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Abstract

The synaptic vesicle (SV) cycle includes exocytosis of vesicles loaded with a neurotransmitter 

such as glutamate, coordinated recovery of SVs by endocytosis, refilling of vesicles, and 

subsequent release of the refilled vesicles from the presynaptic bouton. SV exocytosis is tightly 

linked with endocytosis, and variations in the number of vesicles, and/or defects in the refilling of 

SVs, will affect the amount of neurotransmitter available for release (Sudhof, 2004). There is 

increasing interest in the roles synaptic vesicle lipids and lipid metabolizing enzymes play in this 

recycling. Initial emphasis was placed on the role of polyphosphoinositides in SV cycling as 

outlined in a number of reviews (Lim and Wenk, 2009; Martin, 2012; Puchkov and Haucke, 2013; 

Rohrbough and Broadie, 2005). Other lipids are now recognized to also play critical roles. For 

example, PLD1 (Humeau et al., 2001; Rohrbough and Broadie, 2005) and some DGKs (Miller et 

al., 1999; Nurrish et al., 1999) play roles in neurotransmission which is consistent with the critical 

roles for phosphatidic acid (PtdOH) and diacylglycerol (DAG) in the regulation of SV exo/

endocytosis (Cremona et al., 1999; Exton, 1994; Huttner and Schmidt, 2000; Lim and Wenk, 

2009; Puchkov and Haucke, 2013; Rohrbough and Broadie, 2005). PLD generates phosphatidic 

acid by catalyzing the hydrolysis of phosphatidylcholine (PtdCho) and in some systems this 

PtdOH is dephosphorylated to generate DAG. In contrast, DGK catalyzes the phosphorylation of 

DAG thereby converting it into PtdOH. While both enzymes are poised to regulate the levels of 

DAG and PtdOH, therefore, they both lead to the generation of PtdOH and could have opposite 

effects on DAG levels. This is particularly important for SV cycling as PtdOH and DAG are both 

needed for evoked exocytosis (Lim and Wenk, 2009; Puchkov and Haucke, 2013; Rohrbough and 

Broadie, 2005). Two lipids and their involved metabolic enzymes, two sphingolipids have also 

been implicated in exocytosis: sphingosine (Camoletto et al., 2009; Chan et al., 2012; Chan and 

Sieburth, 2012; Darios et al., 2009; Kanno et al., 2010; Rohrbough et al., 2004) and 

sphingosine-1-phosphate (Chan, Hu, 2012; Chan and Sieburth, 2012; Kanno et al., 2010). Finally 

a number of reports have focused on the somewhat less well studies roles of sphingolipids and 

cholesterol in SV cycling. In this report, we review the recent understanding of the roles PLDs, 

DGKs, and DAG lipases, as well as sphingolipids and cholesterol play in synaptic vesicle cycling.
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Phosphatidylcholine-specific phospholipases D1 and D2

PLDs1 and 2 have been implicated in the release of neurotransmitter release. Most of the 

available data pertains to the role PLD1 plays in this process ((Humeau et al., 2001; 

Rohrbough and Broadie, 2005) and see (Almena and Merida, 2011; Kanoh et al., 2002; 

Merida et al., 2008; van Blitterswijk and Houssa, 2000)). Using dominant-negative 

constructs of PLD1 and PD2, Humeau et al. provided strong evidence for a role for PLD1, 

but not PLD2, in neurotransmitter release from Aplysia californica neurons (Humeau et al., 

2001) substantiating other studies implicating PLD1 in the CNS (Humeau et al., 2001; 

Rohrbough and Broadie, 2005; Sun et al., 2013). Consistent with these observations, PLD1 

is largely localized in neurons (Humeau et al., 2001; Klein, 2005; Rohrbough and Broadie, 

2005; Zhang et al., 2004) but is also present in oligodendrites, while PLD2 is largely found 

in astrocytes (e.g. see (Kim et al., 2010b; Zhang et al., 2004)). While PLD1 seems to be 

involved in exocytosis (Humeau et al., 2001; Vitale et al., 2001), PLD2 has been implicated 

in the modulation of glutamate transporter function (Mateos et al., 2012) and the 

internalization of mGluR (Bhattacharya et al., 2004). Interestingly, PLD2 ablation has been 

shown to alleviate the synaptic dysfunction linked to Alzheimer's disease (Oliveira et al., 

2010; Oliveira and Di Paolo, 2010). Using brain slices, these studies indicate that oligomeric 

Aβ does not suppress longterm potentiation in PLD2 deficiency in the hippocampus 

implicating PLD2 in the synaptotoxic action of Aβ. A particularly interesting aspect of this 

work was the observation that ablation of PLD2 rescues memory deficits and leads to 

synaptic protection in a transgenic mouse model of AD (SwAPP) even in the presence of an 

Aβ over-load (Oliveira et al., 2010). In addition to these studies, PLD2 has been implicated 

in glutamate transport (Mateos et al., 2012). These studies may increase the interest in the 

roles of this PLD isoform in the CNS.

PLDs catalyze the hydrolysis of phosphatidylcholine leading to the production of PtdOH. 

Consistent with a PLD role in neurotransmitter release, this lipid has been show to modulate 

a number of proteins involved in exocytosis. For example, PtdOH directly binds to some 

small GTPase, as well as proteins involved in vesicular trafficking such as NSF and 

syntaxin-1A (Jang et al., 2012). This lipid also affects exocytosis indirectly via the 

activation of phosphatidylinositol-4-phosphate 5-kinase, which catalyzes the production of 

PtdIns(4,5)P2 (Honda et al., 1999). Some of the strongest evidence for a PtdOH role in SV 

cycling derives from in vitro reconstituted assays involving a liposomal flotation assay for 

fusion with purified yeast vacuolar SNARE chaperones Sec17p/Sec18p, and the 

multifunctional HOPS complex with the Sec1-Munc18 family. In this assay, PtdOH was one 

of the lipids shown to be critical for SNARE complex assembly and for fusion (Mima and 

Wickner, 2009). Finally given the potential role of PLD2 in glutamate transport (Mateos et 

al., 2012), it is interesting to note that this lipid has been shown to modulate ion channels/
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transporters in plants (Liu et al., 2013; Yu et al., 2010) and providing support to the 

speculation that it's involved in modulating a glutamate transporter.

Diacylglycerol and related enzymes: diacylglycerol kinase, diacylglycerol 

lipase

DAG has also been implicated in SV cycling (Cremona et al., 1999; Huttner and Schmidt, 

2000; Lim and Wenk, 2009; Rohrbough and Broadie, 2005; Vijayakrishnan and Broadie, 

2006; Wenk, 2005). The role of this lipid, however, appears to be more confined to the 

regulation of two proteins critical to synaptic vesicle cycling: munc13-1/2 and PKC (Basu et 

al., 2007; Kazanietz, 2000, 2002; Merida et al., 2008; Villar et al., 2001; Xue et al., 2009). 

The involvement of PKC is a bit controversial. Xue et al. showed that expression of a 

dominant-negative PKCα prevents the phorbol-ester facilitation of exocytosis in PC12 cells. 

Using hippocampal neurons isolated from munc13-1/munc13-2 deficient mice, however, 

Rhee et al. showed that this protein family and not PKC are necessary for evoked exocytosis 

(Rhee et al., 2002). Further, expression of a DAG-binding defective these neurons showed 

the DAG binding domain was essential for the evoked release of neurotransmitter. While the 

precise role of a PKC or munc13 may be cell type or system dependent, it is clear that DAG 

plays a central role in modulating neurotransmitter release.

One of the key enzymes involved in modulating DAG levels are the DGKs. The 

physiological roles of mammalian DGKs in the CNS are also now starting to emerge, and 

specific functions have been identified for several neuronal isoforms (Goto and Kondo, 

1999a; Goto et al., 2014; Hozumi and Goto, 2012; Ishisaka and Hara, 2014; Tu-Sekine and 

Raben, 2011) including DGK-ε (Musto and Bazan, 2006; Rodriguez de Turco et al., 2001); 

DGK-ζ and DGK-β (Kim et al., 2010a; Shirai et al., 2010); and DGK-ι (Seo et al., 2010). 

DGK-α, while present in the CNS, is largely confined to glial cells (Goto and Kondo, 

1999b). DGK-β probably does not play a role in synaptic vesicle recycling but is involved in 

branching and spine formation (Hozumi et al., 2009; Shirai et al., 2010). Perhaps the most 

compelling evidence for this is the data from primary cultured hippocampal neurons isolated 

from DGK-β KO mice where branching and spine formation were decreased and this 

phenotype was rescued by expression of wild type DGK-β (Hozumi et al., 2009). Although 

these data don't directly address a role for DGK-β in synaptic vesicle recycling, there is 

evidence that this isoform plays a role in hyperactivity disorder and bipolar disease 

(Caricasole et al., 2001; Ishisaka et al., 2012). DGK-ζ, similar to DGK-β plays a role in 

spine density as well but this isoform appears to promote spine maintenance and is largely a 

postsynaptic process (Kim et al., 2009). DGK-ε likely modulates neuronal synaptic activity, 

neuronal plasticity, and epileptogenesis (Musto and Bazan, 2006; Rodriguez de Turco et al., 

2001), although the mechanism is not clear. Targeted ablation of DGK-ε in mice led to an 

increased resistance to electro-convulsive shock with shorter tonic seizures and faster 

recovery than their wild type counterparts.

Two DGK isoforms that are more strongly associated with synaptic transmission are DGK-ι 

and DGK-θ. Using mice in which DGK-i was knocked out, Yang et al. showed that this 

isoform may be involved in regulating presynaptic glutamate release during DHPG (3,5-

dihydroxyphenylglycine)-induced long-term potentiation (Yang et al., 2010). While DGK-θ 
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is predominantly expressed in the CNS (Tu-Sekine and Raben, 2011), the primary evidence 

for function in neurotransmitter release stems from work on the Caenorhabditis elegans 

homolog of DGK-θ, DGK-1. Knock-out animals (dgk-1−/−) exhibit a constitutive increase in 

acetylcholine release due to hyper-stimulation of the DAG-dependent vesicle-priming 

protein unc-13 ((Miller et al., 1999; Nurrish et al., 1999) and see (Kanoh et al., 2002; Merida 

et al., 2008)). A role for this enzyme in synaptic vesicle cycling in mammalian neurons has 

not yet been established.

DAG lipase (DAGL) is an enzyme that catalyzes the hydrolysis of DAG yielding a free fatty 

acid and 2-monoacylglycerol. Two genes have been identified for two different isozymes 

designated DAGL-a and DAGL-b. In neurons, these enzymes are predominately post-

synaptic and have largely been implicated in the production and function of 

endocannabinoids and arachidonic acid in the brain ((Uchigashima et al., 2007; Yoshida et 

al., 2006) and see (Garcia del Cano et al., 2014; Reisenberg et al., 2012)). Evidence that they 

are involved in modulating neurotransmitter release is lacking.

DAG and PtdOH in membrane fusion

The question that often arises pertains to how DAG and PtdOH mediate exocytosis or 

endocytosis. Clearly, the above discussion indicates that a large part of the mechanism 

involves their interaction, thereby affecting localization and/or activation, of proteins 

involved in these processes. In addition to this, these two lipids are often considered to be 

fusogenic. This refers to the notion that these lipids support, and may even accelerate, the 

fusion of membrane bilayers. This is partly due to the fact that both PtdOH and DAG are 

cone shaped lipids and promote negative curvature. In that, increases in these lipids on the 

inner leafiet of the synaptic membrane, and possibly the outer leafiet of the synaptic vesicle, 

would enhance membrane fusion (Chasserot-Golaz et al., 2010; Chernomordik and Kozlov, 

2005). It's interesting to speculate that the generation and inter-conversion of these lipids 

could provide a unique opportunity for regulating the presence of fusogenic lipids with the 

recruitment and/or activation of specific proteins involved in exo/endocytosis.

The sphingolipids

There is increasing evidence to support a role for sphingolipids in neurotransmitter release 

((Colombaioni and Garcia-Gil, 2004) and see (Brailoiu et al., 2002; Camoletto et al., 2009; 

Darios et al., 2009; Kanno et al., 2010)). Sphingosine was shown to activate the synaptic 

vesicle protein synapto-brevin leading to SNARE complex formation which is involved in 

membrane fusion. In support of this, exocytosis was increased in response to sphingosine in 

isolated nerve terminals, neuromuscular junctions, neuroendocrine cells and hippocampal 

neurons, in a synaptobrevin-2-dependent manner (Darios et al., 2009). In an exciting recent 

study from de Camilli's group, they showed that knockdown of sphingosine kinases leads to 

an endocytic recycling defect. Further, while wild type C. elegans sphingosine kinase 

rescues the phenotype, a mutation that disrupts the hydrophobic patch of this enzyme is 

unable to rescue the loss-of-function mutations of this kinase (Shen et al., 2014).
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Cholesterol

The role of cholesterol in the SV cycle has been less studied and confusion still exists. Some 

studies have shown that cholesterol depletion by methyl-b-cyclodextrin leads to a 

suppression of exocytosis (Belmonte et al., 2005; Chamberlain et al., 2001; Churchward et 

al., 2005). This may be due to an indirect effect involving a suppression of evoked calcium 

release or the result of membrane alterations including sequestration of components in 

specific lipid domains. Other studies have shown that cholesterol plays an important role in 

synaptic vesicle cycling. For example, cholesterol has been shown to bind synaptophysin 

and modulate exocytosis but not endocytosis in PC12 cells (Thiele et al., 2000). In the de 

Camilli study noted above, these investigators showed that altering the cholesterol/

sphingomyelin ratio in the plasma membrane is important for proper targeting of 

sphingosine kinase to active zones in neurons (Shen et al., 2014).

Summation

Identifying the roles of various lipids in the modulation of neurotransmitter release is an 

reinvigorated field that promises to yield exciting results. In addition to expanding the roles 

identified above, our understanding of the roles of the particular lipid species as well as the 

chemistry and biophysical properties of the lipids and membranes in which they reside will 

lead to exciting discoveries. These studies will not only expand our fundamental knowledge 

of lipids in neuroscience, they promise to provide new therapeutic insights. It seems we're 

on the cusp of a very exciting time in lipid research.
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