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Abstract. It is now more than two decades since amyloid-� (A�), the proteolytic product of the amyloid-� protein precursor
(A�PP), was first demonstrated to be a normal and soluble product of neuronal metabolism. To date, despite a growing
body of evidence suggests its regulatory role on synaptic function, the exact cellular and molecular pathways involved in
A�-driven synaptic effects remain elusive. This review provides an overview of the mounting evidence showing A�-mediated
effects on presynaptic functions and neurotransmitter release from axon terminals, focusing on its interaction with synaptic
vesicle cycle. Indeed, A� peptides have been found to interact with key presynaptic scaffold proteins and kinases affecting the
consequential steps of the synaptic vesicle dynamics (e.g., synaptic vesicles exocytosis, endocytosis, and trafficking). Defects
in the fine-tuning of synaptic vesicle cycle by A� and deregulation of key molecules and kinases, which orchestrate synaptic
vesicle availability, may alter synaptic homeostasis, possibly contributing to synaptic loss and cognitive decline. Elucidating
the presynaptic mechanisms by which A� regulate synaptic transmission is fundamental for a deeper comprehension of
the biology of presynaptic terminals as well as of A�-driven early synaptic defects occurring in prodromal stage of AD.
Moreover, a better understating of A� involvement in cellular signal pathways may allow to set up more effective therapeutic
interventions by detecting relevant molecular mechanisms, whose imbalance might ultimately lead to synaptic impairment
in AD.
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Alzheimer’s disease (AD) is a chronic neurodegen-23

erative disorder, whose prominent neuropathological24

features are the progressive extracellular deposition25

of amyloid plaques, the intracellular neurofibrillary26

tangles, and the loss of synapses and neurons [1].27

Among the distinctive neuropathological hallmarks28

of AD, the extent of synaptic loss has been reported as29

a quantitative neuropathological correlate of memory30

deficit and cognitive decline observed in AD patients31
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[2]. Such evidence suggests a causal role for dwin- 32

dling synaptic integrity in the etiology of AD [3] and 33

raises a central question in AD research concern- 34

ing the role played by synaptic damage. However, 35

the molecular mechanisms underlying such synaptic 36

dysfunction remain largely unknown. 37

Clinical studies, alongside animal models, have 38

widely demonstrated the importance of amyloid-� 39

(A�) [4], a 4-kDa peptide derived from the sequen- 40

tial proteolysis of the amyloid-� protein precursor 41

(A�PP) by �- and �-secretase, in the progression 42

of AD. Besides its widely-investigated role as the 43

main pathogenic marker responsible for neurode- 44

generative processes, significant advances have been 45
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made over recent years to understand whether A�46

might be an important synaptic regulator affecting47

age-related synaptic changes. Accordingly, A� has48

been shown to induce several functional and morpho-49

logical synaptic changes. Intriguingly, these defects50

in synaptic activity are recognized as one of the51

earliest event in AD, preceding the deposition of52

A� plaques into the brain [5]. Such evidence has53

emphasized the need to refocus the experimental54

approach to A�-induced neurotoxicity from frank55

neurodegeneration to earlier structural and functional56

perturbations of synaptic homeostasis triggered by57

A� [6]. A great effort has been directed toward58

evaluating A�-driven effects on synaptic activity, in59

conditions not resulting in neurotoxicity. A highly60

heterogeneous amount of data, ranging from an A�-61

driven increase in spontaneous synaptic activity [7]62

to a lack of effect on synaptic transmission [8] or63

even its depression [9, 10], has been produced. Such64

contrasting data have been mainly related to cru-65

cial factors affecting the outcome of the experiments,66

such as the different variants, concentrations, and67

aggregation forms of A� peptides in the different68

experimental settings [11, 12], as well as to the69

extreme supplier-to-supplier and batch-to-batch vari-70

ability of synthetic A� peptides [13]. Indeed, A�71

has been demonstrated to exhibit a biphasic action,72

i.e., neuromodulatory/neuroprotective versus neuro-73

toxic, depending on its concentration and aggregation74

status [14, 15]. Low concentrations (picomolar-75

low nanomolar) of A� peptides positively modulate76

neurotransmission and memory, whereas, higher con-77

centrations (high nanomolar-low micromolar) exhibit78

a neurotoxic and detrimental action on synaptic plas-79

ticity and memory. In addition, the complex dynamic80

balance existing between the different species of A�81

(i.e., monomers, oligomers, protofibrils, and fibrils)82

contribute to the widespread and controversial lit-83

erature on A�-driven synaptic effects [16], further84

challenging consistent interpretation of the experi-85

mental data.86

A� AS POTENTIAL MODULATOR OF87

PRESYNAPTIC ACTIVITY88

Kamenetz and colleagues demonstrated for the first89

time that, in healthy brain, neuronal activity directly90

promotes the production and the secretion of A� pep-91

tides into the extracellular space, and that, in turn,92

A� downregulates excitatory synaptic transmission93

[9, 10]. This negative feedback loop, wherein neu- 94

ronal activity promotes A� production and A� 95

depresses synaptic activity, may provide a phys- 96

iological homeostatic mechanism preventing the 97

overexcitation of brain circuits [9]. However, in 98

normal brain, extracellular concentrations of endoge- 99

nous A� peptides have been estimated to low 100

picomolar levels, far lower than the concentra- 101

tions used in the mentioned studies demonstrating 102

A�-mediated synaptic depression [10, 15]. This 103

observation prompted extensive research to investi- 104

gate the impact of lower concentrations of A�, which 105

are likely to approximate the endogenous level of 106

the peptide. Several lines of evidence converge to 107

indicate that A� peptides at pM concentrations act 108

as a positive endogenous regulator of neurotransmis- 109

sion at presynaptic terminals [14, 15, 17]. Abramov 110

et al. demonstrated that the inhibition of extracellu- 111

lar A� degradation and the subsequent increase in 112

endogenous levels of A� peptides enhanced both the 113

release probability of synaptic vesicles and neuronal 114

activity in rodent hippocampal culture [11]. However, 115

the specific A� isoform and conformation respon- 116

sible for this synaptic effect cannot be identified 117

[11]. These acute effects mediated by the inhibition 118

of A� clearance increased spontaneous excitatory 119

postsynaptic currents without affecting inhibitory 120

currents. Such effect was specifically presynaptic 121

and dependent on firing rates, with lower facilitation 122

observed in hippocampal neurons showing higher fir- 123

ing rates [11]. Furthermore, the exposure of rodent 124

neuronal cultures to picomolar amounts of A�40 125

monomers and dimers enhanced presynaptic release 126

probability via A�PP-A�PP interactions at excita- 127

tory hippocampal synapses [18]. A�40 monomers 128

and dimers have been found to bind to A�PP, 129

increasing the fraction of A�PP homodimers at the 130

plasma membrane and inducing activity-dependent 131

A�PP-A�PP conformational changes [18]. In turn, 132

A�PP homodimer activation triggers structural rear- 133

rangements within the presynaptic A�PP/G0 protein 134

signaling complex, enhancing calcium (Ca2+) build- 135

up and, consequently, synaptic vesicle exocytosis 136

and glutamate release [18]. These findings suggest 137

that A�PP homodimer may act as a presynaptic 138

A�40 receptor that translates local changes in the 139

extracellular levels of A� peptides to modulation of 140

synaptic release probability, maintaining basal neu- 141

rotransmitter release under physiological conditions. 142

Such a positive modulatory action of endogenous 143

A� peptides on synaptic transmission has been fur- 144
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ther supported indirectly by the observation that mice145

deficient for A�PP [19], PS1 (Presenilin 1) [20], or146

BACE1 (Beta-site A�PP-cleaving enzyme 1) [21]147

displayed evident defects in synaptic transmission.148

According to experimental data suggesting a149

modulatory action of A� peptides on synaptic150

transmission, Puzzo et al. demonstrated that the151

exposure of hippocampal neurons to high picomolar-152

low nanomolar concentrations of synthetic A�42153

oligomers markedly increased synaptic transmission,154

whereas higher concentrations (high nanomolar-low155

micromolar) of A�42 induced the well-established156

synaptic depression [15]. The facilitator effect of low157

A� concentrations on excitatory transmission did not158

affect postsynaptic N-methyl-d-aspartate receptors159

(NMDARs) and �-amino-3-hydroxy-5-methyl-4-160

isoxazolepropionic acid receptors (AMPARs). This161

effect was sensitive to �-bungarotoxin, a selective162

antagonist of �7-nicotinic acetylcholine receptor163

(�7-nAChR), thus implying that functional �7-164

nAChR are required for A�42-mediated facilitator165

effect [14, 15]. This observation is consistent with166

data from literature reporting high-affinity binding of167

A� to �7-nAChR [22] and enhanced Ca2+ build-up168

through �7-nAChR at presynaptic nerve endings169

of hippocampal synaptosomes upon application of170

picomolar A�42 [23]. Under normal conditions,171

picomolar concentrations of A�, released by synap-172

tic activity during vesicle exocytosis [10], positively173

stimulate �7-nAChR, whose activation enhances174

Ca2+ influx into the presynaptic terminals and175

neurotransmitter release boosting synaptic plasticity176

[15]. In line with this hypothesis, blocking or177

removing �7-nAChRs both decreased A� secretion178

and blocked A�-induced facilitation [24]. Instead,179

nanomolar concentrations of A� have been found to180

inactivate �7-nAChRs.181

Recently, Gulisano et al. corroborated such evi-182

dence demonstrating that, in rodent CA1 pyramidal183

neurons, the extracellular administration of 200184

pM oligomeric A�42 induced, via �7-nAChRs, an185

increase of miniature EPSCs (excitatory postsynaptic186

currents) frequency and a decrease of paired pulse187

facilitation [17]. Such A�42-induced effects were188

associated with an enhanced number of docked189

vesicles at presynaptic terminals, thus indicating190

that picomolar concentrations of A�42 stimulate191

neurotransmitter release at presynaptic level [17].192

Notably, intracellular application of 6E10, an anti-193

body raised against human A�42, did not hinder the194

effects induced by extracellular A�42, which were195

conversely prevented by the extracellular application 196

of 6E10 [17]. 197

Overall, these findings strongly support a potential 198

relationship between concentration of A� peptides 199

and synaptic transmission, wherein low concentra- 200

tions (high picomolar-low nanomolar) of A� peptides 201

play a positive modulatory role upon neurotransmis- 202

sion [14, 15], abnormally low levels decrease presy- 203

naptic efficacy [19–21] and high concentrations (high 204

nanomolar-low micromolar) induce detrimental 205

effects depressing synaptic transmission, mainly by 206

postsynaptic mechanisms including enhanced inter- 207

nalization or desensitization of postsynaptic gluta- 208

mate receptors and downstream signaling [9, 25, 26]. 209

Moreover, the time of exposure to A�42 picomolar 210

concentration significantly affects synaptic activity. 211

Koppensteiner et al. examined the time course of 212

synaptic changes in mouse hippocampal neurons 213

exposed to picomolar concentration (200 pM) of 214

A�42. They demonstrated that A�42 exerted oppo- 215

site effects depending also on the time of exposure, 216

with short exposures in the range of minutes enhanc- 217

ing synaptic potentiation in hippocampal cultures and 218

slices and increasing synaptic plasticity as well as 219

memory in mice, and longer exposures lasting several 220

hours decreasing them [27]. In addition, the pro- 221

longed exposure to picomolar concentrations of A�42 222

has been found to induce microstructural changes at 223

the synapse including an increase in the basal fre- 224

quency of spontaneous neurotransmitter release and 225

in the basal number of functional presynaptic release 226

sites, as well as a redistribution of synaptic proteins 227

such as the vesicle-associated proteins synapsin I and 228

synaptophysin [27]. 229

The clues gained from recent studies in modulation 230

of presynaptic functions by A� highlight a signifi- 231

cant variety of mechanisms and functional outcomes. 232

Elucidating the intracellular mechanisms underlying 233

synaptic alterations in early AD represents a key- 234

stone to uncover AD pathobiology and to define the 235

associated early behavioral sings and/or therapeutic 236

interventions, able to block factors that fuel the pro- 237

gression of AD and to slow down and, ultimately, 238

even prevent the onset of irreparable intracellular 239

damage leading to synaptic loss and cognitive decline 240

[1]. Indeed, the observed changes in synaptic activ- 241

ity and associated neurotransmission may be at the 242

basis of the onset of psychiatric symptoms during 243

the early phases of the disease (e.g., anxiety, changes 244

in mood) in absence of the usual warning symptoms 245

(e.g., memory loss). 246
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THE EFFECTS OF A� ON SYNAPTIC247

VESICLE DYNAMICS248

Most of presynaptic functions has been reported249

to directly or indirectly converge on the synaptic250

vesicle cycle, whose different steps collaborate to251

allow rapid, regulated and repeated rounds of neu-252

rotransmitter release (reviewed by [28]). In recent253

years, a major goal in neurobiology has been to gain254

insight into the tightly coordinated membrane-fusion255

machinery that mediates synaptic vesicle cycle, char-256

acterized by sequential steps.257

Data from literature showed that A� peptides258

directly interfere with key presynaptic proteins regu-259

lating different steps of the synaptic vesicle cycle and,260

consequently, influencing neurotransmitter release261

and neurotransmission between functionally related262

neurons [29, 30]. A� has been found to interact263

with presynaptic proteins mediating synaptic vesi-264

cles docking and fusion, necessary for a regulated265

exocytosis, as well as synaptic vesicles recycling and266

recovery (illustrated in Fig. 1) (reviewed by [31, 32]).267

In addition, the regulation of synaptic vesicle cycle 268

and, subsequently, of neurotransmitter release by A� 269

has been suggested to be, at least in part, mediated 270

by A� interactions with specific protein kinases and 271

phosphatases controlling the consequential steps of 272

the synaptic vesicle cycle. It can be postulated that 273

A� by influencing the fine-tuning of synaptic vesicle 274

cycling may transiently influence synaptic homeosta- 275

sis. Such alteration triggered by A� may not be 276

restricted to the immediate period. A series of tran- 277

sient modifications by A� may generate long-lasting 278

and, then, permanent alterations at synapse, by pos- 279

sibly catalyzing a linear progression from synaptic 280

dysfunction to neuronal degeneration. It is therefore 281

essential to deeper understand A� involvement in 282

intraneuronal pathways to identify new drug targets 283

and to set up more precise therapeutic interventions 284

targeting the most relevant molecular mechanisms 285

leading to AD. 286

In the following sections, we will dissect this 287

remarkably complex scenario in a reductionist 288

fashion, providing an overview of the evidence 289

Fig. 1. A� interplay with synaptic vesicle dynamics. Monomeric A� (mA�) directly competes with Synaptobrevin/VAMP2 for binding to
Synaptophysin, stimulating the formation of the fusion pore complex, followed by neurotransmitter release. Moreover, oligomeric A� (oA�)
exerts an inhibitory effect on SNARE-mediated exocytosis by binding to the SNARE motif region (SynH3) of Syntaxin 1a. In addition,
oA� decreases dynamin-1 levels by increasing its cleavage by calpain, thus impairing endocytosis of synaptic vesicles. mA� has been also
hypothesized to prevent synaptophysin from triggering synaptic vesicle endocytosis through its interaction with synaptobrevin/VAMP2.
Finally, oA� enhances the levels of phosphorylated Synapsin I, by activating CaMKIV, thus increasing the availability of synaptic vesicles
to dock to the active zone and to allow neurotransmitter release. It should be noted that A�, in addition to the direct actions here represented,
may affect neurotransmitter release also indirectly through the modulation of various kinases (see text).
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demonstrating A� involvement in synaptic vesicle290

exocytosis, endocytosis and recycling (illustrated in291

Table 1), focusing on its interplay with key presynap-292

tic proteins and kinases.293

Regulation of synaptic vesicle exocytosis294

Exocytosis of synaptic vesicles is mediated by a295

conserved array of membrane proteins, commonly296

known as SNAREs (soluble N-ethylmaleimide-297

sensitive factor attachment protein (SNAP) receptors)298

[33]. These proteins include synaptobrevin/VAMP299

(vesicle-associated membrane protein), which is300

located on the membrane of synaptic vesicles301

(v-SNARE), syntaxin 1 and SNAP 25, which are302

predominantly localized at the synaptic plasma303

membrane (t-SNARE). In neurons, Synaptobrevin-304

2/VAMP2 has been found to bind to syntaxin 1a305

and SNAP-25, located on the presynaptic mem-306

brane, thereby assembling a tight stoichiometric307

complex that catalyzes membrane fusion for exo-308

cytosis [34]. Fusion-competent conformations of309

SNARE proteins are maintained by chaperone com-310

plexes composed by CSP� (Cysteine string protein311

�), Hsc70 (Heat shock cognate 70). and SGT312

(small glutamine-rich tetratricopeptide repeat pro-313

tein) and by non-enzymatically acting synuclein314

chaperones. The folding/refolding of SNARE pro-315

teins is regulated by several synaptic modulators,316

such as �-synuclein (�-syn) [35]. After fusion, the317

disassembly of SNARE complexes is mediated by318

ATPase N-ethylmaleimide-sensitive factor (NSF) and319

its cofactors SNAPs [36]. Disassembled t-SNAREs320

are immediately available to participate in subsequent321

vesicle docking and fusion reactions, whereas v-322

SNAREs have to be recycled to the donor membrane323

before engaging in productive SNARE complex324

assembly [33].325

Sharma et al. demonstrated for the first time that,326

in neurodegenerative diseases including AD, the327

membrane-fusion machinery is strongly altered [37,328

38] and that the level of SNARE complex assembly,329

necessary for driving synaptic vesicle fusion at the330

presynaptic active zone, is substantially decreased in331

postmortem brains of AD patients [39]. The authors332

suggest a potential involvement of A� as hindering of333

SNARE-mediated fusion of synaptic vesicle. In line334

with such hypothesis, Yang et al. demonstrated by335

biochemical assay in vitro that both A�42 monomers336

and oligomers are capable to specifically bind to337

the SNARE motif region (SynH3) of syntaxin 1a338

[30], which forms a four-helix bundle necessary for339

membrane fusion [40, 41]. However, only oligomeric 340

form of A� (10 �M) has been found to exert an 341

inhibitory effect on the SNARE complex assem- 342

bly and SNARE-mediated exocytosis in A�PP-PS1 343

mice. In particular, oligomeric form of A� inhibits 344

the fusion step between docking and lipid mixing 345

by binding to the SNARE motif of syntaxin-1a, 346

without changing the expression of SNARE pro- 347

teins [30]. This study identifies a potential molecular 348

mechanism by which intracellular A� oligomers hin- 349

der SNARE-mediated exocytosis, possibly leading to 350

synaptic dysfunctions occurring in AD. Otherwise, 351

A� monomers failed to exhibit any inhibitory effects 352

on SNARE complex assembly or SNARE-mediated 353

exocytosis, despite their proved capability to bind to 354

syntaxin-1a. Impairments of synaptic vesicle docking 355

by monomeric and oligomeric form of A� have not 356

been observed. Such evidence suggests a differential 357

sensitivity of synaptic vesicle docking and fusion to 358

A�. A possible explanation is that the steric hindrance 359

of A� oligomers inhibits the “zippering” of SNARE 360

proteins into the cis-SNARE complex, but not influ- 361

ences their partial assembly into the trans-SNARE 362

complex required for docking. Future investigations 363

are needed to better examine how A� differentially 364

influences the docking and fusion of synaptic vesi- 365

cle at presynaptic terminals. Moreover, another issue 366

to fully elucidate concerns the presence of intra- 367

neuronal A� accumulations, whose occurrence and 368

relevance in AD have been a matter of controversial 369

scientific debate. First reports showing that A� is ini- 370

tially deposited in neurons before occurring in the 371

extracellular space date back roughly 20 years [42]. 372

More recently, intracellular A�42 accumulations have 373

been identified in basal forebrain cholinergic neu- 374

rons in adult human brain explants, and increases in 375

the prevalence of intermediate and large oligomeric 376

assembly states are related to both aging and AD 377

[43]. Such early accumulation of A�42 seems to be a 378

selective feature of basal forebrain cholinergic neu- 379

rons when compared with cortex, and not due to 380

differences in A�PP expression [43]. Accordingly, 381

studies with transgenic animal models of AD have 382

further supported the presence of intraneuronal A� 383

before the appearance of extracellular deposits [44, 384

45]. Observations concerning an intracellular activ- 385

ity of A� are also present in in vitro models. Even 386

if data are not at the synaptic level there is evidence 387

that A�40 and A�42 at pM and nM concentrations 388

are able to interfere with the pathways regulating the 389

maintenance of genomic integrity, thus resulting in 390

the comparison of dysfunctional cells [46]. 391
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Table 1
Regulation of synaptic vesicle cycle by amyloid-�

Exocytosis

Molecular
species of
A�

Aggregation status and
concentration/time of
exposure

Observed effect on synaptic vesicle cycle In vitro and in vivo
model

Reference

A� Oligomers (1–20 nM) Oligomeric form of A� has been found to exert
an inhibitory effect on SNARE-mediated
exocytosis by binding to the SNARE motif
region (SynH3) of Syntaxin 1a, thus
specifically inhibiting the fusion step between
docking and lipid mixing. Instead, the ability
of synaptic vesicles to dock to the target
membrane has not been affected.

In vitro single-vesicle
content-mixing
assay

[30]

A�42 Monomers (50 nM/20 min) At presynaptic terminals, A�42 has been
demonstrated to directly compete with
Synaptobrevin/VAMP2 for binding to
Synaptophysin, thus hindering the formation
of Synaptophysin/VAMP complex and,
subsequently, inducing the formation of the
fusion pore complex followed by
neurotransmitter release.

Primary cultures of rat
CA3-CA1
hippocampal
neurons

[29]

Endocytosis

Molecular
species of
A�

Aggregation status and
concentration/time of
exposure

Observed effect on synaptic vesicle cycle In vitro and in vivo
model

Reference

A� Soluble oligomers (2 �M) A� oligomers have been found to decrease
dynamin-1 levels by increasing its cleavage
by calpain, thus impairing endocytosis of
synaptic vesicle.

Cultured rat
hippocampal
neurons

[66]

Abnormally accumulated amphiphysin at
synaptic membrane, following A� oligomers
application, has also been observed.

A�42 Monomers (50 nM/20 min) At synapse, A�42 has been shown to compete
with synaptobrevin/VAMP2 for binding to
synaptophysin, which is known to regulate the
retrieval kinetics of VAMP2 during
endocytosis.

Primary cultures of rat
CA3-CA1
hippocampal
neurons

[29]

A�42 has been hypothesized to prevent
synaptophysin from triggering synaptic
vesicle endocytosis through its interaction
with synaptobrevin/VAMP2.

A� Monomers and oligomers
(200 nM/2h; 200 nM/72h)

Preparation containing both synthetic A�
oligomers and monomers reduced the efficacy
of synaptic vesicle recycling.

Rat hippocampal
neurons

[69]

72-h treatment with A� oligomers induced more
severe defects in synaptic vesicle endocytosis.

Notably, preparation containing only A�
monomers did not impaired synaptic vesicle
endocytosis.

A�40 and
A�42

Increased levels of
endogenous

Increased levels of endogenous A�42 and A�40
have been found to increase activity-driven
recycling of synaptic vesicles in both
excitatory and inhibitory synapses, as shown
by quantification of synaptotagmin 1 antibody
uptake, strongly supporting the involvement
of endogenous A� peptides in the modulation
of basal synaptic vesicle recycling.

Rat cortical and
hippocampal
neurons

[76]

(Continued)
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Table 1
(Continued)

A�42 and A�40 (1.6- and
1.2-fold compared to
controls)/ Synthetic

1-h exposure to 200 pM A�40 and A�42 caused an
increase in synaptic vesicle recycling.

A�42 and A�40 (200 pM/1h;
1 �M/1h)

1-h treatment with 1 �M A� has been found to
decrease it.

The endogenous A�-driven modulation of synaptic
vesicle recycling has been hypothesized to rely on
CDK5 and calcineurin signaling pathway
downstream of �7-nAChR.

Intra-synaptic trafficking and distribution among vesicle pools

Molecular
species of
A�

Aggregation status and
concentration/time of
exposure

Observed effect on synaptic vesicle cycle In vitro and in vivo
model

Reference

A� Soluble oligomers (200
nM/2h)

A� oligomers have been found to alter the
recycling/resting pool ratio by expanding the
resting fraction at the expense of the recycling
fraction, without altering the average total number
of synaptic vesicles.

Cultured rat
hippocampal
neurons

[69]

Such A�-driven effect on pool size was mediated by
the activation of CDK5, the main kinase involved
in the regulation of synaptic vesicle pool size
(Kim and Ryan, 2010).

A�42 Soluble oligomers (300
nM/30 min)

At presynaptic terminals, A�42 enhanced the levels
of phosphorylated Synapsin I at Ser9, thus
increasing the availability of synaptic vesicles to
dock to the active zone and to allow glutamate
release.

Primary rat
hippocampal
neurons

[79]

A�42 Soluble oligomers (200 nM) A�42 markedly enhanced the levels of
phosphorylated Synapsin at Ser9 by activating
CaMKIV. As a result, Synapsin I has been found
to disassembly either from synaptic vesicles and
actin.

Rat hippocampal
neurons

[80]

Another interplay between A� and a synap-392

tic vesicle-associated protein has been reported by393

Russel et al. This study demonstrated that, in rat CA3-394

CA1 hippocampal neurons, the acute application of395

low concentrations (50 nM) of A�42 was followed396

by its internalization and localization to presynap-397

tic terminals, where the peptide interacted with398

Synaptophysin-1, a glycoprotein that binds VAMP2399

[29]. At the cell soma, the interaction between400

Synaptophysin-1 and VAMP2 has been found to reg-401

ulate the transport of this latter from the Golgi to402

the synapse, whereas, at presynaptic compartment,403

to control the availability of VAMP2 to participate404

to the assembly of SNARE complex, necessary for405

regulated exocytosis [47]. A�42 has been demon-406

strated to directly compete with VAMP2 for binding407

Synaptophysin-1 at synaptic contacts and to prevent408

the formation of Synaptophysin/VAMP2 complex.409

As a result, A�42 contributed to the formation of the410

fusion pore complex, resulting in the expansion of the411

primed synaptic vesicle pool, followed by neurotrans-412

mitter release [29]. Consistently, the enhancement of413

single-shock fEPSPs (field excitatory post-synaptic 414

potential) by A�42 at synapses further suggest an 415

increased availability of releasable synaptic vesicles 416

in hippocampal slices [29]. To prove that the enhance- 417

ment of fEPSPs is not an artefact of the synthetic 418

peptide, hippocampal slices were incubated with cell 419

derived oligomers providing similar results. 420

Despite these data, a full comprehension of the 421

intracellular mechanism through which A� influ- 422

ences the SNARE-mediated priming and fusion of 423

synaptic vesicles and, subsequently, the release of 424

neurotransmitter from presynaptic terminals is still 425

under debate. Data from literature suggest that post- 426

translational modifications, such as phosphorylation, 427

of SNARE and accessory proteins by protein kinases 428

at specific sites might represent a key regulatory 429

mechanism that tightly modulates the exocytosis of 430

synaptic vesicles and, consequently, neurotransmitter 431

release from presynaptic terminals [41]. Moreover, 432

taking into account that A� affects protein kinase 433

transduction machinery [48, 49], it could be hypoth- 434

esized that A� influences the phosphorylation of 435
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SNARE and accessory protein and, subsequently,436

the assembly of SNARE complex by interacting437

with the transduction machinery of protein kinases.438

Within this context, experimental results demon-439

strated that low concentrations of A� inhibit the440

in vivo dopamine release in the rat nucleus accum-441

bens (NAc) and counteract in vitro the muscarinic442

receptor-activated dopamine release from dopamin-443

ergic terminals by impairing protein kinase C (PKC)444

transduction machinery [50]. This hypothesis is fur-445

ther supported by in vitro results showing that446

the t-ACPD-induced PKC-mediated release of DA,447

elicited by the presynaptic metabotropic glutamate448

receptors (mGluRs) located on striatal nerve end-449

ings, was completely antagonized by A�40 [51].450

Such an action has also been demonstrated on sig-451

naling cascades downstream mGluRs, where 1 �M452

A� has been reported to impair mGluRs regulation453

of the �-amminobutirric acid (GABA) transmission454

by inhibiting PKC transduction machinery in pre-455

frontal cortical neurons [48]. Accordingly, Zhong et456

al. showed that A� impairs the muscarinic regulation457

of GABA transmission in prefrontal cortex, acting on458

the transduction machinery downstream muscarinic459

receptors and, particularly, inhibiting PKC [49]. Alto-460

gether, all these data point PKC as one of the potential461

substrates for A� inhibitory actions, a view which462

is also supported by data on a reduced PKC activ-463

ity/content in tissues derived from AD patients [52,464

53]. Interestingly, PKC has been demonstrated to465

serve a key role in post-translational modifications466

of SNARE and accessory proteins. The activation467

of PKC has been observed to enhance the exocyto-468

sis of synaptic vesicles by phosphorylating SNARE469

proteins including SNAP-25, Munc-18, and synap-470

totagmin [54–56]. In particular, phosphorylation of471

SNAP-25 at Ser187 in the SNARE domain [57]472

has been associated to an increased exocytosis of473

synaptic vesicles [58]. Katayama et al. recently474

demonstrated that knock-in (KI) mice deficient in475

the phosphorylation by replacing Ser187 of SNAP-25476

with Ala exhibit an accumulation of synaptic vesi-477

cles in enlarged presynaptic terminals and a decreased478

efficacy of basal synaptic transmission at hippocam-479

pal CA1 synapses [59]. Moreover, Gao et al. found480

that phosphorylation of SNAP-25 by PKC regulates481

the exocytosis of synaptic vesicles and, consequently,482

noradrenaline release in PC12 cells, by affecting483

the SNARE complex assembly [60]. Phosphoryla-484

tion of SNAP-25 at Ser187 by PKC has been found485

to increase the amount of bound VAMP-2. Such486

a finding suggests that Ser187-phosphorylation may487

either upregulate v-SNARE (VAMP-2) binding to 488

pre-existing t-SNARE (SNAP-25) or increase the sta- 489

bility of ternary SNARE complex, thereby promoting 490

SNARE complex assembly and enhancing Ca2+- 491

dependent exocytosis. Phosphorylation of SNAP-25 492

at Ser187 by PKC has also been found to enhance 493

Ca2+-dependent release of dopamine and acetyl- 494

choline in PC12 cells [57]. 495

Altogether, the involvement of PKC in the regula- 496

tion of SNARE complex formation and experimental 497

results demonstrating A�-induced impairment of 498

PKC transduction machinery support the hypothesis 499

that A� may also affect the exocytosis of synap- 500

tic vesicle by acting on protein kinases. Notably, 501

Lee et al. first demonstrated that A� can modulate 502

PKC activity by inhibiting PKC phosphorylation in a 503

dose-dependent manner in cell-free in vitro condition 504

[61], thus suggesting a direct interaction between A� 505

and PKC. However, further investigations are needed 506

to define A�-driven direct and indirect modulatory 507

effects on PKC activity and to reveal the exact action 508

mechanism underlying A� regulation of PKC activ- 509

ity. 510

At a first glance, the emerging role of the direct 511

monomeric A� protein interaction with synaptic pro- 512

teins seems to point to a putative facilitatory role on 513

synaptic release machinery. It is not easy to predict 514

what will be the consequences of a disease-associated 515

excess A� production and oligomer formation. It can 516

be postulated that, at preliminary step, synapses will 517

face the upregulation of a reinforcing mechanism, 518

leading to an excess of signaling which may con- 519

tribute, for example, to excitotoxicity. With time and 520

A� oligomer accumulation the picture may change. 521

Regulation of endocytosis 522

In neurons, synaptic vesicle endocytosis is con- 523

trolled by a wide array of regulatory and adaptor 524

proteins including epsin, AP-2 (adaptor protein-2), 525

AP-180 (adaptor protein-180), and dynamin [62]. 526

This latter is a GTPase synaptic protein, highly 527

enriched in presynaptic terminals and involved in 528

synaptic vesicle endocytosis and recovery. It pro- 529

motes fission, pinching off, and recycling of synaptic 530

vesicles, allowing them to reenter the synaptic vesi- 531

cle pool to be refilled for future release [63, 64] and 532

its levels and function are regulated by its cleav- 533

age by calpain. A decrease in dynamin levels due to 534

its cleavage by calpain has been observed to inhibit 535

synaptic vesicle endocytosis and, subsequently, their 536

refill with neurotransmitters [65]. Interestingly, A�42 537
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has been reported to affect synaptic vesicle recycling538

acting on dynamin-1. Kelly et al. demonstrated that,539

in rat stimulated hippocampal neurons, high con-540

centration (2 �M) of A�42 soluble oligomers impair541

synaptic vesicle endocytosis and that such disruption542

was, at least in part, dependent on dynamin-1 deple-543

tion induced by calpain activation [66, 67]. However,544

further investigations are required to examine the545

specific action mechanism by which A� soluble546

oligomers stimulate calpain activation and to eval-547

uate the functional consequences of A�-mediated548

dynamin-1 depletion in neurons.549

Furthermore, A�42 at nanomolar concentrations550

(50 nM) has been demonstrated to compete with551

VAMP2 for binding to Synaptophysin-1 at the552

synapse [29], which is known to regulate the553

retrieval kinetics of VAMP2 during endocytosis [68].554

A�42 has been postulated to hinder the ability of555

Synaptophysin-1 to initiate synaptic vesicle endo-556

cytosis via its interaction with VAMP2 [29]. Such557

hypothesis implies that A� peptides may act as a neg-558

ative regulator of synaptic vesicle endocytosis after559

fusion and is consistent with data from literature560

demonstrating the A�-driven disruption of endocy-561

tosis and depletion of synaptic vesicles [66, 69].562

Among these data, a work by Park et al. demon-563

strated that acute exposure (2 h) of rat stimulated564

hippocampal neurons to nanomolar concentrations565

(200 nM) of synthetic A� oligomers and monomers566

transiently reduced the efficacy of synaptic vesicle567

endocytosis [69]. When A� oligomer-containing568

medium was replaced with control medium after569

2 h of exposure, endocytosis recovered to normal570

levels, indicating that A� oligomers-induced effects571

on endocytosis are transient and not permanent.572

Prolonged treatment (72 h) of neurons with the573

same concentration of A� oligomers has been574

shown to induce more severe defects, compared575

to acute treatment, in synaptic vesicle endocytosis,576

thus demonstrating that the extent of A�-induced577

endocytic damage also depends on the time of expo-578

sure [69]. Interestingly, defects in synaptic vesicle579

endocytosis were not observed when hippocampal580

neurons were exposed to the same preparation581

containing only A� monomers. Such result provides582

evidence that endocytosis was impaired by A�583

oligomers, even at low concentration, and not by584

monomers, thus suggesting that the aggregation states585

of A� peptides may be a key factor in A�-driven586

effects on synaptic vesicle endocytosis. Notably,587

PIPkinase-� (phosphatidylinositol-4-phosphate-5-588

kinase type I-�) overexpression, which is known589

to increase PtdIns(4,5)P2 (phosphatidylinositol- 590

4,5-bisphosphate) levels, completely prevented the 591

A�-induced defects in endocytosis in rat stimulated 592

hippocampal neurons [69]. Accordingly, Berman 593

et al. found that A� oligomers induced a reduction 594

in PtdIns(4,5)P2 levels via phospholipase C (PLC). 595

In addition, PtdIns(4,5)P2 has been demonstrated 596

to affect clathrin-mediated endocytic processes by 597

binding several endocytic components, including 598

AP-2, AP-180, dynamin, and epsin, thus playing 599

an key role in recruiting these molecules to sites 600

of endocytosis [70–74]. Collectively, these findings 601

support the hypothesis that PIPkinase-� overexpres- 602

sion compensates for the A� oligomers-induced 603

decrease in PtdIns(4,5)P2 levels, whose abnormally 604

reduced or increased levels have been linked to 605

defects in synaptic vesicle endocytosis [75]. 606

Furthermore, Lazarevic et al. tested the effects on 607

synaptic vesicle recycling of increased extracellu- 608

lar concentrations of A�42 and A�40 (1.6 and 1.2 609

fold, respectively), induced by the inhibition of the 610

A�-degrading enzyme neprilysin, in rat cortical and 611

hippocampal neurons cultures [76]. Enhanced lev- 612

els of A�40 and A�42 have been found to increase 613

the activity-driven synaptic vesicles recycling in both 614

excitatory and inhibitory synapses, as shown by quan- 615

tification of synaptotagmin 1 antibody uptake. Such 616

effect was completely prevented by chelation of 617

extracellular A� using 4G8 antibody, thus confirm- 618

ing that changes in synaptic vesicle recycling rely 619

on the concentrations of the endogenously secreted 620

A� peptides. In line with this evidence, treatment 621

either with �-secretase or �-secretase inhibitors led 622

to a significant decrease in synaptic vesicle recycling, 623

strongly supporting the involvement of endogenous 624

A� peptides in the modulation of basal synaptic vesi- 625

cle recycling. Moreover, 1-h exposure to picomolar 626

(200 pM) concentrations of synthetic A�40 and A�42 627

induced a significant enhancement in synaptotagmin 628

1 antibody uptake; whereas, 1-h treatment with 1 �M 629

A� has been found to decrease it. Collectively, these 630

experimental results are consistent with the hypoth- 631

esis of an hormetic effect of A� peptides, with low 632

concentration (high picomolar) potentiating synap- 633

tic vesicle recycling and high (high nanomolar-low 634

micromolar) exhibiting the opposite effect in the 635

same experimental setting. 636

Furthermore, the effects on depolarization-driven 637

synaptic vesicle recycling, induced both by inhibi- 638

tion of A� degradation and application of 200 pM 639

A�42, have been demonstrated to be fully inhibited by 640

pretreatment with �-bungarotoxin, thus suggesting 641
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the involvement of functional �7-nAChR in A�-642

mediated regulation of presynaptic functions [76].643

While the effect of 200 pM A�40 and A�42 was644

completely prevented by pharmacological interfer-645

ence with �7-nAChR, the effect of 1 �M A�42 was646

not hindered by the blockage of these receptors, sug-647

gesting that, at higher concentrations, A�42 may act648

through different action mechanisms.649

Moreover, the endogenous A�-driven modulation650

of synaptic vesicle recycling has been hypothesized651

to rely on calpain-cyclin dependent kinase 5 (CDK5)652

and calcineurin signaling pathway downstream of653

�7-nAChR. A CDK5 and calcineurin activity assay654

confirmed that cells treated with neprilysin inhibitor655

and 200 pM A�42 showed significant decrease in656

CDK5 activity, without changes in total protein lev-657

els; on the other hand, a phosphatase activity assay658

revealed significantly higher calcineurin activity [76].659

Such results indicate that balancing the activity of660

CDK5 and calcineurin may play a role in A�-driven661

modulation of recycling. However, further investiga-662

tions are needed to better characterize the specific663

intracellular mechanism through which A� regulates664

this step of synaptic vesicle cycle. To date, only few665

studies investigated A�-driven effects on synaptic666

vesicle recycling and the potential underlying intra-667

cellular mechanism.668

Overall, the defects of endocytosis elicited by A�669

oligomers, as well as monomers, may aggravate the670

synaptic derangement as the disease progresses. The671

impairment of endocytosis might alter the ability of672

the synapse to sustain neurotransmitter release, par-673

ticularly at the level of nerve terminals discharging at674

high rate, leading to their dysfunction.675

Regulation of recycling/resting pool ratio676

The synaptic vesicle pool constitutes a recycling677

pool, including a ready releasable pool, which is678

docked at the active zone and ready for immedi-679

ate release, and a reserve pool, a reservoir to refill680

vesicles after depletion, and a resting pool that does681

not normally participate in the synaptic vesicle recy-682

cling. Park et al. (2013) observed that the acute683

treatment (2 h) of cultured rat hippocampal neurons684

with nanomolar concentrations (200 nM) of soluble685

A� oligomers altered the recycling/resting pool ratio686

by expanding the resting fraction at the expense of687

the recycling fraction [69]. The average total number688

of synaptic vesicles has not been altered. Pretreat-689

ment of A� oligomers with 6E10 antibody blocked690

the effect on recycling/resting pool, thus indicat-691

ing that alteration of the recycling/resting pool ratio 692

relies on A� oligomers. In addition, they suggested 693

that the observed effects of A� oligomers on pool 694

size are mediated by the activation of CDK5 path- 695

way. Consistently, the CDK5 inhibitor roscovitine 696

and the calpain inhibitor III have been observed to 697

restore the recycling and resting pool near to con- 698

trol levels. Such evidence demonstrates that CDK5 699

mediates A� oligomers-induced alterations of the 700

recycling/resting pool size, an observation consistent 701

with data from literature pointing CDK5 as the main 702

kinase involved in the regulation of synaptic vesicle 703

pool size [76, 77]. 704

Moreover, two independent studies by Marsh 705

et al. and Park et al. recently proved that soluble 706

A�42 oligomers interfere with Synapsin I, a presy- 707

naptic adaptor phosphoprotein, that, under resting 708

conditions, tethers synaptic vesicles to the cytoskele- 709

tal network clustering them in the resting pool, 710

by interacting both with synaptic vesicles and the 711

actin cytoskeleton [78–80]. Activity-dependent phos- 712

phorylation of Synapsin I at Ser9 within a small 713

N-terminal lipid-binding domain by protein kinase 714

A (PKA) and Ca2+/calmodulin-dependent protein 715

kinase IV (CaMKIV) induces its transient disas- 716

sembly from synaptic vesicles [81] and stimulates 717

the release of synaptic vesicles from the resting 718

pool, enabling their participating in neurotransmitter 719

release. A� has been reported to affect the phospho- 720

rylation/dephosphorylation dynamics of Synapsin I 721

[79, 80]. Marsh et al. demonstrated that the acute 722

exposure (30 min) of primary rat hippocampal neu- 723

rons to nanomolar concentrations (300 nM) of A�42 724

oligomers enhanced the levels of phosphorylated 725

Synapsin I at Ser9 after neuronal activity at presy- 726

naptic terminals [79]. While in neurons exposed 727

to scrambled A�42 peptide, the enhanced levels of 728

phosphorylated Synapsin I at Ser9 have not been 729

detected, confirming that the effect is mediated by 730

A�42 oligomers. The prolonged phosphorylation of 731

Synapsin I has been found to prevent Synapsin 732

I from tethering synaptic vesicles to the reserve 733

pool after depolarization, thus increasing the avail- 734

ability of synaptic vesicles to dock to the active 735

zone and, consequently, to allow glutamate release 736

from presynaptic terminals [79]. Such hypothesis is 737

consistent with several reports showing that A�42 738

oligomers affect glutamate release in a concentra- 739

tion and time dependent manner [11, 15, 29, 82]. 740

Interestingly, the levels of phosphorylated Synapsin 741

I at Ser9 are increased in postmortem tissue from 742

AD patients [83]. Accordingly, Park et al., using a 743
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live-cell imaging technique to monitor synaptic vesi-744

cle trafficking, demonstrated that the exposure of745

rat hippocampal neurons to nanomolar concentra-746

tions (200 nM) of soluble A�42 oligomers markedly747

enhances the levels of phosphorylated Synapsin at748

Ser9 by activating CaMKIV. As a result, Synapsin I749

has been found to disassembly either from synap-750

tic vesicles and actin, subsequently inhibiting the751

intersynaptic vesicular trafficking along the axon752

[80]. However, it is still unclear how soluble A�42753

oligomers increase intracellular Ca2+ that is criti-754

cal for the phosphorylation-dependent dissociation755

of Synapsin-synaptic vesicles-actin ternary complex.756

Recently, soluble A�42 oligomers have been demon-757

strated to increase intracellular Ca2+ both enhancing758

extracellular Ca2+ influx and Ca2+ release from mito-759

chondria [84].760

CONCLUDING REMARKS761

Despite the intense effort directed to develop novel762

therapeutic interventions for the treatment of AD, to763

date no drugs are yet available to significantly benefit764

people affected by AD and the few approved drugs765

so far can only be used for symptomatic treatment766

of the disease, but not to prevent or reverse it. The767

main strategy for the development of drugs coun-768

teracting AD has been to reduce A� accumulation769

due to its overproduction and/or defective clearance.770

However, the proved ineffectiveness shown by such771

approaches, specifically targeting the production or772

clearance of A� peptides, has sparked an intense773

debate in the scientific community concerning the774

validity of the amyloid cascade hypothesis. Nev-775

ertheless, the neuronal dysfunction caused by A�776

accumulation is still recognized as a significant fac-777

tor contributing to the progression AD that cannot be778

discounted [3]. The failure of several clinical trials to779

meet the desired endpoints highlights the necessity to780

refocus the experimental approach from frank neu-781

rodegeneration on early pathogenic alterations that782

may cause or contribute to AD. Defective synaptic783

activity and loss of synapses are the earliest event in784

AD that precedes the accumulation of A� plaques785

in the brain and clinical outcomes of the disease786

[5]. In particular, it emerges from the previous para-787

graphs that during progression of the disease two788

phenomena may lead the transition from physiology789

to pathology. At the beginning the increasing con-790

centrations of A� monomers may lead to synaptic791

reinforcement through fusion stimulation and endo-792

cytosis inhibition. With further increase of A� and 793

the onset of aggregation phenomena the exocyto- 794

sis inhibition may prevail leading to the impairment 795

of nerve terminals, mainly of those discharging at 796

a high frequency rate, accompanied by an inhibi- 797

tion of the release leading to a more generalized 798

synaptic failure. In all phases, additional intracellu- 799

lar signaling effects exerted through an action of A� 800

on kinases may add further complexity in an area- 801

dependent manner. Hence, a deeper understanding of 802

the mechanisms through which A� peptides affect 803

synaptic activity and, in particular, synaptic vesi- 804

cle dynamics orchestrating neurotransmitter release, 805

is needed to elucidate A� functions and might be 806

a starting point to understand the early phases and 807

manifestation of the disease as well to design new 808

neurotransmitter/synaptic based strategies to correct 809

these symptoms. 810
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[34] Südhof TC, Rothman JE (2009) Membrane fusion: Grap- 950

pling with SNARE and SM proteins. Science 323, 474-477. 951
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