 cells were either treated with 10mM of NGF for
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saturation is indicated for each PA species. Results were obtained from 3 independent experiments (*p< 0.001).
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Alzheimer’s disease (Oliveira et al., 2010). Finally, the
findings that an alteration of DAG/PA balance could be
responsible for some of the symptoms of fragile X syndrome
(Tabet et al., 2016a,b), also points to perturbation of PA
synthesis as a major source of neuronal malfunction.
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Among the cellular lipids, phosphatidic acid (PA) is a peculiar one as it is at the same
time a key building block of phospholipid synthesis and a major lipid second messenger
conveying signaling information. The latter is thought to largely occur through the
ability of PA to recruit and/or activate specific proteins in restricted compartments and
within those only at defined submembrane areas. Furthermore, with its cone-shaped
geometry PA locally changes membrane topology and may thus be a key player in
membrane trafficking events, especially in membrane fusion and fission steps, where lipid
remodeling is believed to be crucial. These pleiotropic cellular functions of PA, including
phospholipid synthesis and homeostasis together with important signaling activity, imply
that perturbations of PA metabolism could lead to serious pathological conditions. In
this mini-review article, after outlining the main cellular functions of PA, we highlight the
different neurological diseases that could, at least in part, be attributed to an alteration in
PA synthesis and/or catabolism.

Keywords: lipid signaling, neuron, neuropathology, phosphatidic acid, phospholipase D

INTRODUCTION

Phosphatidic acid (PA) is a low abundant phospholipid of membranes that, nevertheless,
constitutes the original building block from which most glycerophospholipids are synthesized,
thus plays an important structural task. Interestingly it was later shown that PA also acts to
transmit, amplify, and regulate a great number of intracellular signaling pathways and cellular
functions. In cells, PA can be synthesized through different enzymatic pathways (Ammar et al.,
2014). Structural PA results from two successive acylation reactions (Figure 1). Signaling PA
instead, results from three biosynthesis alternative pathways. The first pathway includes the
phosphorylation of diacylglycerol (DAG) by any of the 10 DAG-kinases (DGKs) in mammals
(Figure 1). Hydrolysis of the distal phosphodiester bond in phospholipids by phospholipases D
(PLD) constitutes the second pathway (Figure 1). Although six different PLDs have been identified
in mammals, only PLD1/2 and PLD6 have been shown to synthesize PA from phosphatidylcholine
(PC) and cardiolipin (CL), respectively (Jang et al., 2012). The third and final biosynthetic pathway
involves acylation of lyso-PA by lyso-PA-acyltransferase (LPAAT) enzymes (Figure 1).

Chemically, PA is composed of a glycerol backbone esterified with two fatty acyl chains at
positions C-1 and C-2, and with a phosphate at position C-3. The latter confers the specific features
of PA compared to the other diacyl–glycerophospholipids. Indeed, the small anionic phosphate
headgroup provides to PA a combination of unique cone-shaped geometry and negative charge
(Jenkins and Frohman, 2005). At the molecular level, these two characteristics enable PA both to
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FIGURE 1 | Enzymatic routes for structural and signaling PA metabolism. PA
is a major phospholipid for biosynthetic and signaling reactions. Enzymes
highlighted in orange are involved in biosynthetic reactions that produce
structural PA, whereas enzymes triggering the formation of signaling pools of
PA are shown in purple. Enzymes responsible for PA catabolism are shown in
green. ADR, Acyldihydroxyacetone-phosphate reductase; CDP, cytidyl
phosphatidate; CDS, CDP-diacylglycerol (DAG) synthase; CL, cardiolipin;
DHAP, dihydroxyacétone phosphate; DHAP AT, dihydroxyacétone phosphate
acyltransferase; G3P, glycerol 3-phosphate; GPAT, glycerol phosphate
acyltransferase; PAP, phosphatidic acid phosphatase; PC,
phosphatidylcholine; PG, phosphatidylglycerol; PE,
phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine;
PLA, phospholipase A; TG, triglyceride.

interact with different enzymes to regulate their catalytic
activity and/or their association with membrane compartments
and also to affect membrane geometry by creating
local negative curvatures (Kooijman et al., 2003). As a
consequence, PA has been involved in various important
cellular functions including membrane trafficking events
where membrane rearrangements are necessary (Bader
and Vitale, 2009). In this article, we will present some of
the most studied PA identified partners, summarize the
most well-described cellular processes that require PA
and discuss the potential involvement of an alteration in
PA synthesis and/or catabolism in different neurological
diseases.

PA INTERACTS WITH AND RECRUITS
NUMEROUS PROTEINS TO MEMBRANES

Having an overall view of the interaction network of a given
molecule is particularly helpful for deciphering the relationships
between the constituents of interactomes and characterizing
their function in cell signaling. Since the early description
of a handful of proteins that bind to PA, at least using the
minimal in vitro protein-lipid overlay assay, an extensive list
of PA interactors has only emerged more recently (Stace and
Ktistakis, 2006). For at least some of those, their interaction
with PA appears rather specific with little or no interaction
with other negatively charged lipids. The position of PA’s
phosphomonoester headgroup in proximity of the interface of
acyl chain headgroup was proposed to be important for binding

to specific proteins. Supporting the physiological importance
of interactions between PA and proteins, numerous proteins
have gained domains that display some level of binding
specificity for PA (Jang et al., 2012). Although no clear
PA-binding domain can be defined at the three dimensional or
secondary structural levels, different factors can influence PA
interaction with specific domains in target proteins (Tanguy
et al., 2018). For instance, we and others have found that
some PA-binding modules possess some levels of specificity for
the fatty acyl chains of PA (Kassas et al., 2017). In addition,
the local membrane environment surrounding PA also appears
to modulate PA binding to these modules (Kassas et al.,
2017). Finally, it is most likely that PA-binding domains act
first through positively charged residues that initially sample
for the negative charge of PA buried within the membrane.
This first step is probably followed by a docking state where
hydrophobic interaction between hydrophobic residues of the
module and the fatty acyl chains of PA stabilize the PA-protein
interaction (Potocký et al., 2014; Tanguy et al., 2018). At present,
more than 50 different proteins have been shown to directly
interact with PA, as extensively reviewed in Jang et al. (2012).
Briefly, these PA interactors can be classified in four major
families.

Nucleotide-Binding Proteins
Nucleotide (ATP, cAMP, GTP)-binding proteins are important
signaling proteins for which the activity is usually regulated
by nucleotide binding. Noticeably, the localization and/or
activity of many of those proteins are also controlled by
PA interaction. This is for instance the case for some of
the small GTP-binding proteins of the ADP ribosylation
factor (Arf) and Rho (Ras homologous) families that are key
players in cytoskeleton remodeling and membrane dynamics.
The minimal PA-binding regions of these small GTPases
remains however to be defined precisely. Several c-AMP specific
phosphodiesterases also interact with PA through their amino-
terminal regulatory domains leading to an increase of their
enzymatic activity and therefore to a reduction of cAMP
levels.

Regulators of GTP-Binding Proteins
The GTPase-activating proteins ArfGAP with GTPase Domain,
Ankyrin Repeat and PH domain 1 (AGAP1) and Regulator
of G protein Signaling 4 (RGS4) are negative regulators of
Arf and Gα GTP-binding proteins, respectively. Intriguingly,
while PA stimulates the GTP-hydrolysis activity of AGAP1, it
inhibits that of RGS4, highlighting the multiple and sometimes
opposite actions of PA on GTP-binding activity. Furthermore,
PA has also been shown to recruit and activate different
guanine nucleotide-exchange proteins for small GTPases, such
as DedicatOr of CytoKinesis 2 (DOCK2) and Son Of Sevenless
(SOS), promoting GTP-binding and activation of Rac and Ras,
respectively. It is therefore important to have in mind that
PA enrichment in particular sub-membrane domains could
influence in different and sometimes contradictory manners
a given signaling pathway involving GTP-binding proteins by
acting at different stages.
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Kinases
Protein kinases are among the main signaling regulators with
nearly 600 different genes. Among those, protein kinase C
(PKC) is one of the largest subgroup and PA modulates the
activity of several PKC isoforms. PA also promotes recruitment
and activation of the proto-oncogene kinase Raf, acting as a
gatekeeper in the ERK1/2 pathway. In addition, PA binding to the
FKBP12-rapamycin binding region of mTOR is in competition
with FKBP12/rapamycin complex of mTOR and is thus likely to
influence nutrient sensing and cell proliferation.

Furthermore, lipid kinases contribute to the great diversity of
lipids in cells. Among those, PA is capable to stimulate the action
of phosphatidylinositol (PI) 4-phosphate 5-kinase (PI4P5K), to
promote the synthesis of PI 4,5-bisphosphate (PI(4,5)P2), a key
signaling lipid (Stace and Ktistakis, 2006; Bader andVitale, 2009).
Finally, cytosolic sphingosine kinase that transforms sphingosine
into sphingosine-phosphate appears to translocate to the plasma
membrane under the control of PA levels, which most likely
affects the signaling pathways involving these two lipids. In
conclusion, PA binding modules are found in members of the
two major kinase families and consequently, the presence of PA
in local membrane composition is expected to influence crucial
signaling nodes and the various associated key cellular functions.

Phosphatases
In addition to kinases, phosphatases constitute the second
important family of signaling proteins that modulate protein
activity by removing the phosphate residues added by kinases.
The protein-tyrosine phosphatase SHP-1 that negatively
modulates signaling pathways involving receptor-tyrosine kinase
directly interacts with PA therefore triggering phosphatase
activity. Furthermore, PA inhibits the enzymatic activity of
protein phosphatase 1 (PP1), involved in many cellular activities
such as the metabolism of glycogen, the processing of RNA, and
the regulation of cell cycle. In conclusion, although not as well
described as for kinases, the regulation of several phosphatases
by PA offers the possibility of complex and often paradoxical
regulation of signaling pathway by a single lipid family.

THE PLEIOTROPIC CELLULAR
FUNCTIONS OF PA

Actin Cytoskeleton Dynamics
Most cellular functions are influenced by precise cell shapes
that are under the control of the cytoskeleton proteins network.
Among those the dynamics of the cytoskeleton depends on
the formation of actin filaments from a pool of cytosolic
monomers, and their subsequent association to each other or
to cell membranes, pursued by their depolymerization. Most
cellular functions actually depend on a permanent remodeling of
this actin network and this is orchestrated in large part by actin
binding proteins. Interestingly lipids such as phosphoinositides
modulate the affinity of these proteins for actin. PA, however,
has also been proposed to participate to this regulation (Ammar
et al., 2014).

In neurons, the Rho GTPases and related proteins, through
the control of the cytoskeleton, modulate various aspects of cell

shape including not only neurite outgrowth and differentiation,
axonal growth and targeting, but also dendritic spine formation
and maintenance (Ammar et al., 2014). As mentioned in
the sections ‘‘Nucleotide-Binding Proteins’’ and ‘‘Regulators of
GTP-Binding Proteins,’’ PA synthesized by either PLD or DGK
modulates the activity of some different Rho family of GTPases
and their regulators by promoting membrane association and/or
through the activation of their regulatory proteins (Chae et al.,
2008; Nishikimi et al., 2009; Faugaret et al., 2011; Kurooka et al.,
2011; Sanematsu et al., 2013). Alternatively, the p21 activated
kinases (PAKs) family that regulates various aspects of neuronal
development, through actin cytoskeleton reorganization, is also
known for being activated by PA (Daniels et al., 1998; Hayashi
et al., 2007). Furthermore, PI(4,5)P2 is a major lipid regulator of
the cytoskeleton and PA is an essential building block leading
to PI(4,5)P2 synthesis (Figure 1). In an alternative pathway,
PA stimulates the phospholipid kinase PI4P5K, leading to the
phosphorylation of the membrane phospholipid PI(4)P and the
formation of PI(4,5)P2 (Honda et al., 1999). In consequence, PA
potentially regulates the activity of the three mammalian PI4P5K
isozymes that have been described to control actin cytoskeleton
reorganization (van den Bout and Divecha, 2009; Roach et al.,
2012). Finally, PA levels regulate membrane localization and
activity of PKC isoforms α, ε and ζ, all of which are known
to affect the morphology of the actin cytoskeleton (Jose Lopez-
Andreo et al., 2003).

It is also worth noting that direct interaction of PA with actin-
binding proteins has been suggested. Among those potential
candidates, the actin-binding protein vinculin known to be
involved in neurite outgrowth is a good example (Ito et al.,
1982; Johnson and Craig, 1995), but the specificity of these
observations remains to be firmly established, since vinculin also
binds to other negatively charged lipids, such as PI(4,5)P2.

Membrane Remodeling Events
The secretory pathways have evolved through the establishment
of specialized subcellular compartments dedicated to specific
biochemical tasks. Membrane trafficking events between
these compartments enable particular cells of complex
organisms to secrete informative molecules such as hormones,
cytokines, and neurotransmitters, for long distance inter-cellular
communication. In addition to dedicated and specialized protein
machineries, trafficking events of the regulated exocytosis
and endocytosis steps also involve remarkable membrane
rearrangements that rely on specific lipids (Ammar et al.,
2013b). Hence, the first direct molecular data suggesting
a role for PLD1-generated PA in hormone release were
obtained in chromaffin cells, where overexpression of PLD1,
injection of a catalytically-inactive PLD1 mutant (Vitale et al.,
2001) or PLD1 silencing (Zeniou-Meyer et al., 2007) affected
catecholamine release rates. Using similar approaches, PA
synthesized by PLD1 was also shown to govern the regulated
secretion of insulin from β-pancreatic cells (Waselle et al.,
2005), of von Willebrand factor from endothelial cells (Disse
et al., 2009), and acrosomal exocytosis from sperm cells (Lopez
et al., 2012; Pelletán et al., 2015). An additional contribution
for PA in secretion has been established during the early phase
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of azurophilic granules release in neutrophils triggered by
anti-neutrophil cytoplasmic antibodies (Williams et al., 2007).
Ultimately, different enzymes controlling PA metabolism such
as PLDs, LPAATs and DGKs have been proposed to regulate
neurotransmission in several neuronal models, suggesting that
PA regulates synaptic vesicle release and cycle (Humeau et al.,
2001; Schwarz et al., 2011; Tabet et al., 2016a,b; Raben and
Barber, 2017).

Intense membrane remodeling also occurs in specialized
phagocytic cells, such as in macrophages. Indeed, the ingestion
of pathogens, cell debris, or any other solid particle through the
formation of phagosomes requires plasma membrane extension
and either local lipid synthesis, transfer, or vesicular fusion.
PA synthesis by PLD2 has been shown to be important
for this early step of phagocytosis, while PA synthesis by
PLD1 appears to be also important for the later step of
phagosome maturation (Corrotte et al., 2006, 2010). Of
note, PA transfer from the ER to plasma membrane during
‘‘frustrated phagocytosis,’’ a model where macrophages are
plated on IgG-coated plates, has also been suggested to occur
from experiments using a combination of lipidomic analysis
performed on subcellular fractions and novel PA sensors (Kassas
et al., 2017). Furthermore, PA is involved in the invasion
and exit of infected cells by apicomplexan parasites (Bullen
et al., 2016). It was shown that PA is required for the
release of adhesins, perforins and proteases from specialized
organelles from these parasites called micronemes (Bullen et al.,
2016).

Additional intracellular trafficking events involving intense
membrane remodeling have also been shown to require
modification in PA levels. To cite only a few, we can also
mention that PA critically regulates vesicle budding from the
Golgi (Yang et al., 2008), autophagy (Holland et al., 2016), and
exosome release (Ghossoub et al., 2014). The mechanisms by
which PA promotes membrane rearrangements remain however
an unsolved issue (Figure 2). The first proposed mode of action
of PA in membrane remodeling may depends on its ability to
inducemembrane curvature and promote fusion, but its ability to
specifically regulate the activity of different proteins involved in
the vesicle docking and/or recruit crucial fusion proteins has also
been proposed (Tanguy et al., 2016, 2018). In a simplified model
for membrane fusion a mixture of lipids and proteins appear to
be crucial at the fusion site (Tanguy et al., 2016). In principle
the intrinsic negative curvatures of accumulating cone-shaped
lipids, such as PA in the inner (cis) leaflets of contacting bilayers,
should facilitate fusion of merging membranes. But it is worth
noting that the promotion of membrane fusion through local
modification ofmembrane curvature also appears to hold true for
other cone-shaped lipids such as cholesterol and DAG (Tanguy
et al., 2016). Reconstituted membrane fusion assays have been
valuable to dissect the role of individual components and on
this instance it is important to highlight that PA was observed
playing a unique role among cone-shaped lipids in a yeast vacuole
fusion assay, suggesting a more complex mode of action of
this lipid (Mima and Wickner, 2009). Furthermore, PA could
locally accumulate and form microdomains highly negatively
charged, which potentially serve as membrane retention sites for

FIGURE 2 | Different models for signaling activity of PA. (A) Local
accumulation of PA in a single leaflet of membrane generates negative
membrane curvature. (B) Local accumulation of PA generates local buildup of
negative charges that recruit PA effector-containing positively charged
domains. (C) PAPs transforms PA into DAG, another signaling lipid with
specific activity. (D) PA stimulates the activity of phosphatidylinositol
4-phosphate 5-kinase (PI4P5K), producing PI 4,5-bisphosphate (PI(4,5)P2),
an additional important signaling lipid.

several proteins key for exocytosis, such as the SNARE protein
syntaxin-1 (Lam et al., 2008), or other membrane remodeling
processes (Jenkins and Frohman, 2005). Finally, as a precursor
for DAG and PI(4,5)P2, both known to contribute to numerous
membrane remodeling events, PA could also have indirect
effects. All these potential contributions of PA in membrane
fusion have been reviewed elsewhere (Chasserot-Golaz et al.,
2010; Ammar et al., 2013b, 2014; Tanguy et al., 2016), but
solving the issue of the mechanistic role of PA in a given
membrane remodeling process requires probing these different
scenarios (Figure 2), which is now in need for novel methods
and tools.

Apoptosis, Survival, Growth, Proliferation
and Migration
Many survival signals including hormones and growth
factors activate PA synthesis through the stimulation of PLD
activity. Similarly, mitogenic signals trigger cell proliferation,
suppression of cell cycle arrest, and prevention of apoptosis. The
PLD–PA–Rheb–mTOR and the PLD–PA–MAP kinase pathways
are the two main downstream pathways of PLD involved in
mitogenic signals and have been described extensively (Foster,
2009). Obviously, future solving of the complex imbrication
of these pathways and understanding of the spatiotemporal
relationships between PA-generating enzymes, PA-binding
partners and PA itself will require development of more specific
tools and extensive work.
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NEUROLOGICAL DISORDERS
POTENTIALLY LINKED TO AN
ALTERATION OF PA LEVELS

In all organisms from yeast to mammals, PA was shown to
possess signaling activity (Jenkins and Frohman, 2005) and
a recent review highlights the apparent mystery of the many
roles of PA in plants (Pokotylo et al., 2018). In addition,
various PA-generating enzymes were shown to be involved in
an increasing number of neuronal pathologies, suggesting a
fundamental role of PA in the outcome of these neurodiseases
(Tanguy et al., 2018). In the next chapter, we will describe
four neuronal pathologies that may be the consequence, at least
partially, of an alteration in PA dynamics.

Fetal Alcohol Spectrum Disorders
The damaging effects of alcohol drinking during gestation on
the developing fetus are extremely well documented (Ehrhart
et al., 2018). Fetal alcohol spectrum disorders (FASDs) is a
generic term used to define the birth deficiencies that result
from prenatal exposure to alcohol that range from mild to
severe. These developmental defects on unborn infants have
lifelong physical, behavioral, and cognitive disabilities. As alcohol
consumption avoidance during pregnancy is in theory easy
to achieve, FASD is in fact considered as one of the largest
preventable forms of non-genetic birth disabilities associated
with intellectual incapacity.

Although the main effort remains prevention of alcohol
consumption during pregnancy, it is also important to
understand the underlying pathological mechanisms involved
in these effects of ethanol. In addition to the well-recognized
ethanol and acetaldehyde toxicity, alcohol intensifies oxidative
stress causing consequent effects such as DNA, protein and
membrane damages. Additionally, it has been known for over
three decades that in the presence of 1%–3% of ethanol, the two
best characterizedmammalian isoforms PLD1 and PLD2 catalyze
a transphosphatidylation reaction. In this case alcohol replaces
water during PC hydrolysis, and phosphatidyl alcohols are
formed at the expense of PA (Jenkins and Frohman, 2005). Thus,
in presence of ethanol, phosphatidylethanol is synthesized while
PA is not. Since it is likely that phosphatidylethanol cannot
replace PA as a signaling molecule, this was used as a trick to
‘‘inhibit’’ PLD activity (actually prevent PA production), but also
in assays to quantify PLD activity (Ammar et al., 2014). It was also
shown that ethanol inhibits the mitogenic downstream actions
of PA on neuron progenitors (Klein, 2005). Furthermore, it was
recently shown that both PLD1 and PLD2 strongly contribute to
astroglial proliferation induced by IGF-1 (Burkhardt et al., 2014).
Therefore, the perturbation of the IGF1-PLD signaling pathway
could, at least in part, explain the teratogenic effects of ethanol
observed in FASDs.

Neurological Cancers
Glioblastoma is the most frequent and aggressive brain cancer,
with an estimated incidence of near five novel cases per
100,000 persons every year in the USA and Europe. Nearly
200,000 persons die from glioblastoma every year worldwide.

It is a relatively difficult cancer to diagnose, as the symptoms
are mainly non-specific, including headache and nausea, but
leading to alterations of neurological functions such as speech,
vision, behavior and memory. Like for many cancer tissues,
elevated PLD activity was found in glioblastoma, suggesting that
an increase in PA levels is a cause and/or consequence of the
pathology (Park et al., 2009). At least part of the survival effect
of increased PLD activity on glioblastoma appears to involve
the Akt pathway (Bruntz et al., 2014). Interestingly, lipidomic
analyses revealed that PA levels are altered in the regions
that attract glioblastoma cells, indicating that PA levels control
the homing process of glioblastoma (Wildburger et al., 2015).
Undoubtedly, a better understanding of the multiple functions
of PA in brain tumor development and progression may help to
improve treatments and subsequently get a better prognosis for
this aggressive cancer.

Intellectual Disability Diseases
Intellectual disability diseases are a common state defined by
significant restriction in intellectual capacities and adaptive
behavior that happen during childhood, with an overall
intelligence quotient bellow 70 together with associated
reduction in social, daily living and communication skills.
These heterogeneous disease conditions affect 1%–3% of all
populations and are thought to result from multiple causes,
including environmental, chromosomal and monogenetic
alterations. Among the several hundreds of genes involved, some
affect brain development, neurogenesis, neuronal migration, or
synaptic function (Humeau et al., 2009). Below we will briefly
describe the data that support the notion of an alteration of PA
levels and/or dynamics in the Fragile-X syndrome (FXS) and the
Coffin-Lowry syndrome (CLS).

FXS is a neurodevelopmental pathology accountable for
the most common inherited form of intellectual infirmity and
autism spectrum disorder. It is generally the consequence of the
hypermethylation of CGG expansion repeats (>200) in the 5′

untranslated region of the FMR1 gene leading to transcription
silencing. In a recent study, we pointed DGK kinase-κ (DGKκ)
mRNA as the foremost target of Fragile Mental Retardation
Protein and found an alteration in PA synthesis in neurons
cultured from Fmr1-knockout mice after group 1 metabotropic
glutamate receptor (mGluRI) stimulation (Tabet et al., 2016a).
Silencing DGKκ in CA1 pyramidal neurons modified the
immature over mature spine ratio and like in the Fmr1-knockout
mouse phenotype, reduced LTP and increased LTD (Tabet et al.,
2016a). Moreover, the typical Fmr1-knockout mouse phenotype
on dendritic spine morphology was restored back to normal
after overexpression of DGKκ (Tabet et al., 2016a). Finally,
DGKκ silencing by shRNA in the mouse reiterated autistic
behaviors, such as impaired social interaction, hyperactivity
and altered nest-building very much like those seen in the
Fmr1-knockout mouse model (Tabet et al., 2016a). Based on
these observations, it was proposed that a major molecular
consequence of the loss of FMRP expression in FXS is to prevent
DGKκ translation, leading to an alteration in DAG and PA levels
in neurons (Tabet et al., 2016b). A main consequence of this
imbalance would be the alteration of the downstream signaling
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of DAG and PA required for maturation of dendritic spines and
establishment of correct synaptic plasticity (Moine and Vitale,
2018).

Loss of function mutations in the gene encoding Ribosomal
S6 Kinase 2 (RSK2) lead to CLS, a rare syndromic form of
mental retardation that shows X-linked inheritance. However,
the molecular bases of the major neuronal alterations of CLS,
such as moderate to severe defect in neurodevelopment, remain
indefinable. In agreement with the notion that PLD1-generated
PA is key to neurite outgrowth, we observed significant delayed
in Pld1 knockout neuron maturation (Ammar et al., 2013a).
These observations were as well found in a mouse model for CLS
syndrome since Rsk2 knockout neurons exhibited developmental
delay (Ammar et al., 2013a). Furthermore, RSK2 phosphorylates
PLD1 at threonine 147 when exocytosis was triggered (Zeniou-
Meyer et al., 2008) or during neurite outgrowth (Ammar et al.,
2013a) in PC12 cells. A specific sensor for PA revealed an increase
in PA levels at the tips of growing neurites in neurons resulting
from PLD1 activation (Ammar et al., 2013a). Interestingly,
PLD1 was found to be associated with BDNF positive endosomes
(Ammar et al., 2015) and with vesicular structures derived
from the trans Golgi, co-labeled by the vesicular SNARE
VAMP-7/TiVAMP (Ammar et al., 2013a). The fusion efficiency
of these PLD1/VAMP-7 vesicles in the growth cone was
severely impaired by RSK2 and PLD1 inhibitors, suggesting
that both PLD1 and RSK2 are necessary for membrane
provision needed during neurite outgrowth (Ammar et al.,
2013a). Accordingly, co-immunoprecipitation and confocal
colocalization experiments indicated that RSK2 and PLD1 are
found in a complex at the tip end of growing neurites,
supporting the observation of an increased PA level at this
location (Ammar et al., 2013a). Altogether, these results
have highlighted the importance of PA-mediated membrane
trafficking in neurite outgrowth and a key role of RSK2 in
PA synthesis during this process, by phosphorylation and
subsequent activation of PLD1. In consequence, it has been
proposed that at least some of the clinical consequences of
the CLS might result from an inadequate PA production
during neuronal development and function (Zeniou-Meyer et al.,
2010).

Neurodegeneration
It is becoming more and more evident that human
neurodegenerative diseases such as Alzheimer disease (AD)
also have a critical lipidic feature in their outcome. This
aspect has been first pointed out by the susceptibility of the
ApoE4 allele to AD, but more recently PLDs have also been
proposed to contribute to the development of the pathology. It
was first shown that PLD1 is involved in the vesicular trafficking

of βAPP (Cai et al., 2006) and later that increased expression
of APP promoted PLD activity in human astroglioma cells
(Jin et al., 2007). Although highly debated, the observation
that a rare variant of PLD3 gene confers susceptibility to
AD has put PLD and PA on the spotlight (Cruchaga et al.,
2014; Heilmann et al., 2015; Lambert et al., 2015; van der Lee
et al., 2015). The most compelling evidence that defects in
PA production by PLDs are involved in AD comes from an
elegant study combining detailed lipidomics with behavioral
tests in mouse models. In this study, the authors found that
PLD2 knockout fully rescued AD-related synaptic dysfunction
and cognitive deficits in a model of AD (Oliveira et al., 2010).
The exact nature of the PA imbalance in AD awaits however
to be fully defined and the possibility to interfere with AD
condition by correcting this imbalance is probably very far from
reach.

CONCLUSION

The diversity of mechanisms of PA signaling and physiological
functions mostly relies on the fact that PA is synthesized
by a complex set of different enzymes involved in diverse
array of pathways. PLDs, DGKs, and LPAATs each constitute
a big collection of isoenzymes differently localized within
cells and displaying cell type specificity. In fact, the specific
subcellular distribution, regulation, and/or substrate preferences
of these enzymes probably account for the heterogeneity of PA
composition in membranes. These aspects, altogether with the
capacity of PA-binding modules in proteins to sense the local
membrane environment and the type of PA species, offer a hub
for the functional diversity of PA from molecular and cellular
to physiological functions. There is no doubt that advanced
lipidomics in combination with novel imaging tools to follow
PA’s dynamics will help to gain a better understanding of the
apparent paradox of the abundance of function of this simple
lipid. Further understanding of the biophysical side of PA’s
action on membranes is also critically needed to provide novel
ideas for the treatment of the growing number of neuronal
pathologies linked to the alterations of PA metabolism.
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Abstract
The regulated secretory pathway begins with the formation of
secretory granules by budding from the Golgi apparatus and
ends by their fusion with the plasma membrane leading to the
release of their content into the extracellular space, generally
following a rise in cytosolic calcium. Generation of these
membrane-bound transport carriers can be classified into three
steps: (i) cargo sorting that segregates the cargo from resident
proteins of the Golgi apparatus, (ii) membrane budding that
encloses the cargo and depends on the creation of appropriate
membrane curvature, and (iii) membrane fission events allow-
ing the nascent carrier to separate from the donor membrane.

These secretory vesicles then mature as they are actively
transported alongmicrotubules toward the cortical actin network
at the cell periphery. The final stage known as regulated
exocytosis involves the docking and the priming of the mature
granules, necessary for merging of vesicular and plasma
membranes, and the subsequent partial or total release of the
secretory vesicle content. Here, we review the latest evidence
detailing the functional roles played by lipids during secretory
granule biogenesis, recruitment, and exocytosis steps.
Keywords: exocytosis, lipid, membrane, microdomain,
secretion, secretory granule budding.
J. Neurochem. (2016) 10.1111/jnc.13577

This article is part of a mini review series on Chromaffin cells (ISCCB Meeting, 2015).

The secretory pathway is an essential cellular activity that
requires synthesis, modification, sorting, and release of
secretory proteins/molecules outside cells, as well as trans-
port of cell surface components. These proteins are first
created on endoplasmic reticulum (ER)-bound ribosomes and
translocated into the ER lumen, where they are folded,
assembled, and N-glycosylated (Braakman and Bulleid
2011). Cargo proteins (either membrane associated or
soluble) are conveyed from the ER exit sites to the entry
side of the Golgi apparatus and then successively pass
through the different Golgi stacks, where the proteins
undergo maturation and processing (Wilson et al. 2011).
At the trans-Golgi network (TGN), proteins are sorted into
specific vesicular carriers for transport and distribution to
their ultimate destinations, including the endolysosomal
system and the plasma membrane, by the constitutive or
regulated exocytosis pathway (Gerdes 2008). On one side, all
cell types recycle membranes, proteins, and extracellular
matrix components through constitutive secretory vesicles
that are transported directly to the cell surface where they
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fuse with the plasma membrane in the absence of any kind of
stimuli. On the other side, the regulated pathway is a
trademark of specialized secretory cells, such as neurons,
endocrine, and exocrine cells, and requires the accumulation
of the secretory material into dedicated organelles, the
secretory granules (V�azquez-Mart�ınez et al. 2012). The latter
are transported through the cytoplasm toward the cell
periphery, where they are exocytosed after stimulation of
the cell (Burgess and Kelly 1987).
In addition to the function of important protein players in

the journey of a secretory granules, lipids also contribute to
key steps. Cell membranes are indeed composed of a broad
spectrum of lipids with specific properties that can directly
influence membrane topology, dynamics, and tasks. In
addition, the lipid composition and transbilayer arrangement
vary strikingly between organelles and there is compelling
evidence that the collective properties of bulk lipids
profoundly define organelle identity and function (Holthuis
and Menon 2014). Of particular interest are changes in the
physical properties of the membrane that are directly under
the control of lipids, and mark the transition from early to late
organelles in the secretory pathway. These include bilayer
thickness, lipid packing density, and surface charge. Here,
we highlight the latest evidence supporting the notion that in
addition to the collective action of bulk lipids, specific minor
lipids directly control directionality and functionality of the
secretory pathway.

Lipids and biogenesis of secretory granules

Lipids involved in formation of budding sites at the TGN
membrane

The biogenesis of secretory granules destined for the
regulated secretory pathway begins like other transport
vesicles by active budding at the TGN membrane. This
process needs several concomitant events: the sorting of
cargo and membrane components, the membrane curvature,
and the recruitment of cytosolic proteins. A role for lipids
in the formation of post-Golgi carriers has long been
proposed, including their interactions with enzymes and
other membrane-associated proteins. The development of
cellular lipidomic approaches (especially mass spectrome-
try) has revealed (i) that the Golgi membrane of the
mammalian cell contains the same lipids as those found in
the plasma membrane, but in different proportions and (ii)
that the two leaflets of the Golgi membrane bilayers
display specific lipid compositions, sphingolipids being
enriched in the lumenal leaflet, whereas phosphatidylserine
(PS) and phosphatidylethanolamine are concentrated in the
cytosolic leaflet (van Meer and de Kroon 2011). Beside
these lipids, the recruitment of enzymes at the cytosolic
face of the TGN membrane contributes to its remodeling
through the generation of lipid metabolites, such as
diacylglycerol (DAG), phosphatidic acid (PA), and phos-

phoinositides (Ha et al. 2012). These lipids play a central
role in the formation of secretory granules. For instance,
the accumulation of PA in the TGN membrane is a key
factor for the budding of secretory granules (Siddhanta and
Shields 1998). At low pH and high calcium concentrations,
PA adopts a conical shape that favors changes in
membrane topology (Kooijman et al. 2003). DAG also
exhibits a conical shape and its accumulation in the TGN
membrane has been found to facilitate membrane curvature
leading to the budding of secretory granules (Asp et al.
2009).
The Golgi membrane also exhibits a dynamic lipid

asymmetry, with the ability of cholesterol, DAG, and other
glycerophospholipids to translocate spontaneously or in P4-
ATPase-stimulated manner (Tang et al. 1996). Flippases
generally maintain lipid asymmetry, but their lipid transfer
activity between the two leaflets can also potentially lead to
membrane curvatures that drive the budding of post-Golgi
vesicles (Leventis and Grinstein 2010).
Cells are able to maintain differences in lipid composition

between their organelles despite the lateral diffusion of lipids
in cellular membranes. The physical differences between
glycerolipids and sphingolipids make them segregate in the
presence of cholesterol (Marsh 2009). In the Golgi mem-
brane, for example, domains with different lipid composi-
tions are targeted with unique transmembrane proteins into
separate secretory vesicles. This segregation of lipids and
proteins forms the sorting mechanism which cells use to
maintain the specific composition of their membranes (van
Meer et al. 2008). Originally, lipid self-organization was
considered to be the major driving force behind lateral
membrane organization. The formation of such functional
lipid micro- or nano-domains in the bilayer remains difficult
to visualize because of the lack of effective lipid probes to
study molecule dynamics in living cells. Although this self-
organization plays an essential role, it is plausible that
membrane proteins influence lipid organization, and con-
versely that protein function and clustering are under the
control of lipids. Notwithstanding the so-called ‘lipid rafts’ in
Golgi membrane have been predicted to regulate the function
and clustering of proteins involved in the budding of
secretory granules (Surma et al. 2012).

Lipids involved in protein recruitment at the budding sites

The enrichment of secretory granule membrane in sphin-
golipids and cholesterol suggests their participation in the
formation of functional microdomains involved in the
budding of these organelles from the Golgi membrane
(Wang and Silvius 2000). Lipid microdomains are implicated
in the sorting of proteins destined for the regulated secretory
pathway (Tooze et al. 2001), as they possess the ability to
attract peripheral proteins such as carboxypeptidase E
(Dhanvantari and Loh 2000), prohormone convertase PC2
(Bl�azquez et al. 2000), and secretogranin III (Hosaka et al.
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2004). These proteins act as chaperones by tethering soluble
or aggregated proteins to the secretory granule membrane
(Dikeakos and Reudelhuber 2007). In secretory cells, lipid
microdomains also attract aquaporins (AQP), which are
transmembrane proteins that remove water, thereby allowing
the condensation of aggregated granule proteins in the TGN
(Arnaoutova et al. 2008). In the low pH and high calcium
conditions found in the Golgi compartment, members of a
family of soluble proteins called chromogranins induce
aggregation of proteins destined to the regulated secretory
pathway (Montero-Hadjadje et al. 2008). TGN acidification
is achieved by proton pumps of the vacuolar H-ATPase (V-
ATPase) family (Schapiro and Grinstein 2000). Interestingly,
Li et al. (2014) have demonstrated that the signaling lipid
phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2) is a sig-
nificant regulator of V-ATPase assembly and activity.
Furthermore, phosphoinositides on the cytosolic surface
recruit organelle-specific effector proteins of vesicle traffick-
ing and signal transduction (Di Paolo and De Camilli 2006).
For example, the serine/threonine protein kinase D (PKD) is
recruited by binding to DAG and the GTPase ARF1, and this
promotes the production of phophatidylinositol 4-phosphate
(PI(4)P) by activating the lipid kinase PI(4)-kinase IIIß. At
the TGN, PI(4)P can recruit lipid transfer proteins, such as
oxysterol-binding protein 1 and ceramide transport protein
that control sphingolipid and sterol levels, respectively.
Ceramide transport protein-mediated transport of ceramide to
the TGN has been proposed to increase the local production
of DAG, which is converted into PA and lysophosphatidic
acid; all these lipids being necessary for fission of secretory
vesicles. PKD also regulates the recruitment of Arfaptin-1 (a
Bin/amphiphysin/Rvs domain protein) to PI(4)P at the TGN
membrane (Cruz-Garcia et al. 2013). In this study, Arfaptin-
1 also appears important for the sorting of chromogranin A, a
member of the chromogranin family, to the regulated
secretory pathway in human BON carcinoid tumor cells.
These results suggest that DAG-dependent PKD recruitment
is crucial for the biogenesis of secretory granules. Indeed,
PKD-mediated Arfaptin-1 phosphorylation is necessary to
ensure the fission of secretory granules at the TGN of
pancreatic b cells (Gehart et al. 2012). Such a role is
compatible with previous reports showing that other cellular
components, such as chromogranin-induced prohormone
aggregates are important for driving TGN vesicle budding
after their association with membrane rafts (Gondr�e-Lewis
et al. 2012).

The journey of secretory granules begins

Hormone precursors, along with other proteins of the
regulated secretory pathway in neuroendocrine cells, are
sorted and packaged into immature secretory granules that
bud off from the TGN. These organelles are rapidly
conveyed to the cell periphery through their interaction
with microtubules via kinesin motors (Park et al. 2009).

The maturation process comprises an acidification-depen-
dent processing of cargo, condensation of the secretory
granule content, and removal of lipids and proteins not
destined for mature secretory granules. The acidification
process occurs along the regulated secretory route resulting
in a decrease in pH from the TGN (6.5–6.2), to immature
secretory granules (6.3–5.7), and finally to mature secre-
tory granules (5.5–5.0). In chromaffin cells, an increase in
the proton pump density and a diminution in proton
permeability of the granule membrane allow a pH drop
(Apps et al. 1989). Moreover, the selective V-ATPase
inhibitor bafilomycin A1 demonstrated the role of acidifi-
cation on trafficking of specific granule proteins through
the regulated secretory pathway in PC12 cells (Taupenot
et al. 2005), a process potentially under the control of
phosphoinositide levels.
During maturation in endocrine and exocrine cells,

granules decrease in size as their content undergoes
condensation, along with the concomitant efflux of Na+,
K+, Cl�, and water from the granules. Water removal is
ensured by the lipid microdomain-associated AQP. AQP1 is
found in secretory granules of pituitary and chromaffin cells,
as well as in synaptic vesicles and pancreatic zymogen
granules, whereas AQP5 is found in parotid gland secretory
vesicles (Ishikawa et al. 2005; Arnaoutova et al. 2008).
They facilitate condensation of granular content during
maturation. Upon their arrival at the cell periphery, secretory
granules are trapped in the dense cortical actin network.
Myosin Va together with Rab3D regulate distinct steps of
the granule maturation, with an essential role of myosin Va
in membrane remodeling (K€ogel and Gerdes 2010) and a
crucial function of Rab3D in the cargo processing (K€ogel
et al. 2013). Interestingly in yeast, oxysterol-binding protein
Osh4p-recruited PI(4)P and Rab proteins are in association
with a myosin V type (Myo2p) in the membrane of secretory
compartments and are implicated in vesicle maturation
(Santiago-Tirado et al. 2011).
Membrane remodeling also induces a decrease of the size

of secretory granules. The presence of a clathrin coat on
patches of secretory granule membrane causes shrinkage of
material, mediated by the clathrin adaptator protein (AP)-1
(Dittie et al. 1996). As a result, membrane proteins like
vesicle-associated membrane protein 4 (VAMP4), furin, and
mannose 6-phosphate receptors, which have a canonical AP-
1-binding site in their cytosolic domain, are present in
immature secretory granules, but not anymore in mature
secretory granules (Klumperman et al. 1998; Teuchert et al.
1999; Hinners et al. 2003). AP-1 accumulates at the
cytosolic face of TGN membrane likely through PI(4)P
interaction (Wang et al. 2003). Their transport along micro-
tubules toward the cortical actin, a step that has not been
linked to lipid yet, and the concomitant granular modifica-
tions result in the maturation and storage of secretory
granules, competent for exocytosis.
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Lipids and exocytosis of secretory granules

And the journey of secretory granules ends

The final stage of the secretory pathway is regulated
exocytosis, a well-defined multistep process triggered by an
exocytotic stimulus (Pang and S€udhof 2010). The molecular
machinery underlying regulated exocytosis involves assem-
bly of a tripartite soluble N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) complex between
plasma and granular proteins as well as accessory proteins
(Jahn and Fasshauer 2012). Extensive work over the last two
decades has also shed light on the importance of lipids in the
exocytosis process. In the following sections, the major
contributions of membrane lipids for each step of secretory
granule exocytosis will be described.

Lipids involved in formation of exocytotic sites and the

docking step
Mature granules, once tethered, are recruited to exocytotic
sites and this represents the initial contact between secretory
granules and plasma membrane. Some lipids, such as
cholesterol, phosphatidylinositol 4,5-bisphosphate (PI(4,5)
P2), and sphingolipids are clustered in ordered microdomains
in plasma membrane, also called membrane rafts. Biochem-
ical and high-resolution imaging observations indicate that
these detergent-resistant microdomains serve to concentrate
and regulate SNARE proteins, arguing for the constitution of
active exocytotic sites (Sala€un et al. 2005). Spatial definition
of exocytotic sites is cholesterol dependent, as depletion of
cholesterol from the plasma membrane negatively affects
cluster integrity and results in reduced secretory activity by
neuroendocrine cells (Lang et al. 2001). Furthermore, we
have demonstrated that PI(4,5)P2-enriched microdomains
co-localize with SNARE clusters and docked secretory
granules from analysis of immunogold labeled plasma
membrane sheets (Umbrecht-Jenck et al. 2010).
PI(4,5)P2 plays a critical role in translocating secretory

vesicles to the plasma membrane (Wen et al. 2011), but also
binds and regulates a large subset of proteins involved in the
docking step, and therefore plays an essential role in granule
recruitment at exocytotic sites (recently reviewed by Martin
2015). For instance, by modulating actin polymerization, PI
(4,5)P2 controls actin-based delivery of secretory vesicles to
exocytotic sites (Trifar�o et al. 2008). Moreover, PI(4,5)P2
clusters organized by syntaxin-1A could act as a platform for
granule docking in membrane rafts (Honigmann et al. 2013).
Studies in chromaffin cells have demonstrated that generation
of microdomains is positively regulated by recruitment of
annexin A2, a calcium- and PI(4,5)P2-binding protein
present at docking sites near SNARE complexes (Chas-
serot-Golaz et al. 2005; Umbrecht-Jenck et al. 2010). Using
3D electron tomography, we have recently shown that
annexin A2 generates lipid domains sites by connecting
cortical actin and docked secretory granules to active fusion

sites (Gabel et al. 2015). The actin-bundling activity of
annexin A2 promotes the formation of ganglioside GM1-
enriched microdomains, increases the number of morpho-
logically docked granules at the plasma membrane, and
controls the number and the kinetic of individual exocytotic
events.
Altogether, these findings raise the possibility that exocy-

totic sites are defined by specific lipids, such as cholesterol
and PI(4,5)P2, that contribute to sequestering or stabilizing
components of the exocytotic machinery. There are also
indications that other lipids contribute to the establishment of
exocytotic sites. For instance, PS resides mostly in the
cytosolic leaflet of plasma membrane in unstimulated
conditions. However, during exocytosis of secretory granules
in numerous secretory cell types, notably neuroendocrine
cells, PS translocates to the outer leaflet (Vitale et al. 2001).
An ultrastructural analysis has recently demonstrated that PS
is externalized in the vicinity of the docking sites of secretory
granules, although the functional relevance of this PS
externalization for fusion is still under debate (Ory et al.
2013). Another lipid implicated in regulated exocytosis is
PA. Silencing of the PA-producing enzyme phospholipase
D1 (PLD1) and the ectopic expression of a catalytically dead
PLD1 form in chromaffin cells affected the number of
exocytotic events, as revealed by capacitance recordings and
carbon fiber amperometry (Zeniou-Meyer et al. 2007). In
line with these observations, PA has recently been proposed
to regulate docking in sea urchin eggs (Rogasevskaia and
Coorssen 2015). Finally, analysis of plasma membrane
SNARE microdomains in chromaffin cells by total internal
reflection fluorescent microscopy suggests that exogenous
addition of the polyunsaturated fatty acid arachidonic acid
(AA) enhances docking of granules (Garc�ıa-Mart�ınez et al.
2013). Thus, investigations using novel high-resolution
imaging techniques combined with acute modifications of
individual lipid composition in a given membrane will
probably further elucidate the contribution of lipids to the
organization of the exocytotic platform.

Lipids regulating molecular mechanisms of priming steps

Priming steps depend on molecular events, essentially
involving SNARE complex assembly, and are necessary to
render vesicles fusion competent (Klenchin and Martin
2000). There is also growing evidence that lipids are
implicated in priming, as indicated by lipid reorganization
provoked by inositol kinases and lipases during this step.
Phosphoinositides such as PI(4,5)P2 seem to be key
regulators of secretion, not only by regulating the docking
step but also by controlling the size and refilling rate of the
readily releasable pool of granules. Electrophysiological
studies modulating PI(4,5)P2 levels and using over-
expressed PI(4,5)P2 fluorescent probes revealed that a high
level of PI(4,5)P2 in chromaffin cells positively modulates
secretion by increasing the size of the primed vesicle pool,
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whereas the constants of the fusion rate were not affected
(Milosevic et al. 2005). In agreement with this concept, we
recently found that the HIV protein Tat sequesters plas-
malemmal PI(4,5)P2 in neuroendocrine cells and subse-
quently reduces the number of exocytotic events, without
significantly affecting the kinetics of fusion (Tryoen-Toth
et al. 2013). Moreover, in vitro experiments using liposomes
have previously reported that PI(4,5)P2 can recruit priming
factors such as calcium-activator protein for secretion
(CAPS), which facilitates SNARE-dependent fusion (James
et al. 2008). However, it seems that a well-regulated balance
between plasmalemmal PI(4,5)P2 synthesis and breakdown
is mandatory for exocytosis. Indeed, DAG production
through hydrolysis of PI(4,5)P2 by phospholipase C is
crucial for exocytosis in mast cells (Hammond et al. 2006).
As for PI(4,5)P2, DAG formation is essential for priming,
leading to activation of protein kinase C and Munc-13, which
then modulate the function of syntaxin-1A (Sheu et al. 2003;
Bauer et al. 2007).
On the granule membrane, phosphoinositides have also

been implicated in priming. For instance, experiments on
permeabilized chromaffin cells have shown that synthesis of
phosphatidylinositol-3-phosphate (PI(3)P) on secretory gran-
ules positively regulates secretion. Formation of PI3P is
mediated by an isoform of phosphatidylinositol 3-kinase
(PI3K), PI3K-C2a, particularly enriched on chromaffin
granule membranes, suggesting that PI3K-C2a production
of PI(3)P has a specific role in the ATP-dependent priming
phase of exocytosis (Meunier et al. 2005). Genetic and
pharmalogical inhibition of PI3K-C2a activity resulted in a
complete inhibition of secretion, suggesting that PI(3)P
synthesis is necessary for exocytosis to occur (Meunier et al.
2005). This notion has been validated by experiments
showing that stimulation of exocytosis up-regulated PI(3)P
levels on granules, whereas enzymatic conversion of PI3P in
PI(3,5)P2 negatively affected exocytosis (Osborne et al.
2008; Wen et al. 2008). A similar effect on insulin secretion
has been reported in pancreatic b cells with impaired PI3K-
C2a activity (Dominguez et al. 2011). Taken together, PI(3)
P production by PI3K-C2a on chromaffin granule membrane
can be proposed to act as an essential priming signal for
secretory granules, although the effectors directly involved
remain to be characterized. Altogether these observations
suggest that phosphoinositide metabolism is finely regulated
to control the number of fusion-competent granules.
Other lipids have recently emerged as additional modula-

tors of the priming step. AA, a polyunsaturated fatty acid of
the omega-6 family has been described to potentiate
exocytosis from chromaffin cells (Vitale et al. 1994, 2010;
Latham et al. 2007). In vitro assays on protein interactions
have revealed that AA can directly interact with SNAREs,
like syntaxin-1a or syntaxin-3, and potentiate their assembly
with SNAP-25 (Darios and Davletov 2006). Interestingly,
this effect of AA on SNARE complex formation in vitro can

be reproduced by other omega-3 and omega-6 fatty acids,
suggesting that polyunsaturated lipids may physiologically
regulate SNARE complex assembly by targeting syntaxin
isoforms (Darios and Davletov 2006). Along this line, work
with snake phospholipase acting as neurotoxin substantiates
the notion that free fatty acids and lysophopholipids promote
neurosecretion (Rigoni et al. 2005). Furthermore, production
of sphingosine, via hydrolysis of vesicular membrane
sphingolipids, also facilitated SNARE complex assembly
by activating the vesicular SNARE synaptobrevin (Darios
et al. 2009). Finally, in vitro fusion assays have demon-
strated that PA binds syntaxin-1 and promotes SNARE
complex assembly (Lam et al. 2008; Mima and Wickner
2009).

‘Fusogenic lipids’ for membrane merging and release of

content

Many observations are in agreement that lipids have also a
crucial role in the fusion reaction. Thus, the most widely
accepted lipidic model for membrane fusion is the stalk pore
model, defined by the merging of cis-contacting monolayers,
leading to a negatively curved lipid structure called a stalk
(Chernomordik and Kozlov 2008). During exocytosis, the
outer leaflet of the granule and the inner leaflet of the plasma
membrane seemingly form the stalk. As a result of differ-
ences in the geometry of lipids, lipid composition of
membranes presumably influences the structure of the stalk
and subsequently efficacy of exocytosis. Theoretically, cone-
shaped lipids such as cholesterol, DAG, or PA, which have
intrinsic negative curvatures when found in the inner (cis)
leaflets of contacting bilayers could promote fusion. On the
contrary, inverted cone-shaped lipids (PS, gangliosides, or
lysophospholipids) are supposed to be present in the outer
(trans) leaflets. This concept has been partially validated
using reconstituted fusion assays and directly by adding
lipids to cell cultures. These results indicate that PA, DAG,
and cholesterol, may promote fusion by changing the
spontaneous curvature of membranes (Ammar et al. 2013).
PA is present in the inner leaflet of the plasma membrane,

but presumably in very small quantities in resting conditions.
Based on the pivotal role of this lipid in exocytosis (Bader
and Vitale 2009), the visualization of local formation of PA
has been a recurring issue. Use of PA-specific probes
coupled to ultrastructural analysis allowed us to visualize PA
accumulation at the plasma membrane in stimulated chro-
maffin cells, near morphological docking sites (Zeniou-
Meyer et al. 2007). Moreover, silencing of PLD1 has
suggested that PA production is necessary to facilitate
membrane fusion after early steps of exocytosis, probably by
modifying membrane topology in the proximity of docking
sites. In favor of this model, extracellular lyso-phosphati-
dylcholine (LPC) application partially rescued secretion from
PLD1-depleted cells (Zeniou-Meyer et al. 2007). PLD1
activity at the plasma membrane, and subsequently PA
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synthesis during exocytosis, is itself regulated by PI(4,5)P2
(Du et al. 2003). As PA is also an essential co-factor of
PI5K, which produces PI(4,5)P2, a positive feedback loop
for the synthesis of these two lipids may be activated during
exocytosis (Cockcroft 2009).
In conclusion, the local accumulation of different fuso-

genic lipids, such as PA, PI(4,5)P2, DAG, and cholesterol at
or near granule docking sites may have a synergistic effect on
membrane curvature and thereby promote fusion. However,
the precise localization of these lipids during the course of
the fusion pore formation, expansion, and closure remains
elusive and requires significant advances in imaging tech-
niques and lipid sensors. Finally, a novel mass spectrometry
method has recently revealed that saturated free fatty acids

are actively generated in stimulated neurosecretory cells and
neurons (Narayana et al. 2015), but at present it is not known
if these fatty acids have a direct role in exocytosis or if they
are degradation products of fusogenic lipids.

Ending the journey or a new beginning?
Membrane fusion during exocytosis can occur through three
different modes in secretory cells, depending on the phys-
iological demand: kiss and run, cavicapture, or full-collapse
fusion. After full-collapse fusion of the granules upon
stimulation, the secretory granule membrane components
can be entirely recycled by a clathrin-mediated compensatory
endocytotic process (Ceridono et al. 2011). Molecular
mechanisms underlying the preservation of granule mem-

Fig. 1 Model highlighting the importance of lipids from secretory
granule biogenesis to fusion. (a) The regulated secretory pathway from

the Golgi apparatus to the plasma membrane. Immature secretory
granules (ISG) are transported along microtubules from the trans-Golgi
network (TGN) up to the cortical actin. During their active transport they
are converted into mature secretory granules (MSG). (b) Lipids

involved in the journey of secretory granules. Specific minor lipids
directly control directionality and functionality of the regulated secretory

pathway. Conical lipids include cholesterol, diacylglycerol, phospha-
tidic acid, and phosphatidylethanolamine. Inverted conical lipids

include lysophospholipids and PI(4,5)P2. Omega-6 and omega-3
forms of polyunsaturated fatty acids (PUFA) are released in the
cytosol by phospholipases. Membrane microdomains enriched in
cholesterol, gangliosides, and sphingolipids are highlighted at the

budding membrane of the TGN and at the exocytotic sites of the
plasma membrane.
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brane identity after fusion with plasma membrane remains
unclear, but it has been proposed that specific lipid
microdomains might contribute to prevent diffusion of
granular components. Hence, exo-endocytosis coupling leads
then to recycling of post-exocytotic internalized granule
membrane back to the Golgi apparatus, starting a new life for
the secretory granule (Houy et al. 2013). Recently lipids
generated upon exocytosis have been proposed to contribute
to the exo-endocytosis coupling (Yuan et al. 2015).

Conclusion

Lipids undoubtedly appear to contribute to almost every step
along the regulated secretory pathway from the biogenesis of
secretory granules to the exocytosis process (Fig. 1). How-
ever, despite the important advances in our understanding,
many important answers remain far beyond our reach. The
contribution of individual molecular lipid species is not
known. Addressing this issue will require following the
dynamics of individual lipid species at the nanometric scale,
an aspect that may be achieved through the development of
mass spectrometric imaging. Clearly this remains one of the
most challenging issues in modern cell biology, given the
large number of lipid molecules to analyze. Probing the
physiological relevance of these lipids in different secretory
processes is another challenging aspect for the near future.
Indeed there is no doubt that an alteration of the fine cellular
lipid balance, either as a consequence of an alteration of lipid
metabolism or a bad diet, could contribute to dysfunction of
the secretory pathway. On the other hand, determining the
influence of lipid shape to membrane topology during the
different steps of membrane remodeling across the secretory
pathway will probably require better in vitro modeling of the
different steps involved.
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Résumé	

Alors	 que	 s’accumulent	 des	 donnés	 épidémiologiques	 qui	 suggèrent	 une	 importance	
fondamentale	des	lipides	de	l’alimentation	dans	l’homéostasie	cellulaire	et	le	développement	
de	nombreuses	pathologies	humaines,	peu	d’informations	sur	leurs	fonctions	spécifiques	sont	
disponibles	à	ce	jour.	Ceci	est	particulièrement	le	cas	pour	la	neurosecretion	qui	dépend	de	la	
fusion	 d’organites	 vésiculaires	 avec	 la	 membrane	 plasmique.	 Des	 études	 récentes	 ont	
montré	le	rôle	clé	de	la	compartimentalisation	lipidique	au	niveau	des	sites	d’exocytose	et	
par	 ailleurs	 validées	 la	 notion	 de	 lipides	 fusogéniques,	 comme	 pour	 l’acide phosphatidique	
(PA).	
La	 V-ATPase,	 via	 ses	 domaines	 V0	 et	 V1	 est	 à	 la	 fois	 impliquée	 dans	 le	 remplissage	 en	
neurotransmetteurs	des	vésicules,	mais	aussi	dans	 leur	 fusion.	Nous	montrons	 ici	que	V0a1	
interagit	avec	le	facteur	d’échange	pour	Arf6	ARNO.	En	bloquant	cette	interaction,	nous	avons	
observé	 une	 réduction	 de	 l’activation	 d’Arf6,	 de	 l’activité	 PLD	 et	 de	 l’exocytose,	 avec	 une	
modification	de	 la	 cinétique	des	événements	unitaires	d’exocytose.	Nous	proposons	que	 la	
dissociation	 de	V1	 de	V0	 pourrait	 représenter	un	 signal	permettant	 l’activation	 de	 la	 voie	
Arf6-ARNO-PLD1	et	ainsi	promouvoir	la	synthèse	de	PA	requise	à	une	exocytose	efficace	dans	
les	cellules	neuroendocrines.	

Mots-clés	:	acide	phosphatidique	-	cellule	neuroendocrine	-	lipides	-	phospholipase	D	-	
exocytose	-	V-ATPase	

Abstract	

Lipids	 play	 key	 cellular	 functions	 and	 are	 involved	 in	 many	 human	 diseases	 and	 little	
information	 is	available	on	their	exact	 function.	This	 is	especially	the	case	 in	neurosecretion	
that	relies	on	the	fusion	of	specific	membrane	organelle	with	the	plasma	membrane	for	which	
relatively	 little	 attention	has	been	paid	 to	 the	necessary	 role	 of	 lipids.	Recent	 studies	have	
established	the	importance	of	lipid	compartmentalization	at	the	exocytotic	sites	and	validated	
the	contribution	of	fusogenic	lipids	such	as	phosphatidic	acid	(PA)	for	membrane	fusion.		

The	V-ATPase	is	involved	both	in	the	charging	of	secretory	vesicle	and	the	membrane	fusion	
for	secretion	of	vesicle.	 Indeed	 the	V1	and	V0	subdomains	were	shown	 to	dissociate	during	
stimulation	 allowing	 subunits	 of	 the	 vesicular	V0	 to	 interact	with	 different	 proteins	 of	 the	
secretory	machinery.	We	show	here	that	V0a1	 interacts	with	the	exchange	 factor	ARNO	and	
promotes	 Arf6	 activation	 during	 exocytosis	 in	 neuroendocrine	 cells.	 Interfering	 with	 the	
V0a1-ARNO	 interaction	 prevented	 phospholipase	 D	 (PLD)	 activation,	 phosphatidic	 acid	
synthesis	during	 exocytosis,	 and	 altered	 the	kinetic	parameters	of	 individual	 fusion	 events.	
We	suggest	that	V1	dissociation	from	V0	could	represent	the	signal	that	triggers	the	activation	
of	the	ARNO-Arf6-PLD1	pathway	and	promotes	PA	synthesis	needed	for	efficient	exocytosis	in	
neuroendocrine	cells.	

Key	words:	Exocytosis	-	lipids	-	neuroendocrine	cell	-	phospholipase	D	-	phosphatidic	acid	-	
V-ATPase
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Interaction	entre	la	sous	unité	V0	de	la	V-ATPase	et	le	facteur	d'échange	
ARNO	et	son	implication	fonctionnelle	dans	l'exocytose	régulée	




