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Abstract
Synaptic transmission is amongst the most sophisticated and tightly controlled biological
phenomena in higher eukaryotes. In the past few decades, tremendous progress has been made in
our understanding of the molecular mechanisms underlying multiple facets of neurotransmission,
both pre- and postsynaptically. Brought under the spotlight by pioneer studies in the areas of
secretion and signal transduction, phosphoinositides and their metabolizing enzymes have been
increasingly recognized as key protagonists in fundamental aspects of neurotransmission. Not
surprisingly, dysregulation of phosphoinositide metabolism has also been implicated in synaptic
malfunction associated with a variety of brain disorders. In the present chapter, we summarize
current knowledge on the role of phosphoinositides at the neuronal synapse and highlight some of
the outstanding questions in this research field.

1. INTRODUCTION
Chemical synapses are intercellular junctions through which neurons efficiently transfer
electrical signals to target cells. Synapses consist of two juxtaposed structures, the pre- and
postsynaptic compartments, which are separated by the synaptic cleft. The presynaptic
compartment is specialized for the fast release of neurotransmitters in response to action
potentials propagating along axons towards nerve terminals and the opening of voltage-
dependent Ca2+ channels. Ca2+-triggered release of neurotransmitters occurs through fast
exocytosis of synaptic vesicles (SVs) at specialized sites called the active zones and is
generally followed by a slower retrieval of SV membrane by endocytosis (Figure 1). The
released neurotransmitters, which are mainly glutamate and gamma-aminobutyric acid
(GABA) in the central nervous system, bind to ionotropic and metabotropic postsynaptic
receptors. This translates the chemical signal in the form of neurotransmitters into inhibitory
and excitatory electrical events as well as into intracellular signaling cascades, thus
transmitting action potentials in the target cell. The strength of synaptic transmission can
vary across a broad range in a phenomenon called synaptic plasticity, which is typically
associated with drastic morphological changes at the postsynapse of excitatory neurons (i.e.,
dendritic spines) and believed to underlie key neurobehavioral responses, such as learning
and memory. The past sixty years has witnessed a worldwide and massive effort to
investigate the molecular and cellular bases of synaptic transmission leading to substantial
progress in our understanding of how this phenomenon works. However, despite the fact
that many aspects of synaptic transmission critically depend on signaling across lipid
bilayers and membrane trafficking, less is known about the role of lipids in this process. In
the past two decades, lipids such as phosphorylated derivatives of phosphatidylinositol, also
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called phosphoinositides, have progressively come to center stage due to their growing
implication in fundamental aspects of neurotransmission.

Phosphoinositides are quantitatively a minor lipid class in cellular membranes; nevertheless,
they play a crucial role in many aspects of cellular physiology, including synaptic function.
There are seven known phosphoinositides, one of which, phosphatidylinositol-4,5-
bisphosphate [PtdIns(4,5)P2], has been extensively studied due to its abundance and its
historical implication in signal transduction as a precursor for second messengers as well as
in secretion. This book chapter largely focuses on the role of PtdIns(4,5)P2 metabolism at
the neuronal synapse, with particular emphasis on its function in the traffic of SVs at the
presynapse. The role of other critical phosphoinositides, such as phosphatidylinositol-3,4,5-
trisphosphate [PtdIns(3,4,5)P3], will also be discussed, based on its implication in synaptic
plasticity. Phosphoinositides are also important regulators of many ion channels and
transporters, such as voltage-gated Ca2+ channels or potassium channels, and this regulation
is central to neuronal excitability and synaptic transmission. However, space limitation
prevents us from elaborating on this topic, which is covered by a series of recent review
articles to which we refer the reader (Hilgemann, 2007, Suh and Hille, 2008, Logothetis et
al., 2010). In the present chapter, we describe the main lipid enzymes controlling the
metabolism of the two main signaling phosphoinositides at the synapse, PtdIns(4,5)P2 and
PtdIns(3,4,5)P3. We then highlight the mechanisms by which these lipids control
fundamental aspects of synaptic transmission at the pre- and post-synapse. Finally, we
discuss the implications of dysregulation of synaptic phosphoinositide metabolism in
disease-related processes, such as in Down syndrome and Alzheimer’s disease.

2. PHOSPHOINOSITIDE METABOLISM AT THE SYNAPSE
While PtdIns(4,5)P2 and PtdIns4P are the most abundant phosphoinositides in cells, the
former has been extensively characterized in the past few decades and is now known to play
fundamental roles at the plasma membrane. Indeed, PtdIns(4,5)P2 controls both exocytosis
and endocytosis, actin dynamics, signal transduction as well as the function of many ion
channels and transporters (Di Paolo and De Camilli, 2006, Saarikangas et al., 2008, Suh and
Hille, 2008). Although the synaptic plasma membrane contains highly specialized structures,
such as the active zone and the post-synaptic density, and a distinct protein and lipid
composition, PtdIns(4,5)P2 is known to regulate these very same biological processes at
these membranes. Steady-state PtdIns(4,5)P2 levels at the synapse are controlled by a
specific set of lipid enzymes, which, at mammalian synapses, include PtdInsP kinases type
1γ (Wenk et al., 2001, Di Paolo et al., 2004) and polyphosphoinositide phosphatase Synj1
(Cremona et al., 1999, Voronov et al., 2008). Additionally, a variety of enzymes, such as
phosphoinositide 3-kinases (PI3K), phospholipase C (PLC) and A2, play both critical and
pleiotropic roles in phosphoinositide-dependent signaling. Besides PtdIns(4,5)P2, the low
abundance phosphoinositide PtdIns(3,4,5)P3 is known to regulate many cellular processes,
some of which are critical for synaptic physiology and plasticity. The following section will
primarily focus on the enzymes controlling PtdIns(4,5)P2 and PtdIns(4,5)P2 metabolism at
the synapse. The precise role of these two phosphoinositides at synapses will be discussed in
sections 3 and 4.

2.1 Regulation of PtdIns(4,5)P2 metabolism at the synapse
PtdIns(4,5)P2 can be synthesized by type 1 PtdInsP kinases (PtdInsPK1s), which
phosphorylate PtdIns4P on the 5’ position, and by type 2 PtdInsP kinases, which
phosphorylate PtdIns5P on the 4’ position (Doughman et al., 2003, Anderson et al., 1999).
The activation loop located at the COOH-terminus of the kinase core domain controls the
substrate specificity of either class (Kunz et al., 2000). Each type of PtdInsPKs is comprised
of three catalytically-active isoforms, α, β, γ (Ishihara et al., 1996, Anderson et al., 1999). A
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kinase-dead homolog, PtdInsPKH, has also been reported (Chang et al., 2004). Biochemical
measurements using immunodepleted or knockout (KO) brain extracts have demonstrated
that the main pathway for the synthesis of PtdIns(4,5)P2 in the brain and at the synapse
involves the PtdInsPK1γ isoform (Wenk et al., 2001, Di Paolo et al., 2004, Volpicelli-Daley
et al., 2010). Its substrate, PtdIns4P, is produced by a PtdIns 4-kinase (PI4K), which was
identified as a type IIα enzyme (PI4KIIα), at least in the brain and at neuronal synapses
(Guo et al., 2003). In mouse brain, PtdInsPK1γ occurs as 3 splice variants, PtdInsPK1γ635
(or PtdInsPK1γ87), PtdInsPK1γ661 (or PtdInsPK1γ90) and PtdInsPK1γ687 (Ishihara et
al., 1998, Giudici et al., 2004). At synapses, PtdInsPK1γ661 is the most abundant isoform
and the main kinase for the production of PtdIns(4,5)P2 (Wenk et al., 2001, Di Paolo et al.,
2004, Volpicelli-Daley et al., 2010). In mice, the extended COOH-terminal tail of
PtdInsPK1γ661 binds to the Four-point-one, Ezrin, Radixin, Moesin (FERM) domain of the
head region of talin (Di Paolo et al., 2002, Ling et al., 2002) and with the clathrin adaptor
complex protein-2 (AP-2) (Bairstow et al., 2006, Nakano-Kobayashi et al., 2007, Krauss et
al., 2006, Kahlfeldt et al., 2010). Three other types of interactors have been identified for
PtdInsPK1γ: (i) Rho GTPases (Chatah and Abrams, 2001, Weernink et al., 2004); (ii) Arf
GTPases (Krauss and Haucke, 2005, Krauss et al., 2003); and (iii) phospholipase D
(Divecha et al., 2000, Jarquin-Pardo et al., 2007, Moritz et al., 1992). Similar to a group of
proteins involved in SV endocytosis called the “dephosphins”, PtdInsPK1γ undergoes
depolarization-dependent dephosphorylation by calcineurin, a phenomenon known to
promote the assembly of endocytic factors (Cousin and Robinson, 2001, Slepnev et al.,
1998, Wenk et al., 2001). The phosphorylation of PtdInsPK1γ is mediated at least in part by
cyclin-dependent kinase-5 (Cdk-5), a proline-directed serine/ threonine kinase that is
critically important for SV trafficking and the control of the recycling pool size (Lee et al.,
2005, Kim and Ryan, 2010). Phosphorylation is a primary mechanism by which the activity
of PtdInsPK1γ is locally controlled. For instance, phosphorylation of residue S645 in the
COOH tail of PtdInsPK1γ661 decreases the binding of the lipid kinase with talin and AP-2
(Lee et al., 2005, Nakano-Kobayashi et al., 2007). Additionally, phosphorylation of the S645
is reduced by phosphorylation of the neighbor residue, Y649, by non-receptor tyrosine
kinase Src (Lee et al., 2005).

The main PtdIns(4,5)P2 phosphatase at the mammalian synapse is synaptojanin 1 (Synj1)
(McPherson et al., 1996, Cremona et al., 1999). Two different Synj-encoding genes, Synj1
and Synj2, have been reported in mammals, although Synj1 is known to be the predominant
activity in the brain (Cremona et al., 1999, Voronov et al., 2008). Additionally, two splice
variants for Synj1 have been described, Synj1-145 and Synj1-170 (Ramjaun and
McPherson, 1996, Haffner et al., 2000, Haffner et al., 1997, McPherson et al., 1996).
However, only the shorter variant, Synj1-145, is highly expressed in mature brain and
synapses, while Synj1-170 is ubiquitously expressed but at lower levels. Synj1 contains
three protein regions (McPherson et al., 1996, Blero et al., 2007): (i) a central inositol 5-
phosphatase domain that can hydrolyze PtdIns(4,5)P2 to release phosphate from the 5’
position of the inositol ring; (ii) an NH2-terminal Sac1 region that can also function as a
phosphoinositide phosphatase towards a variety of substrates, including
monophosphorylated phosphoinositides and PtdIns(3,5)P2 (Guo et al., 1999); and (iii) a
COOH-terminal proline-rich domain (PRD) involved in the binding of Src-homology type 3
(SH3) domain-containing proteins, such as Growth factor Receptor-Bound protein 2 (Grb2),
amphiphysin, endophilin and intersectin (Simpson et al., 1999, Yamabhai et al., 1998,
Ringstad et al., 1997, de Heuvel et al., 1997, Cestra et al., 1999, Pechstein et al., 2010). It is
commonly accepted that the 5-phosphatase activity mediates most of Synj1’s actions,
although a recent functional analysis of a Sac1 activity-deficient mutant of Synj1 suggests
some roles for this domain in SV recycling (Mani et al., 2007).
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As a member of the dephosphin protein group and similar to PtdInsPK1γ, Synj1 is
constitutively phosphorylated in nerve terminals by the Cdk-5 and undergoes stimulation-
dependent dephosphorylation by calcineurin (Marks and McMahon, 1998, Lee et al.,
2004b). Cdk-5 phosphorylates the COOH-terminal tail of Synj1 on a serine residue, which
disrupts its interaction with endophilin and amphiphysin (Lee et al., 2004b). Additionally,
Synj1 is a substrate of Dyrk1a, a homolog of the fly minibrain kinase (Adayev et al., 2006),
and phosphorylation of Synj1 by this kinase regulates its interactions with the SH3 domain
of amphiphysin and intersectin, but does not affect its enzymatic activity (Adayev et al.,
2006). More relevant to the postsynaptic actions of Synj1, three tyrosine residues in Synj1’s
PRD domain can be phosphorylated by the activated EphB receptor, which reduces the
interaction between Synj1 and endophilin and affects glutamate receptor internalization (Irie
et al., 2005). Finally, in addition to phosphorylation/ dephosphorylation mechanisms, our
recent studies have shown that membrane curvature and endophilin control both the
recruitment of Synj1 to membranes and its PtdIns(4,5)P2 phosphatase activity (Chang-Ileto
et al., 2011).

2.2 Regulation of PtdIns(3,4,5)P3 metabolism of the synapse
The metabolism of PtdIns(3,4,5)P3 is intimately linked to that of PtdIns(4,5)P2, because
class I PtdIns 3-kinases (PI3K), which use the latter as a substrate, are believed to be the
main enzymes for the synthesis of PtdIns(3,4,5)P3. The phosphatase PTEN (phosphatase and
tensin homolog located on chromosome 10) catalyzes the converse reaction by
dephosphorylating PtdIns(3,4,5)P3 on the 3’ position. While PtdIns(4,5)P2 has been
predominantly studied in its role at the presynapse, PtdIns(3,4,5)P3 has been mostly
characterized at the postsynapse.

Class I PI3Ks are heterodimers composed of a regulatory and a catalytical subunit. Four
genes encoding catalytic subunits have been reported (p110 or PI3Kα, β, δ and γ). PI3Kα,
β, δ compose the class Ia PI3Ks and are mainly activated by receptor tyrosine kinases, while
PI3Kγ is the sole member of class Ib (Hawkins et al., 2006, Marone et al., 2008). For the
class Ia PI3Ks, several genes have been found to encode for the regulatory subunits,
collectively referred to as p85 family members, despite the size diversity. These include
pik3r (p85α, p55α, p50α), pik3r2 (p85β) and pik3r3 (p55γ). Two different genes, pik3r5
and pik3r6, code for the p101 and p84 subunits, which form a complex with PI3Kγ. The
role of PI3K at the synapse has been mostly assessed using broad specificity
pharmacological agents, such as wortmannin (i.e., an inhibitor of class I and III PI3Ks) and
LY294002 (i.e., an inhibitor which is fairly specific for class Ia PI3Ks). Generally, little
information is known regarding the subtype of PI3K complexes expressed at synapses.
Nevertheless, in the brain, the p110β and the p85α seem to be the predominant heterodimer
of the class Ia (Geering et al., 2007). At synapses, PI3K activity can also be activated by the
complex formed by the GTPase PI3K enhancer-Long (PIKE-L) with Homer 1c and an
activated mGluR of class I, which promotes neuronal survival (Rong et al., 2003).

PTEN is a 403 amino-acid protein composed of two large domains, the phosphatase domain
and a C2 domain. The phosphatase domain is flanked at the NH2 -terminus by a short
PtdIns(4,5)P2-binding domain composed of several basic amino acids and the C2 domain is
flanked at the COOH-terminus by a PDZ-binding Thr-Lys-Val motif (Bonifant et al., 2007).
PTEN is the only 3-phosphatase identified that can mediate the PtdIns(3,4,5)P3-to-
PtdIns(4,5)P2 conversion, thereby arresting PI3K-dependent signaling. PTEN is widely
expressed in mouse brain, and preferentially in neurons, particularly Purkinje cells, olfactory
mitral and large pyramidal neurons, where it is present in dendrites and spines (Perandones
et al., 2004, Chang et al., 2007).
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3. PRESYNAPTIC ROLES OF PHOSPHOINOSITIDES
Phosphoinositides are known to play a multitude of roles in cell physiology, including
multiple aspects of neuronal function. Because changes in the metabolism of these lipids
were originally studied in the context of secretion, the first clues that these lipids may play a
critical role in secretion and particularly, secretory granule exocytosis, were obtained from
work carried out in chromaffin and PC12 cells (Martin, 2003, Di Paolo and De Camilli,
2006). However, the identification of Synj as a major regulator of SV recycling contributed
to the remarkable expansion of our knowledge on the role of Synj’s main substrate,
PtdIns(4,5)P2, in endocytosis. There is now robust molecular, physiological and genetic
evidence indicating that PtdIns(4,5)P2, controls both the exocytic and endocytic limbs of SV
trafficking, and that perturbation of its metabolism alters presynaptic function in neurons.
The following section highlights the functional consequences of phosphoinositide
perturbations on the SV cycle as well as the molecular basis underlying this process.

3.1 Synaptic vesicle exocytosis
Release of neurotransmitters is triggered by the fusion of SVs with the presynaptic plasma
membranes in response to action potentials and Ca2+ entry (Figure 1). In the past two
decades, the field has achieved a remarkable understanding of this phenomenon through the
identification and characterization of proteins mediating the fusion process using molecular,
biochemical, structural and genetic approaches (Sudhof and Malenka, 2008). The fusion
machinery consists of three or four SNARE proteins and one sec1-Munc18-like protein (or
SM protein) that are controlled by a variety of accessory factors, including members of the
synaptotagmin (Syt) family. These proteins serve as the Ca2+-sensors that mediate the bulk
of neurotransmitter release under normal stimulation conditions in all synapses. There is
now increasing evidence that phosphoinositides play an important modulatory role in several
aspects of the fusion of SVs, as hinted by seminal studies on secretory granule exocytosis
twenty years ago.

3.1.1 Exocytic defects in PtdIns(4,5)P2-deficient synapses and neurosecretory
cells—Studies from the groups of Holz and Martin in the early 1990s showed a critical role
for inositol lipids and PtdIns(4,5)P2 in the exocytosis of secretory granules in broken (or
permeabilized) chromaffin or PC12 cells (Eberhard et al., 1990, Hay et al., 1995, Martin,
1997). Importantly, a phosphatidylinositol transfer protein (Hay and Martin, 1993) and a
PtdInsP kinase (Hay et al., 1995) were identified as factors required for the ATP- and Ca2+-
dependent priming step in the release of large dense core vesicles (LDCVs) in PC12 cells,
while a PtdIns 4-kinase activity was shown to be essential for secretion in chromaffin cells
(Wiedemann et al., 1996). Remarkably, these early studies suggested that PtdIns(4,5)P2
plays a role in LDCV exocytosis as an intact molecule rather than as a cleavage product of
PLC, a biochemical reaction previously implicated in secretion (Osborne et al., 2006).
Subsequently, a series of exocytic factors were found to bind PtdIns(4,5)P2, demonstrating
the importance of this lipid as an intact molecule in the fusion process. These include Syt
(Schiavo et al., 1996, Bai et al., 2004), rabphilin (Chung et al., 1998), Ca2+-dependent
activator protein for secretion (CAPS) (Loyet et al., 1998), SNARE proteins (Lam et al.,
2008), and secretory carrier membrane protein 2 (SCAMP2) (Liao et al., 2007).

While a role for PtdIns(4,5)P2 in the fusion of LDCV had been well established by the Holz
and Martin studies, a reliance of SV exocytosis on this lipid has only been suggested by a
couple of studies. In the first study, reducing the synthesis of PtdIns4P, the main precursor
of PtdIns(4,5)P2, by phenylarside oxide was shown to decrease the release of glutamate from
depolarized synaptosomes (Wiedemann et al., 1998). The second study involved the
functional characterization of mice lacking PtdInsPK1γ, the main PtdIns(4,5)P2-
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synthesizing enzyme at the synapse (Di Paolo et al., 2004). Indeed, deletion of PtdInsPK1γ
was shown to produce defects in neurotransmitter release in cultured cortical neurons, based
on the reduced frequency of miniature EPSPs and inhibitory postsynaptic potentials and the
smaller readily-releasable pool (RRP) observed upon brief applications of hypertonic
solutions (Di Paolo et al., 2004). Consistent with a smaller RRP, genetic ablation of
PtdInsPK1γ also enhanced rapid depression during prolonged high-frequency stimulation. It
was hypothesized that these exocytic defects may be accounted for, in part, by a delay in the
replacement of docked and primed vesicles that have undergone exocytosis with new fusion-
competent vesicles (Di Paolo et al., 2004). Defects in SV recycling also occur in mutant
synapses and are discussed below.

A follow-up study on primary chromaffin cells lacking PtdInsPK1γ confirmed that reduced
levels of PtdIns(4,5)P2 decrease the size of the RRP of LDCVs and its refilling rate.
Together with electron microscopy data showing an increase in morphologically-docked
vesicles, data from this study indicated that PtdInsPK1γ controls the priming of LDCVs
(Gong et al., 2005). Finally, amperometry measurements in mutant chromaffin cells revealed
a delay in the expansion of the fusion pore, thus implicating PtdIns(4,5)P2 in the regulation
of LDCV fusion pore dynamics (Gong et al., 2005). This study confirms the notion that
PtdIns(4,5)P2 controls the priming step in the exocytosis of LDCVs (Eberhard et al., 1990,
Hay et al., 1995) and is in partial agreement with an independent study in PC12 cells in
which acute manipulations of PtdIns(4,5)P2 levels were shown to affect the rate of fusion of
LDCVs (Milosevic et al., 2005).

3.1.2 Molecular basis for the actions of PtdIns(4,5)P2 in exocytosis—Since the
discovery that PtdIns(4,5)P2 promotes exocytosis independently of its metabolic conversion
to diacylglycerol (DAG) and inositol-1,4,5-trisphosphate [Ins(1,4,5)P3] by PLC (Eberhard
1990, Hay 1995), the idea that PtdIns(4,5)P2 effectors may mediate the fusion process
gained in popularity, particularly in light of the identification of peptides or protein modules
binding to this lipid with high selectivity and affinity. Two such PtdIns(4,5)P2 effectors
were extensively characterized in this context, CAPS and Syt, with significant implications
for the priming and Ca2+-sensing stages of the exocytic process.

CAPS and the priming step: CAPS was originally discovered as a 145 KDa cytosolic
factor promoting Ca2+-dependent exocytosis of LDCVs (Walent et al., 1992). Following the
identification of CAPS as a homolog of Unc-31 (Ann et al., 1997), studies on Unc-31 and on
mammalian CAPS in semi-broken synaptosomes confirmed the involvement of this gene
family in LDCV exocytosis, but not in the fusion of SVs (Speese et al., 2007, Tandon et al.,
1998, Gracheva et al., 2007). Although synaptic transmission at the fly and worm
neuromuscular junction (NMJ) was found to be altered in CAPS mutants, these phenotypes
were interpreted as secondary to defects in LDCV exocytosis (Speese et al., 2007, Renden et
al., 2001, Gracheva et al., 2007). In the mouse, ablation of CAPS-1 was shown to perturb the
uptake of catecholamines into LDCVs and the exocytosis of LDCVs (Speidel et al., 2005),
while deletion of CAPS-2 interferes with the development of the cerebellum and short-term
plasticity (Sadakata et al., 2007). A role for CAPS in SV exocytosis was unambiguously
shown in synapses derived from mice lacking CAPS-1 and 2 (Jockusch et al., 2007). The
double KO mice exhibited dramatic reduction in the number of fusion-competent SVs
concomitantly with a normal number of vesicles docked at the plasma membrane, thus
implying an essential role of CAPS in the priming step in excitatory neurons. Further
supporting this view, deficits in the mutant mice were rescued, at least transiently, by
hyperactivation of Munc-13, a well-established priming factor (see below) (Jockusch et al.,
2007, Augustin et al., 1999, Varoqueaux et al., 2002, Siksou et al., 2009) but see also
(Siksou et al., 2009) for a role in Munc-13 in SV docking. CAPS also binds to membranes in
a Ca2+-dependent manner via its C2 domain and to phosphoinositides, such as PtdIns4P,
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PtdIns(4,5)P2 and PtdIns(3,4)P2, via its PH domain (Loyet et al., 1998, James et al., 2008).
Binding of CAPS to PtdIns(4,5)P2 appears to be critical for the fusion-promoting action of
CAPS because it decreases the intrinsic ability of the inverted cone shape of PtdIns(4,5)P2 to
block SNARE-mediated fusion and may directly affect the fusogenic properties of syntaxin/
Soluble NSF Attachment Protein-25 (SNAP-25) (Grishanin et al., 2004, James et al., 2008).
Syntaxin itself can directly bind to phospholipids, particularly “cone shape” lipid
phosphatidic acid (PA), which is fusogenic, and PtdIns(4,5)P2, via a polybasic
juxtamembrane region. Indeed, in PC12 cells, PtdIns(4,5)P2 co-clusters with syntaxin at
sites of exocytosis (Aoyagi et al., 2005). Since mutations of the juxtamembrane domain
decrease the fusion pore size in PC12 cells and this effect is mediated by PA, it was
suggested that this syntaxin-1 domain clusters PA at the site of fusion (Lam et al., 2008).

The function of priming factor Munc-13 heavily relies on the ability of this family of
proteins to bind to DAG via their C1 domain, suggesting the interesting possibility that
PtdIns(4,5)P2 hydrolysis by PLC also regulates the priming step of SV exocytosis (Rhee et
al., 2002, Lou et al., 2008). Additionally, recent work has shown that Munc-13 also binds
phosphoinositides in a Ca2+-dependent manner via its central C2B domain and that this
property allows Munc13 to potentiate SV exocytosis during repeated action potentials,
thereby minimizing synaptic depression induced by SV depletion (Shin et al., 2010).

Role of synaptotagmin in Ca2+-sensing and synaptic vesicle fusion: Synaptotagmin is
considered the main Ca2+ sensor for Ca2+-triggered (fast) synchronous release of
neurotransmitter at central synapses, but not for the (slow) asynchronous release (Pang and
Sudhof, 2010, Perin et al., 1991, Brose et al., 1992, Geppert et al., 1994, Chapman, 2008).
Originally identified as a 65 KDa protein enriched in SVs and LDCV (Matthew et al., 1981,
Chapman, 2008), synaptotagmin-1 (Syt-1) is the founding member of a large family that
includes seventeen other proteins (Chapman, 2008). Syt-1 is the most extensively studied
Syt member and is believed to be the main isoform controlling SV exocytosis. Work carried
out in the past fifteen years, including genetic studies in various species and recent cell-free
fusion assays, suggest a complex involvement of Syt-1 in the fusion process, which can be
summarized as follows: Syt-1 is believed to act as a pre-fusion “clamp” in the absence of
Ca2+ (Martens et al., 2007, Chicka et al., 2008) and to accelerate SNARE-mediated fusion in
the presence of the divalent cation, in part by regulating fusion pore dynamics and the final
steps of fusion (Stein et al., 2007, Chapman, 2008).

Since the primary sequence of Syt-1 revealed, in addition to the single NH2-terminal
transmembrane domain anchored to the SV membrane, a large cytodomain consisting of
tandem C2 domains, C2A and C2B, separated by a 9-residue linker, the idea that Syt may
bind and “sense” Ca2+ was put forward (Brose et al., 1992, Geppert et al., 1994). Indeed,
while the C2A domain can bind to three Ca2+ ions, the C2B domain binds to two ions, in
agreement with the previous notion that the Ca2+ sensor for synchronous release exhibits an
apparent cooperativity of five Ca2+ ions (Bollmann et al., 2000, Schneggenburger and
Neher, 2000). In addition to its role in Ca2+ sensing, SV-bound Syt-1 has been shown to
play a crucial role in docking the vesicles to the plasma membrane via its interaction with
SNAP-25, presumably as part of an assembled Munc18-syntaxin1/SNAP-25 acceptor
complex (de Wit et al., 2009). C2 domains often bind phospholipids, thus suggesting a
relationship between Ca2+ binding and membrane interactions. Indeed, the C2B domain of
Syt-1 was shown to bind to phosphoinositides and the specificity of interaction of this
domain for PtdIns(4,5)P2 or PtdIns(3,4,5)P3 depends on intracellular levels of Ca2+ (Schiavo
et al., 1996). The relationship between the C2 domains and phospholipids has been
extensively dissected by several groups using biochemical, structural and functional assays
in combination with site-directed mutagenesis of the C2 domains. Indeed, in the presence of
Ca2+, the C2A domain of Syt-1 interacts with anionic phospholipids, such as
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phosphatidylserine (PS), which triggers the insertion of the Ca2+-binding loops of C2A into
lipid bilayers. It was shown that the C2B domain alone also binds weakly to PS, but binds
preferentially to PtdIns(4,5)P2. C2B does not penetrate into the bilayer as a result of this
interaction, it was thus suggested that the C2B domain may simply serve to tether Syt-1 to
the plasma membrane (Bai et al., 2004). However, dimers of the C2A and C2B domains
primarily mediate the Ca2+-dependent binding of Syt-1 to PtdIns(4,5)P2- or PtdIns4P-
containing membranes and the Ca2+-dependent evoked release (Hui et al., 2009). After its
insertion into the plasma membrane, bending of the membrane by Syt-1 is dependent on the
C2B domain. The positive membrane curvature induced by Ca2+-bound Syt-1 facilitates the
fusion of SVs to the plasma membrane by reducing the distance between the membranes and
by reducing the energy barrier for their fusion (Shin et al., 2010).

3.2 Synaptic vesicle recycling
Sustained release of neurotransmitter is crucial for neuronal communication. To prevent SV
depletion and a rundown of neurotransmission, SVs must be efficiently recycled in nerve
terminals, particularly during prolonged stimulations. Several recycling pathways have been
described, including those involving ‘kiss-and-run’ mechanisms and clathrin-mediated
endocytosis (CME), which has been extensively characterized at the molecular level. This
latter pathway occurs at the periphery of the active zone (also called periactive zone) and is
typically triggered upon full collapse of SVs with the plasma membrane during the release
process. An important implication of full fusion of SVs with the plasma membrane is that
SV-associated components undergo rapid diffusion at the synaptic membrane. Thus, precise
and efficient molecular mechanisms must be in place to ensure the appropriate capture and
sorting of SV-associated components into endocytic vesicles in order to preserve the
molecular identity and functionality of SVs.

Work carried out in the past decade has provided overwhelming evidence showing that
phosphoinositides and specifically PtdIns(4,5)P2 regulate multiple aspects of SV recycling.
In particular, studies on Synj1 and PtdInsP kinase type 1γ, have established that both an
excess and a deficiency of PtdIns(4,5)P2 interfere with the SV cycle. At the molecular level,
dysregulation of PtdIns(4,5)P2 metabolism at the synapse alters the function of a large
variety of proteins that control multiple aspects of SV trafficking, including the recycling of
SVs via the pathway of CME. The following section highlights how a loss of the main
PtdIns(4,5)P2-metabolizing enzymes affects this process and the physiology of nerve
terminals. This followed by a discussion of the mechanistic aspects underlying the
pleiotropic roles of PtdIns(4,5)P2 in the process of SV recycling.

3.2.1 Synaptic vesicle recycling defects upon PtdIns(4,5)P2 imbalance
Consequences of Synj loss on nerve terminal function: The identification of Synj1 by De
Camilli et al. as a partner for the SH3 domain of Grb2 (and amphiphysin), along with the
endocytic fission factor dynamin, indirectly suggested an involvement of this enzyme in SV
recycling (McPherson et al., 1994, McPherson et al., 1996). Conclusive evidence for a direct
role of Synj in this process emanated from a genetic study in the mouse, where a null mutant
was shown to produce defects in synaptic vesicle recycling (Cremona et al., 1999). At the
Synj1−/− synapse, increased PtdIns(4,5)P2 levels correlated with an excess of clathrin-coated
vesicles (CCVs), suggesting a delay in the uncoating reaction (Cremona et al., 1999). In
agreement with defects of recycling, a deeper depression of neurotransmission was observed
in hippocampal slices as well as in primary cortical cultures from null mice during a
prolonged stimulation (Cremona et al., 1999, Luthi et al., 2001). Fluorescent dye (FM1-43)
uptake and release assays in cultured neurons confirmed that newly endocytosed vesicles
recycle with slower kinetics in nerve terminals, likely reflecting the accumulation of CCVs
(Cremona et al., 1999, Kim et al., 2002, Mani et al., 2007). Strikingly, endocytic defects
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resulting from inactivation of Synj function were also observed in other species, such as the
budding yeast (Singer-Kruger et al., 1998, Stefan et al., 2002), the worm (Harris et al., 2000)
and the fly (Dickman et al., 2005, Verstreken et al., 2003) Importantly, nerve terminals from
lower organisms lacking the only Synj ortholog showed pleiotropic defects in SV recycling,
including an accumulation of coated and, in some cases, even non-coated pits at various
stages of invagination (Verstreken et al., 2003, Harris et al., 2000). Consistent with the
abovementioned studies, an experimental manipulation of the lamprey reticulospinal (giant)
synapse showed an accumulation of clathrin-coated pits (CCPs) and free CCVs upon
blockade of the interaction of Synj with the SH3 domain of its main interactor, endophilin,
utilizing a proline-rich peptide derived from the COOH-terminal tail of mammalian Synj1
(Gad et al., 2000). Additionally, in the zebrafish nrc mutant, defects in SV trafficking were
observed in the ribbon synapses of fish photoreceptors as a result of a stop mutation the
Synj1 gene, although in this case, an accumulation of coated intermediates was not reported
(Van Epps et al., 2004). Instead, nrc cone photoreceptor pedicle exhibited unanchored
ribbons as well as a reduction in SV number and an abnormal distribution of these
organelles. A more recent electron tomography study from De Camilli et al. not only
showed striking evidence for an accumulation of CCVs in Synj1−/− synapse, but also
highlighted a stronger requirement for Synj1 in GABAergic neurons, at least based on a
morphological assessment (Hayashi et al., 2008). In summary, the endocytic function of
Synj appears to be largely conserved across evolution, although the precise actions of the
phosphoinositide phosphatase in this process depend on the cell or synapse type, perhaps
reflecting the pleiotropic role of phosphoinositides in cell physiology.

Based on studies of Synj function in various organisms as well as of the role of
PtdIns(4,5)P2 in multiple experimental systems, a main function of Synj appears to be the
elimination of PtdIns(4,5)P2 from membranes during the endocytic process (Stefan et al.,
2002, Cremona and De Camilli, 2001, Cremona et al., 1999, Di Paolo and De Camilli,
2006). However, Synj family members also contain an NH2-terminal Sac1 domain, which is
also present in other proteins and has been shown to dephosphorylate phosphoinositides
other than PtdIns(4,5)P2. These include PtdIns3P, PtdIns4P, PtdIns5P and PtdIns(3,5)P2
(Guo et al., 1999, Hughes et al., 2000). Although the original study by Cremona et al only
shows an increase in PtdIns(4,5)P2 in Synj1−/− primary cortical neurons, only two
phosphoinositides, namely the most abundant, were analyzed: PtdIns(4,5)P2 and PtdIns4P.
Consequently, changes in the levels of other Synj1 substrates cannot be ruled out and
PtdIns(4,5)P2-independent phenotypes in synapses lacking Synj cannot be excluded either.
Supporting this idea, the Sac1 domain of yeast Synj-like protein 2 (Sjl2) and 3 (Sjl3) was
shown to hydrolyze PtdIns3P in a physiological context, although concomitant deletion of
myotubularin ortholog Ymr1p (i.e., an inositol 3-phosphatase) was required to unmask this
function (Parrish et al., 2004). Importantly, a more recent study on Synj1−/− cultured
neurons expressing various Synj1 mutant constructs confirmed the essential nature of the
inositol 5-phosphatase domain of this enzyme, suggesting that PtdIns(4,5)P2
dephosphorylation is central to its function [although PtdIns(3,4,5)P3 dephosphorylation
may also play a role]. This study also unmasked a role for the Sac1 domain of Synj1 in SV
internalization, but only for brief stimuli (Mani et al., 2007). However, the physiological
substrate(s) of Synj1’s Sac1 domain at synapses is (are) still undetermined. Finally, the role
of the other Synj isoform, Synj2, has not been addressed at synapses.

Consequences of PtdInsPK1γ loss on nerve terminal function: Studies on Synj rapidly
became a driving force to further explore the role of PtdIns(4,5)P2 at the synapse and
specifically, to identify the main enzymatic source of PtdIns(4,5)P2 in this compartment. Of
the three type 1 PtdIns kinase isoforms known, PtdInsPK1γ was shown to represent the
main activity in the brain and was thus further characterized (Wenk et al., 2001). Evidence
for a role of this enzyme in synaptic function originated from a mouse genetic study, where
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ablation of PtdInsPK1γ was shown to cause a deficiency of CCVs upon stimulation and an
increase in surface area of horseradish peroxidase-laden endosome-like structures (likely
corresponding to bulk invaginations of the plasma membrane)(Di Paolo et al., 2004).
Functional correlates of these morphological phenotypes were a decrease in the rate of SV
endocytosis, as measured by the synaptopHluorin technology (Sankaranarayanan and Ryan,
2000, Miesenbock et al., 1998), as well as a reduced rate of SV recycling, based on FM1-43
dye uptake and release assays (Di Paolo et al., 2004). Similarly to Synj1−/− synapses, basal
synaptic transmission and short-term plasticity were preserved after ablation of PtdInsPK1γ.
However, faster depression of inhibitory postsynaptic currents was observed during the first
hundred action potentials of a train of stimuli (Di Paolo et al., 2004). Other
electrophysiological changes consistent with exocytic defects were described in section
3.1.1.

Further suggesting an important role of PtdInsPK1γ in SV recycling was a study in the
lamprey giant synapse showing that blocking the interaction between the COOH-terminal
tail of this lipid kinase and the FERM domain of talin with a PtdInsPK1γ peptide (Di Paolo
et al., 2002), caused the appearance of aberrant CCPs and a decrease in synaptic F-actin
upon prolonged stimulation (Morgan et al., 2004). In contrast to the case of Synj, there are
no studies on lower organisms indicating a role for PtdInsPK in SV trafficking. There is
however a fly mutant (tweek) which is associated with lower synaptic levels and aberrant
distribution of PtdIns(4,5)P2 as well as with defects in SV trafficking (Verstreken et al.,
2009). Because the underlying gene does not encode a PIP kinase, the link with
PtdIns(4,5)P2 metabolism has remained elusive.

3.2.2 Molecular basis for the actions of PtdIns(4,5)P2 in synaptic vesicle
recycling—A major function of PtdIns(4,5)P2 metabolism is to control the process of
CME. While this phenomenon is far from being specific to nerve terminals, most of our
understanding of the role of PtdIns(4,5)P2 originates from studies of clathrin-mediated
recycling of SVs at the synapse. Another key function of this lipid is to regulate actin
dynamics. We summarize the current knowledge on how PtdIns(4,5)P2 regulates these two
processes at the presynapse with a focus on molecular details.

Clathrin coat recruitment: Several studies in the late 1990’s indicated that clathrin coat
components (e.g. AP-2) as well as other endocytic proteins, such as dynamin, bind to
PtdIns(4,5)P2 (Gaidarov and Keen, 1999, Jost et al., 1998). However, the physiological
significance of these interactions was best highlighted by a mouse genetic study on Synj1−/−

synapse, which showed that increased PtdIns(4,5)P2 levels facilitate clathrin coat assembly
in vitro and conversely, delay coat shedding in vivo (Cremona et al., 1999). Furthermore,
ablation of the main PtdIns(4,5)P2-synthesizing enzyme at the synapse, PtdInsPK1γ, leads
to a decreased association of the clathrin coat proteins with membranes in cell-free assays
(Wenk et al., 2001) and a reduced number of CCVs in stimulated cultured neurons (Di Paolo
et al., 2004). As a result of these studies, a model emerged in which PtdIns(4,5)P2 is a key
parameter controlling the affinity of coat proteins for synaptic membranes and thus the
efficacy and kinetics of SV recycling.

The clathrin coat includes both the heavy and light chains of clathrin as wells as adaptor
proteins, which are essential for the recruitment of clathrin to membranes (in addition to
mediating the sorting of cargo proteins into CCPs). The clathrin coat is organized into an
assembly of triskelia, which consist of three heavy chains (CHC) and three light chains
(CLC), at a stoichiometry of 1:1. Triskelia self-assemble into a basket-like polyhedral
protein lattice of pentagons and hexagons that coat the endocytic vesicle (Kirchhausen,
2000). The initiation of CME at the plasma membrane occurs by the membrane association
of a variety of adaptor proteins, all of which bind PtdIns(4,5)P2 and clathrin. The main
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clathrin adaptors at the synapse are discussed below, with emphasis on the best-
characterized adaptor at the molecular/structural level, namely AP-2.

AP-2 is a heterotetramer consisting of α, β2, μ2, and σ2 subunits (also called adaptins) and
plays a central role in clathrin-mediated internalization of multiple cargoes (Robinson,
2004). Indeed, AP-2 is considered a ‘’hub” in the endocytic network due to its multiple
interactions with clathrin, accessory factors and transmembrane protein cargoes. Although
several studies have indicated a critical role for AP-2 in clathrin mediated-receptor
internalization, its implication in SV endocytosis was first demonstrated in a fly mutant in
the α-adaptin gene (Gonzalez-Gaitan and Jackle, 1997). However, more recent studies in the
worm (Gu et al., 2008) and dissociated hippocampal neurons showed that ablation/silencing
of the μ2 subunit of AP-2 fails to eliminate cargo retrieval and SV recycling, although
slower endocytic kinetics are observed in AP-2 depleted hippocampal synapses (Dittman
and Ryan, 2009, Kim and Ryan, 2010).

In the current model, PtdIns(4,5)P2–containing membranes play a pivotal role in switching
AP-2 from a closed (or locked) conformation to an open, ligand-bound conformation
(Jackson et al., 2010b, Kelly et al., 2008, Collins et al., 2002). The first step in AP-2
activation involves its recruitment to the plasma membrane through an interaction of basic
residues from its α and β2 subunits with PtdIns(4,5)P2. These electrostatic interactions
facilitate the binding of μ2’s COOH terminus with the membrane, which subsequently
allows AP-2 to adopt an open conformation and interact with sorting signals from
transmembrane cargo proteins (Jackson et al., 2010b). A key effect of this activation is to
dislodge the β2 subunit, which acts as a “latch” and can no longer block the two peptide
ligand-binding sites in the active conformation. These in turn can freely bind to YxxF or
[ED]xxxL[LI] motifs that belong to cargo proteins, resulting in high affinity (i.e., low nM)
interactions of the AP-2 complex with the plasma membrane (Jackson et al., 2010b). Further
underscoring the importance of PtdIns(4,5)P2 in the activation of AP-2, this clathrin adaptor
has been shown to directly bind to PtdInsP K1γ, suggesting the occurrence of a positive
feedback loop controlling PtdIns(4,5)P2 production in proximity to sites of AP-2
recruitment. Specifically, PtdInsPK1γ was shown to bind to the μ2 subunit of AP-2, and
this binding stimulates its kinase activity (Krauss et al., 2006, Bairstow et al., 2006).
Additionally, the long isoform of PtdInsPK1γ (specify which one here) also interacts with
the appendage domain of the β2 subunit of AP-2, promoting its catalytic activity only its
COOH-terminal extension is in a dephosphorylated state (Nakano-Kobayashi et al., 2007),
This same binding platform of β2 also interacts with the heavy chain of clathrin in a
mutually exclusive manner (Thieman et al., 2009). It is of note that the other two PtdInsPK1
isoforms, α and β, also interact with AP-2, suggesting that the ability to interact with the
clathrin coat is a general feature of PtdInsPK1s (Krauss et al., 2006).

Recruitment of clathrin also occurs via monomeric adaptors, such as AP180 and Clathrin
Assembly Lymphoid Myeloid (CALM), which both harbor an AP180 N-terminal homology
(ANTH) domain. This NH2-terminal module contains a series of surface basic residues that
interact with phosphoinositides, including PtdIns(4,5)P2, while the central and COOH-
terminal portions of AP180 bind to CHC and AP-2, via a variety of peptide motifs.
Functional evidence for a role of AP180/CALM in SV recycling has so far been only
obtained in the worm and the fly, where mutations in the only ortholog result in an alteration
of the size of CCVs and SVs as well as missorting and higher cell surface levels of SV
protein, synaptobrevin (Harel et al., 2008, Dittman and Kaplan, 2006, Zhang et al., 1998,
Nonet et al., 1999). Thus, AP180/CALM likely regulate both cargo recruitment and the size
of the membrane area destined to be internalized at synapses. Other clathrin adaptors, such
as epsins, are endowed with membrane deforming properties and will be discussed in
section 5.2.
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Finally, the F-BAR domain–containing Fer/Cip4 homology domain-only proteins 1 and 2
(FCHo1/2) may play an important role in the regulation of the number of endocytic sites.
These proteins possess an NH2-terminal F-BAR domain (see section 5.2) and a COOH-
terminal μ2-homology domain. Remarkably, FCHo1/2 are recruited to CCPs concomitantly
with Eps15, intersectin and AP-2, but prior to clathrin. Their F-BAR domain is extended
with a region that is enriched in basic residues and preferentially interacts with
PtdIns(4,5)P2, targeting these proteins to the plasma membrane (Henne et al., 2010).

Membrane curvature generation and stabilization: Generation of membrane curvature
during the endocytic process is believed to be driven by clathrin assembly per se and by the
action of various families of proteins endowed with membrane deforming capacity. This
latter property was originally shown for the fission factor dynamin (Takei et al., 1995) and
its SH3 domain-containing interactor amphiphysin, a Bin/ Amphiphysin/ Rvs (BAR) protein
(Takei et al., 1999). However, the past decade has witnessed an expansion in the catalog of
endocytic proteins with similar properties and share the ability to bind PtdIns(4,5)P2, but
with differential selectivity and affinity.

The discovery of the membrane deforming property of BAR proteins, such as amphiphysin
(Takei et al., 1999) and subsequently endophilin (Farsad et al., 2001), preceded the structure
determination of the BAR domain (Peter et al., 2004). However, the latter not only provided
a structural basis for the observed effects of this domain on lipid bilayers, but it also
introduced the concept of curvature sensing/stabilization for BAR proteins. Indeed, the BAR
domain of amphiphysin was originally identified as a crescent-shaped dimer with positively
charged residues lining its concave surface. This banana shape of the BAR domain was
shown to prefer highly curved substrate liposomes and primarily uses electrostatic forces to
bind negatively charged lipids, such as PS or PtdIns(4,5)P2 (Peter et al., 2004). The BAR
family of proteins has now been expanded and can be subdivided into several classes, based
on differing structural features: (i) N-BAR proteins (e.g., amphiphysin, endophilin); (ii) F-
BAR proteins (e.g., syndapin); (iii) I-BAR proteins; and (iv) PX-BAR proteins represented
by several isoforms of the Sorting Nexin (SNX) family (SNX 1,2,5,6 and 9) (Shimada et al.,
2007, Frost et al., 2008, Weissenhorn, 2005, Gallop et al., 2006, Peter et al., 2004, Frost et
al., 2009). Members in each of these classes have been implicated in membrane trafficking
and/or endocytic processes. The N-BAR proteins, in particular, play an important role in
phosphoinositide metabolism not only because their N-BAR domain binds these lipids, but
also because well-characterized members of this subfamily, such as endophilin and
amphiphysin, possess a COOH-terminal SH3 domain that physically interacts with Synj
(Chang-Ileto et al., 2011, Gad et al., 2000, Ringstad et al., 1997). Importantly, several
studies have established the functional significance of the Synj1-endophilin interaction in
various species, including the worm (Jorgensen et al., 1995), the fly (Verstreken et al.,
2003); the lamprey (Gad et al., 2000) and the mouse (Mani et al., 2007).

Although endophilin’s N-BAR domain binds to PtdIns(4,5)P2, it interacts in vitro with
various acidic phospholipids via the concave face of this module, which is lined with basic
residues (Chang-Ileto et al., 2011, Weissenhorn, 2005, Mattila et al., 2007, Tsujita et al.,
2006, Itoh et al., 2005, Peter et al., 2004, Gallop et al., 2006). Since the interaction with
membranes is largely electrostatic in nature and that the plasma membrane has an overall
negative surface charge [in part because of the greater content in PtdIns(4,5)P2], endophilin
primarily tubulates the plasma membrane (Chang-Ileto et al., 2011). While the relatively late
recruitment of endophilin to CCPs (i.e., at a time immediately preceding the fission process)
argue against a primary role of the tubulating activity of its N-BAR domain in the budding
process, it may be involved in stabilizing membrane curvature at sites of endocytosis,
potentially in concert with other BAR proteins and/or the fission factor, dynamin (Perera et
al., 2006). A key function of endophilin, however, appears to be the recruitment of Synj to

Frere et al. Page 12

Subcell Biochem. Author manuscript; available in PMC 2013 January 12.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



sites of endocytosis, thus controlling PtdIns(4,5)P2 elimination during the endocytic process.
This idea is supported by biochemical, morphological and physiological data from various
species and research groups (Micheva et al., 1997, Gad et al., 2000, Verstreken et al., 2003,
Schuske et al., 2003, Dickman et al., 2005, Chang-Ileto et al., 2011, Perera et al., 2006).
Ablation of endophilin recaptitulates many of the features observed upon ablation/
inactivation of Synj, including the accumulation of CCPs at various stages, including free
CCVs. The interaction between endophilin 1 and Synj1 is regulated by phosphorylation/
dephosphorylation of Synj1 by the protein kinase Cdk-5 and the phosphatase calcineurin.
Additionally, endophilin stimulates the PtdIns(4,5)P2 5-phosphatase activity of Synj1
(Chang-Ileto et al., 2011, Lee et al., 2004b) and this phenomenon is enhanced by small
liposomes (i.e., 50 nm in diameter), suggesting that robust stimulation of Synj1 by
endophilin 1 may occur at sites of high curvature, namely the neck (or perhaps the bud) of
the endocytic pit (Chang-Ileto et al., 2011) (Figure 2). Endophilin may also have additional
functions at nerve terminals which are unrelated to endocytosis, as suggested by a recent
study (Bai et al., 2010). Other BAR proteins, such as PX-BAR member SNX9, also bind to
phosphoinositides, although both PX and BAR domains are involved in these interactions
with lipids and are required for the proper localization of SNX9 to CCPs (Yarar et al., 2008).

In addition to BAR proteins, epsin (Eps15 interacting protein) family members may also
contribute to curvature generation/stabilization at sites of endocytosis, particularly epsin 1.
Epsins interact with the CHC, the appendage domain of α-adaptin and the EH domain of
Eps15. Epsins also harbor ubiquitin-interacting motifs, which may help to internalize
ubiquitinated cargo proteins (Shih et al., 2002). Importantly, the NH2-terminal ENTH
domain of epsins, which is distinct from the ANTH domain of AP180/ CALM, contains an
unstructured NH2-terminal sequence that folds into an α-helix upon interaction with
PtdIns(4,5)P2. This α-helix inserts itself into lipid bilayers, thus providing ENTH domains
with the ability to deform membranes in vitro, a function that may be important for the
budding of CCPs in physiological contexts (Ford et al., 2002, Itoh et al., 2001). Consistent
with this idea, inactivation of epsin by antibody microinjection into the lamprey giant
synapse produces a stimulation-dependent accumulation of large CCPs (Jakobsson et al.,
2008). However, loss of epsin in the fly mutant “Liquid Facets” does not seem to alter SV
recycling (Bao et al., 2008) and it is unclear whether epsin null mice have SV endocytic
defects (Chen et al., 2009).

In conclusion, membrane curvature needed for CCV formation is likely to be generated
through clathrin assembly as well as via the coordinated action of several proteins
containing ENTH, F-BAR and N-BAR modules. PtdIns(4,5)P2 not only plays an important
role in the targeting of these proteins to the cell surface, but also, in the case of epsins, in
altering the conformation of these proteins/modules, which in turn facilitate curvature
generation.

Endocytic Fission: The fission of CCPs during the process of SV endocytosis is believed to
be mediated by the large GTPase dynamin. This protein was first identified as critical in
neuronal function in temperature-sensitive mutants in the fly (“Shibire”)(Chen et al., 1991,
van der Bliek and Meyerowitz, 1991, Grigliatti et al., 1973, Suzuki et al., 1971) and purified
through its association with microtubules in vitro (Obar et al., 1990, Shpetner and Vallee,
1989). Dynamin contains an NH2-terminal GTPase domain, a PH domain that binds to
PtdIns(4,5)P2, a middle GTPase effector domain (GED) that is important for
oligomerization, and a COOH-terminal proline-rich domain, which interacts with the SH3
domain of several endocytic proteins, including endophilin, amphiphysin, intersectin,
syndapin and SNX9 (Slepnev and De Camilli, 2000). Dynamin has been established as an
endocytic factor critical for membrane fission based on the expression of dominant-negative
mutants (Yamashita et al., 2005, Newton and Messing, 2006, Koenig and Ikeda, 1999).
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However, deletion of dynamin1, the major dynamin isoform in the brain only partially
impairs the retrieval of SVs during strong stimulation (Ferguson et al., 2007). SV
endocytosis occurs after its cessation or during mild stimulation, most likely due to the low
expression of dynamin 3, which is relocalized at the synapse in absence of dynamin 1
(Ferguson et al., 2007).

The relationships between dynamin and phophoinositide metabolism are three-fold. First, as
mentioned above, the PH domain of dynamin binds to PtdIns(4,5)P2 and this interaction is
critical for dynamin’s function, at least in part because it allows dynamin to interact with the
plasma membrane (Roux et al., 2006, Lee et al., 1999). Second, PtdIns(4,5)P2 stimulates the
GTPase activity of dynamin (Zheng et al., 1996). Finally, our recent study has shown that
acutely-induced PtdIns(4,5)P2 dephosphorylation of endophilin-coated tubules by the 5-
phosphatase domain of Synj1 triggers their fragmentation in a dynamin-dependent fashion,
suggesting that PtdIns(4,5)P2 hydrolysis facilitates membrane fission (Chang-Ileto et al.,
2011). While the precise molecular basis for this phenomenon is unclear, we have
hypothesized that an acute loss of PtdIns(4,5)P2 may help to disassemble dynamin scaffolds
from membranes. This disassembly of dynamin, which is dependent on dynamin’s own
GTPase activity, appears to permit membrane fission by destabilizing the underlying
constricted bilayer membranes (Pucadyil and Schmid, 2008, Bashkirov et al., 2008). In
addition, rapid depletion of PtdIns(4,5)P2 by Synj1 selectively at endocytic sites
[(presumably at the bud neck (Sundborger et al.)] may produce a transient gradient of this
lipid between the globular part of the bud and its neck, which in turn may cause lipid phase
separation between these compartments (Liu et al., 2006). The predicted outcome of this
rapidly-induced heterogeneity in lipid composition is the generation of interfacial forces at
the CCP-bud neck interface, resulting in the squeezing of the lipid domain boundary and
facilitating membrane fission (Liu et al., 2010).

Clathrin coat shedding: Once a CCV has been released by the fission process, the free
vesicle undergoes uncoating in order to recycle clathrin coat components (as well as other
endocytic factors) and to produce a new SV. The uncoating of the clathrin coat is triggered
by the concerted action of the molecular chaperone Hsc70 and the DNA-J factor auxilin,
which mediates the recruitment of the ATPase to the CCV (Eisenberg and Greene, 2007,
Yim et al., 2010). A major breakthrough in the field of SV endocytosis was the original
characterization of nerve terminals from Synj1−/− mouse neurons showing an increased
number of CCVs. Drawing upon studies showing that clathrin adaptor AP-2 and dynamin
bind to PtdIns(4,5)P2 (Jost et al., 1998, Gaidarov and Keen, 1999), the hypothesis that
PtdIns(4,5)P2 elimination by Synj1 may facilitate the shedding of clathrin adaptors was
proposed (Cremona et al., 1999). Subsequent studies have confirmed this phenotype,
although loss of Synj1 (or its orthologs in other genetic models) is now known to produce
pleiotropic defects in SV recycling, as testified by the report of aberrant numbers of clathrin-
coated structures at multiple stages of invagination in affected synapses. This is consistent
with the complexity and multitude of PtdIns(4,5)P2 actions in the recycling process.

While the hydrolysis of PtdIns(4,5)P2 may suffice to destabilize the clathrin coat, it may not
be sufficient to trigger its complete disassembly, partly because clathrin spontaneously
forms triskelia together with its adaptors. As mentioned above, Hsc70 facilitates the
uncoating of clathrin alongside auxilin. Interestingly, auxilin contains an inactive PTEN-
homology domain that is necessary for its targeting to clathrin-coated membranes and binds
to phosphoinositides, most notably to PtdIns4P and, to a lower extent, PtdIns(4,5)P2 (Guan
et al., 2010, Massol et al., 2006). A burst of recruitment of auxilin to the CCVs occurs after
the peak of recruitment of dynamin at the CCVs via the binding of the PTEN-homology
domain to membranes (Massol et al., 2006). Because Synj1 is recruited to CCPs
concomitantly with dynamin (Perera et al., 2006), it is tempting to speculate that the
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PtdIns(4,5)P2-to-PtdIns4P conversion mediated by Synj (following its recruitment by
endophilin) may not only facilitate membrane fission (Chang-Ileto et al., 2011), but also
represent a signal for the recruitment and activation of auxilin, and thus, the uncoating
process (Guan et al., 2010). This mechanism would also allow for a tight coupling between
the fission and uncoating steps of CCVs.

Actin dynamics: It has long been known that phosphoinositides are primary regulators of
actin dynamics, largely because a significant number of actin regulatory proteins bind to
these lipids, PtdInds(4,5)P2 in particular (Saarikangas et al., 2008, Yin and Janmey, 2003).
A commonly accepted view is that PtdInds(4,5)P2 predisposes actin for polymerization by
the nucleation of F-actin by the actin-related protein 2 and 3 (Arp2/3) complex, the removal
of capping proteins and the dissociation of actin monomer-profilin complexes (Saarikangas
et al., 2008, Yin and Janmey, 2003). Actin plays fundamental roles in multiple aspects of
neuronal function, including neurite outgrowth and pathfinding, organelle trafficking, and
dendritic spine morphogenesis. It also plays an important role presynaptically, where it
functions in the structural organization of the active zone. At the subcellular level, F-actin
localizes predominantly around the pool of releasable SVs and in the endocytic (periactive)
zones, at least in some large synapses (Gaffield et al., 2006, Richards et al., 2004, Schafer,
2002, Morgan et al., 2004, Bloom et al., 2003). Accordingly, several key endocytic proteins,
such as amphiphysin (Yamada et al., 2009), either interact with actin regulators or are actin
regulators themselves (review by (Schafer, 2002). Remarkably, acute manipulations of actin
dynamics in mammalian hippocampal synapses with actin drugs have relatively minor
consequences on the SV cycle (Dittman and Ryan, 2009, Sankaranarayanan et al., 2003).
Indeed, the only phenotype caused by a treatment with the actin depolymerizing drug
latrunculin-A in this model system is a slight acceleration of the rate of SV exocytosis, with
no effects on the rate of SV internalization (Sankaranarayanan et al., 2003). However, a
clear role for actin in SV recycling was demonstrated at other types of synapses, such as the
lamprey giant synapse, where injections of phalloidin (i.e., an F-actin stabilizing drug) and
the Clostridium botulinum C2 toxin (i.e., an actin ADP-ribosylation factor that prevents the
polymerization of actin) were shown to cause the accumulation of CCPs with wide neck and
the expansion of the plasma membrane (Shupliakov et al., 2002). It is thus not surprising
that in such synapses with a strong requirement for actin a role for PtdIns(4,5)P2 was also
demonstrated. Indeed, injection of a peptide that competes for the binding of PtdInsPK1γ to
the FERM domain of talin, an adaptor between integrin and the actin cytoskeleton (Di Paolo
et al., 2002), results in the disorganization of the actin network in the periactive zone and
produces both an increase in the number of unconstricted CCPs and a depletion of SVs upon
stimulation (Morgan et al., 2004). Furthermore, in recent work at the drosophila
neuromuscular junction, PtdIns(4,5)P2 was shown to restrict the size of nerve terminals by
controlling the localization of WASP, a stimulator of actin nucleation by the Arp2/3
complex (Khuong et al., 2010). Finally, consistent with the ability of this lipid to also
promote actin polymerization (Di Paolo and De Camilli, 2006, Yin and Janmey, 2003),
abnormally high levels of actin-like cytomatrix were found in nerve terminals from Synj1−/−

mice (Cremona et al., 1999) and in the giant synapse from the lamprey following a
microinjection of inhibitory antibodies against Synj (Gad et al., 2000), although these
studies did not directly address the consequences of such cytoskeletal anomalies on the
traffic of SVs.

4. POSTSYNAPTIC ROLES OF PHOSPHOINOSITIDES AT EXCITATORY
SYNAPSES

Although PtdIns(4,5)P2 is enriched at the dendritic spines (Horne and Dell'Acqua, 2007),
little is known about its metabolism and the role of this lipid at the postsynapse.
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PtdIns(4,5)P2 has been mostly characterized in light of its role in signal transduction as a
PLC substrate downstream of stimulated metabotropic receptors (Rebecchi and Pentyala,
2000). However, as at the presynapse, PtdIns(4,5)P2 metabolism controls actin dynamics,
which, at the postsynapse, mediates changes in dendritic spine morphology, as well the
traffic of alpha-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) receptors.
Critical for some paradigms of synaptic plasticity is the phosphorylation of PtdIns(4,5)P2 to
PtdIns(3,4,5)P3 by PI3Ks and the converse reaction by PTEN. These aspects are discussed
in this section.

4.1 Regulation of spine morphology and actin assembly
As mentioned above, PtdIns(4,5)P2 is a critical regulator of actin dynamics as most actin
regulatory proteins interact with and are controlled by this lipid. Dendritic spines are sites of
intense actin dynamics, which, together with intracellular and synaptic membrane
remodeling, contribute to changes in spine morphology. A major regulator of spine
dynamics appears to be Myristoylated-Alanine-Rich C Kinase Substrate (MARCKS), which
is an F-actin and Ca2+/Calmodulin (CaM)-binding protein that interacts with the plasma
membrane via the dual actions of a hydrophobic, myristoylated NH2 terminus and a
polybasic stretch mediating electrostatic interactions with anionic phospholipids
(McLaughlin et al., 2002). Through these interactions, MARCKS can laterally sequester
PtdIns(4,5)P2 molecules within the membrane. Several serine residues of the effector
domain of MARCKS can be phosphorylated by the protein kinase C (PKC), which
decreases the electrostatic interaction with phosphoinositides and triggers the translocation
of MARCKS into the cytosol (Arbuzova et al., 2002). Interfering with MARCKS expression
and function through RNAi or expression of dominant-negative mutants results in
destabilization of the spines and disruption of the actin cytoskeleton (Calabrese and Halpain,
2005). A model arising is that synaptic activity-induced activation of PKC leads to the
phosphorylation and relocation of MARCKS into the cytosol. This in turns causes the
release of PtdIns(4,5)P2 and the reorganization of the actin skeleton, possibly via a pathway
involving the N-WASP-Cdc42-Arp2/3 complex and forming new F-actin branches on
mother filaments. Decrease of Arp2/3 by silencing the p34 subunit of this complex leads to a
reduction in the number of spines and the elongation of the remaining ones. A similar
phenotype is observed by silencing N-WASP or Cdc42 (Wegner et al., 2008). Other
postsynaptic PtdIns(4,5)P2 -binding proteins, such as AKAP79/150, may operate through
mechanisms similar to those controlling MARCKS function (Gomez et al., 2002,
Dell'Acqua et al., 1998, Horne and Dell'Acqua, 2007).

Among many actin- and phosphoinositide-binding proteins, Cosediment with Filamentous
Actin (cofilin, also known as actin depolymerizing factor) has been extensively studied in
the postsynapse. Cofilin family members bind to ADP-actin (in the G- or F forms) and
promote the depolymerization at the pointed ends of actin filament (Ono, 2007). They also
sever actin filament in a Ca2+-independent manner, which increases the number of filament
ends (dos Remedios et al., 2003). The actin-binding domains of cofilin also interacts with
PtdIns(4,5)P2 (Yonezawa et al., 1991, Kusano et al., 1999) and thus the actin-binding ability
of cofilin is inhibited by this lipid (Yonezawa et al., 1991). LIM kinase and the phosphatase
Slingshot phopshorylate/dephosphorylate cofilin, which leads to its inactivation or its
activation, respectively (Niwa et al., 2002, Yuen et al., 2010). During long-term potentiation
(LTP), cofilin is inactivated by phosphorylation, which promotes actin polymerization
(Fukazawa et al., 2003). In contrast, during long-term depression (LTD), dephosphorylation
of cofilin is required for spine shrinkage (Zhou et al., 2004) and for the depression of N-
Methyl-D-aspartate (NMDA) receptor-dependent current (Morishita et al., 2005). During
chemically-induced synaptic potentiation, cofilin is first dephosphosylated, which coincides
with insertion of AMPA receptors to the synaptic membrane and an increase in the number
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of actin barbed ends. When cofilin is re-phosphorylated, enlargement of the spines is
observed (Gu et al., 2010). Forebrain-specific ablation of cofilin in the mouse has recently
been show to cause an impairment of associative learning, demonstrating genetically the role
of actin dynamics during memory processes (Rust et al., 2010).

4.2 PtdIns(4,5)P2 in signaling mechanisms downstream of metabotropic glutamate
receptors

Neurotransmitters regulate post-synaptic elements with different kinetics depending on
whether they activate ionotropic receptors or metabotropic receptors. Generally, the latter
types are receptors coupled to heteromeric G-proteins and characterized by seven α-helical
transmembrane domains. Those receptors mediate their effects primarily by the activation of
different small G-proteins and a large variety of downstream effectors. Class I metabotropic
glutamate receptors (mGluR), which include mGluR1 and mGluR5, are key modulators of
synaptic transmission and plasticity (Ferraguti et al., 2008). They localize to the periphery of
the post-synaptic density (PSD), in part through an interaction of their proline-rich COOH-
terminus with scaffolding proteins Homer, which in turn interacts with Shank and PSD-95
(Brakeman et al., 1997, Tu et al., 1999) (Figure 1). At excitatory synapses, type 1 mGluRs
mainly exert their actions through stimulation of PLCβ, which follows the release and
activation of Gq proteins (Ferraguti et al., 2008). PLCβ, similar to other phosphoinositide-
specific PLC isoforms, hydrolyzes PtdIns(4,5)P2 to generate DAG and Ins(1,4,5)P3. These
two second messengers initiate distinct signal transduction pathways through activation of
PKC (as well as other C1 domain-containing DAG effectors) and of intracellular Ca2+

release via activation of the Ins(1,4,5)P3 receptor, respectively. Other metabotropic
receptors, such as the muscarinic acetylcholine receptors, also operate via the Gαq/PLC
pathway and are important for the modulation of synaptic transmission (Seol et al., 2007,
Giessel and Sabatini, 2010). At some synapses, LTD is not induced when PLC is blocked
pharmacologically or upon genetic ablation of PLCβ1 (Choi et al., 2005, Reyes-Harde and
Stanton, 1998). Importantly, activation of type 1 mGluRs and the NMDA receptor can
independently stimulate PLCs (with strong stimulation of NMDA receptor activating the
Ca2+-sensitive isoform PLCδ), thus leading to the stimulation of PKC in dendrites (Codazzi
et al., 2006). PLC is also important for NMDA-induced spine shrinkage and synaptic
depression via the depletion of PtdIns(4,5)P2 and the decrease of F-actin (Horne and
Dell'Acqua, 2007).

A fundamental aspect of GPCR regulation involves their desensitization following their
stimulation by ligands (DeWire et al., 2007). The mechanism of ligand-dependent silencing
or desensitization of the GPCR signaling is highly conserved and occurs via the
phosphorylation of COOH-terminal serine/threonine residues via G-protein receptor kinases,
followed by the recruitment of phosphoinositide binding protein β-arrestin. Binding of β-
arrestin occludes the sites of the activated receptor that interact with G proteins and
therefore limits the responsiveness of the GPCRs to repeated stimulations. Importantly, the
binding of β-arrestin to the GPCRs exposes the β-arrestin C-terminus, which can then bind
to both clathrin and the β-subunit of AP-2 and trigger the internalization of the phospho-
GPCRs via CME. Similar to other endocytic adaptors for clathrin, β-arrestin interacts with
phosphoinositides and PtdIns(4,5)P2 and PtdIns(3,4,5)P3 in particular. Mutation of the
phosphoinositide-binding pocket of β-arrestin does not affect its interaction with clathrin or
GPCRs, but it prevents the internalization of the activated β-adrenergic receptors (Gaidarov
et al., 1999). Moreover, β-arrestins do not only interact with phosphoinositides but they also
directly recruit PIP5K1α to sites of GPCR endocytosis (Nelson et al., 2008). While much
less studied compared to the β-adrenergic receptor, the agonist-induced internalization of
mGluR1 likely occurs via the β-arrestin and dynamin pathway in neurons, as shown in
heterologous systems (Dale et al., 2001, Mundell et al., 2001). In addition, β-arrestin might
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be responsible for the termination of DAG signal by recruiting a diacylglycerol kinase in a
mechanism similar to that observed after activation of the Gq protein-coupled M1 receptor
(Nelson et al., 2007).

4.3 Role of PtdIns(4,5)P2 in the trafficking of AMPA receptors
At excitatory synapses, fast response to glutamate is mainly mediated by the AMPA
receptor. The second ionotropic glutamate receptor, NMDA receptor, is activated
secondarily to AMPA-dependent depolarization and permits Ca2+ influx that has an
important role in modulating synaptic function. There are four AMPA receptor genes
(GluA1–4), whose products form a heterotetrameric cationic channel consisting generally of
two different subunits (e.g., GluA1/GluA2 and GluA2/GluA3 are the most abundant in
mature synapses (Wenthold et al., 1992, Lu et al., 2009). The COOH-terminal domains of
the four subunits are divergent in length and sequence and are the main regions by which the
AMPA receptor binds to a variety of auxiliary and regulatory proteins (Fukata et al., 2005)
These proteins control key aspects of the AMPA receptor function, including its trafficking
and signaling properties.

Role of phosphoinositides in the control of cell surface levels of the AMPA
receptor—Because the AMPA receptor exclusively operates at the postsynaptic plasma
membrane, a key aspect of its regulation involves the control of its cell surface levels via
exo-endocytosis (Newpher and Ehlers, 2008). The internalization of the AMPA receptor
largely occurs through clathrin- and dynamin-mediated endocytosis (Lee et al., 2004a,
Morishita et al., 2005, Kastning et al., 2007) and thus the molecular machinery mediating
this process shares many features in common with that controlling SV endocytosis. Just like
endocytic zones are segregated from the exocytic (or active) zones at the presynapse, the
postsynaptic sites of endocytosis appear to be extra-synaptic as CCPs are mostly observed
outside of the PSD (Blanpied et al., 2002). Constitutive endocytosis of the AMPA receptor
in proximity to the PSD is required to recapture the receptors that have “escaped” from the
PSD through lateral diffusion (Lu et al., 2007). The COOH-terminal domain of the short-
tailed subunit, GluA2, directly binds to the μ2 subunit of the AP-2 complex and this
interaction is required for AMPA receptor internalization (Kastning et al., 2007, Lee et al.,
2004a). Consistent with the principles governing the clathrin-mediated retrieval of SVs, a
role for PtdIns(4,5)P2 was demonstrated by studies on Synj1. While the first study showed a
role for Synj1 downstream of ephrinB-EphB signaling in the internalization of AMPA
receptor (Irie et al., 2005), the second, more recent study utilized Synj1 KO neurons to show
enhanced amplitudes of AMPA responses as well as a decrease in NMDA-induced
internalization of AMPA receptor in mutant synapses (Gong and De Camilli, 2008).

The COOH-terminal tail of GluA2 and GluA3 also interacts with PDZ domain-containing
proteins, such as PICK1 (Protein Interacting with C Kinase 1) and GRIP1/2 (Glutamate
Receptor Interacting Protein 1 and 2). The former was shown to interact with
phosphoinositides (Jin et al., 2006). PICK1 and GRIP1/2 antagonistically control the
association of AMPA receptors with the PSD and the cell surface with fundamental
implications for synaptic plasticity. While GRIP1/2 stabilizes the AMPA receptor at the
synaptic membrane (Osten et al., 2000) or facilitates the reinsertion at the surface of
internalized AMPA receptor via the exocyst complex (Mao et al., 2010), PICK1 facilitates
the removal of the receptor from the cell surface and maintains it in an intracellular
compartment (Lin and Huganir, 2007). A switch from GRIP1/2 to PICK1 and a resulting
untethering of GluA2 from the PSD occurs when the serine 880 of the receptor is
phosphorylated by protein kinases, such as PKCα(Chung et al., 2000, Seidenman et al.,
2003). Conversely, PICK1 blocks the reinsertion of internalized AMPA receptor at the PSD
(Citri et al., 2010), a process that is important for NMDA-dependent LTD (Terashima et al.,
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2008). The interaction of GluA2 with GRIP or PICK is also important for the replacement of
GluA2-lacking receptor newly inserted in the perisynaptic region with GluA2-containing
receptor (Yang et al., 2010) and with the maintenance of Ca2+-permeable AMPA receptor at
sensory synapses (Clem et al., 2010). PICK1 contains an NH2-terminal PDZ domain and a
central BAR domain, both of which bind to phosphoinositides. The BAR domain
preferentially interacts with monophosphorylated phosphoinositides, such as PtdIns3P, via a
series of acidic residues on the concave side of the crescent-like domain (Jin et al., 2006).
The BAR domain is crucial for the localization of PICK1 (Jin et al., 2006) and for the
induction of LTD (Jin et al., 2006, Steinberg et al., 2006). Similarly, the PDZ domain of
PICK1 binds to PtdIns(4,5)P2 and PtdIns(3,4,5)P3 via three basic residues and a neighboring
hydrophobic Cys-Pro-Cys motif. Mutation of the two cysteine residues into glycines impairs
the formation of PICK1 clusters in non-neuronal cells and at excitatory synapses (Pan et al.,
2007).

Phosphoinositide-dependent extrasynaptic clustering of TARP-AMPA
receptor complexes—TARPs (Transmembrane AMPA Receptor Regulatory Proteins)
are auxiliary subunits that regulate the trafficking and the kinetic properties of AMPA
receptors (Milstein and Nicoll, 2008). Genetic deletion of TARPs, such as γ2 (stargazin)
and γ8, results in the reduction of glutamatergic neurotransmission (Hashimoto et al., 1999,
Rouach et al., 2005). Phospholipids, such as phosphoinositides, play a central role in this
regulation. TARPs bind to the transmembrane region and the extracellular portions of all the
AMPA receptor subunits and these interactions are required for the proper trafficking of the
AMPA receptor from the endoplasmic reticulum to the synapse. The last four amino-acids
of the cytosolic COOH-terminus (TTPV) of TARPs bind to the PDZ domain of PSD-95, a
master regulator of the PSD, and this interaction is necessary (but not sufficient) for efficient
targeting of the AMPA receptors to the PSD (Cuadra et al., 2004). The COOH-terminus of
stargazin binds to phosphoinositides and PA via conserved arginine residues and this
interaction is competed by PSD-95 (Sumioka et al., 2010) or disrupted by Calcium/
Calmodulin-dependent Kinase II (CamKII)- or PKC-mediated phosphorylation of adjacent
serine residues. Phosphorylation of this tail reduces the electrostatic interaction of stargazin
with the anionic phospholipids within the membranes, thus permitting the diffusion and the
binding of TARP with the postsynaptic scaffolding proteins, such as PSD-95. As a result,
AMPA receptors are both immobilized and activated at the PSD (Opazo and Choquet,
2010). In summary, the regulation of the interaction between AMPA receptor and TARPs by
phosphoinositides and phosphorylation-based mechanisms appears to be a key method to
control the mobility of AMPA receptors in or out of the synapses during synaptic plasticity.

4.4 Role of PtdIns(3,4,5)P3 in synaptic plasticity
Class 1 PI3Ks and their downstream effectors are present at the postsynapses (Raymond et
al., 2002) and are part of the complex organized around the AMPA receptor (Man et al.,
2003, Peineau et al., 2007). In fact, recent work has shown that a constant production of
PtdIns(3,4,5)P3 is essential for the maintenance of AMPA receptor at the synapse. Both in
hippocampal slices and in cultured hippocampal neurons, manipulations of the metabolism
of PtdIns(3,4,5)P3 alter AMPA receptor-dependent responses. Expression of constitutively
active (i.e., membrane-bound) PI3K increases AMPA currents, while inhibition of PI3K or
sequestering PtdIns(3,4,5)P3 with the PH domain of General Receptor for Phosphoinositides
1 (GRP1) reduces the amplitude of evoked currents (Arendt et al., 2010). Mechanistically,
basal PtdIns(3,4,5)P3 levels appear to control the stability of PSD-95 in the spine and the
mobility of AMPA receptor at the PSD. Depleting PtdIns(3,4,5)P3 promotes the relocation
and the accumulation of the AMPA receptor in the extrasynaptic zones of the membrane
(Arendt et al., 2010).
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Similar to CamKII, PI3K is also an essential regulator of synaptic plasticity.
Pharmacological inhibition of PI3K prevents the formation of LTP at various synapses, such
as at the CA3-CA1 synapse (Raymond et al., 2002, Sanna et al., 2002), at cortical synapses
in the lateral amygdala (Lin et al., 2001) and at parallel fibers-Prukinje cell synapses
(Jackson et al.). LTP is also impaired after sequestering PtdIns(3,4,5)P3 with overexpression
of PH-GRP1 (Arendt et al., 2010). These results are consistent with the impairment in
learning and memory observed in mice treated with PI3K inhibitors (Lin et al., 2001, Chen
et al., 2005). During LTP, PI3K activity is increased by the small GTPase Ras (Qin et al.,
2000), a pathway that is also impaired in the Fragile X syndrome, which is associated with
mental retardation (Hu et al., 2008). During glycine-induced LTP, the activity of PI3K
associated with the AMPA-receptor is increased, which regulates the insertion of AMPA
receptor at the synaptic membrane (Man et al., 2003). PI3Ks are also involved in some
forms of LTD through their association with the mGluR5-Homer complex, which mediates
synaptic plasticity in the nucleus accumbens during alcohol consumption (Cozzoli et al.,
2009) or is important to limit LTD at the synapse receiving the conditioning stimulus (Daw
et al., 2002).

The downstream effectors of the PI3K pathway involved in synaptic plasticity have also
been investigated. It is well accepted that PtdIns(3,4,5)P3 generated by PI3Ks recruits to
membranes phosphoinositide-dependent kinase 1 (PDK1) and Akt (or PKB) via their PH
domain (Pearce et al., 2010). Downstream of phosphorylated Akt, Glycogen synthase
kinase-3β (GSK3β) has a central role in the balance between NMDA-dependent LTD and
LTP. Indeed, the LTP induced by activation of PI3K/Akt promotes the phosphorylation of
Ser9 of GSK3β, thereby inhibiting its activity and the induction LTD for a period of an
hour. During LTD, activation of phosphatase PP1 and/or inhibition of Akt result in the
dephosphorylation of Ser9 and the activation of GSK3β, which is necessary for LTD
induction (Peineau et al., 2007).

Downstream of PI3K also lies the mTOR/p70S6K pathway, which plays an important role at
the postsynapse. mTOR activation during LTP requires the coincident activation of the PI3K
pathway with the Erk pathway (Tsokas et al., 2007). mTOR regulates the transcription of
mRNAs encoding proteins involved in protein translation, primarily cap-dependent
translation initiation. Maintenance of LTP for more than 2–3 hours requires protein
synthesis (Fonseca et al., 2006, Huang et al., 1996), a phase that is inhibited by rapamycin,
an inhibitor of mTOR, when applied during the induction of LTP (Tang et al., 2002,
Cammalleri et al., 2003). Gene deletion of FKBP12, an inhibitor of mTOR, increases mTOR
activity, which promotes LTP and enhances contextual fear memory but alters the capacity
of the transgenic mice to remodel memory (Hoeffer et al., 2008). Similarly, mGluR-
dependent LTD required de novo synthesis of protein, the initiation of seems to be
dependent on PI3K and mTOR (Hou and Klann, 2004).

PTEN is the enzyme that counterbalances PI3K by removing the 3-phosphate from
PtdIns(3,4,5)P3 (Maehama and Dixon, 1999, Sulis and Parsons, 2003). Conditional ablation
of PTEN in a discrete number of mature neurons in the cortex results in a tremendous
impairment of social interaction among other behavioral abnormalities in mice (Kwon et al.,
2006). Morphologically, ablation or silencing of PTEN deletion induces an increase in
axonal and dendritic growth, thus phenocopying the consequences of Pi3K overexpression
and hyperactivation of mTOR (Jaworski et al., 2005, Chow et al., 2009). Abnormal synapses
with a higher number of SVs and a higher density of spines have also been reported. In the
mutant mice, all the downstream targets of Akt, including GSK3β, were found to be
hyperphosphorylated (Chow et al., 2009). A similar phenotype is observed in a PTEN
haploinsufficient mice and this phenotype is exacerbated by the haploinsufficiency of the
serotonin transporter Slca4 gene (Page et al., 2009). PTEN can be recruited to the spine by
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binding to the PDZ domain of PSD-95 after NMDA receptor activation and regulates the
expression of LTD by affecting AMPA receptor localization (Jurado et al., 2010). PTEN
may also directly bind to extrasynaptic NMDA receptors and positively regulate signaling
downstream of this glutamate receptor (Ning et al., 2004).

5. PHOSPHOINOSITIDE IMBALANCE IN SYNAPTIC DYSFUNCTION AND
BRAIN DISORDERS

Due to the pleiotropic roles of phosphoinositides, their metabolism is subject to tight
regulation. Not surprisingly, several phosphoinositide-metabolizing enzymes have been
implicated in a number of human diseases, including genetic disorders (Di Paolo and De
Camilli, 2006, Pendaries et al., 2003). Recently, our group has linked PtdIns(4,5)P2
metabolism and in particular Synj1 to Down syndrome (DS) and Alzheimer’s disease (AD).

5.1 Synaptojanin1 overexpression in Down syndrome
Phosphoinositides have been shown to be directly or indirectly linked to several conditions
associated with mental retardation (MR), including the Fragile-X and DS. As described by J.
Lejeune in the 1950’s, DS is the result of the trisomy of the chromosome 21 and occurs in 1
birth out of 800. One of the stringent phenotypes of DS is MR, which reflects the dosage
imbalance of genes expressed in the brain. The gene encoding Synj1 is located on human
chromosome 21 (mapped on 21q22.2) and the presence of 3 copies in individuals with DS
results in a higher expression of Synj1 in DS brain (Arai et al., 2002). A similar result was
also observed in the partial trisomy mouse Ts65Dn (Voronov et al., 2008), which has a
partial triplication of mouse chromosome 16, which is highy syntenic with human
chromosome 21 (Reeves et al., 1995). We have used the Ts65Dn mice, which recapitulates
many features of individuals with DS, and a BAC transgenic mouse that overexpresses
Synj1 [Tg(Synj1)] uniquely due to 3 gene copies (Voronov et al., 2008). In the brain of both
mouse models, the PtdIns(4,5)P2 5-phosphatase activity was increased and the levels of
PtdIns(4,5)P2 were reduced. Removal of one copy of Synj1 from the Ts65Dn background
rescued the defects in PtdIns(4,5)P2 metabolism (Voronov et al., 2008). While the Ts65Dn
mice have important cognitive deficits (Seregaza et al., 2006), the Tg(Synj1) mice were
shown to perform poorly in the Morris-water maze task, which assesses spatial learning.
However, as expected, cognitive deficits resulting from Synj1 overexpression are milder
than those observed in Ts65Dn, further suggesting that multiple genes contribute to MR in
DS.

5.2 PtdIns(4,5)P2 dysregulation in Alzheimer’s disease
AD is the most common form of late-onset dementia. It is characterized by an accumulation
of amyloid-beta (Aβ) and neurofibrillary tangles and results in age-dependent cognitive
decline. Several studies on animals models of AD described defects in excitatory
neurotransmission (Hsieh et al., 2006), and synaptic plasticity (Walsh et al., 2002,
Venkitaramani et al., 2007), in synaptic loss (Hsieh et al., 2006, Lue et al., 1999) and a
neuron network imbalance with an increased synchronic activity (Palop et al., 2007, Busche
et al., 2008, Palop and Mucke, 2010). Recent studies have suggested that phosphoinositide
imbalance plays an important role in the pathophysiological processes involving Aβ.
Presenilin-1 is the catalytic subunit of the proteolytic complex γ-secretase that cleaves the
COOH-terminal part of the transmembrane domain of the amyloid precursor protein (APP)
producing peptides of different sizes but particularly Aβ40 and in lower amount Aβ42,
which is more aggregate prone and synaptotoxic (Haass, 2004). Mutations of presenilin-1
observed in familial forms of AD cause an imbalance in PtdIns(4,5)P2 metabolism as
observed with the reduction of the calcium-permeable transient receptor potential melastatin
7-associated magnesium-inhibited cation current, that is positively regulated by
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PtdIns(4,5)P2. The current downregulated by mutated presenilin1 alterations in cellular
cation homeostasis. PtdIns(4,5)P2 levels variation induced by altering PLC activity
correlates negatively with the levels of Aβ42 (Landman et al., 2006). Furthermore,
incubation of cortical cultures with submicromolar concentration of oligomeric Aβ42 was
shown to reduce the levels of PtdIns(4,5)P2 in a NMDA- and PLC-dependent manner.
Compensating for this deficiency of PtdIns(4,5)P2 by deleting a copy of Synj1 rescued Aβ-
induced LTP defects in hippocampal slices (Berman et al., 2008). Our findings suggest a
hypothesis whereby PtdIns(4,5)P2 dyshomeostasis underlies early neurotoxic effects of Aβ
at synapses and that Synj1 haploinsufficiency protects against the actions of this peptide.
More generally, we hypothesize that Aβ-induced synaptic dysfunction and cognitive deficits
can be ameliorated by treatments that prevent PtdIns(4,5)P2 downregulation in AD. Finally,
as mentioned earlier, a key feature of DS is MR, whose onset typically starts in early
childhood (Roizen and Patterson, 2003). Superimposed to these deficits is the progressive
development of AD pathology, which leads to further cognitive decline in middle-aged
individuals with DS (Lott and Head, 2001). A key causative agent for AD in DS is the
overexpression of chromosome 21-linked APP, the precursor of Aβ. Our studies point to the
occurrence in DS of a “dual hit” on PtdIns(4,5)P2, accounted for by Synj1 trisomy and by
Aβ elevation, which could potentiate AD-linked cognitive decline in middle-aged adults
with DS.

6. CONCLUSIONS AND PERSPECTIVES
As highlighted in this book chapter, phosphoinositides mediate a multitude of biological
functions at the neuronal synapse, both pre- and postsynaptically. Emphasis was put on
PtdIns(4,5)P2 and PtdIns(3,4,5)P3 because these two lipids have been extensively studied
and shown to regulate important synaptic functions. Their enrichment at the plasma
membrane, along with a rich set of effectors and metabolizing enzymes operating at this
compartment (or in close proximity thereof), predisposes them for specialized functions
occurring at the cell surface, including the fusion and internalization of SVs, the control of
cell surface levels of ion channels, signaling of ligand-bound receptors and regulation of
actin dynamics. A fundamental question in the field (and one that is pertinent to the broad
field of phosphoinositide research) is how one or two lipids is/are able to control so many
critical functions within a single membrane compartment. A partial answer proposed by
several investigators is that phosphoinositide metabolism may be controlled locally, in
micro- or perhaps even nanodomains, by tightly regulated recruitment and/or activation of
lipid enzymes, by lipid sequestration/release mechanisms or by changes in membrane
properties (e.g, curvature). The fast diffusion rates reported for membrane lipids, including
PtdIns(4,5)P2, are difficult to reconcile with the concept of local control of phosphoinositide
metabolism, unless mechanisms that significantly slow down diffusion rates or bona fide
“fences” exist. In this respect, the ability to visualize lipids with genetically-encoded
fluorescent probes, such as PH domains, in combination with super resolution fluorescence
microscopy will be informative.

While PtdIns(4,5)P2 and PtdIns(3,4,5)P3 have been extensively characterized, little is known
about the role of the other five phosphoinositides at synapses, and particularly, the low
abundance ones, such as PtdIns(3,4)P2, PtdIns(3,5)P2, and PtdIns5P. Answers may come
from the characterization of various KO or mutant animals that are defective for enzymes
involved in their metabolism, although in some cases, the development of better probes for
low abundance phosphoinositides and identification of synapse-specific effectors may be
required to have a better understanding of what these lipids do at the neuronal synapse and
elsewhere.
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ABBREVIATIONS

Aβ Amyloid Beta

AMPA Alpha-amino-3-hydroxy-5-Methyl-4- isoxazole-Propionic Acid

ANTH AP180 N-Terminal Homology

AP-2 Adaptor complex Protein-2

APP Amyloid Precursor Protein

Arp2/3 Actin-related protein 2 and 3

ATP Adenosine Trisphosphate

BAR Bin/ Amphiphysin/ Rvs

CamKII Calcium/Calmodulin-dependent Kinase II

CALM Clathrin Assembly Lymphoid Myeloid

Ca2+ Calcium

CAPS Calcium-dependent Activator Protein for Secretion

CaM Calcium/Calmodulin

CCV Clathrin-Coated Vesicles

CCP Clathrin-Coated Pits

Cdk-5 Cyclin-Dependent Kinase-5

CHC Clathrin Heavy Chains

CLC Clathrin Light Chains

CME Clathrin-Mediated Endocytosis

Cofilin Cosediment with Filamentous Actin

DAG Diacylglycerol

DS Down Syndrome

Dyrk Dual specificity Tyrosine phosphorylation Regulated Kinase

ENTH Epsin N-Terminal Homology

EphB EphrinB receptor

EPSP Excitatory Postsynaptic Potential

Epsin Eps15-Interacting protein

ERK Extracellular signal-Regulated Kinase

FERM Four-point-one, Ezrin, Radixin, Moesin

GABA γ Aminobutyric Acid

GED GTPase Effector Domain

Grb2 Growth factor Receptor-Bound protein 2
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GRIP1 Glutamate Receptor-Interacting Protein 1

GRP1 General Receptor for Phosphoinositide 1

GSK3β Glycogen Synthase Kinase 3 Beta

GTPase Guanosine Triphosphate Phosphatase

Hsc70 Heat shock cognate protein of 70 KDa

KO Knock Out

LDCV Large Dense Core Vesicle

LTD Long-Term Depression

LTP Long-Term Potentiation

MARCKS Myristoylated-Alanine-Rich C Kinase Substrate

mGluR Metabotropic Glutamate Receptor

MR Mental Retardation

NMJ Neuromuscular Junction

NMDA N-Methyl-D-aspartate

NSF N-ethylmaleimide-sensitive factor

PA Phosphatidic Acid

PC12 Pheochromocytoma 12

PDZ PSD-95/ Drosophila disc large tumor suppressor/ Zonula occludens-1
protein

PH Pleckstrin Homology

PI3K phosphoinositide 3-kinase

PICK1 Protein Interacting with C Kinase 1

PIKE-L PI3K Enhancer-Long

PKC Protein Kinase C

PLC phospholipase C

PRD Proline-Rich Domain

PS Phosphatidyl Serine

PSD PostSynaptic Density

PtdInsPK Phosphatidylinositol phosphate kinase

PtdIns3/4/5P Phosphatidylinositol 3/4/5 monophosphate

PtdIns(4,5)P2 Phosphatidylinositol 4,5 bisphosphate

PtdIns(3,4,5)P3 Phosphatidylinositol 3,4,5 trisphosphate

PTEN Phosphatase and TENsin homolog located on chromosome 10

RRP Readily Releasable Pool

Sac1 Suppressor of Actin 1

SH3 Src-Homology type 3
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SNAP Soluble NSF Attachment Protein

SNARE SNAP receptor

Sjl Synaptojanin-like protein

SNX Sorting Nexin proteins

Synj Synaptojanin

Syt Synaptotagmin

TARP Transmembrane AMPA receptor Regulatory Proteins

WASP Wiskott-Aldrich Syndrome Protein

Ymr1p Yeast myotubularin-related phosphatase
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Fig. 1. Neurotransmission at glutamatergic synapses
Presynatically, synaptic vesicles (SVs) filled with glutamate are localized in proximity to the
plasma membrane (PM) and are docked at the active zone after the assembling of the
SNARE complex (and other proteins such as Munc18, not depicted here) composed of the
PM-associated syntaxin-1, the cytosolic SNAP-25 and the SV membrane-associated
synaptobrevin. Upon the arrival of a calcium (Ca2+) influx, the vesicular and the plasma
membranes fused and the content of the SV is released in the synaptic cleft. Following SV
collapse, the SNARE complex is disassembled by the ATPase N-ethylmaleimide-sensitive
factor (NSF) and its adaptor α-SNAP. The fused vesicle is retrieved by CME, which starts
by the recruitment of the clathrin adaptors, AP-2 to PM enriched in PtdIns(4,5)P2 and by its
interaction with Syt-1. Clathrin molecules assemble into a lattice structure at the endocytic
site and, along with a variety of tubulating factors, permit PM invagination and the
formation of a CCP. Dynamin oligomers formed a helix that encircles the bud of the pit and
triggers the fission and the individuation of a clathrin-coated vesicles. Quickly, the clathrin
coat is removed and the AP-2-clathrin complex is disassembled. The SV is refilled with
neurotransmitters and can undergo another cycle of exocytosis and endocytosis.
Postsynaptically, released glutamate binds to the ionotropic AMPA and NMDA receptors
and to the Gq-coupled metabotropic glutamate receptor. (mGluR) type 1 (the other types of
mGluR are not depicted). Gating of the AMPA receptor by glutamate generates a net current
influx that depolarizes the postsynaptic PM allowing the gating of glutamate-bound NMDA
receptor and a slower influx of sodium and calcium. mGluR type 1 activation releases the
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Gq proteins and the hydrolysis of PtsIns(4,5)P2 by phospholipase Cγ into diacylglycerol
(DAG) and inositol (1,4,5)-trisphosphate (IP3). DAG recruits to the PM and activates the
protein kinase C, while IP3 binds to and opens the IP3 receptor (IP3 R), which liberates the
calcium store in the endoplasmic reticulum (ER). In the figure, interactions of the receptors
with the structural proteins that organized the postsynaptic density (PSD) is emphasized.
NMDA binds directly to PSD-95 with a PDZ-binding motif localized at the C-terminal
extremity of the receptor. AMPA receptor and mGluR type 1 are indirectly anchored to the
PSD-95 complex via the transmembrane AMPA receptor regulatory proteins (TARP) and
via Homer/Shank/GKAP, respectively. Homer also interacts with the IP3 R and allows the
anchoring of the receptor in proximity to the mGluR type 1. Finally, AMPA receptors are
mobile and move traffic between the synaptic and extrasynaptic zone, where they can be
internalized by CME and be recycled via the endosome.

Frere et al. Page 42

Subcell Biochem. Author manuscript; available in PMC 2013 January 12.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Fig. 2. PtdIns(4,5)P2 role in endocytosis
The PtdIns4P-enriched membrane of the SV fused and merged with the PtdIns(4,5)P2-
enriched PM liberating the neurotransmitter extracellularly. AP-2 is recruited by
PtdIns(4,5)P2 with other accessory clathrin adaptors to the surface of the PM. The PM buds
and invaginates to form a Ω-shaped pit covered by clathrin lattice and that comprised the SV
proteins. Fission factor, dynamin gets recruited to the bud with endophilin and synaptojanin.
Dynamin mediates the scission of its neck to release a free clathrin-coated vesicle (CCV),
possibly facilitated by the hydrolysis of PtdIns(4,5)P2 by synaptojanin1 (Synj1). The
PtdIns(4,5)P2 present on the CCV is dephosphorylated to PI(4)P by Synj1, thereby
promoting the shading of the adaptors from the membrane and the uncoating reaction.
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